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“An understanding of the natural world and what’s in it is a
source of not only a great curiosity but great fulfillment. ”

Sir David Attenborough






Abstract

Species assembly from a regional pool into local metacommunities and how they colo-
nize and coexist over time and space is essential to understand how communities response
to their environment including abiotic and biotic factors. In highly disturbed landscapes,
connectivity of isolated habitat patches is essential to maintain biodiversity and the en-
tire ecosystem functioning. In northeast Germany, a high density of the small water bod-
ies called kettle holes, are good systems to study metacommunities due to their condition
as “aquatic islands” suitable for hygrophilous species that are surrounded by in unsuitable
matrix of crop fields. The main objective of this thesis was to infer the main ecological pro-
cesses shaping plant communities and their response to the environment, from biodiversity
patterns and key life-history traits involved in connectivity using ecological and genetic ap-
proaches; and to provide first insights of the role of kettle holes harboring wild-bee species

as important mobile linkers connecting plant communities in this insular system.

Ata community level, I compared plant diversity patterns and trait composition in ephemeral
vs. permanent kettle holes). My results showed that types of kettle holes act as environmen-
tal filers shaping plant diversity, community-composition and trait-distribution, suggesting
species sorting and niche processes in both types of kettle holes. At a population level, I
further analyzed the role of dispersal and reproductive strategies of four selected species
occurring in permanent kettle holes. Using microsatellites, I found that breeding system
(degree of clonality), is the main factor shaping genetic diversity and genetic divergence.
Although, higher gene flow and lower genetic differentiation among populations in wind
vs. insect pollinated species was also found, suggesting that dispersal mechanisms played
a role related to gene flow and connectivity. For most flowering plants, pollinators play an
important role connecting communities. Therefore, as a first insight of the potential mo-
bile linkers of these plant communities, I investigated the diversity wild-bees occurring in
these kettle holes. My main results showed that local habitat quality (flower resources) had
a positive effect on bee diversity, while habitat heterogeneity (number of natural landscape

elements surrounding kettle holes 100-300m), was negatively correlated.

This thesis covers from genetic flow at individual and population level to plant commu-
nity assembly. My results showed how patterns of biodiversity, dispersal and reproduction
strategies in plant population and communities can be used to infer ecological processes. In
addition, I showed the importance of life-history traits and the relationship between species
and their abiotic and biotic interactions. Furthermore, I included a different level of mobile
linkers (pollinators) for a better understanding of another level of the system. This integra-
tion is essential to understand how communities respond to their surrounding environment
and how disturbances such as agriculture, land-use and climate change might affect them.
I'highlight the need to integrate many scientific areas covering from genes to ecosystems at
different spatiotemporal scales for a better understanding, management and conservation

of our ecosystems.
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Zusammenfassung

Die Zusammenstellung regionaler Artgemeinschaften in eine lokale Metagemeinschaft ist
essentiell fiir das Verstdndnis artspezifischer Reaktionen auf ihre biotische und abiotische
Umwelt als auch, wie sie diese in zeitlichem und raumichem Umfang besiedeln und koexis-
tieren. In fragmentierten Landschaften ist die Verkniipfung isolierter Habitate (Konnektivi-
tat) notig, um die Biodiversitit und Funktionalitdt von Okosystemen aufrecht zu erhalten.
Der Nordosten Deutschlands ist durch eine hohe Dichte von Kleinstgewissern, die solch
isolierte Habitate darstellen, charakterisiert. In einer Matrix aus Agrarfeldern dienen diese
sogenannten Solle aquatischen Arten als ,Habitatsinsel”. Aufgrund dieser Landschaftss-
truktur stellen sie ein geeignetes Untersuchungsgebiet fiir Metagemeinschaften dar. Das
Ziel diser Arbeit ist es 6kologische Prozesse zu untersuchen, die zur Vegetationszusam-
mensetzung und deren Reaktion auf sich &ndernde Umweltbedingungen fiihren. Mittels
okologscher und genetischer Methoden wird dies auf der Grundlage von Biodiversitits-
mustern und Lebenszyklusmerkmalen untersucht, die in die Konnektivitit involviert sind.
Auf Pflanzengemeinschaftsebene wurden Diversitdtsmuster und Merkmalszusammenset-
zungen in ephemeren und permanenten Sollen verglichen. Die Ergebnisse zeigen, dass die
unterschiedlichen Typen von Sollen als Umweltfilter agieren, die die pflanzliche Artenviel-
falt, Gemeinschaftszusammensetzung und Merkmalsverteilung beeinflussen. Dies fiihrt zu
der Schlussfolgerung, dass ,Species-sorting” und Prozesse der Nichenbildung in beiden
Typen von Sollen vorkommen. Auf Populationsebene wird der Ausbreitungsmeachnismus
sowie die Reproduktionsstrategie vier verschiedener Pflanzenarten untersucht. Durch Mi-
krosatellitenanalysen wird gezeigt, dass der Grad der Klonalitdt den grofiten Einfluss auf
die genetischen Diversitdt und den Genfluss hat. Zuséatzlich weisen molekulare Analysen
auf ein geringes Maf an genetischen Unterschieden zwischen Populationen windbestaub-
ter Arten im Vergleich zu insektenbestdaubter Arten hin. Dies bedeutet, dass der Ausbrei-
tungsmechanismus einer Art einen grundlegenden Einfluss auf den Genfluss und die Kon-
nektivitdt von Populationen hat. Fiir viele blithende Pflanzen, spielen Bestduber, wie Wild-
bienen, eine wesentliche Rolle bei der Vernetzung isolierter Habitate. Um das Potential
dieser mobilen Linker zu untersuchen, wird die Wildbienendiversitit verschiedener Sol-
le analysiert. Dadurch konnte gezeigt werden, dass die lokale Habitatsqualitédt (Bliitenres-
sourcen) einen positiven Effekt auf die Artenvielfalt hat, wahrend die Habitatsheterogenitat
(Anzahl von natiirlichen Landschaftselementen in unmittelbarer Nédhe) eine negative Kor-
relation aufweist. Diese Ergebnisse unterstreichen die Bedeutung von Wildbienenpopula-
tionen als mobile Linker zwischen isolierten Habitaten. Die Ergebnisse dieser Arbeit zei-
gen, wie durch Biodiversitdtsmuster, Verbreitungs- und Reproduktionsstrategien pflanzli-
cher Gemeinschaften auf 6kologische Prozesse riickgeschlossen werden kann. Des Weiteren
ist die Wichtigkeit der Lebenszyklusmerkmale zwischen Arten und deren Umweltinterak-
tionen verdeutlicht. Die Bertiicksichtigung mobiler Linker (Bestduber) ermoglicht eine zu-
satzliche Betrachtungsebene. Durch diese Arbeit wird die Notwendigkeit hervorgehoben,
verschiedene wissenschaftliche Bereiche, wie Genetik und Okologie, Zu vereinen, um ein
allumfassendes Verstindnis unserer Okosysteme zu erlangen und somit zu ihrem Schutz

beizutragen.
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Resumen

El ensamblaje de metacomunidades a partir de un grupo regional de especies es esencial
para entender cémo las especies responden a su medio ambiente (abidtico y bittico) y c6-
mo colonizan y coexisten en el tiempo y el espacio. En paisajes altamente fragmentados,
la conectividad entre parches de habitat aislados es necesaria para mantener la biodiversi-
dad y el funcionamiento de ecosistemas. En el noreste de Alemania, una alta densidad de
pequefios cuerpos de agua llamados kettle holes, son sistemas ideales para estudiar metaco-
munidades debido a su condicién de islas acudticas rodeadas por una matriz inadecuada
de campos de cultivo, adecuadas para hospedar especies higroéfilas. En este sentido, el ob-
jetivo principal de esta tesis fue inferir los principales procesos ecolégicos que conforman
las comunidades locales de plantas y su respuesta al medio ambiente, a partir de patrones
de biodiversidad, relacionando rasgos funcionales clave y conectividad a diferentes nive-
les con enfoques ecolégicos y genéticos. A nivel de comunidades de plantas, se compard
los patrones de diversidad y composiciéon de rasgos funcionales en dos tipos de kettle holes:
efimeros o temporales vs. permanentes. Mis resultados sugieren que el tipo de kettle holes
acttia como filtros ambientales estructurando la diversidad de plantas, la composicién de la
comunidad y la distribucién de rasgos funcionales. Estos resultados podrian ser una indica-
cién de procesos de clasificacion de especies (“Species Sorting”) y de diferenciacién de nicho
en ambos tipos de pozos. A nivel poblacional, analicé el rol de la dispersién y las estrategias
reproductivas de cuatro especies seleccionadas distribuidas en estos ecosistemas acudticos
de tipo permanente. Usando microsatélites, descubri que el grado de clonalidad es el factor
principal que determina la diversidad genética y el flujo de genes en dichas especies. Sin
embargo, también se encontré un mayor flujo de genes y una menor diferenciaciéon genética
entre las poblaciones en las especies polinizadas por el viento frente a los insectos, lo que
sugiere que los mecanismos de dispersién podrian tener un papel menor relacionado con el
flujo de genes y la conectividad. Para la mayoria de las plantas con flores, los polinizadores
desempefian un papel importante en la conexién de las comunidades transportando genes y
coadyuvando a la reproduccion. Por lo tanto, como una primera idea de los posibles “mobile
linkers” de estas comunidades de plantas, también investigué la diversidad de abejas silvest-
res en estos pozos de agua de tipo permanente. Mis principales resultados mostraron que
la calidad del hébitat (recursos florales) tuvo un efecto positivo en la diversidad de abejas,
mientras que la heterogeneidad del hébitat (niimero de elementos del paisaje natural que
rodea los kettle holes) tuvo un efecto negativo. En general, los resultados mostraron cémo
los patrones de biodiversidad, dispersién y estrategias de reproduccién en poblaciones y
comunidades de plantas pueden usarse para inferir procesos ecolégicos. También mostré
la importancia de los rasgos funcionales respecto a las interacciones abiéticas y bidticas.
Ademas, inclui un nivel diferente de “mobile linkers” (polinizadores) para una mejor com-
prension del sistema. La integracién de miltiples niveles es esencial para comprender como
las comunidades responden a su entorno y a las perturbaciones como la agricultura, el uso
de la tierra y el cambio climéatico. Resalto la necesidad de integrar distintas areas cientificas
que abarquen desde genes hasta ecosistemas a diferentes escalas espaciotemporales para un

mejor manejo y conservacion de nuestros ecosistemas.
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CHAPTER 1

General introduction

1.1 Community assembly

For many years, ecologists have been interested in studying communities. Community ecol-
ogy focuses on understanding how species assemble from a regional pool into local com-
munities, sorted by different environmental (abiotic and biotic) filters and how they suc-
cessfully colonize and coexist over time and space (Weiher and Keddy 1995; HilleRisLam-
bers et al. 2012; Mittelbach and Schemske 2015; Zobel 2016). Many abiotic and biotic factors
can influence assembly of local communities at different spatial-temporal scales. For exam-
ple, relative fitness, demographic drift, dispersal and niche differences between species and
their environment (HilleRisLambers et al. 2012); as well as their phylogenetic relationships,
geography of speciation and local adaptation (Emerson and Gillespie 2008; Mittelbach and
Schemske 2015). Therefore, the combination of community ecology with other disciplines
such as evolutionary biology and biogeography, is needed to fully understand community
assembly (Gotzenberger et al. 2012; Zobel 2016).

Human activities, such as agriculture or deforestation can cause habitat fragmentation im-
pacting natural communities over short-time scales (Venter et al. 2016). Economic growth
and constant demand for food causes conversion of landscapes into agricultural fields gen-
erating biodiversity loss and ecosystem degradation worldwide (Liu et al. 2018; Marques et
al. 2019). Crop and livestock farming are the main activities causing habitat fragmentation
and species loss (Maxwell et al. 2016). In Europe, more than 45% of the land is used for agri-
cultural activities and 52% of the land surface in Germany is used for intensive agriculture,
affecting the biodiversity, water quality and soil (Ramankutty et al. 2008; Gutzler et al. 2015).

1.1.1 Metacommunity theory and the four paradigms

Habitat fragmentation can cause reduction of local communities due to changes in the abi-
otic conditions and biotic interactions, resulting in isolated patches (Lienert 2004). These
patches are more vulnerable to a decrease in population survival, individual fitness, genetic
diversity and gene flow (Lienert 2004; Leimu et al. 2006). When isolated set of local com-
munities are linked by dispersal of multiple interacting species, they are regarded as “meta-
communities”, and are also influenced by local interactions and regional processes (Wilson
1992; Leibold et al. 2004; Logue et al. 2011).
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TABLE 1.1: Conceptual paradigms of metacommunity theory. Four paradigms of metacommunities
where the first three show differences in dispersal and heterogeneity of habitat patches; while neutral
model highlight that community assembly depends entirely on demographic stochasticity without
differences in fitness or niche. Concepts taken from Logue et al. (2011).

Paradigm Habitat patches Dispersal
Species Sorting High to enable species to coexist by means of niche
Heterogeneous
(SS) diversification and differences in resource exploitation.
Mass Effects High to enable reproduction in a source habitat that
Heterogeneous
(ME) allows for persistence within a sink habitat.

Differ among species. A colonisation— competition
Patch dynamics

D) Homogeneous trade-off occurs, with successful colonisers outcompete
PD

poor competitors.

Neutral model =~ Species do not differ in their fitness or niche (i.e., species composition within

(NM) habitat patches is not driven by differences in competitiveness or mobility).

In order to identify the most important ecological processes in metacommunities, Leibold et
al. (2004) have proposed four paradigms based on species characteristics (mainly dispersal),
and environmental conditions: Species Sorting (SS), Mass Effects (ME), Patch Dynamics (PD)
and Neutral Model (NM) revised by Logue et al. (2011). In a Neutral Model (NM) processes
are stochastic and species do not differ in fitness or niche. Patch Dynamics (PD) assumes
homogeneous patches where species differ in their dispersion and colonization-competition
trade-off. In Species Sorting (SS) and Mass Effects (ME), environmental heterogeneity plays
a role in filtering species due to niche difference (in case of SS) or due to a source-sink mech-
anism when patches are interconnected (in case of ME) (Table 1.1).

However, these four metacommunity paradigms are not exclusive and do not represent the
complete set of metacommunity dynamics (Leibold et al. 2004; Brown et al. 2017). Both, bi-
otic and abiotic interaction can influence community assembly (Gross et al. 2013) and in-
teractions between individuals within a community can be positive (e.g. mutualistic) or
negative (e.g. competitive) (Brooker and Callaghan 1998). Additionally, specific details of
abiotic features such as metacommunity sizes, degree of isolation or scale of heterogeneity
are important variables to consider as well (Brown et al. 2017).

1.1.2 Size and proximity: two important variables in metacommunities

In general, species richness is positively related with the size of a suitable patch (e.g., area),
but negatively related to isolation (e.g., distance to the closest habitat). On the one hand,
the positive island species-area relationship can be generally explained by the framework of
“environmental heterogeneity” where a wider range of habitats is suitable for more different
plant species in larger habitats (Stein et al. 2014). On the other hand, the negative relationship
between isolation and species richness is based on the higher probability of dispersal and
colonization to a closer island (MacArthur and Wilson 1967). These two concepts are based
on the the island biographic theory (MacArthur and Wilson 1967). This model assumes a
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binary system of islands (discrete isolated habitat patches) and inhospitable matrix where
connectivity is determined by the size and proximity (MacArthur and Wilson 1967; McGari-
gal et al. 2005).

Island-like habitats can be regarded as “metaecosystems”. The concept of metaecosystem
was proposed by Loreau et al. (2003), was defined as a set of ecosystems connected by spa-
tial flows of energy, materials and organisms across ecosystem boundaries. When organisms
disperse connecting metacommunities, they modify habitats and consequently the function-
ing of the ecosystem due to flow of resources (Gounand et al. 2018). In this metaecosystem
dynamic, different types of movements or processes (e.g. predation, biomass recycling, mat-
ing aggregations) are involved in the coupling of ecosystems (Gounand et al. 2018).

From an evolutionary perspective, after a long time, large “islands” should possess a higher
probability of speciation via cladogenesis and in this case, isolation is expected to be less
important for species richness in larger islands (Weigelt and Kreft 2013). Trophic, com-
petitive, facilitative or mutualistic interactions, dispersal limitation, as well as evolution-
ary dynamics, can operate simultaneously shaping community assembly (e.g., Brooker and
Callaghan 1998; Brooker et al. 2007; Spasojevic and Suding 2012; Schob et al. 2014). There-
fore, more recent models highlight the ecological and evolutionary feedbacks between local
(meta)communities and regional species pool (Mittelbach and Schemske 2015).

1.1.3 Phylogenetic relationships and functional traits

Phylogenetic relationships have been used to infer the assembly of communities. Based on
the idea that morphological and ecological similarity between species is related to phyloge-
netic relatedness, dispersed communities are the result of competition of related taxa; while
clustered ones are the result of environmental filtering processes (Webb et al. 2002; Cahill et
al. 2008). Therefore, this approach has been used to identify and separate biotic interactions
from environmental filtering. However, there is not often a relationship between ecological
and phylogenetic similarities and therefore phylogenetic relationships alone are not good
indicators for community assembly mechanisms (Losos 2008; Cavender-Bares et al. 2009;
Mayfield and Levine 2010; Gerhold et al. 2015; Cadotte et al. 2017).

Functional traits can also be used to infer the effect of biotic and abiotic processes on commu-
nity assembly. Functional traits are all morphological characteristics related to a ecophysi-
ology response of an organism to environmental factors (Ottaviani et al. 2016; Wittmann
et al. 2016). For instance, specific leaf area (SLA), plant height or wood width are impor-
tant traits to predict species distribution and communities” composition and the response
to their environment (McGill et al. 2006). These functional traits could be interpreted as the
result of biotic interactions (intraspecific competition) or environmental filtering similarly to
the phylogenetic relationships (Kraft et al. 2007, 2008). Many studies have shown that com-
bining phylogenetic relationships with life-history traits are useful to predict how species
and communities will respond to their environment, for example to climate change (e.g.,
Willis et al. 2008; Comte et al. 2014).
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1.14 Connectivity between metacommunities

Movement is very important not only to understand how metacommunities assemble but
also the entire functioning of ecosystems. Unlike animals, plants are sessile, possessing a
passive mode of dispersal and a strong spatial structure. However, processes such as col-
onization, re-colonization and extinction essential for metacommunity dynamics are very
difficult to measure (Watkinson and Freckleton 2002; Husband and Barret 2009). To colonize
new suitable patches, plants rely on passive dispersal of pollen and seeds mediated through
abiotic (wind, water) and biotic vectors (animals), where seed dispersal has been identified
as the most important process connecting communities (Figuerola and Green 2002; Soons et
al. 2016). Nevertheless, pollen transfer also play an important role connecting communities
(e.g., Harmon-Threatt et al. 2009; Schermer et al. 2018).

Movement of plants through “mobile linkers” (abiotic/biotic vectors) is essential for con-
necting communities enhancing gene and individual flow and therefore affecting biodiver-
sity at different spatiotemporal scales (Jeltsch et al. 2013). A lot of species of flowering plants
depend on biotic vectors including birds, mammals and insects (Ollerton et al. 2011). Among
insects, bees are one of the most important group of pollinators worldwide (Dicks et al. 2016;
IPBES 2016). Foraging patterns of pollinators in combination with flower phenology and re-
ward traits (pollen and nectar) can be used to generate plant-pollinator networks to estimate
plant and pollinator connectivity (Bosch et al. 2009). Natural and semi-natural habitats in
fragmented and agricultural landscapes are important nesting and foraging sites for wild-
bees that enhance diversity and assure pollination services for natural plant populations
and agricultural croplands (Corbet 2000; Steffan-Dewenter et al. 2002; Westphal et al. 2003;
Tscharntke and Brandl 2004).

1.1.5 Assessing connectivity in plants

How species move is mainly determined by the abiotic landscape and the ability to dis-
perse (e.g., using mobile linkers) and essential for the connectivity between metacommu-
nities (Nathan et al. 2008; Jeltsch et al. 2013). Connectivity can be defined in two types:
structural and functional. Structural connectivity refers to the landscape configuration of
habitat patches linked by spatial structures, (corridors, hedgerows, stepping stones); while
functional connectivity explains the degree to which the landscape facilitates or impedes
individual movement among suitable patches (Manel and Holderegger 2013). Functional
connectivity, assumes that an organism can successfully move through the landscape and
successfully reproduce in a new patch (Tischendorf and Fahrig 2000). It can be assessed by
direct observation of how species move, or through genetic data (gene flow) among popu-
lations (Lowe and Allendorf 2010). Movement of organisms and their genes promotes gene
flow constituting a source of genetic variation within populations maintaining effective pop-
ulation sizes, reducing the effects of genetic drift and extinction, enhancing biodiversity and
the ecosystem functioning (Leimu et al. 2006; Staddon et al. 2010; Biggs et al. 2017; Liu et al.
2018; Wan et al. 2018).
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In plants, due to the difficulty to track pollen or seeds, a promising option to analyze com-
munity dynamics estimating rates of migration and functional connectivity is through ge-
netic data (gene flow) (Watkinson and Freckleton 2002; Lowe and Allendorf 2010). Molecular
approaches are very diverse and are constantly being updated. To infer functional connectiv-
ity, molecular approaches use diverse markers displaying different amount of variation and
modes of inheritance (dominant or codominant). Highly variable and codominant mark-
ers, such as microsatellites, provide reliable estimates of gene flow and dispersal in plants
(Ouborg et al. 1999).

Microsatellites are simple sequence repeats, (SSR) widely distributed in the nuclear genome
of eucaryotes of 2-6 bp in length (Bhargava and Fuentes 2010). They possess high poly-
morphisms ideal to study population dynamics of recent evolutionary events (Putman and
Carbone 2014). Microsatellites are still widely used to answer many ecological questions and
constitute a powerful tool for statistical genetic analyses used to infer connectivity patterns
among populations (Selkoe and Toonen 2006).

1.2 Study system

1.2.1 Kettle holes as insular models to study metacommunities

In north of Germany up to 5% of arable land is occupied by a high density of natural small
temporary wetlands (Brose 2001; Kalettka and Rudat 2006; Lischeid et al. 2017). These wet-
lands were formed by ice blocks due to retreating glaciers relicts from the Ice Age (Kalettka
et al. 2001). They are commonly distributed in the north hemisphere and are known as “ket-
tle holes” or “potholes” in Europe and North America respectively (Kalettka et al. 2001;
Kalettka and Rudat 2006).

Kettle holes are very dynamic, they can experience severe wet-dry cycles or have a tendency
to high water overflows (Kalettka and Rudat 2006). These characteristics contribute to sur-
face water regulation and groundwater control of the landscape creating microclimate con-
ditions establishing habitats with high biodiversity suitable for flora, fauna and endangered
species (Gerke et al. 2010; Ungaro et al. 2014). Many studies highlighted the importance of
kettle holes as hotspots of biodiversity, e.g. Oertli et al. 2002; Céréghino et al. 2012; Patzig et
al. 2012; Platen et al. 2016.

These wetland habitats are good model systems to study ecological processes under the
metacommunity framework. On the one hand, they provide suitable habitats for establish-
ment of plant communities that can serve as shelter for animals, enhancing the biodiversity
of the landscape at regional and local scales. On the other hand, for obligatory aquatic organ-
isms, they are good models to study metapopulations and metacommunities because their
condition as “aquatic islands” suitable for hygrophilous species that are surrounded by and
embedded in unsuitable landscape matrix of crop fields (Brose 2001; De Meester et al. 2005).
Therefore, these wetland habitats are good model systems to study ecological processes un-
der the metacommunity framework. In addition, they can be regarded as metaecosystems
where different interactions and movements might alter the spatial distribution of resources,
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acting as links coupling ecosystems (Gounand et al. 2018).

In agricultural landscapes, kettle holes provide ecosystems services, such as water regula-
tion, species diversity, and cultural services and therefore are protected by federal law. Nev-
ertheless, intensive land use practices still largely affect these important kettle holes habitat
islands. Disturbances include structural degradation, severe pollution and habitat destruc-
tion (Céréghino et al. 2008), all factors threating the biodiversity (Kalettka et al. 2001), influ-
encing organic matter turnover in surface sediments and edges (Kayler et al. 2017; Nitzsche
et al. 2017), and decreasing the ecosystem services they provide. Therefore, a better under-
standing of ecological processes driving such relevant natural communities (for biodiversity
conservation and as providers of ecosystem services) and their response to the environment
is needed (Tscharntke et al. 2012) for an adequate management of these wetland habitats and
the entire landscape.

1.2.2 Study area

For the three parts of this thesis, I used these kettle holes as ideal metaecosystems to evaluate
different ecological processes under a metacommunity framework. Our study area is located
in Brandenburg, Germany 100 km north of Berlin, in the so-called “AgroScapeLab Quillow”
in the Quillow catchment, established by the Leibniz Centre for Agricultural Landscape Re-
search (ZALF). This area comprises around 290 km? with intensive agriculture (65% of the
land use) of maize, wheat and rapeseed and a high density of kettle holes (up to 2 per km?)
(Figure 1.1A).

We focused on different approaches, sampling different types of kettle holes for each study.
To assess plant community assembly, a total of 46 kettle holes were selected and classified
as “permanent” including Storage and Shore overflow types; and “ephemeral” or puddle
types (see below) (Figure 1.1A). Ephemeral types are more dynamic and vulnerable than
permanent ones. They can disappear completely in dry years and be easily ploughed and
used as arable land (Kalettka and Rudat 2006). For these reasons, and due to the low amount
of these kettle holes types in the landscape, only permanent kettle holes were selected for
the other two studies. The selected four species for the second study were sampled in 20
kettle holes and for the third study we sampled wild bees in total 36 kettle holes.

The classification of the kettle holes for this thesis was modified from the one by Kalettka
and Rudat (2006). These authors classified these wetland habitats based on hydrogeomor-
phic characteristics, where the most important variables were depth and slope, factors de-
termining the amount of water that a kettle hole can retain. Based on this, these authors
classified the kettle holes were ranged from permanent to temporarily flooded with three
main types: storage type (S) (Figure 1.1B), shore overflow type (SO) (Figure 1.1C), and pud-
dle type (P) (Figure 1.1D). The storage and shore overflow types are deep, relatively big
with a permanent shore and constant influx of water; while the “non-permanent” or “pud-
dle” type is small, flat and wadeable without a permanent shore and a dynamic water cycle
(Kalettka and Rudat 2006). Based on these characteristics, for the first study we classified
our sampling kettle holes in two groups: “flat ephemeral” (A) flat-sloped, less permanent
and ploughed ones corresponding to puddle types, and “steep permanent” (B) steep-sloped
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and more permanent ones including storage and shore overflow types. For the second and
third study, we sampled in “steep permanent” kettle holes only.

1.3 Aims and motivation

In highly intensive agricultural landscapes, connectivity between hotspots of biodiversity
such as kettle holes, is very important to assure ecosystem functioning due to the services
these wetland habitats provide. Plant species occurring in the kettle holes constitute as ideal

systems to study processes of metacommunity assembly and connectivity.

The fundamental aim of this thesis was to infer the main ecological processes shaping plant
communities and their response to the environment, from biodiversity patterns and key

life-history traits involved in connectivity using ecological and genetic approaches under a
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Fig.1.1. Agricultural landscape in northeast Germany with high density of kettle holes. Upper part
shows the study area (A). The so-called AgroScapeLabs located in the Quillow catchment is an area
of around 290 km? with a high density of kettle holes shown in blue. Dots represent sampled kettle
holes, plain black circles: Permanent; white border circles: Ephemeral. Permanent ponds are very
deep and include S: Storage type (B) and SO: storage overflow types (C), while ephemeral ponds are
flat and include P: puddle types (D). There is a lower occurrence of ephemeral kettle holes compared
to permanent ones. Fotos: S. Lozada (B) and S. Stang (C, D).
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metacommunity framework. Additionally, I evaluated wild-bee diversity patterns in rela-
tion to abiotic and biotic factors (i.e., habitat heterogeneity, flower resources). This provides
tirst insights of the role of kettle holes harboring wild-bee species as mobile linkers connect-

ing plant communities.

1.4 Structure of the thesis

This thesis is structured in five chapters. The current first one as a general introduction, the
next three chapters (Chapters 2-4) correspond to three stand-alone scientific publications
(published, under revision or in preparation) and lastly, a general discussion (Chapter 5).

In the second chapter (published in Ecology and Evolution), I evaluated the biodiversity
patterns to infer ecological processes affecting plant communities” structure in two types of
kettle holes. I focused on community assembly of plant communities in ephemeral vs. per-
manent ponds and their response to changing environments. I hypothesized that the type of
kettle hole would be an important factor shaping the communities. Ephemeral and perma-
nent kettle holes might act as environment filtering causing differences in habitat and there-
fore in plant composition. If so, following the metacommunity paradigms (Table 1.1), species
sorting or mass effect process could be inferred in these heterogeneous types of kettle holes.
I evaluated diversity patterns (alpha and beta) based on presence/absence data of all plant
species occurring in the two types of kettle holes. In addition, I evaluated species richness
in relationship with patch size and degree of isolation. Furthermore, I evaluated functional
traits related to persistence, mating and dispersal of species occurring in the two types of
kettle holes. Results showed differences in diversity and trait composition according type of
kettle holes suggesting species sorting and niche differentiation processes; while mass effect
processes were identified in ephemeral kettle holes only. A positive species richness-area
was found in both types of kettle holes, but a negative relationship between species rich-
ness and isolation only for ephemeral ones. This suggests that flat ephemeral kettle holes
strongly depend on seed dispersal and recruitment from a seed bank, whereas neighboring
permanent kettle holes have a more stable local species diversity.

On the third chapter (under revision in Movement Ecology), I assessed the functional con-
nectivity by means of molecular markers of four hygrophilous selected species: Oenanthe
aquatica, Lycopus europaeus, Typha latifolia and Phragmites australis that differ in their disper-
sal modes and reproductive strategies. In Oenanthe and Lycopus, pollen transfer is mediated
by insects and seed dispersal by water (occasionally endozochory by birds); while in Typha
and Phragmites pollen and seeds are adapted to wind dispersal (occasionally exozochory by
birds) (Hroudova et al. 1992; Kiihn et al. 2004; Green et al. 2008; Kleyer et al. 2008; Brochet et al.
2009; Kleyheeg et al. 2015). All species can develop clonal rhizomes but is extremely rare in
Oenanthe aquatica (Dickerman and Wetzel 1985; Kiihn et al. 2004; KlimeSova and Bello 2009;
Packer et al. 2017) (Table 1.2; Figure 1.2). I evaluated the relative role of dispersal abilities
compared with reproductive strategies of the selected species and the relationships between
genetic diversity, genetic divergence (gene flow) with the landscape configuration. I argue
that under a metacommunity framework, not only dispersal but also other life-history traits
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can determine the connectivity between local plant communities. I also evaluated the rela-
tionship between genetic diversity with patch size and degree of isolation. I hypothesized
that traits related to reproduction and persistence, mainly clonal growth would have a sig-
nificant effect on genetic diversity and genetic divergence; while mode of dispersal would
play a minor role in gene flow. My results showed that the main factor affecting genetic di-
versity and genetic divergence is mating: ranging from outcrossing to selfing and clonality
(degree of clonality). As expected, my results showed to have higher genetic diversity and
gene flow in the non-clonal mainly outcrossing species and lower genetic diversity in the
selfing and mainly clonal species. Clonal growth mainly explained gene divergence as well,
although some results suggest a minor difference in gene flow between wind-dispersed
species and insect-pollinated species. Additionally, my results showed an effect of environ-
mental factors (plant richness, isolation) on the mainly outcrossing species only, probably
related to increased competition and decreased patch availability for seedling establishment.

On the fourth chapter (in preparation for Landscape Ecology) I characterized the diversity
of wild bee species occurring in the kettle holes as basis for understanding their role as pol-
linators connecting plant communities. I assessed alpha, beta, gamma diversity to evaluate
biodiversity patterns of wild-bee species and the relationship with landscape heterogene-
ity, patch size and degree of isolation. I also characterized the community according related

to body size (as an approximation of flight distance) as well as functional traits related to

TABLE 1.2: Selection of plant species. The four selected wetland species occurring in the kettle holes
that differ in life-history traits regarding dispersal, persistence and mating.

TRAITS Typha Phragmites Oenanthe Lycopus
latifolia australis aquatica europaeus
Bees, flies,
Pollen Wind Wind Bees, flies
DISPERSAL beetles
Wind, water, Wind, water Water, Water,
Seed
(birds) (birds) (birds) (birds)
Annual.
PERSISTENCE Lifespan Perennial Perennial Perennial Perennial
biannual
Clonal
Necessary Necessary None Necessary
growth
Breeding Facultative Facultative Facultative Facultative
MATING systems Xenogamous ~ xenogamous  autonomous  autonomous
Self- Self- Self- Self- Self-
compatibility = compatible compatible compatible compatible
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Fig. 1.2. Four hygrophilous selected species occurring in the kettle holes. Typha latifolia (A-C),
Phragmites australis (D-F), Oenanthe aquatica (G-I) and Lycopus europaeus (J-L). Typha and Phragmites
are wind-dispersed species with typical inflorescences for pollen transfer by wind (B, E), as well as
infructescences (C, F). Oenanthe flowers (H) are pollinated by flies, beetles and bees and fruits (I) are
mainly water-dispersed, or eventually by birds (exozoochory). Lycopus flowers (K) are pollinated by
bees and fruits (L) are dispersed by water or endozoochory by birds. Fotos: S. Lozada Gobilard.

sociality, nectar foraging and nesting behavior to evaluate the importance of these wetland
habitats as shelters. I assessed the effect of plant communities within the kettle holes on
wild-bee diversity as well as the landscape heterogeneity at different distances surrounding
the kettle hole. I hypothesized that habitat quality within kettle holes (i.e. flower resources)
as well as habitat heterogeneity and patch size have a positive effect on bee diversity based
on the assumption that different habitats provide a greater variety of nesting and food op-
portunities, while a negative effect of isolation degree was expected. My results showed a
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negative correlation between habitat heterogeneity and local wild-bee diversity at 100-300m
buffer surrounding the kettle holes. No effect of patch size and degree of isolation on the
entire bee community was found, but an effect of degree of isolation in large size social
bumblebees only. This is the first contribution focusing on the diversity of wild-bees in the
region highlighting the importance of these wetland habitats as refugees for pollinators of
natural populations and croplands such as rapeseed (Brassica repens) as well as the effect of
landscape factors on bee diversity.

My work is summarized in three independently readable research articles (Chapter 2-4). In
the first paper (Chapter 2), I analyzed the data and lead the writing of the manuscript based
on previous data collected by Susanne Stang. In second and third articles (Chapter 3, 4), I
was the leading author, I was responsible for the study design, data analyses and manuscript
writing. All articles contain suggestions and contributions from the all co-authors.
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CHAPTER 2

Kettle holes act as environmental filters shaping plant

communities

)

Permanent pond in Kraatz, Quillow catchment.
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2.1 Abstract

Meta-communities of habitat islands may be essential to maintain biodiversity in anthro-
pogenic landscapes allowing rescue effects in local habitat patches. To understand the species-
assembly mechanisms and dynamics of such ecosystems it is important to test how local
plant-community diversity and composition is affected by spatial isolation and hence by
dispersal limitation and local environmental conditions acting as filters for local species
sorting. We used a system of 46 small wetlands (kettle holes) — natural small-scale fresh-
water habitats rarely considered in nature conservation policies — embedded in an in-
tensively managed agricultural matrix in northern Germany. We compared two types of
kettle holes with distinct topographies (flat-sloped, ephemeral, frequently ploughed kettle
holes vs. steep-sloped, more permanent ones) and determined 254 vascular plant species
within these ecosystems, as well as plant functional traits and nearest neighbor distances to
other kettle holes. Differences in alpha and beta diversity between steep permanent com-
pared with ephemeral flat kettle holes were mainly explained by species sorting and niche
processes and mass effect processes in ephemeral flat kettle holes. The plant community-
composition as well as the community trait-distribution in terms of life span, breeding sys-
tem, dispersal ability, and longevity of seed banks significantly differed between the two
habitat types. Flat ephemeral kettle holes held a higher percentage of non-perennial plants
with a more persistent seed bank, less obligate outbreeders and more species with seed-
dispersal abilities via animal vectors compared with steep-sloped, more permanent kettle
holes that had a higher percentage of wind-dispersed species. In the flat kettle holes, plant-
species richness was negatively correlated with the degree of isolation, whereas no such
pattern was found for the permanent kettle holes. Synthesis: Environment act as filter shap-
ing plant diversity (alpha and beta) and plant-community trait distribution between steep
permanent compared with ephemeral flat kettle holes supporting species sorting and niche
mechanisms as expected, but we identified a mass effect in ephemeral kettle holes only. Flat
ephemeral kettle holes can be regarded as meta-ecosystems that strongly depend on seed
dispersal and recruitment from a seed bank, whereas neighboring permanent kettle holes

have a more stable local species diversity.
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2.2 Introduction

A meta-community has been defined as “set of local communities that are linked by disper-
sal of multiple potentially interacting species” (Leibold et al. 2004). Local community assem-
bly within a meta-community is therefore influenced by local interactions and regional pro-
cesses (Wilson 1992; Logue et al. 2011). This interdependence of interactions and processes
has been classified into four paradigms by Leibold et al. (2004) based on species character-
istics (mainly dispersal), and environmental conditions: Species Sorting (SS), Mass Effects
(ME), Patch Dynamics (PD) and Neutral Model (NM) (revised by Logue et al. 2011). In two
of these processes, Species Sorting (SS) and Mass Effects (ME), environmental heterogeneity
plays a role in filtering species due to niche difference (in case of SS) or due to a source-sink
mechanism when patches are interconnected (in case of ME).

Environmental filtering is based on the idea that abiotic factors select species with par-
ticular traits and phenotypes to establish, persist and reproduce (environmental filtering
sensu stricto), but establishment and persistence of species also depend on biotic interac-
tions (Bartelt-Ryser et al. 2005; Kraft et al. 2015). Indeed, studies focusing on local-regional
environmental gradients (Laliberte et al. 2014; Butterfield and Munson 2016) and (few) at
global scale (e.g., Henriques-Silva et al. 2013; Le Bagousse-Pinguet et al. 2017) concluded that
it is very difficult to separate biotic interactions from environmental filtering sensu stricto.
In addition, identification of relevant environmental filters strongly depends on the selected
scale (Munkemiiller et al. 2014).

When organisms move under a meta-community framework, they connect habitats modify-
ing the flow of resources and consequently the entire functioning of the ecosystem (Gounand
et al. 2018). On this basis, the concept of “meta-ecosystem” was proposed by Loreau et al.
(2003). These authors defined a meta-ecosystem as a set of ecosystems connected by spa-
tial flows of energy, materials and organisms across ecosystem boundaries. In this meta-
ecosystem dynamic, different types of movements or processes (e.g. predation, biomass
recycling, mating aggregations) are involved in the coupling of ecosystems (Gounand et
al. 2018), but empirical data on the movement ecology on relevant spatial scales for meta-
community couplings is still limited.

In plant communities, passive movement has mainly been studied in seed dispersal (e.g.,
Figuerola and Green 2002; Soons et al. 2016) and less often through pollen despite its equal
importance; for example for invasive species (Harmon-Threatt et al. 2009). Studies using
genetic techniques to track both pollen and seed dispersal have successfully assessed func-
tional connectivity of plant populations (Aavik et al. 2013) highlighting the importance of
both dispersal processes. In addition, features such asexual reproduction (clonality), ex-
treme longevity (trees, clonal plants), or the ability to survive under unfavourable condi-
tions (seed bank) play an important role in connecting communities (Lienert 2004) allowing
species to overcome disturbances and habitat degradation (Cain et al. 2000). In this sense,
plant meta-communities can potentially form meta-ecosystems at a large scale. In the north-
ern hemisphere, small water bodies formed by delayed melting of ice blocks of retreating
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glaciers, commonly called kettle holes or potholes (Kalettka et al. 2001; Tiner 2003; Kalettka
and Rudat 2006), are ideal for studying meta-populations and meta-communities as they
often form a network of aquatic and wetland ‘island” habitats surrounded by an unsuit-
able matrix of intensively managed agricultural areas (Brose 2001; De Meester et al. 2005).
These wetland ecosystems with their gradient in soil humidity support a high diversity of
flora (e.g. Patzig et al. 2012) and fauna (Oertli et al. 2002; Gerke et al. 2010; Céréghino et al.
2012). However, intensive agricultural management threatens kettle holes causing structural
degradation, eutrophication, pollution by plant-protection products, and direct habitat de-
struction (Kalettka et al. 2001; Céréghino et al. 2008; Altenfelder et al. 2014).

Given the high probability of disturbance and therefore potentially the highly dynamic na-
ture of these small wetland ecosystems within the agricultural landscape, biotic connectivity
patterns may strongly affect the species composition of the plant communities inhabiting
these habitat islands (Cain et al. 2000; Bullock et al. 2002; Cottenie and De Meester 2004).
In addition, different abiotic factors, especially hydrological and geomorphological charac-
teristics (Brinson 1993; Kalettka and Rudat 2006) may act as local filters (Schmid et al. 2002)
selecting for plant communities that may or not differ in plant diversity and functional traits
in different types of kettle holes.

The aim of this study was to identify the main ecological processes driving plant diversity in
meta-communities of two types of kettle holes: steep permanent and therefore less ploughed
and less disturbed vs. flat, ephemeral, ploughable and more disturbed kettle holes, and their
role as filters within an intensively managed agricultural matrix. To achieve this aim, we
first compared plant diversity (alpha diversity) in relation with area of the pond (patch),
and degree of isolation (number of ponds in the surroundings) to test whether larger ar-
eas harbour more species and whether more isolated patches harbour less species. Second,
whether turnover of species and nestedness (beta diversity) differ in the two types of kettle
holes for all plant species and including only wetland specialist species. Finally, we analyzed
plant functional traits important for community dynamics including dispersal and move-
ment abilities (pollen and seed dispersal) as well as colonization abilities (life span, seed
longevity and self-compatibility systems) to test for niche differentiation processes (dissim-
ilarities in traits) emphasizing on plant seed bank.

We hypothesized that the two types of kettle holes act as strong environmental filters shap-
ing plant communities by different habitat conditions (Schmid et al. 2002). Under the meta-
community paradigms, we hypothesized that two main ecological processes occur: species-
sorting (SS) and mass-effect (ME) (Leibold et al. 2004). Similarity in species composition in
both types of kettle holes and non-significant differences in dispersal abilities plus no effect
of isolation would highlight the importance of SS, while a higher diversity in one of the type
of kettle holes including all species of the other type might be an indication of source-sink
mechanism related to a ME paradigm. A significant difference in trait distribution between
communities would be an indication of niche differentiation between the two types of kettle
holes.



18 Chapter 2. Kettle holes act as environmental filters shaping plant communities

2.3 Methods

2.3.1 Study area

Our study area was located in the “AgroScapeLab Quillow”, an agricultural landscape lab-
oratory in the Quillow river catchment area, which was established by the Leibniz Centre
for Agricultural Landscape Research (ZALF) e.V. approx. 100 km North of Berlin (Germany,
Brandenburg). This area comprises around 290 km? and contains a high density of small
kettle holes (up to 2 per km?) (Kalettka et al. 2005) connected by a shallow groundwater
system (Kayler et al. 2017) and constantly influenced by seasonally changing hydrological
conditions (Brose 2001; Kalettka and Rudat 2006; Figure 2.1). The water regime of the kettle
holes from periodic to permanent in this region is influenced by a sub-humid climate with
precipitation of 450-600 mm year™! and potential evapotranspiration of 600-650 mm year!
(Kalettka and Rudat 2006). The predominant land use of this area is intensive agriculture of

maize, wheat, and rapeseed as the main crops.
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Fig. 2.1. Study area: the Agricultural Landscape Laboratory “AgroScapeLab Quillow”
(www.bbib.org/experimental-platform.html) in the Quillow catchment area located in North-
eastern Germany (Brandenburg). This agricultural landscape is characterized by a high density of
kettle holes. Points denote our selected kettle holes (empty circles: flat/ ephemeral, filled circles:
steep/ permanent). Percentage of land-use in the area is 65% cropland, 17% forest, 9% grassland, 5%
water and 4% urban.
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2.3.2 Selection and classification of kettle holes

The study area was divided into smaller sections where small kettle holes were visible from
Google Earth satellite images from 2002. With random simulated numbers, we selected some
kettle holes in each section trying to equilibrate the number of the distinct types (permanent
and non-permanent). Some ephemeral kettle holes are very dynamic and can sporadically
occur in the field in certain years depending on weather conditions (see below). If one of
these dynamic kettle holes was not present during the initial sampling in the field, we se-
lected another one close by if possible. We monitored plant-species composition of the kettle
holes in July and August 2011.

Based on hydro- and geomorphological characteristics, Kalettka and Rudat (2006) proposed
a classification key for kettle holes in North-East Germany. The first level of classification
divides them in three groups: storage type, (S) shore overflow type (SO) and puddle type
(P). The storage and shore overflow types (S and SO) are deep with a permanent shore and
mostly periodically to permanently flooded; while the puddle (or non-permanent) type is
flat without a permanent shore and mostly ephemerally flooded (Kalettka and Rudat 2006).
In dry years, the puddle types can disappear completely and can be easily ploughed and
used as arable land (Kalettka and Rudat 2006). Based on these characteristics and the vul-
nerability to agricultural practices, we classified our 46 sampling kettle holes in two groups:
(A) flat-sloped, less permanent and ploughed ones corresponding to Puddle types, and (B)
steep-sloped and more permanent ones including Storage and Shore Overflow types. For
simplification, group (A) will be hereafter addressed as “flat ephemeral” and group (B) as
“steep permanent” kettle holes.

2.3.3 Landscape parameters relevant for connectivity among wetland habitats

We calculated area and degree of isolation measured as the number of neighboring kettle
holes within different radii: 20, 50, 100, 200, 500, 1000 and 2000 m using ArcGIS 10 (Esri
2011) based on land use and habitat type maps provided by Leibniz Centre for Agricultural
Landscape Research (ZALF).

2.3.4 Plant identification and plant functional traits

We recorded presence or absence of all plant species occurring in the amphibian and terres-
trial zone of the kettle hole. The amphibian zone is located between the open water body
and (terrestrial) grassland vegetation next to the agricultural matrix (Patzig et al. 2012). We
identified the species according to Rothmaler (2011) excluding those that were cultivated in
the arable matrix (e.g., Zea mays, Hordeum vulgare, Brassica napus). Three taxa — Rosa, Rubus,
Taraxacum — could be determined to genus level only. For each species, Ellenberg indicator
values (Ellenberg et al. 1991) were used to classify specialized wetland species (indicator
value for moisture > 7). The seed longevity index according to Bekker et al. (1998) - ranging
from short-lived seeds = 0 to long lived = 1 - as well as data on species longevity were taken
from the LEDA database (www.uni-oldenburg.de/en/landeco/research/leda/; Kleyer et al.
2008).
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To test for functional differences in dispersal ability between plant communities occurring in
permanent vs. ephemeral kettle holes, we analyzed the breeding system (selfing possible vs.
non-selfers), the pollen vector (zoophily, anemophily and selfing), the dispersal syndrome
(zoochory, anemochory, hydrochory, hemerochory and autochory) and life strategies for
each plant species. The self-compatibility, pollen vector and life strategies dataset is based
on BIOLFLOR (http:/ /www?2.ufz.de/biolflor/), the life span on the LEDA database (Kleyer
et al. 2008) and the seed dispersal is mainly based on Rothmaler (2011) and completed
with 3D Dispersal Diaspore Database (Hintze et al. 2013; www.seed-dispersal.info/terms-
of-use.html) considering indices ranks > 0.5. All of the previously mentioned traits are in re-
lation with colonization and dispersal abilities. We counted the total number of species that
possess a particular trait and we calculated the percentage of species. Species can belong
to more than one group, for example, to more than one dispersal syndrome (zoo-, anemo-,
hemerochory). Those species were counted separately and summed up in the corresponding
groups (see Supplementary material, Table A2 for details).

2.3.5 Plant seed bank

Soil samples were collected in April 2012 from 20 randomly chosen sites (ten permanent
and ten ephemeral kettle holes; list in Supplementary material, Table A3). Soil samples were
collected within the outer circumference of the kettle holes within the amphibian transition
zone between open water body and grassland vegetation (ten random samples per site, ten
cm deep, with a diameter of three cm) using a clean soil corer. Soil samples were stored in
a cool dry place for three weeks until used for seed-bank assessment and soil-pH analysis.
During three months, the number and identity of emerging seedlings of the soil seed-bank
was weekly assessed in trays at the common garden site of the University of Potsdam using
the seedling emergence method described in Kurtz and Heinken (2011).

For the seed-bank assays, seeds were divided into two wet treatments: flooded and non-
flooded types to replicate natural conditions of permanent and ephemeral kettle holes. We
tested whether germination varied according to treatment (flood, non-flood) and type of
kettle holes (permanent, ephemeral). We measured the actual pH (soil/ 0.01 M calcium chlo-
ride solution ratio: 1:2.5) of the soil samples (using a WTW pH meter 325, Germany) to test
whether putative differences in functional community composition are related to soil pH
(see Ma et al. 2017).

2.3.6 Statistical analysis

We used GLMs (Generalized Linear Models) to test if the two different types of kettle holes
differed in plant-species richness in relation to area and isolation degree. Due to overdisper-
sion in the data, we explored two classes of models based on quasipoisson and negative bi-
nomial distribution. Since both models yielded similar results, we selected the quasipoisson
model (Hoef and Boveng 2007) using the glm function in R. We tested if species richness of
all plants or of specialized wetland plants only depends on kettle-hole area and if this effect
differs between kettle hole types and whether the number of kettle holes in the surrounding
has also an influence (isolation degree). For this, we previously tested which buffers (20,
50, 100, 200, 500, 1000 and 2000 m radii) influence plant-species richness and selected the
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TABLE 2.1: Summary table of size (area), degree of isolation (number of neighbors within a 500-m
radius) and total number of plant species found in the entire community and only the specialized

wetland plants in both types of kettle holes: ephemeral and permanent.

Permanent Ephemeral Overall

Area [m?] Mean £SD 2228 £2127 1637 = 1442 1997 £+ 1893

Min 290 240 240

Max 8500 5600 8500
neighboring kettle holes ~ Mean £SD  11.5+7.4 11.7 £ 8.0 115+ 75

Min 0 0 0

Max 28 26 28
Total species richness Mean £SD 493 £14.2 33.5£13.6 432 £15.8

Total 116 18 254

Both — — 120
Wetland species richness Mean +=SD 162 +£7.0 124 +74 147 £73

Total 28 6 80

Both — — 46

minimum significant to fit the model. Due to very low number of ponds in small radii, we
discarded the first three buffers (20, 50, 100m). A similar procedure was performed for the
seed bank experiment, to test the influence of two factors: type of kettle hole and treatment

(flooded or not) on germination.

To test the hypothesis that species composition varies between flat and steep kettle holes,
first, we calculated overall beta diversity and its components: turnover and nestedness
based on Jaccard dissimilarity matrices for presence-absence dataset with the function ‘beta-
multi” and three matrices containing the pairwise between-site values of each component of
beta diversity with the function ‘beta.pair’ from the package betapart (Baselga and Orme
2012). Then we compared beta diversity between groups (types of kettle holes) using the
function ‘betadisper’ based on permutation tests (PERMANOVA) under 95% confidence in-
tervals around treatment centroids. Additionally, an overall beta diversity was calculated
based on Ochiai index of similarity (Ochiai 1957). This index excludes double absences; it
allows for chord or Hellinger transformation (Borcard et al. 2008) and proofed to be useful
for plant communities (De Caceres et al. 2008). We computed an Ochiai index followed by a
Hellinger transformation for our species presence-absence data. An ordination of Principal
Coordinates Analysis (PCoA) was performed based on these Ochiai distances to visualize
the plant communities.

Finally, to test whether percentage of plant species with a particular functional trait related
to dispersal, reproduction or recruitment differ according type of kettle holes (permanent
vs. ephemeral), we applied ANOVA tests because the data presented normality and homo-
geneity of variances (Supplementary material, Table A5).
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2.4 Results

In total, 254 vascular plant species were identified in the 46 kettle holes studied (details
in Supplementary material, Table A1, A2). Plant-species richness differed between the two
kettle-hole types with a 41.5% lower species diversity in flat ephemeral kettle holes com-
pared with steep, more permanent ones (138 vs. 236 species, respectively; F 44=13.96, P<0.001).
Of these, 120 plant species occurred in both habitat types, 116 exclusively in steep ones and
18 plant species exclusively in flat kettle holes (Table 2.1). In both habitat types, species rich-
ness increased with kettle hole area (Figure 2.2a). Increasing area was especially positively
related to plant-species richness in permanent kettle holes when only specialized wetland
plants were considered (Figure 2.2¢c). In contrast to the steep permanent sites, however, the

TABLE 2.2: Summary of statistical models used for landscape connectivity parameters (area and
isolation) and for the seed-bank experiment in a subset of 20 kettle holes. Model selection was per-
formed to explain the effect of size (area) and isolation degree (number of neighbors) on plant rich-
ness in both types of kettle holes in the entire community and for wetland species only; as well
as the effect of types of kettle holes and wet treatment in germination from the seed bank. Due to
over-dispersion, Generalized Linear Models (GLM) with a “quasipoisson” distribution were applied
and model selection based on qAIC (lowest value) was performed (for details see Supplementary
material, Table A4).

Response . Coefficient Statistic
Best model Predictors P-value qAIC

variable value value

Seed bank experiment (n= 20)
m01 Germination Intercept 3.17 t=20.62 P <0.001*** 22235
Permanent -0.63 t=-243 P <0.05*

Landscape connectivity (n = 46)

m12 Species
Intercept 3.44 t=6.28 P <0.001*** 167.47
(all species) number
Log Area [m?] 0.17 t=-0.88 P <0.001***
Neighbors
0.03 t=0.85 P <0.001***
500m (a)
Permanent (b) 0.75 t=-024 P <0.01**
ab -0.03 t=-0.24 P <0.001***
spl2 Species
Intercept 242 t=994 P <0.001*** 15294
(wetland species) number
Log Area [m2] 0.26 t=443 P <0.001***
Neighbors
0.04 t=4.12 P <0.001***
500m (a)
Permanent (b) 0.91 t=3.89 P <0.001%**

ab -0.05 t=-3.67 P <0.001***
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Fig. 2.2. (a) Relationship between plant-species richness and area (in ha) within the two types of
kettle holes: ephemeral (flat) and permanent (steep); (b) number of neighboring ponds within a 500
m radius. There was a positive correlation between number of plant species and area in both types
of kettle holes (all P< 0.001). In contrast, only species occurring within ephemeral ponds were posi-
tively influenced by the number of neighboring kettle holes within a 500-m radius (Number of neigh-
bors x type of kettle hole P< 0.001). The same pattern was found when only wetland species were
analyzed (c: all P< 0.001; d: Number of neighbors x type of kettle hole P< 0.05).

total plant-species richness as well as the number of wetland species was positively influ-

enced by the number of neighboring ponds within a 500m-radius only in the flat ephemeral

kettle holes (Table 2.2, Figure 2.2b, d). The best model explaining the relationship between

species number (all and wetland species only) and area and number of neighboring kettle

holes within a 500-m-radius was species number ~ Area (ha) + Number of neighbors x*
Kettle hole type (qAIC of 167.47 and 152.94 respectively; Table 2.2) (all models in Supple-

mentary material, Table A4).
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Soil pH in the seed-bank experiment showed a marginal but not significant difference be-
tween flat ephemeral vs. steep permanent kettle holes (7.1 +0.24 vs. 6.8 + 0.44; F; 419=3.71P
= 0.069; Supplementary material, Figure Al). From a total of 34 different species that germi-
nated, 19 species plus Brassica napus (Rapeseed of the surroundig matrix) could be identified
to species level; no woody species were found (Species list in Supplementary material, Table
A3). A total of 9981 seedlings germinated and seed abundance significantly varied between
types of kettle holes (Fy 54p= 5.48; P=0.01) with a higher seedling abundance in flat ephemeral
than permanent kettle holes (22.3 £29.2 vs. 11.6 £ 15.3 respectively). Wet treatment (flooded
vs. Non-flooded) had no effect in seedling abundance (F; 540=1.14; P=0.29). The best fitted
model was Germination ~ Kettle hole type (qQAIC = 222.35; Table 2.2).

High levels of beta diversity across study sites were found both in the entire community and
for specialized wetland species (0.969 and 0.971 respectively) where species turnover (0.955
and 0.951) contributed considerably more to dissimilarity than nestedness (0.014 and 0.020;
Table 2.3) in both communities. A Permutation Multivariate Analysis of Variances (PER-
MANOVA) showed a significant difference between the types of kettle holes for turnover
of species and nestedness for the entire community (Turnover: F; 44= 7.38; P<0.01; Nested-
ness: Fy 44 =10.19; P<0.01) and wetland community (Turnover: Fy 44= 11.44; P<0.01; Nested-
ness: Fy44= 12.82; P<0.001). Overall beta diversity based on Jaccard similarity showed no
difference between the types of kettle holes neither for the entire community, nor for the
specialized wetland species (Fy 44= 2.11; P=0.15; F; 44= 1.15; P=0.29). However, overall beta
diversity based on Ochiai distances after a Hellinger transformation showed a separation in
species composition between the two types of kettle holes (Figure 2.3a, b) when all plants
species were considered (F; 44= 4.37; P=0.04) and a tendency for separation when only wet-
land species were considered (F; 44= 3.42; P=0.07) (Table 2.3).

TABLE 2.3: Species turnover, nestedness and overall beta diversity based on site dissimilarity (Jaccard
dissimilarity) between the two types of kettle holes for the entire community and for the specialized
wetland plants. Results of a Permanova (95% CI) show the comparison of the distance to centroids
calculated according the type of kettle hole (permanent vs. ephemeral) for overall beta diversity and
its components (turnover and nestedness) based on Jaccard dissimilarity. Overall beta diversity was
also calculated based on Ochiai distances, which allowed for a Hellinger transformation for presence-
absence data.

Turnover Nestedness Overall 8-diversity
(Jaccard) (Jaccard) Jaccard distance  Ochiai distance
All species 0.955 (P<0.01**)  0.014 (P<0.01**) 0.969 (P=0.15) P=0.04*
Ephemeral 0.872 0.051 0.923
Permanent 0.933 0.017 0.951
Wetland species  0.951 (P<0.01**)  0.020 (P<0.001***)  0.971 (P=0.29) P=0.071
Ephemeral 0.837 0.089 0.927
Permanent 0.924 0.028 0.952
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Fig. 2.3. Principal Coordinate Analysis using species composition of all (a) or specialized wetland
plant species only (b). An Ochiai matrix was generated as a standardization of data, following
De Caceres et al. (2008) and afterwards a Hellinger transformation was applied. Results of PER-
MANOVA based on 99999 permutations showed a difference in plant-species composition accord-
ing the kettle hole types for all species (F; 44 = 4.37; P=0.04), and a tendency for difference when
considering wetland species only (Fy 44 = 3.42; P=0.07).

Separation in plant-community composition between both types of kettle holes was re-
flected in the distribution of functional traits (Table 2.4). The majority of the species oc-
curring in the ephemeral kettle holes had faster life cycles (higher percentage of annual and
biennial plants; 64% =+ 0.4 vs. 44% =+ 0.5; Fq 3= 46.96; P < 0.0001; Figure 2.4b), and their seed
bank was more persistent (0.5 = 0.2 vs. 0.3 & 0.2 ranging from short-lived = 0 to long lived
seeds = 1; Fy 40= 91.31; P < 0.0001; Figure 2.4a). In addition, seed-dispersal abilities of the
species varied according to the types of kettle holes with a slightly but significantly higher
percentage of plants with zoochorous seed dispersal in ephemeral kettle holes than in per-
manent ones (76% £ 0.5 vs. 70% =+ 0.4; F; 33 = 10.79; P < 0.01). In contrast, fewer plant species
relied on wind dispersal of seeds in ephemeral compared with permanent kettle holes (29%
+ 0.4 vs. 38% =+ 0.5; Fy 33= 10.79; P < 0.001; Figure 2.4d, e). The number of species that can
produce seeds via selfing did not differ between the two types of kettle holes (all P > 0.1),
but there was a slightly higher number of self-incompatible species (obligate outbreeders)
in permanent kettle holes (28% =+ 0.4 vs. 21% =+ 0.4; F; 43= 0.26; P < 0.0001). Moreover, in
ephemeral kettle holes, we found a higher percentage of species that are mainly dispersed
by humans (hemerochory) than in permanent ones (36% =+ 0.4 vs. 26% =+ 0.4; Fy 40= 0.26;
P < 0.0001; Figure 2.4f). Finally, with respect to pollen vectors, there was a relatively lower
percentage of insect-pollinated species in ephemeral kettle holes compared with permanent
ones (59% =+ 0.4 vs. 65% =+ 0.4; Fy 33=10.54; P < 0.01; Figure 2.4c).

A Ephemeral L

PCoA 2

2.64%
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TABLE 2.4: Comparison of plant traits affecting colonization and dispersal abilities within the two
different types of kettle holes: flat ephemeral and steep more permanent. Data show percentage of
species (% sp) plus Standard Deviation (SD). Note that the sum of species of both types exceed 100%
as often one species possesses more than one trait (see Methods). Analysis of Variance (ANOVA)
was performed to evaluate if the different functional traits differed according to type of kettle hole.
Significance levels are indicated with asterisks: ***P<0.001, **P<0.01, *P<0.05..

Plant Ephemeral Permanent ANOVA
functional traits %sp SD %sp SD F df P

Colonization abilities

Self-compatibility ~ Self-compatible 80.7 023 807 031 0 1,43  0.995
Self-incompatible 21.3 042 286 046 026 143 <0.001**

Recruitment SLI1 0541 027 0371 029 9131 140 <0.001***

Life span Short-lived 637 043 438 049 4696 1,32 <0.001***
Long-lived 463 05 678 042 6133 138 <0.001***

Dispersal abilities

Pollen dispersal Zoophily 594 048 652 046 1054 1,38 0.002**
Anemophily 37 049 364 048 0.07 138 07
Hydrophily 1.3 0.06 41 017 1158 1,38 0.002**
Selfing 569 049 554 049 169 138 02

Seed dispersal Zoochory 763 041 697 045 1079 1,38 0.002**
Anemochory 289 045 376 048 2321 1,38 <0.001***
Hydrochory 456 049 463 049 0.07 138 08
Hemerochory 363 048 263 043 1658 142 <0.001***
Autochory 103 027 178 038 207 1,38 <0.001***

2.5 Discussion

The aim of this study was to identify the main ecological processes driving plant diversity
in two types of kettle holes — steep permanent vs. flat ephemeral —within an intensively
used agricultural landscape under a meta-community framework. We compared plant fea-
tures such as life span, seed dispersal ability, pollen transfer, seed bank and seed longevity in
these two wetland types. Our results suggest that the type of kettle holes acts as a strong en-
vironmental filter for plant communities, but this system cannot be explained by one meta-
community paradigm only. Whereas flat ephemeral kettle holes can be regarded as meta-
communities that strongly depend on seed dispersal and recruitment from a seed bank, the
plant species-richness of neighboring permanent kettle holes was not influenced by degree
of isolation and had a more stable local species diversity. Furthermore, the significant dif-
ference in trait distribution between communities is an indication of niche differentiation
between the two types of kettle holes. Hence, plant functional traits offer good insights in
understanding the role of local environmental conditions (local filters) and regional species
sorting in these freshwater islands within an intensively managed agricultural matrix.
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Fig. 2.4. Plant traits important for colonization: seed longevity (a) and individual life span (b). The
seed-bank longevity index (ranging from short-lived = 0 to long lived seeds = 1) was significantly
higher in the ephemeral kettle holes (P<0.001) harbouring more persistent seeds. In contrast, in
these ephemeral, flat and more disturbed kettle holes, more short-lived plants (non-perennials) with
a faster life cycle (annuals, biannual) were found (P<0.001). In addition, plant traits for pollen move-
ment (c) and seed dispersal (d-f) differed among types of kettle holes (all P<0.01). Permanent kettle
holes harboured a higher percentage of species pollinated by animals and seeds dispersed by wind
(all P<0.01); and ephemeral kettle holes contained more species with seeds dispersed by animals and
human related vectors (all P<0.01).
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2.5.1 Species sorting and mass effect processes at different scales

Apart from the rare and endangered 21 plant species present in the state red-list of Bran-
denburg (Rote et al. 2006), the overall considerable diversity of 254 plant species found in 46
small kettle holes within the matrix of intensively managed agricultural fields, substantially
enhances biodiversity at the landscape scale. As expected, in both types of kettle holes, we
found a positive correlation between species richness and habitat size where a larger area
harbours a higher number of species, as it was previously well documented for small wet-
land habitats (e.g., Jeffries 2012 and references therein). This can be generally explained by
the framework of “environmental heterogeneity” where a wider range of habitats is suitable
for more different plant species in larger habitats (Stein et al. 2014). However, this relation-
ship can vary among taxa (Oertli et al. 2002) and diversity is not always reflected by species
richness but by the diversity of functional traits. For example, a previous study in the same
region by Pétzig et al. (2012) found no clear pattern regarding macrophyte species richness.

Differences in alpha and beta diversity between types of kettle holes without a change be-
tween the entire community and the wetland-plant community suggest that different en-
vironmental conditions act as local filters (Schmid et al. 2002) driving functional niche oc-
cupancy (Li et al. 2018) reflected in different plant functional traits (Figure 2.3, 2.4). Under
the framework of meta-community paradigms when habitat patches are environmentally
heterogeneous, Species Sorting (SS) or Mass Effect (ME) processes may occur (Leibold et
al. 2004). Different environmental conditions of the kettle holes provide a different habitat
quality that in combination with different dispersal strategies affect community composi-
tion supporting the Species-Sorting process (Leibold et al. 2004) at a regional level. In con-
cordance, our beta diversity results show that plant communities between kettle holes are
mainly explained by species turnover (species replacement from one pond to another) with-
out differences between the entire and the wetland community (Table 2.3). Similar results
were previously reported for meta-communities of aquatic plants and macroinvertebrates
(Viana et al. 2016; Hill et al. 2017), supporting the Species Sorting process at a regional scale.

A low number of unique species in ephemeral kettle holes (18 out of 254 species), but not
in permanent kettle holes (116/254) suggests a Mass Effect process, where permanent ket-
tle holes might be acting as a source and ephemeral ones as sink supported by the high
number of shared seedlings that germinated in both types of ponds (21/34; Table 2.1). A
negative relationship with distance to neighboring ponds in flat kettle holes (Figure 2.2d)
suggests that spatial colonization (dispersal filtering) is also an important process driving
community assembly in these ephemeral habitats. In addition, turnover of species and nest-
edness differed depending on type of kettle holes with a higher turnover in permanent and
a higher nestedness in ephemeral kettle holes (Table 2.3). These results show that the larger
permanent ponds also follow the SS paradigm harbouring species with a higher replace-
ment than ephemeral ones. The higher nestedness in ephemeral ponds suggests that they
are a subset of the species assemblage of the permanent ponds supporting the Mass Effect
process at a local scale.
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Finally, if we only consider ephemeral kettle holes and assume that patches among them are
similar, the dynamic state of these kettle holes (drying and reappearing) might reflect a patch
dynamic paradigm were patches can be occupied or unoccupied where local diversity is lim-
ited by dispersal (Leibold et al. 2004). It is known that temporal variation in patch suitability
and availability in combination with spatial colonization and founder effects play an impor-
tant role shaping communities (Jeffries 2008; Mahaut et al. 2018). In our system, ephemeral
kettle holes possessed a more persistent seed-bank source of propagules (Figure 2.4a) in
combination with short-lived species (Figure 2.4b) suggesting that the species’ life cycles
are more in synchrony with patch availability enabling persistence on the sites over periods
when the ephemeral kettle holes are not present (e.g. Alderton et al. 2017; Poschlod and Ros-
bakh 2018). Even though we found a low number of competitive species in both ephemeral
and permanent ponds (20% and 30%) (data not shown), the relationship between migration
(dispersal) and local dominance and colonization—competition trade-offs are fundamental to
assess patch dynamics (Logue et al. 2011). Since our data (presence-absence) lack abundance

information, further experiments are needed to confirm these hypotheses.

2.5.2 Linking species sorting with movement ecology

In plants, it is mainly seed dispersal that defines movement ecology (Nathan et al. 2008)
and therefore the most important factors influencing seed movement are dispersal vectors
(biotic and abiotic) in combination with motion abilities; followed by environmental fil-
ters (Damschen et al. 2008). Both, environmental conditions and spatial distribution of suit-
able habitats can lead to environmental and dispersal filtering (seed arrival, recolonization
events) and both are shaping local species communities (Fraaije et al. 2015). Additionally, it
has been shown that pollen transfer is as an important limiting factor connecting popula-
tions with consequences in biodiversity and regeneration (Schermer et al. 2018) or economic
loss in agricultural landscapes related to invasive weeds (e.g. Fénart et al. 2007). Our results
showed a higher number of zoophilous plant species (insects as pollen vectors) in perma-
nent kettle holes. These results suggest that permanent kettle holes provide habitat and food
source to harbour a higher number of pollinators (e.g. wild bees and bumblebees), whose
community might be related to higher plant diversity and habitat heterogeneity found in
the permanent kettle holes compared with the ephemeral ones. This might be related with
the higher number of obligate outbreeders (self-incompatible) species found in these per-
manent kettle holes (Supplementary material, Figure A2).

Our results showed a difference in dispersal syndrome depending on environment where
biotic dispersal vectors (zoo-, hemerochory) seemed to be more effective in ephemeral kettle
holes and abiotic vectors (anemochory) in permanent kettle holes (Figure 2.4d-f). A possible
explanation to these results might be that kettle holes offer a different accessibility for seed
dispersers, mainly biotic, and a different degree of exposure and vulnerability to intensive
land use. Even though both types of kettle holes constitute a source of food and water for
animals (deer, wild boars, migratory birds), which might disperse the seeds while foraging
(e.g. Figuerola et al. 2003; Dovrat et al. 2012; Soons et al. 2016; Flaherty et al. 2018), permanent
kettle holes harbour a significantly higher number of long-lived (Supplementary material,
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Figure A2) and tall plant species that might offer a better shelter for animals, or form less
accessible dense thickets compared with ephemeral kettle holes. Consequently, ephemeral
kettle holes are in more direct contact with the intensive land-use surroundings and farming
activities (e.g. tractors for harvest), which could easily act as potential —hemerochorous —
seed dispersers (Figure 2.4f).

2.5.3 Ephemeral kettle holes as stepping stones to conserve plant diversity

The dynamic state of ephemeral kettle holes provides different environmental conditions for
colonization events and different dispersal vectors (highly mobile birds or humans via agri-
cultural machinery) compared with permanent kettle hole ecosystems consisting of more
long-lived plants. Both types of ponds form a dense network of freshwater island habitats
where ephemeral ponds might act as stepping-stones due to the common, unique and high
turnover of species enhancing the overall plant diversity at the landscape scale. The im-
portance of ephemeral kettle-hole density for the maintenance of plant-species richness is
supported by a low weed diversity recently found in agricultural fields within the same
area (Miiller-Nilsson 2018) suggesting a low permeability for wild plants of the agricultural
matrix surrounding the ephemeral kettle holes.

A previous study in the region suggested that management and conservation policies should
consider all types of kettle holes (Patzig et al. 2012). Other studies focused on temporary
flooded depressions provide measures to conserve plant communities based on manage-
ment of water-level fluctuations and land-use practices (Altenfelder et al. 2016a, b). We high-
light the importance of flat ephemeral kettle holes as key habitats acting as stepping stones
to preserve plant diversity within this agricultural landscape (Hallmann et al. 2017). Despite
their biodiversity and the ecosystem services these small water bodies provide, conservation
policies are not well established yet, excluding them from freshwater science and interna-
tional nature conservation policies (Biggs et al. 2017). To overcome this problem, Hill et al.
(2018) recently proposed practical steps to focus on "pondscapes” and their impact on soci-
ety. Our study contributes to a better understanding of these ponds but long-term studies
to understand the dynamics of these meta-communities are needed (Ruhi et al. 2017) for a
future integration of these pondscapes into policies and a sustainable management of these

agricultural landscapes.

2.6 Conclusion

Our study shows that differences in alpha and beta diversity between steep permanent com-
pared with ephemeral flat kettle holes are mainly explained by species sorting and niche pro-
cesses at regional scale, while mass effect and dispersal limitation processes are detectable at
local scale in ephemeral kettle holes only. We highlight the importance of supporting a high
density of flat ephemeral kettle holes within intensively managed agricultural landscapes to
sustain population dynamics and plant diversity. Flat ephemeral kettle holes are more vul-
nerable to environmental filtering particularly related to human activities compared with
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steep-permanent kettle holes. We suggest to establish management and conservation poli-
cies focusing on these freshwater bodies considering their function as stepping stones en-
hancing plant-diversity in intensively used agroecosystems.
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CHAPTER 3

Genetic diversity and connectivity depend on the

degree of clonality
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3.1 Abstract

Background: Under the meta-community framework, dispersal between local communities
is essential for the entire functioning of an ecosystem. In plant meta-communities, long-
distance dispersal is both attenuated and directed by specific movement vectors including
animals, wind and/or water. While much is known about the role of dispersal on genetic
diversity and genetic divergence or connectivity, its relative importance compared to other
life-history traits such as clonal growth and breeding system (i.e., selfing vs. outcrossing) is
not well understood. Methods: In our study, we evaluated the relationship between disper-
sal mechanisms, modes of reproduction (degree of clonality) and breeding system as well
as of landscape factors such as patch size and degree of isolation on genetic diversity and
genetic divergence in a metacommunity system. In an insular system of kettle holes within
an intensive agricultural landscape, we studied four widespread wetland plant-species that
differ in their dispersal mechanisms and reproductive strategies. We used neutral genetic
markers (microsatellites) to calculate genetic diversity and genetic divergence to infer breed-
ing systems and gene flow in these species. Results: Our results showed that reproduc-
tion systems, from outcrossing to selfing and predominantly clonal reproduction, are the
main factors shaping genetic diversity and genetic divergence in metapopulations of wet-
land species, as exemplified in our island habitats within an intensive agricultural matrix.
In addition, dispersal mechanisms mattered for gene flow and connectivity: There was a
higher gene flow respectively a lower genetic differentiation among populations in wind vs.
insect pollinated species in this insular system. Genetic diversity, however, was mainly ex-
plained by clonal growth and breeding system. The outcrossing insect-pollinated and rarely
clonal species Oenanthe aquatica exhibited the highest genetic diversity and gametic richness
in comparison to the other three more clonal species. Conclusions: The main factor affecting
genetic diversity and genetic divergence in metapopulations of the wetland species investi-
gated was the breeding system (ranging from outcrossing to selfing and clonality); dispersal
mechanisms played a minor role for diversity, but were related to gene flow and connec-
tivity. Our findings are important for a functional understanding of plant metacommunities
and may provide relevant information for an appropriate implementation of conservation
policies.
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3.2 Background

Movement of organisms is essential to assure connectivity in fragmented landscapes af-
fecting individuals, populations, communities and ecosystems at both short-term ecological
and long-term evolutionary time-scales (Nathan et al. 2008). Lack of connectivity can cause a
decrease in the probability of population persistence, a decrease in individual fitness and ge-
netic diversity within populations, and may lead to increased genetic differentiation among
populations (e.g., Leimu et al. 2006). Many studies have shown that increasing habitat con-
nectivity with corridors or stepping stones has a positive effect on population persistence in
fragmented landscapes. For example, habitat connectivity can reduce extinction risk (Gon-
zalez and Chaneton 2002; Yang et al. 2016), enhance species diversity and gene flow (Hill et
al. 2016; Wan et al. 2018) and contribute to ecosystem functioning (Staddon et al. 2010; Liu et
al. 2018).

Landscape configuration determines the movement of organisms and therefore the degree
of connectivity of suitable habitat patches (Taylor et al. 1993). The concept of structural con-
nectivity refers to the distribution of habitat patches, while functional connectivity explains
the degree to which the landscape facilitates or impedes individual movement among suit-
able patches (Manel and Holderegger 2013). The interaction between landscape structure
and realized movement is generally considered to be a species-specific trait (Tischendorf
and Fahrig 2000). Functional connectivity can be assessed by direct observation or through
genetic techniques (Lowe and Allendorf 2010), the latter assuming that the successful move-
ment of an organism through the landscape results in successful reproduction in a new patch
(Tischendorf and Fahrig 2000).

Plants exhibit a passive mode of dispersal due to their sessile nature. Hence, dispersal is
often mediated through external vectors such as animals, wind or water (Aavik et al. 2014).
In this sense, plant functional connectivity has been defined as “the effective dispersal of
propagules or pollen among habitat patches in a landscape” (Auffret et al. 2017). Seed dis-
persal is known to be the most important process connecting plant populations (Figuerola
and Green 2002; Soons et al. 2016), but many recent studies highlight the importance of
pollen transfer as well (e.g., Harmon-Threatt ef al. 2009; Schermer et al. 2018). In addition
to the modes by which propagules are dispersed, other external factors such as resource
availability, disturbance, response to environmental change, pathogen/herbivore attack, or
competition between plants, are also important for plant-species movement and may at-
tenuate functional connectivity (Auffret et al. 2017). Especially in fragmented landscapes,
life-history traits such as asexual reproduction (clonality), extreme longevity (trees, clonal
plants), or the ability to survive under unfavourable conditions (seed bank) play an im-
portant role for population viability (Lienert 2004), enhancing species’ resilience to distur-
bances, habitat degradation (Cain et al. 2000) and climate change (Graae et al. 2017).

One important but usually neglected trait in plant meta-community functioning is clonal
growth. Clonal growth is widely distributed in all biomes, present in 51% of angiosperms
from temperate regions, and particularly common in wetland habitats (KlimeSova et al. 2012,
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2018). Many studies have demonstrated the ecological importance of clonal growth in plant
competition, the ability to deal with disturbances (resilience), nutrient acquisition and re-
production (Bazzaz 1996; Stueffer et al. 1996; KlimeSova et al. 2012, 2017, 2018). A horizontal
rooting stem is the most common mode of clonal growth (Klimesova and Klimes 2008). The
ability to grow horizontally provides species with a key function of persistence on a spot as-
sociated with a higher probability for plants to remain in a suitable patch (Graae et al. 2017).
In an insular system, there is a higher risk of moving into an unhospitable matrix. Under
such circumstances, clonal reproduction should be advantageous. However, long-term per-
sistence in combination with a lack of sexual reproduction (selfing and restricted gene flow)
might cause loss of genetic diversity and mutational meltdown, ultimately leading to popu-
lation decline or extinction (Jiménez-Alfaro et al. 2016; Roberts et al. 2017), but see Ally et al.
(2010).

Even though there are many studies on how dispersal mechanisms affect functioning of
metacommunities, little is known about the role of reproductive systems related to dis-
persal, or more specifically, the amount and importance of dispersal in clonal plants in
a meta-community context. Clonality can determine on-spot persistence, providing an ef-
fective strategy to cope with changing environmental conditions resprouting after damage
(Ottaviani et al. 2017; Klime3ov4é et al. 2018). Therefore, the degree of clonal reproduction vs.
sexual reproduction involving gene flow by pollen and seeds may affect species distribution
and diversity at local and meta-community levels, as well as spatial patterns of genetic di-

versity and population differentiation.

In the present study, we aimed to identify how reproductive systems in combination with
dispersal mechanisms shape genetic diversity and connectivity in an insular system. Specif-
ically, we correlated genetic patterns with the mode of reproduction (outcrossing, selfing,
clonality) and dispersal related factors such as wind direction, wind speed, and availability
of pollinators, as well as landscape factors such as patch size and degree of isolation. We ex-
pected that both dispersion vectors and modes of reproduction will affect genetic diversity
and genetic divergence. On the one hand, we hypothesized that an outcrossing species (even
if it is also able to reproduce clonally) will depend on the transport of pollen and dispersal
of seeds between populations, which will cause low population differentiation (Fst), few
genetically distinct clusters) and high population genetic diversity (Hg, Ho) and gametic
richness (R) with a low level of linkage disequilibrium rq and no excess (or deficit) of het-
erozygotes (Fis). On the other hand, in self-compatible and clonal species, dispersal vectors
are expected not to play an essential role in gene movement, causing higher populations
differentiation and a lower within-population genetic diversity due to the longevity of the
once established clones (Table 3.1).

We used a meta-ecosystem of island-like aquatic habitats called kettle holes, whose spa-
tial configuration on the landscape make them ideal to study meta-populations and meta-
communities (Tiner 2003; Kalettka and Rudat 2006; Lozada-Gobilard et al. 2019). These small
water bodies, remnants of the last glaciation, mainly occur in the northern hemisphere. For
aquatic and wetland organisms, they form a distributed network of habitats surrounded
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TABLE 3.1: Framework of hypotheses. Predicted hypotheses covering the relationship among breed-
ing systems, dispersal, connectivity and genetic diversity. Plus (+) and minus (-) symbols in "Disper-
sal" indicate the probability of pollen or seed to be transported between populations. Connectivity
is explained by the degree of genetic divergence: the better connected the populations the lower the
Fixation Index (FsT) and the fewer genetic clusters. In outcrossing species, genetic diversity (Hg, Ho)
and gametic richness (R) are high and associated with Fig (Inbreeding coefficient) and rd (Linkage
Disequilibrium) close to 0, while in selfing and clonal species genetic diversity parameters decrease
and Fig and ry increase.

BREEDING SYSTEMS DISPERSAL CONNECTIVITY GENETIC DIVERSITY
(clonality degree) No. genetic
Pollen Seed FST Hg, HO R FIS Iq
clusters
OUTCROSSING .
+ Small Small High ~1 ~0 ~0
(Non-clonal)
SELFING
— + Intermediate  Intermediate = Medium <1 >0 >0
(clonal possible)
CLONAL
- - Large Large Low ~0 notclear >0

(mainly/only clonal)

by an unsuitable matrix of intensively managed agricultural areas (Brose 2001; De Meester
et al. 2005). Kettle holes constitute hotspots of floral and faunal diversity in this landscape
(Céréghino et al. 2012; Patzig et al. 2012) but are exposed to pollution and potential habitat
destruction due to intensive agricultural practices in their immediate surrounding (Kalettka
et al. 2001; Céréghino et al. 2008).

We selected four typical wetland plant species with different dispersion and reproductive
traits: Typha latifolia L. (Typhaceae), Phragmites australis (Cav.) Trin. ex Steud. (Poaceae), Ly-
copus europaeus L. (Lamiaceae), and Oenanthe aquatica (L.) Poir (Apiaceae). The four species
are hygrophilous with a frequent occurrence in kettle hole ecosystems and represent differ-
ent degrees of clonality. The first two species are wind dispersed (pollen and seeds), while
the latter two are insect-pollinated with seeds mainly dispersed by water (hydrochorous;
Kiihn et al. 2004). All species have mixed mating systems and reproduce both clonally and
sexually with the exception of Oenanthe aquatica, which is mainly outcrossing (Favre-Bac et
al. 2016) and reproduces mainly by seeds, although rhizomatous shoots have been observed
(Hroudova et al. 1992).

We expected to find the lowest genetic divergence and highest within-population genetic
diversity in the mainly outcrossing Oenanthe aquatica compared with the three plant species
with mixed reproductive systems (asexual as well as sexual reproduction). We expected
that predominantly selfing and clonal species possess a lower potential for dispersal and
therefore show higher genetic divergence and less connectedness when compared with the
mainly outcrossing species. This collection of species also allows the elucidation of how dis-
persal mechanisms influence genetic structure whereby wind dispersed species—Typha lat-
ifolia and Phragmites australis—would be expected to show higher rates of genetic exchange
among populations compared with the hydrochorous species Lycopus europaeus and Oenan-
the aquatica. Consequently, and with an opposing effect relative to our first hypothesis, the
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latter two species would be expected to show a higher genetic divergence and higher num-
ber of genetic clusters (higher differentiation among populations) and are expected to show
an isolation-by-distance pattern as a result of restricted seed dispersal. In this sense, if the
dispersal mechanisms are essential, we expect the landscape factors such as patch size and
isolation to affect all species, but with a smaller effect in the wind dispersed species com-
pared to the animal-pollinated /water-dispersed ones.

Oenanthe aquatica L. (Apiaceae) commonly named fine-leaved water Dropwort, is a col-
onizer species distributed in Eurasia typically occurring on the margins of shallow pools,
ponds and ditches (Westberg et al. 2010). It is an annual, biennial or perennial species well-
adapted to naturally nutrient-rich habitats with unpredictable fluctuations of water lev-
els, sometimes overgrowing and becoming an undesirable weed under optimal conditions
(Hroudova et al. 1992). It has a mixed breeding system where both outcrossing and selfing
are common (Kiihn et al. 2004); however, it was recently identified as mainly outcrossing
(Favre-Bac et al. 2016). This species is diploid with 2n=22 chromosomes (Kiihn et al. 2004). In
the study area, Oenanthe aquatica is mainly restricted to kettle holes.

Lycopus europaeus L. (Lamiaceae) commonly called Gypsyworth is a perennial species dis-
tributed from Europe to Eastern Asia (China, Japan) and North Africa and naturally oc-
curring along the banks of flowing-water ditches (Favre-Bac et al. 2016). It is a facultative
xenogamous species (mainly outcrossing, but selfing is possible), with a competitor/stress
tolerator ecological strategy (cs; Kiihn et al. 2004). Like O. aquatica, L. europaeus is diploid
with 2n=22 chromosomes (Kiihn et al. 2004). In the study area, Lycopus europaeus is restricted
to kettle holes.

Typha latifolia L. (broadleaf cattail, Typhaceae) is world-wide distributed, considered na-
tive in North and South America, Europe, Eurasia, and Africa, and reported as an invasive
species in Hawaii and Australia (Champion et al. 2007; Gucker 2008). This species grows in
fresh and brackish water, deep marshes, or shallow roadside ditches (Tsyusko et al. 2005).
Typha latifolia is a perennial with a facultative autogamous breeding system (mainly selfing,
but outcrossing is possible); with an “initial seedling recruitment” (ISR) ecological strategy
(Kiihn et al. 2004; Tsyusko et al. 2005). This species is diploid with 2n=30 chromosomes (Kiihn
et al. 2004). In the study area, Typha latifolia is not restricted to the kettle holes, occurring also
in small and big lakes.

Phragmites australis (Cav.) Trin. ex Steud. (common reed, Poaceae) is a cosmopolitan grass
species occurring mainly in wetlands, with native populations distributed in temperate
zones on every continent except Antarctica. Some genotypes introduced from Europe have
become invasive in North America (Packer et al. 2017). This species is a perennial helophyte
with an extensive system of stout, underground rhizomes, with a mixed breeding system
reproducing mostly vegetatively and rarely by seeds. The species is polyploid with diploid,
triploid, tetraploid and octaploid individuals (n=12), with tetraploids being most common
worldwide (Kiihn et al. 2004; Saltonstall et al. 2007). In the study area, Phragmites australis is
not restricted to kettle holes, occurring also in small and big lakes.
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In Oenanthe aquatica and Lycopus europaeus, pollen transfer is mediated by insects and seed
dispersal by water, while in Typha latifolia and Phragmites australis pollen and seeds are
adapted to wind dispersal (Kithn et al. 2004; Kleyer et al. 2008). Occasionally, seeds can be
dispersed by animals, mainly water birds through exozoochory in Typha and Phragmites and
endozoochory in Lycopus and Oenanthe (Hroudova et al. 1992; Green et al. 2008; Brochet et
al. 2009; Kleyheeg et al. 2015). Lycopus europaeus develops clonal rhizomes and stem tubers
whereas Typha latifolia and Phragmites australis possess underground lateral rhizomes (Dick-
erman and Wetzel 1985; Packer et al. 2017). In Oenanthe aquatica, vegetative growth through
rhizomes is possible but not common (Kiihn et al. 2004; KlimeSova and Bello 2009).

3.3 Methods

3.3.1 Study area

The study area was located in the Uckermark near Prenzlau in the so-called “AgroScapeLab
Quillow”. This agricultural landscape laboratory located at the Quillow river catchment
area approx. 100 km North of Berlin (Germany, Brandenburg), is an open research platform
established by the Leibniz Centre for Agricultural Landscape Research (ZALF). The water
regime of the kettle holes in this region is influenced by a sub-humid climate with precipita-
tion of 450-600 mm year™ and potential evapotranspiration of 600650 mm year™ (Kalettka
and Rudat 2006). This area comprises around 290 km? with intensive agriculture (65% of
the land use) of maize, wheat and rapeseed and a high density of kettle holes (up to 2 per
km?). In total, 20 kettle holes were selected to sample populations of the four selected species
(Figure 3.1, Table 3.2).

3.3.2 Sampling

The selection of the kettle holes was based on an existing data set from ZALF to ensure a
maximum connectivity by wind. Leaf samples from 10-25 individuals per species were col-
lected in summer 2016 in a total of 20 kettle holes. The occurrence and number of individuals
varied among the kettle holes (Table 3.2). Entire leaves were collected from O. aquatica and
L. europaeus and between 5-10 cm tips were cut from T. latifolia and P. australis. Sample ma-
terial was stored in tea bags and dried with silica gel prior to the laboratory work. Due to
the clonal reproduction of the species, we maximised the distance between individuals to
minimize the chance of collecting the same genet twice. Oenanthe aquatica and L. europaeus
grow in clearly defined patches within the kettle hole while T. latifolia and P. australis usu-
ally grow in a single patch occupying a large fraction of the kettle hole. For these latter two
species, we subdivided the large patch in five regions with a minimum pairwise distance of
six meters among sites where leaves were sampled (e.g., Figure B8).

Additionally, we recorded presence and absence of all plant species occurring in the am-
phibian and terrestrial zone of the kettle hole (following Lozada-Gobilard et al. 2019). For
an approximation of pollinator availability (Table 3.2), a list of bee species was taken from
a parallel study (Lozada-Gobilard, unpublished data). Lists of bee and plant species can be
found in Table B1.
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3.3.3 DNA isolation and microsatellite genotyping

For DNA isolation, 12-20 mg of dried plant material was disrupted using a high-speed
shaking instrument (TissueLyser QIAGEN) at 26.5 hertz for 4 minutes. Genomic DNA was
extracted using the NucleoSpin 96 plant II kit MACHEREY-NAGEL, Duren, Germany). The
main steps of the standard protocol started with a washing step in 400 ul of Buffer PL1 and
10 ul of RNase A and incubation at 65° for 10 minutes. Subsequent clearing of impurities
and filter was performed with 450 ul of Buffer PC and washing with 400 ul buffer PW1. For
the final elution of DNA, 50 ul Buffer PE were added to the NucleoSpin Plant II Column
and DNA concentration was measured with a NanoDrop instrument (NanoDrop 1000 spec-
trophotometer, Peqlab).

For microsatellite amplification, we used already published species-specific primers. We
tested different primers until achieving a minimum of 10 polymorphic markers per species
in a subset of 10-15 samples. All the primer pairs that worked in the test were selected
and the forward primer of each pair was fluorescent labelled (M13-FAM). Locus-specific
pairs of primers combined with 1 ul of DNA were used for the Polymerase Chain Reac-
tions (PCR) using GoTaq polymerase. PCR reactions varied according to the specific refer-
ences where the primers were taken from (Table B2). PCR products were sequenced using
an "ABI Prism 3130x] Genetic Analyser" to confirm the presence of repetitive motives. Af-
terwards, PCR products were diluted 1:20 or 1:40 according concentrations of PCR product
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Fig. 3.1. Study area Agricultural Landscape Laboratory “AgroScapeLab Quillow” in the Quillow
catchment area located in north-eastern Germany (Brandenburg). This agricultural landscape is char-
acterized by a high density of kettle holes. Points denote our selected kettle holes. The wind rose on
the upper right shows the speed and wind directions in the area. Main wind direction is from SW
to NE with a maximum speed of 4.6 m/s. Percentage of land use in the area is 65% cropland, 17%
forest, 9% grassland, 5% water, and 4% urban.
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in the agarose gel, 0.25 ul dye-labeled size standard LIZ®) was added and sequenced with
3130x1 Genetic Analyser (Applied Biosystems® GeneticAnalyzers). Finally, allele size scor-
ing was performed using GeneMapper® Software with the corresponding library of “bins”
and double-checked by eye. The allelic data was exported to the software Excel (Microsoft
Excel 2015 Version 15.13.4) (Link DOI Zalf [10.4228/ZALEDK.110]). Due to the polyploid
nature (mostly tetraploid) of Phragmites australis, we found one to four alleles per locus.

Prior to the statistical analyses, individuals with genotype information missing at three or
more microsatellite loci were excluded. All analyses were conducted with repeated multi-
locus genotypes (i.e., clones) included and excluded to assess the effect on results of the
genetic analyses.

3.3.4 Genetic diversity and genotypic richness

General genetic diversity measures of mean number of alleles, effective number of alle-
les, observed and expected heterozygosity were calculated using GenAlEx (Version 6.503;
(Peakall and Smouse 2012). Since we lacked information on which alleles belonged to which
genome for the allopolyploid, Phragmites australis was treated as autopolyploid and the data
was analyzed accordingly (Meirmans et al. 2018). Following these authors, we assessed ge-
netic diversity by calculating the expected heterozygosity analogous to diploid species by
considering and weighting the different possible allelic combinations of partial heterozy-
gotes to calculate observed heterozygosity. Specifically, observed heterozygosity was calcu-
lated based on the concept of “gametic heterozygosity” where the frequency of heterozy-
gotes among randomly sampled diploid gametes is estimated based on the 4 allele copies at
a locus, taking into account full and partial heterozygotes (Meirmans et al. 2018). Based on
this, genetic parameters of expected heterozygosity (Hg) and observed heterozygosity (Ho),
as well as inbreeding coefficient (Fis) were calculated allowing us to compare the polyploid
species with the other three diploid species.

To assess the extent of clonality, multilocus genotype matches among all individuals were
counted with GenAlEx. Samples with identical genotypes but missing data for a locus were
handled as a different genotype. We calculated the total number of unique genotypes (G)
and genotypic richness R = (G-1)/(n-1) where n=is the number of individuals sampled per
population (Dorken and Eckert 2001). A maximum genotypic richness of 1 means a complete
absence of individuals of the same clone. Genetic diversity (mean and effective number of
alleles, Hg and Hp) was very similar between datasets containing all samples (ramets) and

only unique genotypes (genets), therefore we report results including clones (ramets).

3.3.5 Fis, Multilocus Linkage disequilibrium (r4) and Hardy-Weinberg equilib-
rium

Inbreeding coefficients (Fis) were calculated using GenAlEx (Version 6.503; Peakall and

Smouse 2012) and tested for a positive deviation from zero (P < 0.05) by comparing ob-

served values to those obtained from 10,000 random permutations, as implemented in Ar-
lequin (Version 3.5.2.2; Lischer and Excoffier 2010).

Tests of Hardy-Weinberg equilibrium (HWE) per locus were performed in Arlequin and
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Multilocus Linkage Disequilibrium (r4rd) was assessed using the software Multilocus (Agapow
and Burt 2001). Multilocus Linkage Disequilibrium (r4) was separately calculated per species
for each population based on two datasets: i) microsatellite data of the three diploid species
and ii) a binary conversion of this dataset for comparison purposes with the tetraploid
species. Binary data was taken from microsatellites data converting values of size of alle-
les into 0-1 presence/absence. The level of significance for rqy was adjusted by a Bonferroni
correction. Since results between ry calculated from microsatellite and binary data did not
differ in Oenanthe, Lycopus and Typha (Figure B1), only rq from binary data including Phrag-
mites is reported.

Inbreeding coefficients (Fis) were calculated separately for two datasets containing all sam-
ples (ramets) and only unique genotypes (genets) to assess a putuative overestimation of
Fis and r4 in the presence of clonal individuals. Evidence of Multilocus Linkage Disequilib-
rium (r4) in combination with negative Fis in both ramets and genets are an indication of

sustained clonal growth in a population (Halkett et al. 2005).

Additionally, we applied ANOVAs in combination with post-hoc Tukey Tests to evaluate
significant differences in mean number of alleles, observed and expected heterozygosity,
gametic richness, Fis and rq among species using the functions “anova” and “TukeyHSD”
from the package stats in R (2018).

3.3.6 AMOVA

To partition the genetic variation within and among kettle holes, an Analysis of Molecular
Variance (AMOVA) was performed using Arlequin (Version 3.5.2.2; Lischer and Excoffier
2010). Since there is no possibility of performing an AMOVA with tetraploid allelic data of P.
australis, we converted our microsatellite data to “allelic phenotypes" based on the presence
and absence of alleles. This 0-1 data matrix was used for AMOVA analysis following Fér
and Hroudova (2009).

3.3.7 Genetic differentiation and structure

We used a Bayesian clustering algorithm implemented in STRUCTURE to explore popu-
lation structure (Pritchard et al. 2000) following an "Admixture Model" with correlated al-
lele frequencies. The range of possible clusters (K) was set from 1-11. The length of the
burn-in period was set to 100,000, followed by 2,000,000 iterations with 30 replicates at each
K (Porras-Hurtado et al. 2013). Structure output was analyzed using STRUCTURE HAR-
VESTER (Earl and VonHoldt 2012), which estimates the optimal number of clusters by iden-
tifying the highest DeltaK value (Evanno et al. 2005). To estimate the optimal clustering, as
well as the individual membership within clusters, CLUMPAK (Cluster Markov Packager
Across K) was used (Kopelman et al. 2015).

Since P. australis is an allotetraploid with a disomic inheritance pattern (Soltis and Soltis
2000; Saltonstall 2003), we recoded allele codes as follows: (1) one allele at a locus counted
as four identical alleles; (2) two alleles at a locus counted as each allele occurring twice; (3)
three alleles at a locus counted as each allele occurring once and a fourth allele as miss-
ing data; (4) four alleles at a locus counted as each allele occurring once following Fér and
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Hroudové (2009). This enabled us to analyze our data with STRUCTURE, which can handle
tetraploid data (Pritchard et al. 2000).

Data conversion between the various software used was carried out with PGDSpider (Ver-
sion 2.1.1.5; Lischer and Excoffier 2012).

3.3.8 Analysis of dispersal vectors and genetic divergence

Pairwise Fst and Jost D (for loci with high allelic diversity) were calculated as a measure of
genetic distance between populations. To evaluate if the geographic distance between ket-
tle holes was correlated with genetic distance between populations (isolation-by-distance;
IBD), we applied Mantel tests with 10,000 permutations. Additionally, we conducted Spa-
tial Autocorrelation Analyses. Two analyses were run for each species with either 3 or 5 even
distance classes using GenAlEx (Version 6.503; Peakall and Smouse 2012).

In addition, we evaluated the effect of wind and the presence of pollinators (bees) on pop-
ulation differentiation in the two wind-dispersed species (P. australis and T. latifolia) and the
insect-pollinated species (L. europaeus and O. aquatica). First, we compared estimates of Fst
and Jost D to a weighted matrix based on direction and speed of wind corresponding to
the area of study (Table B7). Similarly, a presence/absence matrix of bee species known as
pollinators of our plants was compared to the genetic distance matrices (Table B8). To ac-
count for the location of the kettle holes, Partial Mantel test were performed based on 10,000

permutations.

Fst and Jost D matrices for P. australis were calculated with the package “polysat” and Man-
tel and Partial Mantel tests were performed with the package “vegan” in R (Version 3.4.3; R.
2018).

3.3.9 Analysis of genetic diversity and landscape factors

We used Linear Models to test for the effects of several landscape-related factors on genetic
diversity (expected and observed heterozygosity) and inbreeding coefficient (Fis). An ini-
tial model was fitted to evaluate the effect of dispersal mode and species identity on genetic
diversity and inbreeding coefficient. Based on those results, we built a general model includ-
ing dispersal mode (wind vs. insect), species identity, biotic and abiotic factors (see below),
and all interactions (clonal vs. non-clonal was not tested, since only one outbreeding species
vs. clonal three). Abiotic factors included area (patch size), number of neighboring kettle
holes within a buffer of 500 m (degree of isolation) based on a previous study in the area
that determined 500 m as the most important buffer zone (Lozada-Gobilard et al. 2019). Bi-
otic factors included species richness of bees as pollinator resource-availability and species
richness of plants occurring in the kettle holes as an approximation of habitat heterogeneity.
After a forward selection, a final most parsimonious model was selected based on Akaike’s
information criterion (AIC). Additionally, each species was analyzed separately to disentan-
gle the effect of each factor on genetic diversity and Fis.

All statistical tests were performed using the packages MASS and effects in R version 3.14
(R. 2018).
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3.4 Results

In total, 20 kettle holes were sampled, but not all study species were present in each kettle
hole (Table 3.2). In these 20 kettle holes, 752 individuals were genotyped from a total 20
populations with a minimum of eight and maximum of 12 populations per species (Table
3.2). Clonal individuals were found in all four species with the lowest number in Oenanthe
aquatica. From the total number of individuals per species, we identified 20 (43%), 23 (48%),
and 24 (20%) clonal individuals in Typha latifolia, Phragmites australis and Lycopus europaeus
(respectively); but only 7 (2%) clonal individuals in Oenanthe aquatica (Table 3.2).

3.4.1 Genetic diversity

Genetic diversity in terms of effective number of alleles (ENA), gametic richness (R), ob-
served heterozygosity (Hp) and expected heterozygosity (Hg) varied significantly among
species (ANOVA tests F33,=20.36 (ENA), F33,=26.30 (R), F33,=19.43 (Ho), F33,=37.08 (Hg);
all P<0.001) with the highest values found in Oenanthe aquatica and lowest in Typha latifo-
lia (Figure 3.2, Table 3.3). Highest percentage of unique genotypes was found in O. aquatica
(mean: 98%) and lowest (52%) in P. australis and T. latifolia (57%). Phragmites australis and T.
latifolia showed low gametic richness (both species: 0.5) differing significantly from both L.
europaeus (0.8) and O. aquatica (0.9) (Figure 3.2, Table 3.3).

Genetic diversity Ho and Hg was best explained by species identity (65 and 78% of ex-
plained variability respectively), with a significant effect of landscape abiotic factors (patch
size and isolation) and bee richness only on Hp (Table 3.4). Interactions of species with these
factors (Table 3.4 [a:c] = Species: Plant richness; [a:d] = Species: Bee richness, [a:e] = Species:
Isolation) were also significant for Ho, while Hg was only influenced by the interaction
species identity and plant richness (Table 3.4).

Landscape factors affected genetic diversity (Hp and Hg) differently among species (Figure
B6, B7 respectively). In Oenanthe, Ho was significantly or marginally affected by patch size,
degree of isolation and plant richness whereas Hg was only significantly affected by plant-
species richness. In Lycopus, Ho was only affected by the degree of isolation, while genetic
diversity indices of Typha and Phragmites were in general not affected by any factor (Table
3.4, Figure B6, B7).
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3.4.2 Inbreeding coefficient Fig

Inbreeding coefficients were calculated for two datasets: one including all individuals (ram-
ets) and one including only one genotype per clone (genets). Only small differences were
observed between these datasets (Table 3.3). Even though, no significant differences in Fig
were found among species (Figure 3.2E), a significantly positive relationship of Fig with
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Fig. 3.2. Basic genetic diversity among populations of Oenanthe aquatica (insect pollinated), Ly-
copus europaeus (insect pollinated), Typha latifolia (wind pollinated), and Phragmites australis
(wind pollinated). Main genetic diversity parameters include effective number of alleles (A), ga-
metic richness calculated as R = (G-1)/(n-1) (B), observed heterozygosity (C), expected heterozygos-
ity (D) Fig Inbreeding coefficient (E) and Multilocus Linkage Disequilibrium (rd) (F). Different letters
represent significant differences calculated with a Tukey Post-Hoc test. Blue: wind pollinated and
dispersed, red: insect pollinated, water dispersed.
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patch size (area) and plant-species richness per kettle hole was found for O. aquatica (Figure
3.3, Table 3.4).

In Oenanthe, 7 out of 12 populations showed significantly positive (albeit low) Fis values, in-
dicating some within-population inbreeding. In Lycopus only 2 out of 8 populations showed
significantly positive Fis. The mainly clonally reproducing Typha was characterized by sig-
nificant and mostly negative Fis in almost all populations (7/8). Significance tests on Fig
could not be performed for the tetraploid Phragmites (Table 3.3).

Species identity explained 13% of the total variation in Fis, while the interaction Species: Iso-
lation explained 18% (Table 6). Landscape factors such as patch size and bee-species richness
were the main factors influencing Fis. Patch size had a positive effect on Fis in all species,
albeit not significant in Phragmites (Table 3.4, Figure 3.3A). Fig significantly increased when
populations were less isolated (higher number of ponds in a 500m buffer) in Lycopus (Table
3.4, Figure 3.3B). In Typha and Phragmites, Fis significantly decreased with increasing bee
richness (Figure 3.3D), while Fis increased with plant richness in Oenanthe (Figure 3.3C).

3.4.3 Multilocus Linkage Disequilibrium

Multilocus Linkage Disequilibrium (r4) differed significantly among species (F33,=10.06,
P<0.001). While in O. aquatica rq was close to zero in all populations, indicating only small
Linkage Disequilibrium (Table 3.3, Figure 3.2), significant and high r4 was detected in al-
most all populations of the remaining species. Negative population Fis observed in Lycopus,
Typha and Phragmites combined with significant Multilocus Linkage Disequilibrium indi-
cated sustained clonal growth, which has been described to cause such a diversity pattern
due to the accumulation of somatic mutations and reduced sexual recombination (Halkett
et al. 2005).

3.4.4 Population differentiation and gene flow

Pairwise Fst between populations ranged from 0.03-0.26 in Oenanthe, 0.22-0.47 in Lycopus,
0.19-0.67 in Typha and 0.03-0.15 in Phragmites (all significant at P<0.05 after Bonferroni cor-
rection; Table B3-B6). Higher global Fst were found in Lycopus and Typha (0.37 and 0.39,
respectively), compared to Oenanthe (0.14) based on microsatellites data (Table 3.6).

Distance matrices of pairwise Fst and Jost D showed evidence of isolation by distance (IBD)
for Oenanthe and Lycopus. No relationship was found with any other dispersal-related factor
(neither related to wind direction or speed nor to species richness of bees; Table 3.5). Spatial
autocorrelation analyzes showed significant spatial structure according to IBD (P<0.001),
with a more pronounced spatial autocorrelation in Lycopus, Typha, and Phragmites com-
pared to Oenanthe. There was a particularly steep decrease between the 3 and 6 km dis-
tance classes in Phragmites (Figure 3.4). In addition, spatial genetic structure in the insect-
pollinated species, Lycopus and Oenanthe was found at larger geographic distances than the
wind dispersed Typha and Phragmites (9 km vs. 6 km respectively; Figure 3.4).
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Fig. 3.3. Linear models representing the relationship between Inbreeding coefficient (Fig) with
the biotic and abiotic factors. Patch size represented as the Log area of the kettle hole (A), isola-
tion degree depicted as the number of ponds occurring in a 500 m buffer (B), plant species richness
measured in presence absence of plant species occurring in the kettle hole (C) and bee richness also
measured in presence absence of bees species found in the kettle hole (D).
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Fig. 3.4. Spatial Autocorrelation analyzes based on genetic and geographic distances taking a dis-
tance class separation of 3 km. Values corresponding to zero at distance class of 12 in Typha latifolia
and Phragmites australis means that no populations were sampled at those distances. Upper (U) and
lower (L) confidence limits bound the 95% confidence interval to test the null hypothesis of No spa-
tial structure for the combined data set as determined by 999 permutations. All correlograms are
significant (P<0.001) showing spatial structure for all species.

The Bayesian Structure analyzes suggested a higher number of genetic clusters in the insect-
pollinated species Oenanthe and Lycopus (K=8 and K=7, respectively) than in the wind dis-
persed Typha and Phragmites (K=2 for both). Similar results were achieved when popula-
tions were analyzed excluding clones (Oenanthe K=6, Lycopus K=7, Typha K=3 and Phrag-
mites K=2). Although there seemed to be a smaller number of genetic groups in the wind
dispersed species Typha and Phragmites compared with Lycopus and Oenanthe, delta K val-
ues for the most probable number of genetic groups (K) was <30 in all species, indicating
only weak genetic structuring within species (Figure B2-B5).

AMOVA results based on microsatellites data showed the highest percentage of variation
within individuals in Oenanthe (80%) and lower variation among populations (Oenanthe:
14%) compared to Lycopus (37%) and Typha (40%). For binary data, the highest variation
within populations was also found in Oenanthe (80%), as well as lower variation among
populations (Oenanthe: 20%) compared to Lycopus (60%), Typha (60%) and Phragmites (64%)
(Table 3.6).
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TABLE 3.5: Summary of the Mantel and Partial Mantel tests to evaluate the relationship between
genetic distance and dispersal vectors. Isolation-by-Distance Analyses were performed comparing
Euclidean distances with genetic distances. Additionally, we compared a weighted matrix based on
wind direction and speed to test for the wind effects and finally, we estimated the effect of pollina-
tors represented by bee-species richness per kettle hole on genetic distance. These comparisons were
based under the assumption that wind has a larger effect on the wind dispersed species:Typha latifo-
lia and Phragmites australis and bee diversity influenced only the insect-pollinated species Oenanthe
aquatica and Lycopus europaeus. Significance levels are indicated with asterisks (***P< 0.001, , ** P<
0.01).

O. aquatica L. europaeus T. latifolia P. australis
r P-value r P-value r P-value r P-value
Mantel Fst
IBD 05 <0.001** 0.34 0.007** -0.33 098 -0.07 0.62
Wind 0.25 0.07 0.14 031 -0.05 057 0.03 0.47
Pollinators (bees) 0.1 0.29 0.15 0.26 0.05 0.4 0.05 0.4
Partial Mantel Test
Fst, wind, IBD -0.09 0.7 -0.03  0.56 0.14 0.3 0.09 0.38
Pollinators, wind, IBD -0.02 0.52 0.23 0.15 0.01 0.47 0.06 04
Mantel Jost D
IBD 0.53 0.001** 045 0.002** -0.24 0.93 0.05 0.5
Wind 0.22 0.08 0.19 025 -0.05 0.56 0.16 0.27
Pollinators (bees) 0.03 0.43 0.12 0.27 0.09 0.34 0.12 0.28
Partial Mantel Test
Fst, wind, IBD -0.17 0.84 -0.06  0.62 0.09 0.36 0.16 0.29

Pollinators, wind, IBD -0.12 0.75 0.24 0.12 0.06 0.39 0.11 0.3

3.5 Discussion

The aim of the present study was to evaluate the relationship between reproductive systems
and dispersal mechanisms on genetic connectivity of wetland plant-species occurring in a
meta-community system. In addition, we evaluated how landscape factors such as patch
size and degree of isolation, as well as local plant-species richness affect population’s ge-
netic diversity. Our results show that both reproductive strategies and dispersal mecha-
nisms have an effect on genetic diversity and genetic divergence, but with a larger effect
of the reproductive system, specifically the degree of clonality. Clonality and the degree of
outcrossing were correlated with genetic diversity: effective number of alleles (ENA), ga-
metic richness (R), observed heterozygosity (Hp) and expected heterozygosity (Hg) within
populations and species, while dispersal mechanisms were related to genetic divergence
(Fst) and therefore to connectivity. Genetic diversity was highest in the mainly outcrossing,
insect-pollinated species, while higher genetic divergence and lower connectivity was found
in insect pollinated compared with wind-pollinated species. Also, at a small local scale the
inbreeding coefficient of the insect pollinated outbreeding species was positively correlated
with kettle-hole area and surrounding plant-species richness, indicating obstacles to gene
flow mediated by insects in a heterogeneous (micro) landscape.
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TABLE 3.6: Summary of the Analysis of Molecular Variance (AMOVA) based on 13, 15, 10 and
10 nuclear microsatellites among populations of Oenanthe aquatica (Oa), Lycopus europaeus (Le),
Typha latifolia (T1), and Phragmites australis (Pa), respectively. Analysis of Molecular Variance
among and within populations and global Fixation Index Fsr are shown. Significance levels are in-
dicated with asterisks (**P< 0.001). To account for the polyploid nature of P. australis, an AMOVA
was also performed based on presence/absence (binary) data.

. Sum of Variance Percentage
Sp Source of variation . . ST
squares components of variation

Microsatellites data

Oa Among populations 11 383.9 0.7 14.3 0.14%**
Among ‘1nd1V1duals within 260 11302 03 6
populations
Within individuals 272 1029 3.8 79.8
Total 543  2543.1 4.7 100

Le  Among populations 7 506.9 2 37 0.37***
Among ‘1nd1V1duals within 131 5314 0.6 10.6
populations
Within individuals 139 4015 2.9 52.4
Total 277 14399 5.5 100

Tl  Among populations 7 198.4 0.7 39.5 0.39*
Among .1nd1V1duals within 146 1501 01 41
populations
Within individuals 154  181.5 1.2 64.6
Total 307 530 1.8 100
Binary data

Oa Among populations 11 762.5 2.6 20.5 0.15%**
Within populations 260 2647 10.2 79.5
Total 543  3409.5 12.8

Le Among populations 7 856.9 6.9 494 0.49***
Within populations 131 9252 7.1 50.6
Total 277 17821 14

Tl  Among populations 7 382.1 2.8 59.4 0.59***
Within populations 146  277.7 1.9 40.6
Total 307  659.8 47

Pa Among populations 7 1002.7 6 63.8 a 0.64***
Within populations 179 609.5 3.4 36.2
Total 186 16122 9.4

3.5.1 Effect of clonal growth

Genetic diversity related to clonal reproduction and breeding systems

Detection of genetically identical individuals suggests that these species can reproduce clon-
ally. The low percentage of clonal individuals (2%) in Oenanthe aquatica suggests that this
species is reproducing mainly sexually. This is supported by the data on genetic diversity, Fis
and Multilocus Linkage Disequilibrium (Table 3.3): genetic diversity was distinctly higher
in Oenanthe aquatica (Ho= 0.5 £ 0.04, Hg= 0.6 £ 0.04) compared to the other three species
(Lycopus Ho= 0.4 £ 0.07, Hg= 0.4 + 0.05, Typha Ho= 0.2 £ 0.1, Hg= 0.2 & 0.08, Phragmites
Ho= 0.4 + 0.02, Hg= 0.4 £+ 0.2) (Figure 3.2). A high genetic diversity in mainly sexually
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reproducing Oenanthe compared to the selfing/clonal Lycopus was previously assessed in
French populations with the same microsatellites: Ho: 0.48 Hg: 0.55 for Oenanthe and Ho:
0.4 Hg: 0.55 for Lycopus (Favre-Bac et al. 2016). In contrast, a relatively low genetic diversity
(Hg: 0.22, Ho: 0.24) was found in the clonal species Typha latifolia, similar to populations
occurring throughout Europe Hg: 0.38, Ho: 0.17 (Ciotir et al. 2017), North America Hg: 0.3,
Ho: 0.21 (Kirk et al. 2011), though a bit higher than observed in populations from China Hg:
0.10, Ho: 0.07 (Zhou et al. 2016). Microsatellites variation in Phragmites australis has shown
that lineages from populations in North America present high heterozygosity compared to
native European ones (Saltonstall 2003).

Although Oenanthe aquatica was previously classified as self-compatible with a mixed breed-
ing systems where outcrossing and self-fertilization are equally common (Kiihn et al. 2004),
our results showed a high genetic diversity, suggesting sufficiently frequent outcrossing as
was also concluded by Favre-Bac et al. (2016) in populations in France. Additionally, we
rarely detected selfing and/or clonal growth (lack of Multilocus Linkage Disequilibrium
and Fis ~ 0; Table 3.1, Table 3.3). However, significantly positive Fis in this species, might
be indicative of substructure within the pond (Table 3.3), due to a more likely outcrossing
among closer located individuals. Lowest Fig was found in Typha (Fis = -0.102), but both,
significant positive and negative values were found in 3 and 4 populations respectively (Ta-
ble 3.3). These values could be explained by a combination of a high degree of clonality and
dichogamous flowers in Typha. Positive Fis could be attributed to selfing within flower or
geitonogamous pollination between ramets as it was found in alpine clonal tussocks plants
(Ning et al. 2018). It has been reported that in many clonal perennial species including Typha,
Scirpus and Sparganium, a synchronization of sexual function among ramets occurs, possibly
limiting inter-ramet geitonogamy (Cruden 1988) and facilitating outcrossing, i.e., reproduc-
tion among different genets. But at the same time, heterozygous clones that only reproduce
clonally, retain the observed heterozygosity causing negative Fis values. Another possible
explanation of negative Fis values may be somatic mutations generated by clonal growth
without any adaptive value, as it was found in Carex limosa (Schwarzer 2018), which might
be higher than in Typha.

Similarly, positive Fis found in Lycopus (Fis = 0.138) is likely related to geitonogamous selfing
within ramets and/or genets. Still, the higher observed heterozygosity and gametic richness
in Lycopus compared to Typha suggests that sexual reproduction is common in Lycopus and
genetic variation probably mainly depends on pollination while Typha either only repro-
duces clonally or can self-fertilize. This is consistent with their breeding systems: Lycopus is
a bee pollinated, facultatively xenogamous and self-compatible species whose production
of fruits mainly results from outcrossing events and self-fertilization occurs rarely (Kithn et
al. 2004); in contrast, Typha is a facultative autogamous with common self-fertilization and
only rare outcrossing events (Kiihn et al. 2004).

In Phragmites, genetic diversity (ENA, Ho, Hg) was similar to Lycopus, whereas gametic rich-
ness was similar to Typha (Figure 3.2A-D) suggesting that clonal growth in Phragmites has
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only little effects on genetic diversity, at least not as much as in Typha. Even though Phrag-
mites australis was previously classified a self-incompatible species with an obligate xenoga-
mous reproductive mode (Kiihn et al. 2004), Lambert and Casagrande (2007) demonstrated
that self-pollination can also occur. In addition, as in Lycopus, mean Fis of 0.062 in 5 popu-
lations in Phragmites also suggests a deficit of heterozygotes and probable self-fertilization
within the same ramet. However, this should be taken carefully due to the lack of significant
test for Fis.

Genetic diversity and Fig related with landscape factors

The inbreeding coefficient was positively related to patch size (log area) in all species but not
significant for Phragmites (Table 3.4, Figure 3.3A). This relationship suggests a substructure
within the populations (small scale IBD) and/or may be caused by lower pollinator” visita-
tion rates. In Lycopus, Typha and Phragmites, the relationship between area and Fis shows a
high variation compared with Oenanthe (Figure 3.3A). The Fis may be related to local clonal
variability, rather than mere habitat size, in the former three species. Even though outcross-
ing events also occur in Typha and Lycopus as previously discussed, some populations in
Typha showed clear signs of sustained clonality (negative Fis and high r4) while others show
clear inbreeding (positive Fis), probably caused by geitonogamous selfing. In larger patches,
there may be several clones present and clonal individuals mate more likely with closely re-
lated individual ramets causing a substructure of the populations resulting in positive Fis.
For Typha and Phragmites, this scenario is likely due to their distribution in big patches (Fig-
ure S8). In the insect pollinated species Lycopus, a (counterintuitive) increase of Fig with
increasing patch size (Figure 3.3A), which was not related to population size as for Typha
and Phragmites (Figure B8), might be better explained by its ability to self under lack of pol-
linators. Lycopus populations are very small and usually located in the middle of the kettle
hole, always surrounded by bigger plant species (personal observation; Figure B8). Decreas-
ing Ho with decreasing isolation might be related to a lower probability of pollinators (or
seed dispersers) to find the plant surrounded e.g., by tall Typha and Phragmites populations.
As a response to a lack of pollinators (or seed dispersers), self-pollination might occur in
combination with clonal growth increasing homozygosity (Figure B6B).

Surprisingly, Fis was significant negatively correlated with bee diversity in the wind dis-
persed species Typha and Phragmites, showing a decrease in Fis with more species of bees. As
these two species are wind dispersed, these relationships might reflect some correlated pat-
tern, such as habitat heterogeneity (Figure 3.3). Those kettle holes harbouring larger number
of bee species might constitute attractive patches for the bees to forage or to live, offering
them a suitable environment.

3.5.2 Effect of dispersal

Trade-offs of being obligate outcrossing

Our results suggest that Oenanthe aquatica that possessed the highest genetic diversity and

gametic richness (Figure 3.3A-D) is regularly outcrossing and an effective seed disperser,
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further affected by several biotic and abiotic landscape factors (Table 3.4). A strong nega-
tive relationship between plant-species richness and genetic diversity (Ho and Hg) and a
positive relationship with Fis suggest that this species is negatively affected by the num-
ber of plant species occurring in the pond (Table 3.4, Figure 3.3). This might be related to
increased competition and decreased patch availability for seedling establishment. Further-
more, a higher number of plant species might constitute a higher competition for pollinators
(see above).

Animal vs. wind dispersal vectors affecting gene flow

No Isolation-by-distance (IBD) relationship in Typha and Phragmites suggests no dispersal
limitation, and therefore higher gene flow among populations also evidenced by the lower
Delta K found for these species (both K= 2), compared with the other two species (Lycopus:
K= 8, Oenanthe: K= 7), even within this relatively small mean area of 0.2 £ 0.1 ha (mean +
SD). These results suggest that dispersal mechanisms play a role in genetic divergence and
therefore connectivity, where species that are adapted to pollen and seed transport by wind

seems to have a higher gene flow compared with the insect-pollinated hydrochorous ones.

We did not detect any relationship between genetic distance and wind-speed or direction.
However, in our system wind still might connect populations efficiently due to the small ge-
ographic distance between the kettle holes (0.2 — 15 km). Hence the reported inefficiency of
wind as an effective driver for dispersal that decreases rapidly with increasing distance be-
tween populations (Whitehead 1969; Regal 1982) and that has a much shorter time longevity
for wind-borne pollen compared with insect-pollinated species (Dafni and Firmage 2000)
might not play a role in our landscape setting. Spatial autocorrelation analyzes showed
spatial structure for all species (Figure 3.4). This seems to support IBD for all species, al-
beit to varying degrees; with a smoother decrease in the outcrossing Oenanthe compared
with the selfing/clonal species. This is supported by the significant genetic divergence in
all species measured by Fst (Tables B3-B6) and an increase of global Fst from outcrossing to
selfing/clonal to mainly clonal species (Table 3.6), as expected (Table 3.1).

Seed dispersal in Lycopus and Oenanthe is mainly hydrochorous (Kiihn et al. 2004; Moon and
Hong 2006) which might restrict dispersal to other kettle holes through animal vectors, com-
pared with the wind adapted pollen and seeds from Typha and Phragmites. Nevertheless, it
is important also to account for dispersal by birds such as waterfowl (Charalambidou et al.
2005; Brochet et al. 2009; Soons et al. 2016). Previous studies have shown that Phragmites aus-
tralis and Typha latifolia can be dispersed on the feathers of ducks (Brochet et al. 2009), seeds
of Oenanthe aquatica on the feathers of water birds (Hroudova et al. 1992) and nutlets of Ly-
copus europaeus can be dispersed through endozoochory by mallards (Kleyheeg et al. 2015).
In addition, it is also known that the wind direction does not constrain the flight of the birds
(Green et al. 2008; Boonstra et al. 2017), which might partially explain the lack of relationship
between genetic distance with speed and direction of the wind. However, to disentangle the
real effect of dispersal vectors in population connectivity more experiments are needed in
the future.
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In addition to the clear pattern in gene-flow between wind vs. insect-pollinated species, the
AMOVA results suggest that gene flow among populations is also well explained by breed-
ing systems and degree of clonality. Lower variation among populations in the outcrossing
and hardly clonal species Oenanthe suggests less population differentiation and more ge-
netic exchange compared to the selfing-clonal species, which is supported by global Fst
measurements (Table 3.6). Furthermore, in Oenanthe, Lycopus and Typha, most of the genetic
variation was explained within individuals (Table 3.6 microsatellite data) which might re-
fer to outcrossing and geitonogamous (selfing) events for Typha and Lycopus as previously
discussed.

3.6 Conclusion

We demonstrated that breeding and reproduction systems, from outcrossing to selfing and
clonality are the main factors shaping genetic diversity and genetic divergence in metapop-
ulations of wetland species occurring in an intensive agricultural landscape. We also found
differences in dispersal mechanisms to play a role in influencing gene flow and connectiv-
ity. Additionally, we found that landscape factors, i.e., plant-species richness and the area
of the wetland habitat were negatively correlated with genetic diversity in the outcrossing
insect-pollinated species Oenanthe aquatica.

Clonal growth occurred in all species but to different degrees. The insect-pollinated species
Oenanthe aquatica is a mainly outcrossing species that rarely forms clones. In the insect-
pollinated Lycopus europaeus, outcrossing events within the same individual (geitonogamy)
seems to be the common reproduction mode, although sporadically clonal growth might
also occur. The wind dispersed species Typha latifolia and Phragmites australis, reproduce
mainly clonally but also show patterns that indicate eventual sexual reproduction. In addi-
tion to clonality and breeding system, dispersal mechanisms seemed to affect genetic diver-
gence and connectivity between populations with a higher gene flow in the wind dispersed
species compared with the hydrochorus insect pollinated ones.
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and Phragmites australis.

Table B7. Weighted matrix for the 20 selected kettle holes based on speed and direction of
wind.

Table B8. Similarity matrix based on Jaccard-Index of presence-absence data of bee species.
Figure B1. Comparison of Multilocus Linkage Disequilibrium from microsatellite and bi-
nary datasets.

Figure B2-B5. STRUCTURE results showing barplots and most probable K groups in Oenan-
the aquatica, Lycopus europaeus, Typha latifolia and Phragmites australis.

Figure B6-B7. Linear models representing the relationship between observed heterozygos-
ity (Hp) and between expected heterozygosity (Hg) with the landscape biotic and abiotic
factors: Patch size (A), isolation degree (B), plant (C) and bee richness (D).

Figure B8. Aerial photograph of one kettle hole showing the population size of the species.
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4.1 Abstract

The decline of wild bees worldwide due to land-use intensification, chemical as well as
light pollution, habitat loss, invasive species and diseases endangers the pollination services
they offer. Pollination is essential for plant population” connectivity and ultimately for the
functioning of the entire ecosystem. In this study, we assessed wild bee diversity in natural
wetland habitats (kettle holes) embedded in an intensively managed agricultural landscape
in northeastern Germany. We used color traps to sample individuals in 36 kettle holes and
identified a total of 77 wild bee species. We hypothesized that habitat quality within kettle
holes (i.e. flower resources) as well as habitat heterogeneity have a positive effect on bee di-
versity based on the assumption that different habitats provide a greater variety of nesting
and food opportunities. Consequently, bee species with distinct life-history traits concerning
sociality, feeding or nesting are expected to profit from habitat heterogeneity. We expected
larger and less isolated kettle holes to harbor a higher bee species richness. In addition, we
analyzed whether large-sized bees are less affected by the degree of isolation than smaller
bees under the assumption that they can fly longer distances. In the kettle holes, we mainly
found generalist feeding species, belowground breeding species and small solitary bees (9.8
+4.4,89+4.0,and 6.9 & 2.9 species per kettle hole, respectively). Our results showed that
an interaction between patch size and degree of isolation affected bee diversity. Bee-species
richness was enhanced in small kettle holes if there were a relatively small number of 10
neighboring kettle holes within a radius of one kilometer restricting the potential for bees
to forage outside their small island kettle hole patch. Local habitat quality — mainly re-
lated to flower resources — had a positive effect on bee diversity. Land-use configuration,
i.e. the number of different landscape elements surrounding kettle holes (100-300m) was
negatively correlated with local wild-bee diversity with urban cover as the only significant
negatively correlated biotope. Hence, bee-species richness and Shannon diversity per patch
decreased with surrounding urban cover. In contrast to our expectations, we found large
bee size (characterized mainly by social bumblebees) to be affected by the degree of iso-
lation. Our results highlight the importance of habitat quality within and surrounding the
kettle holes to sustain wild bee diversity in this intensive agricultural landscape. We argue
that habitat quality especially high flower resources and the availability of nesting sites are
crucial for wild bee diversity in island kettle hole habitats. In addition, large sized bees are
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depending on dense network of habitats/kettle holes.

4.2 Introduction

The decline of the entomofauna worldwide is mainly driven by habitat loss and conver-
sion to intensive agriculture and urbanization (Sanchez-Bayo and Wyckhuys 2019). This
decrease of insect species-richness and biomass is tied to a reduction of ecological services
(e.g., pest control, pollination, dung burial, maintenance of diversity of higher trophic levels)
and a consequent economic (Losey and Vaughan 2006) as well as cultural (Hector et al. 2001)
loss. Among insects, bees are the world’s dominant pollinators providing ecological and
economic benefits to insect-pollinated wild plants and agricultural crops (Dicks et al. 2016;
IPBES 2016). A recent meta-analysis on pollination services has shown that the functional
diversity of bee species is positively correlated with crop yield of rapeseed fields (Woodcock
et al. 2019). However, bee populations are vulnerable to landscape fragmentation and habi-
tat degradation because they depend on floral resources and suitable habitats for nesting
(Roulston and Goodell 2011). Studies have shown that the response of wild-bee populations
to landscape configuration at local scale depends on life-history traits, particularly related
to behavior, bee-body size, sociality and nest location (Bommarco et al. 2010; Gabriel et al.
2018; Kratschmer et al. 2019, but see Kennedy et al. 2013).

Habitats with sufficient floral resources and suitable for nesting and offspring provision are
essential for wild-bee” foraging and survival (Tscharntke and Gathmann 2002). Wild-bee
diversity depends on the size and degree of isolation of suitable patches: the smaller and
more isolated the habitats, the lower the bee diversity they harbour (Steffan-Dewenter and
Tscharntke 1999; Kremen et al. 2004). Consequently, a higher density of ideally large natural
habitats near croplands enhances bee diversity (Kremen et al. 2004) securing successful pol-
lination services and food production (Klein et al. 2003, 2007).

The northeastern German, intensive agricultural landscape is characterized by a high den-
sity of small water bodies, so-called kettle holes. These small (< 2ha) water bodies were
formed by retreating glaciers during the Ice Age (Kalettka et al. 2001). Within this land-
scape, kettles holes constitute hotspots of biodiversity acting as refuge for plant commu-
nities (Patzig et al. 2012; Lozada-Gobilard et al. 2019) and animal species (Céréghino et al.
2012). However, these natural landscape elements are threatened by structural degradation,
drainage and pollution by pesticides (Kalettka et al. 2001; Céréghino et al. 2008).

Kettle holes form a meta-ecosystem of island-like aquatic habitats ideal to study meta-
populations and meta-communities (Tiner 2003; Kalettka and Rudat 2006). Water-level fluc-
tuations, high nutrient dynamics, and subsequent changes in space configuration shape
the kettle-hole assemblies and the connectivity of communities (e.g., Onandia et al. 2018;
Lozada-Gobilard et al. 2019). Even though, these wetland ecosystems might constitute suit-
able habitats for wild-bee populations and the pollination services they provide to the agri-
cultural sector, the role of wetlands as habitats for pollinators has hardly been investigated
(but see Vickruck et al. 2019).
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In the present study, we analyzed whether kettle holes are suitable habitats to harbour wild-
bee diversity. As bee species-richness and functional diversity was reported to have positive
effects on pollination services, we evaluated the effect of landscape factors and habitat het-
erogeneity on wild-bee species- and functional trait diversity. Specifically, we analyzed the
role of landscape factors: patch size and degree of isolation; and habitat heterogeneity on
wild-bee diversity in island-like habitats under a meta-community framework to answer
the following questions: 1) Do patch size and degree of isolation have an effect on wild-bee
diversity? 2) How does land-use configuration (i.e., land-use around kettle-hole habitats)
and environmental conditions around kettle holes (plant cover, hydroperiod) affect wild
bee diversity? 3) Is bee body-size related to the degree of isolation? 4) Are bee functional
groups (body size, sociality, feeding and nesting behavior) differentially affected by habitat
heterogeneity?

We hypothesized that kettle holes are key habitats for wild-bee’” nesting and foraging within
an intensively managed agricultural matrix. Considering the meta-community framework,
we expected that the diversity of wild-bees increases with patch size and habitat hetero-
geneity and decreases with higher isolation. As different body sizes reflect the capability for
distance flights to forage, we expected size classes of wild-bee species to be differentially
affected by the degree of isolation. Based on the assumption that more heterogeneous habi-
tats provide more niche opportunities in terms of food and nesting resources, or dispersal
routes, we expected a positive relationship between habitat heterogeneity and bee diversity.
Based on i) Ekroos et al. (2013) who have shown that social bees that form small colonies
only move relatively small distances to forage in local suitable habitats, ii) Klein et al. (2003)
who found that light intensity is a main factor driving solitary bees that nest on the ground
and iii) Ngo et al. (2013) who reported that open areas can enhance below-ground nesting
species, wild-bee species differing in sociality and nesting behaviour should show different

responses to habitat heterogeneity.

4.3 Methods

4.3.1 Study area

Our study area was located in the “AgroScapeLab Quillow”, an agricultural landscape lab-
oratory in the Quillow catchment area, which was established by the Leibniz Centre for
Agricultural Landscape Research (ZALF) e.V. approx. 100km North of Berlin (Germany,
Brandenburg). This area comprises c. 168 km? and provides a high density of small ket-
tle holes with periodic to (semi)permanent water regimes (Patzig et al. 2012, Figure 4.1). The
predominant land use of this area is intensive agriculture with maize, wheat, and rapeseed
as the main crops. The water regime of the kettle holes in this region is influenced by a sub-
humid climate with precipitation of 450-600 mm year-1 and potential evapotranspiration of
600-650 mm year‘1 (Kalettka and Rudat 2006). Within this landscape, we randomly selected
36 kettle holes with an average patch size of this natural landscape element of 0.26 ha (Table
4.1, Figure 4.1).
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4.3.2 Landscape parameters

Information on landscape composition and configuration such as type of land use in the
area, topography, crop type surrounding the kettle hole, the presence and cover of trees
and hydromorphological type of kettle holes according to the classification of Kalettka and
Rudat (2006) were taken from a ZALF database (biodiversity monitoring data of the kettle
holes by T. Kalettka at Leibniz-Zentrum fiir Agrarlandschaftsforschung, Miincheberg Ger-
many). In addition, we calculated area and the degree of isolation measured as the distance
to the closest neighbor and number of neighbors at different radii from 50-1000 m using
ArcGIS 10 (ESRI 2011) based on ZALF official maps of the sites surveyed in 2016.

4.3.3 Wild-bees collection and identification

To assess the bee diversity we used the pan trap method classified as the most efficient and
cost-effective in agricultural and seminatural habitats (Westphal et al. 2008). In each kettle
hole, we positioned four sets of colour traps each consisting of a pair of red, blue and white
pans. All pans were 27 cm in diameter 5 cm high, and were sprayed with UV-reflecting
colour (Figure S1). The traps were filled with water and 3—4 drops of dishwashing detergent.
We left the traps 48 hours before emptying and kept the samples in 70% EtOH. All collected
bees and bumblebees were dried and pinned. Identification of specimens was performed by
K. Rupik (University of Bielefeld) and C. Sauer (Museum fiir Naturkunde, Berlin) following
established taxonomic keys for Germany and Europe.
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Fig. 4.1. Study area Agricultural Landscape Laboratory “AgroScapeLab Quillow” in the Quillow
catchment area located in north-eastern Germany (Brandenburg). This agricultural landscape is char-
acterized by a high density of kettle holes. Black points denote our selected kettle holes N=36. Per-
centage of land use in the area is 65% cropland, 17% forest, 9% grassland, 5% water, and 4% urban.
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4.3.4 Floral traits

For analyses of bee-body size and isolation effects of the kettle holes, we classified our
species into three groups: Small, Medium and Large, which correspond to foraging dis-
tances of Small=100-300m, Medium= 300-600m, Large=600-1200m based on Greenleaf et al.
(2007; Table S1). Additionally, traits corresponding to behaviour and life style (sociality; see
below), location where they have their nest (nesting) and degree of specialization for nectar
plants (lecty) were used to further classify them. Sociality: solitary, eusocial and parasites;
nesting location: above and belowground; and lecty: polylecty and oligolecty. Definitions of
these traits are provided in Table S5.

4.3.5 Vegetation mapping and classification

Plant-species richness and percentage cover of vascular plants was assessed of the entire
kettle-hole area, accessing the inundated area with chest waders. Plant-species cover was de-
termined in 1-5% percentage steps in situ and converted into the 14-part Londo scale (Londo
1976). Due to a large number of species-cover entries with one percent or less, we included
an additional class “0.1” for coverage values below 1% and assigned the 1% plant-species
coverage to the Londo scale “1” (Table S2). This was necessary to avoid an overestimation
of total vegetation cover by rare species. The dominant vegetation type of each kettle holes
was determined following Kalettka and Rudat (unpublished) based on the work of Hamel
(1988) and Luthardt and Dreger (1996). Unfortunately, due to logistic problems, vegetation
cover was only possible to assess in 28/36 kettle holes (Table S3).

4.3.6 Floral cover

During the sampling of the bee specimens, we recorded the phenology of the most abundant
insect-pollinated plant species around the kettle holes and estimated the flower-resource

TS

availability by four classes: “none”, “very low”, “low” and “medium”.

TABLE 4.1: Summary table of size (area), degree of isolation (number of neighbors within a 200
and 1000 m radius) and wild-bee diversity alpha, beta gamma. Mean number of number of in-
dividuals (abundance) and number of species (species richness) occurring in the kettle holes. Total
number of wild-bee species (gamma diversity) excluding Apis melifera and abundance. Beta diversity
analyzes on wild-bee community includes species turnover, nestedness and overall beta diversity
based on site dissimilarity (Jaccard dissimilarity).

Variable Description Mean £ SD Min Max

Patch size Area [ha] 026 +£0.19 327 7239

Degree of isolation Neighbor kettle holes (200 m) 1.1+0.6 0 2
Neighbor kettle holes (1000 m) 481 +184 9 77

Bee diversity Abundance 378 £366 6 161
Shannon-Index 20+04 0.7 2.5
Species richness (alpha diversity) 11.2 = 4.6 2 25

Turnover Nestedness Overall

Beta diversity 0.944 0.021 0.965

Gamma diversity (total) — — 80
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4.3.7 Statistical analysis

We characterised wild-bee diversity i) as total number of species detected in each kettle hole
(alpha diversity), ii) total regional diversity (gamma diversity) and iii) the species turnover
ratio between regional and local species diversity (beta diversity) based on the Jaccard sim-
ilarity index. Additionally, iv) we counted the abundance of individuals and v) calculated
the Shannon Diversity Index [H']. To evaluate the sampling size in terms of number of ket-
tle holes, we calculated a rarefaction curve based on 9999 permutations. A rarefaction curve
is constructed by repeatedly re-sampling the pool of N samples (or N individuals), at ran-
dom, plotting the average number of species represented by 1, 2,... N samples or individuals
(Gotelli and Colwell 2001).

We tested if species richness of bees depends on kettle-hole area (patch size) and/or on con-
nectivity, i.e. on the number of kettle holes within a radius of 500 m (degree of isolation).
For this, we previously tested which buffer radius (20, 50, 100, 200, 500, 1000 and 2000 m
radii) influenced bee-species richness and selected the most parsimonious model based on
AIC using the “multifit” function in R. Due to very low number of ponds within small radii,
we discarded the first two buffers (20m, 50m). For radii between 50-2000m, we estimated
habitat heterogeneity represented by the SHDI (Shannon Habitat Diversity Index; Eiden et
al. 2000) using the map for biotopes and land-use of Brandenburg (2013) corresponding to
the study area. Since we did not get any difference between the 1000-2000m radii, we only
report SHDI measurements from 50-1000m.

Landscape diversity and configuration was characterized by calculating the Shannon Habi-
tat Diversity Index (SHDI) in combination with vegetation cover in the kettle. SHDI was
based on the relative cover (area) of eight different biotopes (cropland, forest, grassland,
water, urban, urban green open spaces, hedges and bogs) at different radii from 50-1000
m around the ponds. In addition, each biotope was analyzed individually: i) Croplands re-
fer to cultivars of maize, cereals and canola, ii) forest include natural and managed ones,
iii) grasslands include meadows and pastures, iv) water include ponds, streams and lakes;
while v) bogs refer to peatlands, vi) urban refers to sealed roads and buildings, and vii) urban
green open spaces refer to gardens, parks and finally viii) hedges including shrubs and trees
in natural corridors between fields and artificial corridors in avenues. All calculations were

performed using a biotope map of the study area in R version 3.5.2.

We further evaluated habitat quality based on the dominant vegetation type, ad well as
hydromorphology and hydroperiod of the kettle holes. We compared wild-bee diversity
(species richness and Shannon-Index) according to the type of kettle hole (Table 4.2) ex-
cluding “Open” types due to low number of kettle holes belonging to this category (n=2).
We also compared wild-bee diversity according vegetation cover (%) and flower-cover cate-
gories (none, very low, low and medium). Additionally, we tested whether the surrounding

type of cropland (cereal, maize, canola), including grassland had an effect on bee diversity.



4.3. Methods 71

TABLE 4.2: Characterization of types of kettle holes according to the dominant vegetation and their
corresponding plant and bee diversity. This classification of kettle holes is based on dominant vege-
tation (vascular plants) calculated using Deck Londo coverages in combination with geomorphology
and hydroperiod (see methods for details). Plant and bee diversity is based on species richness (S)
and Shannon-Index (H’). Data is shown in mean + SD and N represents the number of kettle holes
corresponding to each type.

Type of N Plant diversity Bee diversity
kettle hole S H’ S H’
Edge reed 12 295+79 1.6 £04 132 +£4.7 21402
Edge wood 8 34.8+95 1.6+04 13.6 £ 4.0 22+£03
Full reed 10 21.6 £8.1 1.1+£06 79+29 1.7+05
Full wood 4 333 £87 12+07 113+ 41 21£05
Open (puddle) 2 13.5 £2.1 1.2£01 55 +0.7 1.7+£02
TOTAL 36 27.3£9.7 1.4 +0.5 112+ 4.6 20£04
Description of types of kettle holes
Edge reed Open water body with presence of reed, canary reed grass and sedges.
Edge wood Open water body with predominant ruderal vegetation or shore woods.
Full reed No distinct water body with predominant reed, canary reed grass and
sedges all over.
No distinct water body with wood species dominant in the middle
Full wood
such as willow, birch or alder.
Open (puddle) Low in plant species. Characterized by periodic tillage.

We used GLMs (Generalized Linear Models) and model selection based on the AIC criterion
on a set of models with different combinations of vegetation cover, floral resource availabil-
ity, and SHDI and their interactions to test their effect on bee diversity (i.e., bee-species rich-
ness, bee-species abundance as response variables). Species richness and abundance models
were formulated as GLMs with Poisson distribution. Initially, region was used as predictor
in every model to encompass region-specific effects, but it was later discarded since models
where it was included did not perform better than without. Evaluation and visualization of
relevant effects of the most parsimonious models were computed with the R package “ef-
fects” (Fox 2003).

To evaluate whether body size is related to degree of isolation, we performed correlation
analyses between the different buffers (50-1000m) and the diversity (Shannon and species
richness) of small, medium and large-sized wild-bees. To test if wild-bees had a different
trait response to habitat heterogeneity, species richness and Shannon by sociality, nesting
and lecty were analyzed separately using GLMs selection based on the AIC criterion. Finally,
we compared bee functional richness by: sociality, lecty, nesting type and body size using
the functions “anova” and “TukeyHSD” from the package stats in R (version 3.5.2). Defi-
nitions of bee functional traits are based on Kratschmer et al. (2019) and references therein
(Table Sb).
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4.4 Results

We sampled a total of 1321 insect individuals corresponding to 77 species including Apis
mellifera, plus one “cf. (conformis)” (cf. Nomada minuscula) and one undetermined Lasioglos-
sum “spec.” (species list in Supplementary material: Table S1). According to the accumula-
tion rarefaction curve (Figure S2), the sampling effort was reliable. The highest bee abun-
dance was found in "Falkenhagen 187" with 161 individuals and the lowest abundance with
6 individuals in Buchenhain 1338 and Damerow 893, respectively (Table S3). In general,
we detected a mean abundance of 37.8 & 36.6 individuals per kettle hole. Mean Shannon-
diversity was 2.0 & 0.4 for all species with a maximum of 2.5 recorded in Parmen 1229 and
minimum of 0.7 in Damerow 908 (Table 4.1, Table S3). Alpha diversity of wild-bees varied
from three species in Damerow 908 up to 25 species found in Damerow 892 with a mean
species richness per patch of 11.2 &= 4.6 (Table 4.1). Analysis of beta diversity showed a high
dissimilarity (0.97) among communities, with turnover of species (0.94) as the main process
compared with nestedness (0.02; Table 4.1).
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Fig. 4.2. Relationship between wild-bee species richness with patch size (area of the kettle hole in
hectares), degree of isolation (number of neighbor kettle holes within a 1000m- radius) and their
interaction. There was no relationship between species number of wild-bees and area of the kettle
hole (A), nor with the degree of isolation (B), but the interaction between area and isolation showed
an effect on species number (C).
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Apis mellifera was present in 21/36 (58%) of the kettle holes. However, a total of 39 Apis
mellifera individuals was sampled representing only 2.8% of the total community. Andrena
haemorrhoa was the most abundant species with 237 individuals (17.2%), followed by A. ni-
groaena with 189 individuals (13.7%) and Lasioglossum pauxilum with 156 individuals (11.3%).
In total, 29 bee species were represented by one individual only.

Neither the area of the kettle hole (patch size) nor the number of neighboring kettle holes
(degree of isolation) at different buffers (100-2000m) had an effect on bee-species richness or
abundance (Figure 4.2A-B) when tested for each buffer distance individually (all p>0.05).
However, in a combined model, there were significant interaction effects: e.g., the number
and area of kettle holes within a radius of 1000m had a significant effect on bee-species
richness (S; Table S4, model 10 lowest AIC). At a 1000m-radius, bee-species richness was
enhanced in small kettle holes if there were a relatively small number of 10 neighboring ket-
tle holes within a radius of one kilometre, whereas bee-species richness got largest only in
the large kettle holes if they were surrounded by 70 kettle holes in this radius (Figure 4.2C)
indicating a threshold of minimum habitat size and habitat abundance with bee diversity
in small kettle holes not benefitting from neighboring habitats. Details of the GLMs can be
found in Table 54.

Habitat heterogeneity had a negative effect on bee species-richness (Figure 4.3A) and bee
diversity (Table 4.3). To better understand why heterogeneity was negatively related with
bee-species richness and diversity, the effect of each biotope was tested individually. We
found a significant negative effect of urban (sealed space) on bee diversity between 125-300
m. Bee-species richness and Shannon diversity per patch decreased with surrounding urban
cover (Table 4.3, Figure 4.3B).
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TABLE 4.3: Summary of Generalized Linear Models GLMs to evaluate the effect of habitat het-
erogeneity on wild-bee species richness and Shannon-Index diversity. Habitat heterogeneity was
measured as SHDI (Shannon Habitat Diversity Index) based on the area of 8 different biotopes. Indi-
vidual effect of these biotopes on wild-bee diversity is also shown. Most parsimonious model based
on AIC criterion was selected for each biotope and the overall heterogeneity from a set of buffers
from 50 up to 1000 m radii. Additional a range of radii of different buffers are shown for correspond-
ing significant biotopes. Habitat heterogeneity has an effect on bee diversity between 100-300m; only
the area of urban showed a significant negative effect on wild-bee species richness and Shannon di-
versity between 125-300m.Significance levels are indicated with asterisks: ***P< 0.001, ** P< 0.01, *
P<0.05

Best buffer model AIC Estimates P value Significant buffers

Bee species-richness

Heterogeneity SHDI 175 m 210.77 -8.27 0.012* 100-275m
Cropland 50 m 216.31 2.06 0.29
Forest 1000 m 216.54 6.17 0.35
Grassland 100 m 217.09 -1.89 0.52
Water 300 m 216.5 -57.87 0.32
Urban (streets and houses) 250 m 208.71 -94.46 0.004** 225-275m
Urban green open spaces 600 m 213.71  -176.23 0.18
Hedges 525 m 214.5 125.16 0.09
Fens and
1000 m 214.34  -223.53 0.09
bogs
Bee diversity [H’]
Heterogeneity SHDI 150 m 35.43 -0.56 0.045* 125-225m
Cropland 25 m 37.73 0.21 0.171
Forest 600 m 37.17 0.99 0.12
Grassland 100 m 38.94 -0.22 0.39
Water 300 m 37.17 -7.65 0.12
Urban 250 m 33.93 -6.62 0.02* 125-300m
Urban green open spaces 25m 37.26 -12.14 0.13
Hedges 500 m 38.79 -6.54 0.35
Boglands 25m 38.69 -0.3 0.32

To assess the importance of local habitat quality related to bee diversity within individual
patches, we characterized the kettle holes into five groups based on dominant vegetation,
geomorphology and hydro-period (Table 2). A 17% lower number of bee species (Figure
4.4A) and of bee diversity (Figure 4.4B) was found in the “Full reed type” kettle holes
(F3,30=4.12, p=0.01 and F(330)=4.10, p=0.01, respectively). In contrast, neither bee-species
richness nor diversity differed depending on the land use surrounding the kettle holes (in-
cluding the eight types)(Figure S3; F30)=0.5, p=0.6; F(330)=0.78, p=0.5 respectively). Wild-
bee species number did not increase with plant cover (Pearson correlation: t=0.17, p=0.8)
(Figure 4.5A); but increased with flower cover and therefore with floral resources (F3 32)=3.7,
p=0.02): There was significantly higher number of bee species in patches with low and
medium flower cover compared with those without or with very low flower cover (Figure
45B).
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Fig. 4.4. Comparison of wild-bee species richness and diversity (H’) according type of kettle hole
based on dominant vegetation and type of cropland including grassland surrounding the kettle
holes. Bee species richness was significantly lower in “Full reed” vegetation type (A), as well as
Shannon-Index of bee diversity (B) compared to edge types and full type wood. Letters represent
differences according post-hoc Tukey test.

Finally, we found differences in functional diversity of wild-bee species. From the total of
74 species found (excluding Apis mellifera, cf. Nomada minuscula) and Lasioglossum spec.) 37
(48.0%) possessed a small body size, followed by 25 (32.5%) of medium size and finally
12 species of large bees (15.6%). Most of the species were solitary 57.1% (44 species) fol-
lowed by eusocial 22.0% (17 species) and finally parasitic bees 16.8% (13 species). Almost all
species were polylectic 88.3% (68 species) and only 7.8% oligolectic (6 species). A total of 54
species build their nest belowground (70.1%) and 8 aboveground (10.4%). Mean number of
species per kettle hole showed the same tendency for sociality, lecty and nesting type (Figure
4.6A,C, D), but not for body size (Figure 4.6B). This might be explained by the differences
in proportion of individuals per category, with 63% medium, 31% small and 6% large-sized
individuals. Small and medium species are mainly solitary with underground nests. Large
bee species are all polylectic, most of them eusocial and with similar proportions of nesting

above and underground (Figure S4).
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(A), but those with low and medium flower coverage, harbour a significant higher number of wild-
bee species (B). Note that the vegetation cover is bigger than 100% due to a more than one layer of
vegetation; mainly herb and trees. Letters represent differences according post-hoc Tukey test.
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Fig. 4.6. Mean number of bee species according different functional traits: sociality (A), body
size (B), Lecty (C) and nesting type (D). Differences in number of species were found for all func-
tional traits. Bee species are mainly solitary, polylectic with a type of nesting under the ground and a
medium body size. Body size is an approximation for foraging distances: Small = 100-300m, Medium
= 300-600m, Large = 600-1200. Significance levels are indicated with asterisks: ***P< 0.001, **P<0.01,
*P<0.05.

Habitat heterogeneity negatively affected bee-species richness and Shannon diversity re-
garding all traits mainly (but “oligolectic” and “aboveground”), with a significant effect
between 150-275m. Parasitic bees were positively correlated with habitat heterogeneity at
larger buffer zones (500-650m) (Table 4.4). The degree of isolation calculated as the total
number of kettle holes at different buffer radii (100-2000) was positively correlated at a
1000m and, nearly significantly correlated at a 2000m buffer with the relative abundance
of large individuals, (Pearson: t= 2.03, p=0.04, t= 1.7, p=0.09, respectively) (Figure 4.7) and
species (t= 1.82, p=0.07, t= 2.3, p=0.02) (Figure S5) whereas the relative abundance of small
and middle-sized individuals was not influenced by the degree of isolation.

4.5 Discussion

The main objective of this study was to assess the effect of environmental factors on wild-
bee diversity in natural wetland habitats embedded in an intensive agricultural landscape.
We assessed wild-bee diversity patterns and evaluated the effect of degree of isolation and
patch size on wild-bee communities under a metacommunity framework, as well as the
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Fig. 4.7. Relationship between body sizes with degree of isolation. Relative abundance of individ-
uals was calculated according to three groups: Small, medium and large. We found a positive corre-
lation only at 1000 m and, to a lesser degree, at 2000 m for relative abundance of large individuals.
Significance levels are indicated with asterisks: *P<0.05, (*) P=0.09.

effect of habitat heterogeneity and quality within and surrounding the kettle holes. Addi-
tionally, we evaluated the trait response of bee functional communities to isolation and het-
erogeneity. Our results show that these wetland habitats harbour a high diversity of wild-
bees, they might serve as important habitats to forage, enhance connectivity among these
meta-ecosystems and provide pollination services of the entire agroecosystem.

4.5.1 Diversity patterns

Our study is the first contribution assessing wild-bee diversity in this intensive agricultural
landscape of northeast Germany. Considering our small study area (~200 km?) and the re-
stricted sampling time, we found a high gamma diversity of 77 species with a mean of 11.2
+ 4.6 species per kettle hole, compared with other ecosystems. For example, in vineyards
of Spain, Austria, France and Rumania Kratschmer ef al. (2019) found a total of 113 species
(20-64 species/country), or 179 species within agricultural fields in western Europe (Hass
et al. 2018). Settele et al. (2008) found 105 species of wild-bees in wet meadows in Poland,
while Vickruck et al. (2019) found 132 species in potholes in Canada.

A parallel study in the same area assessed wild-bee diversity in grasslands using the same
method but three times during the year (June, July, August) with a slightly higher total of
species (82 vs. 77) (Bergholz, unpublished data). This suggest that a higher effort in space
(4 traps per kettle hole) combined with a high number of sites, compensate the one-time
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TABLE 4.4: Summary of Generalized Linear Models GLMs to evaluate the different trait response
of wild-bee species richness and Shannon-Index diversity effect on habitat heterogeneity. Habi-
tat heterogeneity was measured as SHDI (Shannon Habitat Diversity Index) based on the area of
8 different biotopes. Most parsimonious model based on AIC criterion was selected for the overall
heterogeneity on functional trait groups from a set of buffers from 50 up to 1000 m radii. Habitat
heterogeneity has a negative effect on bee richness and diversity regarding all traits mainly between
150-275m. Except for those species that are parasitic a significant positive effect of heterogeneity be-
tween 400-650m was found. Significance levels are indicated with asterisks: ***P< 0.001, ** P< 0.01,
*P<0.05

Best buffer model =~ AIC  Estimates P value Significant buffers

Bee species richness

Sociality

Solitary 175m 175.81 -5.26 0.01* 125-275
Eusocial 200m 137.37 -2.8 0.01* 100-275
Parasitic 525m 122.75 1.54 0.025* 425-650
Lecty

Polygolectic 175m 206.55 -7.32 0.018* 100-250
Oligolectic 200m 69.52 -0.77 0.063

Nesting

Aboveground 850m 65.54 0.4 0.18

Below ground 175m 196.38 -7.94 0.004** 100-300
Bee diversity [H’']

Sociality

Solitary 225m 34.55 -0.48 0.04* 150-250
Eusocial 200m 57.42 -0.69 0.049* 150-225
Parasitic 500m 49.68 0.5 0.045* 500-550
Lecty

Polylectic 150m 39.12 -0.63 0.046* 125-200
Oligolectic 150m -14.53 -0.19 0.2

Nesting

Aboveground 25m -26.5 0.16 0.16

Below ground 200m 36.76 -0.7 0.009* 125-275

restriction. Sampling reliability is supported by the rarefaction curve of species (Figure S2)
showing that the number of sampled kettle holes (n=36) is very close to the maximum of
species accumulation. In this sense, we can affirm that the colour trap method used demon-
strated to be low cost and effective (Westphal et al. 2008) for these wetland habitats.

4.5.2 Kettle holes as shelters for pollinators

Wetland habitats constitute as hot spots for biodiversity in intensive agricultural landscapes
(e. g. (Céréghino et al. 2012; Schirmel et al. 2016). Even though kettle holes are known to
harbour high diversity, studies assessing wild-bee diversity in wetland habitats are rare.
However, a recent study in Canada has demonstrated that pothole wetlands are important
resources for native bees enhancing pollination for natural plant communities and crops
such as canola (Vickruck et al. 2019).
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From a total of 21 wild-bee species that were observed pollinating flowers of canola (Brassica
napus), 19 were found in the kettle holes (Table S1 marked an *, plus Anthopora plumipes
and Bombus hypnorum) (field observations Hausmann 2016 ). Although our study did not
specifically focus on the comparison of wetland habitats with croplands, these observations
give some insights about the importance of these ecosystems supporting wild-bee diversity
and therefore pollination services in the croplands.

4.5.3 Patch size and isolation

Habitat fragmentation and isolation not only affect wild-bee species richness but also have
a negative effect on plant-pollinators interactions, causing extinctions and degradations of
the entire ecosystem (Aizen et al. 2016). Our results however, showed no effect of only the
degree of isolation on wild bee diversity, but in combination with habitat area the number
of neighbor kettle holes in a 1000m buffer showed an effect on bee-species richness (Figure
4.2, Table S4). When there was a low number of ponds within a 1000m radius number of
bee species decreased with habitat area, whereas with a lower isolation (i.e., more ponds in
the surroundings) bee-richness increased with kettle hole area (Figure 4.2C). This effect pu-
tativley depends on the response of large bee species to isolation that responded positively
to a high number of analyzing ponds within buffers radii of 1000-2000m that increased the
abundance of large-sized wild bees only (Figure 4.7).

Body size can be used as an approximation of foraging distances as it was demonstrated
by many studies (e.g. van Nieuwstadt and Ruano Iraheta 1996, Tscharntke and Gathmann
2002, Westphal et al. 2006, Greenleaf et al. 2007). Based on the classification of Tscharntke
and Gathmann (2002), of foraging ranges, we classified our species into: Small = 100-300
m, Medium = 300-600 m and Large = 600-1200 m foraging ranges. Our results suggest that
small and medium species might be foraging locally, while large bees are able to fly long
distances to forage and therefore a larger number of neighboring kettle holes (less isolation)
enhances their abundance.

However, body sizes was not always shown to be a good indicator to infer flight distances.
For example, foraging distances of small-medium solitary bees were found to be higher
than 1000m from the nest to the foraging sites (Zurbuchen et al. 2010). In our study, all soli-
tary wild-bees were small or medium (Figure S4) and were not affected by the degree of
isolation (Figure 4.7); while diversity of large bees mainly represented by eusocial bumble-
bees increased with the number of neighboring kettle holes. In general, the high metabolic
requirement of bumblebee, forces them to fly longer distances (Heinrich 1975). However,
this can vary among species (Knight et al. 2005) and can also be affected by the distribution
of resource patches where linear structures increase flight distances (Cresswell et al. 1995). In
our study area, the high density of kettle holes and croplands of canola, might offer suitable
dense patches for bumblebees to forage covering long distances playing an important role
and connecting plant communities occurring in these meta-ecosystems, as well as pollinat-
ing canola fields.
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4.5.4 Habitat heterogeneity and land-use surrounding

The concept of functional heterogeneity assumes that more heterogeneous habitats provide
more resources for food, nesting, or dispersal routes fitting the requirement of many species
(Fahrig et al. 2011). It has been shown that in agroecosystems the amount of high-quality
habitats enhance wild-bee diversity (Kennedy et al. 2013; Miljanic et al. 2018). In contrast,
we found a negative effect of habitat heterogeneity on wild-bee diversity, where only the
urban cover surrounding the kettle hole (100—300m) showed a significant negative effect.
We speculate that the heterogeneity defined in our study as the different biotopes (land use),
does not be necessarily represents a higher quality from a wild-bee perspective.

Landscape heterogeneity acts as a filter shaping functional communities of arthropods where
simplified landscapes (fewer land cover types) favours large body sizes and generalist feed-
ing species (Gdmez-Virués et al. 2015). Accordingly, land use intensity affects bee response-
traits such as body size, nesting or sociality but with a stronger effect at local scale (Gabriel
da Encarnagdo Coutinho et al. 2018). Low wild-bee diversity found in low-quality kettle
holes lacking flowers (no nectar availability) (Figure 4.4, Figure 4.5) plus the negative effect
of heterogeneity (i.e., mainly the area of sealed urban space) on wild-bee diversity between
100-300m (Figure 4.3A), suggest that habitat heterogeneity has an effect on wild-bee diver-
sity at local scale too. This tendency did not change according functional traits in respect to
lecty, sociality and nesting (Table 4.4), suggesting that the strongly negative effect of habitat
heterogeneity cannot be mitigated by functional adaptive traits.

4.6 Conclusion

Wetland habitats of kettle holes harbour a relatively high diversity of wild-bee species as-
suring pollinations services for local croplands and connecting natural plant communities.
Habitat heterogeneity had a negative effect on wild-bee diversity at 100-300m buffer, mainly
determined by the surrounding sealed urban cover. Local low-quality habitats (no flower
resources) were correlated with lower wild-bee diversity in the kettle holes, without an ef-
fect of plant cover. Community composition was mainly characterized by medium sized,
polylectic, solitary, belowground nesting species, equally affected by habitat heterogeneity
at a 100-300m buffer. Interaction between patch area and degree of isolation had an effect
on wild-bee diversity, while a decrease of isolation had a positive effect on large-sized bees
only.

4.7 Authors contribution

SLG and CL designed the study. SLG, CL, MP collected the data in the field. SLG and CL
analyzed the data, SLG, KR, CL, RT and JJ discussed the results; SLG and JJ lead the writing
and all authors contributed critically to the drafts and gave final approval for publication.



4.8. Acknowledgements 81

4.8 Acknowledgements

We would like to thank Carlos Acame, Gabriela Onandia for their valuable help in the field.
K. Rupik (University of Bielefeld) and C. Sauer (MNF Berlin) for taxonomical identification.
Larissa Schaub for her valuable help with GIS and Kolja Bergholz for sharing his R code
to analyze landscape heterogeneity. This work was supported by Deutsche Forschungsge-
meinschaft (DFG), in the framework of the BioMove Research training group (DFG-GRK
2118/1).

4.9 Supplementary Material

Table C1: List of bee species and their functional traits found in the kettle holes.

Table C2: Estimate of % plant cover based on Londo scale (Londo 1976).

Table C3: Characteristics of the selected kettle holes and bee diversity characterized by
species richness (S) and Shannon Index (H).

Table C4: Details for the model selection based to test the effect of number of kettle holes
occurring at different radii (degree of isolation) on bee species richness and abundance.
Table C5: Definitions of bees functional traits taken from Kratschmer et al. (2019).
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CHAPTER 5

General discussion

The main objective of the present thesis was to infer the ecological processes shaping plant
communities from biodiversity and key trait patterns under a metacommunity framework.
Specifically, I examined the effects of the environment (biotic and abiotic) on community
assembly. The first study mainly focused on the response to abiotic factors at a community
level. In this study I evaluated whether different type of kettle holes act as environmental
factors filtering species assessing the main ecological processes based on the metacommu-
nity paradigms. The second study focused on biotic interactions at a population level, but
comparing four species differing in their dispersal and reproductive strategies in relation-
ship with genetic diversity and gene divergence. In the third study, I evaluated wild-bee
diversity patterns in relation to environmental factors (i.e., habitat heterogeneity, flower re-
sources) as potential mobile linkers of plant communities.

In Figure 5.1 an overview of the thesis with the main results are reported. The community
assembly model was based on Mittelbach and Schemske (2015) which includes speciation-
extinction events (upper part Figure 5.1). The first study focused mainly on diversity and
trait distribution of plant communities occurring in heterogeneous habitat islands. In this
paper, I evaluated whether different type of kettle holes act as environmental factors filtering
species shaping the diversity where species sorting (or mass effects) processes (lower part;
Figure 5.1: part I) might occur. My results suggest that the types of kettle holes: ephemeral
vs. permanent might provide heterogeneous habitats for plant communities. This study, as
many in this field, was constrained in time; therefore, I could not evaluate patch dynamics
which might be related to interactions among different processes, such as colonization or
competition (dashed line arrow on the right side; Figure 5.1). In addition, I evaluated plant
functional traits mainly related to dispersal according the types of kettle holes. I found dif-
ferences in functional traits regarding seed longevity, life span and dispersion (pollen and
seeds) between permanent and ephemeral kettle holes. Overall these results suggest that
type of kettle holes might act as filters promoting species sorting into heterogeneous habi-

tats, where probably dispersal limitation and niche differentiation processes also occurs.
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Fig. 5.1. Overview of the thesis structure showing the most relevant results of the corresponding
studies. (I) Community Assembly: Results suggest that different types of kettle holes act as abi-
otic filters sorting plant species from the species pool (left lower part). These results combined with
comparisons of functional traits, isolation and beta diversity analyses suggest that species sorting
and mass effect processes are the main drivers of the community assembly. However, due to time
constrain, patch dynamics process could not been evaluated (dashed line right). (I) Connectivity:
corresponds mainly to specific traits of reproduction and dispersal at a population level. I evalu-
ated the effect of dispersal and reproductive modes on gene flow and genetic diversity. Main results
showed the genetic diversity increases in less clonal plants, while the more clonal a species is, the
less it depends on dispersal (depicted by the upside down triangle below “reproduction” and its
relation to “dispersal”). Gene flow of plants depend on abiotic or biotic “mobile linkers” that trans-
port the seed (i.e. wind) and pollen (i.e., pollinators) to new habitats. (III) Pollinators wild-bees: I
investigated the influence of environmental factors on wild-bees diversity. Main results showed that
wild-bee species richness increased with flower availability within the kettle hole but decrease re-
garding heterogeneity in the surrounding. The overall plant community assembly model is based on
Mittelbach and Schemske (2015).
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The second study focused on functional connectivity of four selected species differing in
their life-history traits. I compared dispersal and reproductive strategies in relation to ge-
netic diversity and gene divergence. I identified clonal growth as an important trait influenc-
ing genetic diversity and gene flow (Figure 5.1, part II: Connectivity). The upside down tri-
angle below “reproduction”, indicates that degree of clonality is increasing from less clonal
(outcrossing) to clonal (vegetative), and is positively correlated with dependence of “disper-
sal” but inversely related to genetic diversity. In other words, the genetic diversity increases
in less clonal plants, while the more clonal a species is, the less it depends on dispersal
through mobile linkers (i.e., pollinators). Mobile linkers transport pollen and seeds carrying
the genes within and between metacommunities. Simultaneously, other mobile linkers (e.g.,
birds) can affect or be affected by abiotic and biotic environment conditions; and can also in-
fluence on the reproduction (or clonal degree), enhancing clonal growth in some cases (i.e.,
lack of pollinators). This relationship is depicted by the black two way arrow in right side of
Figure 5.1, part II.

In the third study, I examined diversity patterns and distribution of functional traits of wild-
bees and the effect of habitat heterogeneity (land use), habitat quality (flower resources),
patch size and degree of isolation as a response to the environment. Patterns of wild-bee di-
versity was affected positively by flowers availability but negative correlated to heterogene-
ity (Figure 5.1: part III). Even though community composition differed regarding sociality,
feeding and nesting, no differences in response to environment were detected. However,
large sized species mainly characterized by social bumblebees were affected by the degree
of isolation (number of neighbor kettle holes in a 1000m buffer). This group of wild-bees
might be important pollinators and mobile linkers influencing plant community connectiv-
ity across different wetland habitat islands. Therefore, wild-bee biodiversity patterns are im-
portant not only to understand their role as potential mobile linkers of plant communities,
but also as a functional community at a different level within these complex metaecosys-

tems.

Based on my results, I structured this section in five sections. First I discuss specific spa-
tial features of size and proximity and their effects on metacommunities at community and
population levels. Second, I focus on the response of plant community to abiotic and bi-
otic environmental factors focusing specifically on the role of abiotic filters related to the
metacommunity paradigms. In this context, I further discuss the effect of plant-plant inter-
actions and life-history functional traits. Third, I concentrate on specific biotic interactions
at population level in relationship with the species coexistence theory focusing on the role of
clonality and genetic diversity as stabilizing/equalizing mechanisms. Fourth, I discuss on
the importance of wild-bee diversity and its role as mobile linkers connecting plant commu-
nities through pollination services. Finally I highlight the importance of integration work as
the present one and potential direction for future research that might serve as solid basis for

an adequate management and conservation of these intensive agricultural landscapes.
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5.1 Size and proximity in metacommunities

In the kettle holes, the island biogeographic theory can be applied due to their condition of
“habitat islands”. Based on this theory, connectivity is determined by the size and proximity,
where species richness is positively related with the area, but negatively related to isolation
(MacArthur and Wilson 1967). Therefore, I evaluated the effect of patch area and isolation
in my three studies. In the first and third study, I related patch size and isolation directly to
species richness, while in the second I compared to inbreeding coefficient (Fis) to patch size
and isolation to gene flow (Fsr).

In the first study (Chapter 2), I compared patterns of diversity related to patch size (area
of the pond) and spatial isolation in permanent vs. ephemeral kettle holes. Both types of
ponds presented a positive relationship between species richness and area of the pond, but
only ephemeral presented a dependency on the number of neighbor kettle holes (degree of
isolation) (Figure 2.2, Table 2.2). The positive island species-area relationship was expected
and can be generally explained by the framework of “environmental heterogeneity” where a
wider range of habitats is suitable for more different plant species in larger habitats (Stein et
al. 2014). Degree of isolation (measured as the number of neighboring kettle holes at differ-
ent buffers), showed that the more isolated the ephemeral kettle holes are, the less number
of species they harbor, this relation was not found for permanent kettle holes. These results
suggest that ephemeral kettle holes are more dynamic habitats, likely more vulnerable to
agricultural activities and isolation but very important since they might serve as stepping

stones enhancing the plant diversity at a regional scale.

In the second study (Chapter 3), I compared inbreeding coefficient (Fis) with patch area. Fis
relates observed and expected heterozygosity where negative values indicate excess of het-
erozygotes and positive values, deficit of heterozygotes. Even though, all species presented
a positive relationship between Fis and patch size, patterns differed per species. Non-clonal
species Oenanthe aquatica presented almost not variation in Fis according to patch size, sug-
gesting that this species is mainly outcrossing. A higher positive relationship between Fig
and patch are found in the other three species, which suggests substructure within the pop-
ulations (Figure 3.3). Positive Fis values in populations of Typha and Phragmites suggest that
larger patches might harbor more (clonal) individuals that would likely mate with closely
related individual ramets; while in Lycopus, positive Fig might indicate geitenogamous re-
production likely mediated by bees.

Regarding isolation, I evaluated isolation by distance (IBD) relating Fixation index (Fsr) as
a measurement of gene flow, with the geographic distances between kettle holes. My re-
sults showed a difference in wind-pollinated species Typha and Phragmites vs. insect polli-
nated species Lycopus and Oenanthe (Table 3.5), suggesting restricted dispersal in the insect-
pollinated species only (Slatkin 1993). However, spatial autocorrelation analyses, that gen-
erally should reflect isolation by distance patterns, showed spatial autocorrelation in all
species (Figure 3.4). These results support IBD in all species, but at different degree, with
a smoother decrease in the outcrossing Oenanthe compared with the selfing/clonal species:
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Lycopus, Typha, and Phragmites. Thus, the degree of clonality seems to explain better these
results, although there might be some differences regarding dispersal strategies.

It is important to emphasize that the difficulty to conduct direct observation of individ-
ual pollen and seed dispersal between populations compel us to make inferences of con-
temporary gene flow from patterns of genetic diversity. However, these patterns are also
influenced by other mechanisms such as genetic drift, metapopulation dynamics and ances-
tral polymorphisms. This possible mismatch between direct observation of gene flow and
population genetic patterns has been identified as “Slatkin’s paradox (Slatkin 1987; Marko
and Hart 2011). Therefore, inferences of dispersal from contemporary gene flow should be
treated carefully.

For the third study (Chapter 4) degree of isolation was measured in the same way as the
first study. Results did not show an effect on wild-bee species richness of neither patch size,
nor degree of isolation (Figure 4.2). However, a negative relationship between species rich-
ness and degree of isolation was found in large body sized bees (Figure 4.7). Diversity of
these wild-bees increased with higher number of neighboring kettle holes (less isolation).
This group was characterized by mainly social bumblebees, suggesting that these wild-bees
might be able to fly longer distances potentially constituting as mobile linkers connecting
plant communities occurring in the kettle holes.

5.2 Plant community and populations responses to environmental

factors

In the first study, I evaluated the community assembly of plants related to abiotic environ-
mental factors. Abiotic characteristics were based on two key features that divide the kettle
holes in two groups: hydroperiod and slope, both related to how often they contain water,
dividing the kettle holes in two groups: permanent and ephemeral. As we expected, our
results showed that the types of kettle holes (permanent vs. ephemeral), act as strong filters
shaping the community. These results suggest that the type of kettle holes provide heteroge-
neous habitats that might limit the establishment of species. Assuming this, and, under the

metacommunity paradigms, Species-Sorting or Mass-Effect processes might occur.

Community composition according type of kettle hole was found to be different than the
one expected by chance (Figure 2.3), with an overall high turnover of species suggesting a
species sorting process in a regional scale (Table 2.3). Higher turnover in permanent kettle
holes and a higher nestedness in ephemeral ones, might indicate that the larger permanent
ponds follow the species sorting paradigm harbouring species with a higher replacement
than ephemeral ones. The higher nestedness in ephemeral ponds suggests that they are a
subset of the species assemblage of the permanent ponds supporting the mass effect process
at a local scale (in ephemeral ponds only).

Differences in plant functional traits showed that species are also constrained by dispersal
and other life-history traits (such as seed longevity and life span) suggesting niche differen-
tiation between the two types of kettle holes. In ephemeral compared to permanent kettle
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holes, there was a higher number of short-lived species, longer seed longevity and seed
dispersal by animals and humans (hemerochory) (Table 2.4, Figure 2.4). However, disentan-
gling the effect of pure abiotic and biotic condition on communities is a very challenging
task. This is because i) multiple processes often operate simultaneously during community
assembly (Maire et al. 2012; Spasojevic and Suding 2012; Gross et al. 2013), and ii) the same
trait pattern (e.g. trait convergence), may be generated by different processes such as com-
petition avoidance, dominance, facilitation or environmental filtering (De Bello et al. 2012).

Even though differences in diversity and functional traits were found between the types
of kettle holes (ephemeral vs. permanent), for the second and third studies, I focused on
communities occurring in permanent kettle holes. Permanent kettle holes are longer term
habitats whose abiotic characteristics influence species composition and how they respond
and adapt to this environment (i.e. high number of long-lived species). The more stable con-
ditions of these type of kettle holes might affect the life cycles of species respect to mating
and persistence traits (e.g. seed longevity, clonal growth). But at the same time, due to the
island habitat condition of these habitats, dispersal is essential to maintain metacommuni-

ties and therefore, dispersal traits play also an important role.

Consequently, on the second study (Chapter 3), I focused on reproduction and dispersal
traits of four selected species. I compared whether dispersion or reproduction strategies
have a stronger effect on genetic diversity patterns and gene flow. My results suggest that
traits mainly related to reproductive strategies: from non-clonal (mainly outcrossing) to
clonal (vegetatively), affect genetic diversity and gene flow between metapopulations. Even
though we measured genetic diversity and gene flow at population level of four selected
species, these traits confer them distinct survival strategies and intraspecific interactions
(i.e., competition) with consequences at community level. In the next section I discuss that
clonality could act as a stabilizing/equalizing mechanism affecting species coexistence in

the community.

5.3 Biotic interactions: stabilizing and equalizing mechanisms for

species coexistence

Biotic interactions combined with abiotic factors determine whether species can coexist in
the community (HilleRisLambers et al. 2012). Based on the Chessonian framework (Chesson
2000), species coexistence is mediated by stabilizing and/or equalizing mechanisms. Stabi-
lizing mechanisms enhance niche differentiation and is based on the abilities of species to
respond differently to common limiting factors; while equalizing mechanisms reduce fit-
ness differences. However, niche and fitness are not independent, it is particular difficult to
disentangle stabilizing from equalizing mechanisms (Kempel et al. 2015; Barabaés et al. 2018).

5.3.1 Clonality as stabilizing/equalizing mechanism

It has been proposed that clonal growth can enhance species diversity in the community
through competition-colonization tradeoffs (Herben et al. 1997). Clonal species with ability

to grow laterally can occupy larger spaces, be better competitors for nutrients, since they
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can share them across interconnected ramets, and therefore deal better with disturbances
(KlimeSova et al. 2018). In addition, due to longer persistence on the spot, they possess a
higher probability to recover after a damage through resprouting (Ottaviani et al. 2017), re-
colonizing new habitats. However, sometimes competition within individuals of the same
species can also occur when distant ramets that became separated come together and com-
pete for resources (Oborny et al. 2012).

Clonal growth related to colonization-competition tradeoffs, has indeed been shown in pre-
vious experiments in grassland communities (e.g., Wildova et al. 2007, Benot et al. 2013).
According to my results, a higher abundance of the more clonal species (Typha latifolia and
Phragmites australis) than the other two species (Lycopus europaeus and Oenanthe aquatica)
observed within the kettle holes, suggests that the clonal species are better competitors. In
addition, a negative relationship between genetic diversity and plant-species richness in
the outcrossing species Oenanthe aquatica (Figure 3.3, Table 3.4), suggests that this species
might suffer from competition (i.e., patches for seedling establishment, pollinators limita-
tion). Therefore, based on my results, clonal growth could promote competition processes
and therefore niche differentiation acting as an stabilizing mechanism for species coexis-
tence. Further studies are needed to support this hypothesis.

5.3.2 Genetic diversity as stabilizing/equalizing mechanism

Biodiversity includes phenotypic and genetic variation of individuals of one or more species
(Vellend et al. 2014). Eco-evolutionary approaches linking species diversity with genetic di-
versity are relevant to understand biodiversity patterns at different scales (Vellend et al.
2014). The study of genetic interactions between species and their environment can allow
us to understand complex communities and ecosystems within an evolutionary framework
(Whitham et al. 2006).

It has been proposed that coexisting genotypes have the potential to show strong fitness
differences, and therefore act as an stabilizing mechanism (Chesson 2000). However, other
studies have proved that genetic diversity can act as an equalizing mechanism (Nelson et
al. 2005). Experiments in Daphnia populations for instance, have shown that population dy-
namics provide an equalizing mechanism with strong fitness differences in coexisting geno-
types and maintaining genetic diversity (Nelson et al. 2005). In our system of wetland plant
communities, in order to test whether genetic diversity act either as a stabilizing or equal-
izing mechanism, analyses of population dynamics and clonal growth will be needed. My
results (Chapter 3) showed that genetic diversity was negatively related to degree of clonal-
ity, where the mainly outcrossing species (Oenanthe aquatica) presented the highest genetic
diversity (Figure 3.2, Table 3.3). However, measurements of fitness and population dynam-
ics, are essential to disentangle whether genetic diversity act as stabilizing or equalizing

mechanism.

Finally, the influence of intraspecific trait variation on genetic diversity and community as-
sembly should also be considered (Fridley et al. 2007; Jung et al. 2010; Whitlock et al. 2010; De
Bello et al. 2011; Violle et al. 2012; Schob et al. 2015). In addition, intraspecific trait variation
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is mainly a result of phenotypic plasticity (Vellend et al. 2014). Therefore, intraspecific vari-
ation may serve as a response to the community instead, where individuals which certain
trait genetically determined, would have more (or less) probabilities to join the community
(Vellend et al. 2014).

In the studied wetland habitats islands, clonal growth seems to have an important effect on
genetic diversity and probably on the entire community. Clonal growth can be enhanced
by a response to certain environmental stimuli (i.e., absence of pollinators, soil conditions),
and therefore contain an element of plasticity which is absent in seed dispersal (Stuefer et al.
2001; Klimesova and Klimes 2008; Zobel et al. 2010)

In a plant metacommunity framework, interactions are constrained by plants’ lack of mo-
bility (dispersal limitation), with plants occupying new spaces only by dispersal or clonal
growth. Patch size and distance to the closest suitable patch are factors expected to restrict
clonal mobility and dispersal and therefore influencing the entire community assembly.

5.4 Wild-bee diversity: heterogeneity and mobile linkers

In the ecosystem, complex processes such as predation or herbivory, involve interactions
among communities at different levels. Biotic and abiotic factors influence communities of
pollinators (e.g. bees), but plant-pollinator mutual interactions can influence each other in
a mutual way. For example, plant community composition have an effect on foraging be-
havior. At the same time, some flowering plants depend on pollinators to carry their pollen
for successful reproduction and survival. The later refers to bee species as mobile linkers for

plant communities providing pollination services.

In the third study, (Chapter 4), I investigated the relationship between wild-bee diversity
to habitat heterogeneity and habitat quality. I hypothesized that habitat heterogeneity affect
positively wild-bee diversity based on the assumption that higher habitat diversity enhances
wild-bee diversity. Contrary to our expectations, we found a negative correlation between
habitat heterogeneity and wild-bee diversity (Figure 4.3), but a positive correlation between
wild bee diversity and habitat quality (flower availability) within the ponds (Figure 4.5).
Type of land corresponding to urban (houses and streets) had the strongest negative effect
on wild-bee diversity between 125-300 m around the kettle holes (Table 4.3).

A positive relationship between flower resources and wild-bee diversity suggest that wild-
bees are using the kettle holes as feeding sources and therefore contributing to pollination
of plant species occurring there. Taking this into account, it is possible that the plant meta-
communities occurring in the kettle holes can sustain the high wild bee diversity that was
found, securing natural habitats enhancing genetic diversity of plants and providing with
pollination services to croplands as well.

I further evaluated wild-bee community composition using functional traits of feeding, nest-
ing,sociality and body size and assessed whether traits responded similarly to habitat het-
erogeneity. Differences in community regarding functional traits were found, with most of
the species solitary, generalist feeders (polylectic) medium-size and nesting belowground
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(Figure 4.6), and their response to habitat heterogeneity (negatively) did not vary signifi-
cantly (Table 4.4). As it was discussed on section 5.1, an effect of degree of isolation on large
body sizes wild-bees was found, which suggests that large sized bumblebees might con-
stitute active mobile linkers connecting plant communities. How bees move, their foraging
behavior and flight cover distances can determine genetic flow and structure of plant com-
munities (Waser et al. 1996).

Finally, some mobile linkers could also influence communities in an indirect way. As I previ-
ously discussed, clonal growth can be an effective response of plants to changing conditions
such as absence of pollinators. Therefore, biotic linkers like pollinators can also influence
plasticity responses and the assembly of the entire community. At the same time, mobile
linkers can serve as gene carriers and therefore have a direct effect on gene diversity of
plants.

Overall, my results showed different patterns and interactions at different levels (plants, pol-
linators) in these island-like habitats. These small water bodies provide long term-stability
and microclimatic conditions that facilitate the persistence of population under adverse cli-
matic conditions making them ideal candidates for microrefugia resilient against climate
change (Rull 2009; Dobrowski 2011; Keppel and Wardell-Johnson 2015). Trait-based studies
can be used to study eco-evolutionary functioning of microrefugia, particularly comparing
similar in refugial and non-refugial habitats (e.g., Ottaviani et al. 2019). My results provided
an overview of functional traits in plant and wild-bee communities, but more detail stud-
ies are needed. An integration of communities functional traits with phylogeny would be
needed not only to identify the kettle holes as microrefugia (Keppel et al. 2018), but also for
a better understanding of community assembly (Leibold et al. 2010; Gerhold et al. 2015).

5.5 Final remarks: integration and further research

A better understanding of the factors affecting assembly of communities and the life-history
traits of communities occurring in the kettle holes is crucial for a better conservation and
management of these ecosystems. In the context of climate change, is relevant to under-
stand life-history traits related to adaptation to new ecological conditions through plastic
responses and dispersal capacity to escape unfavorable conditions to reach more favorable
sites (Bornette and Puijalon 2011). In addition, assessing how patterns of dispersal and bio-
diversity are affected by human activities related to land-use intensity is a the key for good
management and conservation of these ecosystems (Zobel 2016). Finally, trait-based studies,
phylogenetic and community assembly can help to disentangle eco-evolutionary processes

and also identifying these kettle holes as microrefugia.

Understanding the complexity of nature can only be achieved integrating different levels:
from genes to ecosystems at different spatiotemporal scales (Tscharntke et al. 2012).Team-
work of interdisciplinary research areas from taxonomy to genomics and evolutionary bi-
ology (Whitham et al. 2006), as well as the use of different techniques. For example, im-

provement in genetics and sequencing techniques are now being used to infer gene flow at
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genomic level (e.g., SNPs) or the use of mitochondrial DNA to assess phylogenetics or bio-
diversity patterns (metabarcoding). Advance in computer power allows us to model more
complex ecosystems that in combination with empirical studies, provide us with more ac-

curate predictions.

The present thesis is an example of integrating, both ecological and genetic techniques at
different levels: plants and pollinators. It represents a small part of the complex system but
an important contribution with insights for future investigations and bases for conservation

and management of these metaecosystems.
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Table Al: Characteristics of the kettle holes including geographical location, type, area,
number of of neighboring kettle holes within a radius of 500 m (using ArcGIS 10; ESRI2011),
surrounding crop, presence of trees, total number of plant species.

1D Type Area [m?] # Neighbors Longitude X | Latitude Y | Crop Trees # species
S010 Steep permanent 1620 3 3402490.822 | 5907660.721 | cereal Yes 72
S011 Steep permanent 860 8 3419582.472 | 5912196.614 | rape Yes 43
S012 Flat ephemeral 5560 2 3415332.817 | 5913951.378 | cereal No 22
S013 Steep permanent 1960 12 3406282.85 | 5914152.231 | others Yes 56
S014 Steep permanent 700 13 3406584.915 | 5913623.503 | others Yes 42
S015 Flat ephemeral 2240 22 3408589.986 | 5911508.778 | cereal No 51
S016 Steep permanent 1370 20 3408804.441 | 5911785.319 | cereal Yes 48
S017a Steep permanent 5050 18 3408898.742 | 5911857.642 | cereal No 51
S017b Flat ephemeral 1370 15 3408939.565 | 5911942.263 | cereal No 36
S018 Flat ephemeral 2150 5 3417668.16 | 5909431.025 | cereal No 28
S019 Steep permanent 2720 8 3400763.977 | 5908121.123 | rape No 51
S020 Flat ephemeral 870 16 3401822.475 | 5908467.474 | maize No 35
S021 Flat ephemeral 800 14 3401887.519 | 5908559.639 | cereal No 41
5022 Steep permanent 650 6 3415858.193 | 5907966.028 | cereal No 45
S023 Steep permanent 2380 11 3414978.263 | 5908333.186 | cereal No 69
S024 Steep permanent 1510 5 3414855.188 | 5909499.901 | cereal Yes 47
S025 Steep permanent 290 4 3414854.506 | 5909574.017 | cereal No 34
S026 Steep permanent 1840 8 3419206.818 | 5915652.218 | cereal No 36
S027 Steep permanent 5560 7 3419288.853 | 5916308.599 | cereal Yes 60
S028 Steep permanent 4740 3 3422334.224 5915910.9 | cereal Yes 35
S029 Steep permanent 540 6 3412607.454 | 5909410.554 | cereal No 44
S030 Steep permanent 4860 4 3415291.084 | 5913345.132 | cereal Yes 54
S031 Flat ephemeral 1070 4 3412082.507 | 5908609.363 | cereal No 16
S032 Steep permanent 470 2 3411578.082 5911426.03 | maize No 23
S033 Steep permanent 700 10 3416594.18 | 5914275.245 | maize Yes 40
S034 Steep permanent 860 1 3411453.948 | 5914155.465 | cereal No 53
S035 Steep permanent 590 14 3411166.77 | 5915019.121 | cereal No 40
S036 Flat ephemeral 4250 9 3410453.343 | 5918540.624 | cereal No 53
S037 Steep permanent 3910 10 3411674.342 | 5916589.685 | rape Yes 56
S038 Flat ephemeral 2930 18 3407666.493 | 5917754.869 | rape No 63
S039 Steep permanent 760 18 3407658.364 | 5917669.167 | rape Yes 37
S040 Flat ephemeral 300 10 3407224.132 | 5916554.938 | maize No 29
S041 Steep permanent 2490 8 3408551.963 | 5916811.128 | others No 63
S042 Flat ephemeral 560 8 3409296.994 | 5914596.012 | cereal No 32
S043 Steep permanent 680 3 3404454.433 | 5912173.028 | maize Yes 58
S044 Flat ephemeral 670 0 3422094.256 | 5912619.964 | maize No 15
S045 Steep permanent 450 9 3402797.079 | 5912318.703 | cereal Yes 32
S046 Flat ephemeral 2300 12 3403107.908 | 5911923.833 | maize No 21
S047 Flat ephemeral 240 7 3403368.429 | 5910698.084 | cereal No 18
S048 Steep permanent 630 3 3403681.123 | 5909313.416 | others No 39
S049 Flat ephemeral 1510 13 3406103.879 | 5905435.088 | cereal No 36
S050 Flat ephemeral 390 11 3412616.188 | 5917021.627 | cereal No 24
S051 Steep permanent 5740 15 3411401.437 | 5917211.765 | cereal Yes 90
S052 Flat ephemeral 1920 17 3407323.457 | 5915780.126 | maize No 47
S053 Flat ephemeral 440 11 3406574.478 | 5914209.382 | cereal No 37
S054 Steep permanent 8470 15 3413818.749 5915121.68 | rape No 63
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Fig. A1: Soil analysis of a subset of 20 kettle holes. Comparison pH between flat ephemeral and
steep permanent kettle holes (Fi,18=3.71 P =0.069).
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Fig. A2: Additional colonization and dispersal plant traits. Percentage of SI (A), hydrophilous
(B), autochorous (C) and long-lived (D) species differ significantly (A: Fi43=15.22 P <0.001;
B: Fi33=11.58 P < 0.01; C: F133=20.70 P < 0.001; D: Fi33=61.33 P < 0.001 between flat
ephemeral and steep permanent kettle holes.



121

APPENDIX B

Supplementary Material to Chapter 3
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Table B7. Weighted matrix for the 20 selected kettle holes based on speed and direction of
wind.
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nary datasets.
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Figure B4. Structure results showing barplots and most probable K groups in T. latifolia.
Figure B5. Structure results showing barplots and most probable K groups in P. australis.
Figure B6. Linear models representing the relationship between observed heterozygosity
(Ho) with the landscape biotic and abiotic factors: Patch size (A), isolation degree (B), plant
(C) and bee richness (D).

Figure B7. Linear models representing the relationship between expected heterozygosity
(Hg) with the landscape biotic and abiotic factors: Patch size (A), isolation degree (B), plant
(C) and bee richness (D).

Figure B8. Aerial photograph of one kettle hole showing the population size of the species.



Table B1. List of plant species and bee species found in the kettle holes. Presence/absence of all plant
species was recorded and identification was following Rothmaler (2011) and wild-bees specimens were
collected using a color traps and later sent to Naturkunde Museum Berlin for identification.

Plants Bees
1 Acer platanoides Lolium perenne Andrena anthrisci
2 Acer pseudoplatanus Lycopus europaeus Andrena anthrisci cf.
3 Achillea millefolium Lysimachia nummularia Andrena bicolor
4 Acorus calamus Lysimachia vulgaris Andrena carantonica
5 Aegopodium podagraria Lythrum salicaria Andrena chrysosceles
6 Aesculus hippocastanum Malus sylvestris Andrena cineraria
7 Agrostis stolonifera Matricaria chamomilla Andrena dorsata
8 Alisma plantago-aquatica Melica uniflora Andrena Sflavipes
9 Alliaria petiolata Mentha arvensis Andrena fucata
10 Allium vineale Millium effusum Andrena Sfulva
11 Alnus glutinosa Moehringia trinervia Andrena gravida
12 Alopecurus aequalis Myosotis arvensis Andrena haemorrhoa
13 Alopecurus geniculatus Myosotis scorpioides Andrena helvola
14 Anchusa arvensis Nymphea alba Andrena helvola cf.
15 Anthriscus sylvestris Oenanthe aquatica Andrena labiata
16 Apera spica-venti Papaver rhoeas Apis mellifera
17 Arctium sp. Persicaria amphibia Andrena minutula
18 Arrhenatherum elatius Persicaria hydropiper Andrena minutuloides
19 Artemisia vulgaris Persicaria lapitifolia Andrena nigroaenea
20 Athyrium filix-femina Persicaria maculosa Andrena nitida
21 Ballota nigra Phalaris arundinacea Andrena pilipes
22 Barbarea vulgaris Phleum pratense Andrena praecox
23 Barbarea vulgaris Phragmites australis Andrena strohmella
24 Betula pendula Picea abies Andrena subopaca
25 Betula pubescens Plantago lanceolata Andrena suerinensis
26 Bidens cernua Plantago major Andrena tibialis
27 Bidens frondosa Plantago media Andrena vaga
28 Bidens tripartita Poa nemoralis Andrena ventralis
29 Bromus hordeaceus Poa palustris Andrena wilkella
30 Bromus sterilis Poa trivialis Bombus bohemicus
31 Calamagrostis canescens Polygonum aviculare Bombus hypnorum
32 Calamagrostis epigejos Populus tremula Bombus lapidarius
33 Calystegia sepium Potamogeton acutifolius Bombus lucorum
34 Capsella bursa-pastoris Potamogeton natans Bombus muscorum
35 Carduus crispus Potentilla reptans Bombus pascuorum
36 Carduus nutans Prunus avium Bombus pratorum
37 Carex acuata Prunus padus Bombus ruderarius
38 Carex elata Prunus serotina Bombus semenoviellus
39 Carex pseudocyperus Prunus spinosa Bombus soroeensis
40 Carex riparia Quercus robur Bombus sylvarum
41 Carex versicaria Quercus rubra Bombus sylvestris
42 Carex vulpina Ranunculus aquatilis Bombus terrestris
43 Ceratophyllum submersum Ranunculus repens Bombus vestalis
44 Characeae Ranunculus sceleratus Colletes cunicularius
45 Chenopodium album Riccia Sfluitans Hylaeus communis
46 Chenopodium rubrum Rorippa amphibia Hylaeus confusus
47 Cirsium arvensis Rorippa palustris Halictus maculatus
43 Cirsium palustris Rosa sp. Halictus quadricinctus
49 Cirsum vulgaris Rubus sp. Halictus rubicundus
50 Comarum palustre Rumex crispus Halictus sexcinctus
51 Convolvulus arvensis Rumex obtusifolius Halictus tumulorum
52 Corylus avellana Rumex palustris Lasioglossum  calceatum
53 Crataegus sp. Salix alba Lasioglossum __ lativentre
54 Cyanus segetum Salix cinerea Lasioglossum leucopus
55 Dactylis glomerata Salix fragilis Lasioglossum leucozonium
56 Deschampsia cespitosa Salix pentandra Lasioglossum  lineare
57 Descurainia sophia Salix purpurea Lasioglossum — minutissimum
58 Dryopteris carthusiana Salix triandra Lasioglossum  morio
59 Dryopteris dilatata Salix viminalis Lasioglossum  nitidiusculum
60 Dryopteris filix-mas Sambucus nigra Lasioglossum  pallens
61 Eleocharis vulgaris Schoenoplectus lacustris Lasioglossum  parvulum
62 Elymus repens Scrophularia nodosa Lasioglossum — pauxillum




63 Epilobium ciliatum Scutellaria galericulata Lasioglossum  quadrinotatum
64 Epilobium hirsutum Silene dioica Lasioglossum _ sexnotatum
65 Epilobium sp. Silene latifolia Lasioglossum  spec.

66 Epilobium tetragonum Sisymbrium officinale Lasioglossum  subfasciatum
67 Equisetum arvense Solanum dulcamara Lasioglossum  villosulum

68 Equisetum Sluviatile Sonchus asper Lasioglossum  xanthopus

69 Euonymus europaeus Sonchus palustris Lasioglossum  zonulum

70 Fagus sylvatica Sorbus aucuparia Nomada bifasciata

71 Fraxinus excelsior Sparganium erectum Nomada Sflavoguttata
72 Galeopsis tetrahit Spirodela polyrhiza Nomada goodeniana
73 Galium aparine Stachys palustris Nomada marshamella
74 Galium palustre Stachys sylvestris Nomada minuscula cf.
75 Geranium pusillum Stellaria aquatica Nomada moeschleri
76 Geum urbanum Stellaria graminea Nomada panzeri

77 Glechoma hederacea Stellaria media Nomada ruficornis

78 Glyceria Sfluitans Stellaria palustris Osmia bicornis

79 Glyceria maxima Symphoricarpos albus Osmia leaiana

80 Gnaphalium uliginosum Symphytum officinale Osmia mustelina

81 Heracleum sphondylium Taraxacum ruderale Osmia uncinata

82 Holcus lanatus Tephroseris palustris Sphecodes ephippius

83 Holcus mollis Thelypteris palustris Sphecodes miniatus

84 Hottonia palustris Thlaspi arvense Sphecodes monilicornis
85 Humulus lupulus Tilia sp.

86 Hypericum perforatum Trifolium pratensis

87 Impatiens glandulifera Trifolium repens

88 Impatiens parviflora Tripleurospermum inodorum

89 Iris pseudacorus Typha angustifolia

90 Juncus bufonius Typha latifolia

91 Juncus effusus Urtica dioica

92 Lamium purpureum Veronica chamaedrys

93 Lapsana communis Veronica scutellata

94 Larix europaeus Vicia cracca

95 Lathyrus latifolius Vicia hirsuta

96 Lathyrus pratensis Vicia sativa ssp. nigra

97 Lemna gibba Vicia sp.

98 Lemna minor Vicia tetrasperma

99 Lemna trisulca Vicia villosa

100 Viola arvensis

Fig. B1. Comparison of Multilocus Linkage Disequilibrium from microsatellite and binary datasets.
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Table B4. Pairwise matrices of Fsr of Lycopus europaeus.

Boi 28  Buc_1598 Buc_1604 Buc 2565 Dam 907 Dam 911 Fal 190 Kra 805
Boi_28 —  <0.001 <0.001 <0.001  <0.001  <0.001  <0.001  <0.001
Buc_1598 0.218 —  <0.001 <0.001 <0001  <0.001  <0.001  <0.001
Buc_1604 0.294 0.290 — <0001  <0.001  <0.001  <0.001  <0.001
Buc_2565 0.255 0.209 0.297 —  <0.001  <0.001  <0.001  <0.001
Dam_907 0.366 0.361 0.477 0.280 - <0.001 <0001  <0.001
Dam 911 0.276 0.321 0.401 0.329 0.411 — <0001  <0.001
Fal_190 0.380 0.409 0.471 0.420 0.512 0.426 - <0.001
Kra_805 0.364 0.358 0.476 0.396 0.504 0.405 0.474

Fst Values below diagonal. Probability, P(rand >= data) based on 9999 permutations is shown above diagonal.

Table B5. Pairwise matrices of Fsr of Typha latifolia.

Boi 28 Buc 1604 Buc_1598 Dam 907 Dam 911 Kra 805 Raa 2484 Rit 275
Boi_28 - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Buc_1604 0.239 ——- <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Buc_1598 0.376 0.310 —- <0.001 <0.001 <0.001 <0.001 <0.001
Dam_907 0.458 0.419 0.206 - <0.001 <0.001 <0.001 <0.001
Dam_911 0.306 0.117 0.352 0.450 ---- <0.001 <0.001 <0.001
Kra_805 0.441 0.505 0.478 0.677 0.523 ---- <0.001 <0.001
Raa_2484 0.427 0.303 0.419 0.527 0.407 0.405 — <0.001
Rit 275 0.410 0.290 0.407 0.499 0.323 0.582 0.361 -
Fst Values below diagonal. Probability, P(rand >= data) based on 9999 permutations is shown above diagonal.
Table B6. Pairwise matrices of Fst of Phragmites australis.
Buc_1604 Dam 892 Fal 183 Fal 190 Kra 805 Raa_ 607 Raa_ 2484 Rit 259
Buc_1604 -— <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Dam_892 0.077 - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Fal_183 0.104 0.132 ---- <0.001 <0.001 <0.001 <0.001 <0.001
Fal_190 0.092 0.146 0.109 — <0.001 <0.001 <0.001 <0.001
Kra_805 0.039 0.100 0.084 0.083 - <0.001 <0.001 <0.001
Raa_607 0.038 0.095 0.112 0.093 0.044 -—-- <0.001 <0.001
Raa_2484 0.082 0.143 0.137 0.117 0.083 0.077 - <0.001
Rit_259 0.114 0.157 0.145 0.110 0.098 0.110 0.131 -—--
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Fig. B2. STRUCTURE results showing barplots and most probable K groups in Oenanthe aquatica.
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Fig. B3. STRUCTURE results showing barplots and most probable K groups in Lycopus europaeus.
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Fig. B4. STRUCTURE results showing barplots and most probable K groups in Typha latifolia.
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Fig. B5S. STRUCTURE results showing barplots and most probable K groups in Phragmites australis.
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Fig. B6. Linear models representing the relationship between observed heterozygosity (Ho) with the
landscape biotic and abiotic factors: Patch size (A), isolation degree (B), plant (C) and bee richness (D).
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Fig. B7. Linear models representing the relationship between expected heterozygosity (Hg) with the
landscape biotic and abiotic factors: Patch size (A), isolation degree (B), plant (C) and bee richness (D).
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Fig. B8. Aecrial photograph of one kettle hole showing the population size of the species. Examples of 3
kettle holes and the occurrence of the studied species. Circles represent an approximation of the location of
Lycopus europaeus and Oenanthe aquatica since the small populations of these species were not visible
from the aerial photographs taken by the drone.

Typha latifolia Phragmites australis Oenanthe aquatica Lycopus euroapeus
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Table C1. List of bee species and their functional traits found in the kettle holes.

Genus Species Code #ind Body length Sociality Lecty Nesting type
1 Andrena anthrisci Aant 1 Small Solitary Poly Belowground

Andrena anthrisci cf- Aant_cf 1
2 Andrena bicolor Abic 1 Small Solitary Poly Belowground
3 Andrena carantonica™® Acar 5 Medium Eusocial Poly Belowground
4 Andrena chrysosceles Achr 6 Small Solitary Poly Belowground
5 Andrena cineraria Acin 22 Medium Solitary Poly Belowground
6 Andrena dorsata Ador 1 Small Solitary Poly Belowground
7 Andrena Sflavipes* Afla 85 Medium Solitary Poly Belowground
8 Andrena fucata Afuc Medium Solitary Poly Belowground
9 Andrena Sulva* Aful Medium Solitary Poly Belowground
10 Andrena gravida* Agra 62 Medium Solitary Poly Belowground
11 Andrena haemorrhoa*® Ahae 237 Medium Solitary Poly Belowground
12 Andrena helvola Ahel 14 Medium Solitary Poly Belowground

Andrena helvola cf. Ahel_cf 1
13 Andrena labiata Alab 1 Small Solitary Poly Belowground
14 Apis mellifera Amel 39
15  Andrena minutula*® Amina 5 Small Solitary Poly Belowground
16  Andrena minutuloides Amin 2 Small Solitary Poly Belowground
17  Andrena nigroaenea™ Anig 189 Medium Solitary Poly Belowground
18  Andrena nitida* Anit 98 Medium Solitary Poly Belowground
19 Andrena pilipes Apil 1 Medium Solitary Poly Belowground
20  Andrena praecox Apra 3 Medium Solitary Oligo Belowground
21  Andrena strohmella Astr 1 Small Solitary Poly Belowground
22 Andrena subopaca Asub 11 Small Solitary Poly Belowground
23 Andrena suerinensis Asue 1 Medium Solitary Oligo Belowground
24  Andrena tibialis* Atib 3 Medium Solitary Poly Belowground
25  Andrena vaga Avag 6 Medium Solitary Oligo Belowground
26  Andrena ventralis Aven 2 Small Solitary Oligo Belowground
27  Andrena wilkella Awil 1 Medium Solitary Oligo Belowground
28  Bombus bohemicus Bboh 3 Large Parasitic Poly Parasitic
29  Bombus lapidaries* Blap 1 Large Eusocial Poly Above and

belowground

30  Bombus muscorum Bmus 1 Large Eusocial Poly Aboveground
31  Bombus pascuorum* Bpas 4 Large Eusocial Poly Aboveground
32 Bombus pratorum* Bpra 5 Large Eusocial Poly Belowground
33 Bombus ruderarius Brud 1 Large Eusocial Poly Aboveground
34  Bombus semenoviellus Bsem 1 Large Eusocial Poly Belowground
35  Bombus soroeensis Bsor 1 Large Eusocial Poly Belowground
36  Bombus sylvarum Bsylum 6 Large Parasitic Poly Parasitic
37  Bombus terrestris* Bter 8 Large Eusocial Poly Belowground




38  Bombus vestalis Bves 1 Large Parasitic Poly Parasitic
39  Colletes cunicularius* Ccun 1 Medium Solitary Poly Belowground
40  Halictus maculatus Hmac 11 Small Eusocial Poly Belowground
41  Halictus quadricinctus Hqua 53 Large Eusocial Poly Belowground
42 Halictus rubicundus Hrub 1 Medium Eusocial Poly Belowground
43 Halictus sexcinctus Hsex 1 Medium Solitary Poly Belowground
44  Halictus tumulorum Htum 35 Small Eusocial Poly Belowground
45  Lasioglossum calceatum Lcal 38 Small Eusocial Poly Belowground
46  Lasioglossum lativentre Llat 2 Small Solitary Poly Belowground
47 Lasioglossum leucopus Lleus 3 Small Solitary Poly Belowground
48  Lasioglossum leucozonium Lleu 1 Small Solitary Poly Belowground
49  Lasioglossum lineare Llin 1 Small Eusocial Poly Belowground
50  Lasioglossum minutissimum Lmin 5 Small Solitary Poly Belowground
51  Lasioglossum morio Lmor 11 Small Eusocial Poly Belowground
52 Lasioglossum nitidiusculum®  Lnit 2 Small Solitary Poly Belowground
53 Lasioglossum pallens Lpal 1 Small Solitary Poly Belowground
54 Lasioglossum parvulum Lpar 9 Small Solitary Poly Belowground
55  Lasioglossum pauxillum Lpau 156 Small Eusocial Poly Belowground
56  Lasioglossum quadrinotatum* Lqua 67 Small Solitary Poly Belowground
57 Lasioglossum sexnotatum Lsex 3 Medium Solitary Poly Belowground
58  Lasioglossum spec. Lspe 4

59  Lasioglossum subfasciatum Lsub 1 Small Solitary Poly Belowground
60  Lasioglossum villosulum* Lvil 3 Small Solitary Poly Belowground
61  Lasioglossum xanthopus* Lxan 87 Medium Solitary Poly Belowground
62  Lasioglossum zonulum Lzon 4 Small Solitary Poly Belowground
63  Nomada bifasciata Nbif 4 Medium Parasitic Poly Parasitic
64  Nomada flavoguttata Nfla 3 Small Parasitic Poly Parasitic
65  Nomada goodeniana Ngoo 1 Medium Parasitic Poly Parasitic
66  Nomada marshamella Nmar 1 Medium Parasitic Poly Parasitic
67  Nomada minuscula cf. Nmin_cf 1

68  Nomada moeschleri Nmoe 2 Small Parasitic Poly Parasitic
69  Nomada panzeri Npan 3 Small Parasitic Poly Parasitic
70 Nomada ruficornis Nruf 7 Small Parasitic Poly Parasitic

71 Osmia bicornis Obic 1 Small Solitary Poly Aboveground
72 Osmia leaiana Olea 1 Small Solitary Oligo Aboveground
73 Osmia mustelina Omus 3 Medium Solitary Poly Aboveground
74 Osmia uncinata Ounc 1 Small Solitary Poly Aboveground
75 Sphecodes ephippius Seph 5 Small Parasitic Poly Parasitic
76 Sphecodes miniatus Smin 2 Small Parasitic Poly Parasitic
77 Sphecodes monilicornis Smon 3 Small Parasitic Poly Parasitic

*These species were observed pollinating canola fields.



VN VN (a4 I SQUON VN D 08 MH S 0°9T¢ €0IL 68 90¢€°€S 65S°¢l urequoyong 957 ong 8
VN VN €1 14 SUON VN 0 0¢ 4 oS 6971 GEST 68 90€°€S IS¢l urequoyong 091 ong L
S0 €1 (4 11 SUON 9°66 0) 0 4 oS 9601 €eL 6 60¢°€S ¢ssel urequoyong  66ST ong 9
€1 (44 4 (114 Mo 706 0) 0l MA S ¥'CCC 600¢ 6 60¢°€S £€66°¢l urequoyong  86ST ong S
0C & 0C 0l WnIpajN ['S91 W 06 MA S el LITL 96 €0¢°€S wesel urequoyong  06ST ong ¥
'l SI 81 9 SQUON 6'Ly D 0 d SdN co¢cl L8I1 16 01€es LSSEl urequoyong €€l ong €
L0 [§3 4 Sl WnIpajN LOLL W 001 MA S L90C 0Cce L6 LIEES LESEL Sp[ejIlsiog oy tog T
VN VN 0C 8 M0] VN D 4 A4 S 1'C8¢C 0061 101 81€°¢ES 6CS¢l op[ejIalsiog grlog |

0¢ S¢€>— 6T

S'L6 001 — S6 0¢ §T>—SI1

06 S6>—68 4! SI>-01

08 G8>—GL L 01>-¢

0L SL>—¢69 14 S>—-¢

09 §9>—¢6¢ [4 € I<

0S GS>—Sv I I

0f Sv>—6¢ 1’0 >

J[eas opuo| 33BI9A0) J[eIs opuo| 33eI9A0)

‘sjue[d pue sooq
10q I0J uMOys SI 9[oy] [Ny 1od AJSsIoAIp 10J (H) Xopu[-uouueys pue (S) ssouyoLr saroadg “suawroads 99q jo Surjdwes ayj SuLMp p[aLy 9y} Ul pIJewnsd
AJ[ensiA sem I9A09 JaMO[ "(87=N) SO0y 2[1aY [[e JoJ 2[qIssod jJou sem uorewns?d sIy [, (S921) pue SqIoy) SIAAB] JUAIQJIP 0M) Ul PAJRWISO SBM IOA0D
wuerd asneoaq (0] ueys IoYSIY oIe sanjea AwWos (7D J[qeL) 9[eds OpUO PIYIPOW B UO PIse] PIJBWIIS I9A0J jueld Juoorod passadey=y ‘pue[ssein=0)
QZIBIN=JA ‘[B210D=)) ‘@[0Y 9[11ay ay} Surpunorns pue[ Jo adA) ayj 03 s1oja1 asn pue -ad£) (uado) o[ppnd =4 ‘poom ym a3pa=MH ‘P21 Pim 33pH=yd
‘poom M A= ‘Poo1 yim [ng=¥ (F) sa8p2 ay3 ur 10 ([[ng) puod 3y I2A0 [[& SULLINOI0 UONBISFIA JUBUIWOP JO $adA) JUSIJJIP a3 03 SI9JaI 39/,
"2I0YS JUSUBULIRJ-UON=SJN ‘MO[JIAQ 210YS=0S ‘03e1015=S SI[0Y] 21133y Jo sadAy [eo13ojoydiowa30IpAH :0IpAH °SI19joW Ul paInseawl are Ijownad
pue BaIe ‘Opmn[y ‘(H) XopuJ UOUURYS pue (S) SSAUYDLI SA10ads Aq pozIIa)oeIeyd AJISIOAIP 99q PUB S[OY I[N PAIJS[AS AU} JO SINSLIAORIRYD) €D JqRL

(9,61 OPUOT) 9[BIS OPUOT UO paseq 19409 jue[d o Jo ayewnsy 7D dqelL



90 €l 91 6 SUON SY01 d 0 a4 S reL vy 9 8CE'ES 1L €l JOysway[Im 9€T ' 9€
0cC 6¢C 81 6 wnipsjy 9101 d 94 dd S 881 Lyvl €9 8CEES cLel Joysway[Im SET M SE
L'l € (4 01 MO[ KI0A S'SSl d 0¢ MmH S [40Y4 8CSTC YL 98¢°¢€S 669°¢1 uapesnry LST M ¥E
S'1 (44 81 Sl MO €19 o) 0 . OS 6'1SC vy CL 98¢€°¢S 60L°¢1 uopEsHRY SLT MM €€
't 81 8’1 L QUON €08 W 0 R El oS 680¢ €09 0L LLEES 10L°¢l uapesnry 6ST MM T€
I'c €€ 6’1 4! wnipsjy 9vel o) 0 . € OS (94474 979¢ 69 8LEES YOL €1 uopEsHRY S9T I 1€
Sl 0T 6’1 I wmipajN Sv6 d S a4 (O L'LTT 901 <L 8¢€°¢S LOL €T uo)ESHRY 65T 1M 0€
L1 [43 0¢ 01 Mo 1201 d 0 dd oS S'I8¢ L8TY IL 8¢E°ES LOLET uoMeSNryY 8ST MM 67
80 8¢ V'l S Mo[ AIA 6501 J 0 Rl oS §'09¢ LT6€ €8 8YE€S 1€9°¢l moyeRY  LO9 B 8T
61 81 I'c 6 wnipsjy 6vvl D 4 R El oS 143! 868 78 Ly €S 0€9°¢l moyeey 909 eed LT
60 4! 6'1 1T SUON Lv01 W 0 Rl oS 9°¢81 8¥¥¢ I8 96¢€S 029°¢l MoYERY  68FT BB 9T
€l 8¢ 14 4! MO 8¢l W 0 a4 S 9 1€l 0501 88 122235 8I9°¢l moyeey 681 ved ST
80 9¢ 14 4! wnipspy 80T W 001 MA S I'101 £69 901 y9¢°€S 865°¢1 uwowred 671 1ed T
[ (44 € SI MO 8'€L W 08 MA S L'L91 8861 SOl y9€°¢€S 665°¢€1 uowred  87ZI JIed €T
VN VN 81 01 o[ AIA VN J 94 MA S £'8CC 6CCE 88 L6E°ES 899°¢1 zjeery) 808 e 7T
6'1 84 0¢C I wnipsjy 811 D S R El S 8 eVl ILY] L8 L6E €S 999°¢1 zigery]  L0O8 e 1T
VN VN 81 I wnipsp\ VN J 0T MA oS 679¢ 10c¢ L8 S6£°€S 99°¢l zjeery)  S08 e 0T
|4 9¢ 8’1 6 MO 9°L6 d 0 Rl oS 8'€ee 6£CL 6L L8EES 989°¢1 zigery] 7€ e 6l
V'l 23 8’1 01 MO 9¢Il o) 0 R El S 6°L61 £59¢C CL 29¢°€S LTLET UdSEYUA[E] 061 1ed 81
vl Ic 07¢C 81 MO I"L0T o) 0 a4 S SYII 0S8 09 y9¢€°€S erL el uageyuode] LT Ted LI
[ (44 ST 61 umipaN SLIT o) 0T MA S €69 LTE €9 L9E°ES evLEl uogeyuoN[e, €81 184 91
VN VN Sl 9 o[ A1A VN D 001 MA S 8'€6C 6865 €9 0S€e€s 8SLEl uoSeyuoN[e,] 61 1ed  SI
VN VN v'e €l MO[AIoA VN D 0 MHA (O yeol 0€€T S6 60y €S 0¥9°¢€l moweq  [16 Weq I
VN VN 14 4! SUON VN D 0 Rl oS g'Iet 1201 S6 LOY' €S woel Mmoloweq  0I6 Weq €I
¥0 4 L0 € QUON 196 D 0 R:El oS 018 (124 ¥6 SOy es 0r9°€l Mmomureq 806 wed I
(a4 €€ I'c 4! MO 06 D 0 . € OS £68 VLS ¥6 901°€S 8¢9°¢l Mmomueq  L06 wed [II
4! 4! 91 S wmipaN 6'9¢ o) 0 d SdN €8L1 orel 06 80¥°€S €69°¢l Mmopweq €68 Weq (I
01 0¢ ST 94 Mo S8L o) 0T a4 oS 1'0€¢ 3333 06 90¥°€S 169°¢I Mmojoweq 768 Wed 6




797901 200" 90°0 dozq 98°8IC 100 60°0 dozq eare 307 ~ x  dozw 0F
¥8¥801 000 90°0 de1q IT€1T 400 60°0 de1q oS lpng + wARF0T ~ x detw 6
866801 200" 90°0 dgriq 61'S1Z 100 60°0 dgiq 0 Ipng 4 evAIE 30T ~ x  dgruwr QI
€8°STIT  $0°0- 10°0 dziq 6261T SO0 10°0 dziq 001 1yng + BB Z0T ~ x dipuw L]
11201 S0°0 €10 dgrq L6'SIT 000 80°0 dorq 001 Jpgng 4 AR S0 ~ x  dgrw 9f
9,°6801 000 90°0 dgiq 6€81C  +0°0 200 dgiq 007 _yng + ®AR 0T ~ x dgru g[
60°876 91°0 44} dy1q v6'61C  90°0 €0°0 dy1q 00T Jyng . wdIe 3o ~ x  dpyw py
€8'STIT  ¥0°0- 10°0 dgrq €T6IT  SO0- 10°0 d¢rq 005 Joyng + ®AEB B30T ~ x dgquw ¢[
86°6¥6 €10 020 dziq 01'LIT  TO0 L0°0 dziq 00SIpgng 4 AR S0 ~ x dzw I
€O'10T1 10°0- 00 driq se6Ic SO0 10°0 driq 0001 Jopng + ®a® 807 ~ x dpjw qp
€5°086 01°0 LT°0 do1q vETIT 9070 P10 dora o001 myng . edae 3oy ~ x dorw f
69°L601 10°0- 00 deq €r'61T  S00- 000 deq 0007 l_yng + wvae 30l ~ x  dew 6
6¥'0201 SO0 €10 dgq €791 000 80°0 dgq 000C Jopng 4 ®A® 50T ~ x  dgw g
0S'8601 100 00 dzq 9LIT  £€0°0- 000 d/q 000 sopng ~ x  diw L
Y0 10T T 10°0 £0°0 doq SLIT €00 00°0 dgq 0007 Jopng ~ x  dow 9
LT'9TIT 200" 10°0 dgq 0ov'LIT 200 000 dgq 005 Jyng ~ x  dow ¢
ST060T  TO0 S0°0 dyq 8991C 100 10°0 dyq 007 g ~ x  dpw
8€°0EIT 200" 100 deq 09'LIT €00~ 000 dgq 001 1Hng ~ x  dew ¢
0S'SEIT 000 000 doq 0L'SIT 000 000 doq I ~ x diw o
IV adqrdxglpe  adqudxy  qruis o1V aqudxglpe asqudxy qruis
Nuepunqy SSUYILI SIS uondrdsop PPOIN

"UOLIAILIO (dN[BA JSAYSIY) 20URIAQ(] paure[dxH pue (an[ea }saMo[) DIV U0 paseq
PO109[3S Sem [dpow 31s9g "A[QANIAASAI “IdINQ W()()Z PUB WOO(| I& 2ouepunge pue sSaUYOLI sa10ads uo 30910 ue pey (dzis yojed) djoy
9[119Y Y3 JO BAIE JO UOIIOBIAUI Y} JNQ “QdUBPUNGE JOU SSAUYILI SAI0AdS U0 10913 Aue MOYS J0U PIP dUO[B UOIR[OSI JO 3139 “(Adqrdxq)
Q0UBIAQ(] paure[dxy pue D[V UO PIseq UOIIIJ[AS PUB UONNQLISIP UOSSIOJ B MO[[O) S[OPOJAl "d0UBpuUNge pue SSAUYDLI SAI0ads 99q uo
(uo1R[0SI JO 92139P) PRI JUIIJJIP JB SULLINOJO0 SI[OY [ JO JOqUINU JO 1991J3 Y} }$93 03 PASe( UOIIII[IS [dpOW A} J0J S[1eIX( ‘) dqe.L



Table C5. Definitions of bees functional traits taken from Kratschmer et al. (2019).

Trait Type Definition

Sociality Parasitic Females lay eggs in nests of specific hosts. Less
efficient pollinators.

Solitary Females alone establish their own nest and resource
collection.

Eusocial Living in society. Division of tasks: egg-laying and
that resource collection.

Lecty Oligolectic Pollen specialists: pollen collected from a single or
related plant taxa. Morphological adaptation to
flower structure

Polylectic Pollen generalists: pollen collected from different
plant taxa. Visits to a great variety of flowers.

Nesting type  Ground nesting Nests are formed excavating in the ground.

Above-ground Nests are stablished in pre-existing cavities (e.g.
nesting plant stems, dead wood, etc.).

Body size The shortest linear distance measured between a

wing tegulae across the dorsal thorax. Strongly
correlated with flying distance.




Fig. C1. Color traps used to sample bees in the kettle holes. Each trap had 6 plastic containers 2
white, 2 yellow and 2 blue arranged randomly filled with water and 3—4 drops of dishwashing
detergent. We positioned four sets of colour traps in each kettle hole.
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Fig. C2. Rarefaction accumulation curve of species based on 9999 permutations. Due to the curve
is approaching the “plateau”, we can assume that bee species collected in a total of 36 kettle holes
is reliable.
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Fig. C3. Wild-bee diversity according type of cropland. No difference was found in species
richness (A) or Shannon index (B) respect to type of cropland (cereal, maize, canola) surrounding
the kettle hole, including grassland. Letters represent differences according post-hoc Tukey test.
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Fig. C4. Proportion of small, medium and large species according functional traits. Most small
and medium sized species are solitary, while most of eusocial are large (A). Polylectic species are
the most abundant independent of the size with complete lack of oligolectic large species (B).
Species that have nesting underground are most abundant in small and medium sized species while
in large above- and underground nesting have similar proportion (C).



A 100m 200m 500m 1000m 2000m
0'6-3 : » : S L '.o ® L] o .o i L] o. . *
t . ° L] * [} 4 [} * [
= 0442 . o2 & . & . e [
w 0.2 r : ° b s o ® L] ¢ ?. ° d ® ®ee o . .‘.o o ¢
. L s © *® s o oo
0 0- ? ? , ? e T . T T e T L L T .I T o T o .I L T T T 29 T l. L
1 2 3 4 3 6 9 10 20 30 20 40 60 80 50 100 150 200
N neighbour kettle holes
B 100m 200m 500m 1000m 2000m
1.04e 0 . . 0 0 (3] 0 )
. ° . ° .

Medium
o
T

W= @ .‘-.
LK ]
[ ]

o @

[ ]

20

[ ] .\l
[ ]

le
ae

]

R

el

ol®
L

.l

d %

o8

[ ]

[ ]

L
[ ]

L]

[ ]
]

ISEL R )

10 20 30 20 40 60 8 50 100 150 200
N neighbour kettle holes

N
o~
[
[oF [ ]
©

C 100m 200m 500m 1000m (*) 2000m *
0.44e O] O ° )
034 . L) ] ] o
o . . o . .
20248 s o| oe0® ¢ e 0 * % *, ‘% 3
]
= o1{—% $ of [ttt || sty || oo S oo B0
* ® ¢ ® e © ®
. . L] L] ]
0.0+4e L[] ] LINL N ] o0 L] o (o o [ ] -e LIBLE S L[] L X T 1] [N} @ ®e
T T T T T T T T T T T T T T T T T T
1 2 3 4 3 6 9 10 20 30 20 40 60 80 50 100 150 200

N neighbour kettle holes

Fig. C5. Relationship between bee species richness according to body sizes with degree of
isolation. Total number of species per kettle hole was calculated according to three groups: Small,
medium and large. We found a positive correlation only at 1000 and 2000m for large individuals.
Significance levels are indicated with asterisks: *P<0.05, (*) P=0.07.
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