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Abstract

Food webs are the dynamic structure of natural ecosystems. Island biogeographical and meta-
community perspectives have aided food web research in spatially delimiting and opening the the
studied object at the same time. While islands and habitat fragments have become empirical
representations of spatially delimited focal habitat patches and their dynamics, considering the
dispersal of organisms between them has opened new perspectives on community assembly and the
maintenance of biodiversity. Furthermore, the spillover of organisms between adjacent habitats has
been integrated into studying the dynamics of local ecosystem processes. These ‘spatial subsidies’ can
generate strong interdependencies between the food webs of adjoined habitats, as different as
terrestrial and aquatic ones. When studying the effects of ecosystem size and spatial subsidies on
community and food web properties, islands have a prominent role in testing appropriate ecological
hypotheses. In this study, the effect of ecosystem size in determining the food chain length of
arthropod communities was investigated on young man-made lake islands of restored lakes in the
Lower Rhine area. Moreover, it was analyzed how the importance of spatial subsidies for local food
webs varied with island area and which role dispersal and adaptations to local conditions have in
determining the community composition of large and small islands. Food chain length and spatial
subsidies were tracked with a stable isotope approach. A strong relationship between food chain length
and island area could be shown, while the importance of spatial subsidies, which was restricted to a
few species, decreased with island size. It could be shown, that the species richness of spiders and
ground beetles tracked an increasing spatial heterogeneity with increasing island size and arthropods
were significantly assorted to spatially varying environmental conditions.



Zusammenfassung

Nahrungsnetze sind die dynamische Struktur natiirlicher Okosysteme. Aus dem Blickwinkel der Insel-
Biogeographie und der Meta-Community-Theorie wurden Nahrungsnetze raumlich abgegrenzt und
gedffnet zugleich. Wahrend Inseln zu den Reprasentationen jener raumlich abgegrenzten, fokalen
Habitate wurden, welche die Okologie bis dahin studiert hatte, 6ffnete die Berticksichtigung der
Artenverbreitung zwischen den Habitaten neue Perspektiven auf den Entstehungsprozess naturlicher
Artengemeinschaften und den Erhalt der Biodiversitat. Auch die Uberlappung der Aktivitit vieler
Arten zwischen angrenzenden Okosystemen wurde in die Untersuchungen lokaler Habitate integriert.
Diese ,spatial subsidies® konnen starke wechselseitige Abhingigkeiten zwischen Nahrungsnetzen
erzeugen, die so verschiedene sind wie jene aquatischer und terrestrischer Systeme. Insel spielen eine
herausragende Rolle in der Erforschung der Einfliisse von OkosystemgrdBe und ,spatial subsidies® auf
Artengemeinschaften und deren Nahrungsnetze. In dieser Studie wird der Effekt der OkosystemgroRe
auf die Nahrungskettenlange in Arthropodengemeinschaften auf jungen, kinstlich aufgeschlitteten
Inseln in SuBwasserseen am Niederrhein untersucht. Dartiber hinaus wurde untersucht, wie der Anteil
von ,spatial subsidies‘ an Nahrungsnetzen mit der Inselgrofe variiert und welchen Einfluss
Verbreitung und Anpassung an lokale Bedingungen auf die Zusammensetzung von
Artengemeinschaften auf kleinen und groflen Inseln haben. Nahrungskettenldnge und ,spatial
subsidies‘ wurden anhand stabiler Isotopen untersucht. Ein starker Zusammenhang zwischen
InselgroBe und Nahrungskettenlédnge konnte nachgewiesen werden. Auch der Einfluss von ,spatial
subsidies‘, welcher auf wenige Arten begrenzt war, nahm mit der Inselgrofle ab. Es konnte gezeigt
werden, dass die mit der InselgroRe zunehmende Habitatdiversitat die Artenvielfalt von Laufkéfern
und Spinnen bestimmte und diese sich anhand variierender Umweltbedingungen rdumlich verteilten.



Introduction

Ecologists study the principles of nature from a systems perspective, emphasizing the interdependence
of organisms, related to each other and their environment by direct and indirect interactions. The term
“ecosystem” was first coined by Sir Arthur Tansley as a refutation of holistic views of the world,
which perceived nature as an organism (Clements 1916; Tansley 1935). Both concepts have approved
that organisms are linked to their environments via the adaptation to abiotic conditions, which
consequently were identified as a major cause for the distribution of different biota. Thus, the
interacting elements of a natural system - the organisms present - are co-determined by a set of
physicochemical preconditions, which in turn are subjected to spatiotemporal variation. However, the
dynamics of a system are predominantly constituted by the interactions of the organisms themselves.
A system can be defined as the following: “a group of devices or artificial objects or an organization
forming a network especially for distributing something or serving a common purpose [...]”
(Merriam-Webster Online Dictionary copyright © 2012 by Merriam-Webster, Incorporated). In this
definition, the components or elements of a given system interact by transmitting something between
them. In natural systems, the majority of interactions are related to the transfer of nutrients and energy.
The complex networks of interactions in these natural systems, dealing with the distribution of energy
and nutrients, have been termed ‘food webs’ (Elton 1927; Garlaschelli et al. 2003). Indeed most other
interactions between the organisms within ecosystems are related to some kind of food-web
interaction. Exploitative competition (Wootton 1994), mutualistic interactions as between ants and
plants (Heil & McKey 2003), seed dispersal by animals (Howe & Smallwood 1982), cleaning
mutualisms (Cheney & C6té 2005), pollination of plants by insects, birds and bats (Fleming &
Muchhala 2008) or sometimes simply the supply of structural components for the foraging of
predators, as the dense branching of woody plants that aids net-building spiders (Colebourn 1974;
Uetz 1991): All these interactions emerged in ecology and evolution subsequent to the acquisition of
nutrients of energy. Thus, the ‘trophic dynamic aspect in ecology’ is the fundamental force of
integration within every ecosystem (Lindeman 1942). Describing the flux of nutrients and energy
through ecosystems has been an important cornerstone of ecology and identifying major components
and quantifying transmission rates between them has shaped the public perception and education of
ecological sciences (Odum & Odum 1955; Odum 1957). Another approach within ecology is to
examine food webs and food web dynamics as ecological units of their own, excluding abiotic
components or parameters, which are otherwise included into the ecosystem concept. Food web
research primarily focuses on the complex network of trophic interactions between interdependent
species and how structural properties of these networks vary with some factor (Briand 1983; Briand &
Cohen 1987; Petchey et al. 1999). Early simulations of complex food web networks suggested that the
stability of a food web decreases with increasing complexity, but that food webs were more stable,
when they were divided into compartments (May 1973; Pimm & Lawton 1980). In such
compartments, species interact significantly more often with each other than with species outside of
these compartments. Later studies demonstrated that even the most simple food webs exhibit chaotic
behavior (Hastings & Powell 1991; Becks et al. 2005; Beninca et al. 2008). However, the
“complexity-stability debate” is still ongoing and recently the number of studies that reveal
mechanisms that enhance the stability of complex food webs has increased (Dunne et al. 2002; Brose
et al. 2006; Neutel et al. 2007). Additionally, recent studies have confirmed the compartmentalization
of real natural food webs (Raffaelli & Hall 1992; Krause et al. 2003; Rezende et al. 2009) and that the
subdivision of food webs into compartments indeed enhances stability (Rooney et al. 2006; Thébault
& Fontaine 2010; Stouffer & Bascompte). Other subdivisions of food webs were introduced to ease
their understanding or to reduce complexity for statistical analysis. In classical food webs, species in
overlapping predator-prey interactions were often lumped to ‘trophic species’ (Cohen & Briand 1984;



Solow & Beet 1998), since the density of trophic links were assumed to be scale invariant, i.e. food
webs properties were assumed to change little if at all with the resolution of taxonomic data (Briand &
Cohen 1984; Sugihara et al. 1989). This assumption was disproved in empirical studies later (Martinez
1992, 1994), underlining that taxonomic resolution and study scale are important in food web research
and artificial reductions lead to inconsistent results.

Furthermore, it was noted that the interactions between species were not equivalent. Predators prey on
some prey species more frequent than on other prey species. This variation in the frequency of trophic
interactions between species pairs has been termed ‘interaction strength’ and it depends on the
abundance of consumer and prey, food preferences of the consumer and other factors that limit the
prey process (Paine 1980; Wootton & Emmerson 2005). An example of weak interactions is the low
prey specificity of generalist species. In contrast, a specialist predator imposes strong influence on the
population dynamics of its preferred prey. This recognition of unequal energy flows in different
predator-prey interactions has led to the distinction of ‘connectance webs’, which do not integrate
interaction strength and ‘energy webs’, which include interaction strength into all measures of the web
(Post 2002b). Interaction strength is typically measured by experimental species removal and
subsequent shifts in community composition or population density of an assumed prey species (Paine
1992; Laska & Wootton 1998). It has been found that certain patterns of interaction strength can have
stabilizing effects on food webs (de Ruiter et al. 1995; Emmerson & Raffaelli 2004) and more recent
studies emphasize the importance of the numerous weak interactions within food webs (McCann et al.
1998; Berlow 1999; Neutel et al. 2002). It was also assumed that some sequences of linkage are very
rare. One of these linkages is a loop chain. If species A feed on species B, which feeds on species C,
species C is closing a ‘loop’, if it feeds on species A. The assumed rarity of such loops was based on
constraints of energy flow between species and on size preferences, i.e. large predators eat smaller
prey, which makes food web loops unlikely.

The most widespread and accepted subdivision of food webs is that into trophic levels. Species within
food webs are assigned to trophic levels, in which all species feed on other species aggregated in the
trophic level below, which is closer to the abiotic nutrients. The lowest trophic level contains the
primary producers like vascular plants, aquatic algae and autotrophic bacteria, which convert inorganic
compounds and an abiotic source of energy - in most cases light - into organic biomass. The second
trophic level is constituted by primary consumers, herbivores and grazers, which feed on primary
producers. Secondary consumers, predators that feed on primary consumers, constitute the third
trophic level. If this secondary consumer is not preyed upon by another species, it is called the “top
predator”, but often parasites and hyper-parasites that acquire their energy and nutrients through the
consumption of animal predator tissues constitute additional trophic levels. Energy and nutrients of all
trophic levels are furthermore routed to the detrital food web with the gradual dissipation of energy
and the cycling of nutrients through re-mineralization. The gradual dissipation of energy, i.e. the
inefficiency of the energy transfer between trophic levels has led to the assumption that the number of
trophic levels in food webs is limited (Kozlovsky 1968). Furthermore, predators are almost always less
abundant than their prey and their populations are thus more prone to stochastic extinctions and
disturbance, potentially limiting the occurrence of higher trophic levels (Pimm & Lawton 1977).
Indeed, in the trophic pyramid, the biomass of higher trophic levels is only a fraction of the basal
production (Lindeman 1942). Classical food webs have suggested that food chains of terrestrial
systems are shorter than aquatic food chains, but it is still an ongoing debate, if these differences are
real (Chase 2000; Shurin et al. 2006). Differences in food chain length are thought to have drastic
consequences for the biomass distribution between different trophic levels. In a process called ‘trophic
cascade’, a secondary consumer, which controls an herbivore population will in turn facilitate the
population of the primary producers. So, in food chains with even numbers the primary producers are



assumed to be “top-down-controlled” by their herbivores, while in food chains with odd numbers,
primary producers were assumed to be “bottom-up-controlled” by the availability of nutrients
(Fretwell 1977; Oksanen et al. 1981). The theory of this dynamics originated in the long standing
question in ecology, “why parts of the world are green” (Hairston et al. 1960). Stated in another, more
extreme way, the question was “Why have herbivores not driven plants to extinction?” In the
framework of ‘trophic cascades’ it was of course assumed that herbivores are controlled by their
predators, an assumption made by the original “Green World Hypothesis” by Hairston et al. (1960).
Other authors have stated that primary production by plants is mostly climate and soil nutrient
controlled and herbivore control of primary producers is spatially restricted to local phenomena (Polis
1999). Herbivory in terrestrial systems was found to remove less than 10 % of the primary production
in most cases, although ungulate grazers can remove 90 % in some habitats. However, in aquatic
systems, microalgae are completely removed in many habitats, while patterns of herbivory on aquatic
macrophytes are similar to those of terrestrial plants (Cyr & Pace 1993). The search for mechanisms of
these findings is deeply intertwined with the finding that trophic cascades are actually found in natural
communities (Pace et al. 1999; Schmitz et al. 2000) and are much stronger in freshwater systems than
in marine and terrestrial ecosystems (Shurin et al. 2002).

Some studies deny the concept of discrete trophic levels altogether with strong arguments and
empirical data (Polis 1991; Polis & Strong 1996). Already in 1961 R.M. Darnell observed difficulties
in assigning species to discrete trophic levels and proposed the term ‘trophic spectrum’ (Darnell 1961,
Paine 1980). Gary Polis (1991) investigated desert food webs and found a high proportion of
omnivory and feeding loops, unprecedented in the literature, which emerged due to ontogenetic diet
shifts in the life history of most animals. Adult animals feed on different prey than their smaller
progeny or their larval stages. This leads to the fact that predatory species downright “eat each other”,
when an adult individual of one predacious species feeds on the progeny of another predacious species
and vice versa (Polis 1988). If this, usually size dependent phenomenon occurs within species
populations, it is called cannibalism (Fox 1975). If it occurs between different predator species, it is
called intra-guild predation (Polis et al. 1989). Strictly interpreted, intra-guild predation (IGP) is
difficult to separate from omnivory insofar as in IGP a predator does indeed feed on more than one
trophic level, the way omnivory was defined by Pimm and Lawton (1978). However, most authors use
the term omnivory for predators feeding at the plant-herbivore interface, while intra-guild predation is
used for trophic interactions between potential competitors at the top of the food-web (Polis & Holt
1992; Coll & Guershon 2002). All of these concepts that potentially complicate food webs were found
to be widespread in nature (Neutel et al. 2002; Arim & Marquet 2004; Gagnon et al. 2011) and it has
been widely accepted that they somewhat blur the concept of trophic levels. Nonetheless, there have
been also strong advocates for the concept of trophic levels, which argue that trophic levels are real at
least for plants and obligate herbivores and that the existence of trophic cascades found in diverse
ecosystems proves the existence of trophic levels (Hairston & Hairston 1997; Williams & Martinez
2004). Post and Takimoto even proposed IGP as one of three proximate mechanisms for a variation in
food-chain length (Post & Takimoto 2007; Takimoto et al. 2008). Polis et al. (2000) in turn have
argued that most studies confirming the existence of trophic cascades in terrestrial food webs, have
really proven the existence of trophic cascades at the species level within food chains that were only a
subset of the investigated community. Furthermore the authors stated that community wide trophic
cascades have been rarely observed in ecological studies. Up to date, it seems that both aspects are real
in natural ecosystems. Discrete trophic levels are easily resolved for plants and herbivores (level 0 - 1),
but higher levels ( > 1) are more and more blurred and their linking patterns are not distinguishable
from randomly generated food webs (Thompson et al. 2007), but sometimes contradictory results are
found (Thompson et al. 2009). Sometimes, the question whether a top trophic level exists or not,
depends on the uncertain spatial distribution and foraging range of top predators. Finally, the search



for an answer to the question, how prevalent omnivory or discrete trophic levels are in natural systems,
is also hampered by methodological difficulties. The desire to make models of food web structure
accessible to comparative analysis has made researchers readily accept the convenient idea of food
web structures as ecological still lives, similar to their graphic representations. Thus, the majority of
food-web records in literature are reported as either “cumulative” or “time specific”, i.e. without
temporal or spatial resolution (Schoenly & Cohen 1991; Ings et al. 2009). Cumulative food webs
summarize trophic interactions from observations at different points in time and space in static
network-images or interaction matrices. This compositional augmentation of trophic interaction links
is remarkable, because real food webs solely exist as “possible interaction networks of species
overlapping in their phenology” and thus merely as a fraction of the corresponding cumulative food
web at a given time. As a result, cumulative food webs tend to overestimate the density of trophic
links and underestimate the percentage of basal species such as plants relative to “time-specific webs”
(Pimm et al. 1991; Schoenly & Cohen 1991). A significant part of food web research therefore
depends much on details, which are very hard to be gathered as data. The complexity of food web
links and interactions has been described for desert systems, which were assumed to be very simple in
structure. 100 prey species were observed for a single scorpion species in 181 survey nights and a
yield effort curve suggested that the true number of prey species was much higher (Polis 1991).

Despite these uncertainties, the research on the dynamics and limitations of food-chains is continued
and it has become indisputable that at least the local extinction of strong inter-actors at the top of
dominant food chains imposes severe consequences at the ecosystem level in biomes all over the
world (Estes et al. 2011). Consequently, ecological sciences have paid particular attention to the
factors that limit the number of trophic levels or food-chain length, respectively. According to the
hypothesis of Pimm and Lawton (1977) higher trophic levels are more prone to stochastic population
dynamics, since abundances decrease with the trophic level and thus they also should be more prone to
disturbances and be less resilient, i.e. they are more inertial in their return to the initial state before the
disturbance event. Although there is some evidence for an influence of disturbance on food-chain
length (Jenkins et al. 1992; McHugh et al. 2010) most studies did not find any relationship (Sterner et
al. 1997; Takimoto et al. 2008; Walters & Post 2008).

It was also hypothesized that food-chain length is limited by primary productivity, so that nutrient
poor ecosystems should have shorter food-chains. It is intuitively clear that a higher availability of
nutrients within an ecosystem and a consequently higher primary productivity would facilitate larger
populations of herbivores, which in turn would feed larger populations of predators. Populations on
higher trophic levels would thus be less prone to stochastic extinctions and longer food-chains would
be feasible (Yodzis 1984). Despite this simple logic behind the hypothesis, initial studies to clarify the
question found that food-chain length was independent of productivity (Briand & Cohen 1987) and the
results of later studies varied, with some authors confirming the relationship of food-chain length and
productivity (Carpenter et al. 1987; Persson et al. 1992; Young et al. 2013) and others that found no
such relationship (Spencer & Warren 1996; Wootton et al. 1996). Plant defensive mechanisms and
inedible plant parts like structural carbon components were considered to hamper a consumption of the
total primary productivity by some authors and studies. They linked food-chain length to the
proportion of primary productivity that is available to consumers (‘edible carbon’) and could indeed
confirm a relationship (Kaunzinger & Morin 1998; Doi et al. 2009). An expansion of the ‘productivity
hypothesis’ is the hypothesis of ‘productive space’, which explicitly adds a spatial component to the
relationship (Schoener 1989). It has been doubted that the effects of per unit area productivity and
space could be disentangled in field studies (Cohen & Newman 1991) and the productive space
hypothesis was later rejected empirically (Vander Zanden et al. 1999; Post 2007). Thus, the low
theoretical support for the impact of productivity on food-chain length in general points at a stronger



impact of ecosystem size alone (Post 2002a). The influence of ecosystem size on community wide
food-chain length has been confirmed by several studies in aquatic systems (Vander Zanden et al.
1999; Post et al. 2000a; Thompson & Townsend 2005; Doi et al. 2009; McHugh et al. 2010). In
terrestrial systems, community wide effects on food-chain length are poorly studied (Takimoto et al.
2008), but results from food-chains of ‘stacked specialists’ in forest and grassland fragments indicate
that such a relationship could be also common in terrestrial systems (Komonen et al. 2000; Kruess &
Tscharntke 2000).

The effects of spatial parameters on community properties like the species area relationship (SAR) are
among the oldest and most recognized principles in ecology (Arrhenius 1921; Lawton 1999). An
increase in the number of species with habitat area has been confirmed for a wide range of habitats and
organisms (Lomolino & Weiser 2001). The underlying mechanisms of SARs are still debated and are
likely not as general as the resulting pattern. The area per se hypothesis assumes that larger areas
reduce the probability of stochastic species extinctions by supporting larger and greater numbers of
populations (Preston 1960; MacArthur & Wilson 1963). SARs have been also explained by passive
sampling (Connor & McCoy 1979; Lomolino 1990), neutral models (Bell 2001; Hubbell 2001) and
multiple interacting causes (Shmida & Wilson 1985). Another strain of theory is based on the niche
concept (Hutchinson 1959) and argues that environmental heterogeneity - the diversity of different
environmental conditions - often increases with increasing habitat area, thereby providing an
increasing amount of distinct niches for species adapted to them (Williams 1964). The influence of
habitat heterogeneity on species-area relationships has been confirmed experimentally (Simberloff &
Abele 1976; Douglas & Lake 1994), but most studies have tried to disentangle heterogeneity from area
per se effects statistically. They found varying degrees of interaction between the two variables (Kohn
& Walsh 1994; Triantis et al. 2005; Kallimanis et al. 2008) and sometimes the strength of the
interaction varied between different groups of organisms (Ricklefs & Lovette 1999). Although there is
an increasing awareness that the heterogeneity-area tradeoff is deeply rooted in niche properties and
dynamics of individual populations and communities (Allouche et al. 2012), no study today has tried
to relate the diversity of species niche properties to area directly. Instead, most studies examined the
correlation of some measurement of habitat diversity and species diversity. This has various reasons,
which are mostly interdependent, but the most common is that consistent data on niche properties and
reliable information about which habitat factor is the most influential are rarely available for the whole
species community in focus or in published datasets.

Considering ecosystem size as one of the most pervasive impacts on food-chain length, the question
arises, how food-webs or ecosystems are delimited in the first place. Where do ecosystems start and
other ones end and how are local food webs assembled? Since predators and their prey vary in
mobility, top predators probably cannot be assigned to a particular local food web (Polis & Hurd
1996). Thus, dynamics between ecosystems and communities might be as important in structuring
food webs, as local conditions and processes.

The spatial delimitation of ecosystems is anything else than straight forward and it has been repeatedly
proposed to drop the ecosystem concept altogether, referring to the openness of natural systems as one
of the strongest arguments (O'Neill 2001). Islands are commonly perceived as the spatially most
delimited ecosystems on earth and thus they were considered to be excellent model systems to
investigate the spatial dynamics of community assembly and variation of community properties with
island size. The first to outline a theory of these processes on islands were Edward O. Wilson and
Robert MacArthur in their “Theory of Island Biogeography” (IBT) (MacArthur & Wilson 1963;
1967). An identical theory was developed 10 years before by Eugene Munroe (1953), but was not
recognized at the time (Brown & Lomolino 1989). The IBT states that the species richness on an
island is a dynamic equilibrium between the immigration and extinction of species. When an island is



colonized by species from the mainland, at first species with a high dispersal capacity arrive. The
number of new species arriving on an island decreases with time. With each species arriving on an
island, the number of interactions between species on the island increases and subsequently the
number of extinction events increases. Thus the species assemblage on an island is subject to a
constant species turnover. The immigration and extinction curves were proposed to be concave, due to
the non-linearity of the variable probabilities of immigration and extinction over time (Gilpin &
Armstrong 1981). Island size and island isolation were the two factors that were considered to further
affect the equilibrium. Immigration rates were considered to be most impacted by island isolation,
while island extinction was thought to be most dependent on island size. Later, hypothesizes were
proposed and tested, which stated that immigration rates are also affected by island size in what was
called ‘target effect’ or ‘passive sampling effect’ (Lomolino 1990). Furthermore, island isolation was
proposed to affect extinction rates, since dispersing individuals from the mainland can complement
decreasing populations on islands more likely, if islands are less isolated (Brown & Kodric-Brown
1977). This was called the ‘rescue effect’. If immigration rates from a source pool with positive
population growth of a species are high enough to override the decline of this species population in the
recipient community on an island (a population sink), these processes are called source-sink dynamics
(Holt 1985). The IBT was empirically tested in a great number of studies, (Reviewed in Losos &
Ricklefs 2009). Initial studies could confirm the IBT on mangrove-islands that were completely
defaunated with methyl-bromide. Species richness of arthropods on these island forming mangrove
trees increased over time via colonization and subsequently decreased via local extinction of
arthropod species again to reach a plateau, or equilibrium, respectively (Simberloff & Wilson 1969,
1970). Later, studies appeared which could show also non-equilibrium states of island species richness
(Thornton et al. 1993; Morrison 2002). Although some studies argue, that the equilibrium theory of
island biogeography is virtually refuted or at best locally limited and non-equilibrium models are more
likely to be general (Heaney 2000; Whittaker 2000), it seems that no end to the question is yet in sight
(Schoener 2009).

Island biogeographical patterns were not only studied on real islands but also in habitat fragments that
were hypothesized to be similarly isolated as real oceanic islands. Moreover, IBT has initiated the still
ongoing debate about whether natural reserves should consist of a single large area or several small
areas, the so called SLOSS debate (Diamond 1975b) and has therefore markedly changed the face of
conservation sciences. In turn, the theory of island biogeography was no longer restricted to terrestrial
habitats surrounded by water (Krauss et al. 2003). Instead, water was substituted by a distinct habitat
surrounding the focal patch, called the ‘matrix’ (Debinski & Holt 2000).

Spatial processes between geographically isolated habitat patches have been investigated also in
theories of population ecology, which were developed concurrently to IBT. Populations in local
habitat patches are connected to each other via dispersal, resulting in the interdependence of local
population dynamics, regionally shaping what has been termed a ‘metapopulation’ (Hanski & Gilpin
1991). Classical effects of area and isolation on the dispersal and distribution of animals, established
by the IBT, have been integrated into metapopulation dynamics to elucidate population patterns in
terrestrial habitat fragments (Hanski 1998). Later, the concept of metapopulation dynamics has been
extended to whole communities in meta-community dynamics (Leibold et al. 2004), accounting for
the simple fact, that meta-population dynamics apply to the most of potentially interacting species
within a community and thus also community dynamics are regionally linked by the dispersal of
species. In IBT and meta-community theory, communities are affected by stochastic local events of
extinction and by the immigration of species from outside the community. The major difference
between classical island biogeography and theories of population and community dynamics on
multiple scales is the direction of species dispersal and the definition of the species pool. In classical



IBT, the species pool is defined as a source community on a “continental mainland” from which
species disperse to recipient communities on more or less isolated islands. In meta-population and
meta-community dynamics all local habitat patches within a region, potentially connected via species
dispersal, constitute the regional species pool.

Meta-community dynamics can be subdivided into four major perspectives, which emphasize different
processes within regional meta-communities and do not mutually exclude each other. The ‘patch
dynamic perspective’ focuses on the multi-directional dispersal of different species between
homogenous local patches, often formulated as patch occupancy dynamics, in which local processes
are supposed to shape local communities faster than dispersal processes between them. The
perspective of ‘species sorting’ assumes the heterogeneity of one or several environmental factors
between local habitat patches and builds on classical theories of niche separation and coexistence.
Species are assumed to be sorted along environmental gradients, since local processes of competition
and extinction, mediated by differences in species adaptations to local conditions, occur faster and
have larger impact on local communities than dispersal processes between them. From a species
sorting perspective, species are unable to locally persist in ‘sink habitats’. In contrast, if high dispersal
rates between patches override local processes of competition and extinction and dominant species
from very productive source communities are able to persist in source-sink dynamics, this is a so
called ‘mass effect’. From a mass effects perspective, regional dispersal processes are also the key
mechanism in the resilience of local patches after disturbance. Community composition will therefore
be regenerated or renewed according to regional abundance distributions and dispersal capacities
(Holyoak et al. 2005). All of the perspectives described above assume that species differ in their
adaptation to environmental or biotic conditions. If these differences are neglected, meta-community
dynamics can be viewed from a neutral perspective and species distributions are random auto-
correlated assemblages in space and time (Hubbell 2001).

Ecosystems and their core dynamics within food webs are thus not solely affected by local processes.
The structure of local food webs can be also governed by immigration processes, mass effects and
patch dynamics on a more regional scale. If the population persistence of basal prey species or
predators is influenced by dispersal between habitat patches, then meta-community dynamics can
affect food web structure via bottom-up and top-down effects in trophic cascades, potentially
determining food-chain length (Holt 2002; Holt & Hoopes 2005). Often, species in food webs are
hierarchically organized into spatial domains according to their trophic level. Top predators might
have a higher mobility and a larger foraging range than an intermediate predator or a basal prey
species and therefore spatially integrate a number of smaller habitat patches (Rose & Polis 2000; Holt
2002). This can be partially seen as a spatially explicit model of size structured food webs, when
organism size is directly related to foraging range. Additionally, the spatial dynamics of a single
keystone predator may have profound community wide effects on multiple trophic levels of local food
webs (Miller & Kneitel 2005). These spatial effects may structure communities and food webs even
after a top or keystone predator has gone locally extinct (McCoy et al. 2009). The latter example
illustrates, how important the integration of spatial processes within a wider meta-community context
can be, when trying to investigate the determinants of local food web structure.

Island biogeography and meta-community dynamics both focus on the dispersal and distribution
between geographically isolated, but ecologically similar ecosystems, but a growing number of studies
and new emerging concepts illuminate the manifold interactions between adjacent, ecologically
different ecosystems, or spoken in the language of spatial ecology: Interactions between the focal
habitat patch and its surrounding matrix. These concepts consider the everyday reality of the cross
boundary movement of organisms or materials between adjacent ecosystems and have been integrated
into theories of landscape ecology (Polis et al. 2004) and meta-ecosystem dynamics (Loreau et al.



2003). The recognition of ecosystem openness has lead to a number of studies that have doubted the
spatial delimitation of habitat fragments and investigations that have shown how communities in these
fragments are impacted by species migration and spill-over from the matrix (As 1993; Cook et al.
2002; Brotons et al. 2003).

Historically, studies in lentic and lotic freshwater ecosystems were the first to recognize the profound
impacts of ‘allochthonous intakes’ and to integrate them in to concepts of ecosystem dynamics,
although it was recognized early that fluxes of nutrients and organisms between aquatic and terrestrial
ecosystems are reciprocal (Likens & Bormann 1974). The river continuum concept (Vannote et al.
1980) acknowledges the key role of the surrounding riparian vegetation in structuring communities
and food web dynamics in small streams and rivers via the input of leaf litter, but also nutrient run-offs
and intake of humic substances from terrestrial ecosystems directly impact river systems , in particular
during seasonal high waters (Bayley 1995) and in rural catchments (Dodds 2006). But also marine
coastal systems and coral reefs are affected by nutrient run offs via the transport of nutrients in river
ecosystems to estuaries (Furnas 2003; Fabricius 2005). Inputs of terrestrial leaf litter also indirectly
impact freshwater systems , since the increase of humic substances and DOC content can affect light
attenuation and thereby primary productivity and trophic structure in the water column of freshwater
lakes (Karlsson et al. 2009). Moreover, some unproductive lakes are shaped by the import of terrestrial
carbon sources (Jansson et al. 2007), which account for between 50 % and 80 % of the carbon intake
of fishes (Carpenter et al. 2005). Additionally, lake morphometry and depth determine the importance
of allouchthonous intakes or autochthounous productivity. But also allochthonous nutrient inputs from
aquatic systems to terrestrial habitats have been documented and investigated. The most prominent
examples are bird colonies on coastal strips and islands, where waterfowl deposit nutrients that origin
in food-webs of the adjacent marine ecosystem via feces, feathers and carcasses (Stapp et al. 1999;
Sanchez-Pinero & Polis 2000; Havik et al. 2014).

A great number of studies investigated the flux of organisms between adjacent ecosystems. In
particular the emergence of aquatic insects and their subsidy to terrestrial food webs has been of
interest. Aquatic insects can reach high local densities and their export to terrestrial systems can
exceed local terrestrial secondary production adjacent to their aquatic habitats (Jackson & Fisher 1986;
Bartrons et al. 2013). Although most studies investigated aquatic-terrestrial links between streams and
riparian habitats, the export of emerging insects from lakes can exceed that from streams (Gratton &
VanderZanden 2009). Fluxes of organisms across boundaries other than the aquatic-terrestrial
interface have also been investigated and fluxes may ultimately depend on properties of the boundaries
themselves (Wiens et al. 1985; Cadenasso et al. 2003; Witman et al. 2004). The flux of organisms
across ecosystems can affect the abundance, biomass and trophic structure of consumers in the
subsidized system via multiple pathways. While they can be consumed directly by terrestrial
predators, their carcasses also subsidize the detrital food-web and facultative scavengers (Polis &
Strong 1996; Dreyer et al. 2012). But also the subsidy of terrestrial herbivores via the deposition of
aquatic algae has been demonstrated (Bastow et al. 2002). A plethora of studies has investigated the
subsidy of aquatic insects to spiders in terrestrial ecosystems adjacent to streams, which was
considered as the most common aquatic-terrestrial food web link with the highest impact (e.g.
Williams et al. 1995; Henschel et al. 2001; Collier et al. 2002; Kato et al. 2003; Sanzone et al. 2003;
Akamatsu et al. 2004; Kato et al. 2004; Briers et al. 2005; Paetzold et al. 2005; Akamatsu et al. 2007;
Marczak & Richardson 2007). Furthermore, spiders have been identified as dominant consumers of
aquatic prey also on lake shores (Jonsson & Wardle 2009; Hoekman et al. 2011) and in coastal
ecosystems (Anderson & Polis 1998; Mellbrand et al. 2011) and on islands (Polis & Hurd 1995).

Meanwhile, the evidence for aquatic-terrestrial food web links has been strong enough for many
researchers to take the next step and explore the dynamics and food-web impacts of cross-ecosystem



linkages. One of the earliest mechanisms, shown by studies of cross-ecosystem linkages was apparent
competition between aquatic insects and terrestrial herbivores. Through the facilitation of riparian
predator communities the predation rate on terrestrial herbivores increased and subsequently,
herbivore abundance was reduced in areas where emergence of aquatic insects was high (Henschel et
al. 2001; Murakami & Nakano 2002; Baxter et al. 2005). It has been shown that aquatic-terrestrial
food-webs are often deeply intertwined and complex reciprocal interactions between the two
ecosystems shape their communities and dynamics. The existence of trophic cascades across
ecosystems is only one example of these complex interactions. The predation of fish on dragonfly
larvae reduces the predation pressure on terrestrial plant pollinators and thus indirectly facilitates plant
growth (Knight et al. 2005). In contrast, predation rates of fish on aquatic insects can be reduced in the
presence of terrestrial arthropod subsidies and in turn grazing on periphytic algae by aquatic insects is
increased (Nakano et al. 1999). However, although aquatic systems were found to receive higher
amounts of spatial subsidies than terrestrial ecosystems, the contribution of spatial subsidies to carbon
intake of the recipient food-web does not differ between the two systems (Bartels et al. 2012). The
contribution of spatial subsidies to the food-webs of small islands has been integrated into the theory
of island biogeography (Anderson & Wait 2001). In this ‘subsidized island biogeography’ it was
hypothesized that spatial subsidies can increase species richness above an expected value of the
species area curve, so that it explains the ‘small island effect’ (Niering 1963; Burns et al. 2009) in
which species richness has a low or no variation below a certain size threshold. However, there is not
much empirical support for this hypothesis (but see Barrett et al. 2003).

Despite the importance of fluxes between ecosystems, their significant magnitude and variation has
been questioned by some authors. Only a few studies explicitly highlight the temporal variation of
most spatial subsidies as an important co-variable (Stapp & Polis 2003; Nowlin et al. 2007; Wesner
2010; Leroux & Loreau 2012). Most spatial subsidies are resource pulses, which are short, rare periods
of markedly increased resource availability, whose local effects vary in specificity and persistence
(Yang et al. 2008). Nevertheless, the effect of timing, duration and frequency of spatial subsidies on
recipient communities and food-webs is yet poorly studied (Richardson et al. 2010).

A few studies have investigated how deep the effects of spatial subsidies penetrate inland (Briers et al.
2005). For streams, a recent meta-analysis revealed that the lateral extent of spatial subsidies depends
on the resource species and that the significant impact levels off after a view meters, so that effects of
spatial subsidies mostly affect river banks but often contribute ~ 10 % of the food at a distance of 0.5
km (Muehlbauer et al. 2014). Studies quantifying the lateral export of PCB from streams via the
consumption of aquatic insects by riparian spiders have found a lateral extent of max. 30 m, indicating
that compound specific lateral transports cannot be deduced from more general methods and findings
(Walters et al. 2008; Raikow et al. 2011). Similar studies on temperate islands find that the major
impact of spatial subsidies on recipient communities is restricted to the intertidal zone, but the true
distance of the impact might be species specific (Paetzold et al. 2008).

Considering the knowledge about spatial subsidies and allochthonous inputs that was gathered in
ecological sciences during the last 35 years, it is becoming clearer and clearer that real food-webs do
not have defined boundaries. Neighboring ecosystems are intertwined by trophic interactions to such
an extent, that even their basic food-web dynamics are non-independent. Transitions between adjacent
ecosystems are almost always gradual. On the other hand, ecosystems have characteristic attributes
and measurable environmental factors, which make them identifiable within the landscape, so that
autochtonous and allochtonous impacts and dynamics are not completely indistinguishable. Future
studies have to quantify and describe the strength of both forces within explicit space and time
between a diversity of ecosystems to better understand food-web dynamics in a complex mosaic at the
landscape scale.
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Together with the theoretical and empirical knowledge about food-web structure and dynamics, the
methods to elucidate these ecological principles have developed. The basic unit within a food-web is a
trophic interaction. Trophic interactions between organisms within ecosystem have been traditionally
investigated by direct observations of feeding events and via gut content or fecal analysis. Since
observations with mounted cameras or by researches in situ can only reveal a fraction of the possible
feeding interactions and gut content analysis is impossible for animals with extra-intestinal digestion,
DNA probing of gut content was developed. However, DNA analysis depends on species specific
primers, which are sometimes difficult to design and require a priori knowledge about which species
can be considered as prey (Sheppard & Harwood 2005; King et al. 2008). The most widely used
technique to study food-web structure and dynamics today, is stable isotope analysis. Chemical
elements occur in nature as an isotopic spectrum, with isotopes of the same elements having identical
numbers of protons in their nucleus but variable numbers of neutrons. Isotopes of the same element
have identical chemical properties but different mass numbers. Most elements have isotopes that are
stable and isotopes, which are radioactive, i.e. they are unstable and spontaneously disintegrate.
However, some elements, like phosphorus, have no stable isotopes. The elements that are most
interesting for biologists are carbon (C), nitrogen (N), hydrogen (H), oxygen (O) and sulfur (S), which
occur as the isotopes 2C/*C, “N/*N, *H/?H, *0/**0 and **S/*S. In all of these elements, the heavier
isotope is rarer in nature, in most cases accounting for only a thousandth of the total abundance of
atoms of an element on planet earth. Due to their identical chemical properties, but different mass
numbers the stable isotopes of an element undergo identical chemical reactions, but at a different rate.
Thus, in some biochemical reactions, the stable isotopes of an element are contained in different
proportions in the product than in the reactants. This process is called isotopic fractionation. In
practice, the isotopic ratios of an element within a sample are compared to the isotopic ratio within a
standard. For carbon, this standard is a marine limestone fossile, the Pee Dee Belemnite (PDB) and for
nitrogen, atmospheric air is used as a standard. The isotopic signature ‘5’ of a sample is calculated as:

R.. —R
§= —S2__std 1000
Rstd

Rsa 1S the ratio of the sample and Ry is the ratio of the standard. The unit used is per mill (%o) (Lajtha
& Michener 1994).

It was found that plants discriminate against the heavier **C isotope in physical and biochemical
processes. In all plants, the fractionation (A) of *C due to slower diffusion rates at the plant leaf
stomata is about 4 %o. Since plants differ in their initial steps of carbon fixation, using different
enzymes, the fractionation due to enzymatic reactions differ between Cs, C, and CAM plants. In C;
plants, the enzyme ribulose bisphoshate carboxylase (rubisco) accounts for a fractionation of about 29
%o. CO, of atmospheric air has a 813C of ~ -8 %o, resulting in a theoretical value of -41 %.. But the real
signature of 8*°C in plants depends on the rates of supply and reaction within C plants, so that
signatures found in the field are around -27 %o.. C, plants fix carbon with the enzyme
phosphoenolpyruvate (PEP) carboxylase, which accounts for around 6 %o of the fractionation, so that
8"%C signatures of C, plants are around -14 %o. CAM plants that switch between C, and C; cycle at day
and night have **C signatures around -11 %o (Lajtha & Marshall 1994).
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It has further been found that 8**C undergoes little or no fractionation when transported up the food-
chain (DeNiro & Epstein 1978), while 8°N signatures are enriched at each trophic level (Deniro &
Epstein 1981; Minagawa & Wada 1984). Thus the §'°C signatures of consumers are similar to those of
their prey, while their 5"°N signatures are enriched relative to their prey. Minagawa and Wada found
an average fractionation between trophic levels of 3.4 %o with a standard variation of 1.1 %o
investigating a diversity of different animals. This value was later confirmed for fishes in lakes (Post
2002b) but subsequent meta-analyses found different values of enrichment of **N per trophic level,
depending on habitat (Vanderklift & Ponsard 2003) and type of organism (McCutchan et al. 2003).
These meta-analyses also found fractionations of *C per trophic level different from 0.0 %o, with
values between 0.5 %o but high variation from depletion in §'°C to enrichment > 1 %o per trophic
level.

Consequently, the isotopic fractionation between trophic interactions within a food-web has been
exploited by ecologists to investigate feeding links, trophic structure and dynamics in natural systems.
More and more differences in 8**C signatures between habitats and diet types were revealed and
subsequently, studies multiplied, which investigated animals feeding on them. In aquatic food-webs it
was found, that benthic algae are enriched in **C compared to phytoplankton (France 1995; Doi et al.
2009). As such terrestrial plants mostly lie between benthic and pelagic §**C signatures and thus,
aquatic signatures can be traced in terrestrial food webs and vice versa (Cloern et al. 2002; Lancaster
et al. 2008). Meanwhile a growing number of models have emerged, which aid ecologists in
estimating the proportional contribution of multiple diets to the total intake of a consumer (Phillips &
Gregg 2003; Semmens & Moore 2008). However, it has become evident that 5°C and §"°N signatures
in natural systems co-vary with other factors than trophic position, which interfere with a definite
identification of diet organisms and their proportional contribution (reviewed in Boecklen et al. 2011).

Nonetheless, stable isotope analyses are the most promising approach today in identifying and
guantifying trophic interactions between species and food-web compartments, provided the included
diet types vary in their isotopic signature. The enrichment in 8°N during trophic interactions can
provide a continuous measure of food-chain length, which integrates quantities of different diet types
on different tophic levels for omnivorous consumers (Rickers et al. 2006; Wise et al. 2006).Therefore,
stable isotope analyses are ideal for studying large scale food-web parameters, without having to
analyze every single trophic interaction to achieve the concluding emergent level of organization.
Many of the studies cited in the sections above, which investigated cross-ecosystem fluxes of
organisms and allochtonous inputs (Barrett et al. 2005; Paetzold et al. 2006), as well as those
investigating patterns of food-chain length (Post et al. 2000b; Takimoto et al. 2008) were conducted
using stable isotope analysis. Additionally, natural abundances of **C and "N have been used to
investigate the niche breadth of animals (Bearhop et al. 2004; Layman et al. 2007; Newsome et al.
2007) and to trace the migration of animals (Hobson 1999). For coccinelid beetles a diet shift during
habitat change was demonstrated with a shift in **C signatures within different body parts (Gratton &
Forbes 2006).

In conclusion, the evidence for a systematic variation of food-web properties with ecosystem size is
scarce for terrestrial systems and the contribution of spatial subsidies has not been related to area in
these systems. Furthermore, it is still questionable, if the stable isotope approach can be used to
identify large scale patterns like an FCL-area relationship in diverse, previously unexplored
communities. | therefore investigate small man-made islands of varying size in two gravel pit lakes
with a stable isotope approach to test for a food-chain area relationship in a diverse arthropod
community. | chose ground beetles and spiders as focal organisms, since both arthropod groups are
well studied and have a striking background as model organisms in island biogeographical studies and
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analyses of the contribution of aquatic subsidies to terrestrial food webs. | furthermore test for a
systematic variation in the contribution of spatial subsidies to island food webs.

According to previous studies, it can be expected that,

food-chain length increases with island area
- some terrestrial consumers feed on aquatic subsidies.

- due to the low productivity on the larger sandy man-made islands, species richness and
abundances should be higher in gravel-shore habitats than in the central island habitats.

- The contribution of aquatic subsidies to the terrestrial food-web should decrease with
increasing island area.

The small size and the close vicinity of the islands to the terrestrial mainland suggest a strong
prevalence of mass effects in the community assembly of the lake-islands. The island communities
should therefore

- be similar to that on the mainland

- be less subjected to species sorting and hence niche differentiation should be low
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Materials and Methods

Study site

The study site covers sixteen islands of varying topology and four mainland sites at two adjacent
gravel pit lakes in the Lower Rhine area, near Wesel in North Rhine-Westphalia, Germany, the
“Diersfordter Waldsee” (6°32’E, 51°41°N) and the “Briiggehofsee” (6°30°46”E, 51°42°20”N). The
islands were created by deposition of waste-material - sand, loam and gravel - during the gravel
mining process between 1997 and 2003, i.e. at the sampling date they were ~ 10 years old. We also
included an island of 0.1 ha that was established in spring 2010. The islands spanned sizes between 4
m2 and 4400 m2 in a log-linear fashion (Fig. M1; Tab. M1). Except for the recently created island,
which was far more isolated (163 m shortest distance to the mainland) the mean distance of islands to
the mainland was 20 m and the mean distance to the nearest island 6 m.

Habitat types ranged from wet fen meadows, with Juncus spp. dominating on smaller islands to
sparsely vegetated, sandy xeric grasslands and bare sand flats on larger islands, bordered by gravel
shores with interspersed Juncus spp. stands and Equisetum spp. The mainland sites were soft-wood
(Salix sp., Alnus sp.) and hard-wood floodplain forests, sandy xeric grassland and woodland with
sandy shore. Larger islands were annually grazed by sheep to prevent soft-wood forest formation by
Salix sp. seedlings. The main vegetation type of the islands in the Diersfordter Waldsee was that of dry
sandy xeric grasslands and dry calcerous grasslands with a typically low vegetation of Poaceae and
Trifolieae, dry resistant mosses, Sedum spp.. and Salix sp. seedlings and Cirsium spp. One of the larger
islands (“D6”) contained a freshwater pond, which fell dry in summer.

The two lake systems were connected to the river Rhine via groundwater. Thus, lake water levels co-
varied with water levels of the Rhine with a delay of several weeks. Restoration plans primarily
envisaged the temporary inundation of the deposited islands, when water levels increase in the Rhine
due to increasing precipitation in winter or snow melt in early spring. However, in 2003 when the
restoration of the lake islands was finished, water gauges of the Rhine were on a record low, (111 cm
in Wesel, 81 cm in Cologne). Since then no high-waters occurred and accordingly water levels never
increased as much as to inundate the islands in the Diersfordter Waldsee. Some of the smaller islands
in the Bruiggehofsee were inundated during the remaining variation of water levels (x 60 cm). These
islands were not included in the sixteen islands, sampled in 2010. Between 2009 and 2010 water levels
of the Diersfordter Waldsee changed no more than 25 cm. Due to the method of island creation via
deposition of gravel mining residues, island elevation significantly increased with island area from ~
0.2 m for the small islands up to ~ 0.7 m for the larger islands in the Diersfordter Waldsee. One of the
smaller islands in the Diersfordter Waldsee with an area of ~ 130 m2 and a larger island in the
Briiggehofsee of ~ 1000 m2 had been raised to higher elevations of ~ 1.3 to ~ 1.8 m. The other small
islands in the Diersfordter Waldsee had an elevation of ~ 0.15 m and flat angles of elevation between
5° and 9°. Thus they were partly washed by wave action in storms and windy weather. Mean angles of
elevation were steeper, between 15° and 24° for larger islands. On larger islands, right-angled erosion
folds were occasionally interspersed into the otherwise steadily rising island shores, so that movement
of organisms between shore and island center was predominantly barrier free. Occasionally,
movement barriers occurred on small islands in the Briiggehofsse, between muddy island edges fallen
dry and dense stands of Juncus spp. Some of the smaller islands were used by waterfowl like seagulls
and anserine birds as resting places, while larger islands were occasionally used as nesting sites. As a
consequence some small islands were more densely covered with bird feces than others. These islands
are referred to as ‘bird islands’ hereafter.
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Fig. M1 log-linear increase of island size; black dots denote islands of the Briiggehofsee, grey dots denote
islands of the Diersfordter Waldsee

Sampling procedure and identification

The activity density and species composition of ground beetles (Carabidae) and vagrant spiders were
sampled with pitfall traps on all 16 islands from the 1% of June, 2010 to the 14" of June, 2010. Density
and species richness of these organisms seasonally peak at this time (Thiele 1977). Depending on
island size and topology, between 3 and 12 pitfall traps were set up per island in a zonal design. The
pitfall traps consisted of 375 ml glass jars, 55 mm in diameter, filled to 5 with saturated salt solution
(~350 kg/m3 NaCl) and a custom made flat polypropylene ring screwed on to the jars prevented sand
and other materials from falling in. Additionally, the flat ring had an overhanging edge on the interior
of the jar opening, so that trapped insects and spiders were further restrained from climbing out. In this
design, four transects were placed on each island. Four traps were placed directly at the shore (zone
A), with a distance of at least 1 m to the water line, to prevent washing out. Four traps were placed in a
distance of 2.8 m to the trap in the shore zone (which was the distance between the center and the
shore of the smallest island with this design; zone B) and on larger islands, four traps in the center line
(zone C). Zone B was set up to explore gradients of species occurrences between the shore and the
islands centre. The design described above was also used on mainland sites, so that larger islands and
mainland sites had a maximum of 12 traps. Altogether the zonal design was applied to 13 of 20 sites.
202 Traps were used for a single survey, with an active catching period of 14 days (2828 trap days).
On eleven islands, six different plant species each were collected by hand. Detritus was collected at
different places on eight islands. Aquatic insects, algae and submerged macrophytes were also
collected by hand from both lakes. Aquatic insects could also be retrieved from pitfall traps placed at
the shores. Arthropods retrieved from the field were assorted to pitfall identity and animal order,
rinsed and stored in distilled water at -18 °C. All spiders were identified to the species level, using the
keys of Roberts (1987; 2001) and Nentwig et al. (2003). Ground beetles were identified to the species
level, using the key of Freude et al. (2006). Individuals of dimorphic species were checked for their
actual wing status during identification.
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Fig. M2 Top view of the lower Rhine area between Xanten and Wesel, showing the location of the study area
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Fig. M3 Top view of the study area, showing the two gravel-pit lakes and the location of the islands archipelagos and the exact location of Island D10 and the mainland sites DS
and DW




17

—_— e (00m
13220

Keine amthiche Standardausgabe

Fig. M4 Exact location of the islands in the Diersfordter Waldsee, including the mainland site DF
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Fig M5 Exact location of the islands in the Briiggehofsee, including the mainland site BF
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Tab. M1 Information on island (Dx, Bx) and mainland sites (BF, DF, DS, DW) trap numbers, island area,
perimeter to area ratios (p/a — ratios), mean elevation in meters and shore slope (angle in degrees)

Island Number of Island area p/a Perimeter Mean Shore slope
traps (m?) ratio (m) elevation (m) (deg)

BF 12 --- - - - -

DF 12 --- - - - -

DS 12 -- - - - -

DW 12 --- - - - -

B1 3 4 2 8 0.30 -
B11B 3 13 1.15 15 0.15 -

D1 8 23 0.91 21 0.18 £ 0.06 9.0° £1.9°
D2 8 27 0.81 22 0.12+0.04 57° £1.4°
B11A 3 36 0.56 20 0.15 -

D3 12 133 0.38 50 1.05+0.32 23.7°+4.7°
B8 12 177 0.38 67 0.40 -

B12 12 258 0.27 70 0.25 -

B2 9 970 0.20 193 1.8 -

D10 12 1850 0.09 170 0.25+0.05 10.7°t1.6°
D4 12 2263 0.09 213 0.27+0.03 15.6°+4.0°
D6 12 3096 0.08 251 0.55+0.21 22.9°+11.9°
D8 12 3375 0.09 309 0.58 £ 0.06 20.0°+2.5°
D5 12 3763 0.09 366 0.33+0.12 12.5°+2.8°
D7 12 4340 0.09 425 0.75+0.10 23.6°+7.0°

Stable isotope analyses

After identification and counting of ground beetles and spiders and sorting potential terrestrial and
aquatic prey species, species for stable isotope analyses were selected. Species, chosen for stable
isotope analysis included every spider species on every island with a reasonable population density,
but also spider species with only one or two individuals on an island, if densities of that species were
high at other sites. Ground beetle species were also chosen according to their activity density, but also
according to the zone they were most active in. Species predominantly occurring in the shore zone
were always chosen, since their potential to utilize aquatic subsidies was considerably high.

At least five (but mostly six) ground beetle or spider individuals of a species, as well as six plant
species of each island, if possible, were chosen for stable isotope analysis.

Prior to the sample preparation for stable isotope analyses, the selected ground beetles, spiders, aquatic
insects, detritus and plant materials were dried at 60 °C for at least 48 h. After drying, individuals
were weighed and stored in a desiccator. Subsequently, all animals were ground to homogenized
powder in an agate mortar. Plants and Detritus were ground to homogenized powder in a ball mill
(MM 400; RETSCH; Haan, Germany). Between 1.0 and 1.5 mg of dry animal powder were weighed
into a tin capsule for each individual. Organisms that perfectly fitted this range of weight were packed
into tin capsules as whole. If animal individuals did not meet the minimum weight requirements,
individuals were lumped together until the optimum weight (1.25 mg) was met. This was the case for
collembolans, ants of the genus Lasius and Themnotorax, dwarf spiders (Linyphiidae; Erigone spp.,
Oedothorax spp., Meinotea spp., ant-like flower beetles (Anthicidae) and smaller ground beetle
species (e.g. Dyschirius thoracicus). Stable isotope analysis of 8**C and 5"°N was performed at the
Stable Isotope Facility of the University of Davis, California. Algae and zooplankton were subjected
to acid fumigation, using the method of Harris et al. (2001) to remove heavily enriched inorganic
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carbonate with §"°C values close to 0 %o, which would potentially distort the isotopic signals resulting
from the diet of the analyzed organisms.

Statistical analysis

Species area relationships (SAR) were tested for significant linear correlations in the log-log form, and
the widely used power law models of the form S = cA” (Preston 1960) were calculated for all spider-
and all ground beetle species, as well as for the subgroups vagrant spiders, Lycosidae, Linyphiidae,
phytophagous and non-phytophagous ground beetles, riparian and non-riparian ground beetles.
Rarefaction of species richness was performed with the package vegan (Oksanen et al. 2013) for R
(RCore 2014), using the function specpoo. The second order Jackknife algorithm was chosen as
estimator, because it is abundance based and less sensitive to sampling coverage and sampling grain
than other estimators (Brose et al. 2003; Hortal et al. 2006). Density area relationships (dAR) (Connor
et al. 2000) were tested and calculated from catches per trap numbers in the same manner. Catches per
trap (CPT) was chosen as a density measure to correct for differing numbers of pitfall traps between
islands and pitfall failures. CPT was the total number of catches from valid pitfall traps on an island,
divided by the number of these valid pitfall traps. Ground beetle species were categorized into
subgroups of riparian and non-riparian or phytophagous and non-phytophagous beetles, following
habitat requirements specified in Freude et al. (2006) and Turin et al. (2000). The class ‘vagrant
spiders’ was introduced into the analysis to exclude net-building spiders and sedentary crab spiders
(Thomisidae) which are generally unlikely to be caught in pitfall traps in representative densities. The
class vagrant spiders contained non-net building hunters of the families Lycosidae, Ghaphosidae,
Clubionidae, Liocranidae, Corrinidae, Salticidae, Pisauridae, Philodromidae and adult individuals of
the Tetragnathid Pachygnatha clercki (Sundevall, 1823). Zonal differences between species richness
and activity density were analyzed using one-way ANOVA. The edge response, i.e. shore affinity, of
each ground beetle and spider species was calculated as log response ratio of the sum of individuals
caught at all sites (N=13) in zone A and zone C (In (I/lc)). Many riparian ground beetles were
severely restricted to shore habitats and despite high positive values for 1, they had values of Ic =0,
causing the log response ratios of these species to be undefined. Since these zero values are definitely
meaningful, representing the strongest edge response possible, zero values were replaced by the lowest
possible activity density (Ic = 1) to gain an appropriate estimate of the true log response ratios.
Furthermore, an arbitrary threshold-density of > 5 individuals for a calculation of edge responses of
ground beetles and spiders was chosen. Altogether, edge response values were calculated for 24 spider
and 26 ground beetle species. Literature values for the shade and drought preferences of spider
species were taken from Entling et al. (2007).

When niche properties are available as continuous or relative measurement variables, the variability of
niche property values can be expected to increase with area purely statistically by random sampling.
As more species randomly accumulate in larger areas, their niche properties can also be expected to
show a higher variation than those of smaller randomly assembled communities in smaller areas.
Excluding random sampling effects becomes increasingly difficult the more limiting habitat types and
limiting niche properties are available within larger areas. The easiest approach would only become
available if there is a single limiting environmental factor that increases with area. The mean niche
property value of the community would then systematically converge according to the limiting
environmental factor with increasing area. These conditions rarely apply to available literature data or
to the size range of islands and fragments surveyed in most studies. However, even the most simple
and monotonous habitat space can be divided into two environmental types, Central habitat and ‘edge’.
Even the most simple and monotonous habitat area more or less changes in environmental conditions
towards the edge, depending on the steepness of the environmental gradient, between the focal habitat
patch and the surrounding environment (Cadenasso et al. 2003). As area decreases, the relative
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proportion of edge habitat within a patch increases. If the smallest patch solely consists of edge
habitat, it is readily understandable, how simply by increasing patch area the available amount of
distinct habitats and the number of adapted species therein would increase. Indeed it has been argued,
that some observed effects of area are in fact edge effects (Fletcher et al. 2007), although changing
terms, the true underlying mechanism is habitat heterogeneity. If the transition from edge to center
habitat is accompanied by the gradient of a single environmental parameter, this would meet the
definition of ‘heterogeneity’ by Li and Reynolds (1995) , who wrote: “Heterogeneity is thus defined as
the complexity and/or variability of a system property in space and/or time.”

Mean values of shade and drought preferences for island communities were calculated as:

- n
i=1 Y

Yj =
Sj

Were Y is the preference value of a species i on island j and S is the species richness on island j.

Nestedness temperatures of spiders, ground beetles and their subgroups were calculated from the same
dataset used for the analysis of SARs, with the software NESTCALC (Atmar & Patterson 1993;
1995), using 1000 Monte-Carlo runs to calculate significance levels. All linear statistics were
performed using STATISTICA (StatSoft 2007).

The similarity of community composition between islands and mainland, as well as between the two
lake systems was analyzed using ANOSIM (Clarke 1993), included in the software package PAST
(Hammer et al. 2001). As measure of similarity, Jaccard distance was used in this analysis (Jaccard
1912).

Distribution of ground beetle wing development in the islands system was analyzed using a Mann-
Whitney-U test.

It was tested, if the co-occurrence within each group of ground beetles and spiders was significantly
different from random assemblages, using the measures C-Score (Stone & Roberts 1990) and
Checkerboard score (Diamond 1975a) in the software ECOSim (Gotelli & Entsminger 2009). The
sequential swap algorithm was used to calculate > 10,000 random matrices from the original matrix
(Gotelli & Entsminger 2003).

To explore the species distribution along axes of environmental factors, a canonical correspondence
analysis (CCA) was performed with the software CANOCO 4.5 (Ter Braak 1988). It was performed
by down-weighing rare species and testing for the significance of the distributions using > 1000
Monte-Carlo runs. The data used was resolved to single pitfall traps. Each pitfall trap was categorized
into estimates of binary habitat categories, i.e. either 0 or 1 were assigned to the habitat categories
‘gravel shore’ or ‘shore vegetation’. Furthermore vegetation density was estimated by analyzing photo
material recorded at the time of the sampling in 2010, assigning levels from 0 to 3. Humidity and
distance to edge were measured variables. These methods were applied to datasets of ground beetles,
vagrant spiders and Linyphiidae.

To gain estimates about the major food of ground beetles and spiders, results of the stable isotope
analyses were used in the mixing model MixSIR (Semmens & Moore 2008). From two small islands,
three potential prey organisms entered the model. From all other islands, five potential prey organisms
or plants were used. To gain insight, how outcomes of the mixing model varied with assumptions
about the fractionation of >N and **C between trophic levels, the proportion of food intake for each
species analyzed was calculated with three different enrichment factors. | used the three most



22

prominent mean values for the fractionation of **N and **C per trophic level published, that also
reported standard deviations. The first were the enrichment factors, published by Post (2002b), hence
called POST. Their value and standard deviation for the AN enrichment factor are similar to the
original values published by Minagawa and Wada (1984). The second was the enrichment factor of
McCutchan et al. (2003)(MCC), and the third was the enrichment factor proposed by Spence and
Rosenheim (2005)(SR).

Tab. M2 Mean fractionation of *°N and **C per trophic level with standard deviations (STD) published by
different Authors

Authors APN STD AN Ac STD A™C
POST 3.40 1.00 0.40 1.30
mcc 2.30 0.18 0.50 0.13
SR 1.88 0.37 -0.53 0.26

For ground beetle species with low *°N values and potential herbivores, mean values for detritus and
plants were included in the model. For ground beetle and spiders species with 3°N > (plant 3°N + 3.4
%o), only animals were used as prey in the model. On most islands the ant species Lasius niger was
used as a potential prey item. On the smallest island of the Briiggehofsee (B1) the beetle species
Chaetartria seminulum (Herbst, 1797) from the family Hydrophilidae were used as a prey species due
to their high abundance. Beetle larvae from the family Haliplidae were used as aquatic prey item on
small islands in the Briiggehofsee. In the Diersfordter Waldsee, mayflies were used as aquatic prey.
Data on the isotopic signature of collembolans were only available for two larger islands, D7 and D8.
For the other larger islands, the mudhopper species Tetrix sp. was used. On islands D6 and D7, two
different prey assemblages were used in models, due to the high species richness. In an alternative
scenario, woodlice (Porcellio sp.) and pill-bugs (Armadillidium sp.) were used as prey items for larger
spiders. Also ground beetles like Stenolophus teutonus, Nebria salina, Omophron limbatum were used
as prey species for spiders in MixSIR models.

Tab. M3 Organisms used as prey in MixSIR models; Prey 4 and 5 were represented by either detritus or plants
for obligate herbivorous species or by phytophagous beetles and other more basal beetle species for spiders

Island Prey1 Prey 2 Aquatic prey Prey4 Prey 5

Bl C. seminulum  Snails Haliplidae A. duftschmidi E. riparius

B8 L. niger Snails / S. teutonus  Haliplidae 0. retusus Plants / P. anthracinus
D4 L. niger Tetrix sp. Mayflies Detritus/phytophagous  Plants / S. teutonus
D5 L. niger Tetrix sp. Mayflies Detritus/ phytophagous Plants / N. salina

D6 L. niger Tetrix sp. Mayflies Detritus/ phytophagous Plants / S. teutonus
D6/2 Porcellio sp. Armadillidium sp. O. limbatum C. hybrida N. salina

D7 L. niger Collembola Mayflies Detritus/ phytophagous Plants / C. seminulum
D7/2 L. niger Collembola Mayflies phytophagous O. limbatum

D8 L. niger Collembola Mayflies Detritus/ phytophagous Plants / Cicadae

Food chain length was calculated for 11 islands using the equation TL = ((8"°Niyes - 8°Niese) + A) / AN,
were TL is the trophic level, 5N, is the *N signature of the predator (ground beetle or spider) and
8N, is the °N signature of the food-chain base line and AN is the average enrichment factor per
trophic level (Post 2002a). Although enrichment factors lower than 3.4 %o were reported for trophic
interactions of terrestrial invertebrates (Vanderklift & Ponsard 2003), in our study the enrichment
factor of the most common interaction between the phytophagous ground beetle Amara aenea (De



23

Geer, 1774) and the lycosid spider Xerolycosa miniata (C.L. Koch, 1834) was indeed ~ 3.4 %o. Since
this study focused on the relationship between area and food chain length, the true enrichment factor
was of minor importance, because the relationship will not be changed by different fractionations
between trophic levels, provided the same fractionation values are used throughout the model. A is a
correction factor to assign the correct trophic level. On most small islands, plants were used as base-
line (A=1). On one small island lacking plants, detritus was used as baseline (A=1). On larger islands,
herbivores were used as baseline (A=2). As baseline herbivores the strictly phytophagous ground
beetles Amara aenea (De Geer, 1774) and Harpalus affinis (Schrank, 1781) were chosen. The latter
was categorized as phytophagous due to the overlap of 8*3C and 5"°N signatures of H. affinis and A.
aenea according to the results of stable isotope analyses, although H. affinis is sometimes considered
to be polyphagous. However, its predominant feeding on legume crops and plant seeds was confirmed
in many different habitats (Sunderland et al. 1995).

The niche width of animals in isotopic space (Bearhop et al. 2004; Newsome et al. 2007), spiders and
aquatic insects was analyzed using the package SIBER (Jackson et al. 2011) with the statistical
software R (RCore 2014). Total Area (TA) measures the total area of the convex hull (contour line) of
all individuals of a group within isotopic space (Layman et al. 2007). The standard ellipse is the
measure of variation of bivariate data, similar to the standard deviation SD in univariate data. Niche
overlap was measured using the standard ellipse area (SEA). SEAc is the corrected formula of SEA for
small sample sizes.
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Results

The majority of all animals caught in pitfall traps in terms of activity density were predacious
arthropods. Disregarding ants, the predacious arthropod groups with the highest activity densities were
spiders (3194 individuals) and ground beetles (Carabidae; 2083 individuals).These two arthropod
groups showed different distributions of activity density between mainland sites and islands. While 84
% of all ground beetle individuals were found on islands, the fraction of spiders found on islands was
69.8 %. The number of ground beetles caught per trap was also higher on islands, while catches per
trap were higher on mainland sites for spiders.

Although in both of these arthropod groups ~25 % of the species occurred exclusively on mainland
sites, an analysis of similarity (ANOSIM) revealed that Jaccard similarity within groups of island and
mainland sites was not significantly different from Jaccard similarity between groups of islands and
mainland sites, i.e. that the community composition on mainland sites was not less similar to the
composition of islands than island community compositions were to each other (Tab.1).

Tab.1: Results of ANOSIM, testing for significant dissimilarities between island and mainland community
composition (Jaccard distance). r,, = mean rank within groups; r, = mean rank between groups; p = significance
level = probability that communities were perfectly similar; level of R (up to 1) signifies degree of dissimilarity;
p < 0.05 denotes significant community dissimilarity

Arthropod group w rp R significance (p)
Ground beetles 89.7 107.0 0.18 0.11 (ns)
Spiders 98.8 89.0 -0.10 0.70 (ns)

Spiders caught in pitfall traps were represented by 93 species from 48 genera and 14 families. Wolf
spiders (Lycosidae) were the dominant spider family, representing 67.6 % of the catch. The remaining
larger fractions were represented by money spiders (Linyphiidae; 18.3 %), ground spiders
(Gnaphosidae; 6.1 %) and long-jawed orb weavers (Tetragnathidae; 4.3 %), i.e. these four spider
families represented > 95 % of the catch. The most common spider species were wolf spiders.
Xerolycosa miniata (C.L. Koch, 1834) was the most common in terms of activity density, while the
most widespread species in the studied system (and the 2™ most abundant) was Arctosa leopardus
(Sundevall, 1833). Also common and widespread were the wolf spiders Trochosa ruricola (De Geer,
1778), Pardosa prativaga (L. Koch, 1870) and the money spider Erigone dentipalpis (Wider, 1834)
while the ground spider Trachyzelotes pedestris (C.L. Koch, 1837) and the wolf spider Piratula
hygrophila (Thorell, 1872) were abundant, but their occurrence was restricted to a single mainland
site. Widespread but less common were Pachygnatha spp. (Tetragnathidae) and Oedothorax spp.
(Linyphiidae ). The most species-rich genus was Pardosa (Lycosidae), representing 10 species. Six
species were members of the genus Clubiona (Clubionidae), four species of the genus Erigone
(Linyphiidae) and three species in each case were members of the genera Arctosa (Lycosidae),
Piratula (Lycosidae), Trochosa (Lycosidae), Oedothorax (Linyphiidae), Tenuiphantes (Linyphiidae)
and Pachygnatha (Tetragnathidae). 74.5 % of all spiders caught were males, but interspecific variation
of male/female ratios was high, and ranged from 9:1 in Erigone dentipalpis (Sundevall, 1830) to 1:9 in
Arctosa perita (Latreille, 1799). Nevertheless, in the majority of spider species males dominated the
catch. The number of juveniles caught was negligibly low so that in fact > 99 % of all spiders caught
were adults.
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Ground beetles in pitfall traps were represented by 84 species from 33 genera and 14 subfamilies. The
dominant subfamilies were the Pterostichinae (36.4 %), the Harpalinae (21,9 %) and the Trechinae
(14.6 %). By far the most abundant ground beetle species was Amara aenea (De Geer, 1774),
commonly known as the common sun beetle, followed by Harpalus affinis (Schrank, 1781), although
the species Anisodactylus binotatus (Fabricius, 1787), Stenolophus teutonus (Schrank, 1781) and
Chlaenius vestitus (Paykull, 1790) were more widely distributed throughout the system. The most
species-rich genus was Bembidion, comprising 12 species. Many other species were members of the
genera Pterostichus (nine species), Agonum (eight species), Harpalus (seven species) and Amara (Six
species). Site occupancy was positively related to total abundance in both groups (spiders: y = 0.04 +
0.47*x; r=0.91; r* = 0.83; p < 0.001; ground beetles: y = 0.06 + 0.49*x; r =0.90; r* = 0.81; p <
0.001), but common spider species reached higher occupancies (Fig. 1).Rank abundance distributions
(RAD) and ranked species occupancy curves (RSOC) are shown in Fig. 2-5. A full species - island
matrix of ground beetles and spiders is given in Appendix A.

siders ground beetles ,
- 7’
30 , 30 ’
. ! .
0 ’
L] 4 4
25 ’ ¢ 25 . »
. L] . .
~ L7 L] 4
> . (34 QD woee ,
o 3 *n /6
(% 20 . (] g 20 PRI
g_ . e ‘e % « e e
. v e 0 .
9 15 815 ,
0 e 00, ¢ o e o0 7
A N~ a
o ’ o .
o} 00 ‘ L] . 9 e 00 019 0 L]
21w , 10 R
/// ’/
DR N I} 0 ¢ L% e
‘ -
05 , 05 ’
7
0.0 s 00 0.0 [ “ 00 .
7
1 0 1 2 3 4 5 6 7 -1 0 1 2 3 4 5 6 1
log(abundance) log(abundance)

Fig. 1 log-log diagrams of Abundance occupancy distributions for spiders (left) and ground beetles (right).
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Rank abundance distribution of ground beetles
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Rank abundance distribution of spiders species
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Species area relationships

Species humbers of spiders and ground beetles significantly increased with island area. The number of
spider species increased with island area at a slightly steeper slope, compared to ground beetles and
the proportion of variance explained by area was higher for spiders (Tab. 3). When Linyphiidae and
other web-building spiders were excluded from the dataset and only true vagrant, ground-dwelling
spiders were considered, the slope of the SAR became steeper, but the variance explained remained the
same. While the species richness of Lycosidae alone was positively related to island area, the species
richness of Linyphiidae showed no relation to island area at all (Fig 6; Tab 3)

Ground beetle subgroups differed strongly in their response to area. When ground beetles were
grouped by feeding type, phytophagous ground beetles showed a steep and significant increase with
island area, while predacious ground beetles only showed a non-significant positive trend. When
ground beetles were grouped as riparian and non-riparian species, the numbers of non-riparian ground
beetle species strongly increased with area, while the number of riparian species showed a slightly
negative but non-significant trend (Fig 6; Tab 3).

Spider densities, measured as catches per trap and subgroups of vagrant spiders and wolf spiders
showed positive but non-significant trends of increase with island area. The density of Linyphiidae
significantly decreased with island size when the newly created island (D10) was removed. The
catches per trap of Linyphiidae on island D10 differed from catches on all other islands by an order of
magnitude. The density (catches per trap) of ground beetles increased marginally significant with
island area, densities of phytophagous and non-riparian subgroups significantly increased with island
area, while densities of predacious and riparian subgroups did not (Fig. 7; Tab. 3).

Jackknife rarefaction added little changes to the species area relationships of both arthropod groups
(See Tab. 3). Observed species numbers were at average 71.5 % (x 5.9%) of Jackknife estimates for
ground beetles and 69.2 % (+ 3.2 %) for spiders (Tab. 4). Observed proportions of Jackknife estimates
were unrelated to area in both groups (p > 0.05; Pearson regression).

Tab. 3: Species-area (SAR) and density-area relationship (dAR) for spiders and carabids, S = total number of
species and N = total number of individuals involved in the relationship; r = correlation coefficient; p =
significance level (* < 0.05, ** < 0.01, ***< 0.001, NS > 0.5)

Group S | SAR dAR r(SAR) r(dAR) pP(SAR) p(dAR)
Spiders 67 1969  S=5.4A°"  |=4.0A°% 0.75 0.36 ok <0.1
Spiders (Jackknife) 5=7.7A%% 0.76 *x

Vagrant spiders 53 1422  S$=25A%%  |=1.9A%% 0.75 0.49 ok <0.1
Lycosidae 24 1294 S=1.7A°%*  |=0.9A%* 0.70 0.46 ok <0.1
Linyphiidae 30 523 s=3.0A"®  1=8.1A%%° 009 -064 NS *
Ground beetles 63 1620 S=7.1A°"  |=4.1A%" 0.64 0.43 * NS
Ground beetles (Jackknife) 5=9.8A%" 0.66 *
Non-phytophagous Carabidae 56 975  S=7.9A°%  =7.4A"7 0.38 -0.25 NS NS
Phytophagous Carabidae 7 645  S=16A°%®  [=0.2A%% 0.82 0.77 Hoxk *ox
Riparian Carabidae 36 693  S$=9.4A°%%  1=9.0a%Y  -0.23 -0.47 NS <0.1

0.33 0.41

Non-riparian Carabidae 27 927 S=0.9A 1=0.2A 0.85 0.72 Hkx *x
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Fig. 6 Double-log species area relationships: a) All spiders; b) vagrant spiders; ¢) Lycosidae; d) Linyphiidae;
e) all ground beetles, f) non-phytophagous ground beetles; g) phytophagous ground beetles; h) non-
riparian ground beetles; i) riparian ground beetles

Tab. 4: Observed and estimated species richness on islands and mainland sites; S = species richness; GB =
ground beetles

Island S S Jacknife Jacknife Observed percent of Observed percent of Island
(GB) (spiders) (GB) (spiders) estimate for GB estimate for spiders area (m?)

BF 14 11 19 15 73.7 73.3 -
DF 22 22 28 31 78.6 71.0 ---
DS 27 25 42 35 64.3 71.4 ---
DW 21 31 28 47 75.0 66.0 -
Bl 10 7 14 9 71.4 77.8 4
B11B 5 5 8 8 62.5 62.5 13
D1 12 8 17 12 70.6 66.7 23
D2 16 18 24 27 66.7 66.7 27
B11A 8 9 11 13 72.7 69.2 36
D3 13 7 16 10 81.3 70.0 133
B8 13 15 16 21 81.3 71.4 177
B12 16 11 21 15 76.2 73.3 258
B2 9 16 13 24 69.2 66.7 970
D10 27 23 34 34 79.4 67.6 1850
D4 17 13 24 19 70.8 68.4 2263
D6 24 24 38 35 63.2 68.6 3096
D8 17 21 25 32 68.0 65.6 3375
D5 13 17 19 23 68.4 73.9 3763

D7 20 15 30 23 66.7 65.2 4340
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spiders; b)vagrant spiders; ¢) Lycosidae; d) Linyphiidae; €) all ground beetles; f) non - phytophagous
ground beetles; g) phytophagous ground beetles; h) non-riparian ground beetles; i) riparian ground
beetle

All groups and subgroups of arthropods were significantly nested. However, nestedness temperatures

showed substantial variation (Fig. 8; Tab. 5). The lowest nested temperatures were calculated for

phytophagous ground beetle species and non-riparian, non-wetland ground beetles.

I report the following analogy without statistical testing, because species lists in subgroups partially
overlapped, causing spurious correlations:

Nestedness temperatures of all arthropod groups were negatively correlated to the slopes (z) of SARs
(r = -0.84) when Linyphiids were omitted from the analysis (Linyphiidae had no slope (z)), i.e. the
degree of nestedness increased with the steepness of the species area relationship.
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Fig. 8 Nestedness plots of spiders and ground beetles with species on the x-axis and sampling sites on the y-
axis; a grey block denotes a species occurrence; note that differences in species richness and site
occupancy between animal groups lead to differences in matrix size: a) all spiders b) Lycosidae c)
Linyphiidae d)all ground beetles €) non-phytophagous ground beetles; f) phytophagous ground beetles;
g) non-riparian ground beetles h) riparian ground beetles i) non-riparian, non-phytophagous ground
beetles

Tab.5: Nestedness temperatures after Atmar & Petterson (1998), T, = Mean nestedness temperature of 1000
randomized matrices, T = nestedness temperature of actual community, SD = standard deviation; P =
significance level (* < 0.05, ** < 0.01, ***< 0.001, NS > 0.5)

Group Toul Matrix fill SD T P(T=T.w)
Spiders 50.33° 214 % +4.36° 30.77° HoAk
Ground beetles 55.47° 24.8% +4.66° 41.60° *x
Lycosidae 52.28° 34.0% +7.06° 21.47° Hokk
Linyphiidae 36.85° 19.5% +7.23° 20.20° *
Non- phytophagous ground beetles 52.54° 241 % +4.77° 41.41° **
Phytophagous ground beetles 41.46° 412 % +10.40° 13.85° **
Riparian ground beetles 49.03° 23.0% +5.89° 36.12° *
Non-Riparian ground beetles 50.88° 273 % +6.45° 16.00° *E

Non-riparian - non -phytophagous 45.16° 255% +7.91° 17.13° Hokk
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Similarity

An analysis of similarity (ANOSIM) revealed that the Jaccard dissimilarity between island groups of
the Briiggehofsee and the Diersfordter Waldsee was significantly higher than between islands within
each lake for spiders and carabids (Tab. 6).

Tab. 6: Results of ANOSIM, testing for dissimilarities between the community composition of Briigghofsee
and Diersfordter Waldsee (Jaccard distance). r,, = mean rank within groups; r, = mean rank between groups; p =
significance level = probability that communities are perfectly similar; i.e. significance denotes a 95 %
probability of community dissimilarity (* < 0.05, ** < 0.01, ***< 0.001, NS > 0.5)

Arthropod group I I R significance (p)
Ground beetles 71.9 121.2 0.52 *Ax
Spiders 86.4 105.4 0.20 *

Co-occurrence

Co-occurrence analysis revealed C-Scores, which were significantly higher than expected by chance
for ground beetles and spiders within the system of the Diersfordter Waldsee. For ground beetles also
the Checkerboard score was significantly higher than expected by chance (Tab. 7).

Tab. 7: C-scores and Checkerboard score for spiders and ground beetles; p = significance level

Arthropod group Score Observed  Mean of sim Variance of sim p (observed >=
index Indices indices expected)
Spiders C-Score (SS) 3.914 3.801 0.00161 0.0052
Ground beetles C-Score (SS) 3.747 3.491 0.00070 <0.0001
Ground beetes Checkerboard 1241 1210 240 0.0378

Between island distribution of ground beetle species according to hind wing development

The fractions of brachypterous ground beetle species and individuals were generally higher on
mainland sites (N = 4) than on islands (N = 15)(MWU-Test; p < 0.01). In fact, the majority of island
communities contained no brachypterous individuals at all (Fig. 9). Some of the brachypterous
individuals on larger islands were members of dimorphic species. Members of dimorphic species on
small islands were all macropterous with the single exception of a brachypterous individual of
Bembidion tetracolum (Say, 1823) on an island sized 25 m2. The fractions of brachypterous species or
individuals were not related to island area in a linear fashion (Pearsson regression; r = 0.19; p = 0.5).
When islands were grouped into categories of small (N = 8) and large islands (N = 7), brachypterous
species occurred significantly more frequent on large islands (MWU-test; p < 0.05). However, the
number of brachypterous individuals was not signigicantly, but only marginally higher on large islands
(p = 0.06). Most of the brachypterous species on islands were rare. Noteworthy, individuals of the
species Syntomus foveatus (Geoffroy, 1785) were brachypterous on the mainland site it occurred at,
while on a small island they where macropterous; according to the literature macropterous Syntomus
foveatus are rarely observed.
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Fig. 9  Fraction of brachypterous ground beetle species (black bars) and individuals (white bars) on mainland
sites (M#) and islands (I1#).

Within-islands species distribution

On the larger islands, species richness of ground beetles and spiders increased rather gradually towards
the shore with statistical significance (one-way ANOVA,; spiders: p < 0.05; ground beetles: p < 0.05).
However, due to a spillover of the most abundant ground beetle species A. aenea and the wolf spider
X. miniata from dry habitats in islands centers into the shore zones, there were no differences in
catches per trap between the three zones (one-way ANOVA,; spiders: p = 0.11; ground beetles: p =
0.75).

Edge response values of locally common ground beetle species reached higher maxima than locally
common spider species but were not generally higher (one-way ANOVA). The distribution of positive
and negative edge response values was remarkably similar for ground beetles and spiders. The
majority of spider species (18 species) and ground beetles (19 species) had positive edge response
values, while in both groups only six showed negative edge response values. The two most active and
common species A. aenea and X. miniata had near neutral distributions (edge response values near
zero), i.e. they both peaked in the B zone (2,80 m distance from the shoreline)(Fig. 11). The logit of
species occurrence increased with edge response for spiders (Pearsson regression; r = 0.52; r2 = 0.27; p
< 0.01) and ground beetles (r = 0.32; r2=0.10; p = 0.11).
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Relationships between species and their environment
Explorative methods - Canonical Correspondence Analysis

In the CCA two axes explained 74.3 % of the variance of the species-environment relations for ground
beetles, 83.9 % for vagrant spiders and 81.5 % of the variance for Lyniphiidae (Tab. 9). For ground
beetles, 49.2 % of the variance was explained by vegetation density and humidity, while another ~25
% was explained by the gravel type shore alone (Fig. 12). For vagrant spiders 83.9 % of the variance
was explained by vegetation density and shore vegetation (Fig. 13), while for Linyphiidae, vegetation
density, humidity and distance to shore were the most important environmental factors (Fig 14). All
models were significant (1000 Monte-Carlo runs).

Tab. 10: Results for the Canonical Correspondence Analysis for ground beetles, vagrant spiders and

Linyphiidae.
CCA for ground beetles Axis 1 Axis 2 Axis 3 Axis 4 Total inertia
Eigenvalues 0.378 0.193 0.099 0.055 7.837
Species - Environment correlations 0.734 0.677 0.611 0.450
Explained variance species data 4.8 7.3 8.5 9.2
Species environment relation 49.2 74.3 87.1 94.3
CCA for vagrant spiders
Eigenvalues 0.323 0.094 0.062 0.012 3.945
Species -Environment correlations 0.728 0.559 0.522 0.260 -—--
Explained variance species data 8.2 10.6 12.1 12.4
Species environment relation 65.0 83.9 96.4 98.9
CCA for Linyphiidae
Eigenvalues 0.445 0.128 0.088 0.033 2.713
Species -Environment correlations 0.763 0.628 0.529 0.323
Explained variance species data 16.4 21.1 24.4 25.6

Species environment relation 63.3 81.5 94.0 98.7 -—--
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Niche distribution in spiders

Values of shade and drought preference were significantly related to edge response values in spiders.
Furthermore mean drought preference values and the standard deviation of mean drought preference
values for spiders increased with island area. Mean shade preference values also increased with island
area, but the standard deviation of shade preference values did not (Fig. 15; Tab. 11).
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Fig.15 Correlation of a) logit of soil humidity with island size, b) correlation of edge response of spiders with
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area e) of shade preference with log-island area, f) standard deviation of mean drought preference of
spiders and g) standard deviation of mean shade preference of spiders with (log) island area, and h)
correlation of occupancy and edge response of spider species and i) correlation of occupancy and edge
response of beetle species on larger islands with three sampling zones applied; SD = standard deviation
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Tab. 11: Results of regressions and correlations in Fig. 15

Regression / Correlation r r2 p - level
Logit mean soil humidity - log area -0.70 0.48 *
Spiders edge response - drought preference -0.49 0.24 *
Spiders edge response - shade preference -0.55 0.30 *
Mean drought preference — log area 0.80 0.63 *kx
Mean shade preference - log area 0.62 0.38 *
STD drought preference - log area 0.61 0.37 *
STD shade preference - log area 0.40 0.16 NS
Spider occupancy - edge response 0.52 0.27 **
Carabidae occupancy - edge response 0.31 0.10 NS

Stable isotope results

Of the 1450 samples prepared and analyzed, 1429 yielded results without reported problems. Three
samples of the large rove beetle Ocypus olens (Muller, 1764) had to be discarded due to problems
during the automated analysis. For another 18 samples the precision of reported isotopic signatures
was reduced, because of nitrogen contents below 20 g or carbon contents below 100 ug in the
samples. Reduced precisions were reported for samples from plants, algae and bird feces. Ground
beetles had lower mean values, but a wider range between maxima and minima and higher standard
deviations for "*C and "N signatures than spiders. Plants and detritus had very similar means and
ranges of 8"°C and 8'°N signatures, but plants had higher maximum &"N signatures. Bird feces
showed the most extreme variation in §**C signatures, while minimum and maximum &"°N signatures
were similar to terrestrial plants, although mean 8"°N signatures were generally higher than the mean
"N signatures of arthropod predators like spiders and ground beetles (Tab. 12).0n small bird islands,
ground beetles and spiders, but also flies and springtails showed extremely high & *°N signatures.

Tab. 12: Descriptive statistics for groups of stable isotope samples; SD = standard deviations

Group N Mean Min. Max. SD Mean Min. Max. SD
613C 6130 613C 6130 615N 615N 615N 515N
spiders 266 -26.81 2891  -23.11 0.97 6.12 -0.41 16.82 2.24
carabidae 312 -27.65 -30.66  -22.07 1.29 5.50 -1.28 16.90 3.08
plant 119 -29.15  -3239  -25.70 1.20 3.09 -6.14 15.55 5.00
detritus 32 -29.24 -31.08  -22.92 1.46 3.14 -5.50 10.51 3.92

feces 15 2291 -2905  -13.13  6.22 8.97 6.43 15.14 2.60
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In the analyzed dataset, 8"3C signatures were significantly related to 8*°N signatures in ground beetles
(r=0.13; p <0.001) and spiders (r = 0.47; p < 0.001). However, a more detailed analysis revealed
species specific relationships between 8**C and 8°N. In most ground beetle and spider species, 8**C
and 8"°N were unrelated to each other, e.g. in Omophron limbatum (Fabricius 1777)(r = 0.27; p =
0.16), S. teutonus (r = 0.15; p = 0.4) , C. vestitus (r = 0.25; p = 0.29); , A. leopardus (0.14; p = 0.26), P.
prativaga (r = 0.16; p = 0.47)) and Pachygnatha clercki (Sundevall, 1823)(r = 0.29; p = 0.21). In some
other species there was a clear positive relationship, like in the wolf spiders T. ruricola (r = 0.47; p <
0.01), X. miniata (r = 0.38; p < 0.05) and A. cinerea (Fabricius, 1777)(r = 0.52; p < 0.05). The two
phytophagous ground beetle species A. aenea and H. affinis showed opposite relationships of §*C and
8"°N signatures. While in A. aenea, a clear positive relationship of §**C and >N was found (r = 0.57;
p < 0.001), H. affinis showed a clear negative relationship of §"°C and §"°N (r = -0.71; p < 0.001).
Very strong positive relationships of §°C and §"°N were found in the two dwarf spider species E.
dentipalpis (r = 0.85; p < 0.001) and Oedothorax retusus (Westring, 1851)(r=0.93; p < 0.001) .The
8N signatures significantly decreased with island area in spiders (r = -0.67; r2 = 0.46; p < 0.001),
ground beetles (r = -0.57; r2=10.32; p < 0.001), plants (r =-0.72; r2 = 0.52; p < 0.001) and detritus (r =
-0.71; r2 = 0.51; p < 0.001) (Fig. 16). This relationship held also when bird islands were removed. The
decrease of & *°N signatures with island area was also visible at the level of species, which occurred
across some size range of the islands, e.g. A. leopardus (r =-0.63; r? = 0.4; p < 0.001) and P. prativaga
(r=-0.79; 1> = 0.78; p < 0.001). These negative relationships between 5'°N and island area differed in
slopes between animals and plants/detritus (Fig. 16).
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Mean "N signatures slightly increased with edge response values of spiders (r = 0.21; p < 0.001) and
ground beetles (r = 0.25; p < 0.001). Variation of §"*C signatures (SD) (r = 0.38; p < 0.05) also
increased with edge response in spiders, but not in ground beetles (r = -0.17; p = 0.26).

Food chain length

Both proxy variables for food-chain length, mean trophic position and maximum trophic position
where positively correlated to island area (Fig. 17). 5°N plant-baseline variation was high on most
islands, with values of 5"°N standard deviation (SD) typically exceeding 2.5 %o. 5'°N detritus-baseline
variation (SD) was lower than 8"°N plant-baseline variation and the 8"°N SD of detritus increased with
area. 8°N SD of herbivore-baseline (~ 1.5 %o) was also lower than 8"°N SD plant-baseline variation.
8N SD of predatory ground beetles and spiders was not different from 8"°N SD of herbivores.
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Fig. 17 Food-chain area relationship for spiders (open circles; solid line; mean trophic

position: r = 0.89, r2 = 0.79, p < 0.001; maximum trophic position: r = 0.77; r2 =
0.60; p < 0.01) and ground beetles (closed circles; dashed line; mean trophic
position: r = 0.86; r2 = 0.74; p < 0.001; maximum trophic position: r = 0.75; r2 =
0.56; p>0.01)
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Niche width, measured as corrected standard ellipse area (SEA.) and convex hull area (TA) of isotopic
space was larger for ground beetles (SEA. = 10.9; TA = 65.6) than for spiders (SEA. =6.1; TA =
51.2)(Fig.19) with phytophagous ground beetles excluded from the dataset. 65.7 % of SEA. (4.0) and
67 % of the TA (34.3) of spiders overlapped with that of ground beetles. Differences in SEA, were
significant in both cases (Fig. 18).
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Fig. 18 Biplot of 8N and 5™3C showing convex hull (dashed line) and SEA, (solid ellipses) for spiders (red)
and ground beetles (black; without phytophagous species)
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Spatial subsidies

Aguatic animals were clearly distinguishable by their position in isotopic space. While there was
substantial overlap in the convex hull area (TA) between aquatic animals (SEAc = 13.8; TA = 46.2),
spiders (SEAc = 6.1; TA =51.2) and ground beetles including phytophagous species (SEAc = 12.3;
TA = 91.6)(see above), the standard ellipse area (SEA.) of aquatic animals did not overlap with that of
spiders and ground beetles at all (Fig. 20)
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Fig. 20 Biplot of §*3C and 8"°N showing convex hull (dashed lines) and SEA, (solid ellipses) for ground beetles
(black; phytophagous species included), spiders (red) and aquatic insects (green)

8"3C decreased slightly with island area in spiders (r = -0.34; r2= 0.11; p < 0.001), but not in ground
beetles (r=0.10; 2= 0.01; p = 0.08). Unlike in "°N signatures, these patterns were not preserved at
the species level. 8**C decreased with island area in O. limbatum (r = -0.43; r2=0.19; p < 0.05) and N.
salina (r = -0.56; r2 = 0.32; p < 0.05), but even showed a positive relation to island area in H. affinis (r
=0.66; 12=0.43; p < 0.001). Mean 8"°C signatures decreased with island size in the wolf spider A.
leopardus (r = 0.76; r = 0.57; p < 0.01), but not in the co-occurring wolf spider P. prativaga (r = -0.22;
r2=0.05; p = 0.60) (Fig. 21).



48

-25,0

d"®c

-27,0

275 \_‘Q\O‘_
<

-28,0

-28,5

Area (log)

Fig. 21 Relationship between 8**C and log-area for A. leopardus (solid circles; r = -0,76; r2= 0,57; p = 0,007)
and P. prativaga (open diamonds; r = -0,22; r2 = 0,05; p = 0,59).

The overall mean contribution of aquatic prey to the total food consumption of island arthropod
communities was dependent on the assumptions of the mixing model for isotope fractionation and
animal groups. For ground beetles the mean contribution averaged across islands increased from 22.3
+ 30.1% for POST fractionation, to 30.9 £39.0 % for MCC fractionation, up to 44.9 + 33.7 % for SR
fractionation, but these increases were not significant (ANOVA,; p > 0.10). For Spiders, mean
contributions of aquatic prey were significantly higher, when SR fractionation values (36.8 = 21.1 %)
were applied to the model, compared to MCC fractionation (16.9 £ 14.9 %) and POST fractionation
(13.5 £ 11.0 %) values (Fig. 22; ANOVA; p <0.001).
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Fig. 22 Proportion of aquatic diet for ground beetles (left) and spiders (right) calculated for different scenarios
of fractionation

The effect of island area on the contribution of aquatic prey differed between animal groups and model
assumptions about fractionation of *C and °N. The percentage contribution of aquatic subsidies to the
total community significantly decreased with increasing island area for ground beetles, regardless of
the model assumption. For spider communities, there was a significant positive relationship between
island area and the percentage contribution of aquatic prey, only when SR fractionation values were
used in the model, but not when POST or MCC fractionation values were used (Fig. 23; Tab. 17).
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Fig. 23 Relationships between the proportion of aquatic diet and island area (log) for ground beetles with

fractionation values from a) POST (r =-0.75; r2 = 0.56; p < 0.001); b) MCC (r =-0.88; r2=0.78; p <
0.001); ¢) SR (r=-0.79; r2=0.63; p < 0.001), and spiders with fractionation values from d) POST (r = -
0.3; r2=10.09; p =0.09), e) MCC (r =-0.06; r2=10.00; p =0.73), f) SR (r = 0.36; r2=0.13; p < 0.05)

A. leopardus and P. prativaga were the only species with sufficient island occupancy to test for a
relationship between island area and percentage contribution of aquatic prey at the species level. The
latter increased in A. leopardus with island area according to SR fractionation values, but not when
POST or MCC fractionation values were applied. P. prativaga did not show a relationship between
island area and the proportion of aquatic subsidies under any model assumption (Tab. 18).

Tab. 18: Results of Pearsson regression for the percentage of aquatic diet and log-island area with different
assumptions about fractionation of 8'3C and 3"°N (POST, MCC, SR) in the species A.leopardus (AL) and P.
prativaga (PP).

Model assumptions r (AL) r* (AL) p (AL) r (PP) r* (PP) p(PP)
POST -0.50 0.25 0.25 0.06 0.003 0.91
MCC -0.19 0.04 0.68 0.35 0.12 0.49
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SR 0.94 0.88 0.002 0.37 0.13 0.48

The most clearly distinguishable predator of aquatic animals was the ground beetle O. limbatum. The
mixing model MixSIR revealed that at the Briiggehofsee - depending on model assumptions - 79.1 %
(= 0.07 %) of the diet of O. limbatum were aquatic primary consumers of the littoral, most abundantly
represented by larvae within the aquatic beetle family Haliplidae. Also on small islands in the
Diersfordter Waldsee, O. limbatum utilized aquatic subsidies represented by mayflies
(Ephemeroptera), making up 82.6 % (+0.07 %) of their diet. On a larger island, pillbugs of the genus
Armadilidium sp. were the most likely main food source, contributing 82.5 % (+ 0.05 %). Another
predator, which fed partly on aquatic prey was A. leopardus. Aquatic organisms like haliplid beetle
larvae contributed between 40% - 50 % to its diet on small islands in the Briiggehofsee. On these
small islands, no main component of A. leopardus diet could be clearly identified. On larger islands of
the Diersfordter Waldsee, proportions of aquatic prey of A. leopardus were similar (38.8 % + 0.03 %),
but the main food source were clearly terrestrial herbivores like A. aenea (52.1 % + 11.7 %).

Stoichiometry

Mean Molar C:N ratios significantly differed between ground beetles and spiders (Fig. 24). Molar C:N
ratios were usually wider, with higher variation in ground beetles (6.19 £+ 1.01) than in spiders (4.98 +
0.42). Thus ground beetles and spiders were - with a few exceptions - distinguishable by their C:N
ratios. Ground beetles had C:N rations > 5.5 while spiders had C:N ratios mostly < 5. An exception in
spiders was the sheet web spider species Agyneta rurestris (C.L. Koch, 1836) with a mean C:N ratio of
6.01 £ 0.24. An exception in ground beetles was the tiger beetle Cicindela hybrida (Linné, 1758)
(5.38 £ 0.44). The three Nebria spp. found in the study system, Lionichus quadrillum (Duftschmid,
1812) and Oodes helopioides (Fabricius, 17929) had exceptionally wide C:N ratios > 8.

The majority of ground beetles sampled in June had narrower C:N ratios than ground beetles of the
same species, sampled in August. Increased C:N ratios in August were typically accompanied by
lower 8"°C signatures and "N signatures (Tab. 19). In the ground beetle Nebria livida (Linné, 1758)
C:N ratios decreased by ~28 % and 8"°C signatures increased between June and August.
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Tab. 19: Comparison of molar C:N ratios, §*3C and 6'°N signatures of several ground beetle species between
June and August

Species Island June August
molar C:N mean 6°°C mean 6N molar C:N mean 6°C mean 6°N
A. binotatus D3 56104 -28.0 9.0 83+1.0 -28.3 8.7
D1 - -- -- 9.8+1.0 -29.2 14.1
D2 - -- - 9.4+0.3 -28.3 10.7
A. bifrons D3 7.3+0.8 -27.7 11.8 7.1+0.7 -28.5 6.9
D2 - -- - 6.2+0.6 -28.1 10.9
D4 - -- - 59+0.6 -28.3 3.5
D8 - -- -- 6.2+0.6 -28.9 1.9
A. aenea D5 56104 -28.3 0.7 7.9+0.7 -29.8 0.6
C. hybrida D7 5605 -27,3 3.8 6.1+0.5 -27.5 4.0
D8 5.4+03 -27.2 4.6 6.5+0.6 -27.9 3.3
D5 - - - 7.1+0.8 -28.1 3.6
N. livida D8 9.0+1.2 -29.6 6.4 6.5+0.6 -28.0 6.3

Molar C:N ratios were unrelated to 5°N in ground beetles and spiders. In both arthropod groups C:N
ratios they were negatively correlated to 8**C, but the explanatory power of the model was low
(ground beetles: r = -0.25; r2 = 0.06; p < 0.001; spiders: -0.38; r2 = 0.15; p < 0.001). The percentage of
total carbon and nitrogen content of body dry mass decreased slightly, but significantly with island
area in ground beetles (C %: r = 0.25; r2=0.06; p < 0.001; N %: r = 0.21; r2= 0.04; p < 0.001). In
spiders the percentage of total carbon and nitrogen content significantly and clearly increased with
island area (C%: r = 0.44; r2=0.19; p < 0.001; N %: 0.46; r2=0.21; p < 0.001)(Fig. 25).
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Fig. 25 Relationships between relative content of carbon and nitrogen to island area (log) for ground beetles (a-
b) and spiders (c-d)
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Discussion

Describing the Community

The terrestrial ecosystems on the mainland and islands of the gravel pit lake system investigated in this
study were found to be inhabited by an unexpectedly diverse community of 93 spider species and 84
ground beetle species. Larger islands in the Diersfordter Waldsee were inhabited by many species,
which are naturally distributed in coastal dune habitats of northern Europe. The most common spider
species on these islands, X. miniata has been described as a good indicator species for inundating
mesotrophic grasslands with the presence of Salix repens in such coastal ecosystems (Bonte et al.
2002). Other spider species, common in this study can be found at the fore beaches of coastal
ecosystems, like Arctosa cinerea, Arctosa perita and dwarf spiders of the genera Oedothorax and
Erigone (Almquist 1973), but also Pardosa prativaga, Trochosa ruricola and Arctosa leopardus
(Mellbrand 2009). Many of these spider species also occur in riparian zones of European streams
(Lambeets et al. 2005). Ground beetles from these habitats, which occurred at the Diersfordter
Waldsee were Cicindela hybrida, Nebria salina and Harpalus affinis (Luff 1998). The most common
ground beetle species, Amara aenea is an eurytopic species of dry grasslands. However the majority of
ground beetle species were species typically found on riparian gravel banks or inundating riparian fens
and temporary wetlands (Lehmann 1965; Brose 2003; Lambeets et al. 2008). Large proportions of the
ground beetle and spider species found at the island system have long since been known as early
colonizers of open casting pits, following lignite or gravel mining (Neumann 1971; Gack et al. 1999;
Brandle et al. 2000; Al Hussein 2002) and arable fields (Samu & Szinetar 2002; Irmler 2003). It is
thus likely that many ground beetle and spider species were already common to the area before the
restoration of the gravel pit started. Nevertheless, the restoration and landscape management
implemented have achieved to preserve these communities, including many endangered species to this
day. Rarefaction of the species data indicated that species lists were far from complete and that the
true species richness of spiders and ground beetles was - depending on the particular island - between
40 % and 80 % higher. But the exact estimates of species richness have to be handled with caution,
since jackknife estimates are sensitive to sampling coverage (Brose et al. 2003), which was not strictly
proportional to area in this study.

According to the young age of the communities - confirmed by data on wing status of ground beetles,
which will be discussed later - the high species richness might still be an overshoot of recently arrived
propagules, colonizing the islands. Some of these species will probably fail to establish and species
numbers will relax to lower, but rather persistent values (Simberloff & Wilson 1970). Comparing
older large islands in this study with the youngest island, which had the highest species richness of
ground beetles and spiders it seems that such a relaxation has already occurred. It is also important to
note, that a reduction in species richness over time after initial colonization is far from being a general
ecological law (Schoener 2009) and future trends of species richness and composition may strongly
depend on successional development, disturbance regimes and regional meta-community dynamics
(Thomas 1994). Furthermore, the highly diverse island communities are not merely explained by
island biogeographic dynamics of immigration and extinction, but also by the spatial heterogeneity of
environmental conditions within and between islands and lake systems. Species richness and species
composition clearly differed between island centers and island shore zones, as well as between the
Diersfordter Waldsee and the Briiggehofsee.
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Species distributions and environmental conditions

This study clearly demonstrates how the species richness and composition of ground beetles and
spider communities tracked the increasing spatial heterogeneity of environmental conditions on a
group of islands with increasing area. On the islands, the spectrum of spatial heterogeneity was limited
to a remarkably small set of basal environmental factors, due to the young island age and the lack of
complex structural components like woody vegetation. On the smaller islands, arthropod communities
were entirely composed of riparian and wetland species, since most of the soil was wet or highly
humid round the year and ‘edge habitat’ like gravel shore and Juncus spp. dominated. As space
increased, plants utilizable by herbivorous ground beetles appeared, dryer habitat areas became
increasingly available and species representative of dry meadows (A. aenea, H. affinis) and costal
dunes (Cicindela hybrida, Arctosa perita, X. miniata, Arctosa cineara) were added to the community.
Dry conditions were highly limited on small islands and thus phytophagous and non-riparian ground
beetles had the steepest SAR - slopes (highest z values) and the lowest nestededness temperatures of
all taxa and subgroups tested. Moreover, phytophagous ground beetles disproportionally contributed to
the overall significance of the species area relationship of ground beetles, for the removal of only
seven phytophagous species out of 63 beetle species on islands in total rendered the SAR -
relationships insignificant. Accordingly, species disappeared together with their preferred habitat as
island area decreased and so island communities of ground beetles and spiders were significantly
nested. On the other hand, since the species richness of non-riparian, non-phytophagous ground
beetles also significantly increased with area, it becomes clear, that the species area relationship of
ground beetles, preferring dry conditions, was flattened by the statistical noise of riparian ground
beetles, which even exhibited a slightly negative species-area trend. This may be partially because of
the comparably small increase in island perimeter relative to the increase in total area. On the other
hand, this phenomenon can be viewed as a small island effect (SIE) (Triantis et al. 2006) for riparian
beetles. In this case, the number of riparian ground beetle species would be increased by some factor
above the expected species richness in a species area relationship. In most cases this factor is unknown
and it is still discussed how SIEs are properly detected (Dengler 2010) or if they are artifacts at best
(Burns et al. 2009; Tjagrve & Tjarve 2011), but hypotheses have been proposed that see the cause of
the SIE in spatial subsidies. Allochthonous intakes of food increase the species richness on small
islands beyond the level, autochthonous production would allow (Anderson & Wait 2001).

The strong positive relationship between island area and the mean drought preference of spiders
reflected the environmental patterns described above. Even though shade preference values of spiders
showed a stronger negative correlation to edge response values than drought preference values, the
mean shade preference increased with island area at a much slower rate than mean drought preference.
This again reveals gradients of moisture as the main drivers of biodiversity patterns on the gravel pit
islands in this study. Combining mean preference values of species and their standard deviations can
be linked to environmental heterogeneity. The standard deviation of species niche preference values
can be expected to increase with island area by pure mass effects, e.g. by random passive sampling. As
the number of species randomly colonizing an island increases with area, the preferences of these
species will also show a higher, pure random variation. However, with random passive sampling,
mean preference values for island communities should be unrelated to area in general. With non-
random colonization the mean values should converge to preference values for the limiting habitat as
island area increases. By using the habitat preference values calculated by Entling et al. (2007), I could
show that these preference values obtained from large gridded data for spiders can be successfully
applied to small-scaled environmental gradients. Provided the environmental gradients in moisture and
shading are large enough, they can be represented by spider habitat preferences within ranges as short
as 10 meters. These findings underpin the non-random and non-neutral mechanisms that lead to the
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species-area relationships found for the described island system. In the study system, species were
assorted to islands by matching an increasing heterogeneity of available habitats with increasing area
and not via random sampling, nor through pure ‘area per se’ effects. It was possible to directly link
species distributions and occurrences to niche properties of spiders and thereby definitely exclude
neutral processes of community assembly. However, this does not mean that area per se, stochastic
processes or mass effects did not shape the species distribution on the islands at all. Their influence
might be just of minor importance in the studied system. Furthermore, it is not possible to exclude
mass effects or source-sink mechanisms, in which well adapted species on the islands would be a
sample from dominant species in the regional species pool (Holt 1993; Mouquet & Loreau 2003),
while the niche properties of other regionally rare species could possibly better match the available
habitats. It is merely possible to exclude mass effects, by which insects or spiders of nearby distinctly
different ecosystems dominate the island communities through short distance dispersal. It is rather
surprising, given the high abundance of e.g. the eurytopic ground beetle A. aenea on large islands of
the Diersfordter Waldsee that not a single individual of this species was found on the nearby mainland.
On the contrary, X. miniata, which is a wolf spider, adapted to dry environments, was found in the wet
fen meadows of the mainland opposite to the islands. This obviously was the consequence of the
passive dispersal of spiders as juveniles with silk threads, called ‘ballooning’. Nevertheless, from a
meta-community perspective, the local community assembly on the islands was largely governed by
strong species-sorting effects (Leibold et al. 2004). Species were literally ‘lined up’ along
environmental gradients or they were assorted to patches with dissimilar environmental conditions
(Whittaker 1972).

In addition, the canonical correspondence analysis was able to significantly separate groups of ground
beetles and spiders between different environmental variables. The clearest separation was visible
between ground beetles, dwarf spiders and wolf spider species inhabiting ‘sterile’ gravel shores and
more humid vegetated shore lines or central vegetation. As an example, dwarf spiders of the genus
Oedothorax were predominantly found on smaller vegetated islands of the Briiggehofsee, Erigone spp.
dominated the gravel banks of islands in the Diersfordter Waldsee. But also wolf spiders and ground
beetles showed strong responses to vegetation density. In CCAs vegetation density was not clearly
correlated to humidity, which is not surprising for sandy islands, since wet sandy shores are often to
disturbed for an establishment of persistent vegetation, while on dry sandflats of these islands, well
adapted plant species could thrive due to rainfall and rooting in deeper, more moist but aerated soil
layers. It is important to note, that the non-correlation of the important factor ‘vegetation density’ with
humidity does not contradict the conclusions made about gradients of humidity governing the
community assembly on islands of the study system. The availability of water is a very basic and
fundamental requirement for any terrestrial organism and adaptations to varying conditions have
driven adaptive radiation in evolution and subsequent species distribution in ecology. However,
despite its importance, humidity is only one dimension in the n-dimensional hyperspace of niches,
proposed by Hutchinson in 1957 (Hutchinson 1991) and local vegetation density might be a further
factor to select between species adapted to similar conditions of humidity. In the present study the
influence of vegetation density might have been expressed in analyses of species niche preferences as
the influence of shading or habitat openness, respectively. Indeed, in the dataset of Entling et al.
(2007), Erigone arctica (White, 1852) and Erigone longipalpis (Sundevall, 1830) were the two species
with the lowest tolerance to shading. In the CCA results of the present study they aligned with the
factor ‘gravel shore’, which was negatively correlated to ‘vegetation density’.

These findings are in line with the results of the analysis of co-occurrence in the study area. The two
measures applied, C-score and Checkerboard Score, were found to be usually higher than expected
from random (Gotelli & McCabe 2002), indicating less co-occurrence than expected by chance. These
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patterns are thought to be caused by interspecific competition, so that species are less likely to co-
occur, because they are unlikely to co-exist (Diamond 1975a). Effectively, both measures are unable to
inform about the underlying mechanism of co-occurrence. Indeed, higher values of C-Score and
Checkerboard pairs, i.e. species segregation can also be caused by environmental heterogeneity (Bell
2005). Species thus can co-occur less than expected by chance, because they are adapted to different
environmental conditions and thus never occur in the same habitat. Also neutral models were also
able to reproduce these patterns (Ulrich 2004). C-Score and Checkerboard score were both higher than
expected by chance in the island system of the Diersfordter Waldsee. Although these findings did not
directly confirm the mechanism of species sorting or niche separation, the results of the null model
analysis were in general agreement with co-occurrence patterns generated by environmental
heterogeneity.

Despite these results and the importance of increasingly available dry habitats on large islands for the
species area relationships and patterns of nestedness in ground beetle and spider communities, moist
habitats contributed disproportionally to the overall species richness of the lake-island system.
Although total activity densities of spiders and ground beetles were uniformly distributed across island
zones, species richness on larger islands was higher at the shore zone in both arthropod groups. In
total, still 36 of the 50 spider and ground beetle species I calculated edge response values for, had a
positive edge response value, i.e. these species showed higher activity densities at the shores than in
the islands centers. In spider communities, species edge response values were highly correlated to
their standardized values of drought and shade preference, i.e. “edge loving spiders” indeed preferred
the moist and exposed conditions found on the shore and were not solely “random edge walkers” (Ries
& Sisk 2010).

Explanations for higher species richness in shore habitats might be ready at hand. It can partly be
explained by overlapping communities of dry and moist habitats. With increasing area, a few species
adapted to xeric conditions were added, which quickly increased to dominate the total island
communities in terms of abundance. The phytophagous ground beetle A. aenea and the wolf spider X.
miniata were found in island centers and shore zones with similar high densities, peaking in the
middle zone. This most likely represents a ‘doughnut effect’, i.e. individuals from the center walk
towards the edge and back, thereby accumulating as they meet in-between the two habitats. Also
highly mobile xerophilic species, as the tiger beetle C. hybrida were frequently found at the shore
zone. In contrast, riparian species were in general strongly restricted to the shore zone, even if highly
abundant, indicating spatially strongly restricted movement ranges of riparian species. The uniform
distribution of the activity density of ground beetles and spiders across zones was therefore in part a
spillover effect of the most abundant and mobile xerophilic species. However, in the warm summer
months, sparsely vegetated gravel shores can change from wet, wave-pounded habitats to hot and xeric
environments within hours and regarding the climatic niche breadth, become part of the natural
foraging range of these xerophilic species.

Additionally, shores are more frequently disturbed by wave action and thus are more frequently
recolonized, not allowing for long- term exclusion through competition (Shea et al. 2004). Also
species that fall into water and survive, are washed ashore contributing to the number of rare species in
the shore assemblage, which has been termed the ‘beachcomber effect’ by some authors (Buckley &
Knedlhans 1986). Species adapted to the abiotic conditions at gravel shores might vary in their
responses to pulsed spatial subsidies from aquatic systems (Paetzold et al. 2006), which could further
enhance biodiversity (Chesson et al. 2004; Holt 2008). Indeed, the results of stable isotope analysis -
discussed later - indicated that the utilization of spatial subsidies was restricted to a small subset of
riparian spider and ground beetle species. However, the true underlying patterns were likely much
more complex and more difficult to identify. One reason was the occurrence of satellite species or
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singletons, respectively. Rare species contribute much to the overall species richness in nearly all
ecosystems, known as the ‘tails of rank abundance distributions’, (Murray et al. 1999). Of the 39
‘satellite ground beetle species’ (I < 3) found on larger islands, 22 (56.4 %) were found at the shore,
but only 12 (30.8 %) of them could be classified as riparian species. For ground beetle communities
this might indicate an assembly mechanism based on a higher species turnover on shores. However, in
spider communities, 15 (39.5 %) out of 38 satellite species occurred in the center and proportions
decreased toward the shore (B: 31.5 %; A: 29 %).

In other words, more than half of the ground beetle species found on the shore were rare at the studied
sites, while the majority of spiders in shore habitats belonged to common species, pointing at either
two different mechanisms or two different stages of community assembly for spiders and ground
beetles. These mechanisms might reflect the different dispersal capabilities of winged ground beetles
and passively dispersing vagrant spiders. While, due to their flying capabilities, ground beetle
communities are potentially able to recruit species from a wider geographic range (As 1984; Kotze &
Niemeld 2002a), recruitment of vagrant spider species might occur only in a more narrow regional
context (Schmidt et al. 2008). Spiders might therefore have dispersed between the frequently
recolonized shores within the lake system, while ground beetles also could have reached the two lakes
from a diversity of ecosystems at the Lower Rhine area. Indeed, in this study, species occupancies for
spiders showed a correlation to edge responses, i.e. spiders preferring moist habitats were more
widespread in the study system than xerophilic species (Fig. 13 h), while for ground beetles no such
relationship existed. Furthermore, ranked species occupancy distributions showed that the three most
common shore dwelling spiders, A. leopardus, T. ruricola and P. prativaga occupied higher
proportions of islands than even the most widespread ground beetle species, A. binotatus and S.
teutonus. It has been long since known, that ground beetles are unable to overwinter in riparian shore
habitats that are flooded in winter and therefore recolonize the shore habitats every year anew
(Lehmann 1965; Thiele 1977; Holeski 1984). However, in the studied system, shore habitats were not
inundated regularly and tenerals of several riparian Bembidion spp. were found on island shores,
clearly confirming stable resident populations in these habitats.

Potential impacts of dispersal limitation on species distribution

Despite the great number of studies on oceanic islands (Lomolino & Weiser 2001), it has been critized
that in particular these oceanic islands are unsuitable for testing ecological theories, since most of
them are anthropogenically altered in some way (Walter 2004; Kier et al. 2009). Another problem of
studying island biogeography on isolated oceanic islands is speciation or the high prevalence of
endemism, respectively. Some authors demonstrate that increasing species richness on oceanic islands
does not lead inevitably to higher extinction rates but can also lead to higher rates of specification
(Emerson & Kolm 2005), while others argue that correlations between species richness and endemism
co-correlate with population persistence and abiotic factors (Cadena et al. 2005; Pereira et al. 2007).
Additionally, speciation rates might counteract low immigration rates on large isolated islands,
potentially distorting the patterns proposed by IBT (Weigelt & Kreft 2013). However, there have been
a great number of studies that investigated patterns of species richness on islands that lack speciation
due to their close vicinity to the mainland. On some oceanic archipelagos and lake islands,
immigration rates from the nearest mainland are so high that evolutionary diversification is virtually
overridden (but see Camin & Ehrlich 1958). On these types of islands, arthropods, most notably
insects and spiders have been investigated to test a diversity of ecological theories (e.g. Strong & Rey
1982; Toft & Schoener 1983; Niemeld et al. 1987). In a row of studies, the impact of dispersal
capacity on species richness patterns and colonization capabilities was investigated in communities of
ground beetles in the archipelago of the Aland Islands of Sweden and Finland. Ground beetles show
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intra- and inter-specific variation in their dispersal capacities due to differences in hind wing
development (den Boer 1990). Macropterous and brachypterous species exist as well as dimorphic
species and such that exhibit flight muscle atrophy after the colonization of a new habitat (Darlington
1943; Kavanaugh 1985; Aukema 1995). It has been long since known, that macropterous ground
beetles are the first to colonize new habitats (den Boer 1970; Meijer 1974). However, contradictory
findings exist regarding their better colonization success on islands (Ranta & As 1982; Niemeld et al.
1988). This is in part considered to be related to a tradeoff between dispersal capability and success of
population establishment (Cadotte et al. 2006). Species that invest more energy into dispersal through
hind wing development potentially have lower amounts of energy available for competition in the
struggle to successfully establish new populations in recently colonized habitats. Accordingly,
macropterous species have wider distribution ranges, while brachypterous species have higher regional
occupancies (Gutiérrez & Menéndez 1997; Zalewski & Ulrich 2006) and some studies find higher
proportions of brachypterous beetles on islands than on the adjacent mainland (Kotze et al. 2000).
Also turnover rates as year-to-year variation of ground beetles community composition on islands
have been shown (Kotze & Niemeld 2002b). On lake islands of Masuria in Poland, higher turnover
rates on small islands were demonstrated as younger population age, due to the higher proportion of
macropterous individuals in the populations of the ground beetle Pterostichus melanarius on small
islands (Zalewski 2004).

The prevalence of macropterous ground beetle species on these young island systems in contrast to the
higher proportions of brachypterous ground beetle species on the mainland meets general expectations
of island biogeography, with strong dispersers colonizing islands first (MacArthur & Wilson 1967;
Brown & Kodric-Brown 1977) and matches empirical observations of macropterous ratios in young
ground beetle populations (den Boer 1970; Desender 1989; Niemeld & Spence 1999) and mainland -
island differences between ground beetles communities (Kotze et al. 2000).

Apparently, the studied islands were too young to observe a systematic variation of macropterous
beetle ratios with area, as was found in Polish lake island systems (Zalewski 2004). Despite the close
vicinity of the adjacent mainland, only few brachypterous individuals had colonized the islands and
showed a rather idiosyncratic occurrence. On many small islands, wing dimorphic species made up >
15 % of the community but the proportion of macropterous individuals in these populations was 100
%. This study thereby supports the general theory through findings from newly created habitats - a
rare perspective at ecological time-scales. Thus, it was observed that, although dispersal power is
obviously the most important factor for an initial colonization of islands, habitats were filled according
to species specific habitat preferences even at early stages of species immigration. This has important
implications for community assembly, but also for ecosystem function and its resilience after
disturbance. If empty niches within a habitat patch are quickly filled by highly adapted species with
strong dispersal capabilities, niche partitioning might predominate mechanisms of coexistence.
Competition would have been low in early stages of the islands colonization, decreasing probabilities
of extinctions, allowing for very early equilibria in species richness and slow turnover rates with
dramatic changes in species composition. This has likely been an important selection pressure on the
evolution of wing-dimorphism in ground beetles (Aukema 1995), which enables strong priority effects
after colonizing an empty habitat patch by reallocating consumed energy from dispersal to
reproduction within the population via flight muscle atrophy (Zera & Denno 1997; Fukami 2004).
Nevertheless, still nutrients and energy are invested into wing development per se, which might
contribute to macropterous species being inferior competitors during the succession of habitat
colonization. The low incidence of brachypterous ground beetle species on the islands is also
remarkable, concerning the low isolation of the islands from the mainland, where up to 63 % of the
species were brachypterous. While the passive dispersal of wingless ground beetles in the drift of the
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Baltic Sea (amenohydrochoric) has been described and examined by several authors to exceed 10 km
(Palmen 1944; As 1984; Niemels et al. 1988), it seems that crossing a few meters of standing lake
freshwater has been a rare event, even in 10 years. It might be that the ‘standing’ of the lake water has
interfered with a passive dispersal of organisms but also fish predation in the littoral macrophyte beds
might have been a strong obviation of dispersal on the lakes neuston. Many brachypterous ground
beetle species that were missing on islands inhabited the leaf litter layer of alluvial forest patches on
mainland sites. A leaf litter layer is missing on most islands, due to wind exposure and lacking
structure. On large islands of the Diersfordter Waldsee even the accumulation of detritus of annual
plants has been precluded by strong winds in winter and spring.

The slope of the species area relationship of spiders and ground beetles were not strikingly different.
But the slope of vagrant spiders was steeper than that of ground beetles, while Linyphiidae had no
SAR. Instead, their density increased with decreasing island area. This pattern points at the variation
of species area slopes as a result of different dispersal capacity of organisms. In particular the
frequently disturbed and washed small islands of the Diersfordter Waldsee were inhabited by dense
populations of Erigone spp., which are able to balloon as adults and quickly colonize new and
recently disturbed habitats (Bonte et al. 2004). Excluding these Lyniphiidae with high dispersal power
from SARs, a low diversity and often also low densities of vagrant spiders like Lycosidae remained on
smaller islands, thereby steepening the slope of the SAR (z = 0.21). Thus, small dwarf spiders of the
genus Erigone contributed substantially to the initial species richness of spiders on small islands,
flattening spiders SAR (z =0.15) to the shape of SARs of active flyers like mactopterous ground
beetles (z = 0.11), which were surprisingly diverse on small islands. The low numbers of dwarf spider
species and individuals on larger islands might also reflect the steep SARs of wolf spiders, which prey
extensively on small Lyniphiidae (Snyder & Wise 1999). At last, disturbed soils and habitat openness
might have been the major factor contributing to the distribution of Erigone spp. on the islands, since
their density was highest on the newly created island, which was medium-sized and inhabited several
populations of wolf spider species.

From Communities to food webs
Stable isotope analysis

The results show a clear increase of food-chain length with island area in a diverse arthropod
community on man-made lake islands. Due to the relatively small size of the lake islands and
extensive sampling, it was possible to test the hypothesis of a relationship between food-chain length
and area in a system that was previously unexplored. Up to date, effects of area on food-chain length
in terrestrial systems have been tested in a single study, which analyses food-chains on islands of the
Bahamas (Takimoto et al. 2008). The missing of top predators on small islands of the Bahamas as well
as the underlying dynamics between anolis lizards and orb spiders in the system have been known for
more than 25 years (Schoener & Toft 1983; Spiller & Schoener 1988). In contrast, the present study
therefore confirms the practicability of the method to estimate food-chain length in diverse, previously
unexplored arthropod communities. However, despite the clear resulting patterns in mean and
maximum trophic position, the complexity and spatial turnover of the arthropod communities between
islands made it difficult to reveal the proximate underlying mechanisms. Larger spiders of the species
Trochosa ruricola were widespread in the system and also found on small islands in low numbers.
Although this species was unlikely to establish stable populations on the smallest islands, it was
consistently found at the top of the island food-chains, so that insertions of intermediate predators
and/or intra-guild predation on larger islands are the most likely structural mechanisms of food-chain
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elongation. Since species compositions and population sizes varied between islands, these insertions of
intermediate predators and/or intra-guild prey were almost certainly no single prominent feature of
particular species and their trophic positions, repeated across islands. They were rather casual
constellations of intra guild predation and omnivory, depending on the local species composition of
spider and ground beetle communities. Candidates for intra-guild prey or intermediate predators on
larger islands were the ant species Lasius niger and juveniles of the highly abundant lycosid spider
Xerolycosa miniata. The latter spider most likely preyed on herbivorous ground beetles like A. aenea
and H. affinis. L. niger and X. miniata were typically found one trophic level above, but never higher
than the typical herbivore prey with the same variation in 3°N. Although 5"°N was positively related
to edge response values and the clear relationship between island area and the contribution of aquatic
prey to food webs, there was no consistent pattern between animal groups and islands, which would
justify the assumption that 8N signatures of spiders and ground beetles on small islands were
systematically altered by spatial subsidies from the aquatic environment. Thus no respective correction
was implemented into the calculation of food-chain length, as was done by Takimoto et al. (2008).
Correlations between 8'°N and edge response suggest that such an influence would have slightly
elevated 8'°N values of predators on small islands, thereby potentially flattening the slope of the FCL-
Area curve. In the case of this study, FCL would have increased at a slightly faster rate than
demonstrated with the algorithm applied. Furthermore, introducing spatial subsidies to the concept of
food-chain length makes clear, how predators integrate multiple channels of energy and nutrients and
how fuzzy the concept of ‘trophic levels’ is. Which trophic level can be assigned to a spider that feeds
as a predator on a plant - herbivore food-chain, as a top-predator on the ‘4™ level’ of a detrital food
chain and as a top predator of several aquatic insects from various trophic levels at the same time?
The answer might be something like 3.6 to some, but then again one could ask for the variation of
trophic levels on the population level. One must be careful, when interpreting data on trophic levels,
gathered by stable isotope analysis, when the multiple food-chains integrated by predators might also
vary in their enrichment per trophic level between and within different food-chains. The number of
true trophic levels - distinct or continuous - heavily depends on the assumptions about fractionation of
8"°N applied, but the FCL-area relationship is not affected until the enrichment of 515N varies
systematically with island area. There is no reason to assume such a systematic variation, but it is
important to remember that the true enrichment factors are unknown and might be subject to
substantial variation, caused by a wide range of factors (Boecklen et al. 2011).

Further uncertainties about the magnitude of a FCL-area relationship are the findings of a negative
correlation of 8'°N and island area which was confirmed across all trophic levels, i.e. for plants,
detritus, ground beetles (excluding herbivores) and spiders. Hyodo and Wardle (2009) found a similar
pattern for plants and leaf litter, but not for arthropod consumers, on boreal lake islands in Sweden.
They explained their results as a consequence of differences in ‘ecosystem retrogression’ (Peltzer et
al.) between small and large islands. These differentiation processes due to different fire histories took
hundreds or thousands of years (Wardle et al. 1997). In contrast, the man-made islands in our study
were created approximately 10 years before the first survey and never even reached the successional
stages of forest vegetation. There are several alternative explanations for these patterns, which do not
exclude one another. The negative correlation of 3"°N and island area can be explained with a higher
dependency of plants on rainwater on larger islands. The small islands in the size range of our study
system were saturated with lake water during the whole year, providing plants mostly with nitrogen
from lake water with positive 3"°N signatures. In contrast, the dry sandy flats on large islands had a
low water holding capacity, and atmospheric nitrogen, deposited by rain water was likely the only
nitrogen source that was temporary available for plants. 8*°N plant signatures typically decrease to
negative values in areas with high precipitation (Handley et al. 1999; Hartman & Danin 2010) and
Freyer (1978, 1991) has shown that 5'°N of nitrate species in rainwater show a systematic seasonal
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variation with the lowest values in summer. If this variation in 8*°N of nitrogen availability for plants
on larger islands translated into a high variation in the 5°N of the plant-baseline, our results might be
an imprecise temporal snap-shot. However, since we used herbivores as the base of the food-chain on
larger islands, this hypothetic temporal variation in §°N of the plant base line was likely buffered by
temporal averaging of the 8'°N plant signals by the herbivores (O'Reilly et al. 2002). Higher §°N
signatures of plants and animals on smaller islands could have also been caused by higher levels of
denitrification, a process in which during the conversion of nitrate(NO5 ) higher proportions of light
N are incorporated into molecular gaseous nitrogen(N,), while higher proportions of heavy N will
remain in the wet and anoxic soils (Wada et al. 1975). Additionally, aquatic animals contributing to
the island food-webs and nutrient dynamics in relatively higher proportions could have increased 5°N
signatures in animals and plants on small islands.

Small islands with an obviously high coverage of bird feces were excluded from the regression of 8°N
and island size. The transport of nutrients by birds can alter the flux of nutrients between freshwater
and terrestrial systems (Bildstein et al. 1992; Ueno et al. 2006). The enrichment of whole food webs
by the deposition of bird feces has been found in insular and coastal marine systems (Barrett et al.
2005; Caut et al. 2012). Bird feces have even been found to increase the 8*°N signatures of aquatic
primary producers near bird colonies (Wainright et al. 1998). These inputs have great impacts on local
ecosystems through bottom-up facilitation via plant growth (Caut et al. 2012). Nutrient subsidies to
islands and coastal systems are so widespread and common that the alteration of bird nesting choice
via the introduction of invasive plants is considered to deplete nutrients in coastal ecosystems
throughout the tropics (Young et al. 2010). However, recent studies have shown that nesting and
foraging birds can also have negative impacts on plant species richness (Kolb et al. 2012).
Furthermore, if foraging birds migrating between inland and coastal systems are subsidized by human
agricultural activities, their impact on coastal systems (Jefferies et al. 2004), but also inland
ecosystems can be increased (Van Eerden et al. 2005). The deposition of bird feces has clearly altered
the isotopic signals of some small islands in the present study, although due to the high variation in
8"°N signatures of small islands, the extent of this enrichment was difficult to quantify. Isotopic
signatures of bird feces ranged from 6 %o to 15 %o for 8"°N and from 13 %o to 28.5 %o for 3**C. Bird
feces, enriched in 8"°C to values of 13 %o were likely deposited by anserine birds, which fed on
agricultural maize and bred on gravel-pit lake islands. In particular on small islands of theDiersfordter
Wialdsee, bird feces led to an unusually high enrichment of collembolans, so that they appeared at the
top of the isotopic space. Dwarf spiders of the species E. dentipalpis, known to feed on collembolans,
surprisingly had lower "N signatures than their potential prey. This could indicate that the small
islands were recently disturbed and re-colonization was in progress during the sampling period, so that
dwarf spiders had arrived after the collembolans and the majority of individuals had not yet
incorporated enough collembolans of the bird island as prey into their diets (See Appendix). Enriched
8N signatures were also found in ground beetles of the species E. riparius, caught on small islands of
the Briiggehofsee in August, which were still inundated in June. These small islands were rapidly
covered with bird feces and the enriched signal seemingly propagated immediately through the food
web.

Stable isotope analyses showed a clear enrichment in 3**C signatures of benthic aquatic organisms -
autotrophic or heterotrophic — that was clearly distinguishable from most terrestrial organisms. In
addition, aquatic insects had a higher variation in §"°C signatures and a lower variation in 3°N
signatures than terrestrial organisms. On the contrary, pelagic zooplankton and POM of the
Diersfordter Waldsee were clearly depleted relative to most terrestrial plants and animals. These
patterns of 5"°C signatures are in agreement with the different fractionation of **C/**C in benthic and
pelagic habitats described in the literature (France 1995; Hecky & Hesslein 1995; Doi et al. 2010).
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However, detrital and herbivore pathways were indistinguishable in our study, since plants and
detritus had very similar 8°C and 8'°N signatures. The variation of 8*°N within groups of animals and
sometimes even within species was extremely high, spanning several trophic levels in some cases. For
ground beetles, this seemed to be a general pattern. Similar high variations of 8"°N where found on
lake islands in Poland (Zalewski et al. 2014). The higher variation of 8**C in ground beetles compared
to spiders is obviously due to the existence of phytophagous, omnivorous and predatory species within
this group. Thus, ground beetles spanned a wider range of trophic levels than spiders. Results of the
mixing models for ground beetles revealed a high degree of omnivory even on the level of alleged
herbivores. On island D7 and D8, A. aenea and H. affinis were shown to partially feed on
collembolans. From the analysis, it could not be definitely said, if the feeding on collembolans took
place at adult stages during these beetles life histories. For A. aenea, which is otherwise considered to
be purely phytophagous, it is known that larval stages are omnivorous (Hurka & Jarosik 2003). It
seems convenient that unproductive environments are first colonized by omnivorous species, which
are capable of supplementing their predominantly herbaceous diet with smaller prey organisms or by
scavenging.

Measures of niche width, standard ellipses and convex hull area were still higher for ground beetles,
when phytophagous ground beetles species were removed. 65 % of the niche width of spiders
overlapped with that of ground beetles, suggesting exploitative competition between high proportions
of the two communities, but also a high potential for intra-guild predation. Some species like the
ground beetle S. teutonus spanned a §"°N range of at least three trophic levels. Extremely high
variation of 8°N was also found in A. binotatus and C. vestitus. There are two possible explanations
for this high variation in 8"°N signals. The first is omnivory on the population level. The ability of a
species to feed on more than one trophic level -‘omnivory” sensu Pimm and Lawton (1978) - would
thus be expressed as a variation in diet between individuals of a population in response to intra-
specific competition (Svanbédck & Bolnick 2007), rather than the feeding on different trophic levels by
the same individuals. Additionally, intra-specific variation in food preferences might be accompanied
by variation in 8"°N enrichment with prey type (see Boecklen et al. 2011). The second explanation
assumes a constant turnover of individuals within ground-beetle populations of an island. Thus, the
variation in 8N signatures would reflect the spatial variation of 8°N in the surrounding environment
and after feeding in one place with distinct isotopic signatures, ground beetle individuals would then
disperse to find new resources in other places, which are maybe already inhabited by conspecifics.
Ultimately, it could be a mixture of both mechanisms. In our data, plant species also showed high
interspecific variation of 8°N within islands and considerably high intraspecific variation between
islands. Consequently, generalist herbivory could also have contributed to a high variation in §"°N. It
is difficult to specify assumptions, which would help to separate these mechanisms and future studies
have to further elucidate the high variation of 8°N signatures in populations of ground beetles. In this
study the intraspecific variation of §"°N in spiders was much lower, so that an individual variation in
diet within populations of omnivorous beetles could be a likely explanation. If intraspecific variation
of "N reflected a high turnover of individuals within a population, variation in "N should be higher
on small islands, which have generally a higher turnover, but no such relation was found for the island
system in this study.

8"3C signatures were significantly correlated to 8°N values in total, indicating a general enrichment of
8'*C with increasing trophic level in the majority of trophic interactions.

The interpretation of stable isotope results to elucidate the detailed food web structure and identify
‘who is eating whom’ was quite difficult in this study, because the proportional contribution of a prey
organism to the diet of a potential predator strongly depended on the assumption of fractionation
applied to the mixing model. Furthermore, the standard deviations of the proportions calculated by the



63

mixing models were very high, regardless of assumptions about fractionation. For example on the
smallest island, it completely depended on fractionation assumptions, if the ground beetle A.
duftschmidi fed entirely on aquatic larvae of haliplid beetles (MCC and SR model) or entirely on the
small beetle C. seminulum (POST model), that scavenges on algae and aquatic detritus on island
shores. Distinguishing direct and indirect pathways of aquatic subsidies and identifying the true
trophic level of A. duftschmidi were therefore impossible. Also the relative contribution of aquatic
subsidies to terrestrial food webs as such was impossible to be accurately quantified without
knowledge about the true enrichment factors of **C and *>N. Depending on model assumption the
proportion of aquatic subsidies consumed ranged from 22 % to 44 % in ground beetles and from 13.5
% to 37 % in spiders. The proportion of aquatic prey in diets of spiders and ground beetles was always
highest, when the SR fractionation values where applied. Furthermore, effects of area on the
contribution of aquatic subsidies were dependent on model assumptions and animal group. While
ground beetles, regardless of the model, showed a strong area effect on the relative contribution of
aquatic prey, spiders were significantly affected by area only when SR fractionation values were
applied to the model. Moreover, for ground beetles all models yielded negative relationships between
island size and the relative contribution of aquatic diet, while in spiders the SR model yielded a
positive relationship between island area and relative use of aquatic subsidies. The significant
differences in the application of the SR fractionation values compared to the MCC and POST
fractionation values were rooted in the depletion of **C per trophic level. Since due to its benthic
origin, the aquatic prey in this study was enriched in *3C relative to the terrestrial predators, a depletion
of C per trophic level as in the SR model increased the proportion potentially utilized by terrestrial
ground beetles and spiders.

Nevertheless, the high proportions of aquatic subsidies to small islands food webs supplement the
concept of subsidized island biogeography, proposed by Anderson and Wait (2001) by the fact that
aquatic subsidies on small islands could potentially increase food-chain length by stabilizing otherwise
prey-limited predator populations. However, the greater variation of food chain length on small
islands indicate that unstable predator prey mechanisms could be the rule on small islands (Holt et al.
2009). Additionally, the present study showed a small island effect for riparian ground beetles, which
could be explained with the greater relevance of spatial subsidies, but it is impossible to prove spatial
subsidies as the definite cause, since data for other explanations (e.g. higher turnover) are not
available.

In the studied system, the numbers of ground beetles and spider species, utilizing aquatic prey was
low, compared to similar studies in riverine (Paetzold et al. 2006) or marine systems (Paetzold et al.
2008; Mellbrand et al. 2011), although studies in lakes for direct comparison are scarce (Gratton &
VanderZanden 2009). Only a few species could be shown to make strong use of aquatic prey, which
were O. limbatum and A. leopardus and A. cinerea. Other species, like Bembidion spp. and Pardosa
spp., which have been identified to feed extensively on aquatic prey in other studies (Paetzold et al.
2005; Mellbrand 2009), have not been found to do so in this study. Also indirect trophic pathways,
which are known from stream systems, could not be identified within the island food-webs. Members
of the family Tetrigidae (Mudhoppers), which were found to feed on algae washed ashore in coastal
systems (Bastow et al. 2002; Groning et al. 2007), predominantly fed on terrestrial mosses in our
study. Nevertheless, the Tetrix spp. contributed to the prey of A. perita, both being species
characteristic of coastal dune systems (Bell et al. 1997; Groning et al. 2005). Additionally, the
utilization of aquatic prey might strongly depend on the exact timing of pulsed spatial subsidies. The
hatching of aquatic insects is mostly restricted to short but intense periods early in the year and diet
shifts might have already occurred in most species at the time of our sampling due to the low
availability of aquatic prey.
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Intriguingly, the effects of area on 8*°C signatures contradict the effects of area on the proportion of
aquatic prey, resulting from the mixing model. While "3C signatures of spiders were in line with the
increasing use of aquatic prey with decreasing islands area, the results of the mixing models were not.
In fact, the mixing models with SR fractionation indicate, that the consumption of aquatic prey
increased with increasing island area, especially in A. leopardus.

Nevertheless, for ground beetles, this study could clearly confirm the hypotheses that island
communities depend more strongly on spatial subsidies from the adjacent aquatic environment with
decreasing area. For spiders such a relationship is only supported by a negative relationship between
island area and 8"C signatures. The response to spatial subsidies has been found to vary between
ecosystems, with lakeshores being less affected than streams and coastline habitats (Marczak et al.
2007). Furthermore, in this meta-analysis the response of the recipient community was strongly
affected by the mass ratio of aquatic subsidy to autochthonous production. In the present study, small
islands likely had a smaller basis of food supply for higher trophic levels, because dominant and
abundant autochthonous herbivores like A. aenea and highly abundant social insects like ants were
missing. On the contrary, these highly abundant insects were uniformly distributed between island
zones on larger islands and spilled over to the shore habitats, where they contributed to the
consumption of riparian ground beetles and spiders. The relations of 8'°C signatures to area in the
riparian spiders A. leopardus and P. prativaga are in good agreement with these findings. Assuming,
that increasing 8**C signatures of A. leopardus with decreasing island area point at a higher
consumption of aquatic prey on small islands, such a relationship cannot be found for P. prativaga,
although both spiders share the same habitat on small islands and according to their edge response
values frequently occur together in shore habitats of larger islands. This different response to aquatic
subsidies can be explained by different foraging behavior of the two spider species. The sensivity of A.
leopardus to ratios of allochthonous to autochthonous production might reflect its low prey specificity
due to a sit and wait strategy. In contrast P. prativaga has been shown to be a highly selective
predator, which is capable of “quasi-homeostatic” regulation of protein/fat ratios by prey choice alone
(Jensen et al. 2011). It seems appropriate to think of shore habitats like gravel banks or fore beaches as
unproductive, sterile environments, which are subsidized from adjacent aquatic and terrestrial habitats.
Species inhabiting these sterile environments are adapted to the abiotic conditions therein, but their
prey choice is likely much less restricted, but almost certainly subject to the high variation of
availability in prey from terrestrial and aquatic systems.

In this study, it was shown for the first time that larvae of water beetles of the family Haliplidae are
potentially subsidizing the food-webs of small lake islands. Larvae of genera like Haliplus and
Peltodytes feed on filamentous algae like Spirogyra spp. in lakes and ponds and crawl on land for their
pupation in the soil (Beier 1929). In June, they reached high densities and sometimes > 100 larvae
could be found in a single pitfall trap on the small islands of the Briiggehofsee. Also adult beetles of
the genus Haliplus were frequently found in shore pitfall traps, predominantly in the Diersfordter
Waldsee. However, their contribution to the diet of shore dwelling ground beetles and spiders
remained unclear. Results of the stable isotope analysis show that Haliplus confinis and Haliplus
flavicollis from the same habitats had highly separated niches. H. flavicollis had depleted §°C
signatures, typical for pelagic zooplankton feeders (-30 + 1.3 %o), while H. confinis had the typically
enriched & **C signatures of benthic organisms (-22 + 2.2 %o), but both species have nearly identical
mean & °N signatures of 4.0 %o.
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Stoichiometry

The C:N ratios of ground beetles and spiders significantly differed, although there was some overlap
between both arthropod groups. Beetles of the genus Nebria had significantly wider C:N ratios than
other ground beetles and spiders. While ground beetles had higher relative carbon contents than
spiders, spiders had higher relative nitrogen contents. Also ground beetles of the genus nebria had
higher relative carbon contents and lower relative nitrogen contents than other ground beetles.
Additionally, ground beetles caught in August had usually wider C:N ratios than their conspecifics
caught in June. C:N and N:P ratios are known to vary between ecosystems (Elser et al. 2000) and
animal groups (Sterner & Elser 2002). The mean C:N ratios found in the present study are in good
agreement with the values reported by Fagan and Denno (2004) for spiders and insect predators. They
argue that spiders and insect predators in salt marshes might be nitrogen limited and more frequently
feed on intraguild prey to compensate this limitation. Furthermore, spiders show a remarkably
consistent pattern of C:N ratios across families and species., while ground beetles show much more
variation in stoichiometry. Despite this constancy in C:N ratios, spiders and ground beetles had an
extreme intraspecific variation in their relative carbon and nitrogen content. In contrast, the increased
C:N ratios of ground beetles caught in August can be most likely attributed to increased lipid content.
Ground beetles build up sufficient fat bodies in summer (July-August) either in reproductive tissues or
lipid reserves for hibernation (Lovei & Sunderland 1996), so both stages of overwintering, larval or
adult have higher fat contents in August/September. Surprisingly, also the Nebria spp. found in the
study area were all autumn breeders, which overwinter as larvae (Thiele 1969; Telfer & Butterfield
2004), but in N. livida, C:N ratios seemingly decreased from June to August.

Since lipids are depleted in **C following the fractionation during lipid synthesis in the step from
pyruvate to acetyl coenzyme A (DeNiro & Epstein 1977), 8**C signatures of animals are known to
vary with fat content. Animals with a higher proportion of lipids in body mass were found to have
lower 8%°C signatures (McConnaughey & McRoy 1979; Focken & Becker 1998). Thus, some studies
performed lipid extraction prior to stable isotope analysis, to minimize the influence of the variation in
fat content (e.g. Kling et al. 1992; Post et al. 2000a). However, it was found that lipid extraction also
alters the "N signatures of animals (Sotiropoulos et al. 2004; Bodin et al. 2007), which is an
undesirable effect in stable-isotope analysis of food-webs. It has therefore been proposed, to separate
lipid extraction studies and later apply lipid corrections to stable-isotope analysis of food-webs,
without altering 8'°N (Sweeting et al. 2006). A number of studies found negative correlations of C:N
to 8"°C and used this relation for lipid correction models (Post et al. 2007; Logan et al. 2008;
Mintenbeck et al. 2008). Most of these relationships were found for fish, but not always for aquatic
invertebrates (Kiljunen et al. 2006). The relationship was also found to be weaker in terrestrial animals
than in aquatic animals (Post et al. 2007).

Until today, no study has tested for a relationship between 5'°C and C:N ratios in terrestrial
arthropods. Nonetheless, some authors have removed body parts rich in lipids prior to stable isotope
analysis to avoid biases in 3'°C signature due to differing fat content of the target organisms (Hyodo &
Wardle 2009; Mellbrand & Hambéck 2010).

In the present study, relations between C:N ratio and 8**C signature had high inter-specific variation,
Relative carbon and nitrogen content increased with island area in the dominant spider species P.
prativaga and A. leopardus. These patterns of variation point at nutritional constraints on smaller
islands. But it seems unlikely that this increase in relative carbon and nitrogen content was related to
increases in fat:protein ratios. Increases of fat:protein ratios with islands size would have lead to
increases of C:N ratios with island size. In the present study no such relations between island size and
C:N ratios were found. The decrease of "3C signatures with island area thus is unlikely to be related to
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changes in body fat content with island area and is more likely related to higher proportions of aquatic
subsidies in the diet of spiders on small islands.

Limits of the stable isotope approach

It is a major drawback of mixing models and general assumptions about enrichment of 3"°N and §*°C
in food webs that the food of a consumer is thought to be never enriched relative to this consumer. In
other words, the poor spatial and temporal resolution of local food web models has led stable isotope
analysis in ecology to the assumptions, that plants or prey cannot have a higher 5'°N signature than
their consumer. Supposedly, the 5'°N signatures of organisms in a local food web are in line with their
trophic positions. This very basic conception completely neglects the spatial variation of 3°N in soil
and plants that even exist within a sampling location (Garten 1993; Woodcock et al. 2012) and most of
all it neglects the spatial dynamics of species dispersal and foraging. The stable isotope analysis of the
lake-island system in this study has shown that the spatial variation of §°N in plants and consumers
can span more than one trophic level, notably in regions with steep gradients of water availability
and/or nitrification/denitrification processes . Additionally, common processes like vertebrate feces
deposition can introduce a patchy distribution of contrasting 3"°N signatures that translate into the
8"N signatures of primary producers and consumers in these local patches (Anderson & Polis 1999).
The isotopic signatures of mobile predators colonizing such patches will react more slowly to these
shifts in the isotopic signature of their prey (Gratton & Forbes 2006; Schallhart et al. 2009).
Misinterpretation of consumer stable isotope signatures naturally follow, similar to misinterpretations
due to temporal shift in baseline signatures (Matthews & Mazumder 2005). Intriguingly, this often
neglected fact has been used to trace animal migration in other studies (Rubenstein & Hobson 2004).
As a consequence, the interpretation of stable isotope results is scale dependent. The chance to reveal
food web links and trophic positions of a particular species increases with the extent of the study area
and sampling effort. This is a more derived result of the present study, since the local variation of food
web interaction is visible from the stable isotope analysis of single islands, but predominant
interactions become visible at the scale of the whole study. Considering this spatial variation is
important for the method of choice used to explore food web dynamics and links and for choosing the
right preconditions and assumptions for mixing models in stable isotope ecology. For instance,
spiders recently have been found to feed more frequently on plant nectar than previously thought
(Taylor & Pfannenstiel 2008). Accordingly, it has become tempting to incorporate plants into the
mixing model of a spiders diet, but the consumption of plant nectar as suggested in such a model
might be produced simply by the spatial variation in plant §*°N.

Scavenging can be seen as another serious problem in stable isotope analysis, for the consumption of
dead arthropods by other insects cannot be distinguished from predation at all. This leads to an
overestimation of predator prey interactions and false positives in identifying interactions in food webs
(Wilson & Wolkovich 2011). Likewise, the contribution of scavenging to overall food web dynamics
is usually neglected. Most notably, insect species adapted to predominantly feed on dead insects may
be entirely overlooked in stable isotope studies. This is crucial for the understanding of predator- prey
dynamics, since a pure scavenger does not increase the mortality of an assumed prey species and the
scavenger might not directly compete with true predators for prey.
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Appendix A

Tab. A1 species/site matrix of the sampling in June 2010 on islands and mainland sites for spiders with abbreviations in CCA - plots, assorted to spider families;

Spider species Island/mainland site Abbreviation in CCA-plot

Bl B2 K8 B11 B11B B12 BF D1 D2 D3 D4 D5 D6 D7 D8 D10 DF DS DW

Agelenidae
Histopona torpida (C.L. Koch, 1837) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0
Textrix denticulata (Olivier, 1789) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Araneidae
Larinionides sclopetarius (Clerck, 1757) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Clubionidae
Clubiona frisia (Wunderlich & Schuett, 1995) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Clubiona lutescens (Westring, 1851) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
Clubiona neglecta (O. P.-Cambridge, 1862) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Clubiona pallidula (Clerck, 1757) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0
Clubiona phragmitis (C. L. Koch, 1843) 0 0 0 0 0 0 0 0 2 0 0 0 1 0 0 0 0 0 1
Clubiona sp. - 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Gnaphosidae
Callilepis nocturna (Linnaeus, 1758) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Drassodes cupreus (Blackwall, 1834) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Drassodes pubescens (Thorell, 1856) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0
Micaria pulicaria (Sundevall, 1831) 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0
Micaria silesiaca (L. Koch, 1875) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Zelotes apricorum (L. Koch, 1876) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Trachyzelotes pedestris (C. L. Koch, 1837) 0 16 1 0 0 0 1 o0 1 0 2 0 1 2 0 3 3 16 103 Tracpede
Drassyllus praeficus (L. Koch, 1866) 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 1
Drassyllus pusillus (C. L. Koch, 1833) 1 1 8 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 1 Draspusi
Zelotes subterraneus (C. L. Koch, 1833) 0 0 0 0 0 0 0 0 0 0 0 2 2 0 0 0 0 0 0

Hahnidae




Spider species

Island/mainland site

Abbreviation in CCA-plot

B1 B2 K8 B11 B11B B12 BF D1 D2 D3 D4 D5 D6 D7 D8 D10 DF DS DW
Hahnia nava (Blackwall, 1841) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Liocranidae
Apostenus fuscus (Westring, 1851) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Corinnidae
Phrurolithus festivus (C. L. Koch, 1835) 0 5 1 0 0 0 3 0 0 9 3 1 8 3 1 0 0 2 7 Phrufest
Phrurolithus minimus (C. L. Koch, 1839) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Lycosidae
Alopecosa cuneata (Clerck, 1757) 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Arctosa cinerea (Fabricius, 1777) 0 0 0 0 0 0 0 0 0 0 1 1 4 16 14 4 0 0 0 Arctcine
Arctosa leopardus (Sundevall, 1833) 11 13 103 15 20 50 26 O 2 0 33 30 37 9 2 4 20 18 2 Arctleop
Arctosa perita (Latreille, 1799) 0 0 0 0 0 0 0 0 0 0 8 9 5 7 5 0 0 0 0 Arctperi
Pardosa agrestis (Westring, 1861) 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
Pardosa agricola (Thorell, 1856) 0 0 0 0 0 0 1 0 0 0 1 1 2 0 0 0 0 0 0 Pardagri
Pardosa amentata (Clerck, 1757) 0 0 0 0 0 0 0 0 0 0 0 2 4 6 0 0 38 1 10 Pardamen
Pardosa fulvipes (Collett, 1876) 0 0 0 1 0 0 0 0 0 0 0 3 1 0 0 1 7 2 0 Pardfulv
Pardosa lugubris (Walckenaer, 1802) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 5 84 Pardlugu
Pardosa monticola (Clerck, 1757) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Pardosa palustris (Linnaeus, 1758) 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 Pardpalu
Pardosa prativaga (L. Koch, 1870) 13 32 49 2 1 3 17 0 1 0 0 13 18 4 0 0 23 15 8 Pardprat
Pardosa pullata (Clerck, 1757) 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Pardpull
Pardosa sphagnicola (Dahl, 1908) 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
Piratula insularis (Emerton, 1885) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Piratula hygrophila (Thorell, 1872) 0 0 4 0 1 1 0 0 0 0 1 0 1 0 1 6 52 1 121 Pirahygr
Piratula latitans (Blackwall, 1841) 0 0 1 0 0 0 2 0 0 0 0 0 0 1 1 0 0 0 0 Piralati
Pirata piraticus (Clerck, 1757) 2 0 2 1 2 1 0 0 0 0 0 0 1 0 0 0 1 0 0 Pirapira
Pirata tenuitarsis (Simon, 1876) 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Trochosa ruricola (De Geer, 1778) 1 41 8 2 0 2 34 0 1 0 37 30 19 13 4 3 49 10 6 Trocruri




Spider species Island/mainland site Abbreviation in CCA-plot

Bl B2 K8 B11 B11B B12 BF D1 D2 D3 D4 D5 D6 D7 D8 D10 DF DS DW

Trochosa robusta (Simon, 1876) 0 0 0 0 0 0 0 0 0 0 0 1 2 0 0 0 2 0 0

Trochosa terricola (Thorell, 1856) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1

Xerolycosa miniata (C. L. Koch, 1834 0 16 0 0 0 0 9 0 0 3 206 98 51 10 123 0 5 40 1 Xeromini

Xerolycosa nemoralis (Westring, 1861) 0 1 0 0 0 0 0 0 0 0 0 12 0 1 12 0 0 0 0 Xeronemo
Linyphiidae

Bathyphantes gracilis (Blackwall, 1841) 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0

Batyphantes setiger (F. O. P.-Cambridge, 1894) 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0

Ceratinella scrabrosa (O. P.-Cambridge, 1871) 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1

Diplocephalus latifrons (O. P.-Cambridge, 1863) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

Diplocephalus picinus (Blackwall, 1841) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Diplostyla concolor (Wider, 1834) 0 0 0 0 0 0 0 0 1 2 0 0 0 0 1 1 1 0 2 Diplconc

Erigone arctica (White, 1852) 0 0 0 0 0 0 0 0 2 0 0 0 2 0 1 44 1 0 0 Erigarct

Erigone atra (Blackwall, 1833) 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0

Erigone dentipalpis (Wider, 1834) 0 1 0 0 0 0 0 14 72 0 5 2 4 0 2 144 1 4 0 Erigdent

Erigone longipalpis (Sundevall, 1830) 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 27 0 0 0 Eriglong

Prinerigone vagans (Audouin, 1826) 0 0 0 0 0 1 0 2 2 0 0 0 0 0 0 5 0 0 0 Prinvaga

Gonatium rubens (Blackwall, 1833) 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0

Gongylidium rufipes (Linnaeus, 1758) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Halorates reprobus (O. P.-Cambridge, 1879) 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0

Tenuiphantes tenuis (Blackwall, 1852) 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

Tenuiphantes flavipes (Blackwall, 1854) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Tenuiphantes zimmermanni (Bertkau, 1890) 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

Maso sundevalli (Westring, 1851) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 Meiorure

Agyneta rurestris (C. L. Koch, 1836) 0 0 0 0 0 0 0 0 3 0 0 0 0 0 6 39 0 0 0

Collinsia inerrans (O. P.-Cambridge, 1885) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Neriene clathrata (Sundevall, 1830) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Oedothorax apicatus (Blackwall, 1850) 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 1 0 0 0 Oedoapi




Spider species

Island/mainland site

Abbreviation in CCA-plot

B1 B2 K8 B11 B11B B12 BF D1 D2 D3 D4 D5 D6 D7 D8 D10 DF DS DW
Oedothorax fuscus (Blackwall, 1834) 0 0 12 3 0 1 0 0 9 0 0 0 0 0 0 3 1 0 0 Oedofusc
Oedothorax retusus (Westring, 1851) 17 6 24 1 1 23 0 7 3 0 0 0 0 0 0 0 32 1 0 Oedoretu
Pelecopsis parallela (Wider, 1834) 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0
Silometopus elegans (O. P.-Cambridge, 1872) 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
Syedra gracilis (Menge, 1869) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
Troxochrus scabriculus (Westring, 1851) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Walckenaeria furcillata (Menge, 1869) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Walckenaeria vigilax (Blackwall, 1853) 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
Philodromidae
Philodromus aureolus (Clerck, 1757) 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Pisauridae
Pisaura mirabilis (Clerck, 1757) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 Pisamira
Salticidae
Euophrys frontalis (Walckenaer, 1802) 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Phlegra fasciata (Hahn, 1826) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Salticus scenicus (Clerck, 1757) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Synageles venator (Lucas, 1836) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Theriidae
Enoplognatha latimana (Hippa & Oksala, 1982) 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Euryopsis flavomaculata (C. L. Koch, 1836) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 2
Thomisidae
Ozyptila praticola (C. L. Koch, 1837 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 15
Ozyptila trux (Blackwall, 1846 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3
Xysticus kochi (Thorell, 1872) 0 0 0 0 0 0 0 0 0 0 1 3 0 0 0 0 0 0 0
Tetragnathidae
Pachygnatha clercki (Sundevall, 1823) 1 3 12 6 0 3 3 4 4 0 2 0 0 1 0 2 1 2 7
Pachygnatha degeeri (Sundevall, 1830) 0 8 0 0 0 0 13 0 0 0 1 0 1 0 0 1 3 5 44




Spider species Island/mainland site Abbreviation in CCA-plot

Bl B2 K8 B11 B11B B12 BF D1 D2 D3 D4 D5 D6 D7 D8 D10 DF DS DW

Pachygnatha listeri (Sundevall, 1830) 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 2 0 1
Tetragnatha extensa (Linnaeus, 1758) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Tetragnatha sp. 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

Tab. A2 species/site matrix of the sampling in June 2010 on islands and mainland sites for ground beetles with abbreviations in CCA - plots, assorted to spider

families;
Ground beetle species Island/mainland site Abbreviation in CCA-plot
K2 K8 Kila Kilb k12 KF D1 D2 D3 D4 D5 D52 D6 D7 D8 DIO DF DS DW

Acupalpus brunnipes (Sturm, 1825) 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0
Acupalpus flavicollis (Sturm, 1825) 0 0 0 0 0 3 0 0 0 1 0 0 0 4 0 0 0 1 0 Acupflav
Acupalpus meridianus (Linné, 1761) 0o 0o o0 o 0o o 0o O 0O O O O 0 0 0 5 0 0 0 Acupmeri
Acupalpus parvulus (Sturm, 1825) 0 6 0 o 0o o 0o 0o 0O O 0 2 0 0 0 1 0 0 O Acupparv
Agonum duftschmidi {Schmidt, 1994) 1 4 3 1 13 0 0 0 O O O 0 2 0 0 0 0 4 14 Agonduft
Agonum marginatum (Linné, 1758) 0 o0 2 0o 2 o0 2 17 0o 0o 0 0O 0 O 1 5 0 0 0 Agonmarg
Agonum micans (Nicolai, 1822) 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Agonum muelleri (Herbst, 1784) 0 0o o o 0o o o o 0 O 0 1 3 1 0 0 0 0 O Agonmuel
Agonum munsteri (Hellén 1935) 0 0 0 2 0 0 0 0 0 0 0 0 0 0 ) 0 0 0 0
Agonum scitulum (Dejean, 1828) 0 0o o 0o 13 0o 0o 0O 0 O O O 0 0O 0 0 0 0 0 Agonscit
Agonum viduum (Panzer, 1796) 0o 1 o o 0o 0o 0o 0O 0O O 0 O 0 0 0 0 7 4 0 Agonvidu
Agonum viridicupreum (Goeze, 1777) 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Amara aenea (De Geer, 1774) 2 0 o0 0 0 2 0 0 7 114 125 71 61 31 107 9 0 4 0 Amaraen
Amara communis (Panzer, 1797) 0 0 o0 o o o o o0 0 O O O o0 0 o0 o0 0 1 1 Amarcomm




Ground beetle species

Island/mainland site

Abbreviation in CCA-plot

K2 K8 Klla Kllb K12 KF D1 D2 D3 D4 D5 D52 D6 D7 D8 D10 DF DS DW

Amara bifrons (Gyllenhal, 1810) 0 o0 0 0 o 0 o0 2 25 3 1 4 1 1 1 1 0 0 o Amarbifr
Amara fulva (O.F. Miiller, 1776) 0 o0 0 0 0 0 0O 0 0 o0 0 0 0 6 1 5 0 0 0 Amarfulv
Amara majuscula (Chaudoir, 1850) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Amara nitida (Sturm, 1825) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Anchomenus dorsalis (Pontoppidan, 1763) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 Anchdors
Anisodactylus binotatus (Fabricius, 1787) 0 4 1 0 1 2 0 14 23 3 0 0 0 1 4 11 10 4 3 Anisdact
Badister bullatus (Schrank, 1798) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0

Badister meridionalis (Puel, 1925) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

Bembidion articulatum (Panzer, 1796) 0 1 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Bembidion biguttatum (Fabricius 1779) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

Bembidion dentellum (Thunberg, 1787) 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0

Benmbidion femoratum (Sturm, 1825) 0 o0 0 0 0 0 16 1 4 0 0 0o 1 2 1 8 0 0 0 Bembfemo
Bembidion illigeri (Netolitzky, 1914) 0 0 0 0 0 0 0 0 0 1 1 0 2 0 0 0 0 0 0

Bembidion lampros (Herbst, 1784) 6 0 0 0 0 3 0 0 0 16 1 2 o0 0 o0 4 1 1 0 Bemblamp
Bembidion lunulatum (Geoffroy, 1785) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Bembidion punctulatum (Drapiez, 1820) 0 0 0 0 0 0 2 0 0 1 0 0 0 0 1 0 0 1 0 Bembpunc
Bembidion quadrimaculatum (Linné, 1761) 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 20 0 0 0 Bembquad
Bembidion semipunctatum (Donovan, 1806) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1

Bembidion tetracolum (Say, 1823) 0 o 0 0 0o 0 3 1 0 o0 0 o 1 o0 1 14 2 0 7 Bembtetr
Bembidion varium (Olivier, 1795) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Calathus melanocephalus (Linné, 1758) 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0

Carabus cancellatus (llliger, 1798) 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Carabus nemoralis (O.F. Miiller, 1764) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1

Chlaenius nigricornis (Fabricius, 1787) 0 2 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Chlaenigr
Chlaenius vestitus (Paykull, 1790) 2 0 0 0 0 0 3 6 10 2 0 0 4 11 3 4 0 4 8 Chlaevest
Cicindela hybrida (Linné, 1758) 0 0 0 0 0 0 0 0 0 O 1 1 9 37 5 0 0 3 o0 Cicihybr
Clivina collaris (Herbst, 1784) 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0




Ground beetle species

Island/mainland site

Abbreviation in CCA-plot

K2 K8 Klla Kllb K12 KF D1 D2 D3 D4 D5 D52 D6 D7 D8 D10 DF DS DW

Clivina fossor (Linné 1758) 1 0 0 0 0 2 0 0 0 O 0 o0 0 0 o0 2 4 0 o0 Clivfoss
Dyschirius thoracicus (P.Rossi, 1790) 0 0 0 0 0 0 5 3 1 7 0 3 10 0 1 0 5 1 Dyscthor
Elaphrus cupreus (Duftschmid, 1812) 0 0 1 0 2 0 0 1 0 0 0 0 0 0 0 0 2 0 1 Elapcupr
Elaphrus riparius (Linné 1758) 0 o0 0 1 0 0 0 2 0 0 0 0 1 0 0 0 0 0 0 Elapripa
Harpalus affinis (Schrank, 1781) 5 0 0 0 0 2 1 0 2 15 6 9 1 22 6 59 0 0 0 Harpaffi
Harpalus flavicornis (Dejean, 1829) 0 0 0 0 0 0 0 0 0 0 2 2 1 0 0 0 0 0 0 Harpflav
Harpalus rufipalpis (Sturm, 1818) 2 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0

Harpalus froelichii (Sturm, 1818) 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0

Harpalus luteicornis (Duftschmid 1812) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 1

Harpalus marginellus (Gyllenhal, 1827) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Harpalus serripes (Quensel in Schénherr, 1806) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0

Lionychus quadrillum (Duftschmid, 1812) 0 0 0 0 0 0 0 0 10 0 0 0 0 0 2 1 0 0 0 Lionyquad
Loricera pilicornis (Fabricius, 1775) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0

Microlestes minutulus (Goeze, 1775) 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

Nebria brevicollis (Fabricius, 1792) 0 0 0 0 3 1 0 1 0 3 0 3 2 0 0 6 16 0 0 Nebrbrev
Nebria livida (Linné, 1758) 0 o0 0 0 0 0 2 0 o0 0 0 0 0 o0 5 0 0 o0 0 Nebrlivi
Nebria salina (Fairmaire & Laboulb, 1854) 0 0 0 0 0 0 1 1 0 8 7 4 7 5 2 12 0 0 0 Nebrisali
Notiophilus aquaticus (Linné, 1758) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Notiophilus palustris (Duftschmid, 1812) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Notiophilus substriatus (Waterhouse, 1833) 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0

Omophron limbatum (Fabricius, 1776) 0 s 0 0 2 0 0 0 7 0 0 0 24 21 0 0 0 2 0 Omoplimb
Oodes helopiodes (Fabricius, 1792) 1 0 0 0 0 0 0 0 0 O 0 0 0 1 o0 0 o 1 3 Oodeheli
Ophonus rupicola (Sturm, 1818) 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0

Oxypselaphus obscurus (Herbst, 1784) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2 2

Panagaeus cruxmajor (Linné, 1758) 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Paradromius linearis (Olivier, 1795) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Paranchus albipes (Fabricius, 1796) 0 o 2 0 3 0 1 13 0 0 0 o 1 1 o0 1 0 0 2 Paraalbi




Ground beetle species

Island/mainland site

Abbreviation in CCA-plot

K2 K8 Klla Kllb K12 KF D1 D2 D3 D4 D5 D52 D6 D7 D8 D10 DF DS DW

Elaphropus parvulus (Fischer v.W., 1828) 0 0 0 0 0 0 0 0 18 8 2 0 3 5 4 21 0 4 0 Paramicr
Poecilus versicolor (Sturm, 1824) 1 0 o0 o o o o o 0 O 1 0 1 0 0 2 0 3 9 Poecvers
Pterostichus anthracinus (llliger, 1798) 0o 17 1 0 5 0 0 0 0 0 0 0 0 0 0 0 9 0 8 Pteranth

Pterostichus gracilis (Dejean, 1828) 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Pterostichus madidus (Fabricius, 1775) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Pterostichus melanarius (llliger, 1798) 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 6 0 2 Ptermela
Pterostichus minor (Gyllenhal, 1827) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0

Pterostichus nigrita (Paykull, 1790) 0o 3 1 0 4 1 0 0 0 0O 0 0O 0 0 0 0 29 1 10 Pternigr

Pterostichus strenuus (Panzer, 1796) 0 o 0 0 0 0O 0o o0 o 0 0 0 0 o0 0 0 6 1 1 Pterstre

Pterostichus unctulatus (Duftschmid 1812) 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Pterostichus vernalis (Panzer, 1796) 0 o 0 0 1 0o 1 0o o0 0 0 3 0 o0 0 0 3 0 0 Ptervern

Stenolophus mixtus (Herbst, 1784) 0 6 0 0o 4 1 0 2 1 0 0 1 0 0O 0 0 0 0 O Stenmixt
Stenolophus teutonus (Schrank, 1781) 0 21 0 0 3 2 o0 26 0 12 4 23 19 3 1 23 4 0 0 Stenteut

Stomis pumicatus (Panzer, 1796) 0 0o o 0 0 o0 o0 0o 0o 0 0 0 0 0 0 5 2 0 Stompumi
Syntomus foveatus (Geoffroy, 1785) 0 0o o0 o o o o0 O 4 1 0 0O 0 0 1 0 0 5 0 Syntfove




Appendix B

This Appendix contains bi-plots of §°C to "°N of each island. Legends are given in the figures.
Figure titles indicate island number. Symbols for beetles are always circles, symbols for spiders are
always diamonds, symbols for plants are always triangles.
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