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They paved paradise, 
And put up a parking lot, 
With a pink hotel, a boutique 
And a swinging hot spot. 
 
Don't it always seem to go, 
That you don't know what you've got 
Ψǘill it's gone? 
They paved paradise, 
And put up a parking lot. 
 
They took all the trees, 
Put 'em in a tree museum. 
And they charged the people 
A dollar and a half just to see 'em. 
 

 (Big Yellow Taxi by Joni Mitchell)  



 

Table of Contents 

Summary ........................................................................................................... 1 

General introduction .......................................................................................... 3 

Hypotheses ...................................................................................................... 10 

Effects of environmental factors .................................................................. 10 

Effects of habitat history ............................................................................. 10 

Effects of landscape structure ..................................................................... 12 

Research system .............................................................................................. 14 

Study sites ................................................................................................. 14 

Study species ............................................................................................. 16 

Extended summaries and context of papers ........................................................ 19 

Paper 1: A suite of multiplexed microsatellite loci for the ground beetle Abax 

parallelepipedus (Piller and Mitterpacher, 1783) (Coleoptera, Carabidae)........ 19 

Paper 2: Living in Heterogeneous Woodlands ς Are Habitat Continuity or Quality 

Drivers of Genetic Variability in a Flightless Ground Beetle? ........................... 23 

Paper 3: What you see isn't always what you get: genetic effects of 

fragmentation in central European rural landscapes ...................................... 28 

General discussion ............................................................................................ 34 

References ....................................................................................................... 42 

Full texts of papers ........................................................................................... 51 

Paper 1: A suite of multiplexed microsatellite loci for the ground beetle Abax 

parallelepipedus (Piller and Mitterpacher, 1783) (Coleoptera, Carabidae)........ 51 

Paper 2: Living in Heterogeneous Woodlands ς Are Habitat Continuity or Quality 

Drivers of Genetic Variability in a Flightless Ground Beetle? ........................... 58 

Paper 3: What you see isn't always what you get: genetic effects of 

fragmentation in central European rural landscapes ...................................... 77 

Acknowledgements ........................................................................................ 100 



Summary 

1 

Summary 

Habitat fragmentation and changes in land use are currently two major drivers of 

biodiversity loss around the world by causing habitat loss and reducing connectivity 

across landscapes. These processes affect not only species diversity, but genetic 

structure as well. The loss of habitat and the increased isolation prevent gene flow and 

accelerate genetic drift, causing loss of genetic diversity and facilitating development of 

genetic differentiation. 

The effects of habitat fragmentation and land use changes are usually studied by 

relating patterns of genetic diversity and differentiation to environmental factors, 

habitat history, landscape structure, or to a combination thereof. However, these three 

drivers are rarely addressed simultaneously. In addition, these studies are usually carried 

out in conservation-driven contexts, and therefore tend to concentrate on hyper-

fragmented landscapes and on rare or endangered species. However, how habitat 

fragmentation and land use affect widespread species in more typical landscapes has 

not been fully investigated. In this thesis I address these two gaps, and do so in three 

study regions, allowing for generalization of the results. 

I used Abax parallelepipedus, a flightless ground beetle with low dispersal power as 

a model species to test how environmental factors, habitat history, and landscape 

structure affect genetic diversity and genetic differentiation in three study regions 

located across Germany. This species seldom leaves wooded habitats, and rarely crosses 

linear barriers such as roads and railways. It is also known to be susceptible to rapid 

changes in genetic structure after habitat fragmentation. Nevertheless, A. 

parallelepipedus is widely distributed as it can inhabit a variety of woodland types in 

which it maintains high population densities. Although all of my study regions represent 

fairly typical rural landscapes for central Europe, each consisting of a complex matrix of 

land uses, they differ from one another in terms of environmental factors, habitat 

history, and landscape structure, and thus can serve as three test cases. 

In the first stage of my work, I identified polymorphic microsatellite loci which could 

potentially be used to study genetic diversity and differentiation in A. parallelepipedus. I 
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then developed PCR and genotyping protocols for two suites of loci, in the end selecting 

to use the set of 14 fully multiplexed loci for my study. After I had developed the needed 

study system, I genotyped over 3300 beetles from 142 study sites. 

In my investigation of how environmental factors and habitat history affect genetic 

diversity and genetic differentiation, I found that genetic diversity was being driven by 

variables that could be related to population sizes rather than by habitat history. I also 

did not find evidence of an influence of habitat history on the genetic differentiation 

patterns. Although populations of A. parallelepipedus in the past were probably smaller 

due to deforestation, they apparently remained large enough to prevent rapid genetic 

drift. Thus, recolonization processes of woodlands planted after the peak of 

deforestation either occurred without incurring founder effects or bottlenecks, or the 

effects of thereof have since been erased by gene flow. 

As the genetic structure found in my landscapes is driven current processes, rather 

than historical ones, I carried out a landscape genetics analysis of the genetic 

differentiation patterns found in each of my study regions, in which I examined the 

relationship between genetic differentiation and landscape structure. I tested whether I 

could find patterns of isolation by distance, isolation by resistance, or isolation by 

barriers in my study regions. Surprisingly, I found no effects of land use or of 

fragmentation. Based on the importance of population sizes found in my previous study, 

combined with the beetle's known avoidance of non-wooded areas and its inability to 

cross roads, I conclude that although there is probably little gene flow across my study 

regions, large population sizes are preventing the rapid development of genetic 

differentiation. Models simulating the development of genetic differentiation over time 

in populations of different starting sizes support this conclusion. 

My work highlights the importance of population sizes in determining how patterns 

of genetic diversity and differentiation will develop across landscapes. While emphasis 

has been placed in conservation contexts on the deleterious effects of fragmentation on 

genetic structure, this may be overstated for widespread species in typical landscapes. In 

such cases, large population sizes may mitigate the development of genetic 

differentiation and prevent loss of alleles, despite existing barriers and lack of gene flow. 
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General introduction 

Loss of biodiversity is currently of major concern across the globe. In addition to the 

oft discussed threat to species, diversity at other levels, such as the genetic level and the 

ecosystem level, is also threatened. This loss leads to, and will continue to lead to, a 

myriad of irrevocable changes in the way entire ecosystems function, which in addition 

to the harm caused to nature, also impacts vital ecosystem services essential to human 

wellbeing (Loreau et al. 2001, Cardinale et al. 2012, Hooper et al. 2012). 

Genetic biodiversity consists of two components, genetic diversity and genetic 

differentiation. Genetic diversity is a measure of the genetic variability within a 

population (Hughes et al. 2008)Σ ŀƴŘ ƛǘ Ŏŀƴ ōŜ ǘƘƻǳƎƘǘ ƻŦ ŀǎ ǘƘŜ ƎŜƴŜǘƛŎ ŜǉǳƛǾŀƭŜƴǘ ƻŦ ʰ-

diversity. Genetic differentiation is a measure of dissimilarity between populations, and 

ǘƘŜǊŜŦƻǊŜ ƛǎ ŀ ƎŜƴŜǘƛŎ ǇŀǊŀƭƭŜƭ ƻŦ ʲ-diversity. Changes to both genetic diversity and 

genetic differentiation stem from changes in allele frequencies in populations, including 

to the point of complete loss of an allele. 

Quite amazingly, the theoretical foundations describing the processes behind 

changes in the frequencies of alleles were laid down long before the development of 

molecular biology and the field of modern genetics. According to theory, these changes 

are controlled by the balance between four proximate causes, namely mutation, 

selection, migration (also known as gene flow), and stochastic effects (Wright 1931, 

Frankham et al. 2002). Stochastic effects describe processes which randomly effect allele 

frequencies, the main being genetic drift, population bottlenecks, and founder effects. 

Population bottlenecks and founder effects are processes of small populations by 

definition, and the rate at which genetic drift occurs is also strongly connected to 

population size, with smaller population sizes leading to more rapid drift (Hartl & Clark 

1997, Frankham et al. 2002).  

One of the main drivers of the loss of all levels of biodiversity is changes in land use, 

and therefore understanding the resulting effects on ecological systems and processes is 

of utmost conservation importance (Sala et al. 2000, Foley et al. 2005, Pereira et al. 

2010, Haddad et al. 2015). Land use change can cause two concurrent processes, both of 
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which severely impact natural systems. The first component is habitat loss in which 

previously suitable areas are made either less or completely unsuitable for a given 

species. The second process is isolation, whereby connectivity patterns across the 

landscape are altered. Both of these processes can affect fundamental biological and 

physical properties of the landscape and the communities and populations within it. The 

term habitat fragmentation, or simply fragmentation, can be used to refer to either one 

of these components, though usually it refers to the combined effects of both together 

since they almost always occur simultaneously (reviewed among others in Saunders et 

al. 1991, Harrison & Bruna 1999, Fahrig 2003, Fischer & Lindenmayer 2007). 

In addition to the long-studied effects of fragmentation on communities and species 

(reviewed in Harrison & Bruna 1999, Fahrig 2003, Fischer & Lindenmayer 2007), these 

processes also strongly affect both genetic diversity and genetic differentiation (Young 

et al. 1996, Gibbs 2001, Fahrig 2003, Fischer & Lindenmayer 2007). The effects of both 

fragmentation components can be rapid and dramatic, and must be accounted for in 

conservation contexts (reviewed among others in Young et al. 1996, Frankham 2005, 

Keyghobadi 2007). Theoretically, patterns of genetic diversity and genetic differentiation 

in a landscape are each driven by at least one of the components of fragmentation. Loss 

of genetic diversity occurs via loss of alleles due to stochastic drift, and therefore is more 

closely tied with shrinking population sizes due to habitat loss. Development of genetic 

differentiation occurs when migration between populations is not high enough to 

counter the developing differences in allele frequencies. Therefore it is more closely 

related with levels of isolation throughout a landscape. 

Assuming that no random extinction and recolonization processes have occurred, in 

an unchanged landscape, both genetic diversity and differentiation are stable (Figure 

1a). However, when a landscape has been altered, the genetics of populations can be 

affected depending on the size and location of the changes. Loss of small amounts of 

habitat should not lead to loss of alleles (Figure 1b), but if the lost habitat prevents 

migration, differentiation will develop, albeit very slowly (Figure 1c). When a large 

amount of habitat is lost, the concurring loss in population size will lead to loss of alleles 

(Figure 1d), but differentiation will only develop if migration is also hindered (Figure 1e). 
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The most extreme scenario is complete isolation (Figure 1f). In the real world however, 

loss of genetic diversity and development of differentiation almost always co-occur. 

 

Figure 1: Theoretical effect of land use change on genetic diversity and differentiation. Displayed 
graphs present expected changes in genetic diversity or differentiation over time. Grey represents 
remaining habitat, dots represent sampling points. (a) No change in land use. (b) Loss of small 
amount of habitat which does not affect migration. (c) Loss of small amount of habitat creating two 
large, isolated areas. (d) Loss of large amount of habitat which does not affect migration. (e) Loss of 
large amount of habitat hindering migration. (f) Complete isolation.  

 

The ultimate causes of differentiation and levels of diversity are extremely complex, 

and have been studied in countless species and landscapes. The drivers of these 

processes usually fall into one of three categories, habitat history, landscape structure, 

and environmental factors such as temperature and soil conditions (Table 1).  

 

 

 



General introduction 

6 

Table 1: Examples of studies for each of the categories of ultimate causes 

ultimate cause examples 

habitat history Desender et al. 2002b, Jacquemyn et al. 2004, Desender et al. 
2005a, Hermy & Verheyen 2007 (review), Reisch et al. 2007, 
Otálora et al. 2011 

landscape structure Funk et al. 2005, Jørgensen et al. 2005, Cushman 2006, Cushman et 
al. 2006, Sork & Smouse 2006 (review) 

environmental factors Scribner et al. 2001, Brouat et al. 2004, Cena et al. 2006, Alvarez et 
al. 2009 

 

Habitat history is a crucial factor in past population sizes, as land use in the past may 

have caused a species to undergo population bottlenecks or even local extinction and 

recolonization with the co-occurring founder effects. In addition, the migration and gene 

flow in the past may be different to that of today (Petit & Burel 1998b, Holzhauer et al. 

2006). Such changes in the past can be thought of as a form of temporal fragmentation 

in which the continuity over time instead of over space is disrupted. The length of time 

for which a habitat has remained unaltered is often referred to as temporal habitat 

continuity. Landscape structure refers to the current mosaic of habitat patches and 

surrounding matrix, including natural and anthropogenic fragmentation. The size of the 

habitat patches as well as the structure and permeability of the matrix are crucial factors 

in determining current population sizes and migration patterns. Environmental factors 

affect habitat suitability and therefore population sizes, while also affecting mobility 

patterns, for example in poorer conditions individuals may be more likely to migrate in 

search of resources (carabid examples: Mols 1987, Frampton et al. 1995, Mauremooto 

et al. 1995, Firle et al. 1998, Fournier & Loreau 2001). 

As genetic diversity and differentiation have serious conservation implications, 

much of the work is done either on areas or on species of conservation concern, such as 

rare habitats, hyper-fragmented landscapes, and rare or invasive species (recent 

examples: Barr et al. 2015, Colautti & Lau 2015, Wood et al. 2015, Adrian-Kalchhauser et 

al. 2016, Goetze et al. 2016, Moracho et al. 2016, Reichel et al. 2016, Tensen et al. 2016, 

Watts et al. 2016, Yokochi et al. 2016). Unsurprisingly, loss of genetic diversity and 

development of differentiation are commonly found in such studies. However, how 

fragmentation affects genetic diversity and genetic differentiation in more widespread 

species and landscapes, both in terms of spatial distribution and population sizes, is 
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lacking. Of particular interest are the abundant yet stenotopic species, meaning species 

with relatively narrow ecological niches. Therefore, these species maintain large 

population sizes while simultaneously having poor dispersal capabilities as they have 

clear habitat preferences and avoid entering the matrix. While on the one hand such 

species should be less affected by habitat loss due to their large population sizes, on the 

other hand, changes in the matrix should significantly affect their dispersal patterns and 

therefore gene flow. 

One of the particularly interesting habitats in which to examine potential drivers of 

genetic diversity and differentiation are northwestern European woodlands. These 

woodlands are often embedded in a complex mosaic of land uses which developed over 

the course of centuries of anthropogenic influence. Typical land uses include towns, 

roads, agricultural fields, grasslands, industrial infrastructure, and meadows in addition 

to woodlands. These woodlands provide a unique opportunity to examine 

environmental factors together with both temporal and spatial fragmentation in the 

same landscape, as in addition to their current complex structure, they have complex 

yet traceable histories of land use and, thus, temporal fragmentation. In these regions, 

the maximum deforestation is assumed to have occurred approximately 200-400 years 

ago, coinciding approximately with the development of accurate cartography. Patches 

which appear as wooded on all maps since the earliest accurate map are referred to as 

ancient woodlands, in opposition to recent woodlands (Peterken 1993, Rackham 2003, 

Flinn & Vellend 2005). Additional historical information is available due to the long 

history of accurate record keeping. While in some cases, such as parts of northwestern 

Germany or Belgium, the remaining patches of woodlands are extremely small and 

isolated, in other parts of Europe wooded landscapes contain a variety of habitat patch 

sizes and levels of fragmentation. 

In this thesis I chose to focus on a member of the carabid family. Carabids, 

otherwise known as ground beetles, have long been intensively studied in a wide variety 

of fields (Niemelä 1996, Kotze et al. 2011). Due to the species diversity, abundance, and 

broad geographic and environmental range of the group, combined with their relatively 

stable taxonomy and ease of collection have caused the carabids to be popular objects 

of study. As a result, much is known about their biology, ecological requirements, 
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geographic distribution, and more, especially in Europe and in North America (Kotze et 

al. 2011). Amongst other fields, they have been often used as a model group in studies 

of dispersal and distribution (e.g. Dufrêne & Legendre 1997, Antvogel & Bonn 2001) as 

well as habitat fragmentation (reviewed in Niemelä 2001, Niemelä & Kotze 2009). Due 

to the abundance of previous studies on carabids, it is possible to precisely select a 

fitting model species about which much is known. In addition, it is usually possible to 

compare outcomes to previous studies and to thus understand results in a wider context 

of closely related species. 

In this thesis I close three major study gaps. Firstly, while many studies exist 

examining the effects of environmental factors, habitat history, and landscape structure 

on genetic diversity and differentiation, they never addressed all three together due to 

the involved complexity (Figure 2a). Secondly, in order to be able to further generalize 

my findings, I used three different landscapes as test cases. While all three landscapes 

are moderately fragmented rural landscapes, they still differ in terms of landscape 

structure, landscape history, and more. Studying the same species in several test 

landscapes allows me gain a holistic view as to the drivers of genetic diversity and 

differentiation in typical species and landscapes (Figure 2b). Lastly, I have studied a 

widespread yet stenotopic species, one that is abundant in a large number of forest 

types in all regions of Germany, in fairly typical, moderately fragmented landscapes. 

While rare species, hyper-fragmented landscapes, or a combination thereof, have often 

been studied, non-extreme cases are still under-addressed (Figure 2c).  
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Figure 2: Thesis novelties in (a) the combination of drivers investigated, (b) in several landscapes, and 
(c) species and landscapes investigated. In (a) the ultimate causes of genetic diversity and genetic 
differentiation (upper third) are presented together with how these causes are driving changes in 
allele frequencies (middle third), and examples (bottom third). Arrows connect the ultimate causes 
with proximate causes they affect. In (c) the number of beetles represents how rare or common a 
study species is. The number of habitat patches and their sizes represent whether a study area is 
hyper-fragmented or not. 
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Hypotheses 

In this thesis I examine the effects of environmental factors, habitat history, and 

landscape structure on genetic diversity and differentiation. All of these drivers have 

been examined individually or in pairs, but they have not been tested together allowing 

insight as to the possible interactions between them. In order to generalize the results, 

such a study needs to be carried out on a number of landscapes, as drivers may be 

landscape-dependent. I examined these drivers in landscapes which are moderately 

fragmented and in a widespread, stenotopic species. 

 

Effects of environmental factors 

Environmental variables are thought to reflect habitat quality. Less suitable patches 

for a given species should have a lower carrying capacity and lower population densities 

and sizes (theory: MacArthur & Wilson 1967, Hodgson et al. 2011; insect examples: 

Thomas et al. 2001, Kleijn & van Langevelde 2006, Drees et al. 2007, Heisswolf et al. 

2009). This should lead in turn to a higher rate of allele loss due to genetic drift (theory 

and reviews: Wright 1931, Soulé 1976, Frankham 1996, Desender 2005; carabid 

examples: Keller & Largiadèr 2003b, Desender et al. 2004, Drees et al. 2011). 

­ Hypothesis 1: I expect to find environmental factors which are significantly linked 

to genetic diversity (Figure 3). This hypothesis is addressed in paper 2. 

 

Figure 3: Hypothesis 1. Environmental conditions will affect genetic diversity. 

 

Effects of habitat history 

Patches which underwent temporal fragmentation would need to have been 

recolonized, a process which usually entails loss of alleles due to founder effects and 

genetic drift during a period of initial low population size. Patches which never 
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underwent land use changes should maintain the full set of original alleles, in addition to 

having more time to acquire new ones via migration (Desender et al. 2004, Grapputo et 

al. 2005, Keyghobadi 2007, Drees et al. 2008, Carter et al. 2010, Drees et al. 2010, Drag 

& Cizek 2015). Differing habitat histories can also be reflected in the genetic 

differentiation between populations. If in the past populations were small and isolated, 

then they had more time for genetic drift to cause them to differentiate, making them 

more differentiated than more reestablished ones for which they serve as sources 

(Slatkin 1977, Austerlitz et al. 1997, Tremetsberger et al. 2003, Jacquemyn et al. 2004, 

Reisch et al. 2007, Vandergast et al. 2009). If the source populations did not differentiate 

and each recolonization was from a small, yet different subset of sources, the 

recolonized patches may be more differentiated than the sources (Slatkin 1977, 

McCauley et al. 1995, Austerlitz et al. 1997, Ingvarsson & Olsson 1997, Vellend 2004, 

Keyghobadi 2007). In addition, whether recolonization occurred following the propagule 

or the stepping stone model will also affect whether the past populations or the 

recolonized ones will be more differentiated (Slatkin 1977). 

­ Hypothesis 2: I expect to find a positive relationship between temporal habitat 

continuity and genetic diversity (Figure 4). This hypothesis is addressed in paper 

2. 

 

Figure 4: Hypothesis 2. Longer habitat continuity will lead to higher genetic diversity. 
 

­ Hypothesis 3: I expect to find differing patterns of differentiation between the 

non-temporally fragmented patches and the temporally fragmented ones (Figure 

5). This hypothesis is addressed in paper 2. 

 

Figure 5: Hypothesis 3. Populations from ancient and from recent woodlands will have different 
patterns of genetic differentiation. 
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Effects of landscape structure 

Landscape structure is in essence a description of the spatial habitat fragmentation 

across a landscape. The fragmentation can be caused both by linear structures as well as 

by changes in land use which inhibit or prevent migration. The limiting of migration 

between patches spread throughout the landscape should result in the development of 

genetic differentiation, while loss of habitat should lead to smaller population sizes and 

to genetic drift. The severity of these effects is contingent upon the structure of the 

landscape, including where the lost habitat is located, and the amount of remaining 

habitat as well as how connected it is. Complete inhibition of migration, usually a result 

of linear barriers, can lead to the division of a population into two smaller ones, each 

with a smaller effective population size. This would then lead to loss of alleles and a 

lowering of genetic diversity (Keller & Largiadèr 2003b, Manel et al. 2003, Cushman 

2006, Holderegger & Di Giulio 2010, Oleksa et al. 2015). While conceptually linear 

barriers and changes in landscape are both types of fragmentation, linear barriers 

cannot be circumvented and are often completely impermeable. Therefore such barriers 

can have a strong effect, even if the area which they encompass is not large. 

­ Hypothesis 4: I expect to find more genetic differentiation if more linear barriers 

are found between two populations (Figure 6). This hypothesis is addressed in 

paper 3. 

 

Figure 6: Hypothesis 4. More linear barriers will lead to more genetic differentiation. 

  

­ Hypothesis 5: I expect to find more genetic differentiation between populations 

which are separated by more impermeable matrix than between those which 

are less fragmented (Figure 7). This hypothesis is addressed in paper 3. 

 

Figure 7: Hypothesis 5. Less permeable matrix will lead to more genetic differentiation. 
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­ Hypothesis 6: I expect to find less genetic diversity in populations surrounded by 

less permeable matrix than those surrounded by larger amounts of suitable 

habitat (Figure 8). This hypothesis is addressed in paper 2. 

 

Figure 8: Hypothesis 6. Larger amounts of surrounding less permeable matrix will lead to less 
genetic diversity. 
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Research system 

Study sites 

The Biodiversity Exploratories are a large research platform consisting of three study 

regions across Germany. The project provides a large scale and long term frame work in 

which researchers from a wide variety of scientific fields can study the effects of land 

use, such as forestry and grassland management, on biodiversity on all of its levels. Each 

study region contains 100 experimental plots, 50 each in the grasslands and in the 

woodlands. These plots were selected to represent a gradient of land use intensity and 

methods found in each region (Fischer et al. 2010). 

As all of the involved research projects study the same plots, much is known about 

their climate, soil, flora, fauna, and more. This allows for effective analysis of different 

levels of biodiversity and environmental conditions (Fischer et al. 2010). Among the 

plethora of monitored and measured parameters is the invertebrate community, 

including long term pitfall trapping in each of the plots, which enabled the selection of a 

species easily found in a vast majority of the plots in all three regions. 

The three study regions represent fairly standard rural landscapes for central Europe 

(Fischer et al. 2010), comprising of a complex mosaic of towns, villages, woodlands, 

grasslands, agricultural lands, and infrastructure. Despite their superficial similarities, 

the three Exploratories differ from each other in terms of both environmental conditions 

as well as land use patterns due to geographical, geological, topographical, and historical 

differences. Thus, the three regions serve as separate study cases, and comparing the 

results found in each allows me to generalize my results. This is one of extremely few 

studies ever carried out in more than one study region, adding greatly to its value. 

The Schorfheide-Chorin is located in northeast Germany, approximately 80 

kilometers northeast of Berlin (Figure 9). Of the three Exploratories, it contains the most 

woodlands and has the lowest human population density, but it is bisected by a large 

highway, the largest of the roads contained in any of the study regions. The Hainich-Dün 

is located in the center of the country (Figure 9), and contains one extremely large, 

consecutive patch of woodland and several additional patches of varying size. The 
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woodlands in this region have a high level of temporal habitat continuity, mostly having 

not changed since the Middle Ages. The Schwäbische Alb is located in southwest 

Germany (Figure 9), and is the most complex and fragmented of the three landscapes. 

The size of the woodlands, as well as other land uses such as meadows and agricultural 

fields, is much smaller than in the other regions. As opposed to the Hainich-Dün, in both 

the Schorfheide-Chorin and the Schwäbische Alb some of the forests have existed for 

hundreds of years, while others have been planted more recently. In both cases, the 

recent woodlands are interspersed between the ancient ones. 

 

Figure 9: Location of study regions (in black) and nearby major cities (black dots) in Germany 
 

The three Exploratories also differ in terms how the roads and their verges are 

maintained. The road verges in the Schwäbische Alb are the most intensively 

maintained, consisting of a wide strip of short grass, regardless of road size. In the 

Hainich-Dün grass strips exist along the verge of larger roads, but are less intensively 

managed, and often contain a mixture of higher vegetation and grasses. Along smaller 

roads, such verges are not always maintained at all, and leaf litter can be found directly 

along the pavement. In the Schorfheide-Chorin verges are much narrower if they exist at 

all, and the even along the highway the verge is relatively narrow and not intensively 

managed. On smaller roads, the trees can come up to the road itself. Some of the roads 

in the Schorfheide-Chorin Exploratory are not paved, and are instead constructed of 

cobblestone (Table 2). 
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Table 2: Pictures of a representative federal and state road from each of the study regions 

 Schorfheide-Chorin Hainich-Dün Schwäbische Alb 

federal roads 
(Bundesstraßen) 

 

 

 

state roads 
(Landstraßen) 

   

 

Study species 

Abax parallelepipedus (Piller and Mitterpacher, 1783) (Coleoptera, Carabidae) is a 

widespread, flightless ground beetle which lives in the litter layer of woodlands across 

central Europe (Lindroth 1985/86, Loreau 1987, Huber & Baumgarten 2005). Due to its 

large size of 18-20 mm (Müller-Motzfeld 2006), ease of identification, and ease of 

finding, A. parallelepipedus has been used often in the past as a model organism (e.g. 

Loreau & Nolf 1993, Petit & Burel 1993, Chaabane et al. 1994, Loreau & Nolf 1994, 

Chaabane et al. 1996, Charrier et al. 1997, Franceschini et al. 1997, Petit & Burel 1998a, 

Tischendorf et al. 1998, Keller et al. 2004). Therefore, much is known about its biology, 

ecology, movement, and distribution patterns across a landscape. 

Although A. parallelepipedus is restricted to woodlands, it can inhabit most types of 

wooded areas, ranging from old-growth beech to conifer plantations (Day et al. 1993, 

Fahy & Gormally 1998, Magura et al. 2000, Lange et al. 2014). In addition to being found 

in a wide variety of woodlands, the beetle can reach high population densities of 

approximately 0.2 individuals per square meter (Loreau & Nolf 1993, Loreau 1994, 

Chaabane et al. 1996, Franceschini et al. 1997, Keller et al. 2004). Additionally, in 

contrast to other ground beetles species in which population densities can naturally 
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fluctuate by 2-3 orders of magnitude (den Boer & Van Dijk 1994), the population sizes of 

A. parallelepipedus are relatively stable (Chaabane et al. 1996, Judas et al. 2002, Günther 

& Assmann 2004). Therefore, changes in allele frequencies caused by historical 

population sizes can be related to temporal fragmentation rather than to natural 

population fluctuations. 

Like many other carabids, the movement of A. parallelepipedus mainly follows 

random walk patterns (Baars 1979, Loreau & Nolf 1994, Lövei & Sunderland 1996, 

Charrier et al. 1997, Firle et al. 1998). Even in comparison to its body size, it is fairly 

immobile (Loreau & Nolf 1994), the average walking distance being only 0.6-2.3 meters 

per night (reviewed in Brouwers & Newton 2009). Despite the fairly limited dispersal 

capabilities due to its low mobility and limited habitat preferences, A. parallelepipedus 

still can be a fairly effective recolonizer, provided it can reach the new habitat patch 

(Day et al. 1993, Magura et al. 2003, Jopp & Reuter 2005, Deuschle & Glück 2008, 

Brandmayr et al. 2009). Likewise, although the species is known to prefer ancient 

woodlands in some regions, such as northwestern Germany (Assmann 1999) and 

Belgium (Desender et al. 2002a), this is probably due to lack of ability to reach newly 

afforested areas which usually are not connected to ancient woodlands rather than an 

actual habitat preference. Probably due to the less extreme landscape fragmentation in 

my study areas, A. parallelepipedus could be found in both ancient and in recent 

woodlands in all three Exploratories. 

Another consequence of the species' inability to fly and low mobility, is that A. 

parallelepipedus is unable to effectively cross linear, man-made boundaries such as 

roads and railways (Mader 1984, Mader et al. 1990, Koivula & Vermeulen 2005). 

Instances of individuals leaving the forests for such an inhospitable structure are 

extremely unlikely, and like other flightless forest carabids, beetles reaching  the edge of 

the forest will continue parallel to it rather than crossing into open landscapes (e.g. 

Niehues et al. 1996). In addition, given the average nightly walking distances, even 

individuals who attempt to cross such barriers in a straight line will probably be run over 

before they succeed in reaching the other side. This makes the species vulnerable to 

influences of such linear barriers on the genetic level, and roads of varying ages and 

sizes have been shown in Bern, Switzerland to lead to rapid genetic differentiation 
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(Keller et al. 2004). While some studies have reported finding A. parallelepipedus 

individuals in semi-open habitats (e.g. Magura et al. 2001, Eggers et al. 2010), these 

studies examine small spatial scales of up to 100 meters in total along the edges of 

woodlands. While individuals may stray for short distances out of the wooded areas, 

especially into semi-open landscapes, they will not cross in significant numbers deep 

into large open structures such as fields, urban areas, or a road with its shoulders 

(Charrier et al. 1997). 

In conclusion, since A. parallelepipedus is a widespread species that is nevertheless 

restricted to woodlands in most parts of central Europe, it makes for a good model 

species for my questions. It has a clear preference for its habitat while avoiding the 

surrounding matrix, yet the habitat is easy to define since the species inhabits all types 

of woodlands. The beetle is found in large number of woodlands across Germany, and 

has been shown to rapidly develop genetic differentiation in response to fragmentation 

(Keller et al. 2004). In addition, much is known about its biology, and it is easy to find 

and identify in the field, making it an easy species with which to work. 

.
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Extended summaries and context of papers 

The following three papers address the effects of environmental factors, habitat 

history, and spatial fragmentation on Abax parallelepipedus, a widespread, flightless 

ground beetle. A synthesis of all of the results together gives an insight as to how 

historical and contemporary land use can affect the entire genetic structure of a 

widespread species. These papers are based on the examination of over 3300 individuals 

of A. parallelepipedus from 142 populations. 

 

Paper 1: A suite of multiplexed microsatellite loci for the ground 

beetle Abax parallelepipedus (Piller and Mitterpacher, 1783) 

(Coleoptera, Carabidae) 

Marcus T, Assmann T, Durka W, Drees C (2013) A suite of multiplexed microsatellite loci for the ground beetle 

Abax parallelepipedus (Piller and Mitterpacher, 1783) (Coleoptera, Carabidae). Conservation Genetics 

Resources 5:1151ς1156. 

 

 

Figure 10: Flow chart of steps involved in primer development 

 

Microsatellite analysis is a well-established method to examine genetic diversity and 

differentiation, and is nowadays by far the most common method used for these 

purposes in animal studies (Storfer et al. 2010). This method looks at the variation in 

number of repeats in microsatellite loci (Queller et al. 1993). A microsatellite locus 

consists of a sequence of two to six base pairs which is consecutively repeated 
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numerous times. These loci rapidly evolve alleles with differing numbers of repeats, 

apparently sped up by slippage during DNA replication (Eisen 1999). Alleles can be 

detected based on PCR fragment length using electrophoresis or automated sequencing 

machines. 

I chose to use microsatellites for two main reasons, their neutrality and their high 

variability (Selkoe & Toonen 2006). As there is thought to be no strong selective 

disadvantage against mutations in these non-functional sequences, microsatellites are 

considered to be a neutral marker. While on the one hand this neutrality allows for the 

ignoring of selection processes in the analysis of allele frequencies, on the other hand 

level of microsatellite diversity have been shown to be correlated with genome wide 

diversity at the population level (Väli et al. 2008) and with fitness (Reed & Frankham 

2003) or fitness related traits (Hansson & Westerberg 2002, Chapman et al. 2009). Loci 

which are under selection due to linkage to nearby adaptive parts of the genome can be 

identified using statistical methods. Since I am interested in patterns of gene flow and 

drift, I chose a marker system in which selection does not need to be accounted for. 

Microsatellites are also highly variable, as due to their repeating nature, the DNA 

replication mechanism often slips creating new alleles. There is then no selection against 

these additional alleles, allowing them to accumulate (Eisen 1999, Schlötterer 2000). 

Therefore, microsatellites provide the high resolution needed to examine recent 

changes to genetic structure (Schlötterer 2000, Selkoe & Toonen 2006). As I am 

interested in the effects of land use, this time scale is the appropriate one for my 

studies. 

One of the major disadvantages to the use of microsatellites is the labor and cost 

intensive process of developing the needed species-specific primers. Since the studied 

regions of the genome are quite variable, in most cases primers created for other 

species, even if they are closely related, do not give satisfactory results. In the case of 

Abax parallelepipedus, primers for five loci had already been published (Keller & 

Largiadèr 2003a). While these markers served as possible candidates, I needed to ensure 

that they are polymorphic in my regions. In addition, five markers are too few for a 

thorough investigation of my study questions. 
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The first step of primer development is the location of potential microsatellite loci 

(Figure 10a). Probably due to post-glacial recolonization processes, A. parallelepipedus 

was shown in studies using allozymes to have extremely low levels of genetic diversity, 

especially north of the Alps (Düring 2001, Desender et al. 2005b). Although 

microsatellites are more variable than allozymes, I still needed to locate 10-20 

polymorphic loci in order to be able to properly analyze genetic patterns across my 

study regions. With the modern methods of next generation sequencing and 

automatized DNA sequencers, 10-20 microsatellite loci is the accepted, standard 

number of loci for most landscape genetics and population genetics studies (Storfer et 

al. 2010). 

The location of microsatellite regions in the genome of the study species, and the 

development of primers which will attach to the flanking regions of each of the 

repeating sequences is done based on a library of sequences created by shotgun 

sequencing. I first extracted DNA from individuals of A. parallelepipedus collected in 

Germany, and sent it for shotgun sequencing in order to obtain a large library of DNA 

sequences. This library was scanned for fragments containing complete microsatellites 

consisting of repeating sequences together with their flanking regions. 

I identified and developed primers for 49 microsatellites, and additionally 

redeveloped primers for the loci which had already been published for A. 

parallelepipedus (Keller & Largiadèr 2003a) (Figure 10b). As the flanking regions are 

usually non-adaptive, there are often minor, regional differences in the flanking regions 

so I chose to redevelop the primers to ensure better attachment and PCR results. Of 54 

tested loci, 20 were polymorphic and contained no null alleles (Figure 10c). Only two of 

the previously published loci were usable. 

In order to save on time and costs, I developed two different protocols to multiplex 

the usable loci (Figure 10d). Each of these protocols is designed for one of the two 

methods of attaching the fluorescent tag to the PCR product. This tag is later used by an 

automated sequencing machine to detect PCR product length. The first set of markers 

includes all 20 loci and uses the cheaper CAG/M13R method of tagging primers, but 

requires more PCR reactions and two genotyping runs. In this method, the fluorescent 
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tag is attached to the PCR products via a universal PCR primer rather than to the species 

and locus specific primers (Schuelke 2000). The second marker set is a subset of 14 loci 

and can be amplified and sequenced in one run, but uses more expensive, directly 

tagged primers (Table 3). 

Table 3: Summary of developed marker sets for Abax parallelepipedus 

 full set of primers subset of directly labeled primers 

number of loci 20 14 

tagging method CAG/M13R direct labels 

number of PCR runs 5 1 

number of genotyping runs 2 1 

 

In addition to proving that it is possible to develop a functioning suite of 

polymorphic microsatellite loci for A. parallelepipedus, I also tested if the developed 

marker sets can be used for other species of the same genus. Since the development of 

marker sets is an expensive and time-consuming process, marker sets which can be used 

for several species are particularly valuable. Although due to the high variability in 

flanking regions, cross-priming does not always work (reviewed in: Rutkowski et al. 

2011), six of the developed primers gave high-quality results for three additional Abax 

species, A. carinatus (Duftschmid, 1812), A. ovalis (Duftschmid, 1812), and A. parallelus 

(Duftschmid, 1812). Further testing is required to determine if the primers may also be 

suitable for use in additional species, or even in other genera. 

In developing a set of working multiplexed primers for A. parallelepipedus together 

with the corresponding protocols, I created a research system which allowed me to 

genotype the large number of individuals and alleles needed in order to address my 

research questions. For my analyses, I chose to work with the subset of 14 microsatellite 

loci, as it contains the best-working of the markers and still has a large enough number 

of loci to provide robust results while reducing workload and overall costs. 
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Paper 2: Living in Heterogeneous Woodlands ς Are Habitat 

Continuity or Quality Drivers of Genetic Variability in a Flightless 

Ground Beetle? 

Marcus T, Boch S, Durka W, Fischer M, Gossner MM, Müller J, Schöning I, Weisser WW, Drees C, Assmann T 

(2014) Living in Heterogeneous Woodlands ς Are Habitat Continuity or Quality Drivers of Genetic 

Variability in a Flightless Ground Beetle? PLoS ONE 10:e0144217. doi:10.1371/journal.pone.0144217. 

 

 

Figure 11: Variables tested and methods used in identifying drivers of (a) genetic diversity and (b) 
genetic differentiation. 

 

My main object in this study was to examine the relationship of the effects of 

environmental factors and habitat history on the genetic diversity and differentiation 

patterns of Abax parallelepipedus. I did this by modelling the relationship between 

rarefied allelic richness and a large suite of variables which are known drivers of genetic 

diversity. The importance of temporal habitat continuity for the preservation of species 

diversity has long been recognized (reviewed in Hermy & Verheyen 2007), but it also 

plays a role in the preservation of genetic diversity (Desender et al. 2002b, Jacquemyn et 

al. 2004, Desender et al. 2005a, Reisch et al. 2007, Otálora et al. 2011). Therefore, I was 

interested in finding out what could be the potential drivers behind the varying levels of 

genetic diversity within each of my study regions. 
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Both habitat history and environmental factors have been cited as drivers of genetic 

diversity patterns (e.g. Jacquemyn et al. 2004, Cena et al. 2006, Reisch et al. 2007, 

Vandepitte et al. 2007, Gaublomme et al. 2013). Temporal habitat continuity leads to 

higher genetic diversity as it both prevents the loss of alleles and facilitates the gain of 

new ones. Temporal habitat fragmentation should lead to lower genetic diversity in 

populations as it leads to founder effects and bottlenecks. Habitat stability additionally 

allows populations more time to acquire additional alleles via migration and even 

mutation. Environmental factors affect genetic diversity via their effects on carrying 

capacity and population sizes, and therefore the rate of genetic drift. Additionally, many 

environmental properties of a site, for example soil nutrient ratios, are shaped by land 

use past and present (e.g. Koerner et al. 1997, von Oheimb et al. 2008). However, few 

studies analyze potential historical and environmental drivers of genetic diversity 

together, leaving questions as to their relative importance, as well as whether some 

drivers may actually be proxies for other unstudied ones, wide open. 

The effects of temporal habitat continuity on various levels of diversity is of 

particular interest in the context of temperate woodlands and forests due to the extent 

of ongoing cycles of deforestation and afforestation (Flinn & Vellend 2005, Hermy & 

Verheyen 2007). Due to the long history of intense anthropogenic influence in Europe, 

primary forests are probably rare, and would in any case be extremely difficult to locate. 

However, the peak of deforestation and the beginnings of accurate mapping both 

occurred approximately 200-400 years ago. Therefore, tƘŜ ǘŜǊƳ ΨŀƴŎƛŜƴǘ ǿƻƻŘƭŀƴŘǎΩΣ 

meaning those which appear as forested on all existing maps, has been defined to 

describe long-term habitat continuity (Peterken 1993, Rackham 2003, Flinn & Vellend 

2005). Whether a woodland is an ancient one or a recent one describes the long-term 

habitat continuity, and carries no information as to the age of the trees themselves. In 

an ancient woodland, the trees themselves may be relatively young. Stand age is a 

measure of short-term habitat continuity, as it only provides information about the age 

of the trees themselves, not about whether the site was forested before the current 

stand was planted. 

In addition to short-term and long-term habitat continuity, I further characterized 

each of the studied plots using a large suite of variables related to local population sizes 
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of A. parallelepipedus, as well as those related to environmental variables known to 

affect ground beetles. Of particular interest are those variables related to soil and the 

number of closed forest species as in addition to characterizing the habitat, they reflect 

past land use as well. Given the innate inaccuracy of characterizing sites as ancient or 

recent due to the inherent gaps in map series, use of such variables can be of great 

value. 

Given the difficulties in measuring exact population sizes and densities, and the 

importance of population size in determining the magnitude and rate of change of allele 

frequencies, I used three different proxies in my models. The first proxy was related to 

the amount of woodlands in the surroundings of each plot, while the other two proxies 

are related to pitfall catches. The use of the number of A. parallelepipedus individuals 

found in killing pitfall traps in 2008 gives a more accurate measure of population sizes. 

Using the sampling effort required to gather 33 individuals from each plot adds a proxy 

derived from data from an additional year, from 2011 for the Schwäbische Alb and from 

2012 for the Schorfheide-Chorin, preventing bias. 

Rarefied allelic richness (El Mousadik & Petit 1996), the average number of alleles 

per locus after rarefaction to account for differences in sample size due to PCR 

amplifications or sequencing reactions which did not work, was used to quantify genetic 

diversity. I chose to use this metric as it the most fitting one to detect recent losses of 

genetic diversity (Allendorf et al. 2012). Rarefaction was done to 20 individuals, the 

minimum number of successfully genotyped individuals for any of the single loci in a 

single population. 

I began the modelling process with 27 candidate variables which could be related to 

genetic diversity patterns in A. parallelepipedus. After removing nine variables due to 

collinearity, I fit a general linear model consisting of the remaining historical and 

environmental variables and the rarefied allelic richness in each of the studied plots in 

the Schorfheide-Chorin and in the Schwäbische Alb (Figure 11a). I did not analyze the 

Hainich-Dün Exploratory in this study as it does not contain plots located in recent 

woodlands. 
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In both regions I found no significant effects of parameters connected to habitat 

history, but rather of those which can be related to population sizes. In the model for 

the Schorfheide-Chorin, the significant variables were the depth of the litter layer and 

sampling effort, while in a borderline significant model for the Schwäbische Alb the 

remaining variable was the percentage of the two kilometers surrounding each plot 

which was wooded. Deeper litter layers probably have an indirect connection to 

population sizes of A. parallelepipedus since they maintain larger populations of 

earthworms (Lumbricidae) (Nordström & Rundgren 1974, Phillipson et al. 1976, Cuendet 

1984), which are an important food source for the beetles (Thiele 1977, Loreau 1984). 

I also examined the effects of long-term temporal habitat continuity on the patterns 

of genetic differentiation using an AMOVA test (Figure 11b). Past changes in land use 

may be reflected in genetic differentiation between populations located in temporally 

fragmented sites and those which are not, due to loss of alleles during the inherent 

population bottlenecks and founder effects in the fragmented sites. Whether the 

recolonizing individuals come from a single source or from several may also affect the 

potential differentiation patterns (Slatkin 1977). In both Exploratories there was no 

significant genetic differentiation between ancient and recent plots. 

The lack of relationship between temporal habitat continuity and either genetic 

diversity or genetic differentiation in A. parallelepipedus is striking, and is most likely a 

result of the species' dense, stable populations. These results imply that even during the 

peak of deforestation, the remaining forest patches were able to maintain large enough 

populations to prevent significant loss of alleles due to genetic drift. The lack of 

differentiation between ancient and recent woodlands implies the lack of founder 

effects and bottlenecks during the recolonization processes. This is particularly 

interesting given the flightlessness and lack of mobility of A. parallelepipedus. As in both 

Exploratories the recent woodlands are scattered in amongst the ancient ones, gene 

flow may be mitigating any loss of alleles or differentiation which may have existed in 

the past. 

In terms of conservation, this study is quite heartening, since it shows that despite 

the limited mobility of A. parallelepipedus, temporal fragmentation may either have 
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never caused significant genetic erosion, or it may have been effectively mitigated. For 

the large number of species which, like A. parallelepipedus, are not rare and do not have 

extremely stringent habitat requirements, the loss of genetic diversity may not be as 

large a worry as previously thought. Especially in landscapes which are not hyper-

fragmented and therefore allow for effective recolonization, the size of patches may 

actually be a more important factor than their age in determining their importance as 

reservoirs of genetic diversity. Ensuring that newly reforested areas are connected to 

older woodlands is of importance in facilitating effective recolonization. Nevertheless, 

ancient woodlands remain critical for the conservation of genetic diversity in rarer 

species and in more fragmented habitats, as well as for the conservation of the rare 

species, some of which are restricted to such habitats. 
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Paper 3: What you see isn't always what you get: genetic effects of 

fragmentation in central European rural landscapes 

Marcus T, Assmann T, Drees C  What you see isn't always what you get: genetic effects of fragmentation in 

central European rural landscapes. 

 

Figure 12: Flow chart of a landscape genetic analysis. Distance measures and methods used to test 
genetic differentiation across each of the study regions. 

 

Landscape genetics is a new and powerful field, which combines population genetics 

with landscape ecology, allowing insight into how an entire landscape, as a unit, affects 

the genetic structure of individuals or of populations (Manel et al. 2003, Holderegger & 

Wagner 2006, Storfer et al. 2007, Holderegger & Wagner 2008). The methods developed 

for this field allow for the explicit testing of the relationships between genetic patterns 

and landscape patterns, mostly those of fragmentation and land use (Storfer et al. 

2007). One of the unique advantages provided by landscape genetics, is the ability to 

examine various types of fragmentation, accounting for barriers as well as land use, as 

well as the possibility of differing levels of incomplete prevention of migration. This 

allows for a landscape to be studied in all of its complexity on a large spatial scale. 
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In this study I carried out a landscape genetics analysis to examine the patterns of 

genetic differentiation across each of my study regions, allowing me to understand the 

effects of spatial fragmentation. Due to the limited mobility of A. parallelepipedus and 

its habitat specificity, the transportation infrastructure as well as many of the land uses 

found in my study regions are expected to severely limit the migration of individuals 

across the landscape. This fragmentation could lead to significant genetic differentiation 

across the landscape. 

In the field of landscape genetics a pattern of genetic differentiation is also known 

as an isolation pattern, as the emphasis is placed on the driver isolating the populations 

and thereby driving the differentiation between them. The three main isolation patterns 

are isolation by distance, isolation by resistance, and isolation by barrier. An additional 

possibility is that no differentiation pattern can be found across the landscape. 

Isolation by distance is the result of individuals' tendency to mate with those found 

nearby. As a result, populations which are geographically distant will also be more 

distant genetically. Isolation by resistance develops when movement of individuals 

across the landscape is hindered by land use or by environmental features such as soil or 

elevation. In this case, mating is no longer random across the landscape, but rather 

affected by ease of movement between populations. Isolation by barrier develops when 

movement is hindered by linear barriers such as rivers or roads. This differs from 

isolation by resistance in that such barriers usually cannot be circumvented, and are 

usually completely impermeable. 

Understanding these patterns is a vital tool in conservation contexts, allowing 

glimpses as to how complex landscapes are affecting migration and gene flow and what 

fragmenting elements may be driving the development of genetic differentiation. This 

needs to be studied not only for rare species or hyper-fragmented landscapes, but also 

for more typical situations, so that a wide array of species and landscapes can be 

understood, and generalized conclusions can be made. Such generalization also requires 

the currently sorely lacking reproduction of studies in the same species across several 

landscapes (Holderegger & Wagner 2008, Segelbacher et al. 2010, Manel & Holderegger 

2013, Keller et al. 2015, Richardson et al. 2016). This study aims to close these gaps by 
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conducting a comprehensive landscape genetics analysis of a fairly widespread yet 

stenotopic species in three landscapes where the levels of fragmentation are not 

extreme, and land use patterns are fairly typical for those found in rural regions of 

central Europe (Fischer et al. 2010).  

All three isolation patterns could be presumed as potential drivers of genetic 

differentiation patterns in A. parallelepipedus. Isolation by distance could be expected 

given the size of the Exploratories relative to mobility of the beetles. Isolation by 

resistance could be expected since studies using a variety of methods have shown that it 

is sensitive to land use, quickly disappearing after clear cutting (Huber & Baumgarten 

2005) and not venturing far out of wooded areas (Charrier et al. 1997, Petit & Burel 

1998a). Other environmental factors such as soil, altitude, and climate are not expected 

to be driving diversity patterns, since the values found in the Exploratories are well 

within the ranges which are hospitable to A. parallelepipedus, and indeed the species is 

found throughout all three study regions. Isolation by barrier could be expected as it has 

been shown that the beetles very rarely cross roads and railways (Mader 1984, Mader et 

al. 1990, Koivula & Vermeulen 2005). Indeed, a previous study carried out with the 

species has already shown that roads can lead to rapid genetic differentiation, within a 

few dozen years (Keller et al. 2004). 

In a landscape genetics analysis, isolation patterns are described as distances 

between spatial points in a landscape (Figure 12c). These landscape distances can then 

be used to model genetic differentiation, which is in essence the genetic distance 

sampled at those points. Genetic differentiation can be studied either among individuals 

or among populations. Although I cannot draw lines objectively delineating populations 

between my plots, I nevertheless chose to use population based methods since the 

beetles were trapped in plots rather that scattered across the landscape. The plots are 

all far apart relative to the movement capabilities of A. parallelepipedus, at distances 

which single individuals could not cross in a single life time. 

To calculate the genetic distances, I used two common methods (Figure 12a). The 

first was the traditional FST values (Wright 1951, Nei 1972). Although this measure is 

fairly simple, in cases such as this one with a large number of studied populations and 
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low levels of diversity, it is considered robust and widely used. I additionally calculated 

the genetic distances with one of the newer indices, Jost's D (Jost 2008).  

Isolation by distance is accounted for as the geographical distance between the 

plots. I used simple Euclidean distances, or distance as the crow flies. Including 

geographical distances allowed me not only to test for isolation by distance, but to also 

statistically control for the effects geographic distance may have on the other distances. 

For example, plots which are farther apart are probably separated by more roads and 

railway lines.  

To test for isolation by resistance patterns I calculated the effective distance 

between each pair of plots using two different methods (Figure 12b). Effective distances 

measure how far apart two points are while accounting for both geographic distance as 

well as the ease of movement through the landscape. The first method, circuit path 

analysis, has two main advantages in that it assumes random walk movement, which is 

the case for A. parallelepipedus, and allows for several connecting paths between each 

pair of points. I included the second method, least cost path analysis, due to its 

simplicity of interpretation and its well-established use in the field. Both of these 

methods calculate the distance between each pair of plots based on a resistance 

surface, in essence a map in which each pixel contains the probability of a beetle to 

cross it. I assigned these values based on land use and cover, giving land uses more 

hospitable to A. parallelepipedus low resistance values, and very inhospitable land uses 

having high resistance values.  

Lǎƻƭŀǘƛƻƴ ōȅ ōŀǊǊƛŜǊ ǿŀǎ ǘŜǎǘŜŘ ŦƻǊ ǳǎƛƴƎ ŀƴ ƛƴŘŜȄ L ŘŜǾŜƭƻǇŜŘ ŎŀƭƭŜŘ ΨōŀǊǊƛŜǊ 

ŘƛǎǘŀƴŎŜΩΦ .ŀǊǊƛŜǊ ŘƛǎǘŀƴŎŜ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ǘƘŜ ƳƛƴƛƳǳƳ Ŏƻǎǘ ƻŦ ŎǊƻǎǎƛƴƎ ǊƻŀŘǎ ŀƴŘ 

railways between two plots, with the cost for crossing larger roads higher than that of 

crossing smaller ones. This index accounted for railways and the four public road 

categories in use in Germany. 

Since landscape genetics is a relatively new field, best practices have not yet been 

fully clarified (Segelbacher et al. 2010, Richardson et al. 2016). Therefore, I used three 

methods to model the effects of the three types of landscape distances on the genetic 

distances in order to find if there are isolation patterns in each of the Exploratories, and 
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if so, which (Figure 12d). I used simple Mantel tests to examine the effect of each of the 

landscape distance on genetic distances separately. I then used partial Mantel tests to 

allow me to test each type of landscape distance while controlling for the other two. The 

third method I used was multiple regression of distance matrices (MRDM). Since all of 

the methods are controversial, using three together allowed me better assess the 

validity of my results. 

Surprisingly, I found no effects of fragmentation in any of the three study regions. In 

the Schwäbische Alb I found no significant isolation patterns at all, while in the 

Schorfheide-Chorin I found a significant isolation by distance pattern. A very weak 

isolation by distance pattern was detected by two out of three methods in the Hainich-

Dün as well. As the probability that significant gene flow is occurring across any of the 

study regions is quite low, I conclude that despite lack of migration, changes in allele 

frequencies are occurring at an extremely slow rate due to large population sizes. While 

isolation by resistance and isolation by barrier patterns have not had the time to 

develop in any of the region, isolation by distance patterns have managed to develop in 

the Schorfheide-Chorin, as this is the study region with the smallest populations (Marcus 

et al. 2015). The larger population sizes in the other two study regions may have so far 

mitigated the development even of isolation by distance, though there may be first signs 

of it in the Hainich-Dün. An isolation by distance pattern may be developing faster in the 

Hainich-Dün than in the Schwäbische Alb since it is much larger and so the distances 

between plots are greater. 

The results of my simulations of the development of genetic differentiation in 

populations of different sizes corroborate the importance of population size. In 

populations of starting sizes such as those found in my plots, very little differentiation 

developed, even after 250 years. However, in very small populations, such as those 

studied in Switzerland (Keller et al. 2004), the development of differentiation was rapid, 

explaining the seemingly contradictory results between the two studies. 

This study highlights the fact that physical fragmentation does not necessarily lead 

to differentiation. In fact, for many species in landscapes which are not hyper-

fragmented, genetic drift is probably an extremely slow process. On the one hand, this 
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alleviates some conservation concerns, as the loss of alleles due to fragmentation may 

not be of great concern. On the other hand, landscape genetic analyses, such as the one 

I carried out, are a common method of detecting fragmentation in the first place, and 

thus we may be not detecting barriers and fragmenting elements which are preventing 

migration of individuals. 
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General discussion 

In my work, I tested the effects of environmental factors, habitat history, and 

landscape structure on the genetic diversity and the genetic differentiation of Abax 

parallelepipedus. Interestingly, I only found effects of environmental factors on genetic 

diversity. I also found very little genetic differentiation in general across my study 

regions, although they are complex landscapes which include inhospitable land uses and 

linear barriers for the studied species. Gaining a better understanding of these results 

requires a redirection of the emphasis from these traditionally studied ultimate factors 

back to the more theoretical proximate ones, namely population sizes and gene flow. 

My analyses of the genetic diversity and differentiation of A. parallelepipedus have 

shown that the allele frequencies of the studied microsatellite loci likely have remained 

relatively stable across time and space in all three of my study regions. As selection and 

mutation are not the major causes of changes in allele frequencies in my study system, 

this can be the result of stabilizing gene flow or of lack of drift. Stabilization of gene flow 

would require sufficient migration across the landscapes, while lack of drift would 

require large effective population sizes. Based on a synthesis of all of my results, I 

conclude that the main driver of the found genetic stability is lack of drift due to large 

population sizes. 

Of all of my hypotheses, the only one I could confirm was that there are 

environmental factors which affect genetic diversity (Hypothesis 1) (Table 4). All of the 

significant variables reflect population sizes, and only in the Schorfheide-Chorin did I find 

significant effects as opposed to trends. This is probably related to the smaller 

population sizes in this region due to soil pH affecting prey availability, and explains the 

larger variance in genetic diversity found in the region relative to the other two. The 

Schorfheide-Chorin has the lowest soil pH values, falling within the range in which soil 

pH is expected to limit earthworm populations (Krück et al. 2006), which are an 

important food source for A. parallelepipedus (Thiele 1977, Loreau 1984). The values 

found in the other two study regions are high enough to not be affecting earthworms. In 

the Schwäbische Alb the larger population sizes seem to have prevented even small 

amounts of allele loss. 
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Table 4: Summary of hypotheses and whether they were accepted or rejected. 

hypothesis 1 

 
 

hypothesis 2 

 
 

hypothesis 3 

 
 

hypothesis 4 

 
 

hypothesis 5 

 
 

hypothesis 6 
 

 

 

I did not find significant effects of temporal fragmentation on the genetic diversity 

(Hypothesis 2) (Table 4). In order for the past fragmentation to have caused loss of 

alleles, either it must have been severe enough to cause extremely small effective 

population sizes (e.g. Landergott et al. 2001), or to have persisted for sufficiently long 

time periods to allow drift to accumulate. Strong fluctuations in population sizes would 

also encourage the loss of genetic diversity during fragmentation (Drees et al. 2011), but 

such fluctuations are unknown in my study species (Judas et al. 2002, Günther & 

Assmann 2004). In the studied case of A. parallelepipedus the historical fragmentation 

was apparently not sufficient in terms of length or severity to cause significant loss of 

alleles. 

I also did not find a significantly different pattern of differentiation in the ancient 

woodlands relative to the recent ones (Hypothesis 3) (Table 4). Given that in my study 

regions the recent woodlands are embedded between the ancient ones, recolonization 

probably can occur from several sources. Therefore I expected that the ancient 

woodlands would be more differentiated than the recent ones as per the propagule 

model (Slatkin 1977). In addition, A. parallelepipedus is considered to be a relatively 

effective recolonizer despite its lack of mobility (Magura et al. 2003, Deuschle & Glück 

2008, Brandmayr et al. 2009), probably due to its ability to utilize all types of woodlands 
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(Day et al. 1993, Fahy & Gormally 1998, Magura et al. 2000, Lange et al. 2014). This 

flexibility allows individuals to cross the various, interspersed woodland types found in 

all three regions, easing recolonization. Nonetheless, as the allele frequencies appear to 

have remained stable during peak deforestation, the ancient populations did not 

become differentiated from another and therefore there are no differences between 

these populations to be found. 

Although there have been several studies showing that A. parallelepipedus does not 

cross roads (Mader 1984, Mader et al. 1990, Koivula & Vermeulen 2005), and previous 

work has shown that roads can cause significant genetic differentiation in the species 

(Keller et al. 2004), I did not find isolation by barrier patterns in any of my study regions 

(Hypothesis 4) (Table 4). This, too, is most likely related to population sizes. The number 

of individuals successfully crossing roads, especially the larger highways is probably 

negligible, creating effective fragmentation. However, differentiation between 

populations on either side of the roads is minimal due to the large population sizes. 

Since drift in such populations is slow, it may take several hundred generations for 

significant differentiation to develop. Similarly, although A. parallelepipedus is not able 

to cross non-wooded areas, and all three study regions contain a complex mosaic of land 

uses, I did not find influences of landscape structure either on differentiation patterns 

(Hypothesis 5) or on genetic diversity found (Hypothesis 6) (Table 4). This too is probably 

due to slow changes in allele frequencies due to the large population sizes.  

While many cite the rule of thumb that one migrant per generation is enough to 

prevent genetic drift between populations (e.g. Spieth 1974, Wang 2004), this is quite 

inaccurate in many natural systems (Wright 1931, Mills & Allendorf 1996). This rule is 

based on an idealized system, with many assumptions which are violated in my study 

system, including the island model of migration which is farcical given the size of the 

study regions relative to the mobility of the species. In this case, the actual amount of 

migrants needed to prevent genetic differentiation can be significantly higher than one 

individual per generation (Mills & Allendorf 1996). 

While most of the suspected ultimate causes of genetic diversity and differentiation 

did not show the effects I expected, in some ways it is not surprising given that they all 
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are drivers via proximate factors, in this case the relevant one being population sizes 

(Figure 13). Although there are plots with larger populations than others due to 

environmental factors, populations which underwent temporal fragmentation, and the 

landscapes contain swaths of unsuitable land uses and are crisscrossed by barriers, 

population sizes across all three regions remain too large to be significantly affected at 

the genetic level. Nevertheless, genetic drift occurs also in large populations, albeit at a 

slow pace, thus changes may be ongoing though are not yet detectable. 

 

While the lack of diversity and differentiation patterns may also be due to the 

occurrence of some gene flow, the large population sizes are a vastly more important 

factor in my study species and regions. Numerous studies of A. parallelepipedus have 

shown that it avoids open habitats, and certainly does not venture into agricultural fields 

(Charrier et al. 1997). The species tends to avoid roads including the verges, and the few 

which venture a crossing attempt would probably need several hours to cross the 

entirety of many roads, getting run over in the process (Mader 1984, Mader et al. 1990, 

 

Figure 13: Summary of ultimate and proximate drivers of genetic diversity and differentiation 
examined in this thesis. 
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Koivula & Vermeulen 2005). Therefore, the amount of gene flow across the three study 

regions is probably not large enough to mitigate differentiation, and there is probably no 

migration at all across many of the roads and railways. 

The comparison of the studies presented in this thesis to two other studies is 

particularly telling. Wiesner et al. (2014) carried out a small study of a meadow 

grasshopper in the grasslands of the Hainich-Dün, whereby they also tested a 

widespread species in one of my study regions. Here too, the moderate fragmentation 

combined with the naturally high population densities of the study species, prevented 

the development of genetic differentiation across the landscape. Keller et al. (2004) 

examined the effects of roads on the genetic differentiation on A. parallelepipedus, in a 

hyper-fragmented area, containing woodland patches of approximately only one 

hectare. As opposed to me, they found significant differentiation across roads which are 

newer and smaller than the ones I examined. Despite the high population densities 

characteristic of A. parallelepipedus, in this case the populations in such patches seem to 

be simply too small to prevent changes in allele frequency due to drift, which caused 

rapid development of significant genetic differentiation across the roads. 

Although there currently appear to be little effects of the spatial fragmentation in 

my landscapes, it is probable that extremely slow changes in allele frequencies are 

taking place which over time will lead to significant genetic differentiation, especially 

across larger roads. If there is no further fragmentation, this process may take hundreds 

of generations. Although these slow drift processes should lead to the development of 

genetic differentiation across the landscapes, significant loss of genetic diversity is not to 

be expected due the large populations. 

There is an additional pair of studies which examined the genetic diversity and 

distribution of fairly common carabids. These studies also highlighted the influence of 

population sizes. Brouat et al. (2003, 2004) examined the genetic structure of two 

common members of the Carabus genus found in forests in a small, moderately 

fragmented landscape in the Pyrenees. They found significant isolation by distance and 

isolation by resistance patterns in the more specialist species. However, they did not 

test for the two pattern types simultaneously so the relationship between these two 
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patterns remains unclear. For the more generalist species they did not find significant 

spatial genetic patterns (Brouat et al. 2003). They also found significant effects of 

environmental factors which could be related to population sizes and hence to genetic 

diversity (Brouat et al. 2004). Similar to my results, population sizes were shown here to 

be of critical importance to genetic structuring. However in this case there is a clear 

influence of gene flow, as the more abundant species is the one which showed 

significant effects of landscape. Nevertheless, population sizes were shown to be a 

significant factor for the levels of both genetic diversity genetic differentiation. The two 

studied Carabus species both usually have smaller populations than A. parallelepipedus 

(Judas et al. 2002, Günther & Assmann 2004), which is probably what enabled the 

development of isolation patterns found in this study. While Brouat et al. also examined 

fairly widespread species in a moderately fragmented landscape, the natural smaller 

populations of their studied species are apparently sufficient to have allowed 

development of genetic differentiation. Studies examining the relationship between 

population sizes and the levels of genetic differentiation in natural landscapes would be 

a fascinating topic for further study. 

From a conservation perspective, my results are in many ways quite encouraging. 

Although fragmentation can have severe, deleterious effects on rare species and in 

hyper-fragmented landscapes, many species may take centuries to be significantly 

affected, as long as their population sizes remain large enough. Additionally, ensuring 

that newly forested areas are connected to other wooded areas, preferably to ancient 

woodlands, can ensure the preservation of genetic diversity. Ensuring that populations 

maintain genetic diversity is a critical step in preserving their potential to adapt to future 

changes and challenges, such as those from climate change (Hughes et al. 2008). 

Genetic diversity is a crucial component of the survival of populations and species, 

allowing long-term and short-term adaptation and evolution in response to changes in 

their surroundings, as it is a prerequisite for adaptation (Amos & Harwood 1998, Agashe 

2009, Engelhardt et al. 2014). Genetic diversity has also been linked to additional, vital 

processes, such as stabilization of population dynamics (Hughes et al. 2008, Agashe 

2009), enhancement of population fitness (Vrijenhoek 1994, Reed & Frankham 2003, 

Johnson et al. 2006, Gamfeldt & Källström 2007), and resistance to disease and parasites 
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(Altizer et al. 2003, Díaz et al. 2006, Altermatt & Ebert 2008). Studies have also linked 

genetic diversity to community level, and even to ecosystem level processes (reviewed 

in Hughes et al. 2008). 

This study also raises practical questions as to the use of genetic methods to 

examine fragmentation in real-world settings. As this study highlights, lack of 

differentiation may not always mean that gene flow, and therefore migration, are 

occurring across the landscape. Rather, due to large population sizes, there may be a 

significant time lag between physical fragmentation of a landscape and the appearance 

of significant genetic differentiation (Richmond et al. 2009, Landguth et al. 2010). 

Therefore, using genetic differentiation alone in making decisions, may lead to 

inappropriate conservation measures being taken. 

Another major conservation message from this study is that fragmentation is a 

species-specific term (Louy et al. 2007, Holderegger & Di Giulio 2010, Richardson 2012, 

Whiteley et al. 2014, Richardson et al. 2016). Abax parallelepipedus probably does not 

perceive my study regions as fragmented at all. For a species with such low mobility and 

high natural population densities, the remaining habitat patches in a moderately 

fragmented landscape are large enough. Had this study been carried out in the same 

study regions but on a more mobile species or on one with smaller populations, I would 

probably have spatial genetic structuring. 

The effects of landscape structure on genetic diversity and differentiation have been 

the subject of intensive study, even more so since the advent of landscape genetics. 

However, most attempts to generalize results have concentrated on the effects of 

specific landscape structures, such as roads (Balkenhol & Waits 2009, Holderegger & Di 

Giulio 2010, Muñoz et al. 2015). While conflicting results have often been noted 

between studies (Holderegger & Di Giulio 2010), little emphasis is placed on 

understanding these differences in terms of proximate causes such as population sizes 

and gene flow.  

We tend to address a landscape as fragmented or not, based on the way humans 

perceive the landscape. How other species perceive that same landscape, however, is 

dependent on their mobility, population density, body size, and more. For conservation 
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and practical aspects, it is often convenient to address fragmentation at human scale 

since that is how we plan our roads and land usage, but this scale may become 

meaningless when addressing specific species. Baudry and Merriam (1988) encouraged 

the use of the term "connectedness" to describe the amount of physically connecting 

elements in a landscape and their properties as perceived by humans, e.g. patch size and 

distance between elements. They used the term "connectivity" to describe the amount 

of movement of individuals in a landscape. Use of these more specific terms which 

differentiate between fragmentation as a structure and fragmentation as a process, 

would allow for more effective communication, as well as serving as a gentle reminder 

to incorporate species-specificity into discussions of fragmentation. 

In summary, this thesis gives an overarching view into the drivers of genetic 

diversity and genetic differentiation of a widespread yet stenotopic species in 

moderately fragmented landscapes. It addresses a wide range of possible ultimate 

drivers, namely environmental factors, habitat history, and landscape structure in three 

study regions. Such a comprehensive analysis enables an understanding into the 

relationship between the proximate drivers, gene flow and drift, and highlights the 

importance of population sizes in the development of genetic diversity and 

differentiation.



References 

42 

References 

Adrian-Kalchhauser I, Hirsch PE, Behrmann-Godel J, N'Guyen A, Watzlawczyk S, Gertzen S, 
Borcherding J, Burkhardt-Holm P (2016) The invasive bighead goby Ponticola kessleri displays 
large-scale genetic similarities and small-scale genetic differentiation in relation to shipping 
patterns. Molecular Ecology 25:1925-1943. 

Agashe D (2009) The stabilizing effect of intraspecific genetic variation on population dynamics in 
novel and ancestral habitats. The American Naturalist 174:255-267. 

Allendorf FW, Luikart GH, Aitken SN (2012) Conservation and the Genetics of Populations, 2nd edn. 
Wiley-Blackwell. 

Altermatt F, Ebert D (2008) Genetic diversity of Daphina magna populations enhances resistance to 
parasites. Ecology Letters 11:918-928. 

Altizer S, Harvell D, Friedle E (2003) Rapid evolutionary dynamics and disease threats to biodiversity. 
Trends in Ecology and Evolution 18:589-596. 

Alvarez N, Thiel-Egenter C, Tribsch A, Holderegger R, Manel S, Schönswetter P, Taberlet P, Brodbeck S, 
Gaudeul M, Gielly L, Küpfer P, Mansion G, Negrini R, Paun O, Pellecchia M, Rioux D, Schüpfer 
F, Van Loo M, Winkler M, Gugerli F, IntraBioDiv C (2009) History or ecology? Substrate type 
as a major driver of spatial genetic structure in Alpine plants. Ecology Letters 12:632-640. 

Amos W, Harwood J (1998) Factors affecting levels of genetic diversity in natural populations. 
Philosophical Transactions of the Royal Society of London Series B, Biological Sciences 
353:177-186. 

Antvogel H, Bonn A (2001) Environmental parameters and microspatial distribution of insects: a case 
study of carabids in an alluvial forest. Ecography 24:470-482. 

Assmann T (1999) The ground beetle fauna of ancient and recent woodlands in the lowlands of north-
west Germany (Coleoptera, Carabidae). Biodiversity and Conservation 8:1499-1517. 

Austerlitz F, Jung-Muller B, Godelle B, Gouyon PH (1997) Evolution of coalescence times, genetic 
diversity and structure during colonization. Theoretical Population Biology 51:148-164. 

Baars MA (1979) Patterns of movement of radioactive carabid beetles. Oecologia 44:125-140. 
Balkenhol N, Waits LP (2009) Molecular road ecology: exploring the potential of genetics for 

investigating transportation impacts on wildlife. Molecular Ecology 18:4151-4164. 
Barr KR, Kus BE, Preston KL, Howell S, Perkins E, Vandergast AG (2015) Habitat fragmentation in 

coastal southern California disrupts genetic connectivity in the cactus wren 
(Campylorhynchus brunneicapillus). Molecular Ecology 24:2349-2363. 

Baudry J, Merriam HG (1988) Connectivity and connectedness: functional versus structural patterns in 
landscapes. In: Proceedings of the 2nd International Seminar of the "International Association 
for Landscape Ecology" (ed. Schreiber KF), pp. 23-29, Münster. 

Brandmayr P, Pizzolotto R, Colombetta G, Zetto T (2009) In situ extinction of carabid beetles and 
community changes in a protected suburban forest during the past century: the "Bosco 
Farneto" near Trieste (Italy). Journal of Insect Conservation 13:231-243. 

Brouat C, Chevallier H, Meusnier S, Noblecourt T, Rasplus J-Y (2004) Specialization and habitat: spatial 
and environmental effects on abundance and genetic diversity of forest generalist and 
specialist Carabus species. Molecular Ecology 13:1815-1826. 

Brouat C, Sennedot F, Audiot P, Leblois R, Rasplus J-Y (2003) Fine-scale genetic structure of two 
carabid species with contrasted levels of habitat specialization. Molecular Ecology 12:1731-
1745. 

Brouwers NC, Newton AC (2009) Movement rates of woodland invertebrates: a systematic review of 
empirical evidence. Insect Conservation and Diversity 2:10-22. 

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P, Narwani A, Mace GM, Tilman D, 
Wardle DA, Kinzig AP, Daily GC, Loreau M, Grace JB, Larigauderie A, Srivastava DS, Naeem S 
(2012) Biodiversity loss and its impact on humanity. Nature 486:59-67. 

Carter M, Smith M, Harrison R (2010) Genetic analyses of the Asian longhorned beetle (Coleoptera, 
Cerambycidae, Anoplophora glabripennis), in North America, Europe and Asia. Biological 
Invasions 12:1165-1182. 



References 

43 

Cena CJ, Morgan GE, Malette MD, Heath DD (2006) Inbreeding, outbreeding and environmental 
effects on genetic diversity in 46 walleye (Sander vitreus) populations. Molecular Ecology 
15:303-320. 

Chaabane K, Josnens G, Loreau M (1994) Factors influencing respiration in Abax ater. In:Desender K, 
Dufrêne M, Loreau M, Luff ML, Maelfait J-P (eds) Carabid Beetles: Ecology and Evolution. 
Kluwer Academic Publishers, Dordrecht, Boston, London. pp. 474. 

Chaabane K, Loreau M, Josens G (1996) Individual and population energy budgets of Abax ater 
(Coleoptera, Carabidae). Annales Zoologici Fennici 33:97-108. 

Chapman JR, Nakagawa S, Coltman DW, Slate J, Sheldon BC (2009) A quantitative review of 
heterozygosity-fitness correlations in animal populations. Molecular Ecology 18:2746-2765. 

Charrier S, Petit S, Burel F (1997) Movements of Abax parallelepipedus (Coleoptera, Carabidae) in 
woody habitats of a hedgerow network landscape: a radio-tracing study. Agriculture, 
Ecosystems and Environment 61:133-144. 

Colautti RI, Lau JA (2015) Contemporary evolution during invasion: evidence for differentiation, 
natural selection, and local adaptation. Molecular Ecology 24:1999-2017. 

Cuendet G (1984) A comparative study of the earthworm population of four different woodland types 
in Wytham woods, Oxford. Pedobiologia 26:421-439. 

Cushman SA (2006) Effects of habitat loss and fragmentation on amphibians: a review and 
prospectus. Biological Conservation 128:231-240. 

Cushman SA, McKelvey KS, Hayden J, Schwartz MK (2006) Gene flow in complex landscapes: testing 
multiple hypotheses with causal modeling. The American Naturalist 168:486-499. 

Day KR, Marshall S, Heaney C (1993) Associations between forest type and invertebrates: ground 
beetle community patterns in a natural oakwood and juxtaposed conifer plantations. 
Forestry 66:37-50. 

den Boer PJ, Van Dijk TS (1994) Carabid beetles in a changing environment. Wageningen Agricultural 
University Papers 94:1-30. 

Desender K (2005) Theory versus reality: A review on the ecological and population genetic effects of 
forest fragmentation on wild organisms, with an emphasis on ground beetles. In:Lövei GL, 
¢ƻŦǘ { όŜŘǎύ /ŀǊŀōƛŘƻƭƻƎȅ нллоΥ tǊƻŎŜŜŘƛƴƎǎ ƻŦ ǘƘŜ ммǘƘ 9ǳǊƻǇŜŀƴ /ŀǊŀōƛŘƻƭƻƎƛǎǘǎΩ aŜŜǘƛƴƎ 
Danish Institute of Agricultural Sciences, Slagelse, Denmark. pp. 49-72. 

Desender K, de Bakker D, Versteirt V, de Vos B (2002a) A baseline study on forest ground beetle 
diversity and assemblages in Flanders (Belgium). In:Szyszko J, den Boer P, Bauer T (eds) How 
to Protect or What We Know About Carabid Beetles: X European Carabidologist Meeting. 
Warsaw Agricultural University Press, Warsaw. pp. 237-245. 

Desender K, Gaublomme E, Dhuyvetter H, Verdyck P (2005a) Interaction between regional forest 
history, ecology and conservation genetics of Carabus problematicus in Flanders (Belgium). 
In:Lövei GL, Toft S (eds) Carabidology 2003: Proceedings of the 11th European 
/ŀǊŀōƛŘƻƭƻƎƛǎǘǎΩ aŜŜǘƛƴƎ 5ŀƴƛǎƘ LƴǎǘƛǘǳǘŜ ƻŦ !ƎǊƛŎǳƭǘǳǊŀƭ {ŎƛŜƴŎŜǎΣ {ƭŀƎŜƭǎŜΣ 5ŜƴƳŀǊƪΦ ǇǇΦ то-
87. 

Desender K, Gaublomme E, Verdyck P, Dhuyvetter H, De Vos B (2004) Ecology and population genetics 
of Carabus problematicus in Flanders, Belgium: is forest history important? In:Honnay O, 
Bossuyt B, Verheyen K, Hermy M (eds) Forest Biodiversity: Lessons from History for 
Conservation. CAB International, Wallingford. pp. 117-128. 

Desender K, Small E, Gaublomme E, Verdyck P (2005b) Rural-urban gradients and the population 
genetic structure of woodland ground beetles. Conservation Genetics 6:51-62. 

Desender K, Verdyck P, Gaublomme E, Dhuyvetter H, Rasplus J-Y (2002b) Extreme genetic 
differentiation and isolation by non-distance in Carabus auronitens in relation to forest 
historical ecology in Flanders (Belgium). In:Szyszko J, den Boer PJ, Bauer T (eds) How to 
Protect or What We Know About Carabid Beetles: X European Carabidologist Meeting. 
Warsaw Agricultural University Press, Warsaw. pp. 227-235. 

Deuschle J, Glück E (2008) Similarity of ground beetle communities of extensively managed orchards 
depending on management regimes. Bulletin of Insectology 61:73-80. 

Díaz S, Fargione J, Chapin FS, III, Tilman D (2006) Biodiversity loss threatens human well-being. PLoS 
Biology 4:e277. 

Drag L, Cizek L (2015) Successful reintroduction of an endangered veteran tree specialist: 
conservation and genetics of the Great Capricorn beetle (Cerambyx cerdo). Conservation 
Genetics 16:267-276. 



References 

44 

Drees C, De Vries HH, Härdtle W, Matern A, Persigehl M, Assmann T (2011) Genetic erosion in a 
stenotopic heathland ground beetle (Coleoptera: Carabidae) - a matter of habitat size? 
Conservation Genetics 12:105-117. 

Drees C, Matern A, von Oheimb G, Reimann T, Assmann T (2010) Multiple glacial refuges of unwinged 
ground beetles in Europe: molecular data support classical phylogeographic models. In:Habel 
JC, Assmann T (eds) Relict Species: Phylogeography and Conservation Biology. Springer, 
Heidelberg. pp. 199-216. 

Drees C, Matern A, Rasplus J-Y, Terlutter H, Assmann T, Weber F (2008) Microsatellites and allozymes 
as the genetic memory of habitat fragmentation and defragmentation in populations of the 
ground beetle Carabus auronitens (Col., Carabidae). Journal of Biogeography 35:1937-1949. 

Drees C, Matern A, Vermeulen HJW, Assmann T (2007) The influence of habitat quality on 
populations: a plea for an amended approach in the conservation of Agonum ericeti. Baltic 
Journal of Coleopterology 7:1-8. 

Dufrêne M, Legendre P (1997) Species assemblages and indicator species: the need for a flexible 
asymmetrical approach. Ecological Monographs 67:345-366. 

Düring A (2001) Geographic differentiation of Abax parallelepipedus in the GPI locus: restriction of 
genetic variability to southern glacial refugia. Mitteilungen der Deutschen Gesellschaft für 
Allgemeine und Angewandte Entomologie 13:101-104. 

Eggers B, Matern A, Drees C, Eggers J, Härdtle W, Assmann T (2010) Value of semi-open corridors for 
simultaneously connecting open and wooded habitats: a case study using ground beetles. 
Conservation Biology 24:256-266. 

Eisen J (1999) Mechanistic basis for microsatellite instability. In:Goldstein DB, Schlötterer C (eds) 
Microsatellites: Evolution and applications. Oxford University Press, Oxford, United Kingdom. 
pp. 34-48. 

El Mousadik A, Petit RJ (1996) High level of genetic differentiation for allelic richness among 
populations of the argan tree (Argania spinosa (L.) Skeels) endemic to Morocco. Theoretical 
and Applied Genetics 92:832-839. 

Engelhardt KAM, Lloyd MW, Neel MC (2014) Effects of genetic diversity on conservation and 
restoration potential at individual, population, and regional scales. Biological Conservation 
179:6-16. 

Fahrig L (2003) Effects of habitat fragmentation on biodiversity. Annual Review of Ecology, Evolution, 
and Systematics 34:487-515. 

Fahy O, Gormally M (1998) A comparison of plant and carabid beetle communities in an Irish oak 
woodland with a nearby conifer plantation and clearfelled site. Forest Ecology and 
Management 110:263-273. 

Firle S, Bommarco R, Ekbom B, Natiello M (1998) The influence of movement and resting behaviour 
on the range of three carabid beetles. Ecology 79:2113-2122. 

Fischer J, Lindenmayer DB (2007) Landscape modification and habitat fragmentation: a synthesis. 
Global Ecology and Biogeography 16:265-280. 

Fischer M, Bossdorf O, Gockel S, Hänsel F, Hemp A, Hessenmöller D, Korte G, Nieschulze J, Pfeiffer S, 
Prati D, Renner S, Schöning I, Schumacher U, Wells K, Buscot F, Kalko EKV, Linsenmair KE, 
Schulze ED, Weisser WW (2010) Implementing large-scale and long-term functional 
biodiversity research: The Biodiversity Exploratories. Basic and Applied Ecology 11:473-485. 

Flinn KM, Vellend M (2005) Recovery of forest plant communities in post-agricultural landscapes. 
Frontiers in Ecology and the Environment 3:243-250. 

Foley JA, DeFries R, Asner GP, Barford C, Bonan G, Carpenter SR, Chapin FS, Coe MT, Daily GC, Gibbs 
HK, Helkowski JH, Holloway T, Howard EA, Kucharik CJ, Monfreda C, Patz JA, Prentice IC, 
Ramankutty N, Snyder PK (2005) Global consequences of land use. Science 309:570-574. 

Fournier E, Loreau M (2001) Activity and satiation state in Pterostichus melanarius: an experiment in 
different agricultural habitats. Ecological Entomology 26:235-244. 

Frampton GK, Çilgi T, Fry GLA, Wratten SD (1995) Effects of grassy banks on the dispersal of some 
carabid beetles (Coleoptera: Carabidae) on farmland. Biological Conservation 71:347-355. 

Franceschini G, Cannavacciuolo M, Burel F (1997) A geostatistical analysis of the spatial distribution of 
Abax parallelepipedus (Coleoptera, Carabidae) in a woodlot. European Journal of Soil Biology 
33:117-122. 

Frankham R (1996) Relationship of genetic variation to population size in wildlife. Conservation 
Biology 10:1500-1528. 



References 

45 

Frankham R (2005) Genetics and extinction. Biological Conservation 126:131-140. 
Frankham R, Ballou JD, Briscoe DA (2002) Introduction to Conservation Genetics. Univ. Press, 

Cambridge. 
Funk WC, Blouin MS, Corn PS, Maxell BA, Pilliod DS, Amish S, Allendorf FW (2005) Population 

structure of Columbia spotted frogs (Rana luteiventris) in strongly affected by the landscape. 
Molecular Ecology 14:483-496. 

Gamfeldt L, Källström B (2007) Increasing intraspecific diversity increases predictability in population 
survival in the face of perturbations. Oikos 116:700-705. 

Gaublomme E, Maebe K, Van Doninck K, Dhuyvetter H, Li X, Desender K, Hendrickx F (2013) Loss of 
genetic diversity and increased genetic structuring in response to forest area reduction in a 
ground dwelling insect: a case study of the flightless carabid beetle Carabus problematicus 
(Coleoptera, Carabidae). Insect Conservation and Diversity 6:473-482. 

Gibbs JP (2001) Demography versus habitat fragmentation as determinants of genetic variation in 
wild populations. Biological Conservation 100:15-20. 

Goetze M, Palma-Silva C, Zanella CM, Bered F (2016) East-to-west genetic structure in populations of 
Aechmea calyculata (Bromeliaceae) from the southern Atlantic rainforest of Brazil. Botanical 
Journal of the Linnean Society 181:477-490. 

Grapputo A, Boman S, Lindström L, Lyytinen A, Mappes J (2005) The voyage of an invasive species 
across continents: genetic diversity of North American and European Colorado potato beetle 
populations. Molecular Ecology 14:4207-4219. 

Günther J, Assmann T (2004) Fluctuations of carabid populations inhabiting an ancient woodland 
(Coleoptera, Carabidae). Pedobiologia 48:159-164. 

Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzalez A, Holt RD, Lovejoy TE, Sexton JO, Austin MP, 
/ƻƭƭƛƴǎ /5 όнлмрύ Iŀōƛǘŀǘ ŦǊŀƎƳŜƴǘŀǘƛƻƴ ŀƴŘ ƛǘǎ ƭŀǎǘƛƴƎ ƛƳǇŀŎǘ ƻƴ 9ŀǊǘƘΩǎ ŜŎƻǎȅǎǘŜƳǎΦ {ŎƛŜƴŎŜ 
Advances 1:e1500052. 

Hansson B, Westerberg L (2002) On the correlation between heterozygosity and fitness in natural 
populations. Molecular Ecology 11:2467-2474. 

Harrison S, Bruna E (1999) Habitat fragmentation and large-scale conservation: what do we know for 
sure? Ecography 22:225-232. 

Hartl DL, Clark AG (1997) Principles of Population Genetics, 3. Aufl. edn. Sinauer, Sunderland. 
Heisswolf A, Reichmann S, Poethke H, Schröder B, Obermaier E (2009) Habitat quality matters for the 

distribution of an endangered leaf beetle and its egg parasitoid in a fragmented landscape. 
Journal of Insect Conservation. 

Hermy M, Verheyen K (2007) Legacies of the past in the present-day forest biodiversity: a review of 
past land-use effects on forest plant species composition and diversity. Ecological Research 
22:361-371. 

Hodgson JA, Moilanen A, Wintle BA, Thomas CD (2011) Habitat area, quality and connectivity: striking 
the balance for efficient conservation. Journal of Applied Ecology 48:148-152. 

Holderegger R, Di Giulio M (2010) The genetic effects of roads: a review of empirical evidence. Basic 
and Applied Ecology 11:522-531. 

Holderegger R, Wagner HH (2006) A brief guide to Landscape Genetics. Landscape Ecology 21:793-
796. 

Holderegger R, Wagner HH (2008) Landscape Genetics. Bioscience 58:199-207. 
Holzhauer S, Ekschmitt K, Sander A-C, Dauber J, Wolters V (2006) Effect of historic landscape change 

on the genetic structure of the bush-cricket Metrioptera roeseli. Landscape Ecology 21:891-
899. 

Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK, Hungate BA, Matulich KL, Gonzalez A, Duffy JE, 
Gamfeldt L, O'Connor MI (2012) A global synthesis reveals biodiversity loss as a major driver 
of ecosystem change. Nature 486:105-U129. 

Huber C, Baumgarten M (2005) Early effects of forest regeneration with selective and small scale 
clear-cutting on ground beetles (Coleoptera, Carabidae) in a Norway spruce stand in 
Southern Bavaria (Höglwald). Biodiversity and Conservation 14:1989-2007. 

Hughes AR, Inouye BD, Johnson MTJ, Underwood N, Vellend M (2008) Ecological consequences of 
genetic diversity. Ecology Letters 11:609-623. 

Ingvarsson PK, Olsson K (1997) Hierarchical genetic structure and effective population sizes in 
Phalacrus substriatus. Heredity 79:153-161. 



References 

46 

Jacquemyn H, Honnay O, Galbusera P, Roldán-Ruiz I (2004) Genetic structure of the forest herb 
Primula elatior in a changing landscape. Molecular Ecology 13:211-219. 

Johnson MTJ, Lajeunesse MJ, Agrawal AA (2006) Additive and interactive effects of plant genotypic 
diversity on arthropod communities and plant fitness. Ecology Letters 9:24-34. 

Jopp F, Reuter H (2005) Dispersal of carabid beetles τ emergence of distribution patterns. Ecological 
Modelling 186:389-405. 

Jørgensen HBH, Hansen MM, Bekkevold D, Ruzzante DE, Loeschcke V (2005) Marine landscapes and 
population genetic structure of herring (Clupea harengus L.) in the Baltic Sea. Molecular 
Ecology 14:3219-3234. 

Jost L (2008) GST and its relatives do not measure differentiation. Molecular Ecology 17:4015-4026. 
Judas M, Dornieden K, Strothmann U (2002) Distribution patterns of carabid beetle species at the 

landscape-level. Journal of Biogeography 29:491-508. 
Keller D, Holderegger R, van Strien MJ, Bolliger J (2015) How to make landscape genetics beneficial for 

conservation management? Conservation Genetics 16:503-512. 
Keller I, Largiadèr CR (2003a) Five microsatellite DNA markers for the ground beetle Abax 

parallelepipedus (Coleoptera, Carabidae). Molecular Ecology Notes 3:113-114. 
Keller I, Largiadèr CR (2003b) Recent habitat fragmentation caused by major roads leads to reduction 

of gene flow and loss of genetic variability in ground beetles. Proceedings of the Royal 
Society B: Biological Sciences 270:417-423. 

Keller I, Nentwig W, Largiadèr CR (2004) Recent habitat fragmentation due to roads can lead to 
significant genetic differentiation in an abundant flightless ground beetle. Molecular Ecology 
13:2983-2994. 

Keyghobadi N (2007) The genetic implications of habitat fragmentation for animals. Canadian Journal 
of Zoology 85:1049-1064. 

Kleijn D, van Langevelde F (2006) Interacting effects of landscape context and habitat quality on 
flower visiting insects in agricultural landscapes. Basic and Applied Ecology 7:201-214. 

Koerner W, Dupouey JL, Dambrine E, Benoît M (1997) Influence of past land use on the vegetation 
and soils of present day forest in the Vosges mountains, France. Journal of Ecology 85:351-
358. 

Koivula MJ, Vermeulen HJW (2005) Highways and forest fragmentation - effects on carabid beetles 
(Coleoptera, Carabidae). Landscape Ecology 20:911-926. 

Kotze DJ, Brandmayr P, Casale A, Dauffy-Richard E, Dekoninck W, Koivula MJ, Lövei GL, Mossakowski 
D, Noordijk J, Paarmann W, Pizzolotto R, Saska P, Schwerk A, Serrano J, Szyszko J, Taboada A, 
Turin H, Venn S, Vermeulen R, Zetto T (2011) Forty years of carabid beetle research in Europe 
- from taxonomy, biology, ecology and population studies to bioindication, habitat 
assessment and conservation. ZooKeys:55-148. 

Krück S, Joschko M, Schultz-Sternberg R, Kroschewski B, Tessmann J (2006) A classification scheme for 
earthworm populations (Lumbricidae) in cultivated agricultural soils in Brandenburg, 
Germany. Journal of Plant Nutrition and Soil Science 169:651-660. 

Landergott U, Holderegger R, Kozlowski G, Schneller JJ (2001) Historical bottlenecks decrease genetic 
diversity in natural populations of Dryopteris cristata. Heredity 87:344-355. 

Landguth EL, Cushman SA, Schwartz MK, McKelvey KS, Murphy M, Luikart G (2010) Quantifying the 
lag time to detect barriers in landscape genetics. Molecular Ecology 19:4179-4191. 

[ŀƴƎŜ aΣ ¢ǸǊƪŜ aΣ tŀǑŀƭƛŏ 9Σ .ƻŎƘ {Σ IŜǎǎŜƴƳǀƭƭŜǊ 5Σ aǸƭƭŜǊ WΣ tǊŀǘƛ D, Socher SA, Fischer M, Weisser 
WW, Gossner MM (2014) Effects of forest management on ground-dwelling beetles 
(Coleoptera; Carabidae, Staphylinidae) in Central Europe are mainly mediated by changes in 
forest structure. Forest Ecology and Management 329:166-176. 

Lindroth CH (1985/86) The Carabidae (Coleoptera) of Fennoscandia and Denmark. Brill, Leiden. 
Loreau M (1984) Population density and biomass of Carabidae (Coleoptera) in a forest community. 

Pedobiologia 27:269-278. 
Loreau M (1987) Vertical distribution of activity of carabid beetles in a beech forest floor. 

Pedobiologia 30:173-178. 
Loreau M (1994) Ground beetles in a changing environment: determinants of species diversity and 

community assembly. In:Boyle TJBB, Christopher E.B. (ed) Biodiversity, Temperate 
Ecosystems, and Global Change. Springer Berlin, Heidelberg. pp. 77-98. 



References 

47 

Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JP, Hector A, Hooper DU, Huston MA, Raffaelli D, 
Schmid B, Tilman D, Wardle DA (2001) Biodiversity and ecosystem functioning: current 
knowledge and future challenges. Science 294:804-808. 

Loreau M, Nolf CL (1993) Occupation of space by the carabid beetle Abax ater. Acta Oecologica 
14:247-258. 

Loreau M, Nolf CL (1994) Spatial structure and dynamics of a population of Abax ater. In:Desender K, 
Dufrêne M, Loreau M, Luff ML, Maelfait J-P (eds) Carabid Beetles: Ecology and Evolution. 
Kluwer Academic Publishers, Dordrecht, Boston, London. pp. 476. 

Louy D, Habel JC, Schmitt T, Assmann T, Meyer M, Müller P (2007) Strongly diverging population 
genetic patterns of three skipper species: the role of habitat fragmentation and dispersal 
ability. Conservation Genetics 8:671-681. 

Lövei GL, Sunderland KD (1996) Ecology and behavior of ground beetles (Coleoptera: Carabidae). 
Annual Review of Entomology 41:231-256. 

MacArthur RH, Wilson EO (1967) The Theory of Island Biogeography. University Press, Princeton. 
Mader HJ (1984) Animal habitat isolation by roads and agricultural fields. Biological Conservation 

29:81-96. 
Mader HJ, Schell C, Kornacker P (1990) Linear barriers to arthropod movements in the landscape. 

Biological Conservation 54:209-222. 
Magura T, Tóthmérész B, Bordán Z (2000) Effects of nature management practice on carabid 

assemblages (Coleoptera: Carabidae) in a non-native plantation. Biological Conservation 
93:95-102. 

Magura T, Tóthmérész B, Elek Z (2003) Diversity and composition of carabids during a forestry cycle. 
Biodiversity and Conservation 12:73-85. 

Magura T, Tóthmérész B, Molnár T (2001) Edge effect on carabid assemblages along forest-grass 
transects. Web Ecology 2:7-13. 

Manel S, Holderegger R (2013) Ten years of landscape genetics. Trends in Ecology and Evolution 
28:614-621. 

Manel S, Schwartz MK, Luikart G, Taberlet P (2003) Landscape genetics: combining landscape ecology 
and population genetics. Trends in Ecology and Evolution 18:189-197. 

Marcus T, Boch S, Durka W, Fischer M, Gossner MM, Müller J, Schöning I, Weisser WW, Drees C, 
Assmann T (2015) Living in heterogeneous woodlands - are habitat continuity or quality 
drivers of genetic variability in a flightless ground beetle? PloS ONE 10. 

Mauremooto JR, Wratten SD, Worner SP, Fry GLA (1995) Permeability of hedgerows to predatory 
carabid beetles. Agriculture, Ecosystems and Environment 52:141-148. 

McCauley DE, Raveill J, Antonovics J (1995) Local founding events as determinants of genetic structure 
in a plant metapopulation. Heredity 75:630-636. 

Mills LS, Allendorf FW (1996) The one-migrant-per-generation-rule in conservation and management. 
Conservation Biology 10:1509-1518. 

Mols PJM (1987) Hunger in relation to searching behaviour, predation and egg production of the 
carabid beetle Pterostichus coerulescens L.: results of simulation. Acta Phytopathologica 
Entomologica Hungarica 22:187-205. 

Moracho E, Moreno G, Jordano P, Hampe A (2016) Unusually limited pollen dispersal and connectivity 
of Pedunculate oak (Quercus robur) refugial populations at the species' southern range 
margin. Molecular Ecology 25:3319-3331. 

Müller-Motzfeld G (2006) Bd. 2: Adephaga I: Carabidae (Laufkäfer), 2 edn. Spektrum Verlag, 
Heidelberg/Berlin. 

Muñoz PT, Torres FP, Megías AG (2015) Effects of roads on insects: a review. Biodiversity and 
Conservation 24:659-682. 

Nei M (1972) Genetic distance between populations. The American Naturalist 106:283-293. 
Niehues FJ, Hockmann P, Weber F (1996) Genetics and dynamics of a Carabus auronitens 

metapopulation in the Westphalian Lowlands. Annales Zoologici Fennici 33:85-96. 
Niemelä J (1996) From systematics to conservation - carabidologists do it all. Annales Zoologici Fennici 

33:1-4. 
Niemelä J (2001) Carabid beetles (Coleoptera: Carabidae) and habitat fragmentation: a review. 

European Journal of Entomology 98:127-132. 
Niemelä J, Kotze DJ (2009) Carabid beetle assemblages along urban to rural gradients: a review. 

Landscape and urban planning 92:65-71. 



References 

48 

Nordström S, Rundgren S (1974) Environmental factors and lumbricid associations in southern 
Sweden. Pedobiologia 14:1-27. 

hƭŜƪǎŀ !Σ /ƘȅōƛŎƪƛ LWΣ [ŀǊǎǎƻƴ a/Σ {ǾŜƴǎǎƻƴ DtΣ DŀǿǊƻƵǎƪƛ w όнлмрύ wǳǊŀƭ ŀǾŜƴǳŜǎ ŀǎ ŘƛǎǇŜǊǎŀƭ 
corridors for the vulnerable saproxylic beetle Elater ferrugineus in a fragmented agricultural 
landscape. Journal of Insect Conservation 19:567-580. 

Otálora MG, Martínez I, Belinchón R, Widmer I, Aragón G, Escudero A, Scheidegger C (2011) 
Remnants fragments preserve genetic diversity of the old forest lichen Lobaria pulmonaria in 
a fragmented Mediterranean mountain forest. Biodiversity and Conservation 20:1239-1254. 

Pereira HM, Leadley PW, Proença V, Alkemade R, Scharlemann JPW, Fernandez-Manjarrés JF, Araújo 
MB, Balvanera P, Biggs R, Cheung WWL, Chini L, Cooper HD, Gilman EL, Guénette S, Hurtt GC, 
Huntington HP, Mace GM, Oberdorff T, Revenga C, Rodrigues P, Scholes RJ, Sumaila UR, 
Walpole M (2010) Scenarios for global biodiversity in the 21

st
 century. Science 330:1496-

1501. 
Peterken GF (1993) Woodland Conservation and Management, 2nd edn. Chapman & Hall, London. 
Petit S, Burel F (1993) Movement in Abax ater (Col., Carabidae): do forest species survive in hedgerow 

networks? Vie et Milieu 43:119-124. 
Petit S, Burel F (1998a) Connectivity in fragmented populations: Abax parallelepipedus in a hedgerow 

network landscape. Comptes Rendus de l'Academie des Sciences - Série III - Sciences de la vie 
- Life sciences 321:55-61. 

Petit S, Burel F (1998b) Effects of landscape dynamics on the metapopulation of a ground beetle 
(Coleoptera, Carabide) in a hedgerow network. Agriculture, Ecosystems and Environment 
69:243-252. 

Phillipson J, Abel R, Steel J, Woodell S (1976) Earthworms and the factors governing their distribution 
in an English beechwood. Pedobiologia 16:258-285. 

Queller DC, Strassmann J E, Hughes CR (1993) Microsatellite and kinship. Trends in Ecology and 
Evolution 8:285-288. 

Rackham O (2003) Ancient Woodland: its history, vegetation and uses in England, 2nd edn. 
Castlepoint Press, Colvend. 

Reed DH, Frankham R (2003) Correlation between fitness and genetic diversity. Conservation Biology 
17:230-237. 

wŜƛŎƘŜƭ YΣ wƛŎƘǘŜǊ CΣ 9ƛŎƘŜƭ [Σ YŊŎƪƛ ½Σ ²ŜǎŎƘŜ YΣ ²Ŝƭƪ 9Σ bŜƛƴƘǳƛǎ /Σ wƛǘȊ /a όнлмсύ DŜƴŜǘƛŎ ŘƛǾŜǊǎƛǘȅ 
in the locally declining Laserpitium prutenicum L. and the more common Selinum carvifolia 
(L.) L.: a "silent goodbye"? Conservation Genetics 17:847-860. 

Reisch C, Mayer F, Rüther C, Nelle O (2007) Forest history affects genetic diversity - molecular 
variation of Dryopteris dilatata (Dryopteridaceae) in ancient and recent forests. Nordic 
Journal of Botany 25:366-371. 

Richardson JL (2012) Divergent landscape effects on population connectivity in two co-occurring 
amphibian species. Molecular Ecology 21:4437-4451. 

Richardson JL, Brady SP, Wang IJ, Spear SF (2016) Navigating the pitfalls and promise of landscape 
genetics. Molecular Ecology 25:849-863. 

Richmond J, Reid D, Ashton K, Zamudio K (2009) Delayed genetic effects of habitat fragmentation on 
the ecologically specialized Florida sand skink (Plestiodon reynoldsi). Conservation Genetics 
10:1281-1297. 

wǳǘƪƻǿǎƪƛ wΣ {ȊŎȊǳƪŀ !Σ ½ŀƭŜǿǎƪƛ aΣ YƻǊŎȊȅƵǎƪŀ WΣ DǊȅȊƛŀƪ D όнлммύ CŀƛƭǳǊŜ ƻŦ ƳƛŎǊƻǎŀǘŜƭƭƛǘŜϥǎ ŎǊƻǎǎ-
species amplification in common ground beetle Pterostichus melanarius (Illiger). Baltic 
Journal of Coleopterology 11:17-24. 

Sala OE, Chapin FS, Armesto JJ, Berlow E, Bloomfield J, Dirzo R, Huber-Sanwald E, Huenneke LF, 
Jackson RB, Kinzig A, Leemans R, Lodge DM, Mooney HA, Oesterheld M, Poff NL, Sykes MT, 
Walker BH, Walker M, Wall DH (2000) Global biodiversity scenarios for the year 2100. 
Science 287:1770-1774. 

Saunders DA, Hobbs RJ, Margules CR (1991) Biological consequences of ecosystem fragmentation: a 
review. Conservation Biology 5:18-32. 

Schlötterer C (2000) Evolutionary dynamics of microsatellite DNA. Chromosoma 109:365-371. 
Schuelke M (2000) An economic method for the fluorescent labeling of PCR fragments. Nature 

Biotechnology 18:233-234. 
Scribner KT, Arntzen JW, Cruddace N, Oldham RS, Burke T (2001) Environmental correlates of toad 

abundance and population genetic diversity. Biological Conservation 98:201-210. 



References 

49 

Segelbacher G, Cushman SA, Epperson BK, Fortin M-J, Francois O, Hardy OJ, Holderegger R, Taberlet 
P, Waits LP, Manel S (2010) Applications of landscape genetics in conservation biology: 
concepts and challenges. Conservation Genetics 11:375-385. 

Selkoe KA, Toonen RJ (2006) Microsatellites for ecologists: a practical guide to using and evaluating 
microsatellite markers. Ecology Letters 9:615-629. 

Slatkin M (1977) Gene flow and genetic drift in a species subject to frequent local extinctions. 
Theoretical Population Biology 12:253-262. 

Sork VL, Smouse PE (2006) Genetic analysis of landscape connectivity in tree populations. Landscape 
Ecology 21:821-836. 

Soulé M (1976) Allozyme variation: its determinants in space and time. In:Ayala FJ (ed) Molecular 
Evolution. Sinauer, Sunderland, Massachusetts. pp. 60-77. 

Spieth P (1974) Gene flow and genetic differentiation. Genetics 78:961-965. 
Storfer A, Murphy MA, Evans JS, Goldberg CS, Robinson S, Spear SF, Dezzani R, Delmelle E, Vierling L, 

Waits LP (2007) Putting the "landscape" in landscape genetics. Heredity 98:128-142. 
Storfer A, Murphy MA, Spear SF, Holderegger R, Waits LP (2010) Landscape genetics: where are we 

now? Molecular Ecology 19:3496-3514. 
Tensen L, Groom RJ, van Belkom J, Davies-Mostert HT, Marnewick K, van Vuuren BJ (2016) Genetic 

diversity and spatial genetic structure of African wild dogs (Lycaon pictus) in the Greater 
Limpopo transfrontier conservation area. Conservation Genetics 17:785-794. 

Thiele HU (1977) Carabid Beetles and Their Environment. A Study on Habitat Selection by Adaptions in 
Physiology and Behaviour. Springer, Berlin. p.^pp. 369. 

Thomas JA, Bourn NAD, Clarke RT, Stewart KE, Simcox DJ, Pearman GS, Curtis R, Goodger B (2001) The 
quality and isolation of habitat patches both determine where butterflies persist in 
fragmented landscapes. Proceedings of the Royal Society B: Biological Sciences 268:1791-
1796. 

Tischendorf L, Irmler U, Hingst R (1998) A simulation experiment on the potential of hedgerows as 
movement corridors for forest carabids. Ecological Modelling 106:107-118. 

Tremetsberger K, Stuessy TF, Samuel RM, Baeza CM, Fay MF (2003) Genetics of colonization in 
Hypochaeris tenuifolia (Asteraceae, Lactuceae) on Volcán Lonquimay, Chile. Molecular 
Ecology 12:2649-2659. 

Väli U, Einarsson A, Waits L, Ellegren H (2008) To what extent do microsatellite markers reflect 
genome-wide genetic diversity in natural populations? Molecular Ecology 17:3808-3817. 

Vandepitte K, Jacquemyn H, Roldán-Ruiz I, Honnay O (2007) Landscape genetics of the self-compatible 
forest herb Geum urbanum: effects of habitat age, fragmentation and local environment. 
Molecular Ecology 16:4171-4179. 

Vandergast AG, Lewallen EA, Deas J, Bohonak AJ, Weissman DB, Fisher RN (2009) Loss of genetic 
connectivity and diversity in urban microreserves in a southern California endemic Jerusalem 
cricket (Orthoptera: Stenopelmatidae: Stenopelmatus ƴΦ ǎǇΦ άǎŀƴǘŀ ƳƻƴƛŎŀέύΦ WƻǳǊƴŀƭ ƻŦ 
Insect Conservation 13:329-345. 

Vellend M (2004) Parallel effects of land-use history on species diversity and genetic diversity of forest 
herbs. Ecology 85:3043-3055. 

von Oheimb G, Härdtle W, Naumann PS, Westphal C, Assmann T, Meyer H (2008) Long-term effects of 
historical heathland farming on soil properties of forest ecosystems. Forest Ecology and 
Management 255:1984-1993. 

Vrijenhoek RC (1994) Genetic diversity and fitness in small populations. In:Loeschcke V, Jain SK, 
Tomiuk J (eds) Conservation Genetics. Birkhäuser Basel, Basel. pp. 37-53. 

Wang JL (2004) Application of the one-migrant-per-generation rule to conservation and management. 
Conservation Biology 18:332-343. 

Watts K, Vanhala T, Connolly T, Cottrell J (2016) Striking the right balance between site and 
landscape-scale conservation actions for a woodland insect within a highly fragmented 
landscape: a landscape genetics perspective. Biological Conservation 195:146-155. 

Whiteley AR, McGarigal K, Schwartz MK (2014) Pronounced differences in genetic structure despite 
overall ecological similarity for two Ambystoma salamanders in the same landscape. 
Conservation Genetics 15:573-591. 

Wiesner KR, Habel JC, Gossner MM, Loxdale HD, Köhler G, Schneider ARR, Tiedemann R, Weisser WW 
(2014) Effects of habitat structure and land-use intensity on the genetic structure of the 
grasshopper species Chorthippus parallelus. Royal Society open science 1:140133-140133. 



References 

50 

Wood DA, Halstead BJ, Casazza ML, Hansen EC, Wylie GD, Vandergast AG (2015) Defining population 
structure and genetic signatures of decline in the giant gartersnake (Thamnophis gigas): 
implications for conserving threatened species within highly altered landscapes. 
Conservation Genetics 16:1025-1039. 

Wright S (1931) Evolution in Mendelian populations. Genetics 16:97-159. 
Wright S (1951) The genetical structure of populations. Annual of eugenics 15:323-354. 
Yokochi K, Kennington WJ, Bencini R (2016) An endangered arboreal specialist, the western ringtail 

possum (Pseudocheirus occidentalis), shows a greater genetic divergence across a narrow 
artificial waterway than a major road. PloS ONE 11. 

Young A, Boyle T, Brown T (1996) The population genetic consequences of habitat fragmentation for 
plants. Trends in Ecology and Evolution 11:413-418. 

 

 



Full texts of papers 

51 

Full texts of papers 

Paper 1: A suite of multiplexed microsatellite loci for the ground 

beetle Abax parallelepipedus (Piller and Mitterpacher, 1783) 

(Coleoptera, Carabidae) 

Marcus T, Assmann T, Durka W, Drees C (2013) A suite of multiplexed microsatellite loci for the ground beetle 

Abax parallelepipedus (Piller and Mitterpacher, 1783) (Coleoptera, Carabidae). Conservation Genetics 

Resources 5:1151ς1156. 

 

* A higher resolution, pdf version of this paper is found on the disk attached to 

this thesis*  



Full texts of papers 

52 

 

  
 



Full texts of papers 

53 

 

  
 



Full texts of papers 

54 

 

  
 



Full texts of papers 

55 

 

  
 



Full texts of papers 

56 

 

  
 



Full texts of papers 

57 

 

  
 



Full texts of papers 

58 

Paper 2: Living in Heterogeneous Woodlands ς Are Habitat 

Continuity or Quality Drivers of Genetic Variability in a Flightless 

Ground Beetle? 

Marcus T, Boch S, Durka W, Fischer M, Gossner MM, Müller J, Schöning I, Weisser WW, Drees C, Assmann T 

(2014) Living in Heterogeneous Woodlands ς Are Habitat Continuity or Quality Drivers of Genetic 

Variability in a Flightless Ground Beetle? PLoS ONE 10:e0144217. doi:10.1371/journal.pone.0144217. 

 

* Supplementary material and a higher resolution, pdf version of this paper are 

found on the disk attached to this thesis* 

  



Full texts of papers 

59 

 

  
 



Full texts of papers 

60 

 

  
 



Full texts of papers 

61 

 

  
 



Full texts of papers 

62 

 

  
 



Full texts of papers 

63 

 

  
 



Full texts of papers 

64 

 

  
 



Full texts of papers 

65 

 

  
 



Full texts of papers 

66 

 

  
 



Full texts of papers 

67 

 

  
 




































































