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Summary

Preserving biodiversity and enhancing connectivity are two major goals of current
conservation strategies in fragmented agricultural landscapes. Therefore, many European
countries have implemented agri-environment schemes in order to foster biodiversity and
connectivity. The expected positive effects on biodiversity could, however, not
consistently be detected, and for many agricultural species, it remains unknown whether
populations are functionally connected. As functional connectivity is sustained by
dispersal and gene flow, connectivity measures should be based on knowledge of speciesspecific dispersal potential, dispersal habitats and landscape elements that impede or
facilitate gene flow. However, such information is not available for most species, and
especially so for many insect species. In this thesis, I wanted to gain knowledge on insect
dispersal in intensively managed and fragmented agricultural landscapes, where diverse
connectivity measures had been implemented. The main goals were to assess the
reproductive habitats, dispersal abilities, dispersal habitats and landscape effects on gene
flow of five insect species inhabiting an agricultural landscape in the Oberaargau region
on the Swiss plateau.
In chapter 1, I analysed dispersal ability and dispersal habitats of the threatened
damselfly Coenagrion mercuriale, which inhabits streams and ditches flowing through
agricultural land. With a mark-resight study, I detected frequently occurring dispersal
over short distances (≤ 500 m). This short-distance dispersal was restricted to streams, i.e.
the reproductive habitat of C. mercuriale. In a landscape genetic analysis, I also detected
long-distance dispersal showing that populations were functionally connected by
individuals moving over larger distances. While short-distance dispersal was confined to
streams, this long-distance dispersal seemed to be more directed and seemingly followed
more or less straight lines across agricultural land.
Functional connectivity of populations of C. mercuriale as well as the effects of several
landscape elements on gene flow were further analysed in chapter 2, where I applied
spatial genetic clustering methods combined with interpolation by kriging and landscape
genetic corridor analysis (= transect analysis). The analysed populations were divided
into a northern and a southern genetic cluster, separated by a hill ridge intersecting the
study area. Similarly, landscape corridor analysis identified elevation change, but also
Euclidian distance, patches of forest and flowing water bodies as barriers to gene flow.
Only open agricultural land seemed to enhance dispersal in C. mercuriale. This again
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showed that dispersal was not restricted to the reproductive habitat of C. mercuriale and
that populations separated by open agricultural land were well connected.
To analyse how landscape elements affect dispersal and gene flow in another specialised
insect species, I developed ten polymorphic microsatellite markers for the wetland
grasshopper Stethophyma grossum, using the 454 next generation sequencing technology
(chapter 3). These newly developed markers were then applied to identify dispersal
habitats of S. grossum and to assess the effects of population network topology and
spatial scale (geographical distance thresholds) on landscape genetic analysis in chapter
4. Both spatial scale and population network topology proved to be important factors in
landscape genetic analysis and all three approaches applied (i.e. isolation by distance
patterns, population network topology, least-cost transect analysis) identified a scale
threshold of 3-4 km, up to which landscape composition and configuration greatly
influenced dispersal and gene flow. For dispersal among neighbouring populations
(defined by a Gabriel graph) that were within its maximum dispersal distance (0-3 km),
S. grossum preferred its reproductive habitat as dispersal habitat. In contrast, no clear
most likely dispersal habitat could be identified when population network topology and
spatial scale were not considered.
In chapter 5, I studied the effects of the intensively managed agricultural landscape of the
study area on functional connectivity in three common grasshopper species with different
levels of habitat specialisation: Chorthippus albomarginatus, C. biguttulus and
Gomphocerippus rufus. With habitat suitability analysis and several landscape genetic
methods, I assessed genetic structure of populations, suitable habitats and dispersal
habitats. For all three study species, there was no population genetic structure
(STRUCTURE analysis) detectable, indicating functional habitat connectivity and
frequent gene flow across the whole study area. Furthermore, habitat suitability analysis
detected a wide range of suitable habitats for C. albomarginatus and C. biguttulus, but a
more distinct and less widespread habitat for the more specialised and less mobile
grasshopper G. rufus. Preferred dispersal habitats could not be identified for both C.
albomarginatus and C. biguttulus, but G. rufus most likely dispersed through forests or
along forest edges. Hence, none of the three grasshoppers seemed to use its reproductive
habitat as preferred dispersal habitat and potentially dispersed through several landscape
elements. Thus, the fragmented agricultural landscape only exerted a minor effect on the
functional connectivity of populations of these common grasshopper species. However,
minor effects were more pronounced in the more specialised and less mobile species G.
rufus.
2

Summary

In conclusion, this thesis presented several approaches to assess landscape effects on
dispersal and gene flow in agricultural insects. Moreover, it detected various aspects of
insect dispersal in intensively managed fragmented agricultural landscapes, which should
be considered in future studies. The analyses of five insect species showed that landscape
effects on dispersal and gene flow mainly depend on species-specific dispersal ability,
reproductive habitat specialisation and spatial population configuration. The latter
phenomenon has, however, hardly been used in landscape genetic studies. Furthermore, I
found that populations of all analysed species were functionally connected, even in the
fragmented landscape of the study area. The species were well able to cross intensively
managed open agricultural land and dispersal was not restricted to their reproductive
habitats. For both specialised study species (i.e. C. mercuriale and S. grossum), dispersal
habitats changed at different thresholds of spatial scale. Moreover, the consideration of
population network topology as applied in the analysis of S. grossum (i.e. restricting the
dataset to neighbouring populations within maximum dispersal distance) further
improved results. For future landscape genetic analyses, these studies suggest a more
thorough consideration of spatial scale, by differentiating between short- and longdistance dispersal, as well as by incorporating population network topology. All these
findings, i.e. the identification of species-specific reproductive habitats, dispersal
habitats, dispersal ability and the detection of landscape elements hindering or facilitating
gene flow, will help planning future connectivity measures for the study species and can
also give general guidelines for the conservation of insects in fragmented agricultural
landscapes.
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Zusammenfassung

Die Erhaltung der Biodiversität und die Förderung der Vernetzung sind zwei wichtige
Ziele der aktuellen Naturschutzstrategien auf Landwirtschaftsland. Viele europäische
Länder haben daher Massnahmen eingeführt, um die Biodiversität und die Vernetzung in
der Landwirtschaft zu fördern. Die zu erwartenden positiven Auswirkungen dieser
Massnahmen auf die Biodiversität konnten aber nicht durchwegs bestätigt werden, und
für viele Arten im Landwirtschaftsgebiet bleibt es daher ungewiss, ob ihre Populationen
funktionell vernetzt sind. Da Ausbreitung und Genfluss die funktionelle Vernetzung
erhalten, sollten Vernetzungsmassnahmen auf Kenntnissen des artspezifischen
Ausbreitungspotentials, des Ausbreitungshabitats und des Einflusses unterschiedlicher
Landschaftselemente, welche den Genfluss fördern oder behindern können, basieren. Für
viele Arten, vor allem für viele Insekten, fehlen diese Informationen allerdings bis heute.
Mit dieser Arbeit wollte ich die Kenntnisse über die Ausbreitung von Insekten erweitern,
welche in intensiv genutzten, fragmentierten Landwirtschaftsgebieten vorkommen, in
welchen verschiedene Vernetzungsmassnahmen umgesetzt wurden. Die Hauptziele
dieser Arbeit waren die Bestimmung der Fortpflanzungshabitate, des
Ausbreitungspotentials, der Ausbreitungshabitate sowie des Effekts der Landschaft auf
den Genfluss von fünf Insektenarten, welche Landwirtschaftsgebiete der Region
Oberaargau im Schweizer Mittelland besiedeln.
In Kapitel 1 untersuchte ich das Ausbreitungspotential und die Ausbreitungshabitate
einer bedrohten Kleinlibelle Coenagrion mercuriale, welche Bäche und Gräben inmitten
intensivem Landwirtschaftgebiets besiedelt. Mittels einer Markierungsstudie konnte ich
regelmässige Ausbreitungsereignisse über kurze Distanzen nachweisen (≤ 500 m),
welche ausschliesslich entlang von Bächen, dem Fortpflanzungshabitat von C.
mercuriale, erfolgten. Mit einer landschaftsgenetischen Studie konnte ich zudem
Ausbreitungen über lange Distanzen nachweisen. Die Ergebnisse zeigten, dass die
Populationen funktionell vernetzt waren, da einzelne Individuen längere Distanzen
zurücklegten. Während sich die Ausbreitung über kurze Distanzen ausschliesslich auf
Bäche beschränkte, schien die Ausbreitung über längere Distanzen eher auf direktem
Weg über Landwirtschaftsflächen zu erfolgen.
Weitere Untersuchungen zur funktionellen Vernetzung und dem Einfluss verschiedener
Landschaftselemente auf den Genfluss von C. mercuriale wurden im zweiten Kapitel
durchgeführt. Dafür verwendete ich räumliche Clustermethoden zusammen mit Kriging5

Interpolationen und eine landschaftsgenetische Korridoranalyse (= Transektanalyse). Die
Clusteranalyse teilte die Populationen in ein nördliches und ein südliches genetisches
Cluster ein, abgegrenzt durch einen Hügelzug. Ebenso zeigte die Korridoranalyse, dass
Höhenunterschiede, aber auch grosse geographische Distanzen zwischen den
Populationen, Waldgebiete und Fliessgewässer als Ausbreitungsbarrieren für C.
mercuriale wirkten. Einzig offene Landwirtschaftsflächen schienen die Ausbreitung zu
fördern. Die Ergebnisse zeigten, dass sich C. mercuriale nicht nur innerhalb ihres
Fortpflanzungshabitat ausbreitete, sondern dass auch durch offenes Landwirtschaftsland
voneinander getrennte Populationen gut vernetzt waren.
Um den Einfluss der Landschaftselemente auf den Genfluss einer weiteren spezialisierten
Insektenart zu analysieren, entwickelte ich zehn polymorphe Mikrosatellitenmarker mit
der 454 Next Generation Sequenzierungstechnologie für die Feuchtgebietsheuschrecke
Stethophyma grossum (Kapitel 3). Diese Marker verwendete ich dann in Kapitel 4 um
Ausbreitungshabitate von S. grossum zu ermitteln und um den Effekt der
Netzwerktopologie der Populationen und des räumlichen Massstabes auf die
landschaftsgenetische Analyse zu untersuchen. Der räumliche Massstab, sowie die
Netzwerktopologie der Populationen waren wichtige Faktoren für die
landschaftsgenetische Analyse, and alle drei verwendeten Ansätze (“isolation by
distance“, Netzwerktopologie der Populationen und “least-cost transect analysis“)
ermittelten
einen
Grenzwert
von
3-4
km,
bis
zu
welchem
die
Landschaftszusammensetzung einen messbaren Einfluss auf die Ausbreitung und den
Genfluss hatte. Für Ausbreitungsdistanzen zwischen nächst benachbarten Populationen
innerhalb der maximalen Ausbreitungsdistanz von S. grossum bevorzugte diese
Heuschrecke ihr Fortpflanzungshabitat als Ausbreitungshabitat. Hingegen konnte kein
bestimmtes Ausbreitungshabitat nachgewiesen werden, wenn der räumliche Massstab
und die Netzwerktopologie der Populationen nicht berücksichtigt wurden.
In Kapitel 5 untersuchte ich den Effekt des intensiv genutzten Agrarlands des
Studiengebiets auf die funktionelle Vernetzung von drei häufigen Heuschreckenarten mit
unterschiedlichen Lebensraumansprüchen: Chorthippus albomarginatus, C. biguttulus
und Gomphocerippus rufus. Mit einer Habitatseignungsanalyse und verschiedenen
landschaftsgenetischen Methoden ermittelte ich die genetische Struktur der Populationen,
sowie geeignete Fortpflanzungs- und Ausbreitungshabitate. Für alle drei untersuchten
Arten konnte keine Populationsstruktur (STRUCTURE Analyse) nachgewiesen werden,
was auf eine gute funktionelle Vernetzung und häufigen Genfluss über das gesamte
Studiengebiet hinweist. Ausserdem zeigte die Habitatseignungsanalyse, dass sich ein
6
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grosser Teil des Untersuchungsgebiets als Fortpflanzungshabitat für C. albomarginatus
und C. biguttulus eignete. Das geeignete Fortpflanzungshabitat der anspruchsvolleren
und weniger mobilen Art, G. rufus war hingegen stärker abgegrenzt und weniger weit
verbreitet. Ein bevorzugtes Ausbreitungshabitat konnte weder für C. albomarginatus
noch für C. biguttulus klar identifiziert werden. G. rufus hingegen breitete sich sehr
wahrscheinlich innerhalb von Wäldern oder entlang von Waldrändern aus. Demzufolge
nutzt keine der drei Heuschrecken ihr Fortpflanzungshabitat als bevorzugtes
Ausbreitungshabitat und breitet sich vermutlich innerhalb verschiedenster
Landschaftselemente aus. Somit hatte die fragmentierte Agrarlandschaft insgesamt nur
einen geringfügigen Effekt auf die funktionelle Vernetzung der Populationen dieser drei
häufigen Heuschreckenarten. Für die Populationen der anspruchsvolleren und weniger
mobilen Art G. rufus waren die grössten Auswirkungen messbar.
Zusammengefasst zeigt meine Arbeit verschiedene methodische Ansätze, um den
Einfluss der Landschaft auf die Ausbreitung und den Genfluss von Insekten im
Landwirtschaftsland zu erfassen. Mit Hilfe dieser Methoden habe ich mehrere Aspekte
zur Ausbreitung von Insekten in intensiv genutzten und fragmentierten
Landwirtschaftsgebieten ermittelt, welche in zukünftigen Studien berücksichtigt werden
sollten. Die Untersuchungen von fünf Insektenarten zeigten, dass die Effekte der
Landschaft auf die Ausbreitung und den Genfluss hauptsächlich vom artspezifischen
Ausbreitungspotential, den Lebensraumansprüchen und der räumlichen Anordnung der
Populationen abhängen. Der letzte Aspekt wurde bis jetzt wenig in
landschaftsgenetischen Studien berücksichtigt. Ausserdem konnte ich feststellen, dass die
Populationen aller untersuchter Arten sogar in einem fragmentierten
Landwirtschaftsgebiet funktionell vernetzt waren. Die Arten konnten intensiv genutztes,
offenes Agrarland überqueren, und ihre Ausbreitung war nicht auf die entsprechenden
Fortpflanzungshabitate beschränkt. Das bevorzugte Ausbreitungshabitat der beiden
spezialisierten Arten (C. mercuriale und S. grossum) unterschied sich für verschiedene
Distanzen. Zudem verbesserte die Berücksichtigung der Netzwerktopologie der
Populationen (durch Reduktion des Datensatzes auf benachbarte Populationen innerhalb
der maximalen Ausbreitungsdistanz) die Resultate deutlich. Somit sollten der räumliche
Massstab, indem zwischen Ausbreitung über kurze und über lange Distanzen
unterschieden wird, sowie die räumliche Anordnung der Populationen in zukünftigen
landschaftsgenetischen Studien besser berücksichtigt werden. Alle Erkenntnisse dieser
Arbeit
(die
Ermittlung
der
artspezifischen
Fortpflanzungshabitate,
der
Ausbreitungshabitate, des Ausbreitungspotentials sowie der ausbreitungsbehindernden
oder -fördernden Landschaftselemente) helfen bei der Planung zukünftiger
7

Vernetzungsmassnahmen für die untersuchten Arten und tragen auch zu allgemein
formulierten Schutzrichtlinien für Insekten in fragmentierten Landwirtschaftsgebieten
bei.
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General introduction and main conclusions

Agricultural landscapes
Agricultural landscapes cover a substantial part of terrestrial environments worldwide
(Houghton, 1994) and harbour habitats for thousands of species. In Western Europe,
agricultural practices have dominated the landscape over centuries. Many species have
adapted to these human-made agricultural landscapes and nowadays depend on
traditional management practices for their survival (Sutherland, 2004). However, during
the last decades, most of the formerly structure-rich, low intense and diverse agricultural
landscapes have dramatically changed to intensively-used and homogenous landscapes
(Benton et al., 2003). The rapid increase in agricultural productivity was caused by
increasing mechanisation, the input of fertilisers, the use of pesticides and increasing
livestock density (Stoate et al., 2001; Robinson and Sutherland, 2002). The change from
traditional to modern agricultural landscapes has led to habitat loss, fragmentation and
population isolation in many species (Fahrig, 2003; Fischer and Lindenmayer, 2007).
This resulted in a widespread decline in the diversity of birds, arthropods, plants and
other organism groups inhabiting agricultural land (Krebs et al., 1999; Robinson and
Sutherland, 2002; Hendrickx et al., 2007). Insects, of which especially butterflies and
grasshoppers, are often used as indicators for biodiversity change in agricultural
landscapes because of their rapid reaction to environmental change and their (mostly)
short generation times (Collins and Thomas, 1992; Thomas et al., 2004). As insects form
the majority of all species described on earth (Mayhew, 2007), they are of global
importance.
In order to counteract the above-mentioned negative trend in agricultural biodiversity,
countries of the European Union have recently implemented agri-environment schemes
(European Commission, 2005), under which environmental-friendly agricultural practices
are financially supported. In particular, the objectives of these schemes include wildlife
and habitat conservation, reduction of agrochemical emissions and prevention of landabandonment (Kleijn and Sutherland, 2003), but aims and corresponding practices vary
greatly among countries (Stoate et al., 2009). In Switzerland, for instance, farmers
receive direct payments for ecological measures and are obliged by law to designate 7%
of their land as ecological compensation areas that have to be managed in a less intensive
way (Knop et al., 2006). The most common ecological compensation areas in
Switzerland are hay and litter meadows, which also provide habitats for many insect
species (Herzog et al., 2005; Lachat et al., 2010). However, the expected positive effects
9

on biodiversity of European agri-environment schemes could not generally be verified
(Kleijn et al., 2006; Knop et al., 2006; Albrecht et al., 2010). Therefore, the Swiss
government started to distribute additional payments for ecological compensation areas
with good biological quality or for areas connecting existing habitat patches (Herzog et
al., 2005). An evaluation of success of such connectivity measures in these
environmental-friendly managed landscapes has, however, hardly been done.
Generally, connectivity is one of the most important current topics in conservation
biology (Crooks and Sanjayan, 2006; Kindlmann and Burel, 2008). It can be assessed in a
structural or functional way (Lindenmayer and Fischer, 2007). While structural
connectivity simply considers the spatial arrangement of landscape features, functional
connectivity refers to the direct exchange of individuals and genes among habitat patches.
It thus also includes the species-specific behavioural response to landscape elements.
Functional connectivity can be measured by dispersal and gene flow (Tischendorf and
Fahrig, 2000a, b). To conserve and restore connectivity, various conservation measures
have been proposed and implemented, such as migration corridors, stepping-stone
habitats or a general increase in the permeability of the landscape matrix (Crooks and
Sanjayan, 2006; Corlatti et al., 2009). However, since each species responds differently
to a particular landscape, the potential effectiveness of implemented connectivity
measures will depend on previous knowledge of the species-specific reproductive habitat,
of its dispersal habitats (Ricketts, 2001), as well as of its dispersal ability (Frankham et
al., 2004).

Dispersal
Dispersal in animals can be defined as “the active or passive attempt to move from a
natal or breeding site to another breeding site” (Clobert et al., 2009). Especially in
fragmented landscapes, dispersal plays an important role, as it maintains genetic and
functional connectivity across the populations in a landscape, it allows the exploration
and colonisation of new suitable sites, and it serves the species’ global persistence
counteracting local extinction events (Hanski, 1991; Ronce, 2007). Two different types
of movement behaviour that mainly result in dispersal and gene flow, have been
described: routine movements among resting, mating and feeding sites, which can
coincidentally result in dispersal, and directed, intended movements to new sites (Van
Dyck and Baguette, 2005; Baguette and Van Dyck, 2007; Delattre et al., 2010). While
routine movements are thought to mainly result in short-distance dispersal, often
10
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occurring within a species’ habitat, directed dispersal movement is much rarer and
potentially covers large distances (Ward and Mill, 2007; Hovestadt et al., 2011). Such
long-distance dispersal is chronically difficult to detect, but it is of high importance for
functional connectivity of spatially isolated populations in fragmented landscapes, as it
also counteracts genetic drift and inbreeding (Allendorf and Luikart, 2007).
Maximum dispersal distances are species-specific, but it has been shown that individual
dispersal ability depends on individual morphology as well as environmental conditions
(Harrison, 1980; Bowler and Benton, 2005). In flying insects, for instance, dispersal
ability may be correlated with wing morphology (e.g. Conrad et al., 2002; Sekar, 2012)
which in turn can be influenced by environmental conditions, such as the level of
fragmentation of damselfly habitat (Harrison, 1980; Taylor and Merriam, 1995).
Therefore, it is necessary to include the environment, i.e. configuration of landscape
elements, when studying dispersal behaviour and determining dispersal routes (Wiens,
2001). Thus, a species’ dispersal routes depend on species-specific preferences of
dispersal habitat in combination with landscape composition and configuration. For
instance, if a species reacts indifferently to any landscape element, straight-line dispersal
routes are likely. Another species may show a preference for dispersal through a
particular preferred dispersal habitat type and a third species might be mainly guided by
complete dispersal barriers in the landscape, such as water bodies or busy roads.
However, the dispersal habitat preference of many species and their reaction to landscape
elements are often unknown (Spear et al., 2010).

Measuring dispersal and landscape effects on gene flow
Dispersal and gene flow are the important processes maintaining functional connectivity
and can be measured with direct or indirect methods (Clobert, 2001; Vandewoestijne and
Baguette, 2004; Crooks and Sanjayan, 2006; Baguette and Van Dyck, 2007). The most
often used direct methods include observation, radio-tracking (e.g. Vinatier et al., 2010)
and mark-recapture (Roland et al., 2000). For the indirect detection of dispersal and gene
flow, various genetic methods are applied (Clobert, 2001; Crooks and Sanjayan, 2006).
The main shortcomings of direct methods are that they are labour-intensive, require a
large number of marked/tracked individuals and mostly underestimate long-distance
dispersal (Allendorf and Luikart, 2007; Franzen and Nilsson, 2007; Kamm et al., 2009;
Hassall and Thompson, 2012). However, indirect genetic measures also have
disadvantages. For instance, inferring contemporary dispersal from pairwise genetic
11

differentiation (e.g. FST; Weir and Cockerham, 1984), an approach often used in
population or landscape genetic analysis (Storfer et al., 2010), is not always accurate (e.g.
Holzhauer et al., 2006). Even though genetic differentiation is an adequate measure for
genetic structure (Whitlock and McCauley, 1999; Meirmans and Hedrick, 2011), it
mainly reflects historical gene flow patterns and not necessarily contemporary patterns of
dispersal (Landguth et al., 2010). To exclude historical events, genetic measures of
contemporary gene flow are preferable, especially when they are related with present
landscape composition and configuration. For example, first generation migrants
(Paetkau et al., 2004) can be detected with various types of assignment tests (Manel et al.,
2005). In summary, a combination of direct and indirect methods is preferable to
overcome most of the above limitations (Watts et al., 2004; Keller et al., 2010).
Recently, various new methods have been developed to analyse dispersal and gene flow
in relation to landscape patterns. The field of landscape genetics provides tools to analyse
landscape effects on gene flow by combining population genetic and landscape
ecological methods (Manel et al., 2003; Storfer et al., 2007; Holderegger and Wagner,
2008; Segelbacher et al., 2010; Storfer et al., 2010). The overlay approach (Storfer et al.,
2010) visually compares genetic groups or discontinuities (e.g. derived from clustering
methods; Pritchard et al., 2000; Manel et al., 2005; Chen et al., 2007) with land-cover
maps to detect strong barriers to gene flow. With least-cost path analysis (Adriaensen et
al., 2003) dispersal behaviour is evaluated by using potential movement paths through
hypothesised dispersal habitats to explain genetic differentiation. Transect/corridor
analysis quantifies landscape elements in straight-line transects between population pairs
to identify inhibiting, enhancing or neutral effects of different landscape elements on
gene flow (Angelone et al., 2011; Emaresi et al., 2011; Keller et al., 2012). Least-cost
transect analysis (Van Strien et al., 2012), a recently developed method, combines leastcost path and transect analysis and detects the most likely dispersal habitat and
simultaneously identifies the effects of landscape elements on gene flow. The choice of
the most suitable landscape genetic method depends on the particular research question
as well as on the quality, type and resolution of the genetic (e.g. microsatellites or
AFLPs) and landscape (e.g. GIS-data layers or field data) datasets (Cushman and
Landguth, 2010; Landguth et al., 2012). Altogether, the majority of landscape genetic
analyses have been conducted on vertebrates, but only few studies have been performed
on insects in agricultural landscapes (Storfer et al., 2010).

12
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Main goals of this thesis
The aim of this thesis was to gain insights into insect dispersal in intensively managed
fragmented agricultural landscapes in which several connectivity measures had been
implemented. For five study species characterised by different habitat requirements and
specialisations, I first identified and mapped their reproductive habitat in an agricultural
study area in Switzerland. Then, I assessed species-specific dispersal abilities and
functional population connectivity in this fragmented landscape. Furthermore, I
determined whether the species’ reproductive habitat was also their preferred dispersal
habitat or whether different habitat types were used for dispersal. I additionally assessed,
whether dispersal habitats differed between short- and long-distance dispersal or degree
of habitat specialisation. Finally, I identified landscape elements that enhance or hinder
dispersal and gene flow in each of the five different study species.

Study area and species
To achieve the above main goals, I chose an intensively managed agricultural landscape
located in the Oberaargau region on the Swiss plateau. The area comprised a mosaic of
patches of intensively, less intensively and extensively managed meadows and pastures,
crop and vegetable fields, settlements and forests, interspersed by three larger rivers and
many smaller streams or ditches. Despite intensive management, several rare species can
still be found in the Oberaargau region, and the area has therefore been designated as a
Swiss Smaragd area (Delarze et al., 2003; Hedinger, 2009). The Swiss Smaragd network
is the equivalent of the Natura2000 framework of the European Union and aims to
protect rare plants, animals and habitats (European Commission, 2009).
As study species, I chose several insect species, each showing different habitat
preferences and specialisation levels. For the habitat type streams and ditches, I selected
the threatened and highly specialised damselfly Coenagrion mercuriale (Charpentier
1840; Odonata, Coenagrionidae), which prefers slow-flowing, unshaded streams as
habitats (Sternberg et al., 1999). C. mercuriale is one of the focal species of the Smaragd
project Oberaargau. Earlier studies have shown that this damselfly is rather sedentary
with low dispersal ability (Hunger and Röske, 2001; Watts et al., 2007) and recorded
maximum dispersal distances of about 1.8 km (Rouquette and Thompson, 2007). For the
habitat type of wet grasslands, I chose the specialised grasshopper Stethophyma grossum
(Linnaeus 1758; Orthoptera, Acrididae), which is believed to be strictly bound to
13

wetlands (Baur et al., 2006). The dispersal ability of this species is unknown, but
observed flight distances are larger then in other grasshopper species (Soerens, 1996).
For the habitat type of meadows, I focussed on three common grasshopper species from
the Acrididae family (Orthoptera). With their fully developed wings, all three species are
capable of flight, but it is unknown whether they disperse over longer distances.
Chorthippus albomarginatus (De Geer 1773) prefers intensively managed meadows but
can also be found in various other less intensively used habitats (Detzel, 1998). It is thus
the least specialised of all study species. Similarly, Chorthippus biguttulus (Linnaeus
1758) occurs in a wide range of grassland habitats (Detzel, 1998), but this species has a
preference for extensively managed meadows (Albrecht et al., 2010; Albrecht, WSL
Birmensdorf, pers. comm.). Gomphocerippus rufus (Linnaeus 1758) represents the most
specialised of the three common grasshopper species, preferring structured habitats, such
as forest edges, hedges, meadows with high grass and fallow land with herbs (Baur et al.,
2006).

Outline of the thesis
In chapter 1, I analysed dispersal habitats of the damselfly C. mercuriale for short- and
long-distance dispersal and estimated maximum dispersal distances and longevity using a
combination of a mark-resight study and landscape genetic least-cost path analysis. In
chapter 2, I assessed the functional connectivity of populations of C. mercuriale and
identified landscape elements, which have an enhancing or inhibitory effect on the
dispersal and gene flow of this species. For this purpose, I used spatial genetic clustering
analysis with interpolation by kriging and landscape corridor/transect analysis.
Additionally, in appendix 1, I evaluated the effect of monitoring efforts on the
assessment of population sizes in C. mercuriale by comparing two datasets collected on
the same populations of this damselfly. This manuscript (in German) is of relevance for
practical conservation management as it shows that currently applied monitoring methods
result in meaningful relative population sizes. In chapter 3, I developed ten polymorphic
microsatellite markers for the wetland grasshopper S. grossum using the 454 next
generation sequencing technology. The newly developed microsatellite markers were
then applied in the landscape genetic study described in chapter 4. Here, I analysed the
effects of spatial scale and population network topology on the outcome of landscape
genetic studies and assessed whether S. grossum uses its reproductive habitat as preferred
dispersal habitat for both short- and long-distance dispersal. I performed population
genetic clustering analysis with interpolation by kriging and least-cost transect analysis.
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Isolation by distance patterns and population network topology defined the relevant
spatial scale up to which landscape effects on gene flow could clearly be detected. In
chapter 5, I assessed the effects of the intensively managed agricultural landscape of the
study area on habitat connectivity in three common grasshopper species (C.
albomarginatus, C. biguttulus and G. rufus), showing different levels of habitat
specialisation. I first identified the species-specific reproductive habitats by applying
habitat suitability analysis (i.e. ecological niche factor analysis). Then I assessed
connectivity by population genetic clustering analysis and, finally, I identified the
respective dispersal habitats of the three study grasshopper species with least-cost
transect analysis. Table 1 provides a schematic overview on the topics and study species
of this thesis.
Table 1. Overview of the main research questions of this thesis and corresponding analyses for
datasets on a damselfly (Coenagrion mercuriale), a wetland grasshopper (Stethophyma grossum)
and three common meadow grasshoppers (Chorthippus albomarginatus, C. biguttulus and
Gomphocerippus rufus) occurring in an intensively managed agricultural landscape on the Swiss
plateau.
Question and methods

C. mercuriale

S. grossum

C. albomarginatus
C. biguttulus
G. rufus

Species’ reproductive habitat?
Population mapping in the field

Chapter 1, 2

Habitat mapping from literature

Chapter 4

Habitat suitability analysis

Chapter 5

Dispersal ability?
Mark-resight study

Chapter 1

Population genetic structure

Chapter 1, 2

Recent gene flow

Chapter 4

Chapter 5

Chapter 4

Dispersal habitats?
Mark-resight study

Chapter 1

Least-cost path analysis

Chapter 1

Least-cost transect analysis

Chapter 5
Chapter 4

Chapter 5

Chapter 4

Chapter 5

Chapter 4

Chapter 5

Inhibiting or enhancing landscape
elements?
Genetic clustering analysis

Chapter 2

Transect/corridor analysis

Chapter 2

Least-cost transect analysis
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Main conclusions
From the studies conducted on four different grasshopper and one damselfly species, I
conclude that (i) the magnitude of the landscape effect on dispersal and gene flow mainly
depends on species-specific dispersal ability, habitat specialisation and spatial population
configuration. The latter topic is, surprisingly, seldom considered in landscape genetics
(Anderson et al., 2010). The more specialised, the less widespread and the less mobile a
species was, the stronger were the corresponding landscape effects on its gene flow. In
fact, I only detected a minor landscape effect on dispersal and gene flow in the three
common and widespread grasshopper species Chorthippus albomarginatus, C. biguttulus
and Gomphocerippus rufus. Moreover, the effect was strongest, but still weak, for the
most specialised and least mobile grasshopper species, G. rufus. In contrast, gene flow in
the two more specialised study species, i.e. the stream damselfly Coenagrion mercuriale
and the wetland grasshopper Stethophyma grossum, was more strongly affected by
landscape composition and configuration.
I also found that (ii) the dispersal abilities of all study species had formerly been
underestimated and that populations were mostly functionally connected, even in the
highly fragmented agricultural landscape of the study area. For instance, all populations
of C. mercuriale, including those located in different and spatially separated stream
systems, seem to be functionally connected by rare long-distance dispersal events.
Furthermore, the studies showed that (iii) for all five species dispersal was not restricted
to the reproductive habitat and intensively managed open agricultural land did not hinder
gene flow.
I further conclude that (iv) spatial scale plays an important role in identifying dispersal
habitats with landscape genetic techniques. For the two specialised insect species, C.
mercuriale and S. grossum, I found different dispersal habitats for short- and longdistance dispersal. While short-distance dispersal seems to mainly occur within the
reproductive habitat, different landscape types are used for long-distance dispersal in
both species. For the wetland grasshopper S. grossum there was no distinct dispersal
habitat for long-distance dispersal detectable. This study also showed that (v) population
network topology in the study area affects dispersal and gene flow and can, together with
isolation by distance patterns, indicate the relevant scale up to which landscape effects on
gene flow will be detectable.
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Table 2. Landscape genetic methods applied in the presented thesis. The advantages,
disadvantages and suitable applications of the different approaches are described.
Landscape
genetic
method

Advantages

Disadvantages

Application

Genetic
clustering and
overlay
analysis

Individual approach, no
discrete population
sampling needed
No assumptions about
dispersal behaviour
(dispersal routes)
necessary

Subjective, visual
interpretation of results
Only strong barriers to gene
flow are detectable
Overestimation of number of
clusters if there is a clear
isolation by distance pattern

Preliminary
analysis for the
detection of
genetic groups in
a landscape
Identification of
major barriers to
gene flow

Least-cost
path analysis

Paths are created by
considering a species’
dispersal preferences
for different landscape
elements or land-cover
classes
No straight-line paths

Only a single dispersal route
between each population pair
is considered
Expert knowledge on speciesspecific dispersal behaviour is
required
Interpretation of landscape
effect is difficult as the
relative contribution of an
individual landscape element
is unknown
Long-distance dispersal is
difficult to analyse

Testing several
hypothesised
dispersal habitats
Preliminary
analysis of
potential
dispersal routes

Transect
(corridor)
analysis

No a priori knowledge
on species’ dispersal
behaviour is needed
Effect of each
landscape element can
be assessed directly and
interpretation of results
is straight forward

Transects are drawn along
straight lines, but it is unclear
whether actual dispersal paths
are incorporated
Transect widths are fixed for
varying transect lengths
Long-distance dispersal is
difficult to analyse

Identification of
several
landscape
elements with
facilitating,
barrier or neutral
effects on gene
flow

Least-cost
transect
analysis

Combines advantages
of least-cost path and
transect analysis
No straight-line paths
considered and no
knowledge on dispersal
behaviour is needed
Effect of landscape
elements are easily
interpretable

Considers only a single path
between each population pair
and no indirect routes via
other populations are
included
Long-distance dispersal is
difficult to analyse

Detection of
most likely
dispersal habitat
and
identification of
landscape
elements with an
inhibitory,
facilitating or
neutral effect on
gene flow
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These findings strongly suggest to consider population network topology and spatial
scale, (i.e. by differentiating between short- and long-distance dispersal), when planning
connectivity measures in conservation management. Thus, frequent short-distance
dispersal will most likely be facilitated by continuous habitat. The preservation and
maintenance of existing habitat as well as the restoration of adjacent yet uninhabited
areas should likely result in frequent short-distance dispersal, connecting nearby
populations. In contrast, long-distance dispersal is especially important for the
connectivity and persistence of (isolated) populations at the landscape scale. However, its
evaluation remains difficult, even with landscape genetic analyses as applied here.
Besides the identification of the most likely dispersal habitat, (vi) knowledge on major
barriers to dispersal and gene flow is important for conservation management. For
example, landscape elements inhibiting dispersal should be considered when planning the
location of stepping-stones to connect existing, but isolated populations. For C.
mercuriale for instance, I found that substantial elevation change, Euclidian distance and
patches of forest were barriers to dispersal and gene flow.
Methodically, my studies show that (vii) mark-resight studies are useful tools to detect
short-distance dispersal, but show that other methods, such as landscape genetic
techniques, are more successful in detecting long-distance dispersal at the landscape
scale. They are especially helpful for the identification of dispersal habitats and barriers
to gene flow. Table 2 gives an overview on the advantages and disadvantages of
particular landscape genetic methods.
In summary, this thesis presents several approaches to assess landscape effects on
dispersal and gene flow in agricultural insects. The studies detected various aspects of
insect dispersal in intensively managed fragmented agricultural landscapes, which should
be considered in future studies. Furthermore, these findings will help planning future
connectivity measures for the study species and can also give general guidelines for the
conservation of insects in fragmented agricultural landscapes.
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Abstract
Dispersal is an important process for any organism, but especially for endangered species
in fragmented landscapes. To enhance the dispersal of a certain species, connectivity
measures are implemented, which require knowledge on the species’ dispersal behaviour
and habitat. It is often assumed, that the preferred reproductive habitat of a species is also
used as the main dispersal habitat. While this assumption has often been confirmed, there
are also cases where it has been disproved.
With a combination of a mark-resight study and genetic analysis conducted in a
fragmented agricultural landscape in Switzerland, the dispersal habitats of the threatened
damselfly Coenagrion mercuriale were analysed for different distance classes.
Additionally, maximum dispersal distances were estimated.
The mark-resight study detected movement over short distances (≤ 500m) mainly within
the reproductive habitat of C. mercuriale (i.e. streams).
In contrast, the genetic study detected both short- and long-distance dispersal. Shortdistance dispersal occurred along streams, and discontinuity of streams hindered
dispersal. Long-distance dispersal was suggested to happen along more or less straight
lines and crossing agricultural land. Genetic analysis also showed that populations were
well connected and that few individuals dispersed over larger distances (≤ 4500 m).
Our study showed that connected reproductive habitat enhanced short-distance dispersal
in C. mercuriale. While short-distance dispersal occurred frequently, long-distance
dispersal was rare, but important to connect more isolated populations. Therefore, it
would be relevant to differentiate between these two dispersal types when planning
connectivity measures.

Keywords: Coenagrion mercuriale, dispersal, mark-recapture, landscape genetics,
conservation, Odonata, gene flow, dispersal types
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Movement strategies in a damselfly

Introduction
Dispersal and gene flow are important processes for a species’ long-term survival,
especially in fragmented landscapes. In particular, threatened and sedentary species, such
as many damselflies (Rouquette and Thompson, 2007a; Allen and Thompson, 2010),
suffer from the negative effects of landscape fragmentation. Studying the dispersal of
such species, is therefore of importance in conservation management, as it provides
essential knowledge for the implementation of connectivity measures, such as maximum
dispersal distances or the identification of landscape elements hindering or facilitating
dispersal. The landscape elements used by an organism during dispersal are often referred
to as dispersal habitat. Dispersal habitat is thus the habitat type(s) through which a
species disperses. It is not necessarily the same as the reproductive habitat, i.e. the habitat
type in which the species reproduces.
Dispersal can be defined as “the active or passive attempt to move from a natal or
breeding site to another breeding site” (Clobert et al., 2009) and usually is a result of
different types of movements. Most important are (i) routine movements among resting,
mating and feeding sites, which coincidentally result in dispersal or (ii) directed intended
movements to new sites (Van Dyck and Baguette, 2005; Baguette and Van Dyck, 2007;
Delattre et al., 2010). Previous mark-recapture studies on damselflies reported that
routine movement mainly occurs across short distances and that these movements are
bound to the species’ reproductive habitat. In contrast, movement across larger distances
does not seem to be restricted to the reproductive habitat in damselflies. In Calopteryx
splendens and C. virgo (Stettmer, 1996; Ward and Mill, 2007) home-range movement
was only observed within the reproductive habitat (i.e. streams), but this was not the case
for long-distance movement (Stettmer, 1996). Purse et al. (2003) observed similar
patterns in Coenagrion mercuriale (Charpentier 1840, Odonata: Coenagrionidae) at a site
with a stream of 560 m length surrounded by several peripheral streams at distances of
60-800 m. Movements over short distances (< 300 m) predominantly occurred along
streams, whereas for larger distances (> 300 m), along stream and across-land
movements were equally likely. Also Hunger and Röske (2001) only recorded movement
in C. mercuriale along streams whereas long-distance movement was not observed at all.
To measure dispersal and gene flow, both direct and indirect methods can be applied
(Clobert, 2001). Direct methods, for instance mark-recapture/resight studies or radio
tracking (Vinatier et al., 2010), assess actual movement events. While mark-recapture
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studies reconstruct movement by assessing the presence or absence of marked individuals
at different locations, radio tracking directly tracks movement paths. However, it remains
unknown whether this movement also results in mating and gene flow. Furthermore,
direct methods require a large number of tracked individuals in order to detect rare longdistance dispersal events (Allendorf and Luikart, 2007; Hassall and Thompson, 2012).
However, these rare events are especially important to maintain connectivity between
distant populations and for (re)colonisations of suitable sites. In contrast, most indirect
genetic methods (e.g. using pairwise FST-values) represent historic or recent gene flow
and only assess dispersal events that result in mating and gene flow. As genetic methods
are able to detect long-distance dispersal events, they have been suggested to complement
studies using direct methods (Watts et al., 2004a; Keller et al., 2010).
Various factors have been identified to affect long-distance dispersal in damselflies.
Firstly, morphological adaptation in the form of increased forewing length can be found
in long-distance dispersing individuals, as, for instance, found for males of Coenagrion
puella (Conrad et al., 2002). A study on Calopteryx maculata found that morphology as
well as movement distance are linked to habitat configuration: compared to individuals in
a continuous habitat, individuals in a fragmented habitat, where foraging habitats were
distant from the reproductive habitat, had a more mobile morphology (i.e. increased wing
length and width) and moved across a larger area (Taylor & Merriam, 1995).
Furthermore, parasites like mites, for instance, can increase individual movement
distances (i.e. parasitized individuals move over larger distances than unparasitized), as
shown for populations of Ischnura pumilio (Allen and Thompson, 2010) and I. elegans
(Conrad et al., 2002). However, movement behaviour in fragmented landscapes has not
been studied for most damselfly species. For instance in Coenagrion mercuriale, most
movement studies have been carried out in more or less continuous habitat (Hunger and
Röske, 2001; Purse et al., 2003; Rouquette and Thompson, 2007b), and few long-distance
movement events up to 1790 m along streams have been recorded in this species (e.g.
Rouquette and Thompson, 2007b).
The present study aimed to fill this gap by investigating the dispersal of C. mercuriale in
a highly fragmented agricultural landscape of the Swiss plateau. With a combination of a
mark-resight study and genetic analysis we (i) examined whether dispersal mainly
occurred within C. mercuriale’s reproductive habitat or whether it depended on other
landscape elements at various distance classes. Furthermore, we (ii) estimated maximum
dispersal distances.
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Material and Methods
Study area
Our study area was located in the Oberaargau region of Switzerland around the town of
Langenthal (Fig. 1). The area is dominated by intensive agriculture. Therefore, many of
the remaining natural or semi-natural habitats are highly fragmented. Nevertheless, the
area is part of the Swiss Smaragd network. Smaragd aims to protect threatened and rare
animal and plant species as well as their habitats and is the Swiss equivalent to the
Natura2000 framework of the European Union (Delarze et al., 2003; Hedinger, 2009). In
the Oberaargau, many streams, ditches and their verge vegetation form habitats for
numerous species, like the threatened damselfly Coenagrion mercuriale that inhabits
slow-flowing, calcareous, summer-warm streams and ditches (Sternberg et al., 1999). In
Switzerland, the species is categorised as critically endangered (Gonseth and Monnerat,
2002). Within the Smaragd framework, all populations of C. mercuriale have been
recorded in 2008 by checking all potentially suitable streams throughout the region
(Hepenstrick, 2008). Since 2009, populations and nearby, unoccupied streams are
monitored yearly for census population size (i.e. by counting all present individuals) and
new colonisations. Census population sizes fluctuated moderately during the last few
years, one population became extinct because of a dried stream, and (re-)colonisation
events of unoccupied streams up to about 1.2 km have been observed (C. Forrer, Büro
Kappeler, Berne, unpubl. data). In 2009, when we conducted the present study, C.
mercuriale was found at 13 sites (Fig. 1). Eight central streams (sites A, B, C, CS, D, E,
I) harboured at least 30 counted males. We counted males by walking (max. 1 h) along
each section of uninterrupted stream of maximally 250 m length at peak-flying season.
Five peripheral or even newly colonised streams had smaller populations with less than
30 counted males (sites AS, F, G, H, J). Distances between adjacent sites ranged from
400 m to 4500 m. Within the Smaragd project, several conservation measures, in addition
to basic maintenance of streams, were implemented to preserve the populations of C.
mercuriale. The corresponding management concept recommends extensively managed
meadow strips (min. 6 m in width) on either side of streams and adaptation of mowing
regimes, including weed control in stream beds using basket mowers.
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Mark-resight study
A mark-resight study was conducted at peak-flying season of C. mercuriale (mid-June to
end of July 2009) in the central part of the study area (dashed square in Fig. 1). This area
of about 30 km2 included nine stream systems, which were at least 500 m apart from each
other. Maximum length of more or less uninterrupted stream habitat was about 700 m.
Individuals flying within an uninterrupted habitat stretch were defined as a local
population. Damselflies were caught with an insect net. We only marked male
damselflies, because numbers of females at streams were generally low. Individuals were
marked on front wings with coloured points on four different wing positions (left-right,
basal-apical) at three sites with large populations (sites B, D, E; Fig. 1). In total, 455
males were individually marked on their wings with coloured dots applied with Edding
4000 deco marker pens. Every day with suitable weather for damselfly flight was used to
either mark or resight individuals. Marking was done during three periods: June 13-14,
June 21-24 and July 9-10. All other days were used for resighting marked individuals
using close-focussing binoculars in the following way: all inhabited stream sections in
the central part of the study area (Fig.1; dashed square) were searched for marked
individuals once every third day with good weather conditions. Stream sections where
individuals were marked were visited more frequently, i.e. 12 (site B), 17 (site D) and 16
times (site E), and the first resighting was mostly done at the first or second day after
marking. As markings were well visible from a distance, individuals were not caught
again. We calculated resighting rates, as well as dispersal rates and distances for each
stream section. Furthermore, the data allowed the calculation of a minimum estimate of
individual longevity for C. mercuriale.
Genetic analysis
For genetic analysis, 450 unmarked individuals were caught with an insect net at 19
stream sections across the study area (120 km2; Fig. 1) towards the end of the mating
season. Streams were split up into sections if they were interrupted by roads, settlements
or when they were partly tunnelled. We collected tibiae of mid-legs of up to 30 males per
stream section and stored them in 100% ethanol at -20 °C in the dark. DNA was extracted
with the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany), amplified at twelve
microsatellite loci (LIST4-002, LIST4-023, LIST4-024, LIST4-031, LIST4-034, LIST4035, LIST4-037, LIST4-042, LIST4-060, LIST4-062, LIST4-063, LIST4-066) developed
by Watts et al. (2004b) and analysed on an ABI 3700xl sequencer (Applied Biosystems).
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Lab procedures and genetic diversity measures are given in detail in Keller et al. (2012).
All loci were unlinked and Hardy-Weinberg equilibrium conditions were met in all
populations. Pairwise genetic distances (FST; Weir and Cockerham, 1984), a measure of
historical gene flow (Whitlock and McCauley, 1999), were calculated for all pairs of
stream sections using the program GENEPOP 4.0.10 (global FST = 0.043; Raymond and
Rousset, 1995). Slightly negative FST-values were set to 0.

Langenthal

Fig. 1. Populations of Coenagrion mercuriale (A-J) in the Oberaargau region in Switzerland
(square in the inset). Solid lines represent above-ground streams. The dashed line shows the area
surveyed in the mark-resight study, and underlined letters represent marking sites. Genetic
samples were collected in all populations.
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Dispersal paths
To analyse the most likely dispersal behaviour of C. mercuriale, we created potential
dispersal paths between stream sections. To minimise the risk of inaccurate genetic
differentiation measures due to small sample size, stream sections with less than ten
individuals were excluded from the analysis. The resulting dataset consisted of 15 stream
sections. We focused on two different dispersal types which were reported in earlier
studies on C. mercuriale (Hunger and Röske, 2001; Purse et al., 2003). Model A assumed
dispersal along a straight line between each pair of stream sections (N = 105 pairwise
comparisons), estimated by Euclidian distance (Fig. 2). Model B represented the
hypothesis of dispersal along preferred habitat, i.e. streams. Paths along streams were
estimated in ARCGIS 9.3.1 (ESRI, Redlands, California, USA) with the cost path tool
(Adriaensen et al., 2003). For that, above-ground streams were derived from a vectorized
land-cover map (vector25, resolution = 10 m; Swisstopo, Wabern, Switzerland), buffered
with 20 m and then converted to a grid/raster (cell size = 5 m). Cells that covered matrix,
i.e. every landscape element other than stream, were given a high cost value of 50, 100,
500 or 1000, and cells representing streams were assigned a low value of 1. Hence, the
higher the cost value of the matrix, the more costly and less likely were paths through
matrix and resulting paths were mostly bound to habitat (here: along streams). For model
A, path lengths, i.e. Euclidian distances in [m], were calculated for each pair of stream
sections (variable dstraight). For model B, path lengths, i.e. distances along streams (dstream;
in [m]), as well as distances over matrix (dgap; in [m]) were calculated. The dataset was
split into three Euclidian distance classes in order to test for distance-dependent dispersal
behaviour: (1) 0-1.5 km, (2) 1.5-3 km and (3) > 3 km between pairs of populations,
respectively. For all three distance classes, multiple linear regression models were
calculated in R (R Development Core Team, 2011), where pairwise FST between sites
was used as response variable and the corresponding distance measures (dstraight, dstream,
dgap) as predictor variables. As the variables dstraight and dstream as well as dstraight and dgap
were highly correlated (Spearman’s rank correlation coefficient ρ > 0.8 in both cases),
two separate models were built, each including the distance measures of one of the two
suggested dispersal models (Fig. 2): model (A) FST ~ dstraight, model (B) FST ~ dstream +
dgap. For each distance class, the better fitting model (i.e. model A or B) was determined
by model fit (R2). Permutation testing was performed with the “lmorigin” function from
the R-package “ape” (Paradis et al., 2004). “Lmorigin” permutes the response variable to
test for significance of regression coefficients and R2-values. Since R2 generally favours
models with more predictor variables (Johnson and Omland, 2004), we additionally
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performed model selection based on Akaike’s information criterion (AIC) and Akaike
weights (wi; Burnham and Andersson, 2002). AIC measures were calculated using the Rpackage “AICcmodavg” (Mazerolle, 2010).

Results
Mark-resight study
From the 455 individuals marked, 48% were resighted at least once (63% in D, 54% in B
and 30% in E). Some marked individuals were resighted up to eight times. Movement
was only observed within single streams, no individual changed between stream systems.
Twenty-two individuals (4.8%) changed between stream sections, covering distances of
100-500 m. Hence, we only recorded movement along connected reproductive habitat,
commonly believed to be suitable dispersal habitat. Longevity was on average nine days
over all sites. Maximum longevity was observed at stream B, where we resighted two
individuals 36 days after marking.

Model A

Model B

Fig. 2. Dispersal paths (black lines) for two dispersal models of Coenagrion mercuriale, drawn
for two example populations (circles). Grey lines depict the reproductive habitat of C. mercuriale
(i.e. above ground streams). Model A assumes dispersal along a straight line and Model B stands
for dispersal along streams. Arrows show gaps within habitat along dispersal path B.
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Table 1. Multiple regression results of two dispersal models (A and B) for three distance classes
among populations of Coenagrion mercuriale from Switzerland. Significance and sign (in
brackets) of each regression coefficient, model fit (R2) and Akaike weights (AICwi) are given for
each model. P-values: *** ≤ 0.001, ** ≤ 0.01, * ≤ 0.05
(A) FST ~ dstraight
2

(B) FST ~ dstream + dgap

Distance class

dstraight

R

AICwi

dstream

dgap

R2

AICwi

0-1.5 km

(+) *

0.24 *

0.08

(+) *

(+) **

0.42 **

0.92

1.5-3 km

(+) *

0.18 *

0.15

-

(+) ***

0.31 **

0.85

> 3 km

(+) *

0.13 *

0.96

-

-

0.05

0.04

Dispersal paths
Multiple linear regression models showed different results for each of the three distance
classes (matrix cost = 1000; Table 1). For distance class 0-1.5 km, model B, which
represented paths along streams, was highly supported according to Akaike weights (wi =
0.92) and model fit (R2 = 0.42). Furthermore, both variables (dstream and dgap) were
significantly and positively correlated with pairwise genetic distances (FST). Models for
distance class 1.5-3 km showed a similar but less pronounced pattern. However, dstream
was not significant in the most supported model B (wi = 0.85; Table 1). For distances > 3
km, R2-values were generally lower, but only model A, presuming straight-line
movement was significant (R2 = 0.13; Table 1). It showed a significant correlation of
straight-line distance with genetic distance. Models on least cost paths based on different
matrix cost values (i.e. 50, 100 and 500) showed essentially the same results (Table S1).

Discussion
Dispersal distances and longevity
We found a high resighting rate of marked individuals (i.e. 48%) compared to other
studies on C. mercuriale that were performed in southern England. Rouquette and
Thompson (2007a), for instance, recaptured 31% of 8708 marked mature males,
surveying 7.65 km of ditches during 42 days in a study area with three sites occupied by
C. mercuriale, separated from each other by 3 km. Purse et al. (2003) achieved recapture
rates of 29% and 31% for totally 4935 marked males and females at two different sites
during an observation period of at least 50 days. The mean minimum (nine days) and the
maximum life span (36 days; i.e. the maximum number of days between marking and last
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resight) detected in our study exceeded those recorded in studies from southern England.
Purse et al. (2003) found a mean life span of seven to eight days, and Rouquette and
Thompson (2007a) recaptured marked individuals after a maximum of 29 days. However,
we may have overestimated the mean life span as we did not visit the sites every day.
Newly marked individuals, which might have died in the first one or two days after
marking were thus not recorded in the present study.
Our mark-resight study detected a maximum movement distance of 500 m and found that
this short-distance dispersal was restricted to the preferred (reproductive) habitat of C.
mercuriale. In contrast, genetic analysis showed low global genetic differentiation and
low genetic differentiation among adjacent populations (Keller et al., 2012). Thus,
genetic analysis suggested that dispersal over larger distances occurred occasionally and
populations were (at least historically) well connected. Two possible explanations can be
given for the different results from mark-resight and genetic analyses. First, low genetic
differentiation can be maintained by only few migrants (Wright, 1943), which are
difficult to detect in a mark-resight study, especially if only a small proportion of
individuals within local populations were marked (Hassall and Thompson, 2012). A
study in southern England, where 8708 individuals of C. mercuriale had been marked,
found a three times higher maximum movement distance of 1790 m (Rouquette and
Thompson, 2007a). However, Rouquette and Thompson (2007a) only found very few
recaptured individuals moving farther than 500 m (1.3%). Translated to our study with
220 individuals resighted, the 1.3% rate detected by Rouquette and Thompson (2007a)
would result in only three far-moving individuals in our study, which could easily have
been overlooked. This was also indicated by a study evaluating mark-recapture estimates
of dispersal in C. mercuriale (Hassall and Thompson, 2012). The study found that
detected maximum dispersal distances are mainly related to the number of recaptured
individuals and the time length of the study. Interestingly, the extent of the study area
was suggested to play an only minor role. Therefore, it is necessary to mark a large
number of individuals in order to increase the chance of recapturing a substantial number
of individuals. Furthermore, marked individuals should be observed for a long enough
time period, as done in the present study. The potential of C. mercuriale to move farther
than 500 m in our study area is supported by the finding of a recently established
population more than 1 km away from the closest colonised stream (C. Forrer, Büro
Kappeler, Berne, unpubl. data). A second reason for the different dispersal distances
detected by mark-resight and genetic analyses in our study might be the fact that we only
observed adult male damselflies, and that females and tenerals would move further and
more often. Nevertheless, earlier studies found no difference in dispersal distances
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between sexes of C. mercuriale (Purse et al., 2003; Rouquette and Thompson, 2007a),
although long-distance dispersal of C. mercuriale tenerals has not specifically been
investigated.
Dispersal paths
The genetic analysis, based on R2-values and AIC weights of statistical models
explaining pairwise FST-values among populations, found that short and medium distance
(< 3 km) dispersal behaviour differs from long distance (> 3 km) dispersal behaviour. R2values generally favour models with more predictor variables (Johnson and Omland,
2004) and AIC values can be inflated by the non-independence of observations such as in
distance matrices (Burnham and Andersson, 2002). Nevertheless, if both measures, i.e.
AIC weights and R2-values, show congruent results, as we found for the models in the
present study, one can assume that these results are valid.
For short distances, model B, assuming paths along streams, clearly outperformed model
A, based on straight-line geographic distance. For this model, we also found a high model
fit (R2 = 0.42), providing good support for dispersal along streams. This result is also
supported by findings of mark-recapture studies on C. mercuriale that recorded dispersal
along streams up to 1.8 km (Hunger and Röske, 2001; Rouquette and Thompson, 2007a).
Furthermore, the additional highly significant positive correlation of the variable distance
through matrix (dgap) in model B, showed that gaps within continuous habitat (length ≤ 1
km) act as barriers for short-distance dispersal. For long distances (> 3 km), model A
representing dispersal along straight lines had higher support than model B. However,
model fit was markedly lower (R2 = 0.13). Possibly, individuals use various movement
paths when moving over long distances and straight-line paths give the best averaged
representation of the landscape encountered by the dispersing individuals. Different
behaviour in short- and long-distance dispersal was reported in previous studies on
odonates (Stettmer, 1996; Purse et al., 2003; Ward and Mill, 2007), but also on other
species such as tree frogs (e.g. Angelone et al., 2011). While our genetic study indicated
dispersal along streams for distances up to 1.5 km, Purse et al. (2003) detected overland
dispersal already at 300 m in a mark-recapture study on C. mercuriale. Several possible
explanations for this discrepancy can be given. First, the number of population pairs
limited the definition of different distance classes in the present study. In particular, as
only few population pairs were less than 1.5 km apart from each other, the threshold
could not be set below 1.5 km. However, even if the threshold could have been lowered,
significance and model fit of model B would most likely even increase compared to
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model A. Second, the studies were conducted in different landscapes and the influence of
the particular study landscape might have caused the different thresholds. It has, in fact,
been shown that landscapes have a substantial impact on dispersal behaviour in animals
(e.g. Taylor and Merriam, 1995; Anderson et al., 2010). Third, different measures of
dispersal, i.e. direct mark-recapture or indirect genetic measures like pairwise FST-values,
might give different results. As indirect genetic measures also reflect past dispersal
events and only assess dispersal that results in mating and gene flow, they might come up
with different dispersal distances than mark-recapture studies that directly track
contemporary movements.
Different dispersal behaviour across short and long distances has also been found in other
insects (e.g. in a butterfly; Hovestadt et al., 2011) and has been suggested in other
landscape genetic studies (Segelbacher et al., 2010; Storfer et al., 2010). Until now, most
landscape genetic analyses have focused on only one general dispersal type and have not
distinguished between distance classes. For instance, corridor analysis (Emaresi et al.,
2011) assumes more or less straight-line dispersal and detects landscape effects within a
straight buffered line between populations. Hence, for short-distance dispersal this
approach would have erroneously considered the landscape along straight-lines instead of
the landscape along streams to explain genetic differentiation. It therefore seems to be
important that dispersal studies first identify different types of movement and analyse
each type separately.
Conclusions
Our study showed that short-distance (≤ 500 m) within-habitat dispersal frequently
occurs between local populations of C. mercuriale and that it can be detected in markrecapture studies. A landscape genetic analysis indicated that dispersal being restricted to
reproductive habitat even occurs over larger distances (≤ 1.5 km). Moreover, populations
were more differentiated when the habitat was not continuous and matrix had to be
crossed. On the contrary, long-distance dispersal events (3-4.5 km) could only be
detected with genetic analysis and most likely occur only rarely. This long-distance
dispersal is, however, important for maintaining functional connectivity in fragmented
landscapes and for counteracting genetic isolation of more distant populations and
enabling re-colonisations of isolated sites. The results of the present study suggest that
short- and long-distance dispersal should be differentiated when planning connectivity
measures in conservation management for C. mercuriale. Habitat maintenance and
connection of present populations by restoring contiguous streams will enhance short37
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distance dispersal within streams. As these short-distance dispersal events occur
regularly, especially if the habitat is continuous, restored sites will most likely be
colonised after a short time. In contrast, long-distance dispersal only occurs rarely, but
does not depend on continuous habitat. Long-distance dispersal resulting in mating and
gene flow was suggested to be characterised by higher directionality, following more or
less a straight line. A previous study has detected landscape elements that enhance or
hinder dispersal for this movement type in C. mercuriale (Keller et al., 2012). This study
showed that areas of forest and substantial elevation change, such as hilly landscape,
were barriers, but that open agricultural land enhanced dispersal and gene flow. Thus, the
findings of the present study complement the existing knowledge on dispersal of C.
mercuriale. Moreover, it shows how the combination of mark-resight and landscape
genetic studies may enhance the understanding of insect dispersal in fragmented
landscapes. In particular, the identification of different dispersal habitats for short- and
long-distance dispersal helps planning conservation measures for threatened species.
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Supporting information

Table S1. Multiple regression results of two dispersal models (A and B) for three distance
classes and four matrix cost values among populations of Coenagrion mercuriale from
Switzerland. Significance and sign (in brackets) of each regression coefficient, model fit (R2) and
Akaike weights (AICwi) are given for each model. P-values: *** ≤ 0.001, ** ≤ 0.01, * ≤ 0.05
(A) FST ~ dstraight

(B) FST ~ dstream + dgap

Cost
matrix

Distance
class

dstraight

R2

AICwi

dstream

dgap

R2

AICwi

50

0-1.5 km

(+) *

0.24 *

0.07

(+) *

(+) **

0.43 **

0.93

50

1.5-3 km

(+) *

0.18 *

0.15

-

-

0.31 **

0.85

50

> 3 km

(+) *

0.13 *

0.87

-

-

0.10

0.13

100

0-1.5 km

(+) *

0.24 *

0.08

-

(+) *

0.42 **

0.92

100

1.5-3 km

(+) *

0.18 *

0.14

-

(+) **

0.31 **

0.86

100

> 3 km

(+) *

0.13 *

0.95

-

-

0.06

0.05

500

0-1.5 km

(+) *

0.24 *

0.08

(+) *

(+) *

0.42 **

0.92

500

1.5-3 km

(+) *

0.18 *

0.15

-

(+) **

0.31 **

0.85

500

> 3 km

(+) **

0.13 **

0.96

-

-

0.05

0.04

1000

0-1.5 km

(+) *

0.24 *

0.08

(+) *

(+) **

0.42 **

0.92

1000

1.5-3 km

(+) *

0.18 *

0.15

-

(+) ***

0.31 **

0.85

1000

> 3 km

(+) *

0.13 *

0.96

-

-

0.05

0.04
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Abstract
Landscape genetic approaches were used to assess functional connectivity of populations
of the endangered damselfly Coenagrion mercuriale in a fragmented agricultural
landscape in Switzerland. Spatial genetic clustering methods combined with interpolation
by kriging and landscape genetic corridor analysis were applied to identify landscape
elements that enhance or hinder dispersal and gene flow.
Spatial genetic clustering analysis divided the sampled populations into a northern and a
southern genetic group. The boundary between the two groups coincided with a hill ridge
intersecting the study area. Landscape corridor analysis identified four landscape
elements that significantly affected gene flow. Elevation change, Euclidian distance,
patches of forest and flowing water bodies acted as barriers, whereas open agricultural
land enhanced gene flow between populations of C. mercuriale.
The present study showed that movement of C. mercuriale was not restricted to its
preferred habitat (i.e. streams). Populations linked via continuous open agricultural land
were functionally well connected if they were not more than about 1.5 to 2 km apart. In
contrast, substantial elevation change and larger forest patches separated populations.
These findings may serve as a basis to define conservation units and should be
considered when planning connectivity measures, such as determining the locations of
stepping stones, or the restoration of streams.

Keywords: conservation, dispersal, fragmentation, landscape genetics, Odonata
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Introduction
Traditional European agricultural landscapes provided habitats for many insect species,
including freshwater species such as dragonflies and damselflies. However, due to
management intensification during recent decades (Stoate et al., 2001), many species
have become threatened through habitat fragmentation and isolation of remaining
populations (Fahrig, 2003). To counteract these negative trends, various conservation
strategies have been undertaken that focus on the preservation or restoration of remaining
habitat patches as well as measures that enhance connectivity (Reed, 2004). Conservation
management of dragonflies and damselflies is mainly focussed on the preservation and
restoration of habitats (Wildermuth and Küry, 2009), but little is known about population
connectivity. In the present study, we assess connectivity in a rare damselfly inhabiting
streams in an agricultural landscape.
Connectivity can be estimated in a structural or a functional way. Whereas structural
connectivity is based on the analysis of landscape elements and their spatial
configuration, functional connectivity considers the behavioural response of a species to
landscape elements by measuring dispersal and gene flow (Tischendorf and Fahrig,
2000a, b). Dispersal in aquatic insects usually consists of movement by flight at the
imaginal terrestrial life stage occurring within and between streams as well as movement
by drift at the larval aquatic stage within streams (Bilton et al., 2001). At both life stages,
dispersal can be quantified either directly by observation or mark-recapture studies or
indirectly by genetic methods (Bilton et al., 2001; Clobert, 2001). The main disadvantage
of mark-recapture studies is that rare, long-distance dispersal events are difficult to detect
(Allendorf and Luikart, 2007) and that dispersal distances are often underestimated (Van
Dyck and Baguette, 2005; Kamm et al., 2009). This is especially the case for the adult
life stage of freshwater insects, as has been shown for dragonflies (Keller et al., 2010).
To overcome these limitations, genetic methods can be used to investigate historical or
contemporary dispersal and gene flow (Manel et al., 2005). For many freshwater insects,
population genetic structure has helped uncover species-specific dispersal patterns
(Hughes et al., 2009). For instance, genetic structure showed widespread adult dispersal
in an ephemeropteran species (Hughes et al., 2000). In contrast, limited adult dispersal
was detected in a plecopteran species, and larval dispersal seemed to be predominant
(Schultheis et al., 2002). Such knowledge on the dispersal potential of species is essential
to develop successful conservation strategies. However, it is important to identify those
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landscape elements that either enhance or hinder dispersal and gene flow in aquatic
insects.
The field of landscape genetics provides tools to detect the role of landscape in species’
dispersal patterns by correlating population genetic parameters with landscape elements
(Segelbacher et al., 2010; Storfer et al., 2010). While the majority of landscape genetic
studies has been performed on vertebrates in terrestrial ecosystems (Storfer et al., 2010),
few analyses have been carried out on freshwater insects (e.g. Emaresi et al., 2011). Even
fewer studies have considered landscape effects on dispersal and gene flow at the adult
life stage (but see Wilcock et al., 2007). Spatial genetic clustering methods, which are
based on assignment tests (Manel et al., 2005), have been widely used in studies on
freshwater insects (e.g. Chaput-Bardy et al., 2008; Emaresi et al., 2011) to give a first
impression of levels of gene flow. When clustering methods are combined with
geostatistical surface interpolation (e.g. spatial kriging; Ripley, 1981), major landscape
barriers to gene flow can be located (e.g. Murphy et al., 2008; Row et al., 2010).
Nevertheless, to identify landscape elements that enhance or hinder gene flow, additional
landscape genetic methods can be applied, such as least-cost path analysis (Adriaensen et
al., 2003). Least-cost path analysis requires expert knowledge on species-specific
dispersal behaviour to derive movement costs, which are then translated into resistance
surfaces. Subsequently, least-cost paths between pairs of populations are calculated. A
study on a blackfly (Finn et al., 2006), for instance, tested effective distances based on
resistance surfaces, which included several landscape elements thought to be important
for insect flight (e.g. difference in elevation or dispersal along streams). By assessing
how well effective distances explain genetic distances, conclusions are drawn about the
inhibiting or enhancing effect of the landscape elements in the resistance surface.
However, the relative contribution of an individual landscape element in determining the
least-cost path is unknown. Additionally, least-cost path analysis requires a priori
knowledge of species’ movement behaviour. This information is often not available. In
contrast, an alternative method called strip, transect or corridor analysis (Lindsay et al.,
2008; Pavlacky et al., 2009; Angelone et al., 2011; Emaresi et al., 2011) does not require
such a priori knowledge, and the effect of each landscape element on gene flow can be
assessed separately. In this type of analysis, straight lines, connecting pairs of
populations, are buffered to form corridors. Subsequently, landscape elements within
these corridors are quantified and serve as predictor variables for gene flow estimates.
Despite its advantages, transect analysis has rarely been used in studies on freshwater
insects. One exception is a study on two caddisflies, which assessed the effect of
geological features along transects on genetic differentiation (Wilcock et al., 2007).
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In the present study, we analysed the effects of a fragmented agricultural landscape on
dispersal and gene flow at the adult life stage of the rare damselfly Coenagrion
mercuriale, Charpentier. This atlanto-mediterranean species is mainly distributed in
western Europe and north-western Africa (Wildermuth et al., 2005). Coenagrion
mercuriale is threatened in most of its distribution area and listed in Annex II of the
Berne Convention and the EC Habitats and Species Directive. In Switzerland, the species
is critically endangered (Swiss Red List; Gonseth and Monnerat, 2002). In agricultural
landscapes, C. mercuriale is mainly found along slow-flowing, summer-warm streams
and ditches (Sternberg et al., 1999). Previous studies have shown that various habitat
characteristics have a positive effect on the density of C. mercuriale (e.g. Sternberg et al.,
1999; Rouquette and Thompson, 2005; Hepenstrick, 2008; Koch et al., 2009). Among
these are abundant water vegetation (bankside, emerging and wintergreen submerged
vegetation), stream substrate consisting of silt and permanent flowing open water. In
contrast, the presence of shading trees and bushes has a negative impact on the density of
C. mercuriale.
Several mark-recapture studies and genetic analyses have shown that C. mercuriale is a
sedentary species with low dispersal ability (e.g. Watts et al., 2007). The recorded
maximum movement distance of marked individuals is 1790 m (Watts et al., 2004a;
Rouquette and Thompson, 2007), while genetic studies indicated dispersal up to 2 km
and rather high migration rates (Watts et al., 2006). The latter result is supported by an
observation of C. mercuriale up to 3 km away from the closest reproductive habitat
(Hunger and Röske, 2001). In addition, several landscape elements have been identified
that seem to facilitate, hinder or have no effect on the movement of C. mercuriale. Over
short distances, movement was found to be restricted to reproductive habitat (Hunger and
Röske, 2001; Rouquette and Thompson, 2007), and high ground and scrub vegetation
seem to act as barriers (Purse et al., 2003; Watts et al., 2006). In contrast, a motorway, a
railway and a large river had no measurable impact on the dispersal of C. mercuriale
(Watts et al., 2004a). Overall, however, little is known about the dispersal of C.
mercuriale at the landscape level, and no detailed landscape genetic study has been
performed thus far.
In the present study, we conducted a landscape genetic analysis to (i) assess functional
connectivity between populations of C. mercuriale by examining their spatial genetic
structure and to (ii) identify whether landscape elements, in addition to geographic
distance, have an inhibitory or enhancing effect on dispersal and gene flow. For this
purpose, we combined genetic clustering methods and interpolation by kriging with
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landscape corridor analysis. The study was carried out in a fragmented agricultural
landscape in Switzerland that consisted of several stream systems in which all C.
mercuriale populations had previously been mapped and monitored.

Methods
Study area and sampling
Our study area was located in the Oberaargau region on the Swiss plateau (Fig. 1), which
is dominated by intensive agriculture with crop fields, pastures, meadows, settlements
and forest patches. Nevertheless, several rare species occur in this area, and it has
therefore been designated as a Swiss Smaragd area (Delarze et al., 2003; Hedinger,
2009). Smaragd is the Swiss equivalent of the European Union Natura2000 framework
and comprises a national network of designated areas that are established to protect
threatened and rare animals, plants and habitats. One of the focal species of the
Oberaargau Smaragd area is the southern damselfly Coenagrion mercuriale (Odonata:
Coenagrionidae). Here, this damselfly species occurs along several stream systems
composed of slow-flowing, unshaded streams across an area of about 120 km2 (Fig. 1). In
2008, all existing populations of C. mercuriale had been recorded and the local habitat
preferences of the species were analysed (Hepenstrick, 2008).
Samples of C. mercuriale for genetic analysis were collected from all known populations
in the Oberaargau (Hepenstrick, 2008) towards the end of the mating season in 2009 (mid
to end of July). Depending on local population size, we sampled up to 45 individuals
from each continuous section of stream (i.e. stream section not interrupted by roads,
bridges or houses). Coordinates were recorded for the centre of each section. We
collected mid-leg tibiae of males only, since the proportion of females at streams was low
and handling of females could have damaged their wing surfaces, which might
subsequently have hindered underwater respiration during oviposition. Where fewer than
30 individuals were found, all males present were sampled. In total, tibiae of 450
individuals from 19 stream sections were collected (Table 1; Fig. 1). Tibiae were
immediately placed in 100% ethanol and subsequently stored at -20 °C in the dark.
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B0
B2
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B8
C4
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C3
C1
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D0
D3
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E1
E2
E3

D7

G

H

Fig. 1. Occurrences of Coenagrion mercuriale in the Oberaargau region of Switzerland (black
lines). Grey lines represent above-ground streams. Triangles indicate sampling locations where
more than ten individuals could be sampled, circles give locations with less than ten individuals
sampled. The inset shows the location of the study area within Switzerland.

Genetic analysis
Samples were lyophilized and ground in an MM300 mixer mill (Retsch, Haan, Germany)
for 4 min. DNA extraction was performed with the DNeasy Blood and Tissue Kit
(Qiagen, Hilden, Germany) following the manufacturers’ instructions with the
recommended changes for insects. As tibiae of damselflies are only a few millimetres in
length, only half the volume of the recommended quantities of extraction chemicals was
used, and DNA was eluted twice with 75 µl elution buffer.
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Table 1. Sample sizes and genetic diversity measures for populations of Coenagrion mercuriale
in Switzerland (for sampling locations see Fig. 1). For all larger populations (with a sample size
≥ 10), observed (Ho) and expected (He) heterozygosity, allelic richness (Ar), inbreeding
coefficient (FIS) and the P-value for test of Hardy-Weinberg equilibrium are given.
Population Sample
size

Ho

He

Ar

FIS

HWE test

A

33

0.476

0.456

2.960

-0.043

0.904

AS

4

-

-

-

-

-

B0

36

0.455

0.483

3.096

0.058

0.123

B2

45

0.465

0.505

3.312

0.080

0.316

B7

12

0.596

0.540

3.531

-0.104

0.892

B8

9

-

-

-

-

-

C1

1

-

-

-

-

-

C3

23

0.525

0.517

3.014

-0.016

0.989

C4

4

-

-

-

-

-

CS

15

0.457

0.478

2.747

0.044

0.485

D0

35

0.507

0.497

2.887

-0.021

0.965

D3

15

0.478

0.509

3.193

0.060

0.906

D7

29

0.468

0.496

2.930

0.055

0.700

E1

39

0.526

0.492

2.852

-0.068

0.973

E2

12

0.569

0.505

2.786

-0.128

0.995

E3

33

0.485

0.486

2.873

0.002

0.594

F

6

-

-

-

-

-

G

2

-

-

-

-

-

H

10

0.458

0.479

3.000

0.043

0.893

I

33

0.467

0.460

2.866

-0.016

0.930

J

16

0.453

0.46

2.889

0.015

0.902

For genotyping, we used twelve species-specific microsatellite markers published by
Watts et al. (2004b): LIST4-002, LIST4-023, LIST4-024, LIST4-031, LIST4-034,
LIST4-035, LIST4-037, LIST4-042, LIST4-060, LIST4-062, LIST4-063, LIST4-066.
PCR was performed in 10 µl reaction volumes with 2x Multiplex Mix (Qiagen, Hilden,
Germany) following the protocol described in Keller et al. (2009). Fragments were
analysed on an ABI 3730xl sequencer (Applied Biosystems, Carlsbad, California, USA)
and genotyped with GENEMAPPER 3.7 (Applied Biosystems, Carlsbad, California,
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USA). Genetic diversity measures were calculated in GENETIX v.4.05 (Ho, He; Belkhir
et al., 1996-2004) and FSTAT 2.9.3.2 (Ar, FIS; Goudet, 1995). Tests for population-based
linkage disequilibrium (LD) and Hardy-Weinberg equilibrium (HWE) as well as pairwise
genetic differentiation (FST; Weir and Cockerham, 1984) were assessed with GENEPOP
4.0.10 (Raymond and Rousset, 1995). As most landscape genetic studies (Storfer et al.,
2010), we used FST as a measure of gene flow. Note that FST-values were highly
correlated (Pearson r ≥ 0.95) to other genetic distance measures (Dest, Gest, GHedrick; Table
2). As FST is an effective measure for genetic structure (Whitlock and McCauley, 1999),
it can indirectly be interpreted as (past) gene flow (Spear et al., 2005; Emaresi et al.,
2011). Slightly negative FST-values were set to 0. Populations were grouped for global
HWE and LD tests, and global FST was calculated in FSTAT 2.9.3.2 (Goudet, 1995).
Clustering analysis
Individual-based Bayesian genetic clustering methods group individuals into clusters
aiming to maximise Hardy-Weinberg equilibrium and minimise linkage disequilibrium
within clusters. We performed clustering analysis with TESS v.2.3 (Chen et al., 2007)
with the default spatial interaction parameter (h = 0.6) and irregular sampling adjustment
(including geographic distances). The admixture model (CAR) was run ten times for each
potential number of clusters (Kmax) ranging from Kmax = 2-6 with a total of 500 000
sweeps and a burn-in of 100 000 sweeps. Model selection using the deviance information
criterion (DIC) did not clearly indicate a most likely Kmax. However, we only found small
standard deviations of DIC (Fig. 2) and high and consistent individual cluster
membership probabilities for Kmax = 2. For Kmax = 3, for instance, cluster membership
probabilities were lower than 0.15 for the third cluster. Therefore, we used the clustering
results for Kmax = 2 to calculate the means of all estimated cluster membership
coefficients from 20 runs, after correcting for label switching by permuting individuals
(Jakobsson and Rosenberg, 2007). With the kriging technique the membership means of
both clusters were interpolated across the study area using the “Krig” function of the Rpackage “fields” (Furrer et al., 2010) in R (R Development Core Team, 2011). For both
clusters, a separate grid was created (ARCGIS 9.3.1; ESRI, Redlands, California, USA)
where each cell represented either the calculated (TESS) or the interpolated cluster
membership proportion. Both grids were then combined by assigning to each cell the
higher cluster membership value of the two grids. The resulting combined grid was then
overlaid on a land-cover and topographic map (i.e. the overlay approach of landscape
genetics; Storfer et al., 2010).
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Table 2. Correlations among different genetic distance measures calculated for populations of
Coenagrion mercuriale.

Genetic distance Genetic distance Pearson
Spearman
measure 1
measure 2
correlation correlation
FST

G’ST

0.991

0.990

FST

GST

0.985

0.986

FST

Dest

0.985

0.980

G’ST

GST

0.972

0.975

G’ST

Dest

0.997

0.993

GST

Dest

0.954

0.955

18100
18000
DIC

17900
17800
17700
17600
17500
0

2

4

6

8

K

Fig. 2. Estimation of number of clusters (Kmax) for populations of Coenagrion mercuriale: mean
deviance information criterion plot (DIC) from TESS analysis.
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Corridor analysis
In order to assess the potential role of landscape elements that may be impeding or
enhancing gene flow between populations of C. mercuriale, we performed a corridor
analysis (e.g. Emaresi et al., 2011). We chose straight-line corridors because the
monotonic correlation between pairwise FST-values and straight-line distances was
markedly higher (Spearman’s ρ = 0.479) than the correlation between FST and distance
along streams (ρ = 0.316), the latter being a potential movement habitat of C. mercuriale.
We limited our analysis to the 15 populations that consisted of at least ten analysed
individuals (Fig. 1). Between all pairs of these 15 populations (105 pairs), corridors with
widths of 50, 100, 200 and 300 m were drawn. Within each corridor, several landscape
elements potentially influencing dispersal and gene flow were quantified. We chose
landscape elements encountered by imaginal damselflies, as larval dispersal restricted to
streams has been previously reported to be of minor importance (Watts et al., 2004a).
Areas of flowing water, forest, buildings, roads and agricultural land within the corridors
were derived from a vectorized land-cover map (vector25, resolution = 10 m; Swisstopo,
Wabern, Switzerland; Table 3). We used the proportion of the area of each of these
landscape elements per total corridor area (m2 m-2). Cumulative elevation change (i.e. the
total vertical distance along the central line of each corridor) was calculated from a
digital terrain model (resolution = 2.5 m; Swisstopo, Wabern, Switzerland) using
“Surface Tools” (Jenness, 2008) in ARCVIEW 3.x (ESRI, Redlands, California, USA).
All landscape measures as well as Euclidian distance were specified as predictor
variables in regression models. Measures of proportions were arcsin-transformed and
distances were log-transformed (Table 3). Pairwise genetic distance between populations
(FST) was specified as the response variable.
We first determined the most representative corridor width using multiple linear
regression analysis on distance matrices (Lichstein, 2007), which is rarely used in
landscape genetic studies although its application is highly recommended (Storfer et al.,
2007; Balkenhol et al., 2009; Jaquiery et al., 2011). The “MRM” function implemented
in the R-package “ecodist” (Goslee and Urban, 2007; Lichstein, 2007) was used to test
for significance of regression coefficients and R2-values by permuting the response
genetic distance matrix in order to take the non-independence of observations in distance
matrices into account. We calculated regression models for each corridor width, each
with 10 000 permutations. The most representative corridor width was determined by the
best fitting model (i.e. the one with the highest R2-value).
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Table 3. Landscape elements used as predictor variables in multiple linear regression on distance
matrices on 15 populations of Coenagrion mercuriale in Switzerland. For each landscape
element, description, input format and type of transformation is given.
Element

Description

Input format

Transformation

Flowing
water

Above-ground flowing water,
without large rivers (buffer: 1 m)

Area of flowing water /
area of corridor (m2*m-2)

arcsin

Roads

Busy traffic roads, width ≥ 4 m
(buffer: 2 m)

Area of roads / area of
corridor (m2*m-2)

arcsin

Buildings

All buildings

Area of buildings / area
of corridor (m2*m-2)

arcsin

Forest

All forests

Area of forest / area of
corridor (m2*m-2)

arcsin

Agriculture Agricultural land (e.g. meadows,
pastures, crop fields)

Area of agriculture / area
of corridor (m2*m-2)

arcsin

Elevation

Cumulative elevation change
along straight-line

Elevation change / area
of corridor (m2*m-2)

arcsin

Distance

Straight-line distance

Length (m)

log

After having selected the full model with the most representative corridor width, we
additionally considered reduced regression models and selected the most supported
model using Akaike’s information criterion (AIC; Burnham and Andersson, 2002). AIC
is a useful indicator to determine the likelihood of models with varying numbers of
predictor variables. Note that AIC values are not corrected for the non-independence of
observations and interpretation has therefore to be done with care (Burnham and
Andersson, 2002). We performed automated model selection using the “dredge” function
of the R-package “MuMIn” (Barton, 2011), which calculates AIC values for models with
all possible combinations of predictor variables and ranks them based on AIC. The
relative importance (Burnham and Andersson, 2002) of each predictor variable was then
calculated based on AIC-weights (“importance” function in “MuMIn”).

Results
Tests for global linkage disequilibrium were significant (P < 0.05) for four pairs of loci.
However, there was no consistent pattern in tests within populations, and we therefore
assumed loci to be unlinked. Hardy-Weinberg equilibrium conditions were met both
globally and in all populations (FIS; P > 0.05; Table 1). Global genetic differentiation
among populations was low (FST = 0.043, range: 0.00-0.13).
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Clustering analysis detected two distinct genetic groups in our study area, a northern and
a southern group. When interpolating the two clusters by kriging (Fig. 3) and combining
and overlaying them on a land-cover and topographic map, the boundary between the two
groups coincided spatially with a continuous hill ridge intersecting the study area from
west to east (Fig. 3a). Furthermore, as a result of this hill ridge, there was no aboveground stream connecting the southern and the northern genetic groups (Fig. 3b). There
were no other landscape elements (e.g. forest) obviously coinciding with the boundary
between the two groups.
Multiple regression analysis on distance matrices with permutation testing showed
relatively high goodness of fit for all full models with different corridor widths with R2values ranging from 0.440 to 0.542 (Table 4). The best fit was found for the model with a
corridor width of 300 m. In this best model, straight-line distance proved to be a highly
significant predictor of genetic differentiation (P ≤ 0.001). The positive regression
coefficient denoted an increase of genetic differentiation (i.e. a decrease in gene flow)
with increasing straight-line distance (i.e. isolation by distance). The proportion of
flowing water and cumulative elevation change were also significantly and positively
correlated with FST-values. Hence, elevation was suggested as an important element
influencing gene flow as it already was in the clustering and overlay analysis (see above;
Fig. 3a). The only negative, but less significant regression coefficient (P ≤ 0.05) was
found for the proportion of agricultural land. Note, however, that this latter predictor had
a high negative monotonic correlation with the proportion of forest (Spearman’s ρ = 0.651). There were no strong correlations between any other predictor variables (ρ < 0.6
in all cases).
With automated model selection based on multiple regression, all subsets of the above
full landscape corridor model with 300 m width were calculated and ranked by Akaike’s
information criterion (AIC). The ten most likely models are summarised in Table 5 (i.e.
models within ΔAIC ≤ 10). All ten models were highly significant (P ≤ 0.0001; multiple
regression analysis with permutation testing), and all included the variables flowing
water, cumulative elevation change and straight-line distance. These landscape variables
were all positively correlated with genetic differentiation, indicating an increase of FST
with increasing proportion of each landscape element. Open agricultural land, which was
negatively correlated to FST, was represented in eight of the ten most likely models
(ΔAIC ≤ 4). The relative importance of these four landscape variables (flowing water,
cumulative elevation change, straight-line distance and open agricultural land) was high
(≥ 0.947 in all cases; Table 5). While the proportion of buildings was also relatively
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important and consistently positively correlated with genetic differentiation in the most
likely models (importance = 0.718), roads and forest were less important (importance ≤
0.5) and either positively or negatively correlated with FST-values, varying in different
models. For the predictor forest, highly negatively correlated with the variable agriculture
(see above), regression coefficients only had a positive sign when the variable agriculture
was not included in the same model (models 7, 9; Table 5).
Overall, models that included landscape elements in addition to distance outperformed
the simple isolation by distance model, where FST-values were only regressed against
straight-line distance (FST ~ log(Distance)). Model fit was markedly lower in this latter
model (R2 = 0.32) than in all full corridor models (R2 = 0.44-0.54) in all cases.
Furthermore, the ΔAIC of the isolation by distance model was high at 31.6, showing that
this model was much less likely than the best model.

(a)

(b)

Fig. 3. Results of spatial clustering and overlay analysis with a hill ridge and streams for
populations of Coenagrion mercuriale (circles) in the Oberaargau region of Switzerland (Fig. 1).
(a) Overlay of two genetic clusters with a hill ridge (crosshatched). (b) Overlay of genetic
clusters with above-ground flowing streams. The size of the area is 120 km2.
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Table 4. Multiple linear regression results of corridor analysis with different widths on
Coenagrion mercuriale in Switzerland. Model fit (R2), significance and the sign of regression
coefficients for each landscape element are given for four different corridor widths. Models are
ranked according to goodness of fit. P-values: *** ≤ 0.001, ** ≤ 0.01, * ≤ 0.05.
Corridor R2
width

Flowing Roads Buildings Forest
water

Agricul- Elevation
ture

Distance

300 m

0.542

(+) ***

-

-

-

(-) *

(+) ***

(+) ***

200 m

0.512

(+) ***

-

-

-

(-) *

(+) ***

(+) ***

100 m

0.464

(+) *

-

-

-

(-) *

(+) ***

(+) ***

50 m

0.442

-

-

-

-

(-) *

(+) **

(+) ***

Discussion
Genetic clusters
Bayesian spatial clustering identified two distinct genetic clusters in our study area
despite low global genetic differentiation among the populations of Coenagrion
mercuriale (FST = 0.043). The separation of the populations into a northern and a southern
cluster was probably caused by a hill ridge. We also considered the discontinuity of
streams, caused by this hill ridge, as the causal barrier to gene flow, but this was not
supported in the corridor analysis, where the absence of streams actually seems to have
facilitated dispersal and gene flow.
Clustering algorithms sometimes overestimate the number of clusters when there is, as in
our case, an isolation by distance pattern (Guillot et al., 2009). Finding two clusters with
a distinct spatial genetic pattern, however, implied that isolation by distance did not have
a strong influence on the number of clusters in our study system. In general, clustering
methods are useful tools to provide a first insight into spatial genetic structure, but they
are also thought to be only suitable to identify strong barriers with clear impacts on gene
flow (Holderegger et al., 2010).
Dispersal paths
Whether straight-line corridors with fixed widths incorporate the real movement paths of
individuals and whether the recorded landscape is relevant for gene flow is often
unknown (Spear et al., 2010). However, in our case, straight-line distance better
represented pairwise FST than distance along streams (see methods section), and we
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therefore discarded the assumption of dispersal being restricted to streams (Rouquette
and Thompson, 2007). Similarly, abundant overland dispersal has been found at the adult
life stage of other freshwater insects (e.g. Schmidt et al., 1995; Hughes et al., 1998). Also
for another damselfly, Calopteryx splendens, a combination of overland dispersal and
dispersal along watercourses has been detected (Chaput-Bardy et al. (2008). In fact, a
mark-recapture study with C. mercuriale (Purse et al., 2003) found that short-distance
movement only occurs along streams (< 300 m), whereas movement over larger distances
(300-600 m) is equally likely along streams and across mires and wet heath vegetation.
Thus, we assume that C. mercuriale actually uses different dispersal habitats for shortand long-distance dispersal (Purse et al., 2003). Straight-line corridors should therefore
provide a good representation for the movement of this species across larger distances.
Landscape elements hindering or facilitating gene flow
From the landscape genetic corridor analysis, we conclude that not only the distance but
also the landscape between populations of C. mercuriale has a significant effect on the
species’ genetic structure in our study area. However, whether these findings also apply
to other landscapes remains to be tested. Both, the statistical analysis on the full
regression model as well as the automated model selection on all subsets of this model
detected four landscape elements that consistently and significantly affected gene flow in
C. mercuriale: straight-line Euclidian distance, cumulative elevation change, proportion
of agricultural land and proportion of flowing water. As C. mercuriale is known to be
sedentary and only disperses across short distances (< 2 km; Rouquette and Thompson,
2007), an isolation by distance pattern was expected across our 120 km2 study area.
Isolation by distance has already been reported in previous studies on C. mercuriale
(Watts et al., 2004a; 2006). Watts et al. (2006) also found that higher ground was avoided
by this damselfly. In the present study, we detected elevation as a dispersal barrier in the
genetic clustering and overlay approach as well as in the corridor analysis. Damselflies,
in contrast to many dragonfly species, generally fly at low heights (Sternberg and
Buchwald, 1999) and might therefore be susceptible to landscape obstacles, such as hill
ridges.
Agricultural land was detected to enhance gene flow. However, this variable was highly
correlated with the variable forest (ρ = -0.651). Indeed, the removal of the predictor
variable agriculture from the full regression model led to a model in which the predictor
variable forest was significantly and positively correlated with FST-values (P < 0.05).
Additionally, in all subset models that excluded the predictor variable agriculture, the
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regression coefficient of forest had a positive sign. This indicates that forests may be
potential barriers to gene flow in C. mercuriale. Thus, the effects of the two landscape
elements agricultural land and forests on gene flow cannot be separated with certainty,
and similar results have to be interpreted with care (see also Angelone et al., 2011).
Nevertheless, the fact that shading trees are known to be avoided by C. mercuriale (e.g.
Koch et al., 2009) indicates that dispersal is more likely across open agricultural land
than through forests.
Surprisingly, we also found a positive correlation between genetic differentiation and the
proportion of streams within corridors, suggesting that gene flow is reduced if more
streams are present. A possible explanation of this counterintuitive result could be that
dispersing individuals of C. mercuriale are more likely to stay at encountered streams
than at any other landscape type, because streams represent potentially suitable
reproductive habitat. Adriaensen et al. (2003) previously proposed the idea of suitable
habitats hindering or blocking dispersal. The predictor variable buildings only showed a
barrier effect in the analysis based on automated model selection. As towns and villages
in the study area are small and interspersed with green areas and open water, they might
have a smaller impact on damselfly dispersal than larger towns or cities. In some studies
urban areas have been detected as barriers to insect dispersal (e.g. for a solitary bee;
Davis et al., 2010) while in other studies urban areas had no impact (e.g. for a butterfly
species; Leidner and Haddad, 2010). Busy roads had no effect on genetic differentiation
in C. mercuriale in our study. The low impact of roads may be due to the absence of
highways in the study area. Highways have repeatedly been shown to have an impact on
the genetic structure of animals (for instance, Balkenhol and Waits, 2009; Corlatti et al.,
2009; Holderegger and Di Giulio, 2010). Nevertheless, a previous study also found no
effect of a motorway on gene flow in C. mercuriale (Watts et al., 2004a).
Implications for conservation
In our study area, several conservation measures have been applied since 2009 to
maintain and enlarge existing populations of C. mercuriale. Extensively managed
meadow strips of at least 6 m width have been implemented on either side of streams.
Furthermore, weed control is carried out within streambeds and stream banks are mown
regularly using basket mowers. These measures mainly focus on habitat protection and
restoration, a main general goal of odonate conservation (Wildermuth and Küry, 2009).
However, in fragmented landscapes, where conservation strategies aim to enhance
connectivity, knowledge about species-specific dispersal characteristics is essential.
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Table 5. Automated model selection based on multiple regression analysis on all subsets of a full
landscape genetic corridor model (width = 300 m) for Swiss populations of Coenagrion
mercuriale. Models are ranked according to Akaike’s information criterion (AIC). Best models
(ΔAIC ≤ 10) are shown in detail, including the sign of regression coefficients, AIC, ΔAIC and
AIC weight. Additionally, relative variable importance of each landscape element in the most
likely models (ΔAIC ≤ 10) based on Akaike weights is shown.
Model

Flowing
water

Roads

Buildings

Forest

Agriculture

Elevation

Distance

AIC

ΔAIC

AIC
weight

1

+

n.i.

+

n.i.

-

+

+

-496.482

0

0.308

2

+

n.i.

n.i.

-

-

+

+

-495.358

1.125

0.175

3

+

-

+

n.i.

-

+

+

-495.261

1.222

0.167

4

+

n.i.

+

-

-

+

+

-494.677

1.806

0.125

5

+

-

n.i.

-

-

+

+

-493.432

3.050

0.067

6

+

-

+

-

-

+

+

-493.377

3.105

0.065

7

+

n.i.

+

+

n.i.

+

+

-491.945

4.538

0.032

8

+

n.i.

n.i.

n.i.

-

+

+

-491.620

4.862

0.027

9

+

-

+

+

n.i.

+

+

-491.103

5.380

0.021

10

+

+

n.i.

n.i.

-

+

+

-490.069

6.414

0.012

Importance

1.000

0.333

0.718

0.485

0.947

1.000

1.000

n.i.: landscape variable not included in model

Our study showed that the dispersal habitat of C. mercuriale is not restricted to its
reproductive habitat and that dispersal is possible across agricultural land. Therefore,
connectivity among populations from different stream systems is not necessarily
dependent on connections via streams, and populations are not a priori genetically
isolated from each other if they are separated by agricultural land. Thus, the maintenance
and restoration of streams may aid the maintenance and increase the densities of
populations of C. mercuriale, but is not decisive for the establishment of functional
connectivity.
We found that landscape elements and, above all, geographic distance have a significant
effect on gene flow in C. mercuriale, identifying Euclidian distance as an inhibitor to
gene flow. Nevertheless, the low global genetic differentiation in our study area (FST =
0.043) and the fact that pairwise FST-values among adjacent stream systems were mostly
low (FST < 0.045; data not shown), indicated recurrent gene flow even among populations
of different stream systems (< 4.5 km). However, it remains unknown whether such longdistance dispersal occurs regularly or only sporadically and whether genetic structure is
mainly the result of past gene flow or also characterises the present dispersal patterns in
the studied landscape. Rouquette et al. (2007) observed dispersal up to 1.8 km in a markrecapture study and, in our study area, a (re)colonisation event of a stream about 1.2 km
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away from all resident populations has recently been observed (C. Forrer, Büro Kappeler,
Berne; unpubl. data). We conclude, therefore, that dispersal can be expected between
populations up to 1.5-2 km apart. Probably rare dispersal events may even occur over
larger distances (< 4.5 km). Nevertheless, the implementation of stepping stone habitats
(i.e. the restoration of streams located between existing populations) would considerably
enhance connectivity over larger distances (> 2 km). Furthermore, when planning the
locations of stepping stones, the barrier effects of substantial elevation change, as well as
larger forest patches, should be considered, as these landscape elements will rarely be
crossed by C. mercuriale.
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Abstract
Stethophyma grossum is a threatened Eurosiberian grasshopper species. Since it is bound
to wetlands, S. grossum is often used as indicator for extensive wet meadows. To study
its movement capability and dispersal habitat in landscape genetic analyses, we
developed ten polymorphic microsatellite markers, making use of next generation
sequencing. Markers were tested on 75 individuals collected in five populations from
Switzerland. We found four to 18 alleles per locus. Observed and expected
heterozygosities varied between 0.215-0.893 and 0.397-0.831, respectively. One marker
seems to be sex-chromosome X-linked and one showed high null allele frequencies, a
phenomenon generally detected in microsatellite studies on grasshoppers.

Keywords: Conservation, Next generation sequencing, Orthoptera, SSRs, Stethophyma
grossum
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The large marsh grasshopper Stethophyma grossum (Linnaeus, 1758; Acrididae) is
distributed throughout Europe and Siberia and is strictly bound to wetlands (Baur et al.,
2006). Therefore, S. grossum is often used as an indicator species for extensively
managed wet meadows. Due to the decline and fragmentation of wet meadows during the
last decades, many populations of S. grossum have become spatially isolated or extinct.
In Switzerland, the species is currently red listed as vulnerable (Monnerat et al., 2007).
To plan effective conservation management strategies for this threatened grasshopper,
knowledge on its movement capabilities and dispersal habitat is required. Landscape
genetic approaches can help investigating these issues (Segelbacher et al., 2010).
Microsatellites have widely been used in these analyses, but no markers had been
available for species of the Stethophyma genus. Here, we describe the development of ten
polymorphic microsatellite markers for S. grossum, making use of next generation
sequencing (Csencsics et al. 2010).
DNA of one individual (tibia and tarsus) was extracted and shotgun sequenced (1/16th
run) at Microsynth AG (Balgach, Switzerland) using a Roche 454 Genome Sequencer
FLX with the Titanium sequencing kit XLR 70. Details can be found in Margulies et al.
(2005). We obtained a total of 52693 reads with an average read length of 355bp.
MSATCOMMANDER 0.8.2 (Faircloth, 2008) was used to search for di-, tri- and
tetranucleotides in unassembled sequences. We limited the search to dinucleotides of at
least eight, trinucleotides of at least ten and tetranucleotides of at least six repeats. A
large number of repeats (1059) matched with these criteria, and primers were designed
for 121 repeats using PRIMER3 (Rozen and Skaletsky, 2000). CLC SEQUENCE
VIEWER 6.0.2 (CLC bio Anhus, Denmark) was used to check the 121 sequences for
possible duplicate microsatellite loci. Three sequence pairs were matching and we thus
removed all duplicates, resulting in 118 repeats (84 di-, 21 tri-, 22 tetranucleotides).
Finally, fifty sequences were chosen for further testing. DNA was extracted from
grasshopper legs (tibia and tarsus), which were stored in 100% ethanol at -20°C in the
dark after collecting. Samples were first lyophilised, ground with an MM300 mixer mill
for 4min (Retsch) and then extracted using the DNeasy Blood and Tissue Kit (Qiagen)
according to the manufacturer’s protocol including the changes recommended for insects.
As tibiae of mid legs were only small, half of the recommended quantities of extraction
chemicals were taken, and elution was performed twice with each 75µl elution buffer.
Seven samples, all collected in different populations in central Switzerland, were used for
preliminary testing of all 50 microsatellite markers. Microsatellite amplification was
performed with the M13 method (Schuelke, 2000). PCR reaction volumes (10µl)
contained approximately 0.7ng of diluted genomic DNA, 5µl 2× Multiplex Mix (Qiagen),
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ddH2O, 0.01µM of forward primer and 0.15µM of each reverse and universal FAMlabelled M13 primers (Schuelke, 2000). Amplifications were run on ABI Verity
thermocyclers (Applied Biosystems) with polymerase activation at 94°C for 15min,
followed by 30 cycles of 94°C for 30s, 60°C for 90s and 72°C for 60s, and an additional
eight cycles of 94°C for 30s, 53°C for 90s and 72°C for 60s, followed by a final
elongation step at 72°C for 30min. Fragments were analysed on an ABI 3130 sequencer
(Applied Biosystems) and electropherograms were scored with GENEMAPPER 3.7
(Applied Biosystems). Only ten out of the 50 markers tested were polymorphic and
showed clear and reproducible patterns. We tested these ten markers on five populations
with 15 individuals each, collected in central Switzerland in an area of about 50km2.
Calculations of number of alleles per locus, observed and expected heterozygosities and a
test for linkage disequilibrium were performed in FSTAT 2.9.3.2. (Goudet, 1995).
Departure from Hardy-Weinberg equilibrium was tested in GENEPOP 4.0.10. (Raymond
and Rousset, 1995) using Fisher’s exact test. Frequencies of null alleles were estimated
for each marker with FREENA (Chapuis and Estoup, 2007).
For the five populations tested, we found four to eighteen alleles per locus (Table 1).
Observed and expected heterozygosities ranged from 0.215 to 0.893 and from 0.397 to
0.831, respectively. Linkage disequilibrium was detected for three primer combinations
(P ≤ 0.05), but they were no longer significant after Bonferroni correction (P ≥ 0.001).
Deviations from Hardy-Weinberg equilibrium were found for locus Sgr07 and Sgr29.
Locus Sgr29 seemed to be sex-chromosome X-linked. At this locus, males were all
homozygous while approximately 50% of females were heterozygous. Females of S.
grossum are XX and males X0 (Perry and Jones, 1974). For locus Sgr07, however,
deviations from Hardy-Weinberg equilibrium were probably caused by the presence of
null alleles (at a frequency ≥ 0.2; Table 1). High frequencies of null alleles are often
found in orthopteran species (e.g. Ustinova et al., 2006; Chapuis et al., 2008; Blanchet et
al., 2010). Thus, it is important to carefully check loci for the presence of null alleles in
each study and to exclude loci with high frequencies of null alleles.
Of the presented microsatellites, eight (excluding Sgr07 and Sgr29 for previously
mentioned reasons) will serve as markers for a landscape genetic study focussing on the
dispersal of S. grossum in a fragmented landscape. Results will help to develop
guidelines for the conservation management of this grasshopper species.
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Abstract
Many landscape genetic studies assess the impact of landscape elements on species’
dispersal and gene flow. Most of these studies simply analyse all possible population
pairs in a study area and do not explicitly consider population configuration and spatial
scale. Here, we examined the effects of spatial population network topology and scale on
the outcome of landscape genetic analyses. Additionally, we tested whether the relevant
spatial scale of landscape genetic analyses could be defined by population network
topology or by isolation by distance (IBD) patterns. A dataset of the grasshopper
Stethophyma grossum, collected in a fragmented agricultural landscape, was used to
analyse population network topology, IBD patterns and dispersal habitats, using leastcost transect analysis. Landscape genetic analyses neglecting spatial population
configuration and scale resulted in models with only low fits, which could not identify a
most likely dispersal habitat. In contrast, analyses considering spatial scale and
population network topology found high model fits by restricting landscape genetic
analysis to smaller scales (0-3 km) and neighbouring populations, as represented by a
Gabriel graph. The models also identified a likely dispersal habitat of S. grossum. These
results strongly suggest that spatial scale and population network topology should be
more explicitly considered in future landscape genetic analyses.

Keywords: Dispersal, gene flow, genetic clustering, grasshopper, isolation by distance,
population network
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Introduction
Habitat connectivity is an important issue in ecology and conservation (e.g. Crooks and
Sanjayan, 2006; Kindlmann and Burel, 2008) and can be characterised by the spatial
configuration of habitat patches as well as the species-specific behavioural response to
landscape elements (Tischendorf and Fahrig, 2000). While the field of landscape ecology
(Turner, 1989) focuses on spatial patterns in ecology, population genetics (Allendorf and
Luikart, 2007) helps detecting species-specific aspects of dispersal and gene flow. By
combining population genetic and landscape ecological methods, landscape genetics aims
at assessing landscape effects on dispersal and gene flow (Segelbacher et al., 2010;
Storfer et al., 2010).
Many of the landscape genetic methods currently available analyse landscape effects on
gene flow between pairs of populations (Storfer et al., 2010). Least-cost path analysis
(Adriaensen et al., 2003), for instance, uses lengths or costs of potential movement paths
through assumed dispersal habitats to explain gene flow between each population pair.
Most of these landscape genetic studies simply include all population pairs in a dataset
when assessing the effects of landscape elements on gene flow (e.g. Cushman et al.,
2006). From all population pairs, a subset could be selected, for instance, by a
predetermined minimum and maximum distance between populations, representing a
particular spatial scale. However, most studies do neither take potential spatial scale
effects on the amount of gene flow into account nor do they explicitly consider aspects of
spatial population configuration.
The effects of spatial scale on landscape genetic analyses have been considered in only a
few landscape genetic studies (e.g. Wilmer et al., 2008; Mullen et al., 2010; Angelone et
al., 2011; Keller and Holderegger, submitted), although its evaluation has been
recommended by several authors (Anderson et al., 2010; Cushman and Landguth, 2010;
Rasic and Keyghobadi, 2012). Studies that conducted scale-specific analyses usually
detected different results for different scales (e.g. Angelone et al., 2011). It is more
probable that population pairs are within the maximum dispersal distance of a study
species at smaller spatial scales, but dispersal between population pairs at larger spatial
scales may be negligible due to physical limitations, regardless of any facilitating or
inhibiting landscape effect on dispersing individuals. It has thus been suggested to restrict
landscape genetic analyses to the spatial scale at which direct gene flow is likely to take
place (Murphy et al., 2010; Angelone et al., 2011). For gene flow between population
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pairs located beyond a study species’ maximum dispersal distance, various indirect
dispersal routes via other populations might better represent the landscape encountered
by dispersing individuals than direct routes between these populations (Van Strien et al.,
submitted).
The maximum dispersal distance of a species is often unknown, but isolation by distance
(IBD) patterns could indicate a threshold of maximum dispersal distance. IBD is based
on a stepping-stone model (Kimura and Weiss, 1964), which assumes frequent dispersal
among geographically close populations (Slatkin, 1987). Under the stepping-stone model,
a linear relationship between genetic differentiation (FST) and Euclidian distance is
expected (i.e. “case I” scenario in Hutchison and Templeton, 1999) if gene flow and drift
are in equilibrium. Often, a linear relationship is only found up to a certain distance (i.e.
“case IV” scenario in Hutchison and Templeton, 1999). Such an IBD pattern is observed
when the relative importance of gene flow and drift vary at different spatial scales: gene
flow is more important at smaller and drift at larger spatial scales. Although Keyghobadi
et al. (2005) and Van Strien et al. (submitted) showed that the distance at which a
significant linear relationship in IBD no longer exists is not always a reliable indicator of
maximum dispersal distance, other studies found it to be an accurate estimate (e.g.
Hanfling and Weetman, 2006). IBD patterns are, however, not only the result of gene
flow and drift but also of landscape configuration.
While the introduction of network analysis (i.e. graph theory) to landscape ecology and
conservation biology fostered various new approaches (Urban and Keitt, 2001; Saura and
Torne, 2009; Urban et al., 2009), the use of network- or graph-based approaches has only
just started in landscape genetics (e.g. Garroway et al., 2008; Dyer et al., 2010). A
network consists of a set of nodes, which are connected by edges. Habitats or populations
can be represented as nodes and dispersal routes as edges (Galpern et al., 2011). In many
ecological networks, edges are represented by simple geographic distance, and nodes are
only connected if they lay within a specified threshold distance from each other. This
threshold distance may be set at the maximum dispersal distance of a species (Galpern et
al., 2011). However, due to the lack of detailed ecological knowledge, the definition of
nodes and edges is often difficult (Moilanen, 2011).
Since gene flow can take place over several generations with several dispersal events,
gene flow between two populations that are within a species’ maximum dispersal
distance may also be influenced by surrounding populations. High rates of gene flow
between two populations could, thus, be caused by the existence of intermediate
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populations. To rule out this effect only neighbouring populations without any
intermediate populations should be considered. Indeed, a simulation study showed that
landscape effects on gene flow are best detected when only neighbouring populations in a
regular lattice population network are included in the analysis (Jaquiery et al., 2011). In
landscape genetic analyses, population network topology can be used to restrict analyses
to only neighbouring populations by using Delauney triangulation (Goldberg and Waits,
2010; Van Strien et al., submitted) or Gabriel graphs (Gabriel and Sokal, 1969; Arnaud,
2003). In Gabriel graphs, circles are drawn in a way that two populations are on the edge
of a circle and the diameter of the circle equals the distance between the populations. An
edge between the two populations is only formed if no other population is present within
this circle.
In the present study, we investigated the effects of population network topology and
spatial scale (in terms of geographical distance thresholds) on the outcome of landscape
genetic analyses. We expected that the consideration of scale and topology positively
influence landscape genetic model fits. In particular, we hypothesise that landscape
effects on gene flow are more pronounced when landscape genetic analyses are restricted
(i) to population pairs within a species’ maximum dispersal distance and (ii) to
neighbouring populations as defined by Gabriel graph-based population network
topology. We further suggested that (iii) the relevant scale threshold can be identified by
IBD patterns and population network topology. These hypotheses were tested in the
following way. First, we visualised genetic patterns and connectivity across the study
area by genetic clustering analysis and network operations (i.e. edge-thinning; Urban and
Keitt, 2001). Second, we assessed the most likely dispersal habitat of the study species
without considering scale or population network topology. Third, we repeated the
analysis by considering spatial scale and, fourth, we again repeated the analysis by
considering both scale and population network topology. As a study data set, we used
microsatellite genetic data of the large marsh grasshopper Stethophyma grossum in a
fragmented agricultural landscape in Switzerland, where all present populations of this
wetland grasshopper had been sampled.
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Fig. 1. Populations of Stethophyma grossum in the Oberaargau region in Switzerland. Black
circles show populations, and dark-grey patches indicate suitable habitats for S. grossum based
on literature information.

Material and Methods
Study species
Stethophyma grossum (Linnaeus, 1758; Acrididae) is distributed throughout Europe and
Siberia. It is believed to be strictly bound to wetlands (Baur et al., 2006), as the
development of eggs and larvae depends on high moisture of the top soil (Marzelli, 1995;
Koschuh, 2004). S. grossum is thus found in fens, swamps, along lakes, streams and
ditches, in moist meadows or extensively managed grasslands on valley bottoms
(Koschuh, 2004; Baur et al., 2006). In Switzerland, the species is red listed as vulnerable,
because habitats are fragmented (Monnerat et al., 2007). However, in Southern Germany,
the number of populations of S. grossum is increasing, and new colonisations have
recently been observed (Trautner and Hermann, 2008). A similar trend is assumed to take
place in Switzerland. While the habitat characteristics of S. grossum are well
documented, knowledge on its dispersal habitat and potential is scarce. Compared to
other grasshoppers, S. grossum is a good flier with observed flight distances of up to 41
m (Soerens, 1996). Nevertheless, mark-recapture studies found only low dispersal with
maximum distances of about 600 m (Marzelli, 1995; Malkus et al., 1996; Bonsel and
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Sonneck, 2011). However, Griffioen (1996) detected marsh grasshoppers 1500 m away
from the nearest population. Similarly, larvae also show rather low mobility (Krause,
1996). Concerning dispersal habitat, Marzelli (1994) observed S. grossum to cross
unsuitable dry grassland, but a 50 m wide highway acted as a barrier to dispersal.
Furthermore, a 3 m wide stream was crossed by S. grossum (Malkus et al., 1996), but
suitable habitat patches surrounded by trees were not readily colonised (Reinhardt et al.,
2005), especially if trees were higher than 3 m (Soerens, 1996).
Genetic sampling
Mapping and genetic sampling were done in July and August 2010 in the Oberaargau
region of the Swiss lowlands. The study area was characterised by three large valleys
oriented from south to north. In an area of about 180 km2, all populations of S. grossum
(at least 350 m apart from each other) were sampled (Fig. 1). As S. grossum is strictly
bound to wetlands (Baur et al., 2006), we focused our search on areas along ponds,
streams, rivers, in swamps and valley bottoms. The distinct clicking sound of stridulating
males facilitated the localisation of S. grossum. At each sampling location, we recorded
the coordinates of the centre point and sampled up to 30 individuals (males and females)
within a radius of 20 m. Only individuals with all legs intact were sampled to avoid resampling of individuals. Tibia and tarsus of a mid leg of each individual were removed
and stored in 100% ethanol in the dark until DNA extraction. Additionally, we collected
two populations in a neighbouring valley, 4 km away from the closest population in our
study area. These two populations were only used for the genetic analysis, but not
considered for any further analysis, as their surrounding was not completely sampled. In
total, we collected 936 individuals from 39 locations.
Genetic analysis
DNA extraction and genotyping were performed following the procedures described in
Keller et al. (2012). Eight polymorphic microsatellite markers were used for PCR
amplifications (Sgr10, Sgr13, Sgr14, Sgr15, Sgr19, Sgr38, Sgr40 and Sgr45; Keller et al.,
2012). Fragments were analysed on an ABI 3730xl sequencer (Applied Biosystems) and
scored with GENEMAPPER 3.7 (Applied Biosystems). To calculate genotyping error
rates, we repeated PCR amplifications of about 6% of all samples. Tests for departures
from Hardy-Weinberg equilibrium were calculated with GENEPOP 4.0.10 (Raymond
and Rousset, 1995) using Fisher’s exact test. As null alleles are often found in
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orthopteran species (e.g. Ustinova et al., 2006; Chapuis et al., 2008; Blanchet et al.,
2010), we estimated null allele frequencies with FREENA (Chapuis and Estoup, 2007)
for all loci choosing the algorithm of Dempster et al. (1977). FSTAT 2.9.3.2 (Goudet,
1995) was used to test for linkage disequilibrium and to estimate global genetic
differentiation among populations (Weir and Cockerham, 1984). Gene flow between all
pairs of populations was indirectly estimated by pairwise FST-values (Weir and
Cockerham, 1984) calculated with FSTAT 2.9.3.2 (Goudet, 1995) and by pairwise FSTvalues corrected for null alleles (corrFST) calculated with FREENA (Chapuis and Estoup,
2007). Additionally, pairwise Dest, GST and G’ST-values were calculated with SMOGD
1.2.5 (Crawford, 2010).
While FST is a valid estimate of genetic structure (Whitlock and McCauley, 1999), it
mainly reflects historical gene flow (Landguth et al., 2010). Therefore, alternative
methods, such as assignment tests, have been suggested to assess more recent gene flow
(Manel et al., 2005). We thus calculated pairwise mean assignment probabilities from
assignment tests using GENECLASS 2.0.h (Piry et al., 2004). In GENECLASS, the
assignment probability from a first population to a second (i.e. the average assignment
probability of all individuals sampled in the first population), as well as the assignment
probability from the second to the first population, were estimated. Both values were then
averaged, and the resulting pairwise mean assignment probabilities were used as an
estimate of recent gene flow between the two populations. This was either done using all
seven microsatellite markers (map7) or four markers (map4) with low null allele
frequencies (< 0.07; Sgr10, Sgr15, Sgr19, Sgr38; see Results). A test for global IBD was
calculated with GENEPOP 4.0.10 (Raymond and Rousset, 1995) using untransformed
FST-values and Euclidian distances. For all further analyses, we excluded the two distant
populations in the eastern valley of the study area (resulting dataset: N = 37 populations).
Population network topology
We first created a complete population network with unweighted edges. Every pair of
nodes (i.e. populations) was connected by an edge, represented by a straight line
(Euclidian distance). With edge-thinning, edges are iteratively removed from the
complete population network (from longest to shortest edges) in order to identify the
threshold distance at which the population network is no longer connected and breaks
into isolated components (Urban and Keitt, 2001). Edge-thinning can thus give an
indication of how well populations are connected. We created a first population network
by thinning edges till all nodes formed still one single component (by removing one more
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edge, the population network would have broken into several components or groups of
nodes). A second population network was created in a way that each node was connected
to at least two other nodes. From both population networks, the length of the longest
connecting edge, i.e. the threshold edge distance, was calculated. We used an
intermediate threshold edge distance from the two population networks described above
to approximate a minimum connecting population network. Subsequently, we identified
edges whose removal disconnected the minimum connecting population network (cutedges) and, finally, the population network was transformed into a weighted population
network, where weights of edges represented pairwise FST-values among nodes.
Genetic clustering
Spatial genetic clustering analysis was performed with TESS v.2.3 (Chen et al., 2007).
TESS groups populations into clusters by maximising Hardy-Weinberg equilibrium and
minimising linkage disequilibrium within clusters and also includes spatial information
of sampling locations. We used the admixture model (CAR) and set the spatial
interaction parameter to h = 0.6 (default) to calculate ten runs for Kmax = 2-7 clusters,
with a total of 500’000 sweeps of which 100’000 were burn-in. This was repeated for h =
0 (no spatial information taken into account) and h = 0.99 (high spatial dependence). The
optimal number of clusters was estimated from a deviance information criterion plot
(DIC). For the most likely number of clusters, mean cluster membership probabilities of
the ten runs were estimated with CLUMPP v.1.1.2 (Jakobsson and Rosenberg, 2007). For
each cluster, these mean cluster membership probabilities were interpolated over the
entire study area by kriging (Ripley, 1981), using a slightly modified version of the Rscript provided with TESS v.2.3 (Chen et al., 2007; R Development Core Team 2011),
which uses the “krig” function of the R-package “fields” (Furrer et al., 2010).
Interpolated grids were then exported to ARCGIS 9.3.1 (ESRI) by showing for each grid
cell the highest cluster membership value of any of the identified clusters. As assignment
tests can be affected by null alleles (Carlsson, 2008), we repeated the analysis for h = 0.6
based on the four microsatellite markers with low null allele frequencies (see above). The
resulting cluster maps were then overlaid with the weighted minimum connecting
population network for comparison of cluster boundaries with cut-edges or “weak” edges
in the population network, whose removal would disconnect or weaken the population
network.
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Dispersal habitat analysis
Landscape genetics offers various tools to identify the most likely dispersal habitat(s) of a
study species. In one popular landscape genetic method “least-cost-paths”, paths with the
lowest accumulative cost are calculated from a landscape raster, in which each cell
represents a cost or resistance to movement (Adriaensen et al., 2003; Storfer et al., 2010).
The length or cost of the path is then used to explain genetic distances. Alternatively, the
“transect approach” assesses how gene flow is affected by the abundance of landscape
elements along a straight line or within a linear transect between pairs of populations
(e.g. Angelone et al., 2011; Emaresi et al., 2011). Disadvantages of these methods are
that least-cost-paths require a priori knowledge on the dispersal preferences of the study
species (Spear et al., 2010) and that more or less straight-line dispersal is assumed in the
transect approach. With least-cost transect analysis (LCTA) the advantages of least-cost
path and transect analysis are combined (Van Strien et al., 2012). LCTA tests several
land-cover types as potential dispersal habitats and simultaneously identifies landscape
elements that facilitate or hinder gene flow. In brief, for each potential dispersal habitat, a
binary landscape raster is built and least-cost paths, which connect pairs of populations,
are created. Least-cost paths are then buffered to form transects, and the proportion of
landscape elements within transects is determined. These proportions together with the
length of the transect are used as predictor variables in multiple regression on distance
matrices (Lichstein, 2007) with the response variable gene flow (e.g. FST-values). Finally,
the most likely dispersal habitat is determined by selecting the best fitting model (highest
R2). From this best model the most likely dispersal habitat can be determined, and the
effects of landscape elements on gene flow are identified.
We applied LCTA to identify dispersal habitats of S. grossum. We chose five land-cover
types from vectorized land-cover maps (vector25; based on 1:25’000 maps; resolution =
10 m; Swisstopo) as potential dispersal habitats: WATER (aboveground water bodies),
ROADS (larger roads and highways), FOREST (patches of forests), SETTLEMENTS
(residential areas) and HABITAT. Additionally, we considered straight-line transects, i.e.
no preferred land-cover type (NONE). All these landscape elements together with the
length of the corresponding least-cost path (LENGTH) were also used as predictor
variables. The specification of HABITAT was based on the knowledge of S. grossum’s
habitat preferences taken from the literature: habitats had to be close to open water
(distance ≤ 500 m), they had to be located within areas of open agricultural land and
within relatively flat areas where water accumulates. The latter was determined by
82

Population configuration in landscape genetics

selecting areas that were not more than 20 m higher than the lowest point in a 500 m
radius. Elevation was derived from a digital terrain model (resolution = 20 m;
Swisstopo). The resulting habitat map covered the sites of 35 of the 37 larger populations
in the study area (Fig. 1).
The landscape raster of each potential dispersal habitat type was composed of the
respective habitat type and matrix (= binary landscape). We assigned cells of habitat a
value of 1, i.e. a low resistance cost, and cells of matrix high resistance costs of 8, 64,
512 and 4096. The corresponding least-cost paths were buffered with 8, 50, 100 or 200 m
(transect width = 16, 100, 200 or 400 m), and regression models were built using the
following formula: FST ~ ROADS + FOREST + SETTLEMENTS + WATER +
HABITAT + LENGTH. Pairwise FST-values, corrected FST-values (corrFST), pairwise
mean assignment probabilities based on seven microsatellite markers (map7) or mean
assignment probabilities based on four markers (map4) were used as response variables.
As predictor variables, the proportion of each landscape element (ROADS, FOREST,
SETTLEMENTS, WATER, HABITAT) within a transect was calculated by dividing the
area of a given landscape element by the total transect area. Resulting values of predictor
and response variables were rank-transformed, because they were not normally
distributed.
For each of the potential dispersal habitats, an overall regression model was built across
the whole data set as well as a separate regression model for each of four different
distance classes (0-3 km, 3-6 km, 6-9 km, > 9 km), in which only population pairs within
the specified spatial scale were included. The smallest distance class represented the
threshold distance of the minimum connecting population network (see Results). As
sample sizes were not equal for all distance classes and there is currently no generally
accepted or appropriate way to calculate adjusted-R2 for regression on distance matrices
(Legendre and Fortin, 2010), we randomly chose 97 pairs (smallest sample size) of each
distance class and repeated the analysis 1000 times. From the 1000 R2-values obtained,
the mean was calculated. For the best fitting model, i.e. the most likely dispersal habitat,
significance of regression coefficients and R2-value were calculated by permuting the
response variable as vector, using the “lmorigin” function of the R-package “ape”
(Paradis et al., 2004). To ascertain the independence of predictor variables, we checked
for collinearity of predictor variables. As suggested by Tabachnick and Fidell (2007), we
considered correlation coefficients larger than 0.7 to show collinearity of predictor
variables.
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For the model settings (i.e. matrix resistance value, corridor width, distance class and
response variable) that resulted in the best fitting models (highest R2), we additionally
performed LCTA considering population network topology including only neighbouring
population pairs as represented by a Gabriel graph (N = 45; Gabriel and Sokal, 1969). To
compare the results of this analysis with the results obtained from analysis including all
population pairs as well as the results from the distance class of the best fitting model, we
repeated all analyses by randomly choosing 45 population pairs and repeating the
analyses 1000 times. The mean R2 from the 1000 R2-values was then calculated.

Results
Genetic analysis
Genotyping error was maximally 6.9% across all loci, except for locus Sgr14 where it
was 39.6%. Mismatches were caused by allelic dropout or amplification failure, but not
by misidentified alleles. Departure from Hardy-Weinberg equilibrium was significant for
some loci in some populations, but there were no consistent patterns across populations
(except for locus Sgr14). High null allele frequencies were found for locus Sgr14
(average 0.21; range = 0.00-0.42). Null allele frequencies for all other loci were lower.
Marker Sgr40 still showed high null allele frequencies (0.15; 0.00-0.33), followed by
Sgr45 (0.14; 0.00-0.42). Null allele frequencies of Sgr13 were slightly lower (0.10; 0.000.24) and substantially lower for all other markers (Sgr10: 0.03; 0.00-0.20; Sgr15: 0.07;
0.00-0.24; Sgr19: 0.01; 0.00-0.08; Sgr38: 0.02; 0.00-0.11). Significant linkage was found
for some pairs of loci, but this no longer held true after Bonferroni correction, except for
the combination of Sgr10 and Sgr14. Sgr14 was excluded from all further analyses (high
genotyping error rate, abundant Hardy-Weinberg disequilibrium, high null allele
frequencies and significant linkage with another locus).
Global FST was 0.055 at the seven remaining loci. Pairwise genetic distance measures
(Dest, GST, G’ST, FST and corrFST) were highly correlated (r ≥ 0.860 in all cases; Table S1).
Similarly, correlations between the two measures of pairwise mean assignment
probabilities (map7 and map4) were high (r = 0.851). In further analysis, we nevertheless
used pairwise FST, corrFST, map7 and map4 in order to take the effects of null alleles into
account. Global IBD was significant (P = 0.005), but the relationship was weak, except
for those population pairs that were less than 3 km apart (Fig. 2). Accordingly, a clear
trend of increasing average FST or corrFST and decreasing map7 or map4 with increasing
84

Population configuration in landscape genetics

Euclidean distance was observed for distance classes up to 3-4 km (Fig. 3). For larger
distance classes, there was no obvious trend in FST, corrFST, map7 or map4.
Population connectivity
The threshold edge distance in the population network with all populations (nodes) still
forming one single component before breaking into several smaller components was
2743 m. With a threshold edge distance of 3264 m, each population was connected with
at least two other populations. We used an intermediate threshold distance of 3000 m to
represent a minimum connecting population network (Fig. 4a). The population network
showed three main communities, i.e. groups of populations that were highly connected:
one community was located in the southern part of the study area, one in the northern and
one in the south-eastern part. A fourth community, where populations generally had
fewer connections, was found in the west of the study area. There was no cut-edge
identified in the minimum connecting population network, i.e. an edge whose removal
would have disconnected the population network. Nevertheless, the removal of four
central “weak” edges (Fig. 4a; dashed lines) would have disconnected the population
network and isolated the above four communities. A weighted population network, with
weights representing pairwise FST-values, showed that edges with little gene flow (Fig.
4b, thin edges) coincided well with the “weak” edges mentioned above (Fig. 4a).
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Fig. 2. Isolation by distance plot for pairs of populations of Stethophyma grossum in
Switzerland. The dashed trend line shows the correlation over all population pairs while the solid
trend line indicates the correlation for population pairs less than 3 km apart.
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Fig. 3. Pairwise genetic differentiation (FST; black bars), null allele-corrected pairwise genetic
differentiation (corrFST; dark-grey bars), average pairwise mean assignment probabilities based
on seven microsatellite markers (map7; light-grey bars) and average pairwise mean assignment
probabilities based on four microsatellite markers (loci with small null allele frequencies; map4;
white bars) per kilometre in Stethophyma grossum.

(a)

(b)

Fig. 4. Population network topologies for Stethophyma grossum in a completely sampled area in
Switzerland. (a) Unweighted minimum connecting population network (threshold distance = 3
km). Dashed lines indicate “weak” edges which connect communities of well-connected
populations. (b) Weighted minimum connecting population network (weights = pairwise FSTvalues). Thin lines represent high genetic differentiation and thus higher gene flow (FST = 0.060.14), medium thick lines show intermediate genetic differentiation (FST = 0.02-0.06), and thick
lines indicate low genetic differentiation (FST = 0.00-0.02).
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Genetic clustering
The statistical deviance information criterion plot (DIC) showed that populations in our
study area were grouped into five clusters (Fig. S1; based on seven or four microsatellite
markers). The five clusters were consistent across the three different spatial interaction
factors (h) tested. All further analyses were therefore based on the default spatial
interaction factor h = 0.6. The overlay of the five interpolated clusters with a land-cover
map showed a good overlap of the three southern clusters with the three main valleys in
the study area (data not shown). Cluster boundaries also spatially coincided with the
“weak” edges in the weighted minimum connecting population network (Fig. 4b), except
for the edges between the north and north-western communities and the north-western
and south-western communities (Fig. 5).

Fig. 5. Interpolated membership coefficients of populations of Stethophyma grossum to five
clusters in Switzerland, overlaid with a weighted minimum connecting population network
(weights = pairwise FST-values; for explanations see Fig. 4b). Black areas represent boundaries
between the five genetic clusters.
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Dispersal habitat
Generally, multiple regression on distance matrices resulted in better fitting models when
using pairwise mean assignment probabilities (map7) instead of FST-values as response
variable (Table 1). The use of genetic distance measures corrected for null alleles (map4,
corrFST) did not change the outcome of LCTA. Neither corridor widths nor resistance
cost values had a substantial impact on the best fitting models (Table 1), which were
generally those calculated for distance class 0-3 km (Table 1). Note that a distance of
approximately 3 km was also identified as threshold edge distance in the minimum
connecting population network (see above). This was especially the case when pairwise
mean assignment probabilities (map7, map4) were used as response variable. The overall
best fitting models (R2 = 0.56; distance class = 0-3 km) always assumed HABITAT as
dispersal habitat, used map7 as response variable, had a corridor width of 100 m and
matrix resistance cost values of either 64, 512 or 4096.

0.7
0.6
HABITAT

0.5

WATER
0.4

R2

ROADS

0.3

FOREST

0.2

SETTLEMENTS
NONE

0.1
0
All pairs

0-3 km

0-3 km
Gabriel

Fig. 6. Model fit (R2) of multiple regression on distance matrices models for Stethophyma
grossum in Switzerland considering either all population pairs, only population pairs in distance
class 0-3 km or only populations in distance class 0-3 km also restricted to nearest neighbouring
populations with a Gabriel graph. Several landscape elements as well as straight-line transects
(NONE) were tested as dispersal habitats (transect width = 100 m, resistance = 64, response
variable = pairwise mean assignment probabilities, map7).
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These settings (map7, corridor width = 100 m, resistance cost value = 64) were then used
to compare models across all distance classes with models restricted to distance class 0-3
km (taking spatial scale into account) and models including distance class 0-3 km further
restricted to neighbouring populations as represented by a Gabriel graph (considering
scale and population topology). Results of the regression models across all distance
classes showed an only low model fit (R2 ≤ 0.248), regardless of dispersal habitat (Fig.
6). For models only considering population pairs in distance class 0-3 km, R2-values were
more variable (R2 = 0.230-0.593), and the model assuming HABITAT as dispersal
habitat clearly outperformed all other models. Even better fitting models (R2 = 0.4030.630) were found when only Gabriel population pairs in distance class 0-3 km were
included in the analysis. Again, the best model was based on dispersal through
HABITAT.
Table 1. Results of regression models for the identification of the most likely dispersal habitat of
Stethophyma grossum. Models were calculated for different settings: four different response
variables (pairwise genetic differentiation, FST, pairwise genetic differentiation corrected for null
alleles, corrFST, pairwise mean assignment probabilities based on seven microsatellite markers,
map7, pairwise mean assignment probabilities based on four microsatellite markers, map4), four
different corridor widths and for four different resistance values. For each combination of
settings, models were calculated for four distance classes (0-3 km, 3-6 km, 6-9 km, > 9 km) and
five different dispersal habitats (WATER, ROADS, FOREST, SETTLEMENTS, HABITAT).
Distance class, dispersal habitat and model fit of the best fitting model per setting combination is
shown. The best overall fitting models (highest R2) are marked in bold.
Response
variable

Transect
width [m]

FST
FST
FST
FST
FST
FST
FST
FST
FST
FST
FST
FST
FST
FST
FST
FST
corrFST
corrFST
corrFST
corrFST

16
16
16
16
100
100
100
100
200
200
200
200
400
400
400
400
16
16
16
16

Resistance
value
Distance
class
8
0-3 km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
>9km
4096
>9km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km

Best model
Dispersal
habitat
SETTLEMENTS
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
WATER
HABITAT
HABITAT
HABITAT
WATER
WATER
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT

Model fit
(R2)
0.335
0.352
0.347
0.350
0.345
0.354
0.352
0.353
0.394
0.385
0.376
0.377
0.343
0.308
0.352
0.360
0.320
0.335
0.329
0.331
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Response
variable

Transect
width [m]

corrFST
corrFST
corrFST
corrFST
corrFST
corrFST
corrFST
corrFST
corrFST
corrFST
corrFST
corrFST
map7
map7
map7
map7
map7
map7
map7
map7
map7
map7
map7
map7
map7
map7
map7
map7
map4
map4
map4
map4
map4
map4
map4
map4
map4
map4
map4
map4
map4
map4
map4
map4

100
100
100
100
200
200
200
200
400
400
400
400
16
16
16
16
100
100
100
100
200
200
200
200
400
400
400
400
16
16
16
16
100
100
100
100
200
200
200
200
400
400
400
400

Resistance
value
Distance
class
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
>9km
64
0-3km
512
>9km
4096
>9km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km
8
0-3km
64
0-3km
512
0-3km
4096
0-3km

Best model
Dispersal
habitat
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
WATER
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT
HABITAT

Model fit
(R2)
0.324
0.328
0.326
0.326
0.344
0.361
0.350
0.351
0.315
0.301
0.341
0.348
0.540
0.541
0.543
0.546
0.552
0.560
0.561
0.561
0.538
0.555
0.554
0.555
0.434
0.443
0.444
0.445
0.465
0.457
0.459
0.461
0.460
0.454
0.454
0.454
0.455
0.455
0.454
0.455
0.358
0.347
0.349
0.350

Influence of landscape elements
For the best fitting model (dispersal habitat = HABITAT, distance class = 0-3 km,
response variable = map7; Table 2), we found a significant negative correlation of the
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length of the transect, proportion of forest and proportion of settlements with pairwise
mean assignment probabilities, indicating less gene flow with increasing path lengths and
increasing proportions of forest and settlements. In contrast, the proportion of water
bodies and roads were positively correlated with map7. Pairwise correlations between
predictor variables did not show collinearity (r ≤ 0.7). The results for models additionally
restricted to neighbouring populations defined by a Gabriel graph were similar, but the
predictor SETTLEMENTS was no longer significant (Table 2).

Discussion
The present study confirmed our expectations that the outcome of landscape genetic
studies depends on spatial population configuration and that disregard of spatial scale and
population network topology can lead to misinterpretations. Moreover, in our study
system, the relevant distance threshold up to which landscape elements strongly influence
dispersal and gene flow was reflected by IBD patterns and population network topology.

Table 2. Results of multiple regression on distance matrices of populations of Stethophyma
grossum in Switzerland that were either no more than 3 km apart from each other (distance class
0-3 km) or no more than 3 km apart from each other and nearest neighbours based on a Gabriel
graph (0-3 km Gabriel). Dispersal habitat was HABITAT, and pairwise mean assignment
probabilities based on seven microsatellite markers (map7) were used as response variable.
Model fit (R2) and significance and sign of regression coefficients are given for each landscape
element.
Populations

0-3 km

0-3 km
Gabriel

WATER

(+)**

(+)**

ROADS

(+)***

(+)**

FOREST

(-)**

(-)*

SETTLEMENTS (-)(*)

n.s.

HABITAT

n.s.

n.s.

LENGTH

(-)***

(-)***

R2

0.560

0.630
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Isolation by distance
In our study, a pronounced IBD pattern was only found at smaller spatial scales, i.e. for
distance classes up to about 3-4 km both for pairwise mean assignment probabilities and
pairwise FST-values (Figs. 2, 3). This indicates that up to 3-4 km, gene flow between
populations of S. grossum was more important than drift, but that for larger distances
drift was the driving factor. A similar IBD pattern (“case IV” scenario) was found by
Hutchison and Templeton (1999), who studied populations of collared lizards in different
landscapes with different colonisation periods. Likewise, Mullen et al. (2010) detected a
positive correlation of FST with stream distance within catchments, but not among
catchments for the Idaho giant salamander. If populations and landscapes have not been
stable for long enough time periods to reach gene flow-drift equilibrium and if gene flow
is more important between close populations, such an IBD pattern is expected (Hutchison
and Templeton, 1999). Therefore, significant IBD can only be found up to a spatial scale
threshold where gene flow is more important than drift. As conditions in European
agricultural landscapes have strongly changed during the last decades (Stoate et al., 2001)
and S. grossum might currently be expanding, it is not surprising to find a “case IV” IBD
pattern in our study system. Even though other studies did not consistently find a
correlation between maximum dispersal distance and IBD patterns (i.e. the point at which
an FST-distance plot flattens out; Keyghobadi et al., 2005; Van Strien et al., submitted), in
our study, IBD analysis gave a good estimate about the spatial scale at which the
landscape substantially influences dispersal and gene flow.
Population network topology
The distance threshold of about 3-4 km detected in IBD analysis was also evident from
population network topology. At distance thresholds of edges at 2743 m, the population
network changed from one big component into many smaller components, disconnecting
all populations in the study area. Thus, populations are functionally connected, if the
dispersal capabilities of S. grossum equal this threshold distance. The distance threshold
of a population network, where each population was linked with at least two other
populations, was determined at 3264 m edge length. If S. grossum can cover this
threshold distance, gene flow between all populations is not dependent on one single
edge. If the direct edge between a pair of populations was interrupted, for instance by
anthropogenic activities, a detour would still connect the populations. However, there are
three main concerns about population network topology analyses in general. First,
dispersal potential is often unknown or underestimated for many species (Van Dyck and
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Baguette, 2005; Kamm et al., 2009), as it was the case for S. grossum in the literature.
Dispersal distances can be determined by first generation migrant assignment tests on
genetic data sets (Paetkau et al., 2004), if a high enough global genetic differentiation
(FST) is available. Alternatively, IBD patterns can denote those spatial scales with
frequent gene flow (see above), particularly if, as in our study, recent gene flow estimates
are plotted against Euclidian distance. The second concern deals with the potential
underestimation of scale thresholds if real dispersal paths differ from straight-line paths.
It has, therefore, been suggested to use least-cost paths as edges between pairs of
populations in networks (Urban et al., 2009). However, the parameterisation of resistance
surfaces for creating least-cost paths requires previous knowledge on dispersal
preferences of the study species, which is often not available (Anderson et al., 2010).
Third, the outcome of population network analysis is only meaningful if a complete
sampling of a study area is available. In our case, such a complete population sampling
was available and enabled meaningful analyses of population network topology.
The fact that we found a distance threshold at 3-4 km for both IBD patterns (indicating
frequent gene flow) and population network topology (based on spatial population
configuration), indicated functional connectivity of populations across our study area.
However, population network topology not only identified highly connected population
communities but also “weak” edges within the networks. Network edges that linked
highly connected communities showed higher genetic differentiation (FST = 0.06-0.14)
than edges within the linked communities in the weighted network (Fig. 4), indicating
limited gene flow between the linked communities. We therefore confirm that not only
the spatial scale of landscape genetic analysis, but also population network topology
influenced genetic patterns in our study system. Within the linked communities there
were several populations located within the species’ maximum dispersal distance and,
thus dispersal and gene flow are secured because of the existence of multiple direct and
indirect dispersal routes between population pairs.
Genetic clustering analysis generally supported the above findings. The genetic clusters
found, largely coincided with the topology of the minimum connecting population
network. The population communities discussed above fell within one genetic cluster,
except for the eastern community, which was located in two clusters (Fig. 5). The cluster
boundaries also spatially coincided with the “weak” edges in the unweighted population
network (Fig. 4a) and showed high genetic differentiation (i.e. little gene flow) in the
weighted population network (Fig. 5). Although clustering analysis is one of the most
often used methods in landscape genetics (Storfer et al., 2010), it is prone to overestimate
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the real number of clusters if there is IBD (Guillot et al., 2009), which was the case in our
study. The spatial coincidence of cluster boundaries and “weak” network edges should
thus be further verified (with the overlap statistics; Fortin and Dale, 2005) as overlaps
could just occur by chance (Anderson et al., 2010). However, in many studies the overlay
approach of landscape genetics has been used for the detection of major landscape
barriers to gene flow (Holderegger et al., 2010). Whether the genetic clusters in our study
are the result of reduced gene flow between the valleys or whether they simply represent
the currently established population communities in suitable habitat has yet to be
determined. Differentiating between these two hypotheses is, however, very important for
conservation management.
Dispersal habitat
The successful detection of a most likely dispersal habitat of S. grossum with landscape
genetic analysis (LCTA) proved to be highly dependent on the spatial configuration of
populations. In fact, when considering all population pairs, landscape genetic models
only weakly explained patterns of gene flow, and no most likely dispersal habitat could
be identified (Fig. 6). In contrast, the consideration of spatial scale by performing
separate landscape genetic analyses for different distance classes greatly improved model
fits. Best models were found for distance class 0-3 km, a spatial scale that most likely
represents maximum dispersal distance of S. grossum (see above). For these best models,
a distinct dispersal habitat could be identified (Fig. S2): almost all models were based on
dispersal routes through HABITAT. This indicated that S. grossum mainly uses its
reproductive habitat as preferred dispersal habitat, at least at shorter distances of less than
3-4 km. Conservation management of S. grossum should, therefore, focus on maintaining
and restoring the species’ reproductive habitat, to preserve existing populations (network
nodes) and, to enhance or re-establish dispersal and gene flow (network edges).
Pairwise mean assignment probabilities explained landscape patterns far better than
pairwise FST-values (Table 1; map7: R2 = 0.43-0.56; FST: R2 = 0.31-0.39). Mean
assignment probabilities reflect more recent gene flow (Manel et al., 2005), while FST is a
measure of mainly historical gene flow (Whitlock and McCauley, 1999). Our results thus
indicated that measures of recent gene flow might be more appropriate to explain presentday landscape patterns in changing environments.
For larger spatial scales, i.e. inter-population distances that were potentially beyond the
maximum dispersal distance of S. grossum, model fits were generally low, and the most
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likely dispersal habitat could usually not be identified (Fig. S2). There might be several
explanations for this result. First, it is possible that dispersal behaviour and dispersal
habitats differ among different spatial scales (Van Dyck and Baguette, 2005; Wilmer et
al., 2008; Delattre et al., 2010). Long-distance dispersal in S. grossum might occur along
various dispersal routes, being less dependent on the landscape elements encountered,
except for major barriers, such as forests (Table 2; Reinhardt et al., 2005). Second, the
rarity of long-distance dispersal might hamper the detection of a preferred dispersal
habitat at larger spatial scales. Third, as direct dispersal can only occur between
population pairs within the species’ maximum dispersal distance (Murphy et al., 2010),
least-cost path transects as used in LCTA between population pairs beyond the species’
maximum dispersal distance might not assess the landscape actually encountered by
dispersing individuals. At larger spatial scales, gene flow might happen in a steppingstone way as individuals disperse along indirect routes via other populations over several
generations, which is, for instance, represented by population network topology.
We represented population configuration by a Gabriel graph (Gabriel and Sokal, 1969),
which connected neighbouring population pairs whose edges represent dispersal routes
that are not surrounded by other nearby populations. With such graphs we anticipated to
represent the direct landscape effect on gene flow between population pairs, i.e. without
the effect of other populations enhancing or reducing gene flow. We suggest that we
therefore found the highest fit for models that only take the Gabriel graph populations
into account in the minimum connecting population network (Table 2).
Landscape effects on gene flow at small spatial scales
The impact of landscape elements on gene flow (measured by map7) was analysed with
multiple regression analysis on distance matrices. Two models were considered. The first
model considered HABITAT as dispersal habitat and was restricted to distance class 0-3
km (Table 2). The second model had the same settings but only considered neighbouring
populations as defined by a Gabriel graph. As expected for the hygrophilous S. grossum,
the proportion of water bodies, and probably the associated wet grasslands, had a positive
effect on dispersal and gene flow. Surprisingly, the proportion of larger roads also
enhanced gene flow between pairs of populations. However, we did not differentiate
between roads in parallel to least-cost paths and roads intersecting these paths, as for
instance suggested by Holzhauer et al. (2006). In a landscape genetic study on the bush
cricket Metrioptera roeselii, these authors found a positive effect of parallel roads but a
negative effect of crossing roads on gene flow. Our results could nevertheless be
95

Chapter 4

explained by a positive effect of less intensively managed road verges (Holderegger and
Di Giulio, 2010) which were rather abundant in the study area.
Negative impacts on gene flow were found for forests, settlements (though only
marginally; Table 2) and path length. Forests have previously been detected as barriers to
dispersal in a mark-recapture study on S. grossum (Soerens, 1996), and gene flow was
expected to decrease with increasing path length at small spatial scales as exemplified by
the detected IBD pattern (Fig. 3). These results show that results derived from LCTA can
directly and easily be interpreted, in contrast to other landscape genetic approaches. They
can thus help enhancing our understanding on the dispersal ecology of particular study
species.
Conclusions
The spatial configuration of populations proved to be an important factor in the present
landscape genetic analysis. Both spatial scale (i.e. distance classes) and population
network topology had a substantial impact on landscape genetic results. In particular, all
three approaches applied, i.e. IBD analysis, population network topology and LCTA,
identified a spatial scale threshold of 3-4 km up to which landscape elements
significantly influenced dispersal and gene flow in S. grossum. This distance threshold
also indicated the relevant spatial scale for landscape genetic analysis. In fact, when
analysing direct dispersal routes between all population pairs, weak IBD patterns and low
model fits in LCTA were obtained. Meaningful results were only found when population
pairs beyond the species’ potential maximum dispersal distance were excluded from
analysis. Additionally, the consideration of population network topology (i.e. restricting
the dataset to neighbouring (Gabriel) populations) further improved results. We therefore
advise against conducting landscape genetic analyses across all possible population pairs
if the species’ dispersal potential is limited. Moreover, we strongly support the
suggestion of Anderson et al. (2010) and Van Strien et al. (submitted) to consider spatial
scale as well as population network topology in future landscape genetic studies in a
more comprehensive way.
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Supporting information

Table S1. Correlations between various genetic distance measures calculated with SMOGD
1.2.5 (FST, GST, Dest, G’ST; Crawford NG (2010) SMOGD: software for the measurement of
genetic diversity. Molecular Ecology Resources, 10, 556-557), mean assignment probabilities
from assignment tests based on four (map4) or seven microsatellite markers (map7; Piry S,
Alapetite A, Cornuet JM, et al. (2004) GENECLASS2: a software for genetic assignment and
first-generation migrant detection. Journal of Heredity, 95, 536-539) and FST corrected for null
alleles calculated with FREENA (corrFST; Chapuis MP, Estoup A (2007) Microsatellite null
alleles and estimation of population differentiation. Molecular Biology and Evolution, 24, 621631) for 39 populations of Stethophyma grossum sampled in Switzerland.
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Fig. S1. Clustering results of TESS analysis of populations of Stethophyma grossum in
Switzerland (Chen C, Durand E, Forbes F, Francois O (2007) Bayesian clustering algorithms
ascertaining spatial population structure: a new computer program and a comparison study.
Molecular Ecology Notes, 7, 747-756). (a) Estimation of number of clusters (Kmax) from the
mean deviance information criterion (DIC) based on seven microsatellite markers (h=0.6). (b)
Estimation of number of clusters (Kmax) based on four microsatellite markers with low null allele
frequencies. (c) Interpolated membership coefficients to five genetic clusters based on four
microsatellite markers overlaid with a weighted minimum connecting population network
(weights = pairwise FST-values; for explanations see Fig. 4b in the article). Black areas represent
boundaries between the five genetic clusters.
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Fig. S2. Model fit (R2) from regression analysis on preferred dispersal habitats of Stethophyma
grossum in LCTA using pairwise mean assignment probabilities (map7) as response variable, a
resistance cost value of 64 and a corridor width of 100 m.
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Abstract
To sustain biodiversity in agricultural landscapes, many European countries have
implemented agri-environment schemes. The effectiveness of these measures is usually
evaluated by changes in the number of species and population sizes of target species.
However, it often remains unknown whether suitable habitat patches are functionally
connected and how species use newly established landscape elements, such as ecological
compensation areas, to move between populations. Here, we assessed the effects of a
fragmented and intensively used agricultural landscape in Switzerland on functional
habitat connectivity of three common grasshopper species with different levels of habitat
specialisation, Chorthippus albomarginatus, C. biguttulus and Gomphocerippus rufus.
Using the same sampling points for all three species enabled a direct comparison of the
results between species. In a combination of habitat suitability analysis (ecological niche
factor analysis) and several landscape genetic methods (clustering, least-cost path and
least-cost transect analysis), population genetic structure, habitats where species
reproduce and forage as well as habitats through which species disperse were analysed.
For all three study species, we could not detect any prominent population genetic
structure (study area: 95 km2). Similarly, mean pairwise genetic differentiation was
generally low (≤ 0.05), but highest for the least mobile species G. rufus. Habitat
suitability analysis largely confirmed expectations from literature, finding a wide range
of suitable habitats for both C. albomarginatus and C. biguttulus, which covered a large
part of the study area. In contrast, reproductive/foraging habitat of G. rufus was more
distinct and less widespread. In accordance, a most likely dispersal habitat could not be
clearly identified for C. albomarginatus and C. biguttulus, but G. rufus seems to disperse
through forests. Nevertheless, none of the three species showed a preference for dispersal
paths through the previously mapped reproductive/foraging habitat. In conclusion, this
study detected only a minor effect of a fragmented agricultural landscape on functional
habitat connectivity in three common grasshopper species in a study area of about 95
km2. The effects were more pronounced on G. rufus, which was identified as the most
specialised and least mobile species in the present study. Additionally, all three species
seem to be able to use several landscape types as dispersal habitats. These results show
an overall positive trend for the long-term persistence of common grasshopper species in
intensively managed agricultural landscapes.

106

Functional connectivity in common grasshoppers
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Introduction
Agricultural landscapes are widespread throughout Europe and play an important role for
the maintenance of biodiversity, providing habitats for numerous animal species.
However, due to management intensification during the last decades (Stoate et al., 2001),
especially semi-natural grasslands have become degraded, fragmented and, animal
diversity has generally decreased (e.g. arthropods; Robinson and Sutherland, 2002;
Hendrickx et al., 2007). To counteract these negative effects, countries of the European
Union have implemented agri-environment schemes with the aim to sustain biodiversity
in agricultural landscapes. In Switzerland, farmers are obliged by law to manage 7% of
their land extensively by implementing ecological compensation areas to receive
subsidies (Knop et al., 2006). In contrast to intensively managed land, management of
ecological compensation areas is regulated. Hay meadows, the most common type of
ecological compensation areas, are cut late and fertiliser application is restricted.
Nevertheless, the expected positive effect of agri-environment schemes on biodiversity in
general and especially on arthropod biodiversity could not consistently be confirmed so
far (e.g. Kleijn et al., 2006; Knop et al., 2006). Moreover, whether habitat patches are
functionally connected (Tischendorf and Fahrig, 2000) and how individuals move in
newly created mosaics of intensively managed land and ecological compensation areas
has hardly been investigated.
Among arthropods, grasshoppers are known to be useful indicator species for changes in
agricultural land because of their short generation time and quick reaction to
environmental changes (Kuhn et al., 1996; Baur et al., 2006). Furthermore, the majority
of grasshopper species are adapted to agricultural landscapes and many benefit from an
extensive management of cultivated grassland (Schlumprecht and Waeber, 2003),
including both rare and common species (Walter et al., 2004). For instance, 80% of the
Swiss grasshopper species inhabit meadows in open agricultural land (Schneider and
Walter, 2001) and 43% of these species are used as focal or target species to evaluate
recently implemented measures to increase biodiversity (BAFU, 2008).
The connectivity of habitat patches occupied by a grasshopper species is related to its
dispersal potential, which is dependent on flight ability. Species-specific wing
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morphology, ranging from fully developed to short or completely absent wings, mainly
determines flight ability (Schlumprecht and Waeber, 2003; Reinhardt et al., 2005).
Grasshopper dispersal in intensively managed grasslands is often caused by disturbance,
e.g. mowing or grazing. It has also been observed that in each population a fraction of
individuals shows dispersal behaviour leaving the hatching site (Köhler, 1999).
To estimate a grasshopper species’ dispersal potential and its population connectivity,
genetic structure analysis has often been applied (e.g. Streiff et al., 2006; Holzhauer et
al., 2009; Ortego et al., 2010). However, besides the species-specific dispersal potential,
also the configuration of landscape elements might influence habitat connectivity,
population genetic structure, and gene flow (e.g. Ortego et al., 2012). Landscape genetics
focuses on these processes and provides several methods to investigate the effects of
landscape elements on gene flow by combining population genetic and landscape
ecological techniques (Segelbacher et al., 2010; Storfer et al., 2010).
The aim of the present study was to assess the effects of a fragmented, intensively
managed agricultural landscape with ecological compensation areas on functional habitat
connectivity of three common grasshopper species with different levels of habitat
specialisation. Chorthippus albomarginatus represents the least specialised species with a
preference for patches with short vegetation which is often the case in intensively
managed grasslands (Detzel, 1998), Chorthippus biguttulus can be found in many
different habitats but prefers extensively managed grasslands and Gomphocerippus rufus
is more specialised with a preference for highly structured habitats (Baur et al., 2006).
Specifically, we asked the following questions: (i) Are common grasshopper species with
different specialisations found in different foraging habitats in an agricultural landscape?
(ii) Is functional habitat connectivity of the three study species affected by the highly
fragmented intensive agricultural landscape and are more specialised species more
strongly affected? (iii) Do common grasshopper species use their foraging habitat as their
main dispersal habitat or are several landscape elements used for dispersal? To determine
population genetic structure and the effects of landscape composition on functional
habitat connectivity we used AFLP analysis and several landscape genetic techniques on
all three grasshopper species. Using the same sampling points for all three grasshopper
species gave the possibility to directly compare habitat and dispersal characteristics of
species with different habitat specialisations.
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Material and Methods
Study species
All three grasshopper species studied belong to the Acrididae family and are nonendangered and widespread in grasslands. C. biguttulus (Linnaeus, 1758) and G. rufus
(Linnaeus, 1758) are distributed throughout Euro-Siberia, and C. albomarginatus (De
Geer, 1773) is paleo-arctic. All three species are capable of flight with fully developed
wings. Their main food source is grasses, which explains their abundance in grasslands.
In a previous study conducted on the Swiss plateau, the three species were classified as
either ubiquist (C. albomarginatus) or disperser (C. biguttulus, G. rufus) regarding their
affinity to ecological compensation areas (Albrecht et al., 2010; Albrecht, WSL,
Birmensdorf, pers. comm.). While ubiquist species occurred at equal densities within and
outside ecological compensation areas, dispersers occurred in higher densities within
ecological compensation areas, with a decreasing density with increasing distance from
ecological compensation areas (Albrecht et al., 2010; Albrecht, WSL, Birmensdorf, pers.
comm.). Chorthippus albomarginatus inhabits a wide range of habitats, but prefers
moderately-warm, semi-humid to humid areas in wet meadows, pastures and cultivated
grassland (Baur et al., 2006), preferably with relatively short grass (Kuhn et al., 1996). C.
biguttulus generally occurs in nutrient-rich to nutrient-poor meadows (Kuhn et al., 1996),
on soils that have a high moisture content in spring, which is essential for egg hatching
(Ingrisch, 1983). Although this species is considered to be a disperser from ecological
compensation areas, Herzog and Walter (2005) found that ecological compensation areas
were not important connectivity elements for C. biguttulus. G. rufus can be found in dry
to moderately moist, warm and structure-rich habitats along forest edges, hedges, in
forest clearings, in meadows with high grass, and on waste land (Baur et al., 2006). For
this species, ecological compensation meadows have proven to be important connectivity
elements (Herzog and Walter, 2005). Based on wing morphology, results from movement
studies and observed colonisations, Reinhardt et al. (2005) categorised C. albomarginatus
and C. biguttulus as highly mobile species and G. rufus as moderately mobile.
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Fig. 1. Sampling sites (black dots) of three grasshopper species (Chorthippus albomarginatus,
Chorthippus biguttulus and Gomphocerippus rufus) collected in north-western Switzerland. The
frame shows the border of the study area. White areas represent open agricultural land, light-grey
areas show forests and dark-grey polygons represent buildings. The inset shows the location of
the study area within Switzerland (square).

Sampling
Genetic samples were collected in July and August 2009 in an area of about 95 km2 in the
Oberaargau region of the Swiss plateau (Fig. 1). The area is dominated by intensive
agriculture and is highly fragmented, with patches of intensively and extensively
managed meadows and pastures interspersed with crop fields, forests, roads, water
bodies, settlements and railways (Fig. 1). Roughly, 19% of the meadows and pastures are
extensively managed (i.e. ecological compensation areas), of which 6% have a “good”
quality based on the plant species composition.
We chose a stratified random sampling design, as random sampling is spatially unbiased
and has been recommended for landscape genetic studies of continuously distributed
species (Storfer et al., 2007; Schwartz and McKelvey, 2009). Fifty sampling points were
randomly placed within ecological compensation areas (meadows and pastures) and
another 50 points in the remaining landscape excluding forests and buildings. Sampling
points were at least 400 m apart from each other. Of the sampling sites within ecological
compensation areas, eight had “good” quality according to plant species composition
(BAFU, 2001). At each sampling point, we determined the presence of the three species
from stridulating males. Subsequently, two to ten individuals per species were sampled
within a radius of 20 m of the sampling point. We collected males and females of C.
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albomarginatus and G. rufus, but sampled only males of C. biguttulus, because females
of this species were difficult to distinguish from females of C. brunneus. After catching,
individuals were immediately killed in ethanol and both hind legs were stored in 100%
ethanol at -20°C in the dark until further processing. Sampling permissions from cantonal
authorities were not needed according to the Swiss law (Canton of Berne, Berne, pers.
comm.).
Genetic analyses
Microsatellite markers are often used to assess genetic structure at small spatial scales in
animals (Guichoux et al., 2011). However, it has repeatedly been shown that
microsatellite analysis can be problematic on grasshopper species because of the
occurrence of high null allele frequencies (e.g. Chapuis et al., 2008; Cassel-Lundhagen et
al., 2011; Blanchet et al., 2012). High frequencies have especially been found in species
from the Acrididae family, which have an extremely large genome (e.g. Ustinova et al.,
2006). The use of alternative markers such as AFLPs (amplified fragment length
polymorphisms; Meudt and Clarke, 2007) is therefore preferable. The AFLP method
assesses genome-wide variation at many loci, and there is no a priori knowledge on the
genome needed. Together with software for the automated scoring of AFLPs (e.g. Arrigo
et al., 2009), a large number of samples can easily be processed and objectively scored to
identify genetic differentiation among populations and genetic structure (Bensch and
Akesson, 2005).
Genomic DNA was extracted from one hind leg of each individual, which was first
lyophilized and ground for 4 min in an MM300 mixer mill (Retsch, Haan, Germany). We
used the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol with the supplementary recommendations for insects. In order to
maximise DNA yields, the elution step was performed twice (2x 100 µl elution buffer).
At least 10% of the samples of each species were randomly chosen as duplicates and
extracted twice.
For AFLP analysis, we used 5 µl of diluted DNA (≤ 100 ng/µl) and three primer
combinations of two pre-selective and five selective primers following a modified
protocol (Table S1) of Vos et al. (1995). As recommended for grasshoppers of the
Acrididae family by Tatsuta and Butlin (2001), we used long primers with four selective
nucleotides. Fragment analysis was performed on an ABI 3730xl sequencer (Applied
Biosystems, Carlsbad, USA) and electropherograms were analysed with
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PEAKSCANNER v.1.0 (Applied Biosystems, Carlsbad, USA; for a detailed description
of the AFLP protocol see Supplementary material). RAWGENO 1.10 (Arrigo et al.,
2009) was used for automated peak scoring and the following scoring parameters were
applied: for C. biguttulus and G. rufus, bins (alleles) were only selected if their width was
between 0.5 and 1.0 bp, they were within a range of 250-500 bp, had an intensity of at
least 100 rfu, occurred at least in five samples, and showed a reproducibility of at least
98%. All untested bins were removed. The same parameters were applied to C.
albomarginatus, except for the reproducibility score which was set at 95% in order to
achieve a high enough number of final bins (≥ 100 bins; Bensch and Akesson, 2005). The
final number of bins for C. biguttulus was 334, for G. rufus 234 and for C.
albomarginatus 158.
For each species, pairwise FST-values (Weir and Cockerham, 1984) were calculated with
ARLEQUIN 3.5.1.2 (Excoffier and Lischer, 2010). Slightly negative FST-values were set
to zero. Additionally, global population differentiation was estimated for each species by
calculating the mean of all pairwise FST-values. Aspatial genetic clustering was
performed with the software STRUCTURE v.2.3 (Pritchard et al., 2000) using the
admixture model, the recessive allele option (Falush et al., 2007), a burn-in of 100 000
sweeps, and a total of 1 000 000 sweeps for each of ten runs in total. This was repeated
for each number of clusters (K) ranging from one to ten.
Landscape analysis
The landscape analysis consisted of three parts. First, we determined suitable habitat (i.e.
the reproductive and foraging habitat) for each species with habitat suitability mapping
using ecological niche factor analysis (ENFA; Hirzel et al., 2002). Then, based on the
resulting habitat maps, we applied the widely used least-cost path analysis (Adriaensen et
al., 2003) to test whether dispersal between population pairs was more likely to be
directed across the mapped habitat or along a straight line. Finally, we performed the
newly developed least-cost transect analysis (LCTA), to analyse different dispersal
habitats for all three species incorporating the landscape composition along each path
(Van Strien et al., 2012). This method overcomes the difficult and subjective
parameterisation of resistance surfaces used in least-cost path analysis (Rayfield et al.,
2010).
Habitat suitability mapping (i.e. ENFA) was performed with BIOMAPPER 4.0 (Hirzel et
al., 2002). This method is suitable for datasets where accurate absence data are not
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available, like for the common grasshopper species analysed here. ENFA compares the
variation of landscape characteristics at locations where the study species was found to
the variation of the overall study area. Analogous to a principle component analysis,
environmental predictor variables were summarised into a set of uncorrelated
ecologically informative factors (i.e. the components in PCA), namely, the marginality
factor and several specialisation factors. Global marginality represents the difference of
the species’ mean distribution to the overall mean distribution, and global specialisation
shows the ratio of the overall variability to the species’ variability. We used all sampling
locations where we found at least two individuals of a certain species as presence points
for ENFA (C. albomarginatus: 43 points; C. biguttulus: 62 points; G. rufus: 31 points).
Ecological predictor variables were in the form of landscape grids (cell size = 20 m)
which were created in ARCGIS 9.3.1 (ESRI, Redlands, USA) based on vectorized land
cover data (vector25; Swisstopo, Wabern, Switzerland) supplemented by manual
mapping in 2009. The landscape grids encompassed the whole study area, including a
buffer of 500 m to avoid edge effects, but excluding forests and buildings as these
habitats were not sampled. The following landscape predictor variables were included in
the ENFA analysis: distance to closest ecological compensation area (dist_ECA),
distance to closest intensively managed meadow (dist_in_meadow), distance to patches
of forest (dist_forest), distance to structural elements (i.e. hedges, ditches, shrubs;
dist_structure), slope (slope), area of meadows within a radius of 400 m (area_meadows),
area of pastures within 400 m (area_pastures) and area of vegetable and crop fields
within 400 m (area_vegetable). We quantile-transformed distance variables using ten
categories, because they were not normally distributed (i.e. a requirement of
BIOMAPPER). After having computed ENFA, the most important factors were selected
with MacArthur’s broken stick distribution. Habitat suitability mapping was performed
based on the selected factors using the geometric mean method (Hirzel and Arlettaz,
2003). To evaluate the obtained habitat suitability maps, we used a four-fold cross
validation. Data were split into four partitions of which three were used to calibrate the
model, which was then validated with the fourth partition. This was repeated four times
leaving out a different validation partition each time. The predictive power of the four
resulting maps can be evaluated with the Boyce index (Boyce et al., 2002; Hirzel et al.,
2006). We calculated the Boyce index for two categories, as we were interested in
obtaining a binary map of suitable and unsuitable habitat. The categories were chosen so
that 70% of the presence locations were within the bin representing suitable habitat.
Least-cost path analysis (Adriaensen et al., 2003) only considered populations with at
least five individuals (C. albomarginatus: 36 points, C. biguttulus: 44 points, G. rufus: 29
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points), because genetic distance measures are more reliable when considering larger
sample sizes. Straight-line paths were created by connecting all pairs of populations with
straight lines (i.e. Euclidian distances). Paths through habitat were drawn based on the
habitat suitability maps created with ENFA (i.e. suitable habitat), which were
transformed to a resistance surface where cells of suitable habitat were assigned a low
cost value of 1 and matrix (i.e. unsuitable habitat) was assigned a high cost value of 1000
(cell size = 20 m). Least-cost paths were created in ARCGIS 9.3.1 (ESRI, Redlands,
California, USA) using the “cost path” function, which aims at minimising the
accumulative movement costs along the path by choosing a route through raster cells
with low costs (here: habitat cells). Correlations between straight-line path lengths (i.e.
Euclidian distances) and pairwise FST-values, as well as between least-cost path lengths
and pairwise FST-values were tested with Mantel tests with 1000 permutations using the
“mantel” function implemented in the package “ecodist” (Goslee and Urban, 2007) in R
(R Development Core Team, 2011). Additionally, partial Mantel tests were performed
(Smouse et al., 1986) with the same function (1000 permutations) to test for the
relationship between least-cost path lengths and pairwise FST-values after controlling for
Euclidian distances.
Least-cost transect analysis (LCTA; Van Strien et al., 2012) with multiple linear
regression analysis on distance matrices (Lichstein, 2007) was used to analyse different
dispersal habitats. For each of several chosen potential dispersal habitat types,
represented as binary resistance surfaces (i.e. habitat is given a low cost value and nonhabitat a high cost value), LCTA calculates least-cost paths between all pairs of
populations and buffers them to create transects in which the landscape is quantified (i.e.
the proportion of several landscape elements). Again, only populations with at least five
individuals were included in this analysis. The following land-cover types were used as
potential dispersal habitats derived from vectorized land-cover maps (vector25, cell size
= 10 m; Swisstopo, Wabern, Switzerland): WATER (areas of all above-ground water
bodies), FOREST (areas of forest patches), FOREST EDGE (boundaries of forest
patches), SETTLEMENTS (areas of buildings), ROADS (highways and larger roads),
AGRICULTURE (all open areas excluding forests, buildings and water bodies) and
HABITAT (from habitat suitability maps; see above). Each of these land-cover types in
turn functioned as potential dispersal habitat in different scenarios. In each scenario, the
rest of the landscape was regarded as matrix. For each potential dispersal habitat,
resistance surfaces were created by giving a low cost of 1 to the cells covering the
potential dispersal habitat and a high cost to the matrix (mc = 8 or mc = 64). By choosing
a matrix cost value (mc) of 1, straight-line paths were drawn. Created least-cost paths
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were buffered with 250 m on either side, creating a 500 m wide, nonlinear transect, and
the proportions of all above mentioned landscape elements were calculated within these
transects. Regression models were built using pairwise FST-values as response variable
and path length and proportion of each landscape element as predictor variables: FST ~
WATER + FOREST + FOREST EDGE + SETTLEMENTS + ROADS +
(AGRICULTURE) + HABITAT + LENGTH. As the predictor variables HABITAT and
AGRICULTURE were highly correlated with each other in almost all models on C.
albomarginatus and C. biguttulus (Pearson correlation coefficient > 0.7 or < -0.7), we
removed the variable AGRICULTURE from all models on these two species. The values
of the predictor variables were different for each landscape variable chosen as potential
dispersal habitat (i.e. the least-cost path takes a different route and, thus, the landscape
composition within the transect is different). Therefore, a regression model was built for
each of the potential dispersal habitats. With the “MRM” function of the R-package
“ecodist” (Goslee and Urban, 2007; Lichstein, 2007) we tested for the significance of R2
and regression coefficients by permuting the response matrix (1000 times). The most
likely dispersal habitat for each of the three grasshopper species was determined by the
highest R2-value as well as by model selection based on Akaike weights (wi; Burnham
and Andersson, 2002) calculated with the function “aictab” from the R-package
“AICmodavg” (Mazerolle, 2010). However, as the observations in distance matrices are
not independent (Burnham and Andersson, 2002), the interpretation of AIC measures has
to be done with care.

Results
In total, 1086 grasshopper samples were collected from 90 locations, i.e. 359 individuals
of C. albomarginatus from 43 locations, 455 individuals of C. biguttulus from 62
locations, and 272 individuals of G. rufus from 31 locations. Populations (i.e. samples
with ≥ 2 individuals) of C. albomarginatus and C. biguttulus were found at the majority
(i.e. 55% and 64%, respectively) of the intensively managed sampling sites (Fig. 2). In
contrast, G. rufus was only found at 18% of the intensive sites. In ecological
compensation areas, C. albomarginatus was less frequently found (41%) than in intensive
meadows, but C. biguttulus (68%) and G. rufus (32%) were collected more often there
(Fig. 2). Similarly and in contrast to C. albomarginatus, both G. rufus and C. biguttulus
were found in most ecological compensation areas with “good” quality.
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Overall population differentiation, measured by the mean of all pairwise FST-values, was
low for C. albomarginatus (FST = 0.01) and C. biguttulus (FST = 0.022). For G. rufus
population differentiation was markedly higher (FST = 0.050). Bayesian genetic clustering
analysis showed similar results for all three species: there was no genetic structure
detectable (Fig. S1). For instance, for K = 2 clusters, cluster membership probabilities
were approximately 0.5 for the first as well as for the second cluster in all individuals
analysed. This pattern of equal cluster membership coefficients did not change when
increasing the number of clusters K (e.g. for C. biguttulus, Fig. S1).
Habitat suitability analysis
Ecological niche factor analysis detected relatively low global marginalities for C.
albomarginatus (0.387) and C. biguttulus (0.411). In contrast, sampling sites of G. rufus
were environmentally more differentiated (global marginality = 0.904). C. biguttulus
showed the highest global tolerance with 0.917 and thus the lowest specialisation (1.091).
For C. albomarginatus and G. rufus, global tolerances were lower with 0.790
(specialisation = 1.265) and 0.746 (specialisation = 1.340), respectively. Five factors (i.e.
the marginality and four specialisation factors) were used to calculate the habitat
suitability map of C. albomarginatus (Table 1). The first factor (marginality factor), was
mainly explained by the landscape predictor variables “distance to intensive meadow”,
“area of meadows” and “distance to ecological compensation areas” (factor scores ≥ 0.4
or ≤ -0.4). Thus, compared to the mean environmental characteristics of the overall study
area, populations were more likely to inhabit areas close to intensively managed
meadows, areas with many meadows (intensive and extensive) as well as areas close to
ecological compensation areas. Several different landscape predictor variables
contributed to the other specialisation factors, but “area of meadows” was important in
almost all factors. In the analysis on C. biguttulus, the marginality factor was mainly
explained by “distance to ecological compensation areas” and “slope”. For G. rufus, the
most important variables contributing to the marginality factor were “distance to
ecological compensation areas”, “slope” and “distance to forest”. The Boyce index was
1±0 in habitat suitability models of all three species when splitting the datasets into two
bins. For C. albomarginatus and C. biguttulus, the resulting habitat maps categorised
over 50% of the study area (without forests and buildings) as suitable habitat (58% for C.
albomarginatus and 59% for C. biguttulus). For G. rufus, only 17% of the mapped area
was considered as suitable habitat.
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Least-cost path analysis
Calculated least-cost path lengths through habitat as well as straight-line path lengths (i.e.
Euclidian distances) showed little correlation with pairwise FST-values in all three species
(Mantel r = -0.03-0.10; P > 0.1) except for the correlation between least-cost path length
and FST in G. rufus (Mantel r = 0.10; P = 0.04). Similarly, partial Mantel tests on the
relationship between pairwise FST-values and path lengths when controlling for Euclidian
distance were neither significant in populations of C. albomarginatus nor in populations
of C. biguttulus (Partial Mantel r ≈ 0; P > 0.05). Only tests on G. rufus populations
identified a significant, but weak relationship of habitat path lengths with pairwise FST,
when controlling for the distance effect (Partial Mantel r = 0.12; P = 0.02).
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Fig. 2. Proportion of sampling points (%) occupied by each of three grasshopper species in
meadows with different management types. Intensive: intensively managed meadows; ECA:
ecological compensation areas; ECAQ: ecological compensation areas with “good” quality
(according to plant species composition). Black bars represent sites with Chorthippus
albomarginatus, dark-grey bars sites with Chorthippus biguttulus and light-grey bars sites with
Gomphocerippus rufus.
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Table 1. Results of ecological niche factor analysis (ENFA) for three grasshopper species in
north-western Switzerland. Displayed are environmental predictor variables showing high factor
scores (≤ -0.04 or ≥ 0.04) for the marginality or additional specialisation factors used for habitat
suitability mapping. The percentages refer to the percentage of variance explained by each
factor. For explanation of landscape elements see Material and Methods.
Species

Marginality

Factor 2

Factor 3

Factor 4

Factor 5

Chorthippus
albomarginatus

18%

31%

14%

12%

8%

dist_in_meadow
(-0.70)

dist_forest
(-0.61)

dist_structure
(0.58)

area_vegetable
(0.75)

area_pastures
(-0.69)

area_meadows
(0.45)

area_vegetable
(0.52)

area_meadows
(0.46)

area_meadows
(-0.58)

area_meadows
(0.45)

-

dist_ECA
(-0.42)

slope
(0.44)
dist_in_meadow
(0.41)

Chorthippus
biguttulus

18%

22%

14%

12%

dist_ECA
(-0.66)

dist_forest
(-0.48)

area_meadows
(-0.73)

dist_structure
(0.54)

slope
(0.43)

area_meadows
(0.44)

area_pastures
(0.41)

dist_in_meadow
(-0.45)

dist_ECA
(0.43)
Gomphocerippus
rufus

slope
(-0.41)

16%

30%

20%

13%

7%

dist_ECA
(-0.60)

area_pastures
(0.71)

dist_forest
(0.51)

dist_structure
(-0.66)

area_vegetable
(0.73)

slope
(0.57)

slope
(-0.53)

area_meadows
(-0.50)

dist_ECA
(0.49)

area_meadows
(-0.62)

area_vegetable
(-0.49)

dist_in_meadow
(0.43)

dist_forest
(-0.43)

dist_ECA
(-0.40)

Least-cost transect analysis
Least-cost transect analysis (LCTA) with multiple linear regression on distance matrices
detected low model fits for all potential dispersal habitats analysed for C. albomarginatus
(R2 = 0.024-0.048; Table 2, Fig. 2). Surprisingly, models based on dispersal paths
through SETTLEMENTS showed the best fit and highest AIC weights (wi) for both
matrix cost values (mc = 8 and mc = 64; Fig. 3). For C. biguttulus, models were slightly
better than for C. albomarginatus (R2 = 0.042-0.111; Fig. 3). Again, models with
dispersal paths through SETTLEMENTS were better than all other models (for mc = 64).
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However, note that model fits for C. albomarginatus and C. biguttulus were really low.
In contrast, models calculated for G. rufus showed considerably better model fits
compared to model fits for C. albomarginatus and C. biguttulus (R2 = 0.169-0.253; Fig.
3). Models based on transects through FOREST (and paths along forest edges for mc = 8)
had the highest R2 and AIC weights (Table 2). For all three species, models considering
HABITAT as preferred dispersal habitat detected low R2 and were, thus, less likely the
favoured dispersal habitats than almost all other potential dispersal habitats. As our main
goal was to determine most likely dispersal habitats, we did not display regression
coefficients here.
Table 2. Multiple regression results on distance matrices of least-cost transect analysis on
Chorthippus albomarginatus, Chorthippus biguttulus and Gomphocerippus rufus in northwestern Switzerland. Several potential dispersal habitats were used to create least-cost paths
buffered with 250 m. Model fit (R2), significance and AIC weights (wi) are given for paths
created with two different matrix cost values (mc). NONE represents straight-line paths (i.e. mc
= 1). P-values: *** ≤ 0.001, ** ≤ 0.01, * ≤ 0.05.
Species
C. albomarginatus

C. biguttulus

G. rufus

Dispersal habitat
SETTLEMENTS
AGRICULTURE
HABITAT
FOREST
NONE
FOREST EDGE
ROADS
WATER
SETTLEMENTS
ROADS
NONE
HABITAT
AGRICULTURE
FOREST
FOREST EDGE
WATER
FOREST
NONE
FOREST EDGE
HABITAT
AGRICULTURE
ROADS
SETTLEMENTS
WATER

R2 (mc=8)
0.048 ***
0.034 *
0.039 **
0.041 **
0.029 *
0.036 **
0.031 *
0.024
0.076 ***
0.082 ***
0.043 **
0.057 ***
0.060 ***
0.052 ***
0.057 ***
0.068 ***
0.250 ***
0.235 ***
0.251 ***
0.181 ***
0.223 ***
0.200 ***
0.205 ***
0.185 ***

wi
0.85
0.01
0.04
0.08
0.00
0.01
0.00
0.00
0.04
0.95
0.00
0.00
0.00
0.00
0.00
0.00
0.41
0.01
0.58
0.00
0.00
0.00
0.00
0.00

R2 (mc=64)
0.046 **
0.036 *
0.034 *
0.031 *
0.029 *
0.025
0.029
0.027 *
0.111 ***
0.086 ***
0.043 **
0.072 ***
0.071 ***
0.065 ***
0.085 ***
0.082 ***
0.253 ***
0.235 ***
0.224 ***
0.170 ***
0.228 ***
0.182 ***
0.211 ***
0.177 ***

wi
0.94
0.03
0.01
0.01
0.00
0.00
0.00
0.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.99
0.01
0.00
0.00
0.00
0.00
0.00
0.00
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Discussion
The present study found a more pronounced landscape effect on the more specialised
grasshopper species (G. rufus) than on the two more common species (C. albomarginatus
and C. biguttulus). Thus, we found a more restricted suitable foraging habitat and more
distinct dispersal habitat for G. rufus, but a broad range of foraging habitats and
unidentifiable dispersal habitats for C. albomarginatus and C. biguttulus. Moreover, none
of the species used its reproductive habitat as primary dispersal habitat.

0.30

0.25

AGRICULTURE

0.20

FOREST

R2

FOREST EDGE
0.15

HABITAT
ROADS

0.10

SETTLEMENTS
WATER

0.05

0.00
mc 1

mc 8
Matrix cost value

mc 64

Fig. 3. Model fits (R2) of linear regression results of least-cost transect analysis (LCTA) for
populations of Chorthippus albomarginatus (dashed lines), Chorthippus biguttulus (solid lines)
and Gomphocerippus rufus (dotted lines). Several landscape elements (symbols) were tested as
potential dispersal habitats. Least-cost paths were created for three different matrix cost values
(mc) and buffered with 250 m. Mc 1 represents straight-line transects.
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Suitable habitats
Field observations as well as habitat suitability mapping defined a distinct habitat
preference for G. rufus and a broader habitat preference for the other two grasshopper
species studied. Nevertheless, the distribution of the sampled populations showed that all
three species actually occur in each of three different meadow types (i.e. intensively
managed meadows, ecological compensation areas and ecological compensation areas
with “good” quality). C. albomarginatus was more frequent in intensively managed
meadows than in ecological compensation areas and G. rufus showed a preference for
ecological compensation areas, especially for those with “good” quality. Given that in
our study area only 20% of the meadows were ecological compensation areas, of which
only a fraction had “good” quality, the preferred habitat of G. rufus was rather rare
compared to that of the other two species. C. biguttulus was the most frequent species in
all three meadow types indicating that this species is common and widespread throughout
our study area and it is not significantly influenced by the intensity with which its
foraging habitat is managed. These results confirm our expectations based on previous
information which described C. biguttulus and G. rufus as dispersers from ecological
compensation areas (Albrecht et al., 2010; Albrecht, WSL, Birmensdorf, pers. comm.)
and C. biguttulus as an inhabitant of several different agricultural landscape elements
(Detzel, 1998). In contrast, C. albomarginatus prefers low grass (Kuhn et al., 1996) and
occurs in intensively managed meadows (Detzel, 1998). It is generally assumed that this
species is currently expanding in Switzerland (Baur et al., 2006), with our study area
located at the edge of its current Swiss distribution. Therefore, even if we could not find
C. albomarginatus in any of the most northern sites of our study area, it might disperse
there in the future. However, in addition to land use intensity, represented here by the
different grassland management types discussed above, natural site conditions (e.g. soil
moisture or ground substrate) are additional important factors determining the
colonisation and persistence of grasshoppers (Detzel, 1998).
The low marginality detected in the habitat suitability analysis for both C.
albomarginatus and C. biguttulus indicates that their mean suitable habitat is similar to
the mean landscape of the overall study area. Furthermore, both species (especially C.
biguttulus) showed a high global tolerance (i.e. low habitat specialisation), which
indicates that their habitat covers a wide range of landscape elements. In contrast, the
mean landscape defining the habitat of G. rufus seemed to differ more from the global
mean landscape. The most important landscape predictor variables explaining the
marginality in all three species matched the descriptions of their habitat preferences from
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literature (e.g. Detzel, 1998; Baur et al., 2006). The high importance of the variable
“slope” (besides “distance to ecological compensation areas”) explaining the marginality
of C. biguttulus and G. rufus could be explained by the location of certain habitat types.
Dry meadows, forest edges, fallow land and road verges, which are preferred by these
two species (Detzel, 1998), often occur on slopes. Furthermore, farmers preferably place
extensively managed meadows on steep slopes, as meadows on slopes are more difficult
to manage (Herzog and Walter, 2005). As expected, “distance to forest” was an important
variable of the marginality of G. rufus, a species that can often be found along forest
edges or in forest clearings (Baur et al., 2006).
Nevertheless, it remains unknown, whether the study species also reproduce in the
mapped habitat. Furthermore, our habitat suitability models might have shown different
results, if we would have included different environmental variables in the analyses (e.g.
moisture content of soil, an important characteristic of grasshopper habitats; Detzel,
1998). This could have led to a higher specialisation in the study species and thus to the
identification of a more pronounced suitable habitat. Additionally, the exclusion of
potentially unsuitable habitats from the reference overall study area (i.e. settlements and
forest areas) could have caused the low marginality and high tolerance found in the three
study species (Hirzel et al., 2002). Nevertheless, our approach allowed the identification
of fine differences among suitable habitats of the three grasshopper species based on
mapped landscape characteristics. Indeed, the resulting habitat suitability maps clearly
show that G. rufus occupies a spatially more restricted habitat in our study area as
compared to the widespread habitats of C. albomarginatus and C. biguttulus. Thus, our
study confirms that G. rufus is the most specialised of the three grasshopper species
investigated.
Population genetic structure
Little population genetic structure was found in all three grasshopper species studied.
This pattern indicates abundant gene flow across the study area and the absence of major
landscape effects on dispersal and, thus, connectivity. The higher mean pairwise FSTvalue detected for G. rufus populations might reflect the more limited mobility of this
species compared to the other two species (Reinhardt et al., 2005). Similar results were
previously found for three grasshopper species of the genus Calliptamus, of which only
populations of the most sedentary species C. wattenwylianus showed some genetic
structure (Blanchet et al., 2012). However, not only species-specific mobility, but also the
distribution of populations significantly influences genetic patterns. For example, a
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landscape genetic study on a common and flightless cricket (Pholidoptera griseoaptera)
detected surprisingly little genetic structure, which may have been a result of the
extremely widespread distribution of the target organism in the study area (Diekötter et
al., 2010). Moreover, it has to be considered that FST-values mainly represent historical
patterns of gene flow (Landguth et al., 2010). For instance, a study on C. parallelus, a
short-winged and rather sedentary grasshopper species closely related to our study
species, detected low FST-values among populations and the presence of a single genetic
cluster (Wiesner et al., 2011). The authors assumed that this result was mainly due to
historical landscape patterns. Similarly, Holzhauer et al. (2006) found a higher
correlation of genetic structure with historical landscape configuration than with the
present landscape for populations of the cricket Metrioptera roeselii. In the present study,
however, the high mobility of the three grasshopper species supports the hypothesis that
genetic structure is not only reflecting historical but also recent patterns of gene flow.
Dispersal habitats
Preferred dispersal habitats could not clearly be identified in the present study. Results
from simple landscape genetic analyses using least-cost paths and (partial) Mantel tests
confirmed what genetic clustering analysis already had suggested, i.e. abundant gene
flow across the study area. The low correlations found between straight-line path lengths
and pairwise FST-values as well as between least-cost path lengths and pairwise FSTvalues for C. albomarginatus and C. biguttulus suggest to discard both assumptions of
dispersal directed along straight lines and dispersal through suitable habitat, as inferred
from habitat suitability models. This conclusion is also supported by the results of partial
Mantel tests. A significant relationship between least-cost paths through habitat and
pairwise FST-values was only detected for G. rufus, indicating that this species more
likely uses paths through habitat than straight-line paths for dispersal. Although partial
Mantel tests are widely applied in landscape genetic analyses, their usage has been
debated (e.g. Raufaste and Rousset, 2001). A simulation study showed that these tests
sometimes erroneously identify an effect of landscape elements on gene flow when there
is actually none (Balkenhol et al., 2009b). In contrast, multiple linear regression analysis
on distance matrices (Smouse et al., 1986), which we used with LCTA, performed far
better in the above simulation study, and its use has therefore been recommended for
landscape genetics (Balkenhol et al., 2009a).
Least-cost transect analysis (LCTA) showed only low model fits in models for C.
albomarginatus and C. biguttulus, which could have several reasons. First, the
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widespread distribution in our study area and the high mobility of both species likely
result in frequent gene flow and, thus, highly connected habitat patches. Therefore,
genetic differentiation between population pairs is expected to be generally low and the
variation of pairwise FST-values might not be explained by the landscape along a single
dispersal path connecting population pairs. Second, the landscape parameters included in
the models might not have been the most relevant ones for the dispersal of the species
analysed. Consequently, the habitat suitability mapping could have misrepresented their
actual habitats (see above). The best fitting models for C. albomarginatus and C.
biguttulus were based on transects through settlements. If we consider that other studies
on flying insect species (e.g. damselflies, bees or butterflies) found either no effect or a
barrier effect of urban areas on gene flow (e.g. Davis et al., 2010; Leidner and Haddad,
2011; Keller et al., 2012), our results are somewhat surprising. However, most
settlements in our study area consisted of only a few houses surrounded by gardens (Fig.
1). We, therefore, assume that those settlements are easily traversable and may even
present a suitable dispersal habitat for flying grasshoppers that forage in a wide spectrum
of habitats, such as C. albomarginatus and C. biguttulus (Detzel, 1998). Moreover,
various landscape elements in urban areas (e.g. parks, larger gardens, cemeteries, and
green roofs) have been recognised as habitats for many grasshopper species including C.
biguttulus (Detzel, 1998; Schlumprecht and Waeber, 2003). Despite the low model fits,
which complicated the identification of preferred dispersal habitat for both species, the
hypothesis that the mapped habitat was the most likely dispersal habitat could be
discarded.
Landscape genetic results were more pronounced for G. rufus, indicating a stronger effect
of landscape on dispersal and gene flow between pairs of populations. This outcome was
expected because G. rufus is more specialised than the other two grasshopper species. All
models showed a higher fit, but those based on transects through forests or along forest
edges performed best. The fact that G. rufus, inhabits both agricultural grasslands, as well
as forest clearings and edges (Detzel, 1998), clearly supports this result. The significance
of forest edges and path verges as dispersal habitats of grasshoppers was previously
indicated by Laussmann (1993). Surprisingly, also for G. rufus as for the other species,
dispersal paths through the mapped habitat where G. rufus was sampled seem not to act
as preferred dispersal habitat. If the mapped habitat correctly represents the foraging
habitat of G. rufus, this result clearly shows that dispersal is not restricted to its foraging
habitat. Furthermore, it indicates that G. rufus uses several landscape elements for interpopulation dispersal. This is a rather interesting result as it proves that occupied
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fragments of geographically isolated foraging or reproductive habitat can still be
functionally connected to each other.
Conclusions
As suggested by literature (Detzel, 1998; Reinhardt et al., 2005), our analyses
characterised G. rufus as the most specialised and least mobile of the three grasshopper
species we analysed. However, the landscape genetic analyses applied in our study
detected only a minor effect of the fragmented agricultural landscape on population
connectivity in all three common grasshopper species. As expected, landscape effects
were strongest for the most specialised grasshopper species G. rufus and weakest for the
common C. albomarginatus. Thus, our results suggest that habitat connectivity of more
specialised and more immobile species could well be negatively affected by
fragmentation in intensively managed agricultural landscapes.
For none of the three grasshopper species studied, the mapped foraging habitat was
detected as the preferred dispersal habitat. Thus, these grasshoppers either use habitat
types other than their foraging habitat to disperse through or are fairly indifferent to
habitat types when dispersing. For C. albomarginatus and C. biguttulus, the latter is
supported by their preference for a broad range of grassland types, resulting in their wide
distribution. For G. rufus, forests and forest edges most likely represent adequate
dispersal habitats. In conclusion, our study shows little impact of the agricultural
landscape on dispersal and gene flow of the three common grasshopper species. Our
agricultural study area with implemented agri-environment scheme seems to provide
suitable conditions for the long-term persistence of common grasshopper species. We
found that ecological compensation areas, especially those with “good” quality, are
important habitats for more specialised species, e.g. G. rufus. Thus, improving the quality
of ecological compensation areas would be beneficial for such species. Additionally,
ecological compensation areas might be used as refuges for many grasshopper species
during mowing. In fact, mowing has been shown to generally cause high mortality in
grasshopper species, but can also promote dispersal in more mobile species (Humbert et
al., 2010). For the survivability of grasshoppers in agricultural meadows, ecological
compensation areas should therefore be spatially distributed that they are easily reachable
during mowing.
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Supporting information
AFLP protocol
Genomic DNA (≤ 100 ng/µl) was restricted with 0.2 µl MseI (10 U/µl, NEB, Ipswich,
USA) and 0.25 µl EcoRI (20 U/µl, NEB, Ipswich, USA) for 2 h at 37 °C in a total of 20
µl reaction volume, which additionally contained 2 µl restriction buffer (Buffer 4, 10x,
NEB, Ipswich, USA) and 0.2 µl BSA (1 mg/ml, Roche Diagnostics, Risch, Switzerland).
Ligation of restriction products to adaptors was performed for 2 h at 37 °C, by adding
12.92 µl of ddH2O (Fluka), 4 µl of T4 ligase buffer (10x, Roche Diagnostics, Risch,
Switzerland), 1.44 µl of MseI adaptor mix (10 µM), 1.44 µl EcoRI adaptor mix (10 µM)
and 0.2 µl T4 ligase (5 U/µl, Roche Diagnostics, Risch, Switzerland). Adaptor mixes
(total volume = 20 µl) consisted of 15 µl ddH2O, 1 µl buffer (Buffer 4, 10x, NEB,
Ipswich, USA), 2 µl MseI or EcoRI Adaptor 1 (100 µM) and 2 µl MseI or EcoRI Adaptor
2 (100 µM) and was incubated at 95 °C for 5 min. Subsequently, ligation products were
diluted with ddH2O (1:10). Preselective PCR was performed in 25 µl reaction mixes each
containing 3 µl diluted ligation product, 14.9 µl ddH2O, 0.1 µl AmpliTaq DNA
Polymerase (5 U/µl, Applied Biosystems, Carlsbad, USA), 2.5 µl AmpliTaq PCR buffer
II (10x, Applied Biosystems, Carlsbad, USA), 1.5 µl MgCl2 (1 mM, Applied Biosystems,
Carlsbad, USA), 2 µl dNTPs (1 mM, Promega, Madison, USA) and 0.5 µl of each of the
two preselective primers (Table S1; 10 µM). PCRs were run for 30 cycles each starting at
72 °C for 2 min, followed by 94 °C for 30 s, 56 °C for 30 °C, 72 °C for 2 min and,
finally, one cycle of 72 °C for 10 min. For selective PCRs we used three different primer
combinations (AD, BC, BD; Table S1). PCR mixes (25 µl) consisted of 5 µl diluted (1:10
with ddH2O) preselective PCR product, 11.6 µl ddH2O, 0.2 µl AmpliTaq Gold DNA
Polymerase (5 U/µl, Applied Biosystems, Carlsbad, USA), 2.5 µl AmpliTaq Gold PCR
buffer (10x, Applied Biosystems, Carlsbad, USA), 2.5 µl MgCl2 (1 mM, Applied
Biosystems, Carlsbad, USA), 2 µl dNTPs (1 mM, Promega, Madison, USA), 0.2 µl BSA
(1 mg/ml, Roche Diagnostics, Risch, Switzerland) and 0.5 µl of each of the two primers
(Table S1; 10 µM). Cycling conditions for the first 13 cycles were 95 °C for 10 min, 94
°C for 30 s, 65 °C (reduction of 0.7 °C per cycle) for 1 min and 72 °C for 1 min. The
following 23 cycles were 94 °C for 30 s, 56 °C for 1 min, 72 °C for 1 min and a final
cycle of 72 °C for 10 min.
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Table S1. Sequences of adapters and primers for AFLP analysis of three grasshopper species (C.
albomarginatus, C. biguttulus and G. rufus). Primer combinations AD, BC and BD were used in
selective PCR.

Primer/Adapter

Sequence

Adapters
EcoRI

5′-CTC GTA GAC TGC GTA CC-3′
5′-AAT TGG TAC GCA GTC TAC-3'

MseI

5′-GAC GAT GAG TCC TGA G-3′
5′-TAC TCA GGA CTC AT-3′

Preselective
Primers
Eco+C

5′-GAC TGC GTA CCA ATT CC-3′

Mse+C

5′-GAT GAG TCC TGA GTA AC-3′

Selective Primers
(A) Eco+CAGG

5′-GAC TGC GTA CCA ATT CCA GG3'

(B) Eco+CTCC

5′-GAC TGC GTA CCA ATT CCT CC3'

(C) Mse+CCTG

5′-GAT GAG TCC TGA GTA ACC TG3′

(D) Mse+CGAG

5′-GAT GAG TCC TGA GTA ACG
AG-3′
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K=2

K=3

K=4

K=5

K=6

Fig. S1. Results of structure analysis for Chorthippus biguttulus for K = 2-6 clusters. Each bar
represents one individual and colours show the membership proportion in each cluster.
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Abstract
Conservation measures of endangered zygopteran species are frequently accompanied by
minimal monitoring. Such a monitoring comprises two censuses per year, in which the
number of imagines is determined. For the Southern Damselfly, Coenagrion mercuriale
we have evaluated whether minimal monitoring results in a reliable assessment of
population size. Therefore, we compared two different datasets, collected from the same
populations on the Swiss Plateau in 2009. One dataset represented minimal monitoring
with two censuses per year. The other dataset presented a more profound estimation of
real population sizes. For this latter dataset, counts were conducted on every day with
suitable weather conditions during the reproductive phase. Statistical evaluation showed a
high agreement of the two methods. Therefore, we conclude that even minimal
monitoring results in a reliable assessment of population size. This result may also hold
true for other damselfly species.

Zusammenfassung
Schutzmassnahmen für bedrohte Kleinlibellenarten werden für die Erfolgskontrolle oft
von einem minimalen Monitoring mit zwei Begehungen pro Jahr begleitet. Dabei wird
die Anzahl Imagines erfasst. Wir haben untersucht, ob ein solches Minimalmonitoring
eine vertrauenswürdige Schätzung der Bestandesgrössen erlaubt. Dazu wurden zwei
Datensätze, die im Jahr 2009 in denselben Populationen der Helm-Azurjungfer
Coenagrion mercuriale erhoben wurden, miteinander verglichen. Der eine Datensatz
umfasste ein Minimalmonitoring mit zwei Begehungen pro Jahr. Für den anderen
Datensatz wurde während der Fortpflanzungsperiode jeder Tag mit guten
Wetterbedingungen für Erhebungen genutzt, um so eine verlässliche Schätzung der
Populationsgrössen zu erhalten. Die statistische Auswertung zeigte eine gute
Übereinstimmung der beiden Methoden. Daraus folgern wir, dass auch mit einem
Minimalmonitoring von zwei Begehungen pro Jahr Bestandesgrössen adäquat geschätzt
werden können – ein Ergebnis, das wahrscheinlich auch auf andere Kleinlibellenarten
übertragbar ist.

Keywords: Coenagrion mercuriale, control of effectiveness, damselfly, monitoring
methods, population size, reliability, Zygoptera.
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Einleitung
Praktische Massnahmen zum Schutz und zur Förderung von Libellen benötigen
Erfolgskontrollen in Form eines Bestandes-Monitorings (Wildermuth & Küry 2009). Als
Erhebungsmethode für Populationsgrössen von bedrohten Kleinlibellen hat sich das
Zählen der Imagines durchgesetzt (Siedle 1992, Buchwald & Röske 2001, Gander 2010).
Dabei wird entlang definierter Strecken oder auf abgesteckten Flächen an mehreren
Begehungen zur Hauptflugzeit der zu erfassenden Art bei sonnigem, möglichst
windstillem und warmem Wetter die Anzahl Individuen auf Sicht erfasst (Sternberg
1999, Wildermuth & Küry 2009). Als Mass für die Bestandesgrösse wird schliesslich oft
die höchste Anzahl Imagines pro Strecke oder Fläche und Saison verwendet (Moore
1991, Vonwil & Osterwalder 1994, 2006). Aufgrund beschränkter Zeit und finanzieller
Mittel werden oft nur zwei Begehungen pro Saison durchgeführt. Für ein zielführendes
Monitoring ist es allerdings ausschlaggebend, dass die Daten innerhalb der gewählten
Methode vergleichbar sind und positiv mit den realen Bestandesgrössen korrelieren. Die
Frage, ob ein Kleinlibellen-Minimalmonitoring von zwei Begehungen pro Saison diese
Bedingungen erfüllt, ist bisher kaum untersucht worden. Wir haben dies anhand von zwei
Monitoringdatensätzen geprüft, die unabhängig voneinander im selben Jahr in denselben
Populationen der Helm-Azurjungfer Coenagrion mercuriale (Charpentier, 1840) mit
unterschiedlich grossem Aufwand erhoben worden sind.

Abb. 1. Männchen von Coenagrion mercuriale.
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Abb. 2. Habitat von Coenagrion mercuriale im Smaragd-Gebiet Oberaargau: langsam
fliessende, offene Wiesenbäche mit reichlicher Wasservegetation.

Untersuchungsgebiet und Methoden
Die in der Schweiz vom Aussterben bedrohte Kleinlibelle Coenagrion mercuriale
(Gonseth & Monnerat 2002, Monnerat 2005; Abb. 1) kommt unter anderem im
Oberaargau, Kanton Bern, an mehreren langsam fliessenden Wiesenbächen vor (GrütterSchneider 2008, Hepenstrick 2009; Abb. 2). Die Vorkommen liegen alle im SmaragdGebiet Oberaargau, wo auch die vorliegende Studie durchgeführt wurde. Im Rahmen
eines umfassenden Schutzprogramms zur Förderung der Lebensraum- und Artenvielfalt
im Smaragd-Gebiet ist C. mercuriale eine der Zielarten. Es besteht die Absicht des
regionalen Trägervereins, den Bestand zu sichern und zu vergrössern (Hedinger 2008,
Smaragd-Gebiet Oberaargau 2011).
Wir verglichen den im Rahmen des normalen Monitorings im Schutzprogramm
erhobenen Datensatz mit einem umfassenden Datensatz, der im selben Jahr (2009)
erhoben wurde. Bei beiden Methoden wurden Männchen, Tandems und Paarungsräder
erfasst. Einzelne weibliche Tiere wurden nicht gezählt, weil sie zur eindeutigen
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Bestimmung gefangen werden müssen. Subadulte Individuen wurden nur gezählt, wenn
die Art auf Sicht eindeutig zugeordnet werden konnte. Bei der Minimalmethode wurden
die Populationen je einmal Mitte Juni und anfangs Juli, also während der Hauptflugzeit
(Monnerat 2005), bei günstigen Witterungsbedingungen besucht. Eine Person schritt
dabei entlang der Ufer der Wiesenbäche und notierte die Anzahl Individuen von C.
mercuriale pro definiertem Abschnitt. Bei der Maximalmethode wurde von Mitte Juni bis
Ende Juli jeder Tag mit geeignetem Wetter zur Bestandeserfassung genutzt. So wurde
jeder Bachabschnitt zwischen fünf- und siebzehnmal besucht. Dabei erfassten zwei
Personen, die je auf einer Seite des Baches entlang schritten, die Anzahl der anwesenden
C. mercuriale-Individuen. Es wurde davon ausgegangen, dass die Zähldaten der
Maximalmethode eine verlässliche Annäherung an die realen Bestandesgrössen
darstellen. Insgesamt zwölf Abschnitte, welche an drei verschiedenen Bächen lagen,
wurden so mit beiden Methoden erfasst.
Mit dieser Datengrundlage testeten wir, ob die Ergebnisse der in der Praxis oft gewählten
Minimalmethode von zwei Begehungen pro Flugsaison mit den Daten der
Maximalmethode, und somit mit den realen Bestandesgrössen, korrelieren. Es wurden
zwei Hypothesen gegeneinander getestet:
(i) Nullhypothese
Die mit dem Minimalmonitoring erhobenen Zahlen korrelieren nicht mit den realen
Bestandesgrössen. Die Daten aus dem Minimalmonitoring ergeben somit keine
verlässliche Schätzung der Bestandesgrössen und können deshalb nicht sinnvoll
interpretiert werden: das Minimalmonitoring ist als Methode ungeeignet.
(ii) Alternativhypothese
Die mit der Minimalmethode erhobenen Daten korrelieren positiv mit den realen
Bestandesgrössen. Damit sind die Daten interpretierbar und das minimale Monitoring
von zwei Begehungen pro Saison ermöglicht eine verlässliche Schätzung der
Bestandesgrössen.
Da zu erwarten war, dass aufgrund des grösseren Aufwands der Maximalmethode (mehr
Begehungen, zwei erfassende Personen), die Bestandesgrössen der Maximalmethode
grösser als jene der Minimalmethode sind, wurden nicht die absoluten Werte der
Bestandesgrössen, sondern deren Ränge verglichen. Es wurde also getestet, ob die der
Grösse nach geordneten maximalen Bestandesgrössen pro Bachabschnitt der beiden
Methoden in ihrer Reihenfolge korrelieren. Dazu wurde wie folgt vorgegangen: Als
erstes wurden Abundanzwerte berechnet, d.h. die höchsten Bestandesgrössen (= höchste
137

Appendix

Anzahl C. mercuriale-Individuen pro Abschnitt pro Tag pro Saison) aus beiden
Methoden wurden durch die jeweiligen Abschnittslängen dividiert. Schliesslich wurden
die zwölf Wertepaare der Minimal- und Maximalmethode einander gegenübergestellt
(Abb. 3) und mit Kendalls Konkordanz-Koeffizienten (Kendall & Babington Smith 1939)
statistisch getestet (Funktion kendall.global aus Paket vegan von Oksanen et al. 2010, R
development core team 2011). Mit dieser Methode wird geprüft, ob verschiedene
Beobachter (hier Maximal- und Minimalmethode) in ihrer Beurteilung derselben Objekte
(hier Bachabschnitte) übereinstimmen. Dabei werden die Ränge verglichen. Je besser die
Beurteilungen bzw. die zugeteilten Ränge der beiden Beobachter bzw. Methoden
übereinstimmen, desto näher bei 1 liegt der Konkordanzkoeffizient W. Die Signifikanz
des Konkordanzkoeffizienten wurde mit einer F-Statistik berechnet (F = W*(m-1)/(1W)), wobei m die Anzahl Beobachter angibt (Oksanen et al. 2010).

Resultate
Die direkte Gegenüberstellung der Abundanzwerte beider Methoden zeigte eine positive
Korrelation der Abundanzwerte beider Methoden (Abb. 3). Wie erwartet, standen die
Abundanzwerte beider Methoden nicht im Verhältnis 1:1, und die Werte der
Maximalmethode waren praktisch immer grösser als diejenigen der Minimalmethode. An
drei Abschnitten wurden mit der Minimalmethode keine C. mercuriale-Individuen
festgestellt. An zwei dieser Abschnitte wurden mit der Maximalmethode nur geringe
Abundanzwerte ermittelt, während an einem dieser Abschnitte mit der Maximalmethode
der vierthöchste Abundanzwert gefunden wurde. Aufgrund eines KonkordanzKoeffizienten von 0.88 mit einer hohen Signifikanz (F = 7.33; p = 0.002) konnte die
Nullhypothese verworfen und die Alternativhypothese gestützt werden.

Diskussion
Der statistische Test bestätigte, was in Abbildung 3 ersichtlich ist: Die Abundanzwerte
der Minimalmethode korrelieren positiv mit denen der Maximalmethode. Die
Grundaussage beider Methoden ist somit im Wesentlichen dieselbe: Wird an einem
Bachabschnitt mit der Maximalmethode ein hoher Abundanzwert festgestellt, so ergibt
sich auch mit der Minimalmethode ein grosser Abundanzwert. Dasselbe gilt für geringe
Abundanzen. Offensichtliche Abweichungen vom Verhältnis 1:1 der Ergebnisse beider
Methoden bedürfen jedoch einer Diskussion.
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Abb. 3. Standardisierte Abundanzwerte von Coenagrion mercuriale an zwölf Abschnitten
verschiedener Wiesenbäche im Smaragdgebiet Oberaargau im Jahr 2009, erfasst mit einer
Minimal- und einer Maximalmethode. Die gestrichelte Linie bezeichnet das theoretische 1:1
Verhältnis beider Methoden.

(i) Die Maximalmethode lieferte höhere Abundanzen als die Minimalmethode. Dies war
von vornherein zu erwarten: Je mehr Begehungen durchgeführt werden, desto grösser ist
die Chance, Werte nahe der tatsächlich höchsten Bestandesgrösse einer Saison
festzustellen. Zudem wurden die Erfassungen der Maximalmethode mit zwei Personen
durchgeführt, was die Wahrscheinlichkeit, Individuen von C. mercuriale zu übersehen,
verringerte.
(ii) Mit der Minimalmethode konnten an drei Abschnitten keine Imagines nachgewiesen
werden, während mit der Maximalmethode an denselben Abschnitten C. mercurialeIndividuen gefunden wurden. Es kann durchaus vorkommen, dass die Art an
individuenarmen Abschnitten bei lediglich zwei Begehungen pro Jahr übersehen wird.
(iii) Am Bachabschnitt mit dem vierthöchsten Wert beim Maximalmonitoring (17.3
Individuen pro 100 m) wurde C. mercuriale beim Minimalmonitoring nicht festgestellt.
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Diese Inkongruenz liess sich erst bei einer genaueren Betrachtung der Rohdaten erklären.
Der auffällig hohe Wert wurde mit der Maximalmethode am selben Tag erhoben, an dem
im angrenzenden Abschnitt die höchste im Gebiet erhobene Dichte von C. mercuriale
festgestellt (68.3 Individuen pro 100 m) wurde. Möglicherweise hat diese hohe
Individuendichte dazu geführt, dass viele Individuen in den benachbarten, für C.
mercuriale suboptimalen Abschnitt verdrängt wurden (Beschattung durch Sträucher, vgl.
Koch et al. 2009). Die Erhebungen der Minimalmethode hingegen fanden nicht zeitgleich
mit diesem Höhepunkt der Individuendichte statt.
Aus den Resultaten schliessen wir, dass für C. mercuriale bereits ein der Hauptflugzeit
angepasstes Minimalmonitoring von zwei Begehungen pro Jahr geeignet ist, um ein
verlässliches Bild der Bestände zu erhalten. Diese Schlussfolgerung lässt sich unseres
Erachtens auch auf andere Kleinlibellenarten übertragen.
Zusätzlich leiten wir aus den Ergebnissen vier weitere Schlüsse ab. (i) Vergleiche
zwischen Monitoringdaten, welche mit unterschiedlichem Aufwand und/oder Personen
erhoben werden, sind möglich, müssen aber vorsichtig interpretiert werden, weil
verschiedene Methoden bedeutende Unterschiede in der Datengüte verursachen. (ii) Für
quantitative
Vergleiche
sollten
nur
Monitoringdaten
mit
einheitlichen
Erhebungsmethoden verwendet werden. (iii) Je kleiner der Monitoringaufwand ist, desto
vorsichtiger müssen Nullwerte (d.h. das Nicht-Erfassen einer Art) und jährliche
Bestandesschwankungen interpretiert werden. (iv) Unabhängig von der Methode der
Datenerhebung ergeben erst zusätzliche biologische Informationen zu den blossen
Zähldaten eine sinnvolle Interpretation ökologischer Zusammenhänge (Wildermuth &
Küry 2009).
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