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“If we knew what it was we were doing, it would not be called research, would it?”  

- Albert Einstein 
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Summary 

The on-going decline of biodiversity is likely to alter important ecosystem functions and services, such 

as biological control of pests, due to a loss of predator species from ecosystems. Predictions about changes 

in predator diversity require reliable estimates of the composition of arthropod communities in local 

habitats. This composition at least partly results from effects of environmental heterogeneity on the 

spatial distribution and trophic interactions of arthropod predator species. 

“Assessment”, “Distribution”, “Function” and “Service” are four major topics of biodiversity research. 

These aspects are addressed in the four core chapters of this cumulative dissertation and focus on how 

decisions about the sampling design affect the quality of biodiversity inventories in environmentally 

heterogeneous habitats and how environmental heterogeneity affects the spatial distribution and the 

functional role of terrestrial arthropod predators. To understand the effect of environmental 

heterogeneity on arthropod predator diversity and distribution the aspects “Assessment” and 

“Distribution” were studied in unmanaged forest ecosystems (Chapters 1 & 2). The aspect “Function” 

focusing on effects of heterogeneity in structure and resource availability on the litter-decomposer-

predator food chain and the aspect “Service” focusing on the contribution of natural enemies to aphid 

suppression were studied in managed agricultural ecosystems (Chapters 3 & 4). This switch from forest 

systems (Chapters 1 & 2) to primarily agricultural systems (Chapters 3 & 4) was motivated by a stronger 

focus on applied aspects (ecosystem services such as decomposition and biological control) in agricultural 

systems. The aspects “Assessment”, “Distribution” and “Function” focused on generalist predators 

(spiders and ground beetles) and their potential prey (Collembola), while the aspect “Service” focused on 

aphid control by natural enemies (generalist and specialist predators). 

The first study (Chapter 1, “Assessment”) addresses the question how the design of sampling schemes 

in biodiversity inventories affects the precision of diversity assessment by comparing systematic and 

stratified sampling designs. The results suggest that stratified sampling based on expert knowledge about 

habitat heterogeneity is more effective than systematic sampling. Arrangement of pitfall traps in a 

stratified design covers a more diverse range of microhabitats and therefore provides a more complete 

picture of the existing community in a given sample area. Thus, the quality of future inventories will be 

considerably improved by incorporating information on habitat heterogeneity. 

The second study (Chapter 2, “Distribution”) is closely related to the former study and focuses on the 

effect of environmental heterogeneity on the spatial distribution of abundant spider species and 

Collembola groups in the same forest floor habitat. It complements study 1 by adding information on 

habitat needs of selected taxa in heterogeneous habitats. The distribution of three spider species was 
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affected by habitat heterogeneity such as moss or litter coverage estimated from forest inventory data. In 

addition, the distribution of one spider species was negatively related to the local availability of prey. The 

distribution of Collembola, in contrast, was only related to environmental heterogeneity. Considering 

biotic and abiotic factors is crucial when studying the distribution of individuals in heterogeneous habitats. 

Chapter 1 and 2 highlight the need for doing so in both biodiversity inventories and long-term monitoring 

studies with a conservation background. 

Investigations on the aspects “Function” and “Service” in managed systems covered studies on the 

functional role of arthropod predators in food webs and on the provision of pest control services. To 

understand how environmental heterogeneity not only affects diversity (chapter 1 & 2), but also 

modulates the contribution of arthropod predators to ecosystem processes, I also quantified the effect of 

the addition of wheat and maize litter on the litter-decomposer-predator food chain in both conventionally 

and organically managed wheat fields (Chapter 3, “Function”). The activity density of generalist predators 

was significantly higher in experimental plots with maize compared to wheat litter plots and under organic 

farming. Collembola did not numerically respond to litter addition, though they incorporated a high share 

of maize-born carbon (as estimated by carbon stable isotope ratios). Two spider species were more closely 

linked to the decomposer prey that consumed maize in organically managed fields and one carabid species 

showed this pattern in conventionally managed fields. Litter mass loss was highest in plots that received 

wheat litter under organic management and was negatively related to predator activity density. Addition 

of crop residues from a growing crop under organic management may be a promising strategy to 

synergistically promote decomposition processes and activity density of natural enemies in agricultural 

fields. 

Concerning the aspect “Service”, the meta-analysis demonstrated that aphid control by natural 

enemies is mediated by top-down (degree of prey specialization in predators) and bottom-up (host plant 

group) drivers and climatic conditions. Generalist predators significantly reduced aphid numbers, but not 

to the same extent as specialist predators or assemblages of specialists and generalists. Moreover, natural 

enemies were more effective on aphid populations colonizing grass or herb crops, but did only marginally 

affect those inhabiting nitrogen-rich legume plants. These findings show that environmental 

heterogeneity affects arthropod predators at spatio-temporal levels beyond the scales addressed in the 

previous case studies (Chapters 1-3). This suggests that agricultural fields differing in the availability of 

plant functional groups in the surrounding area may provide different levels of pest control services. In 

addition, the meta-analysis revealed that climatic conditions affect predator-prey interactions at the global 

scale. More specifically, biological control of pests by natural enemies was stronger in regions with more 
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severe climatic events. This finding has important implications for future alterations of pest control levels 

in the face of climate change. 

In conclusion, this dissertation highlights the importance of accounting for environmental 

heterogeneity when assessing the diversity and distribution of arthropod predator communities. The 

results are not only relevant for progress in basic research, but also have strong implications for applied 

sciences and practical approaches in the face of future changes in land use and climate. Functions and 

services may directly be affected by alterations of environmental heterogeneity at both small and higher 

spatial scales. A better understanding of the relationships among predators or between predators and 

their prey in habitats with different levels of environmental heterogeneity will considerably improve our 

predictive capacity concerning the function of terrestrial arthropod predators under conditions of 

environmental change. 
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Zusammenfassung 

Der andauernde Rückgang der Biodiversität beeinflusst wichtige Ökosystemfunktionen und -

dienstleistungen. Vor diesem Hintergrund kann der Verlust räuberischer Arthropodenarten die biologische 

Schädlingskontrolle – als Dienstleistung in terrestrischen Ökosystemen bereitgestellt von natürlichen 

Feienden – beeinträchtigen. Eine Prognose der Veränderungen der Arthropodendiversität erfordert 

verlässliche Daten über die Zusammensetzung von Gemeinschaften in unterschiedlichen Lebensräumen. 

Die Gemeinschaftszusammensetzung wird durch die Heterogenität der Umwelt, die damit verbundenen 

Unterschiede in der räumlichen Verteilung von Arten und schließlich auch durch die trophischen 

Interaktionen zwischen Prädatoren und ihrer Beute beeinflusst. 

Die vier Hauptaspekte der Biodiversitätsforschung – “Erfassung”, “Verteilung”, “Funktion” und 

“Service” – bilden daher die Grundthemen der vier Kapitel dieser vorliegenden kumulativen Dissertation. 

Deren Schwerpunkte sind der Einfluss des Probenahmeverfahrens auf Biodiversitätserfassungen in 

heterogenen Habitaten sowie der Einfluss der Umweltheterogenität auf die räumliche Verteilung und die 

funktionelle Rolle von terrestrischen Arthropoden. Um den Effekt der Umweltheterogenität auf 

Arthropodengemeinschaften zu analysieren, wurden die Aspekte “Erfassung” und “Verteilung” in 

unbewirtschafteten Waldökosystemen untersucht (Kapitel 1 und 2). Die Auswirkungen erhöhter 

struktureller Komplexität und Ressourcenqualität eines Lebensraums auf die Streu-Zersetzer-Räuber-

Nahrungskette wurden unter dem Aspekt “Funktion” experimentell untersucht (Kapitel 3). Abschließend 

wurde unter dem Aspekt “Service” eine Meta-Analyse über den Beitrag der natürlichen Feinde zur 

Kontrolle von Blattlauspopulationen in bewirtschafteten Agrarökosystemen durchgeführt (Kapitel 4). Mit 

dem Wechsel von unbewirtschafteten Waldökosystemen in Kapitel 1 & 2 zu bewirtschafteten 

Agrarökosystemen in den beiden folgenden Kapiteln verschiebt sich der Schwerpunkt dieser Dissertation 

von der Grundlagenforschung zu stärker angewandten Fragestellungen innerhalb der 

Biodiversitätsforschung. Spinnen und Laufkäfer als generalistische Prädatoren und Collembolen als ihre 

potentielle Beute waren die Zielgruppen der Kapitel “Erfassung”, “Verteilung” und “Funktion”. Da in 

Agrarökosystemen Getreideschädlinge erhebliche Ernteverluste verursachen können, stand unter dem 

Aspekt “Service” die Blattlauskontrolle durch natürliche Feinde im Fokus, wobei sowohl generalistische als 

auch spezialisierte Prädatoren Berücksichtigung fanden.  

Die erste Studie (Kapitel 1, “Erfassung”) konzentriert sich auf die Qualität der Biodiversitätserfassung 

mithilfe von zwei unterschiedlichen Probenahmeverfahren. Das stratifizierte Probenahmeverfahren, 

welches auf einer von Experten festgelegten Auswahl der Fallenstandorte basierte, erwies sich als 

effektivere Methode im Vergleich zur traditionell bei Waldinventuren durchgeführten systematischen 
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Beprobung. Durch die stratifizierte Anordnung der Fallen wurden verschiedene Mikrohabitate besser 

abgedeckt, was eine vollständigere Erfassung der Gemeinschaftszusammensetzung ermöglichte. Für 

zukünftige Studien, die eine vollständige Erfassung der Diversität als Ziel verfolgen, könnte eine 

stratifizierte, auf Expertenwissen basierende Beprobung  eine höhere Qualität der Inventur versprechen. 

Die zweite Studie (Kapitel 2, “Verteilung”) über die Wirkung von Umweltheterogenität auf die 

räumliche Verteilung von Spinnen und Collembolen fügte ergänzt die unter “Erfassung” behandelte 

methodische Fragestellung um Erkenntnisse über die realisierte ökologische Nische ausgewählter Taxa im 

Lebensraum Wald. Die Verteilungsmuster von drei Spinnenarten waren durch eine enge Beziehung zur 

Heterogenität in Bezug auf die Verteilung von Moos- und Streudeckung charakterisiert. Die lokale 

Beuteverfügbarkeit beeinflusste die räumliche Verteilung einer weiteren Spinnenart. Demgegenüber 

wurde die räumliche Verteilung der Collembolen ausschließlich durch die Umweltheterogenität bestimmt. 

Aus diesen Ergebnissen leitet sich die Notwendigkeit ab, bei Untersuchungen der räumlichen Verteilung 

von Arthropoden in heterogenen Habitaten sowohl biotische als auch abiotische Faktoren einzubeziehen. 

Beide Studien unterstreichen die Wichtigkeit der Berücksichtigung von Umweltheterogenität bei 

Biodiversitätserfassungen und langfristigen Monitoring-Studien. 

Der angewandte Aspekt der Biodiversitätsforschung wurde in Kapitel 3 und 4 durch Studien über die 

funktionelle Rolle der Arthropoden in Nahrungsnetzen und die Bereitstellung der ökosystemaren 

Dienstleitung “biologische Schädlingskontrolle” in bewirtschafteten Systemen repräsentiert. Als Erstes 

zeigt sich das eine experimentelle Veränderung der Umweltheterogenität mittels Einbringen von 

Ernteabfällen (Weizen- bzw. Maisstreu) auf konventionell und ökologisch bewirtschafteten Weizenfeldern 

die Streu-Zersetzer-Räuber-Nahrungskette beeinflusst (Kapitel 3, “Funktion”). Die Aktivitätsdichte 

generalistischer Prädatoren war signifikant höher auf den experimentellen Flächen, die mit Maisstreu 

manipuliert wurden, im Vergleich zu Flächen, auf denen Weizenstreu ausgebracht wurde. Demgegenüber 

zeigten die Collembola zwar keine numerische Reaktion auf erhöhte Streumengen, der prozentuale Anteil 

des aus Maisstreu aufgenommenen Kohlenstoffs war aber erhöht. Zwei von drei untersuchten 

Spinnenarten waren auf ökologisch bewirtschafteten Agrarflächen Teil der Maiskohlenstoff-

Nahrungskette und eine von zwei untersuchten Laufkäferarten zeigte dieses Muster auf konventionell 

bewirtschafteten Feldern. Hoher Streuzersetzung konnte nur auf ökologisch bewirtschafteten Feldern 

beobachtet werden und nur auf Teilflächen, auf denen Weizenstreu ausgebracht wurde. Das Ausbringen 

von Ernteabfällen der angebauten Feldfrucht auf ökologisch bewirtschafteten Getreideflächen könnte 

daher sowohl die Zersetzerleistung als auch die Dichte wichtiger Raubarthropoden fördern.  

Die unter dem Aspekt “Service” durchgeführte Meta-Analyse verdeutlichte, dass die Kontrolle von 

Blattlauspopulationen durch natürliche Feinde sowohl “top-down” (Spezialisierung der Prädatoren auf 
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bestimmte Beutegruppen) als auch “bottom-up” (Gruppe der Wirtspflanze) reguliert wurde. 

Generalistische Prädatoren reduzierten zwar signifikant die Größe von Blattlauspopulationen, waren dabei 

aber weniger effektiv als Spezialisten oder gemischte Räubergemeinschaften, die sich beiden funktionellen 

Gruppen zusammensetzten. Natürliche Feinde waren dann effektiver, wenn sich Blattlauspopulationen 

auf Gräsern oder Kräutern etablierten, nicht aber auf stickstoffreichen Leguminosen. Diese Ergebnisse 

zeigen, dass die Auswirkung der Umweltheterogenität auf die Funktion von räuberischen Arthropoden 

auch auf größeren räumlichen Skalen wirksam war, als solche, die in Kapitel 1 bis 3 untersucht wurden. So 

können z. B. in der Landschaft verteilte Flächen mit diversen, funktionellen Pflanzengemeinschaften 

verschiedene Intensitäten der Schädlingskontrolle bereitstellen. Darüber hinaus wirkten sich klimatische 

Faktoren, d. h. hohe Variationen von Niederschlag und Temperatur, positiv auf die Blattlauskontrolle durch 

natürliche Feinde aus. Angesichts des globalen Klimawandels wäre es vorteilhaft, diese Erkenntnisse 

zukünftig bei agrarwirtschaftlichen Bewirtschaftungsplänen zu berücksichtigen, welche auch die 

biologische Schädlingskontrolle miteinbeziehen.  

Zusammenfassend lässt sich festhalten, dass die vorliegende Dissertation die Bedeutung der 

Umweltheterogenität für die Biodiversitätserfassung von Prädatoren besonders hervorhebt. 

Grundlagenforschung im Hinblick auf die Erfassung der biologischen Vielfalt erlangt dann eine praktische 

Relevanz, wenn die gewonnenen, empirischen Erkenntnisse in eine angewandte Perspektive überführt 

werden, die sowohl den globalen Landnutzungs- als auch den Klimawandel integriert. Wichtige 

ökologische Funktionen und ökosystemare Dienstleistungen werden durch die Heterogenität der Umwelt 

auf kleinen und großen räumlichen Skalen beeinflusst. Ein besseres Verständnis der Beziehungen zwischen 

Räubern untereinander oder zwischen Räubern und ihrer Beute in unterschiedlich heterogenen 

Lebensräumen kann die Prognose über die Auswirkungen der zukünftigen Landnutzungsänderungen auf 

Arthropodengemeinschaften in terrestrischen Ökosystemen verbessern. 
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Introduction 

Biodiversity is declining worldwide and is therefore a focus of current ecological research (Wolters & 

Hotes 2010). Anthropogenic management is a major threat to biodiversity and has led to a homogenization 

of ecosystem functions and services in managed systems (e.g. arable land) compared to unmanaged 

systems (e.g. protected areas; MacDougall et al. 2013). In terrestrial ecosystems arthropod predators are 

abundant and are involved in ecosystem functioning (e.g. food webs) and provide important services (e.g. 

biological pest control; Symondson et al. 2002). To conserve diversity and promote associated services, 

knowledge on the current state of biodiversity based on appropriate assessments is indispensable (Collen 

et al. 2013). In local habitats, the diversity and composition of arthropod communities at least partly 

results from the effects of environmental heterogeneity, e.g. climatic conditions or the availability of 

resources, on the spatial distribution and trophic interactions of arthropod predator species.   

According to Baur’s book on the basic principles of biodiversity (2010), the four main aspects of 

biodiversity research are “Assessment”, “Distribution”, “Function” and “Service” (Fig. 1). In the present 

dissertation the effect of habitat heterogeneity on these aspects is covered in four chapters. In detail, the 

chapters address the questions how decisions about sampling designs affect the quality of biodiversity 

inventories in environmentally heterogeneous habitats (“Assessment”; chapter 1), how environmental 

heterogeneity affects the spatial distribution (“Distribution”; chapter 2), the functional role of terrestrial 

arthropod predators in the litter-decomposer-predator food chain (“Function”; chapter 3) and the 

associated service of biological pest control (“Service”; chapter 4).  

 

Figure 1 Outline of this cumulative dissertation. The effects of environmental heterogeneity on the main aspects 

of biodiversity research “Assessment”, “Distribution”, “Function” and “Service” (adapted from Baur 2010) studied in 

unmanaged (Chapters 1 & 2) and managed ecosystems (Chapters 3 & 4). 
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The aspects “Assessment” and “Distribution” were studied in unmanaged forest ecosystems (Chapters 1 

& 2), while the aspects “Function” and “Service” were studied in agricultural systems (Chapter 3 & 4). The 

switch from forests to primarily agricultural systems to address the last aspects “Function” and “Service” 

is due to the importance of such applied research questions in developing sustainable farming systems 

compared to more basic research questions which require a high level of environmental heterogeneity in 

the first two aspects “Assessment” and “Distribution”. 

Forests cover over 31 % of world’s surface (FAO 2010) providing a range of habitats for different plants, 

animals and microorganisms and unmanaged forest systems often are hotspots of biodiversity (Myers et 

al. 2000). To promote biodiversity conservation, strict forest reserves (German: “Naturwaldreservate”) 

were established in different regions of Germany (Bunker et al. 2005, Dorow et al. 2007). These 

unmanaged forest areas provide a baseline for undisturbed ecosystems in terms of diversity and 

relationships between species and their environment. Such semi-primary forests are less affected by local 

anthropogenic disturbances compared to more intensively managed ecosystems (Dupouey et al. 2002). 

Hence, these unmanaged systems are ideal areas to study the effects of environmental heterogeneity on 

established dynamics of temporal or spatial patterns in arthropod predator diversity and distribution 

without human impact when focusing on the two aspects of biodiversity “Assessment” and “Distribution”. 

A precise assessment of biodiversity is the first step in biodiversity research and only a detailed 

understanding of communities allows a reliable prediction of changes in community structure and 

facilitates the development of conservation strategies. Biodiversity assessment includes knowledge about 

the life- and evolutionary history of organisms, species richness, rarity, endemism and distribution of 

species (Steele & Pires 2011). Sampling efficiency is an important prerequisite in the design of biodiversity 

inventories (Oliver et al. 1999), but can be challenging in environmentally complex habitats. 

Comprehensive inventories in habitats with high level of environmental heterogeneity therefore often 

require long-term effort and can be expensive, but the precision of diversity estimates and the success of 

biodiversity inventories may depend on such actions (Colwell & Coddington 1994). 

The causes for a non-random distribution of organisms in space and interactions that determine the 

spatial distribution of individuals are among the fundamental questions in ecology (Townsend et. al 2002). 

Biodiversity is not distributed evenly in space, as some species are extremely abundant in some habitat 

areas but may be absent in others (Habel et al. 2013). These spatial distribution patterns play a profound 

role in shaping ecological processes such as competition, predation and mating systems (Borregaard et al. 

2008), but may also affect the outcome of biodiversity assessments based on decisions made by the 

researchers. For a reliable inventory of biodiversity, a-priori knowledge about the spatial distribution of 

species inhabiting environmentally heterogeneous habitats is crucial (Keitt et al. 2002). This knowledge 
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facilitates the choice of sampling strategies and helps avoiding oversampling (Holland et al. 1999). 

Considerations of spatial aspects further have implications for the design of field studies, as results and 

interpretation depend on the distribution of the target taxa (Hayek & Buzas 1997). The spatial distribution 

can be influenced by environmental heterogeneity, as species at the local scale in forests for example form 

aggregations that mirror the distribution of suitable microhabitats, e.g. soil covered with litter, moss or 

deadwood (Niemelä et al. 1992, Ettema & Wardle 2002). This environmental heterogeneity is one of the 

most important factors regulating spatial and temporal patterns of organisms in terrestrial ecosystems 

(Bardgett et al. 2005). Hence, determining the factors that explain spatial patterns in arthropod 

communities is a prerequisite to predict the effect of habitat change on biodiversity (Illan et al. 2010). 

Agricultural ecosystems are temporally less stable systems compared to forests (Connor et al. 2011). 

Continuous input of organic matter, agrochemicals and management practices such as harvest, soil 

management or irrigation are important anthropogenic disturbances in agricultural systems. The land used 

for agriculture compiles 50% of the world’s terrestrial surface and has been used by humans for millennia 

in order to produce food, fibers, energy and other products (Tilman et al. 2002). However, anthropogenic 

activities led to unavoidable modifications of environmental heterogeneity, possibly followed by changes 

in biodiversity and trophic interactions. Thus, studies performed in such managed habitats provide insights 

in effects of anthropogenic alterations in habitat heterogeneity on arthropod communities and associated 

ecosystem functions and services when dealing with the aspects of biodiversity “Function” and “Service”. 

Many ecosystem functions1 are sensitive to biodiversity decline (Naeem et al. 1999) and habitat 

alterations as a consequence of anthropogenic disturbances may negatively affect ecosystem functions 

(Hooper et al. 2005). For example, predators in terrestrial food webs can structure invertebrate 

communities through top-down effects (Preisser et al. 2005) and anthropogenic management practices 

may alter the availability of resources required by arthropod predators for optimal performance. Such 

alterations can lead to modifications of the structure of food webs in agricultural fields though bottom-up 

processes (Landis et al. 2000). Generalist arthropod predators (e.g. spiders, carabid beetles) in agricultural 

systems, for example, feed on herbivorous prey (e.g. aphids) or on decomposer prey (e.g. Collembola) and 

such mixed diets contribute significantly to a higher fitness of arthropod predators (Toft & Wise 1999). 

Anthropogenic alterations of the availability of basal resources (e.g. plant residue management) in 

agroecosystems may indirectly affect the function of arthropod predators via a trophic cascade that 

includes decomposer prey (Duyck et al. 2011). 

                                                           
1 Function refers to the role of organisms within an ecological system, to the overall processes that maintain a system and to the services a 
system provides for humans or other organisms (Jax 2005). 
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An ecosystem service is a function of ecosystems that helps to sustain human welfare (Daily et al 1997, 

de Groot et al. 2002). In agricultural systems one specific ecosystem service, namely conservation 

biological control of pests provided by natural enemies (Barbosa 1998), has become an important 

component of more sustainable agricultural systems. Until recently the research on biological control of 

pests has primarily focused on highly specialized predators and strategies to maximize the efficiency of 

pest reduction by such species (Symondson et al. 2002). However the focus on specialist predators that 

only feed on one or a few pest species is moving towards predators with a broader prey spectrum (Welch 

et al. 2012). Generalist predator populations are present in arable fields early in the growing season before 

pest species colonize fields due to their ability to survive on decomposer prey and a higher resistance to 

disturbances (Wissinger 1997). Environmental heterogeneity may affect arthropod predators and their 

contribution to pest control. Sensitivity of pests and arthropod predators to climatic conditions may, for 

example, determine the damage by pests to host plants and the success of arthropod predators in pest 

control (Abbott et al. 2014). Understanding these climate-mediated effects is of particular importance, as 

it has implications for management strategies that try to mitigate the effect of future climate change on 

the ecosystem service of pest control. 

The present dissertation focuses on two major groups of arthropod generalist predators, spiders 

(Araneae) and ground beetles (Carabidae), and their two most important prey groups from the 

belowground decomposer (springtails, Collembola) and aboveground herbivore (aphids, Aphidina) 

subsystem and the following section provides some background about these taxa. Spiders and carabid 

beetles are dominant predators present in all terrestrial ecosystems and are two diverse groups with more 

than 44.500 spider (Platnick 2014) and 40.000 carabid beetle (Lövei & Sunderland 1996) species described. 

As generalist predators most of these species consume insects on the ground surface or vegetation in 

forests (Perry 1994) and arable systems (Lövei & Sunderland 1996) and can therefore affect decomposer 

and herbivore prey populations and associated ecosystem services such as decomposition (Wise 2004) 

and biological control (Birkhofer et al. 2008). Generalist predators do not only act as biocontrol agents that 

regulate pest populations and prevent outbreaks in agricultural systems (Nyffeler & Benz 1987, Holland 

2002, Rusch et al. 2013), but probably have an equally important role in forests (Mason et al. 1997). Spiders 

and carabid beetles are sensitive to environmental change or changes in a habitat structure (Bell et al. 

2001, Uetz 1991, Horne 2007) and hence these groups may be used as indicators for management effects 

(Prieto-Benitez & Mendez 2011). Collembola are an abundant prey group comprising a considerable 

proportion of the diet of generalist predators in agricultural (Sunderland 1975, Agustí et al. 2003) and 

forest habitats (Chen & Wise 1997). In comparison to other prey groups (e.g. aphids, Diptera), the high 

quality of collembolan prey has been suggested to play a major role for the establishment of predator 
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populations early in the growing season and thus potentially affects pest suppression later in the season 

(Bilde et al. 2000). Aphids are common herbivore prey in agricultural systems infesting a wide range of 

arable and horticultural crops (Powell & Pickett 2003). Different aphid species damage plants directly by 

phloem sucking or indirectly by the transmission of plant viruses (Alford 2011) thus causing considerable 

economic losses in agriculture (e.g. Östman et al. 2003). 

 

Research questions and hypothesis 

Four studies were used to identify how the four aspects of biodiversity research (“Assessment”, 

“Distribution”, “Function” and “Service”) are affected by environmental heterogeneity (environmental 

conditions and availability of resources). Using different approaches, ranging from descriptive inventories 

over manipulative field experiments to meta-analyses of the existing literature, these studies focus on the 

importance of decisions about designs for biodiversity assessment of arthropods on the forest floor habitat 

(methodological approach, Chapter 1), factors responsible for the spatial distribution of arthropods in 

heterogeneous forest habitats (modeling approach, Chapter 2), effect of crop residue addition on detritus-

based food chain and decomposition processes in agricultural system (experimental approach, Chapter 3) 

and effects of predator specialization, host plant and climatic conditions on the ecosystem service of aphid 

biological control (meta-analytical approach, Chapter 4). 

Specific research questions were formulated and the following hypotheses were tested and are 

discussed in the four chapters: 

1) “Assessment”: Which sampling design is most suitable to assess arthropod diversity during biodiversity 

inventories in forests? 

The main hypothesis in the first study was that a stratified design based on expert knowledge provides 

a more complete estimate of spider diversity than a systematic design based on a regular grid of 

sample locations. 

2) “Distribution”: What are the main factors responsible for the formation of spatial distribution patterns 

in spider species and collembolan prey in an environmentally heterogeneous forest floor habitat?  

The hypotheses tested were that (a) environmental heterogeneity causes aggregated distributions of 

spiders, with different environmental conditions differentially affecting distantly related spider species 

and (b) activity density of spiders is higher in the patches with high collembolan activity density. 

3) “Function”: What litter type (maize vs. wheat) strengthens the predator-decomposer-detritus food 

chain in organically and conventionally managed wheat fields?  
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The main hypotheses tested were that: (a) the addition of litter compared to litter-free control plots 

increases the activity-density of Collembola and thereby generalist predators. The most pronounced 

effects are expected in conventionally managed fields that provide limited alternative microhabitat 

structure in addition to wheat tillers (microhabitat structure-mediated effect), (b) the addition of 

wheat litter increases the activity-density of Collembola and generalist predators more than the 

addition of maize litter with lower resource quality (resource-mediated effect), (c) maize litter is 

primarily incorporated into the litter-decomposer-predator food chain in resource-poor 

conventionally managed fields and that (d) positive effects of litter addition on Collembola activity 

density lead to higher litter mass loss from litter bags. 

4) “Service”: How is the ecosystem service of aphid control affected by predator specialization, host plant 

and climatic conditions?  

The hypotheses tested were that the effect of predators on aphid population size is (a) strongest in 

the presence of both generalist and specialist predators (additive effect), (b) weakest for aphid 

populations on plant groups that are rich in nitrogen and (c) strongest in areas with high climate 

seasonality.  
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Chapter outline 

Chapter 1: Assessing spider diversity on the forest floor: expert knowledge beats systematic design 

Elvira Sereda, Theo Blick, Wolfgang H.O. Dorow, Volkmar Wolters & Klaus Birkhofer – published in Journal 

of Arachnology (2014) 42:44–51 

This chapter aims at comparing the assessment of spider diversity on the forest floor either by (i) a regular 

grid of pitfall traps (systematic design) or (ii) an expert-based distribution of traps (stratified design). The 

study was conducted in the strict forest reserve Locheiche situated in the National Park Kellerwald-Edersee 

(Hesse, Germany). Estimates of species richness, rarefied species richness and activity density calculated 

per trap were significantly higher in the stratified compared to the systematic design as hypothesized (1). 

The community composition based on the presence or absence of sampled species or on log-transformed 

activity densities differed significantly between the sampling designs. Three species contributed most to 

the significant dissimilarity between designs. Pardosa saltans Töpfer-Hofmann (Lycosidae) was more 

common in traps of the stratified design and Tenuiphantes zimmermanni (Bertkau) and Walckenaeria 

cuspidata Blackwall (both Linyphiidae) were more common in traps of the systematic design. In general, 

community composition in the systematic design varied less between trap locations compared to the 

stratified design. The results of this study show that a stratified design based on expert knowledge is better 

suited for complete biodiversity inventories of spider communities on the forest floor as it provides more 

comprehensive estimates of diversity and community composition. Stratified sampling designs are thus 

proposed for strict inventories in European forests and the use of systematic designs should be reserved 

for surveys in more homogeneous habitats or spatial analyses. 
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Chapter 2: Spatial distribution of spiders and epedaphic Collembola in an environmentally 

heterogeneous forest floor habitat 

Elvira Sereda, Theo Blick, Wolfgang H.O. Dorow, Volkmar Wolters & Klaus Birkhofer- published in 

Pedobiologia (2012) 55: 241– 245 

Describing distribution patterns of species and disentangling the factors responsible for the formation of 

spatial patterns in animal communities are crucial for understanding food web interactions. In the second 

chapter the data on the four most abundant spider species sampled in the systematic design (see chapter 

1) was used to describe their spatial distribution in a beech dominated forest floor habitat. Additionally, 

the spatial distribution of three surface active Collembola groups was analyzed. The observed patterns 

were related to measures of environmental heterogeneity, overall predator activity (all ground beetles 

and spiders) and prey availability (all Collembola). Environmental heterogeneity was assessed based on 

moss cover or litter cover and the number of deadwood items on the forest floor. The distribution of spider 

species (particularly distantly related spider species) was affected by different abiotic properties as 

hypothesized in 2a. The distribution of Coelotes terrestris was positively related to the cover of moss, but 

negatively related to litter cover. The distribution of Tenuiphantes zimmermanni was negatively related to 

moss cover. The distribution of Tapinocyba insecta was negatively related to moss cover and the local 

availability of prey that contrasts hypothesis 2b. The distribution of Collembola was negatively related to 

local litter cover (Lepidocyrtus spp.) and positively related to the amount of medium-sized deadwood items 

(all other Entomobryidae). This chapter emphasizes the importance of taking environmental heterogeneity 

into account when performing ecological studies, as different habitat properties differentially affected the 

local activity density of spider species and Collembola and thus considerably contributed to the 

understanding of distribution patterns.  
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Chapter 3: The addition of crop residues affects a detritus-based food chain depending on litter type and 

farming system 

Elvira Sereda, Volkmar Wolters & Klaus Birkhofer- submitted in Journal of Applied Ecology 

The addition of litter resources derived from the crop plant itself or from other plants may not only 

increase food availability for decomposers (resource-mediated effects), but may also directly alter the 

habitat structure for decomposers and generalist predators (structure-mediated effects). Chapter 3 

focuses on the effect of wheat (Triticum aestivum L.) and maize (Zea mays L.) litter resources on 

Collembola, generalist predator communities (spiders and ground beetles) and decomposition rates in 

organically and conventionally managed wheat fields. Further, differences between carbon incorporation 

from the maize or wheat plant biomass energy channel into the tissues of abundant predator species and 

Collembolla taxonomic groups were analysed by means of stable isotope analysis. The experiment was 

conducted in three conventionally and three organically managed wheat fields around Giessen (Hesse, 

Germany). The activity density of predators was significantly higher in plots with maize litter compared to 

plots with wheat litter and under organic farming not confirming hypotheses 3a & b. In contrast, the 

activity density of Collembola was not significantly affected by litter type or farming system. Litter mass 

loss was highest in plots that received wheat litter under organic management and was negatively related 

to predator activity density. A high percentage of maize-borne carbon was observed in Lepidocyrtus spp. 

(57% and 39% in organically and conventionally managed fields respectively) compared to predator 

species (only 0-6% for spiders and 0-16% for carabids). Two spider species were more closely linked to the 

decomposer prey that consumed maize in organically managed fields and one carabid species showed this 

pattern in conventionally managed fields that contrasts hypothesis 3c. High litter decomposition levels, 

decomposer and generalist predator numbers were only observed in organically managed fields in wheat 

litter plots. The addition of crop residues from the growing crop under organic management may therefore 

be a promising farming practice to synergistically promote decomposition services and activity density of 

natural enemies. 
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Chapter 4: Effects of predator specialization, host plant and climate on biological control of aphids by 

natural enemies: a meta-analysis 

Eva Diehl*, Elvira Sereda*, Volkmar Wolters & Klaus Birkhofer- published in Journal of Applied Ecology 

(2013) 50: 262-270 

* authors contributed equally 

In temperate zones aphids are severe pests of crops causing significant economic damage. The biological 

control of aphids by natural enemies is an essential ecosystem service and of particular importance in 

pesticide-free farming systems. In the fourth chapter, knowledge about the effectiveness of different 

predator groups (specialists, generalists and assemblages of both specialists and generalists) for aphid 

control and the role of host plants and climatic conditions in aphid-predator interactions was summarized 

using a meta-analytical approach. The data used in this meta-analysis was extracted from the scientific 

literature that compared the size of aphid population in presence of different groups of natural enemies 

to the size of aphid population in absence of natural enemies. Specialist predators were the most effective 

biocontrol agents, as aphid reduction was higher in treatments where specialist predators were present, 

either alone or together with generalist predators not confirming hypothesis 4a about additive effects. 

Generalist predators also reduced aphid numbers effectively, though not to the same extent as specialist 

predators. The success of biological control of aphids by natural enemies in temperate regions is also 

modulated by bottom-up effects as aphids feeding on grasses and herbs were reduced more effectively 

compared to aphids feeding on legumes in line with hypothesis 4b. The meta-analysis further indicated 

that climatic conditions such as higher seasonality in precipitation and temperature facilitate aphid 

predation by natural enemies supporting hypothesis 4c. Facing climate change, the conditions under which 

natural enemies contribute successfully to the control of aphid pests should be considered in the 

development of future pest management strategies. 
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Results and Conclusions 

The four main aspects of biodiversity research - “Assessment”, “Distribution”, “Function” and 

“Service”-  address how environmental heterogeneity affect the diversity, spatial distribution and 

functional role of terrestrial arthropod predators in managed and unmanaged systems. Arthropod 

predators were selected as model group to address these issues, because they are numerically abundant, 

diverse and involved in important ecosystem functions and services. In the unmanaged forest system the 

aspects “Assessment” and “Distribution” focused on the effect of environmental heterogeneity on 

arthropod predator diversity and distribution (Chapter 1 & 2). In the managed system the aspects 

“Function” and “Service” added to the better understanding of the distribution of generalist predators by 

focusing on the effects of environmental heterogeneity on trophic interactions of terrestrial arthropod 

predators (Chapter 3 & 4).  

The studies presented in this dissertation illustrate that the all the four main aspects of biodiversity 

research listed above are fundamentally affected by environmental heterogeneity of both environmental 

conditions (Chapter 1, 2 & 4) and resource availability and quality (Chapter 2, 3 & 4). The results show that 

environmental conditions had a positive effect on the aspects “Assessment” and “Service” and mixed 

effects on the aspect “Distribution”, while resource availability affected positively or negatively the aspects 

“Function” and “Distribution” respectively and had a mixed effect on the aspect “Service” (Fig. 2). These 

results fill important knowledge gaps regarding biodiversity assessments and factors responsible for the 

formation of spatial patterns, food web interactions between arthropod predators and their prey and 

associated ecosystem services. 

 

Figure 2 Summary of the identified effects of environmental heterogeneity (environmental conditions and resources) 

on the four mains aspects of biodiversity research (“Assessment”, “Distribution”, “Function” and “Service”) in 

communities of arthropod predators in unmanaged and managed systems. Symbols in arrows stand for the effects 

of environmental heterogeneity that had a positive (+), negative (-) and mixed effects (+/-) on the aspects of 

biodiversity in the present dissertation. 
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Environmental conditions are important drivers of arthropod diversity (“Assessment”), spatial 

distribution (“Distribution”) and service provision (“Service”) (Chapter 1, 2 & 4). The quality of inventories 

and the understanding of distribution patterns in arthropod predators were generally improved by 

incorporating information about environmental heterogeneity. Spider diversity was higher when sampled 

with a stratified compared to a systematic design (Chapter 1) and activity densities of different spider 

species were related to a range of environmental variables (e.g. moss, litter cover, deadwood density, 

Chapter 2). The more comprehensive inventory by the stratified design is best explained by the 

arrangement of traps that cover a diverse range of microhabitats based on expert knowledge (Chapter 1). 

These results highlight the importance of considering environmental heterogeneity when assessing 

arthropod communities in heterogeneous habitats. Chapter 2 highlights the effect of specific 

environmental conditions on the distribution of arthropod predator species and potential prey which 

already became evident in chapter 1 documenting how important it is to account for environmental 

differences in biodiversity inventories. On a global scale, climatic conditions affect predator-prey 

interactions as biological control of pests by natural enemies was stronger in regions with more severe 

climate events (Chapter 4). This finding is particularly important to develop future management strategies 

that focus on conservation biological control under climate change. 

Arthropod communities are also affected by the distribution and quality of resources as shown in this 

dissertation by approaching the aspects “Distribution”, “Function” and “Service” (Chapter 2, 3 & 4). In 

terms of resource distribution, only the activity density of one spider species (Tapinocyba insecta) was 

negatively related to the local availability of potential prey (Chapter 2). However, resource quality may 

also affect entire food web compartments (predator-decomposer-detritus food chain, Chapter 3) and the 

performance of arthropod predators in pest suppression (Chapter 4). Addition of maize litter promoted 

the activity density of generalist predators under organic farming, whereas the activity density of 

Collembola was not significantly affected by litter type or farming system. However, the analysis of 

naturally occurring C and N stable isotopes suggested that Collembola incorporated higher percentage of 

maize-borne carbon than predators. Two spider species species (Oedothorax apicatus and Walckenaeria 

vigilax) were more closely linked to the decomposer prey that consumed maize in organically managed 

fields and one carabid species (Bembidion lampros) showed this pattern in conventionally managed fields 

(Chapter 3). In terms of arthropod predator performance, aphid suppression by predators was bottom up 

modulated, as predators were more effective in aphid suppression on grasses or herbs compared to 

legume crops (Chapter 4). These results of this meta-study show that environmental heterogeneity affects 

arthropod predators at scales beyond the previous case studies (Chapters 1-3), as fields with different 
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plant functional groups in the landscape may be expected to provide different levels of pest control 

services. 

To conclude, this dissertation highlights the importance of accounting for environmental heterogeneity 

when assessing the diversity and composition of arthropod predator communities. This result of more 

basic research is shown to be relevant from an applied perspective in the face of global land use and 

climate change, as functions and services may directly be affected by environmental heterogeneity at small 

and large spatial scales. In terms of conservation effort, the choice of a stratified sampling design allows 

reliably assessments of the diversity of arthropod predators and should therefore be selected for strict 

inventory surveys. An a-priori understanding on the most influential environmental drivers of the spatial 

distribution of species is crucial to successfully establish such designs. In terms of applied aspects, the 

functional role of predators in predator-aphid prey interactions deserves particular attention in legume 

crops. The addition of crop residues may be a promising technique to naturally enhance abundances of 

natural enemies and to contribute significantly to pest control, independent of the farming system context. 

The results presented in this dissertation are further important in the face of global change, as a better 

understanding of the spatial relationships and trophic interactions of arthropod predators allow 

predictions about the consequences of future land-use and climate changes for the function of arthropod 

predators in terrestrial ecosystems. 
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Abstract 

The addition of crop residues is a common farming practice to increase the organic carbon content of 

agricultural soils with particular importance in organically managed crops. Residues can either be 

added from the crop plant itself or from other plants and the type of litter may differentially affect 

decomposer populations. Effects of litter addition may cascade up to affect generalist predator 

numbers via trophic cascades or modifications of structural microhabitat properties. Wheat and 

maize litter were added to organically and conventionally managed wheat fields and effects on 

generalist predator and Collembola numbers, litter decomposition and carbon utilization as 

estimated by stable isotope analyses were studied. The activity density of predators was significantly 

higher in plots with maize litter compared to plots with wheat litter and under organic farming. In 

contrast, the activity density of Collembola was not significantly affected by litter type or farming 

system. Litter mass loss was highest in plots that received wheat litter under organic management 

and was negatively related to predator activity density. Individuals of Lepidocyrtus spp. (Collembola) 

incorporated high percentages of maize-borne carbon compared to predator species. Two spider 

species were more closely linked to the decomposer prey that consumed maize in organically 

managed fields and one carabid species showed this pattern in conventionally managed fields. High 

litter decomposition levels, decomposer and generalist predator numbers were only observed in 

organically managed fields in wheat litter plots. The addition of crop residues from the growing crop 

under organic management may therefore be a promising farming practice to synergistically 

promote decomposition services and activity density of natural enemies. 

Keywords: Araneae; Carabidae; Collembola; crop residues, litter quality; mulching; organic farming; 

predator-prey interactions; stable isotopes; trophic cascades 
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Introduction 

The addition of crop residues increases soil organic carbon content (Kumar & Goh 1999) and 

enhances densities of natural enemies (Médiène et al. 2011) in agricultural fields. Residue 

management is therefore an important farming practice in organically fertilized systems (e.g. organic 

farming, Zehnder et al. 2007) which has been proposed to mitigate the loss of biodiversity due to 

agricultural intensification (Tuck et al. 2014) and may at the same time synergistically increase 

decomposition and pest control services. Abundances of generalist predators and Collembola are 

often higher under organic farming (Birkhofer et al. 2012), but few studies have focused on 

functional consequences of individual farming practices in organic and non-organic farming systems 

(Letourneau & Bothwell 2008) or on how resource addition may alter trophic interactions in 

agricultural fields (Duyck et al. 2011). 

Trophic links between predators and prey from the belowground system may be directly affected 

by the addition of crop residues (Halaj & Wise 2002). Litter resources that are either added from a 

different crop or from the standing crop may indirectly enhance generalist predator numbers via 

trophic cascades that include decomposer prey (Scheu 2001). These cascading effects are explained 

by the energy-shunt hypothesis (Oksanen et al. 1997) under which decomposer taxa benefit from the 

addition of a litter resource and generalist predators then show a numerical response to the 

enhanced availability of decomposer prey (Fig. 1a, “resource-mediated effects” sensu Diehl, Wolters 

& Birkhofer 2012). Such trophic cascades have been documented in vegetable gardens (Halaj & Wise 

2002), forests (Miyashita, Takada & Shimazaki 2003) and conventionally managed cereal fields 

(Birkhofer, Wise & Scheu 2008a). However, the addition of litter resources does not only increase 

food availability, but also alters the microhabitat structure (Fig. 1a, “microhabitat structure-mediated 

effects” sensu Diehl, Wolters & Birkhofer 2012). These alterations of habitat structure may lead to 

numerical responses by generalist predators independent of trophic cascades, which are often driven 

by a more favourable microclimate in areas with more complex microhabitat structure (e.g. Diehl, 

Wolters & Birkhofer 2012). 

The addition of straw mulches is a common agricultural practice in vegetable crops (Snyder & 

Wise 1999) and cereals in tropical or arid regions (Buerkert, Bationo & Dossa 2000). The food chain 

that includes straw mulches, Collembola and generalist predators is an ideal study system to identify 

effects of the addition of different litter types on decomposition processes and resource utilization in 

agricultural systems (Halaj & Wise 2002). 
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Figure 1 Overview of a) the general study design with litter treatments and potential resource- or 

microhabitat structure-mediated effects on organisms (Collembola and arthropod generalist predators) or 

processes (decomposition and predation) and b) summary of effects in conventionally and organically managed 

wheat fields. Symbols for organisms are scaled according to the mean activity density in the respective 

treatments, decomposition arrows reflect the results of litter mass loss (Fig. 3), predation arrows reflect the 

incorporation of maize-borne carbon by predators in maize litter plots (Fig. 5) and arrows for microhabitat 

structure-mediated effects are based on the contrast test of litter versus control effects (Tab. 1). Darker arrows 

suggest a stronger link than lighter arrows (black to dark grey to light grey). 

 

Generalist predators consume significant numbers of Collembola in agricultural systems (Bilde, 

Axelsen & Toft 2000) and Collembola are generally abundant in agroecosystems of temperate 

regions.The consumption of Collembola prey contributes to a higher fitness of generalist predators 

(Toft & Wise 1999) and Collembola are important secondary decomposers of plant litter (Rusek 

1998). However, the availability of basal resources in agroecosystems is often a limiting factor for 

decomposer populations (Oelbermann, Langel & Scheu 2008) and the addition of crop residues may 

therefore not only promote populations of natural enemies, but could potentially lead to higher 

decomposer activity at the same time. 

Here we studied the “microhabitat structure-” and “resource-” mediated effects of 

experimentally added wheat and maize litter on a litter-decomposer-predator food chain in 
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organically and conventionally managed wheat fields. We aimed to understand what litter type 

would be superior to promote beneficial effects of crop residue addition on decomposition, natural 

enemy and decomposer numbers and if such effects depend on the farming system. Maize litter is of 

poor quality for decomposers compared to wheat litter (Albers, Schaefer & Scheu 2006), primarily 

due to its high fibre and lignin content (Scheunemann, Scheu & Butenschoen 2010). Using these two 

litter resources of contrasting quality and different carbon stable isotope signature further provides 

an opportunity to understand how different litter resources are incorporated in the body tissue of 

consumers by means of stable isotope analyses (Birkhofer et al. 2011, Traugott et al. 2013).We 

hypothesize that: (1) the addition of litter compared to litter-free control plots increases the activity-

density of Collembola and thereby generalist predators. The most pronounced effects are expected 

in conventionally managed fields that provide limited alternative microhabitat structure in addition 

to wheat tillers (microhabitat structure-mediated effect), (2) the addition of wheat litter increases 

the activity-density of Collembola and generalist predators more than the addition of maize litter 

with lower resource quality (resource-mediated effect) and that (3) maize litter is primarily 

incorporated into the litter-decomposer-predator food chain in resource-poor conventionally 

managed fields. Finally, we hypothesize that (4) positive effects of litter addition on Collembola 

activity density lead to higher litter mass loss from litter bags. 

 

Materials and Methods 

Study site 

The experiment was conducted in three conventionally and three organically managed wheat fields 

located in an area approximately 3 km west and 19 km north of Giessen (Hesse, Germany). The 

average annual temperature in the study area is 9.3°C and the annual precipitation is 693 mm 

(WorldClim database, Hijmans et al. 2005). All fields are located on podzolic brown earth soils. 

Conventional fields received a total of 130 kg organic and inorganic N per ha and herbicides or 

growth hormones were applied prior to the study. Organic fields received the equivalent of 160 kg N 

per ha by means of a legume rotation. Organically managed fields were under pesticide-free 

management for more than three years prior to this study. 

 

Experimental design and sampling 

Three 3x3 m plots were established in each wheat field in April 2011. One plot received maize (Zea 

mays L.) litter and a second plot received wheat (Triticum aestivum L.) litter at levels at which the 

ground was completely covered by litter. The amount of litter was therefore not standardized by 

mass, but by surface cover. Litter was dried at 60°C for 120 hours prior the experiment and 

distributed evenly to cover the entire 9 m2 soil surface. The third plot served as control and did not 
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receive any litter. Wheat and maize litter (shoot and leaves) were shredded to fragments of 

approximately 3.5 x 1 cm prior to the establishment of treatments to avoid any impact of structural 

differences between litter fragments. However, wheat fragments were naturally thinner and minor 

differences in the shape and size of litter fragments developed over the period of the experiment, 

with wheat fragments being more clumped than maize litter fragments.  

To estimate litter mass loss due to decomposition during the experiment one litter-bag (mesh size 

4mm, 25 cm x 25 cm) filled with 20 g dried wheat litter (for litter preparation see previous section) 

was placed in each plot. Litterbags were weighed prior to and after the experiment and the mass loss 

of dried litter was then used to estimate decomposition (Kampichler & Bruckner 2009). Surface-

active Collembola, spiders and carabid beetles were sampled from 1 July 2011 to 14 July 2011 

immediately before the harvest with two pitfall traps established in the centre of each plot (10 cm 

diameter, depth 13 cm, 50 cm distance, filled with 70% ethylenglycol and an odour-free tenside). The 

use of pitfall traps to estimate the availability and activity of surface-active Collembola is justified as 

we studied the role as potential prey for surface-active predators and litter mass loss from litter bags 

on the soil surface. Both, the density and activity of a species affect the number of individuals caught 

by pitfall traps and the term activity density is therefore used instead of abundance (Thiele 1977). 

Spiders and carabid beetles were counted and determined to species level and Collembola were 

counted, with individuals from the genus Lepidocyrtus sorted for stable isotope analyses (see 

Supplementary material Appendix 1). 

 

Stable isotope analysis 

Stable isotope analyses were only performed in maize litter plots, as this was the only treatment with 

a high availability of two resources with markedly different carbon isotope signatures (a precondition 

for two-source mixing models). The two abundant resources (wheat plants and maize litter) from 

experimental plots were dried at 60oC for three days and were then pulverized in a ball mill. Animal 

tissue (≈0.25 mg) and plant material (≈2.5 mg) were transferred into tin capsules. For each replicate 

of large spider (Pardosa sp.) and carabid species (Pterostichus melanarius (Illiger, 1798)) a subsample 

of one individual that was homogenized with a ball mill was used per stable isotope sample. To reach 

an appropriate weight for smaller species 2-3 individuals of Oedothorax apicatus (Blackwall, 1850), 

Walckenaeria vigilax (Blackwall, 1853), Bembidion lampros (Herbst, 1784) and 20-25 individuals of 

Lepidocyrtus spp. were pooled per sample. We analysed three replicates for each taxon in each 

farming system. Stable isotope ratios were determined by a coupled system of an elemental analyzer 

(Thermo Scientific FLASH 2000, Italy) and a mass spectrometer (Thermo Scientific DELTA V Advantage 

Isotope Ratio MS (IRMS), Germany). Stable isotope ratios were calculated as δX (o/oo) = 

[(Rsample/Rstandard)-1] x 1000, where Rsample is the15N/14N or 13C/12C ratio of the sample and Rstandard the 
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respective ratio of the standard (Peterson & Fry 1987). Wheat flour (IA-R001, Iso-Analytical, UK: d C=-

26.43, d N=2.55), Glycine (Fluka AG, Switzerland: d C= -30.95, d N=2.06) and Acetanilide (Indiana 

University, Department of Geological Sciences, Biogeochemical Laboratories, USA; δC=29.5, 

δN=19.56) served as standard and for internal calibration. Two-source mixing models based on δ13C 

isotope ratios of resources (wheat plants and maize litter) and δ13C isotope ratios of animal tissue 

were used to estimate the contribution of maize-borne carbon to the diet of predator species and 

Collembola (Phillips & Gregg 2001). Ethylenglycol like other preservatives (e.g. formalin or ethanol) 

may affect stable isotope values (Carabel, Verísimo &Freire2009), but we used the same trapping 

fluid for only 14 days in all traps. We therefore expect effects of the trapping fluid on isotope values 

to be small and comparable across all samples. 

 

Statistical analysis 

Differences in activity density of predators and Collembola and litter mass loss were compared 

between treatments by permutational analysis of variance with permutation of residuals under a 

reduced model (Anderson 2001). Farming system and litter type were included as fixed factors and 

field was included as a random factor nested in farming system. In line with our hypotheses we 

added two contrasts to our models: i) no litter versus litter (maize and wheat) to test for 

microhabitat structure-mediated effects (hypothesis 1) and ii) wheat versus maize litter to test for 

resource-mediated effects (hypothesis 2). We are aware that replication for the factor farming 

system is low (N=3). Our results do not document patterns that would be expected over all 

organically and conventionally managed winter wheat fields across central Germany, but may still 

highlight the context dependency of litter addition effects on litter-decomposer-predator food 

chains. All permutational analyses of variance were based on Euclidean distances and P-values were 

estimated as a result of 9999 data permutations. The Pearson correlation coefficient was used to 

characterize relationships between litter mass loss and activity densities of generalist predators or 

Collembola. All statistical analyses were performed in the Primer-E software (Clarke & Gorley 2006) 

with the Permanova+ add-on (Anderson, Gorley & Clarke 2008). The Pearson correlation coefficient 

was calculated in Statistica 10.0 (StatSoft Inc, 2011). 

 

Results 

We sampled 1007 individuals from 53 predator species in conventionally and 1959 individuals from 

63 predator species in organically managed cereals fields (Supplementary material Appendix 1). We 

sampled 6580 individuals of surface-active Collembola in conventionally and 20356 individuals in 

organically managed cereals fields. 

http://scholar.google.com/citations?user=1wiuSgIAAAAJ&hl=ru&oi=sra
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The litter type affected predator numbers significantly (Tab. 1), with the activity density being 1.7 

times higher in maize compared to wheat litter plots if accounting for field identity in our model 

(Tab. 1, Fig. 2a: note that it is only 1.3 times higher in this figure as it does not account for field 

identity). Litter addition did not affect the activity density of Collembola significantly (Tab. 1). The 

activity density of generalist predators was 2.2 times higher in plots under organic farming compared 

to plots under conventional management (Tab. 1, Fig. 2b). The activity density of Collembola did not 

differ significantly between farming systems. 

 

Table 1 Results of permutational analyses of variance of mixed models with the two fixed factors “farming 

system” (organic versus conventional) and “litter treatment” (wheat, maize or litter-free control) and the 

random factor “field” nested in farming system. A priori contrasts are defined as litter (maize and wheat) 

versus control (C1) and high (wheat) versus low (maize) quality litter (C2). Significant effects of fixed factors are 

in bold. 

 

  Activity density 
Litter mass loss 

  Predators Collembola 

Source df Pseudo-F P Pseudo-F P Pseudo-F P 

farming system 1 12.72 0.023 3.35 0.139 5.90 0.070 

litter treatment 2 5.39 0.032 0.61 0.561 9.39 0.010 

   litter vs. no litter (C1) 1 1.75 0.211 1.5 0.247 3.18 0.103 

   high vs. low quality (C2) 1 10.9 0.049 1.03 0.765 8.40 0.047 

Field (farming system) 4 9.64 0.005 0.79 0.574 1.12 0.422 
farming system x litter 
treatment 2 0.53 0.606 0.25 0.787 6.63 0.022 

   farming system x C1 1 0.12 0.734 0.58 0.465 2.44 0.151 

   farming system x C2 1 0.84 0.413 0.02 0.705 5.54 0.080 

Residuals 8 
      

Total 17             
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Figure 2 Strip plots for activity density of ground-running generalist predators in a) litter-free control plots 

(CNT), plots with maize (MAI) or wheat (WHE) litter and in b) conventionally (CON, ○) and organically (ORG, ▲) 

managed cereal fields. 

 

 

Figure 3 Strip plots for litter mass loss due to decomposition in conventionally (○) and organically (▲) 

managed cereal fields and in litter-free control plots (CNT), plots with maize (MAI) or wheat (WHE) litter. 

 

Litter mass loss was significantly related to the activity density of predators independent of farming 

system (Fig. 4; R=-0.55, P=0.018), but with a more pronounced negative relationship in organically 
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managed (R=-0.63, P=0.069) compared to conventionally managed fields (R=-0.24, P=0.533; Fig. 4). 

The activity density of Collembola was not significantly related to litter mass loss (R=-0.17, P=0.501).  

 

Figure 4 Relationship between predator activity density and litter mass loss in conventionally (○) and 

organically (▲) managed cereal fields. 

 

The percentage of maize-borne carbon in the body tissue of individuals from the genus Lepidocyrtus 

deviated significantly from zero (Fig. 5). 

 

Figure 5 Mean percentage (± 95% confidence envelopes) of maize-borne carbon incorporated in the tissue of 

the most abundant Collembola taxon (Lepidocyrtus spp.) and ground-running generalist predator taxa: 

Bembidion lampros, Oedothorax apicatus, Pterostichus melanarius, Pardosa sp. and Walckenaeria vigilax in 

maize litter plots of conventionally (○) or organically (▲) managed winter wheat fields. Estimates are derived 

from two-source mixing models based on δ13C isotope ratios of wheat and maize litter (sources) and animal 

tissue. 
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Lepidocyrtus spp. on average incorporated significantly more maize-borne carbon in maize litter plots 

in organically (57%) compared to conventionally (39%) managed fields (P=0.007). Bembidion lampros 

on average incorporated 16% of its carbon from the maize channel under conventional farming, 

whereas maize-borne carbon incorporation was not observed under organic farming (Fig. 5). Two 

spider species (O. apicatus and W. vigilax, Fig. 5) were linked to the maize energy channel, but 

incorporated relatively low percentages of maize-borne carbon in their diet (5-6%). This contribution 

differed significantly from zero under organic farming and no incorporation of maize-borne carbon 

was evident for these species under conventional farming (Fig. 5). 

 

Discussion 

The addition of crop residues primarily affected the litter-decomposer-predator food chain via 

resource-mediated effects, but depending on farming system and litter type (Fig. 1b). Litter 

decomposition was highest in wheat litter plots under organic management and was negatively 

related to predator activity density in organically managed fields. Two spider species were more 

closely linked to prey that consumed maize litter in organically managed fields, but one carabid 

species showed the opposite pattern. 

Our first hypothesis assuming effects of litter addition on Collembola and predator communities 

independent of litter type was not supported (microhabitat structure-mediated effects). Positive 

effects of litter addition on predator populations were previously documented (Halaj & Wise 2002; 

Schmidt et al. 2004; Oelbermann, Langel & Scheu 2008) and microclimatic conditions are known to 

contribute to such effects (Holland & Luff 2000). The addition of maize litter in our study resulted in a 

1.7 times higher activity density of predators in maize litter plots compared to wheat litter plots. 

Predator activity density between litter-free control plots and maize litter plots did not differ 

significantly. These results suggest that the addition of structure per se did not enhance predator 

activity density in our study. Activity density of Collembola was not significantly affected by litter 

addition, which stands in contrast to previous results from forest ecosystems (e.g. Chauvat, Zaitzev & 

Wolters 2003). Collembola may have experienced suitable habitat conditions throughout most areas 

in the agricultural fields during our study period and may have not been attracted by additional litter 

(but see Birkhofer et al. 2011). 

A relatively high percentage of maize-born carbon could be observed in decomposers of the 

genus Lepidocyrtus indicating that they were linked to maize carbon pools especially under organic 

management and contradicting our third hypothesis. Collembola switch between different resources 

depending on availability and management practices (Mebes & Filser 1998; Ngosong et al. 2009), but 

it remains unclear why Collembola primarily utilized maize litter under organic management. 
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Bacteria and fungi are the most important primary decomposers in agricultural soils (Kennedy 1999) 

and the biomass of these organisms is often higher in organically managed wheat fields (Birkhofer et 

al. 2008b, Kong et al. 2011; Ullrich et al. 2011). Higher rates of primary decomposition of maize litter 

by bacteria and fungi under organic management may have promoted incorporation of maize-borne 

carbon into the studied decomposer food-chain.  

Maize-borne carbon could not be detected in all analysed predator taxa indicating a limited 

utilization of maize-consuming decomposer prey by most predator species. However, some predator 

species were linked to maize carbon pools, but the low percentage of incorporated maize-borne 

carbon (only 0-6% for spiders and 0-16% for carabids) suggests a lag in time for carbon incorporation 

in higher trophic levels (see also Albers, Schaefer & Scheu 2006). The two spider species showed 

incorporation of maize-borne carbon in organically managed fields, where maize incorporation by 

Collembola was highest. Both spider species from the family Linyphiidae are known to feed on 

Collembola prey comprising more than 36% of their diet (Sunderland, Fraser & Dixon 1986). The 

limited incorporation of maize-borne carbon by predators may also be a result of preferences for 

prey that primarily fed other resources (e.g. herbivores, see Birkhofer et al. 2011). 

Maize litter is known to be of poor quality for decomposers due to high fibre and lignin content 

(Scheunemann, Scheu & Butenschoen 2010), but it can provide about 1.7 times more carbon than 

wheat litter (Wilhelm et al. 2004). Hence, maize litter plots in contrast to our second hypothesis may 

act as “islands” of organic matter attracting decomposers more than wheat litter plots. We did not 

find a significant effect of different litter types on Collembola activity density. The 1.7 times higher 

activity density of predators in maize litter plots compared to wheat litter plots may have caused 

active avoidance of maize plots by Collembolans (e.g. Vucic-Pestic et al. 2010, Birkhofer, Scheu & 

Wiegand 2010) and higher predation risk could reduce the value of carbon “islands”. Litter mass loss 

was significantly affected by litter treatment depending on farming system, with highest losses in 

wheat plots of organically managed fields. This result supports our explanation of higher maize-borne 

carbon incorporation in decomposer tissue under organic management, as a higher biomass of 

primary decomposers may have promoted wheat litter mass loss in organically managed plots. 

However, the observed mass losses from litter bags were also generally high in conventionally 

managed fields which probably had fewer naturally occurring litter sources (e.g. arable weeds; 

Bengtsson, Ahnström & Weibull 2005). The overall negative relationship between litter mass loss and 

predator activity density as well as the lower predator activity density in wheat litter plots suggest 

that decomposer taxa (including other taxa than Collembola) were negatively affected or avoided 

predation through spiders and ground beetles. However, in contrast to our fourth hypothesis 

decomposition was not related to activity densities of Collembola. 
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Our study suggests that microhabitat structure-mediated effects on predators are weak and that 

resource-mediated effects of litter addition on predators depend on species. Resource-mediated 

effects on decomposers and decomposition depend on farming system and litter type. The 

demonstrated context dependency of an individual farming practice offers a chance to improve 

selected farming systems. The addition of wheat residues to wheat fields under organic management 

is a promising practice to synergistically promote decomposition process and natural enemy 

numbers. The ecological intensification of agricultural production (Bommarco, Kleijn & Potts 2013) 

can only be accomplished if such context-dependencies and synergies are better understood and if 

future studies aim to demonstrate risks and benefits of individual farming practices under different 

conditions. 

http://scholar.google.com/citations?user=L4-RcxYAAAAJ&hl=ru&oi=sra
http://scholar.google.com/citations?user=q_vbRxIAAAAJ&hl=ru&oi=sra
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Supplementary material 
 
Appendix 1. Activity density of spiders, carabid beetles and Collembola in conventionally (CON) and 

organically (ORG) managed fields. 

Family/Species CON ORG 

Clubionidae 
  Clubiona reclusa 0 1 

Gnaphosidae 
  Micaria pulicaria 2 6 

Zelotes latreillei 1 0 

Zelotes lutetianus 1 0 

Linyphiidae 
  Araeoncus humilis 5 5 

Bathyphantes gracilis 6 67 

Bathyphantes nigrinus 0 1 

Centromerus sylvaticus 0 1 

Collinsia inerrans 7 9 

Dicymbium nigrum 1 2 

Diplostyla concolor 33 13 

Erigone atra 155 56 

Erigone dentipalpis 68 11 

Erigonella hiemalis 1 0 

Meioneta affinis 3 2 

Meioneta rurestris 49 11 

Mermessus trilobatus 4 1 

Micrargus subaequalis 9 1 

Oedothorax apicatus 203 842 

Oedothrax fuscus 13 0 

Oedothrax retusus 40 30 

Pelecopsis paralella 1 0 

Porrhomma errans 0 1 

Porrhomma  oblitum 0 2 

Porrhomma  microphthalmum 2 0 

Tenuiphantes tenuis 6 21 

Walckenaeria atrotibialis 1 0 

Walckenaeria vigilax 38 127 

Lycosidae 
  Pardosa agrestis 7 3 

Pardosa lugubris 0 4 

Pardosa palustris 35 7 

Pardosa prativaga 1 0 

Pardosa pullata 19 7 

Pardosa amentata 15 20 

Trochosa ruricola 9 15 
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<<Continued from Appendix 1 

Family/Species CON ORG 

Salticidae 
  Euophrys frontalis 1 0 

Tetragnathidae 
  Pachygnatha clercki 24 49 

Pachygnatha degeeri 74 11 

Theridiidae 
  Enoplognatha thoracica 1 0 

Robertus neglectus 2 2 

Thomisidae 
  Ozyptila simplex 4 1 

Xysticus kochi 2 0 

Xysticus ulmi 0 1 

Total: 843 1330 

Carabidae 
  Abax parrallelepipedus 0 2 

Agonum muelleri 0 4 

Amara communis 0 33 

Amara familiaris 0 1 

Amara ovata 0 1 

Amara similata 0 1 

Anchomenus dorsalis 3 28 

Asaphidion flavipes 0 2 

Bembidion lampros 26 237 

Bembidion properans 2 6 

Bembidion quadrimaculatum 0 1 

Brachinus explodens 1 0 

Calathus fuscipes 1 2 

Calathus melanocephalus 0 3 

Carabus auratus 0 1 

Carabus granulatus 0 1 

Carabus violaceus 0 18 

Clivina fossor 0 1 

Harpalus affinis 2 10 

Harpalus latus 0 1 

Harpalus rufipes 49 49 

Loricera pilicornis 1 2 

Microlestes minutulus 3 0 

Notiophilus palustris 5 2 

Notiophilus substriatus 1 0 

Ophonus rufibarbis 1 0 

Poecilus cupreus 8 96 

Poecilus versicolor 0 4 

Pterostichus melanarius 52 101 

Pterostichus strenuus 0 2 
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<<Continued from Appendix 1 

Family/Species CON ORG 

Pterostichus vernalis 2 8 

Stomis pumicatus 1 0 

Synuchus  vivalis 0 1 

Trechus obtusus 0 2 

Trechus quadristriatus 6 8 

Zabrus tenebrioides 0 1 

Total: 164 629 

   Tomoceridae 3 11 

Entomobryidae 
  Lepidocyrtus spp. 2180 7367 

other Entomobryidae 3949 148 

Sminthuridae 89 206 

Isotomidae 359 12624 

Total: 6580 20356 
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