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Theypaved paradise,

And put up a parking Iot
With a pink hoté a boutique
And a swinging hot spot

Don't it always seem to go

That you don't know what you've got
Wiliit'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
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Summary

Summary

Habitat fragmentation and changes in land use are currently two majoeid 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 preventfigmend
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 diféstiation 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 conservatiordriven contexts, andherefore 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 | addrédssse two gaps, and do so in three

study regions, allowing for generalization of the results.

| usedAbax parallelepipeduys flightless ground beetle with low dispersal power as
a model species to test how environmental factors, habitat history, and tapis
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 suscédptitapid
changes in genetic structure after habitat fragmentation. Neverthelesgs,
parallelepipeduss widely distributed as it can inhabit a variety of woodland types in
which it maintains high population densities. Although all of my study regiongsept
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.

Inthe first stage of my work, | identified polymorphic microsatellite loci which could

potentially be used to study genetic diversity and differentiatio\irparallelepipedud
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then developed PCR and genotyping protocols for two suites of loci, in theedacting
to use the set of 14 fully multiplexed loci for my study. After | had developed the needed

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

In my investigation of how environmental factors and habitat history affect genetic
diversity and genetic differentiation, | found that genetic diversity was being driven by
variables that could be related to population sizes rather than by habitat history. | also
did not find evidence of an influence of habitat history on the genetic diffgation
patterns. Although populations &. parallelepipedus 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 pebk
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, | arried out a landscape genetics analysis of the genetic
differentiation patterns found in each of my study regions, in which | examined the
relationship between genetic differentiation and landscape structure. | tested whether |
could find patterns of isaltion by distance, isolation by resistance, or isolation by
barriers in my study regions. Surprisingly, | 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'shown avoidance of nowooded areas and its inability to
cross roads, | 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 simulahg 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 delop 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 maytigate 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 discussedhreat 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 ectesysservices essential to human

wellbeing(Loreau et al. 200 Cardinale et al. 201Hooper 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 etal. 2008) ' yR Al OlFy 06S G(GK2dzaAKG- 2F & @
diversity. Genetic differentiation is a measure of dissimilarity between populations, and
GKSNBT2NBE Aa | -dvsitp iIChalgesLitr bodh fgén&ti€ diverdity and
genetic differentiatiomn 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 befozed#tvelopment 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 eff&¢tight 1931
Frankham et al. 20025tochastic 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 snuogllptions 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 @dttl & Clark

1997, Frankham et al. 2002)

One of the main drivers of the los$ all levels of biodiversity is changes in land use,
and therefore understanding the resulting effects on ecological systems and processes is
of utmost conservation importancéSala et al. 20Q0Foley et al. 2005Pereira et al.

2010 Haddad et al. 2015).and use change can cause two concurrent processes, both of
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which severly impact natural systems. The first component is habitat lasswvhich
previously suitable areas are made either less or completely unsuifabl@a given
species The second process 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 fragmentationpr 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 alrost always occur simultaneougseviewed among others in Saunders et

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

In addition to the longstudied effects of fragmentation on communities and species
(reviewed in Harrison & Bruna 1998ahrig 2003Fischer & Lindenmayer 20Qthese
processes also strongly affect bothngic diversity and genetic differentiatiofY oung
et al. 1996 Gibbs 2001Fahrig 2003Fischer & Lindenmayer 2007he effectsof both
fragmentation componentan be rapidand dramatic, and must be accounted for in
conservation contextgreviewed amongpthers in Young et al. 199&rankham 2005
Keyghobadi 2007)heoretically, 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 viass 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 ifferences in allele frequencies. Therefore it is more closely

related with levels of isolation throughoatlandscape.

Assuming that no random extinction and recolonization processes have occurred, in
an unchanged landscape, both genetic diversity anteiihtiation are stable (Figure
la). 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 1hjt if the lost habitat prevents
migration, differentiation will developalbeit 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 opldevelop 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 alwayeccar.
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Figure 1: Theoretical effeof land use change on genetic diversity and differentiat@isplayed
graphs present expected changes in genetic diversity or differentiation over @Gneg. represents
remaining habitat, dotsepresent sampling points. (a) No change in land use. @9 dbsmall
amount of habitatwhich does not affect migration. (c) Loss of sraaibunt of habitatcreating two
large,isolated areas(d) Loss of largemount of habitatwhich does not affect migration. (e) Loss o
largeamount of habitathindering migraion. (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, labhiistory,landscape structure,

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



General introduction

Table 1: Examples of studies for eachhaf tategories of ultimate causes

ultimate cause examples

habitat history Desender et al. 2002Bacquemyn et al. 2004Desender et al.
2005a, Hermy & Verheyen 2007 (revielRgisch eal. 2007,
Otélora et al. 2011

landscape structure Funk et al. 2005)grgensen et al. 200&€ushman 200&;ushman et
al. 2M6, Sork & Smouse 2006 (review)

environmentalfactors Scribner et al. 200Brouat et al. 2004Cena ¢al. 2006, Alvarez et
al. 2009

Habitat historyis a crucial factor in past population sizes, as land use in the past may
have caused a species to undergo population bottlenecks or even localtextiand
recolonization with the canccurring founder effects. In addition, the migration and gene
flow in the past may be different to that of tod4fPetit & Burel 1998bHolzhauer et al.
2006) Such changes in the past can be thought of as a form ofdeshfragmentation
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 structureefers to the current mosaic ofiabitat 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 tpats. 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 resourcefarabid examples: Mols 198Frampton et al. 1999Vlauremooto

et al. 1995Firle et al. 1998Fournier & 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 concerrgsuch
rare habitats, hypefragmented landscapes, and rare or invasive speg¢resent
examples: Barr et al. 2018olautti & Lau 201,3Nood et al. 2015AdrianKalchhauser et
al. 2016 Goetze et al. 201,6Vioracho et al. 2016Reichel et al. 2018 ensen et b 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 spdead

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 niairtage
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 poputaties, 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 areorthwestern European woodlands. These
woodlands are often embedded in a complex mosaic of land wiésh developed over
the course of centuries of anthropogenic influence. Typical land uses include towns,
roads, agricultural fields, grasslands, industimdtastructure, 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 stmagtthey have complex
yet traceable histories of land use and, thus, temporal fragmentation. In these regions,
the maximum deforestation is assumed to have occurred approximately4Q00years
ago, coinciding approximately with the development of accumrsdetography. Patches
which appear as wooded on all maps since the earliest accurate map are referred to as
ancient woodlands, in opposition to recent woodlan@eterken 1993Rackham 2003
Flinn & Vellend 2005)Additional historical information is avalfile 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 yasfehabitat patch

sizes and levels of fragmentation.

In this thesis | 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(Niemela 1996Kotze et al2011) 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 lsmown about their biology, ecological requirements,
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geographic distribution, and more, especially in Europe and in North Amgtatae et

al. 2011) Amongst other fields, they have been often used as a model group in studies
of dispersal and distributiofe.g. Dufréne & Legendre 199Xntvogel & Bonn 20013s

well as habitat fragmentatioifreviewed in Niemeld 200Niemela & Kotze 2009pue

to the abundance of previous studies on carabids, it is possible to precisely select a
fitting model species about lich 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 | 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 furthezrglize
my findings, | 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 imakdest
landscapes allows me gain a holistic view as to the drivers of genetic diversity and
differentiation in typical species and landscapes (Figure 2b). Lastly, | have studied a
widespread yet stenotopic species, one that is abundant in a large nuofbrest
types in all regions of Germany, in fairly typical, moderately fragmented landscapes.
While rare species, hypdragmented landscapes, or a combination thereof, have often

been studied, norextreme cases are still undaddressed (Figure 2c).
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Figure 2: Thesis novelties in (a) the combination of drivers investig@igth several landscapesd
(c) spedes and landscapes investigated. In (a) titeanate causes of genetic diversity and genetic
differentiation (upper third)are presented togther with how these causes are driving changes in
allele frequencies (middle third), and examples (bottom thiAtyows connect the ultimate causes
with proximate causes they affect. In (c) the number of beetles represents how rare or common
study speas is. The number of habitat patches and their sizes represent whether a study area i:
hyperfragmented or not.
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Hypotheses

In this thesis | examine the effects of environmental factors, habitat history, and
landscape structure on genetic diversity aniffetentiation. 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 a number of landscapes, as drivers may be
landscapedependent. | examined these drivers in landscapes which are moderately

fragmented and in a widespread, stenotopic species.

Effects of environmental factors

Environmental variables are thought to mft habitat quality. Less suitable patches
for a given species should have a lower carrying capacity and lower population densities
and sizegtheory: MacArthur & Wson 1967, Hodgson et al. 201hsect examples:
Thomas et al. 20QXKleijn & van Langeved2006 Drees et al. 20Q7Heisswolf et al.
2009) This should lead in turn to a higher rate of allele loss due to genetiqttiefbry
and reviews:Wright 1931 Soulé 1976 Frankham 1996 Desender 2005 carabid
examples: Keller & Largiadéer 2008esende et al. 2004 Drees et al. 2011)

- Hypothesis 11 expect to find environmental factors which are significantly linked

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

environmental conditions I::> genetic diversity

Figure 3: Hypothesis Environmental conditions will affegenetic 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 pafation size. Patches which never

10
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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 migrat{@esender et al. 2004 rapputo et

al. 2005 Keyghobadi 200Drees et al. 2008Carter et al. 2010Drees et al. 201MDrag

& 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 drifo cause them to differentiate, making them
more differentiated than more reestablished ones for which they serve as sources
(Slatkin 1977Austerlitz et al. 1997Tremetsberger et al. 2003acquemyn et al. 2004
Reisch et al. 20Q¥andergast et al. 2@®). 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 sour(8ktkin 1977
McCauley et al. 199%Austerlitz et al. 1997Ingvarsson & Olsson 199Vellend 2004
Keyghobadi 2007)n 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 differentiaté8htkin 1977)

- Hypothesis 21 expect to find a positive relationship betwetamporal habitat
continuity and genetic diversity (Figure 4). This hypothesis is addressed in paper
2.

habitatcontinuity/ I:> genetic diversity /

Figure 4: Hypothesis 2onger habitat continuity will lead to higher geicediversity.

- Hypothesis 31 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.

genetic differentiation # genetic differentiation
in ancient woodlands in recent woodlands

Figure 5: Hypothesis Populatims from ancient and from recent woodlands will have different
patterns of genetic differentiation.

11
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Effects of landscape structure

Landscape structure is in essence a description of the spatial habitat fragmentation
across a landscape. The fragmentatiam de 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 lossfdabitat shouldlead 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 connea 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 genet diversity(Keller & Largiadér 2003Manel et al. 2003 Cushman
2006 Holderegger & Di Giulio 201@leksa et al. 2015)While conceptually linear
barriers and changes in landscape are both types of fragmentation, linear barriers
cannot be circumventedral are often completely impermeable. Therefore such barriers

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

- Hypothesis 4l expect to find more genetic differentiatiahmore linear barriers
are found between two population§~igure 6). This hypothesis is addressed in

paper 3.

Iinearbarriers/ I::} geneticdifferentiation/

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

- Hypothesis 51 expect to find more genetic differentiation between populations
which are separated by mornenpermeablematrix than between those which

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

matrix permeability\ I:> genetic differentiation/

Figure 7: Hypothesis hess permeable matrix will lead to more genetic differentiation.

12
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- Hypothesis 61 expect to find less geneticversity in populations surrounded by
less permeablematrix than those surrounded by larger amounts of suitable

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

surrounding matrix / I:> genetic diversity \

Figure 8: Hypothesis &arger amounts of surrounding less permeable matrixdeat to less
genetic diversity.

13
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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 researchersrém 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. Tiese plots were selected to represent a gradient of land use intensity and

methods found in each regiqffrischer et al. 2010)

As all of the involved research projects study the same plots, much is known about
their climate, soll, flora, fauna, and morehi3 allows for effective analysis of different
levels of biodiversity and environmental conditioffsischer et al. 2010)Among the
plethora of monitored and measured parameters is the invertebrate community,
including long term pitfall trapping in each tbfe 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. 2010omprising of a complex mais 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 gemqghical, 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 merthan one study region, adding greatly to its value.

The SchorfheideChorin 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 humangdation density, but it is bisected by a large
highway, the largest of the roads contained in any of the study regionsHaimechDun
is located in the center of the country (Figure 9), and contains one extremely large,

consecutive patch of woodland anseveral additional patches of varying size. The

14
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woodlands in this region have a high level of temporal habitat continuity, mostly having
not changed since the Middle Ages. TBehvébische Albis located in southwest
Germany (Figure 9), and is the most gdex 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 Hdidichin both

the SchorfheideChorin and the Setébische 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.

Schorfheide-Chorin
Berline

Hainich-Diin

eErfurt

o Stuttgart
»
Schwabische Alb

0 50 100 200 Km
|

Figue 9: Location of study regions (in black) and nearlayomcities (black dots) in Germany

The three Exploratories also differ in terms how the roads and their verges are
maintained. The road verges in the Sciwsche Alb are the most intensively
maintained, consisting of a wide strip of short grass, regasllof road size. In the
HainichDiln 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,leafllitter can be found directly
along the pavement. In the Schorfhei@orin 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 compeauthe road itself. Some of the roads
in the SchorfheideChorin 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

SchorfheideChain HainichDin Schviébische Alb

federal roads
(Bundesstr@en)

state roads
(Landstr&en)

Study species

Abax parallelepipeduéPiller and Mitterpacher, 1783) (Coleoptera, Carabidaea
widespread, flightless ground beetle which lives in litier layer of woodlands across
central EuropgLindroth 1985/86 Loreau 1987Huber & Baumgarten 2005Due to its
large size of 10 mm (Mduller-Motzfeld 2006) ease of identification, and ease of
finding, A. parallelepipedufias been used often in thpast as a model organis(e.g.
Loreau & Nolf 1993Petit & Burel 1993Chaabane et al. 1994.oreau & Nolf 1994
Chaabane et al. 199€harrier et al. 199 #ranceschini et al. 199Petit & Burel 1998a
Tischendorf et al. 199&eller et al. 2004)Therdore, much is known about its biology,

ecology, movement, and distribution patterns across a landscape.

Althoudh A. parallelepipeduss restricted to woodlands, it can inhabit most types of
wooded areas, ranging from oefgrowth beech to conifer plantationfDay et al. 1993
Fahy & Gormally 1998/agura et al. 2000Lange et al. 2014)n addition to being found
in a wide variety of woodlands, the beetle can reach high population densities of
approximately 0.2 individuals per square metgroreau & Nolf 1993Loreau 1994
Chaabane et al. 1996-ranceschini et al. 199Keller et al. 2004)Additionally, in

contrast to other ground beetles speci@s which population densities can naturally
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fluctuate by 23 orders of magnitud¢éden Boer & Van Dijk 1994he population sizes of
A. parallelepipeduare relatively stabl¢Chaabane et al. 1998udas et al. 200& Unther
& Assmann 2004) Therefore, changes in allele frequencieaused by historical
population sizes can be related temporal fragmentationrather than to natural

populationfluctuations.

Like many other carabids, the movement Af parallelepipedusnainly follows
random walk patterns(Baars 1979Loreau & Nolf 1994L6vei & Sunderland 1996
Charrier et al. 1997Firle et al. 1998)Even in comparisoto its body size, it is fairly
immobile (Loreau & Nolf 1994the average walking distance being only-B.8 meters
per night (reviewed in Brouwers & Newton 2009espite the fairly limited dispersal
capabilities due to its low mobility and limited h&ddi preferencesA. parallelepipedus
still can be a fairly effective recolonizer, provided it can reach the new habitat patch
(Day et al. 1993Magura et al. 2003Jopp & Reuter 20Q5Deuschle & Glick 2008
Brandmayr et al. 2009)Likewise, although the spies is known to prefer ancient
woodlands in some regions, such as northwestern Germgkgsmann 1999and
Belgium(Desender et al. 2002ajhis is probably due to lack of ability to reach newly
afforested areas which usually are not connected to ancveobdlands rather than an
actual habitat preference. Probably due to the less extreme landscape fragmentation in
my study areasA. parallelepipeduscould be found in both ancient and in recent

woodlands in all three Exploratories.

Another consequence of ehspecies' inability to fly and low mobility, is that
parallelepipeduss unable to effectively cross linear, marade boundaries such as
roads and railwaygMader 1984 Mader et al. 1990 Koivula & Vermeulen 2005)
Instances of individuals leaving tHerests 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 landscdpas
Niehues et al. 1996)In addtion, 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 lear 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 findidg parallelepipedus
individuals in serabpen habitats (e.g. Magura et al. 200Eggers et al. 2010}hese
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 sermpen 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, sincA. parallelepipeduss 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 inhabiyped!
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 isyeto 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 oAbax pardklepipedus 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 specie3.hese papers are based on theaenination of over 3300 individuals

of A. parallelepipedusom 142 populations.

Paper 1: A suite of multiplexed microsatellite loci for the ground
beetle AbaxparallelepipedugPiller and Mitterpacher, 1783)

(Coleoptera, Carabidae)

Marcus T, Assmann TuiBa W, Drees C (2013) A suite of multiplexed microsatellite loci for the ground beetle
AbaxparallelepipedugPiller and Mitterpacher, 1783) (Coleoptera, Carabidae). Conservation Genetics
Resources 5:1151156
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Microsatellite analysis is a walktablished method to examine genetic diversity and
differentiation, and is nowadays by far the most common method used for these
purposes in animal studig$Storfer et al. 2010)This method lookst the variation in
number of repeats in microsatellite lo¢Queller et al. 1993)A microsatellite locus

consists of a sequence of two to six base pairs which is consecutively repeated

19



Extended summaries and context of papers

numerous times. These loci rapidly evolve alleles with differing rumlof repeats,
apparently sped up by slippage during DNA replica(igisen 1999)Alleles can be
detected based on PCR fragment length using electrophoresis or automated sequencing

machines.

| chose to use microsatellites for two main reasons, their redity and their high
variability (Selkoe & Toonen 2006As there is thought to be no strong selective
disadvantage against mutations in these Fanctional sequences, microsatellites are
considered to be a neutral marker. While on the one hand this nadity 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 levelVéli et al. 2008and with fitness (Reed & Frankham
2003)or fitness related traitfHansson & Westerberg 200€hapman et al. 2009).oci
which are under selection due to linkage to nearby adaptive parts of the genome can be
identified using statistical methods. Since | am intezdsin 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 allelBsere is then no selection against
these additional alleles, allowing them to accumuldEsen 1999Schlétterer 200Q)
Therefore, microsatellites provide the high resolution needed to examine recent
changes to genetic structurg¢Schlotterer 2000 Selke & Toonen 2006)As | 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 spesjetific 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 parallelepipedysprimers for five loci hadalready been publishedKeller &
Largiadér 2003a)/Vhile these markers served as possible candidates, | 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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Thefirst step of primer development is the location of potential microsatellite loci
(Figure10a). Probably due to posfiacial recolonization processes, parallelepipedus
was shown in studies using allozymes to have extremely low levels of genetictdjversi
especially north of the AlpgDiring 2001 Desender et al. 2005b)Although
microsatellites are more variable than allozymes, | still needed to locat2010
polymorphic loci in order to be able to properly analyze genetic patta®ss my
study regims. With the modern methods of next generation sequencing and
automatized DNA sequencers, -20 microsatellite loci is the accepted, standard
number of loci for most landscape genetics and population genetics st(teger et

al. 2010)

The location ofmicrosatellite 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. | first extracte®NA from individuals of. parallelepipedugollected 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 segnces together with their flanking regions.

| identified and developed primers for 49 microsatellites, and additionally
redeveloped primers for the loci which had already been published Aor
parallelepipedugKeller & Largiadér 2003dJigure 10b). Ashe flanking regions are
usually noradaptive, there are often minor, regional differences in the flanking regions
so | chose to redevelop the primers to ensure better attachment and PCR results. Of 54
tested loci, 20 were polymorphic and contained no mligles (Figure 10c). Only two of

the previously published loci were usable.

In order to save on time and costs, | developed two different protocols to multiplex
the usable loci (Figure 10d). Each of these protocols is designed for one of the two
methods d 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

requiresmore 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 prime(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 3Summary of developed marker sets fdpax 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 foA. parallelepipedusl also tested if the develope
marker sets can be used for other species of the same genus. Since the development of
marker sets is an expensive and tho@nsuming process, marker sets which can be used
for several species are particularly valuable. Although due to the high vayiaibilit
flanking regions, croggriming does not always workreviewed in: Rutkowski et al.
2011) six of the developed primers gave highality results for three additionahbax
speciesA. carinatugDuftschmid, 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 £orparallelepipedusogether
with the corresponding protocols, | 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, | chose to work with the subset of 14 microsatellite
loci, asit contains the bestvorking 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 Woodlagdse Habitat
Continuity or Quality Drivers of GeneVariability in a Flightless

Ground Beetle?

Marcus T, Boch S, Durka W, Fischer M, Gossner MM, Miller J, Schéning I, Weisser WW, Drees C, Assmann T
(2014) Living in Heterogeneous Woodlakdsre Habitat Continuity or Quality Drivers of Genetic
Variability h a Flightles Ground BeetleRLoS ONE 10:e0144217. doi:10.1371/journal.pone.0144217.
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Figure 11 Variables tested and methods used in identifying drivers of (a) genetic divansit{b)
genetic differentiation.

My main object in this study was to @&xine the relationship of the effects of
environmental factors and habitat history on the genetic diversity and differentiation
patterns of Abax parallelepipedusl did this by modelling the relationship between
rarefied allelic richness and a large swfevariables which are known drivers of genetic
diversity. The importance of temporal habitat continuity for the preservation of species
diversity has long been recognizéeviewed in Hermy & Verheyen 200Hut it also
plays a role in the preservation génetic diversitfDesender et al. 2002B8acquemyn et
al. 2004 Desender et al. 2005&eisch et al. 20QDtalora et al. 2011)Therefore, | was
interested in finding out what could be the potential drivers behind the varying levels of

genetic diversityvithin 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. 200€ena et al. 20Q6Reisch et al. 20Q7
Vandepitte et al. 2007Gaublomme et al. 2013 enporal habitat continuityleads 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 abdttlenecks. Habitat stability additionally
allows populations more time to acquire additional alleles via migration and even
mutation. Environmentalfactors affect genetic diversity via their effects on carrying
capacity and population sizes, and thenefdhe rate of genetic drift. Additionally, many
environmental properties of a site, for example soil nutrient ratios, are shaped by land
use past and preser(e.g. Koerner et al. 199¥on Oheimb et al. 2008 However, few
studies analyze potential histeal 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 vawms 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 afforestatifflinn & Vellend 20Q5Hermy &
Verheyen 2007)Due to the long history of intense dmbpogenic 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 20800 years ago. ThereforeKtS G SNXY Wl yOASy i
meaning those which appear as forested on all existing maps, has been defined to
describe longerm habitat continuity(Peterken 1993Rackham 2003Flinn & Vellend
2005) Whether a woodland is an ancient one or a recent onscdbes the londerm
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 shorterm habitat continuity, as it only providesformation about the age
of the trees themselves, not about whether the site was forested before the current

stand was planted.

In addition to shortterm and longterm habitat continuity, | further characterized

each of the studied plots using a large suiff variables related to local population sizes
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of A. parallelepipedusas well as those related to environmental variabke®wn to

affect ground beetles. Of particular interest are those variables related to soil and the
number of closed forest speci@s 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 diffialties in measuring exact population sizes and densities, and the
importance of population size in determining the magnitude and rate of change of allele
frequencies, | used three different proxies in my models. The first proxy was related to
the amount ofwoodlands in the surroundings of each plot, while the other two proxies
are related to pitfall catches. The use of the numberAofparallelepipedusdividuals
found in killing pitfall traps in 2008 gives a more accurate measure of population sizes.
Usirg 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 Sitiache Alb and from

2012 for the Schorfheid€horin, preventing bias.

Rarefied allelic richned&l Mousatk & 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. | chose to use this metris & 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.

| began themodelling process with 27 candidate variables which could be related to
genetic diversity patterns i\. parallelepipedus After removing nine variables due to
collinearity, | fit a general linear model consisting of the remaining historical and
environmertal variables and the rarefied allelic richness in each of the studied plots in
the SchorfheideChorin and in the Schilische Alb (Figure 11a). | did not analyze the
HainichDin Exploratory in this studgs it does not containplots located inrecent

woodlands
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In both regions | 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 SchorfheideChorin, the significant variables were the depth of the litieydr and
sampling effort, while in a borderline significant model for the Sithische 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 ofA. parallelepipedussince they maintain larger populations of
earthworms (LumbricidagNordstrom & Rundgren 197 hillipson et al. 19768Cuendet
1984) which are an important food source for the beet({@éiele 1977Loreau 1984)

| ako examined the effects of loAgrm 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 diffentiation in A. parallelepipeduss 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 givenhe flightlessness and lack of mobilityAf parallelepipedusAs 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. parallelepipedystemporal fragmentation may either have
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never caused significant genetic erosion, or it may have been effectively mitigated. Fo
the large number of species which, like parallelepipedysare 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 pet hy
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 cathéct
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 conservatitime afare

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

fragmentation incentral European rural landscapes

Marcus T, Assmann T, Dree$\dat you see isn't always what yget: genett effects of fragmentation in

central European rural landscapes
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Figure 12Flow chart of a landscape genetic analyBistance measures and methods used to test
genetic differentiation across each of the syukgions.

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 populatiofidanel et al. P03, Holderegger &
Wagner 2006Storfer et al. 200/Holderegger & Wagner 20Q8)he methods developed
for this field allow for the explicit testing of the relationships between genetic patterns
and landscape patterns, mostly those of fragmentation andl laise (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 incompleteey®ntion 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 | carried out a landscape genetics analysis to examine the patterns of
genetic differentiation across each of my study regjcaitowing me to understand the
effects of spatial fragmentation. Due to the limited mobility Af parallelepipedusnd
its habitat specificity, the transportation infrastructure as well as many of the land uses
found in my study regions are expected teverely 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 isolatio 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 genéifferentiation. This
needs to be studied not only for rare species or hyfjpagmented 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. Suchatdigaéon also requires
the currently sorely lacking reproduction of studies in the same species across several
landscapegHolderegger & Wagner 2008egelbacher et al. 201Manel & Holderegger
2013 Keller et al. 2015Richardson et al. 20167 his stugl 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 thosenfbun rural regions of

central EuropdFischer et al. 2010)

All three isolation patterns could be presumed as potential drivers of genetic
differentiation patterns inA. parallelepipeduslsolation by distanceould be expected
given the size of the Exphtories relative to mobility of the beetledsolation by
resistancecould be expected sinceusliesusing a variety of methods have shown that it
is sensitive to land use, quickly disappearing after clear cuftthger & Baumgarten
2005) and not ventumg far out of wooded areafCharrier et al. 1997Petit & 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 tA. parallelepipedysand indeed the species is
found throughout all three study regionksolation by barriecould be expected as it has
been shown that the beetles very rarely cross roads and railidgsler 1984 Mader et
al. 1990 Koivula & Vermeulen 2005)ndeed, a previous study carried out with the
species has already shown that roads can lead to rapid genetic differentiation, within a

few dozen yearg¢Keller et al. 2004)

In a landscape genetics analysis, isolation pateare 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 point$enetic differentiation can bstudied either among individuals
or among populations. Although I cannot draw lines objectively delineating populations
between my plots, | nevertheless chose to use population based methods since the
beetles were trapped in plots rather that scattered the landscape. The plots are
all far apart relative to the movement capabilities Af parallelepipedysat distances

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

To calculate the genetic distances, | used two common methods (Fi@ae The
first was the traditional & 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

30



Extended summaries and context of papers

low levels of diversity, it is considered robust and widely used. itiaddlly calculated

the genetic distances with one of the newer indices, Jos{3obt 2008)

Isolation by distance is accounted for as the geographical distance between the
plots. | used simple Euclidean distances, or distance as the crow flies.ingclud
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 maads and

railway lines.

To test for isolation by resistance patterns | 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 accountingboth 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 forA. parallelepipedusand allows for several caecting paths between each
pair of points. | included the second method, least cost path analysis, due to its
simplicity of interpretation and its wedstablished use in the field. Both of these
methods calculate the distance between each pair of plotsebaon a resistance
surface, in essence a map in which each pixel contains the probability of a beetle to
cross it. | assigned these values based on land use and cover, giving land uses more
hospitable toA. parallelepipedutw resistance values, and veanhospitable land uses

having high resistance values.

~
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railways between two plots, with theost 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 darified (Segelbacher et al. 201Richardson et al. 2016Yherefore, | 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 Exploratcaied
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if so, which (Figure 12d). | used simple Mantel tests to examine the effect of each of the
landscape distance on genetic distances separately. | then used partial Mantel tests to
allow me to test each type of landscape distance while controllinghi®iother two. The

third method | 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, | found no effects of fragmetiten in any of the three study regions. In
the Schvébische Alb | found no significant isolation patterns at all, while in the
SchorfheideChorin | found a significant isolation by distance pattern. A very weak
isolation by distance pattern was detected twyo out of three methods in the Hainieh
Dun as well. As the probability that significant gene flow is occurring across any of the
study regions is quite low, | conclude that despite lack of migration, changes in allele
frequencies are occurring at an exinely 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 SchorfheideChorin, as thissithe study region with the smallest populatiofMarcus
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 HainickDin. An isolation by distance pattern may be developing faster in the
HainichDiin than in the Schubische Alb since it is much larger and so the distances

between plots are greater.

The results of my simulations of the development of genetic differentiatio
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, suclose th
studied in Switzerlan@eller et al. 2004)he 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
| 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.

33



General discussion

General dscussion

In my work, | tested the effects of environmental factors, habitat historgnd
landscape structure orthe genetic diversity and the genetic differentiation Abax
parallelepipedusinterestingly, | only found &dcts of environmental factors on genetic
diversity. | 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 specieGaining 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 divessiand differentiation ofA. parallelepipedubave
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 mayr 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 largeeffective population sizes. Based on a synthesis of all of my results, |
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 | 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 Schorfi@hdein did | find
significant effects as opposed to trends. This is probably related & dimaller
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
SchorfheideChorin has the lowest soil pH values, falling witie range in which soll
pH is expected to limit earthworm population&rick et al. 2006)which are an
important food source forA. parallelepipedugThiele 1977 Loreau 1984) The values
found in the other two study regions are high enough to not bediifg earthworms. In
the Schvibische Alb the larger population sizes seem to have prevented even small

amounts of allele loss.
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Tabled: Summary of hypotheses and whether they were accepted or rejected.
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| 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 havdeen severe enough to cause extremely small effective
population sizege.g. Landergott et al. 20019r to have persisted for sufficiently long
time periods to allow drift to accumulate. Strong fluctuations in population sizes would
also encourage the Igsof genetic diversity during fragmentatigDrees et al. 2011 put
such fluctuations are unknown in my study spec{@adas et al. 2002Ginther &
Assmann 2004)In the studied case d&. parallelepipedughe historical fragmentation
was apparently notficient in terms of length or severity to cause significant loss of

alleles.

| 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 | expected that the ancient
woodlands would be more differentiated than the recent ones as per the propagule
model (Slatkin1977) In addition,A. parallelepipeduss considered to be a relatively
effective recolonizer despite its lack of mobil{tagura et al. 2003Deuschle & Glick

2008 Brandmayr et al. 2009probably due to its ability to utilize all types of woodlands
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(Day et al. 1993Fahy & Gormally 1998/agura et al. 2000Lange 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 frequengiearap
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 thatarallelepipedusloes not
cross roadgMader 1984 Mader et al. 1990Koivula & Vermeulen 2005and previous
work has shown that roads can cause significant genetic differentiation in the species
(Keller et al. 2004) did not find isolation by barrigratterns 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 fragmenitan. 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. Similg, althoughA. parallelepipedugs not able
to cross noavooded areas, and all three study regions contain a complex mosaic of land
uses, | did not find influences of landscape structure either on differentiation patterns
(Hypothesis 5) or on genetic @msity 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 populatis (e.g. Spieth 1974Vang 2004)this is quite
inaccurate in many natural systen(@/right 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 ofigration 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 generatioMills & Allendorf 1996)

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

did not show the effects | 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 vateé 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 asscopssed 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 thoughnat yet detectable.
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Figure 13 Summary of ultimate and proximate drivers of genetic diversity and differentiation
examined in this thesis.

While the lack of diversity and differentiation patterns may also be due to the
occurrence of some gene flowhe large population sizes are a vastly more important
factor in my study species and regions. Numerous studies. gfarallelepipedusave
shown that it avoids open habitats, and certainly does not venture into agricultural fields
(Charrier et al. 1997Yhe 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 procésgder 1984 Mader et al. 1990
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Koivula & Vermeulen@D5) 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 iristhihesis to two other studies is
particularly telling. Wiesner et al. (2014farried out a small study of a meadow
grasshopper in the grasslands of the Hairim, whereby they also tested a
widespread species in one of my study regions. Here too, thdemabe fragmentation
combined with the naturally high population densities of the study species, prevented
the development of genetic differentiation across the landscageller et al. (2004)
examined the effects of roads on the genetic differentiationfaparallelepipeduysn a
hyperfragmented 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 | examined. Despite the higbulation densities
characteristic ofA. parallelepipedysn 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 differentiatiorra@ss 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 diffaegitn, 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, significass laf 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 size. Brouat et al. (20032009 examined the genetic structure of two
common members of theCarabusgenus found in forests in a small, moderately
fragmented landscape in the Pyrenees. They found significant isolation by distance and
isolation by resistancegtterns 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 patters (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 criticalimportance 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 foithe levels of both genetic diversity genetic differentiation. The two
studied Carabusspecies both usually have smaller populations tarparallelepipedus
(Judas et al. 2002Gunther & Assmann 2004yhich is probably what enabled the
development of istation 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 genetidifferentiation. 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 goieuraging.
Although fragmentation can have severe, deleterious effects on rare species and in
hyperfragmented landscapes, many species may take centuries to be significantly
affected, as long as their population sizes remain large enough. Additioeaiyring
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 potétdiadapt to future

changes and challenges, such as those from climate chahgghes et al. 2008)

Genetic diversity is a crucial component of the survival of populations and species,
allowing longterm and shoriterm adaptation and evolution in response changes in
their surroundings, as it is a prerequisite for adaptat{&imos & Harwood 199&\gashe
2009 Engelhardt et al. 2014)Genetic diversity has also been linked to additional, vital
processes, such as stabilization of population dynarttisghes et al. 2008 Agashe
2009) enhancement of population fitnes®/rijenhoek 1994Reed & Frankham 2003

Johnson et al. 200&amfeldt & Kallstrom 2007and resistance to disease and parasites
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(Altizer et al. 2003Diaz et al. 20Q6Altermatt & Ebert 2008)Studies have also linked
genetic diversity to community level, and even to ecosystem level procéssgswed
in Hughes et al. 2008)

This study also raises practical questions as to the use of genetic methods to
examine fragmentation in realorld settngs. 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 fragmentatiof a landscape and the appearance
of significant genetic differentiatio{Richmond et al. 20Q9Landguth et al. 2010)
Therefore, using genetic differentiation alone in making decisions, may lead to

inappropriate conservation measures being taken.

Anothe major conservation message from this study is that fragmentation is a
speciesspecific term(Louy et al. 200Holderegger & Di Giulio 20 1Richardson 2012
Whiteley et al. 2014Richardson et al. 2016\bax parallelepipeduprobably does not
perceivemy 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 regios but on a more mobile species or on one with smaller populations, | 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 sinbe advent of landscape genetics.
However, most attempts to generalize results have concentrated on the effects of
specific landscape structures, such as ro@ikenhol & Waits 200¥Holderegger & Di
Giulio 2010 Mufioz et al. 2015) While conflicting redts have often been noted
between studies (Holderegger & Di Giulio 2010)ittle 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 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 addresgrfrentation at human scale
since that is how we plan our roads and land usage, but this scale may become
meaningless when addressing specific sped@asidry and Merriam (198&ncouraged

the use of the term "connectedness" to describe the amount of playlsiconnecting
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 $pdeiins 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 speciespecificity 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 envonmental 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 populatio sizes in the development of genetic diversity and

differentiation.
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Abstract We report two sets of polymorphic, multi-
plexed microsatellite markers for the ground beetle Abax
parallelepipedus. As the species is flightless, restricted to
forests and affected by habitat fragmentation it can serve as
a model species for landscape and conservation genetics. A
complete set of 20 loci can be amplified in five PCR
reactions and sequenced in two rounds, and a subset of 14
loci can be analyzed together in one PCR run and one
sequencing round. In a scan of 3,432 individuals from
across Germany using the 14 loci subset, we found between
three and 14 alleles per locus. After accounting for two loci
that are apparently sex-linked, no significant deviations
from Hardy-Weinberg equilibrium were found. None of
the loci showed evidence for the presence of null alleles.
No overall linkage disequilibrium was detected. Some of
the loci can also be used to study other Abax species.
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Introduction

Today’s conservation practices mostly account for species
diversity, although it is crucial to incorporate measures to
conserve genetic diversity as well. In order to do this, we
must understand the effects of current and historical land-
scape structure and land use on genetic parameters. Abax
parallelepipedus has previously been used in such studies,
as its biology and population dynamics are well known, it
is strongly restricted to forests, and it has a low dispersal
capability as it is flightless. Even recent fragmentation has
been shown to have significant effects on the genetic
composition of this species (Keller et al. 2004), and current
distribution is influenced by habitat continuity (Assmann
1999). A. parallelepipedus has also been studied in the
context of biological pest control (Kromp 1999). We report
a set of 20 multiplexed microsatellite loci as well as a
subset of 14 loci which can be amplified and sequenced in a
single run. Some of these loci can also be used to study
other Abax species.

Methods and results

We extracted DNA using the CTAB DNA extraction pro-
tocol from A. parallelepipedus individuals collected across
Germany, and obtained 19,783 DNA sequences from a
shot-gun sequencing run on a Roche 454 Genome
Sequencer FLX Titanium done by GenoScreen (Lille,
France). Primers were designed for 49 microsatellite loci
using MSATCOMMANDER (Faircloth 2008). Primers
were designed with a GTTT tag to prevent plus-A stutter
bands and with either a M13R or a CAG tail. We addi-
tionally designed new primers for the five previously
published microsatellite loci in A. parallelepipedus (Keller

@ Springer
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Table 2 Trans-species amplification of the directly labeled primer set (Table 1) in other Abax species

Species Population apar_2 apar_5 apar_6 apar_12 apar_14 apar_20 apar_23
A. carinatus Boc (n = 23)
% working 100 96 100 96 100 100 100
A 2 3 2 2 4 5 1
HWE 1 0.0962 - - 0.0005 (+) 0.0444 (+) -
Ho 0.13 0.727 0.043 0.045 0.957 0.652 0
Hg 0.125 0.627 0.043 0.045 0.602 0.571 0
A. ovalis Alb_15 (n =24)
% working 96 100 100 96 100 100 100
A 4 2 2 3 3 3 1
HWE 0.4323 1 1 0.4194 0 (+) 0.0721 -
Alb_49 (n = 24)
% working 100 100 100 100 100 100 100
A 1 2 2 2 2 2 1
HWE - 0.5494 1 - 0(+) 0.0144 (+) -
HEW_16 (n = 24)
% working 92 100 100 100 100 100 100
A 4 2 2 2 3 4 1
HWE 0.5195 - 1 1 0.045 (—) 0.0467 (—) -
HEW_I8 (n = 24)
% working 96 100 100 100 100 92 100
A 3 2 2 2 3 3 1
HWE 1 1 - 1 0(+) 0.1372 -
Sneznik (n = 24)
% working 96 100 100 79 100 92 100
A 4 2 2 1 4 6 2
HWE 1 0.1241 - - 0.1881 0.1307 -
Ho 0.31 0.142 0.108 0.185 0.717 0.44 0.008
Hg 0.298 0.142 0.103 0.193 0.617 0.457 0.008
A. parallelus Boc (n = 23)
% working 91 100 100 91 100 70 100
A 2 3 1 2 2 2 1
HWE 1 1 - - 0 (+) 0.0952 -
HEW_16 (n = 24)
% working 100 100 100 83 100 100 96
A 2 3 2 1 2 3 2
HWE 1 0.0498 (—) 1 - 0 (+) 0.0058 (+) -
HEW_I8 (n = 24)
% working 100 100 100 83 88 100 96
A 2 3 1 2 2 2 3
HWE - 0.0036 (—) - - 0(+) 0.0255 (+) 1
Ho 0.126 0.268 0.069 0.033 0.984 0.729 0.043
Hg 0.117 0.364 0.064 0.033 0.511 0.487 0.043
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Table 2 continued

Species Population apar_25 apar_27 apar_32 apar_34 apar_44 apar_46 apar_50
A. carinatus Boc (n = 23)
% working 91 100 100 100 96 100 91
A 3 2 2 2 3 2 3
HWE 0.2229 0.0007 (+) 0.0016 (+) < = 0.1775* 1
Ho 0.667 0.87 0.826 0.043 0.063* 0.235* 0.095
Hg 0.501 0.51 0.496 0.043 0.063* 0.371* 0.094
A. ovalis Alb_15 (n = 24)
% working 92 100 100 96 92 100 96
A 4 2 2 4 4 2 2
HWE 0.0736 0.0022 (+) 0.0068 (+) 0.661 1% 1% -
Alb_49 (n = 24)
% working 83 100 100 100 100 100 100
A 3 2 2 2 3 2 1
HWE 0.5571 0.0185 (+) 0.0002 (+) 1 1* 1* -
HEW_16 (n = 24)
% working 100 100 100 100 100 100 92
A 4 3 2 4 3 2 2
HWE 0.0162 (+) 0.0905 0.0143 (+) 0.515 0.0305 (+)* 1* 1
HEW_I8 (n = 24)
% working 92 100 100 88 100 100 100
A 4 2 2 4 3 2 1
HWE 0.0059 (+) 0.0066 (+) 0(+) 0.743 1* - -
Sneznik (n = 24)
% working 75 100 92 100 100 100 92
A 4 2 3 2 3 2 1
HWE 1 0.0022 (+) 0.0804 0.2007 - - -
Ho 0.624 0.75 0.812 0.439 0.392* 0.246* 0.027
Hg 0.559 0.484 0.504 0.413 0.329* 0.236* 0.026
A. parallelus Boc (n = 23)
% working 100 100 100 100 96 100 100
A 3 2 2 3 2 2 2
HWE 0.4487 0(+) 0(+) 1 - - -
HEW_16 (n = 24)
% working 96 100 100 100 100 100 100
A 3 2 2 1 3 2 2
HWE 0.0168 (—) 0.0008 (+) 0.0158 (+) - - - 1
HEW_I8 (n = 24)
% working 83 96 96 100 100 96 100
A 3 2 2 2 2 2 2
HWE 0.1425 0.0001 (+) 0.0016 (+) - - 0.3056* -
Ho 0.469 0.929 0.859 0.043 0.02* 0.229* 0.056
Hg 0.415 0.509 0.501 0.043 0.02* 0.257* 0.056

For each population we give the percentage of individuals for which a readable result was achieved, the number of alleles found (A), and the
p value of the HWE test. Mean values of observed (Hp) and expected (Hg) heterozygosity are given for each species. Values marked with
asterisks indicate tests which were preformed only on the females due to apar_44 and apar_46 most probably being sex-linked. Non-HWE
populations with a heterozygote excess are marked with (4), populations with a heterozygote deficiency are marked (—)
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and Largiader 2003). All primer sets were checked to
ensure that they are not replicating the same locus using
Geneious v5.4. The 54 loci were tested for polymorphism
using fluorescent-labeled M13R or CAG tags (Faircloth
2008). We identified a set of 20 polymorphic loci.

We report two multiplex sets (Table 1). The first con-
tains all 20 loci amplified in five multiplex PCRs using
CAG/MI3R tagged primers and sequenced in two runs.
The second contains a subset of 14 loci which are amplified
and sequenced in one run using directly labeled primers.

For all amplifications using CAG/M13R tagged primers,
amplification was done in 5 pL reactions containing 2.5 pL
of 2x Multiplex PCR kit (Qiagen), 0.06 ytM CAG/M13R
tailed primer, 0.24 pM of the other primer, 0.25 puM of the
fluorescent-labeled M13R (GGAAACAGCTATGACCAT)
or CAG (CAGTCGGGCGTCATCA) primer, approxi-
mately 30 ng of genomic DNA (0.5 pL), and 1 pL water.
We ran a touch-down PCR with the following conditions:
I x 15 min at 95 °C, 20 x [30 s at 94 °C, 30 s at 60 °C
(minus 0.5 °C per cycle), 90 s at 72 °C], 20 x (30 s at
94 °C, 30 s at 50 °C, 90 s at 72 °C), 1 x 10 min at 72 °C.
PCR products were diluted 1:100 before sequencing. For
amplifications using the directly labeled primers, forward
and backward primers were combined in equal amounts
into a primer working solution (Table 1). Amplification
reaction contained 2.5 pL of 2x Multiplex PCR kit (Qia-
gen), approximately 30 ng of genomic DNA (0.5 pL),
0.5 pL primer mix, and 1.5 pL of water. The amplification
conditions remained unchanged. PCR products were dilu-
ted 1:20 before sequencing. Fragment size was scanned
using either an ABI 3130x] or an ABI 3730 Genetic ana-
lyzer (Applied Biosystems). Genotypes were scored auto-
matically by GeneMapper 3.7 and checked manually.
Hardy-Weinberg equilibrium (HWE) was tested using
Genepop 4.2, linkage disequilibrium (LD) was checked
using FSTAT 2.9.3.2, and suspected presence of null
alleles was checked using Micro-Checker 2.2.3. We used
pop100gene 1.1.03 to find mean observed heterozygosity
(Hp) and expected heterozygosity (Hg) values, numbers of
alleles per locus (A), and range of allele size per locus. Fig
values were calculated with FSTAT 2.9.3.2.

In a scan of 3,432 individuals from 147 populations
across Germany using the subset of the 14 directly labeled
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primers, allele size ranged from 98 to 294 bp and between
3 and 14 alleles were detected across loci (mean: 2.17).
Presence of null alleles was indicated in 12 out of 1,716
tested possibilities and deviations from HWE were detec-
ted in 72 out of the 1,507 tested combinations. Two loci,
apar_44 and apar_46, apparently are sex-linked as testing
only the female individuals greatly reduced the number of
populations deviating from HWE. For locus apar_44, out of
81 testable populations the number that deviated from
HWE was reduced from 46 to 5, and for apar_46, out of
131 testable populations the reduction was from 78 to 2. No
significant linkage disequilibrium was found.

Trans-species amplification was tested using the directly
labeled multiplex set in Abax carinatus (Duftschmid,
1812), A. parallelus (Duftschmid, 1812), and A. ovalis
(Duftschmid, 1812) sampled in Germany and Slovenia
(Table 2). The loci apar_2, apar_6, apar_12, apar_23,
apar_46, and apar_50 all gave readable results in more than
90 % of the individuals, with no deviations from HWE for
any of the tested populations. The primers can probably be
used, not only with the three tested species, but with other
Abax species as well.
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Abstract

Although genetic diversity is one of the key components of biodiversity, its drivers are still
not fully understood. While it is known that genetic diversity is affected both by environmen-
tal parameters as well as habitat history, these factors are not often tested together. There-
fore, we analyzed 14 microsatellite loci in Abax parallelepipedus, a flightless, forest dwelling
ground beetle, from 88 plots in two study regions in Germany. We modeled the effects of
historical and environmental variables on allelic richness, and found for one of the regions,
the Schorfheide-Chorin, a significant effect of the depth of the litter layer, which is a main
component of habitat quality, and of the sampling effort, which serves as an inverse proxy
for local population size. For the other region, the Schwabische Alb, none of the potential
drivers showed a significant effect on allelic richness. We conclude that the genetic diversity
in our study species is being driven by current local population sizes via environmental vari-
ables and not by historical processes in the studied regions. This is also supported by lack
of genetic differentiation between local populations sampled from ancient and from recent
woodlands. We suggest that the potential effects of former fragmentation and recolonization
processes have been mitigated by the large and stable local populations of Abax parallele-
pipedus in combination with the proximity of the ancient and recent woodlands in the stud-
ied landscapes.
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Introduction

Today, one of the main goals of nature conservation is to maintain biodiversity. This is becom-
ing ever more crucial given the current biodiversity crisis, which is being fuelled by the rapid
changes in climate and in land use. Genetic diversity is an essential component of biodiversity,
and while much work has been done on species diversity [1-3], fewer studies focus on the
genetic level and its drivers. Genetic diversity is considered crucial for species' survival [4-6] as
it serves as the basis for short-term and long-term processes of evolution and adaptation, allow-
ing species to cope with changes such as those in climate and land use [7,8]. In addition, genetic
diversity has been shown to enhance population fitness [9,10], to enhance resistance to para-
sites [11], and to stabilize population dynamics [4,5].

Previous studies have uncovered a complex network of factors that drive genetic structure,
in the sense of genetic diversity together with genetic differentiation, including landscape
parameters [12,13], population history and size [13,14], habitat history [15,16], and environ-
mental drivers such as temperature [14]. These factors affect genetic structure either directly
via selection, or more often indirectly via population sizes and gene flow, and can cause
changes both in genetic diversity within groups of individuals, and in genetic differentiation
between such groups. Variations in the landscape, in population size and structure, and in the
environment can be thought of in essence as changes in habitat stability and in habitat suitabil-
ity across time and space. More suitable habitats usually have larger populations which are less
affected by genetic drift. Populations in more stable habitats have experienced less founder
effects and bottlenecks, and have also had more time to accumulate alleles due to migration
and possibly to mutation. In addition, large scale genetic patterns may exist as a result of long-
term processes such as post-glacial recolonization [17].

A common study focus is the effect of habitat continuity and other historical factors on
genetic structure, especially in the context of ancient and recent woodlands in Central and
Western Europe or in North America (e.g. [13,16,18,19]. In these regions, ancient woodlands
are defined as areas that have been wooded continuously since the earliest accurate, compre-
hensive maps of the area are available, in the case of Europe usually around 200-400 years ago.
This is approximately the same time frame when peak fragmentation of the forests is thought
to have occurred [20]. Although Central Europe is naturally covered by woodlands, most of the
contemporary ones are consequences of afforestation or of natural succession that occurred on
cleared or managed sites that were then subsequently abandoned. These changes can often be
identified using chronological sequences of historical maps, and such woodlands are known as
recent woodlands [21,22].

While studying ancient and recent woodlands sheds light on long-term historical processes,
an additional way to look at habitat continuity in forests is to examine stand age, which reflects
a short-term definition of site history. Stand age refers to the age of the current trees, regardless
of which habitat was there previously. Studies of the effects of habitat continuity on genetic
diversity tend to find higher diversity in the ancient woodlands than recent ones [16,23-25],
and older stands tend to be more genetically diverse than younger stands [15,26]. In either
case, the higher genetic diversity in the longer-term habitats is explained by the habitat stability
and the greater resulting suitability for many woodland species.

Woodlands that were clear cut and then replanted immediately may still be considered
ancient woodlands, although clear cutting can strongly alter biotic and abiotic properties of a
woodland such as light availability, microclimate, and habitat structure (e.g. [27,28]). The litter
and soil layers, which serve as the main habitat for many ground beetles and their prey, are also
sharply affected by clear cuts. These changes can include amongst others, changes in layer
thicknesses, chemical composition, and structure (e.g. [29-32]).
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Although both environmental (e.g. [14,33,34]) and historical variables have been shown to
affect genetic diversity (e.g. [16,18,35]), few studies examine their effects jointly. This is espe-
cially surprising as many environmental variables, especially those connected to soil, may have
complex relationships with genetic diversity as they reflect the history of a site as well as affect-
ing current population sizes [30,36]. Additionally, most studies have concentrated on rare spe-
cies or on very fragmented habitats where, unsurprisingly due to the higher probability of
stochastic effects, strong genetic effects have been found (e.g. [18,19,23,24]). Much less is
known about the drivers of genetic diversity in more common species in woodland habitats
that contain patches of varying ages and sizes, although this is a widespread landscape structure
both in Europe and in parts of North America. Therefore, it is not known if habitat history is
expected to shape the genetic structure of typical woodland species in these landscapes.

Abax parallelepipedus (Piller & Mitterpacher, 1783), a flightless, forest-dwelling ground bee-
tle [37], is a widespread species in Central European woodlands and is an interesting test case
in the context of the study of genetic diversity drivers (S2 Fig). On the one hand it is known
that fragmentation can cause extremely rapid, significant changes in the genetic structure of
this species [38] and it is both flightless as well as restricted to wooded habitats. On the other
hand it can reach high, stable population densities of approximately 0.23 individuals/m? [39]
during the main activity period even in small habitat patches [38,40], which is expected to sta-
bilize genetic structure.

We examined the possible effects of both historical and current parameters on genetic diver-
sity in Abax parallelepipedus. The study was carried out in two regions in Germany, in the
Schorfheide-Chorin and in the Schwibische Alb, which both have a mosaic of varied land uses
and are fragmented but not overly so. Our study sites, part of the Biodiversity Exploratories
research platform, represent a wide range of the environmental conditions and land uses pres-
ent in each region [41]. We analyzed a set of 14 microsatellite loci in 24 individuals each from
88 plots that are located in a mosaic of ancient and recent woodlands with varying stand ages
in both regions. We addressed the following main questions: (i) What are the drivers of genetic
diversity in Abax parallelepipedus? (ii) Is there significant genetic differentiation between local
populations found in ancient and recent woodlands? (iii) Does land use intensity affect genetic
diversity due to expected changes in local population sizes?

Methods
Study area and plot selection

In the springs and summers of 2011-2012 we sampled Abax parallelepipedus from the Schwi-
bische Alb (southwestern Germany; n = 46) and the Schorfheide-Chorin (northeastern Ger-
many; n = 42) in the 100 m x 100 m forest plots of the "Biodiversity Exploratories” (Fig 1A).
The forest plots in each region represent the forest types commonly found in the regions, and
include both unmanaged forests and age class forests. Age class forests result from clear cuts,
usually small scale ones, or from shelterwood logging in which trees are removed in two
rounds. In the first cut of shelterwood logging, most of the stand is cleared leaving some trees
standing to shelter seedlings. These remaining trees are then cut in a second round after the
young trees have created a canopy layer. Stands of European beech (Fagus sylvatica), peduncu-
lated and sessile oak (Quercus robur and Q. petraea), and Scots pine (Pinus sylvestris) are found
in the Schorfheide-Chorin, while the Schwibische Alb is dominated by stands of European
beech and Norway spruce (Picea abies). Some of the stands are monodominant while others
are mixed stands.

The plots were selected in a two stage process ensuring that the plots represent the gradient
of forestry management practices, their intensities, and soil characteristics for the most
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Fig 1. Map of research sites. (a) Location of study regions in Germany. Distribution of plots in woodlands
(grey areas) in the Schorfheide-Chorin (b) and in the Schwabische Alb (c). Woodlands defined as per the
Corine Land Cover 2006 dataset [42]. Open boxes are plots located in recent woodlands, closed boxes are
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located in ancient woodlands. Small dots indicate named towns and villages. Note that the scales of the maps
are different. All maps were created using ArcGIS ver. 10.1 [43].

doi:10.1371/journal.pone.0144217.g001

common soil types in the given region (see 52 Table and [41]). First, 500 potential plots that
reflect the common forest types were selected for each region. Then 50 plots were selected in
each region from the pools using stratified random sampling. The plots are randomly distrib-
uted within the regions (Fig 1B and 1C, for plot numbers see S1 Fig), are located at least 200 m
from another plot and at least 100 m from the nearest forest edge. The large number of plots
per region allow for a thorough representation of environmental parameters found in each
region. For more details on plot selection, see Fischer et al. [41].

Study species

The flightless ground beetle Abax parallelepipedus is strictly limited to forests, and inhabits the
litter layer [37,44,45]. The species is known to have large, stable populations [39,46,47] and is
known to prefer ancient woodlands in some regions, such as the lowlands of northwestern Ger-
many and Belgium [48,49]. The species is considered a forest generalist and can be found in
large numbers in both conifer and broadleaf forests of varying ages, including conifer planta-
tions [50-54]. Its dispersal power was found to be low, moving on average between 0.6 m and
2.3 m per night (reviewed in [55]).

Sample collection and microsatellite genotyping

We collected beetles by using ten live pitfall traps per plot baited with red wine on cellulose
during the spring and summer of 2011 (Schwiibische Alb) and of 2012 (Schorfheide-Chorin).
In all plots, the traps were placed in a straight line, 10 m apart along the plot border to ensure
equal sampling area. We gathered all of the Abax parallelepipedus individuals we found in the
traps approximately once a week and rebaited the traps until we had caught 33 individuals in
the plot. We pooled the beetles trapped in all the traps of a plot each collection round and froze
them at-80°C. Field work permits were issued by the responsible state environmental offices of
Baden-Wiirttemberg and of Brandenburg (according to §72 BbgNatSchG).

We extracted DNA using the CTAB extraction protocol [56] from three legs from each of
24 randomly selected beetles for each plot. We genotyped 14 polymorphic microsatellite loci
using an ABI 3730 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). For PCR,
sequencing protocols, and information about the loci see [57].

Deviation from Hardy-Weinberg Equilibrium (HWE) was tested using GENEPOP 4.2 [58]
and no significant deviation was found (percentage of local populations not in HWE: Schwi-
bische Alb = 5.288%, Schorfheide-Chorin = 4.240%). Suspected presence of null alleles was
tested using MICRO-CHECKER 2.2.3 [59] and no null alleles were found. Linkage disequilib-
rium (LD) was checked using FSTAT 2.9.3.2 [60,61]. No significant LD was found. Allelic rich-
ness, the rarefied numbers of alleles as a measure of genetic diversity, was calculated for each
plot using FSTAT 2.9.3.2. The rarefaction was done per local population, with a minimum
sample size of 20 individuals, to account for isolated instances of ineffective PCR reactions.

Overall Fgy values among local populations, a measure of genetic differentiation, were calcu-
lated for each region using Arlequin 3.5.1.3 [62]. Private alleles, meaning those found in only
one local population, and unique alleles, meaning those found in a specific group of plots either
by region, by ancient or recent woodlands, or by population density, were counted and tallied.
The grouping by local population density was done by grouping plots into percentiles based on
the number of individuals caught in the 2008 killing traps (see S1 Text). Genetic clustering was
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tested using the algorithm developed by Pritchard [63] as implemented in STRUCTURE 2.3.4
for each region separately, to ensure that no underlying clustering is affecting the results. In
this analysis we used the admixture model with no use of previous information about sampling
location. Burnin length was 20,000 and there were 100,000 MCMC repeats after burnin. Num-
ber of clusters was run from K = 1 to K = the number of plots+1 for the Schorfheide-Chorin

(K = 43), and for the Schwibische Alb (K = 47). For the Schwiibische Alb for higher values of
K, the runtime was insufficient to find proper solutions, and therefore a second run of K = 1 to
K = 30 was analyzed (S3B Fig). We used CLUMPAK [64] and HARVESTER [65] to find the
most likely K using the Evanno method [66] and to visualize the results.

Plot characterization

We characterized each plot in terms of variables related to the litter layer, which serves as the
beetle's habitat, in terms of variables that can be related to the land use history of the plot, in
terms of variables that can be related to local population size, and also in terms of variables
related to soil, vegetation, climate, geography, and forest management. To characterize our
plots in terms of general parameters known to affect ground beetles and therefore Abax paralle-
lepipedus (for general overview see [67], with specific references listed for each variable), we
used longitude [68], latitude [69], elevation [70,71], mean annual temperature [71,72], mean
annual precipitation [71], forest management type [53], main tree species [53], number of vas-
cular plant species [51,73], soil type [74], soil pH [75], and the Forest Management Intensity
index (FORMI) ([53], defined in [76]). Depth of the litter layer and ground cover of litter, of
deadwood, and of trees (see [77,78]) were included to characterize the habitat of the beetle and
thus local population sizes. Land use history was characterized by defining each plot as an
ancient or a recent woodland (see below), by stand age, and by the percentage of closed forest
species. The depth of the O, soil layer, as well as the C/N ratio of the O; the O,, and the A soil
layers and the carbon content of the A layer were also included as they are known to reflect his-
torical land use [32,36]. As local population sizes could not be determined directly, we used
three proxies as estimates. The first proxy is the percentage of forested landscape in the two
kilometers surrounding each plot, the second is the sampling effort needed to collect 33 indi-
viduals in 2011 or 2012, and third is the number of Abax parallelepipedus trapped in killing
traps in 2008 (details found in S1 Text).

Note that sampling effort is expected to be negatively correlated to local population density
as the less dense a local population is, the longer it should take to collect 33 individuals. More
details on all the variables and on their collecting methods can be found in S2 Table and in S1
Text.

Ancient woodlands are defined as areas that appear as covered by trees over the complete
time series of existing sufficiently accurate maps [20,79]. For the Schwiibische Alb, plots were
defined as either ancient or recent based on eight maps dating from 1820 and onwards (S1
Table) (Nancient = 31, Nyecent = 15). For the Schorfheide-Chorin, plots were defined as either
ancient or recent based on four maps dating from 1767 and onwards (S1 Table) (ngpcient = 26,
Nyecent = 16). Any plot that appears as non-wooded on at least one map was defined as recent
woodland. All others were defined as ancient woodlands. Stand ages were taken from the latest
forestry inventory available [80]. In plots with trees of more than one age class, stand ages were
defined as the age of the older age class (52 Table).

Statistical analyses

We modeled the relationship between plot characteristics, including measures of habitat conti-
nuity as well as environmental parameters, and allelic richness. We started with 27 predictor
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variables (52 Table). We first tested for collinearity between the predictor variables and
removed the smallest number of variables possible while eliminating all instances where Spear-
man's tho > [0.7 [81], leaving us with 18 predictors (53 Table). When we could not choose
which variable to eliminate based on maximizing the number of remaining variables, we chose
to retain the one more correlated with allelic richness. We created a general linear model for
each region using allelic richness as a response variable. We modeled the regions separately as
the means and variances of allelic richness are different due to the environmental conditions
and history of the regions. The models were reduced using a backwards step reduction process
based on AICc scores. The models with the lowest AICc scores, and the smallest numbers of
predictors in the case of AAICc <2 between two models, were selected (see [82]). The residuals
were checked to ensure that they are normally distributed and the residuals were plotted
against the fitted values to investigate homogeneity of variance. As stand age and the FORMI
index are significantly correlated (Spearman Rank Correlation: rho = -0.700, p<0.001, 53
Table) and we were interested in testing both of these parameters, we ran these models twice,
once using stand age and once using FORM1 as a possible explanatory variable.

We tested for spatial autocorrelation using Moran's I both of the allelic richness values
themselves for each region using the APE package [83] and of the residuals of the model using
the ncf package [84] and corrected using Bonferroni's correction for multiple testing. We
examined the effects of long-term habitat continuity on genetic differentiation using two meth-
ods. We first ran an AMOVA in Arlequin 3.5.1.3 [62] for each region separately, grouping the
plots by whether they are located in an ancient or in a recent woodland. We then tested the
effects of stand age, of location in ancient or in recent woodlands, and of the interaction
between them on genetic differentiation using GESTE 2.0 [85]. This program uses hierarchical
Bayesian methods to find population-specific Fgr values, which are then modeled with the his-
torical variables we provided in a generalized linear model. GESTE was run using default
parameters. If not otherwise stated, all statistical analyses were done using R 3.0.0 [86].

Results

We analyzed 2112 individuals from 88 local populations and found 71 alleles across the 14 loci.
Numbers of alleles (A) per locus ranged from 3-13 alleles with a mean of 5.1 (Table 1). All loci
were polymorphic. For local level population genetics statistics see 54 Table. Mean allelic rich-
ness across all local populations was 1.96 alleles per locus. The allelic richness was not spatially
autocorrelated in either region (Moran's I: Schwiibische Alb p = 0.439, Schorfheide-Chorin

p = 0.535). The sampling effort in the Schorfheide-Chorin in number of days needed to collect
33 individuals (range = 8-80 days, mean = 4620 days) was higher than that in the Schwi-
bische Alb (range = 5-27 days, mean = 16+7 days) (Wilcoxon rank sum test: W = 200.5,
p<0.001). No evidence of spatial genetic clustering was found for either region as two and
three gene pools were identified for the Schorfheide-Chorin and for the Schwibische Alb
respectively, which however, were largely admixed within individuals and mixed across most
of the populations (Schwiibische Alb: 53 Fig; Schorfheide-Chorin: 54 Fig; for distribution of
individuals belonging to each cluster see S1 Fig; plot numbers in $3 and S4 Figs refer to map
found in S1 Fig).

There were 24 (34%) alleles that occurred only in the Schwiibische Alb, and four (6%) only
in the Schortheide-Chorin (Table 1). When the local populations from ancient woodlands and
the recent woodlands were pooled regardless of region, 12 alleles (17%) were found only in
ancient woodlands, and eight alleles (11%) occurred exclusively in recent woodlands. We
found 6 (8%) private alleles, meaning alleles found only in one local population, both for
ancient woodlands and for recent woodlands. For all allele frequencies, see S4 Table. When
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Table 1. Distribution of alleles in recent and ancient woodlands of two regions in Germany. In total 72 alleles were found.

Region Group Total number of alleles* (range per plot) Unique alleles** Private alleles***
Schwabische Alb All 68 (30-38) 24 9

Ancient woodlands (n = 31) 62 (30-37) 9 5

Recent woodlands (n = 15) 56 (30-38) 5 4
Schorfheide-Chorin All 47 (18-30) 4 3

Ancient woodlands (n = 27) 40 (18-30) 1 1

Recent woodlands (n = 15) 40 (19-29) 3 2

*not rarefied
**found in one region only
***found only in a single plot.

doi:10.1371/journal pone.0144217 001

plots were grouped based on the number of Abax parallelepipedus individuals found in the
2008 killing traps, the highest number of private alleles was found in the plots with the lowest
local population density (for details by region see Table 2).

In order to understand the drivers of genetic diversity, we modeled the effects of habitat
continuity and stand age together with an additional 16 habitat, soil, vegetation, and local pop-
ulation variables on allelic richness (52 Table). For the Schwiibische Alb, the only variable to
remain in the model was the percentage of the two kilometers surrounding each plot that is for-
ested which had a negative effect (Table 3), though the effect on allelic richness was borderline
significant. In the Schorfheide-Chorin region, genetic diversity was positively affected by the
depth of the litter layer (p = 0.018) and by the sampling effort (p = 0.009) (Table 3). We found
no effects of land use history in any of our models, neither of stand age nor of habitat continu-
ity. As stand age fell out of the models in the initial reduction step, replacing stand age with
land use intensity (FORMI index) gave the same results as shown in Table 3. The residuals of
the models showed no spatial autocorrelation (55 Fig).

The level of overall differentiation in the study species was low, but was lower by an order of
magnitude in the Schwiibische Alb (Schwibische Alb: Fgp = 0.005, p = 0.002; Schorfheide-
Chorin: Fgr = 0.047, p<0.001). The AMOV A grouping local populations collected from
ancient or from recent woodland showed no significant differentiation for either region
(Table 4), although local populations within groups were significantly differentiated. Modelling
the relationship between historical variables and population-specific Fgy values also did not
find any significant effects, as for both regions the model with the highest posterior probability
was that which contained only a constant.

Discussion

We found no relationship between either long-term or short-term habitat continuity and
genetic diversity in the 88 local populations of Abax parallelepipedus from the Schwibische Alb

Table 2. Number of private alleles in classes of local population density.

Region 0-20" percentile 21°-40" percentile 41°-60" percentile 61*-80"" percentile 81%-100" percentile
Schwabische Alb 7 2 1 0 2
Schorfheide-Chorin 2 1 3 2 1
Both regions (3 1 3 1 2

Categories are based on number of Abax parafielepipedus individuals found previously using killing traps in 2008 (see S1 Text).

doi:10.1371/journal. pone.0144217 1002
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