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1 Summary 

Plant litter is the major source of soil organic carbon (SOC). Its decomposition plays a 

pivotal role in nutrient recycling and influences ecosystem functioning and structure. Soil 

microorganisms are the main protagonists of litter decomposition. Among other factors, 

their activity is controlled by the physicochemical conditions of the soil. This interaction is 

strongly influenced by the soil structure, resulting in a heterogeneous distribution of 

microorganisms, substrates and physicochemical conditions at the small-scale. Due to this 

heterogeneity, microhabitats differ in their decomposition rate of organic C. Considering 

microhabitat diversity is therefore important for understanding C turnover. In the 

detritusphere, plant litter closely interacts with the soil by releasing soluble C into the 

adjacent soil and providing new sites for microorganisms. The abundant readily available 

substrates characterise the detritusphere as a hot spot of microbial activity and C turnover. 

Despite the important role of this microhabitat, the interaction of physicochemical 

conditions with soil microorganisms remains unclear. This thesis was designed to clarify 

the effect of litter C transport on the spatial and temporal availability of substrates and 

therefore on microbial abundance and activity in the detritusphere. 

This goal was addressed in three studies. The first study focused on the influence of 

solute transport conditions on microbial activity and substrate utilisation by the microbial 

community. In two 2-week microcosm experiments, diffusion and convection were 

considered as transport mechanisms; both mechanisms were studied at two different water 

contents. The second study aimed to identify temporal patterns of diffusive solute transport 

and microbial activity at two water contents during an 84-day incubation. Both studies 

emphasised the important role of fungi in the detritusphere. The third study therefore 

identified fungi that benefit from freshly added litter. 

The three studies combined classical soil biological methods and modern techniques. 

Analysis of microbial biomass, ergosterol content, CO2 production, and enzyme activities 

provided general information on the mineralisation of litter C as well as on microbial 

activity and abundance. A convective-diffusive solute transport model with a first-order 

decay was used to interpret enzyme activity profiles. This allowed the underlying factors 

determining the spatial dimension of the detritusphere to be identified. By adding plant 

residues with a different 13C signature than the SOC, it was possible to quantify the 

transport of litter C into different C pools. The incorporation litter C into different 
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microbial groups, for example, was traced by coupling of phospholipid fatty acid (PLFA) 

extraction with 13C analysis. Fungal species were identified by constructing clone libraries 

based on 18S rDNA and subsequent sequencing. 

The results of the first study indicated that the transport rate of soluble substrates 

determines the spatial dimension of the detritusphere, with an enlarged detritusphere after 

convective versus diffusive transport. The isotopic ratios of bacterial and fungal PLFAs 

differed under both transport mechanisms, indicating different substrate utilisation 

strategies: bacteria relied on the small-scale transport of substrates, whereas fungi 

assimilated new C directly in the litter layer. Water content affected only diffusive C 

transport and modified the temporal pattern of microbial activity by enhancing transport at 

higher soil water content. The expected chronological order of C transport, microbial 

growth and enzyme release was verified in the second and third study. During the first two 

weeks, mainly easily available and soluble litter compounds were mineralised and 

transported into the adjacent soil. After this initial phase, depolymerisation of complex 

litter compounds started. During the initial phase, enhanced C transport induced greater 

microbial biomass and activity, and increased fungal diversity. During the later phase, 

however, substrate availability and microbial activity were reduced. Measurements of 

microbial biomass C and ergosterol indicated that the initial phase was dominated by 

bacterial r strategists, whereas fungal K strategists dominated the later phase. Sequencing 

of fungal 18S rDNA detected a shift in the fungal community during the initial phase, 

pointing to growth of pioneer colonisers, especially Mortierellaceae. These fungi do not 

produce ergosterol and therefore were not detected by the ergosterol measurements. 

Accordingly, the r strategists consist of both bacteria and fungi. During the later phase, the 

fungal community was dominated by the cellulose-degrading fungus Trichocladium 

asperum. Based on these results, the original concept was modified and a two-phase 

conceptual model of litter C turnover and microbial response in the detritusphere was 

developed. 

In conclusion, this thesis yields new insight into litter decomposition at the small-scale. 

Combining classical methods with modern techniques enabled the development of a 

conceptual model of litter C turnover and microbial response in the detritusphere. This 

provides a useful basis for future studies addressing, for example, the impact of global 

change on the interaction of decomposition and soil microorganisms. 
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2 Zusammenfassung 

Pflanzliche Biomasse ist die Hauptquelle organischer Bodensubstanz (OBS). Ihr Abbau 

ist von großer Bedeutung für die pflanzliche Nährstoffversorgung und beeinflusst somit die 

Funktion und Struktur von Ökosystemen. Hauptakteure in diesem Prozesses sind Boden-

mikroorganismen, deren Aktivität u.a. durch die physikalisch-chemischen Eigenschaften 

des Bodens bestimmt wird. Ein weiterer Einflussfaktor ist die Bodenstruktur. Sie bedingt 

eine kleinräumige heterogene Verteilung von Bodenmikroorganismen, organischer 

Substanz und wechselnden physikalisch-chemischen Bodeneigenschaften. Diese 

Heterogenität des Bodens erzeugt eine Vielzahl an unterschiedlichen Mikrohabitaten, die 

sich u.a. in der Abbaurate organischer Substanz unterscheiden und somit von großer 

Bedeutung für den C-Umsatz im Boden sind. Die Detritussphäre umfasst die Streuschicht 

und den durch Transport von streubürtigem C beeinflussten Boden. Sie gehört wegen des 

großen Angebots an leichtverfügbaren Substraten zu den „hot spots“ mikrobieller Aktivität 

und des C-Umsatzes. Trotz dieser wichtigen Eigenschaften bestehen große Wissenslücken 

in Bezug auf das Wirkungsgefüge zwischen physikalisch-chemischen Bodeneigenschaften 

und Bodenmikroorganismen. Ziel der vorliegenden Arbeit war es daher, den Einfluss des 

C-Transportes in der Detritussphäre auf die räumliche und zeitliche Variabilität der 

Substratverfügbarkeit und damit auf die mikrobiologische Abundanz und Aktivität zu 

untersuchen. 

In der ersten Studie wurden zwei 2-wöchige Experimente etabliert, um den Einfluss 

unterschiedlicher Transportmechanismen auf die mikrobielle Substratnutzung und 

Aktivität zu untersuchen. Im ersten Experiment war der Transport auf Diffusion 

beschränkt, während im zweiten Konvektion dominierte. In beiden Experimenten wurden 

zusätzlich zwei Wassergehalte eingestellt. Aufbauend auf den Ergebnissen der ersten 

Studie wurde ein weiteres Experiment angesetzt, um den zeitlichen Verlauf des 

C-Transportes und der mikrobiellen Aktivität zu verfolgen. Das Experiment beschränkte 

sich auf Diffusion als Transportprozess und wurde mit denselben Wassergehalten über 

einen Zeitraum von 84 Tagen durchgeführt. Da die vorigen Experimente auf die große 

Bedeutung der Pilze hinwiesen, sollte in einer dritten Untersuchen festgestellt werden, 

welche Pilze von dem großen Nährstoffangebot in der Detritussphäre profitieren. 

Für die Bearbeitung der Fragestellung wurde eine Kombination klassischer boden-

biologischer und moderner Methoden eingesetzt. Messungen der mikrobiellen Biomasse, 
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des Ergosterolgehaltes, der CO2 Produktion sowie von Enzymaktivitäten lieferten 

allgemeine Informationen über die Mineralisierung des Streukohlenstoffs und die 

mikrobielle Aktivität und Abundanz. Die Interpretation von Enzymaktivitäten mittels eines 

Konvektions-Diffusions-Models erlaubte es, Einflussfaktoren auf die räumliche 

Ausdehnung der Detritussphäre zu identifizieren. Die Verwendung von Streu und Boden 

mit unterschiedlicher 13C Abundanz ermöglichte es, den Transport streubürtigen C in 

verschiedene Pools zu quantifizieren. Mit Hilfe des 13C-Gehaltes von 

Phospholipidfettsäuren (PLFA) wurde zum Beispiel der Einbau streubürtigen C in 

verschiedene Mikroorganismengruppen verfolgt. Einzelne Pilzarten wurden durch die 

Klonierung und Sequenzierung von 18S rDNA bestimmt. 

Konvektion erhöhte im Vergleich zur Diffusion die Transportrate streubürtigen C. Dies 

führte in der ersten Studie zu einer Ausdehnung der Detritussphäre. Außerdem deuteten die 
13C-Gehalte bakterieller und pilzlicher PLFAs unter diffusiven und konvektiven Transport-

bedingungen auf unterschiedliche Ernährungsstrategien hin: Bakterien sind auf klein-

räumigen C-Transport angewiesen, während Pilze C direkt in der Streuschicht assimilieren 

können. Der Wassergehalt spielte nur bei Diffusion eine Rolle und veränderte durch eine 

erhöhte Transportrate das zeitliche Auftreten mikrobieller Aktivität. Die daraus abgeleitete 

Abfolge von diffusivem C-Transport, mikrobiellem Wachstum and der Produktion von 

extrazellularen Enzymen wurde in einem weiteren Experiment überprüft. Während der 

ersten 14 Tage wurden leicht verfügbare, lösliche Streukomponenten mineralisiert und in 

den Boden verlagert. Nach dieser Anfangsphase setzte der Abbau pflanzlicher Polymere 

ein. In der Anfangsphase wurden mikrobielle Biomasse und Aktivität sowie pilzliche 

Diversität durch einen erhöhten Wassergehalt gefördert. Dies reduzierte jedoch die 

Substratverfügbarkeit und verringerte dadurch die mikrobielle Aktivität am Ende des 

Experimentes. Mikrobielle Biomasse und Ergosterolgehalte deuteten auf eine anfängliche 

Dominanz bakterieller r Strategen hin, während pilzliche K Strategen erst in der späteren 

Phase auftraten. Die anfängliche bakterielle Dominanz wurde allerdings durch die 

DNA-Analysen widerlegt. Diese zeigten bereits während der Anfangsphase Wachstum von 

pilzlichen Pionierarten, insbesondere Mortierellaceae, an. Diese Pilze produzieren kein 

Ergosterol, so dass ihr Wachstum nicht durch die Messung des Ergosterolgehaltes 

detektiert wurde. Die anfangs dominierende Gruppe der r Strategen besteht daher 

vermutlich sowohl aus Bakterien als auch aus Pilzen. Am Ende des Experimentes wurde 

die pilzliche Gemeinschaft durch den Cellulose abbauenden Pilz Trichocladium asperum 
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dominiert. Aufgrund der Ergebnisse wurde das ursprüngliche Konzept über den 

Prozessablauf in der Detritussphäre zu einem Zwei-Phasen-Model weiter entwickelt. 

Zusammenfassend lässt sich festhalten, dass die vorliegende Arbeit das Verständnis 

über kleinräumige Prozesse des Streuabbaus vertieft hat. Die Kombination von klassischen 

sowie aktuellen bodenbiologischen Methoden hat hierbei wesentlich zu der Entwicklung 

eines konzeptionellen Models beigetragen. Solche Modelle sind grundlegend für 

zukünftige Studien, die zum Beispiel die Auswirkungen des Global Change auf den 

Streuabbau abschätzen wollen. 
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3 General Introduction 

3.1 Carbon cycle 

Soils are an important part of the global C cycle, with close interactions to other 

compartments like the biosphere and the atmosphere. Soil organic C (SOC) stocks are 

estimated to be 1500 Pg C, which is twice and threefold the amount present in the 

atmosphere and in plant biomass, respectively (IPCC, 2001). Most of the SOC is derived 

from the plant biomass and predominantly enters the soil as litter. Gross primary 

production is about 120 Pg C y-1, of which 60 Pg C y-1 are released as CO2 by autotrophic 

respiration and 60 Pg C y-1 by heterotrophic mineralisation after transfer into the soil. 

Mineralisation of the annual litter fall accounts for about 50 to 70% of the soil CO2 

production (Coûteaux et al., 1995; Aerts, 1997). Further processes contributing to C loss 

from soils are CH4 emission, leaching of dissolved organic and inorganic C (DOC, DIC), 

and erosion (Lal, 2004). Whether soils accumulate or lose SOC depends on the balance 

between C input and output (Schulze and Freibauer, 2005). Soil organic C has several 

important functions, among them storing essential plant nutrients, providing substrate for 

soil organisms, improving water capacity and aggregating soil (Lal, 2004). Therefore, an 

altered SOC content has many implications for plant nutrition, soil stability, drinking water 

quality and the atmospheric CO2 concentration. For example, Bellamy et al. (2005) 

estimated that the upper 15 cm of soils in the United Kingdom lose 13 million tonnes C per 

year, which is equivalent to 8% of the CO2 emissions of the UK in 1990. 

Whether SOC is stabilised or destabilised, however, depends on many factors and 

processes as well as their interactions, most of which remain poorly understood (Sollins et 

al., 1996). Soil organisms are among the important factors that control the stabilisation and 

destabilisation of SOC, because they can degrade almost any kind of organic substrates in 

soil (Schulze and Freibauer, 2005; Ekschmitt et al., 2008). The stability of SOC therefore 

depends strongly on the diversity and activity of soil organisms, which in turn are 

influenced by soil physical factors (Smith et al., 2003). One reason for the uncertainty 

about SOC stability might be the heterogeneity of the soil environment at different scales 

and the integration of processes over these scales. Recent methodological developments 

allowed small-scale studies of processes like sorption of SOC to mineral surfaces (Kaiser 

and Guggenberger, 2007) or litter decomposition (Gaillard et al., 1999; Kandeler et al., 

1999). Studies on the interaction of the decomposer community with physicochemical 

 



3 General Introduction 7

conditions at the small-scale will therefore further improve our understanding of SOC 

stabilisation and destabilisation. 

3.2 Litter decomposition 

Litter decomposition has major impact on ecosystem functioning and structure due to its 

pivotal role in nutrient recycling and soil organic matter (SOM) formation (Swift et al., 

1979). Plant growth and community structure, for example, depend heavily on nutrient 

availability (Hättenschwiler et al., 2005). Litter decomposition is mainly driven by the 

activity of soil organisms; it interacts with many processes like the transport of nutrients 

and substrates, competition between plants and soil organisms for nutrients, and sorption of 

substrates to mineral surfaces (Swift et al., 1979). This interaction determines which part 

and amount of the litter C is respired as CO2, assimilated by soil microorganisms, 

transferred into SOC, leached as DOC, or remains in the litter fraction. The biotic activity 

and, in turn, the decomposition rate are controlled by many factors, which can be pooled 

into two categories: soil physicochemical conditions and litter quality (Aerts, 1997; 

Hättenschwiler et al., 2005). The importance of these factors depends on the scale of 

interest. At the global scale, climate is the best predictor for litter decomposition rates, 

whereas at the regional scale litter quality is more important (Aerts, 1997). 

Soil physicochemical conditions include temperature, O2 supply, soil moisture, soil 

texture, pH and inorganic nutrients (Sommers et al., 1981; Coûteaux et al., 1995). Soil 

moisture is known to influence litter decomposition (e.g. Virzo de Santo et al., 1993; 

Schimel et al., 1999). Carbon dioxide production of decomposing plant residues, for 

example, was reduced by a factor of 100 to 1000 when the soil water potential decreased 

from -0.001 to -10 MPa; maximum initial decomposition of corn residues occurred at a 

water potential of -0.005 MPa (Sommers et al., 1981). One explanation for this effect is an 

enhanced substrate diffusion rate at higher soil water contents. In a loamy soil, the 

diffusion rate was reduced by 50% at a matric potential of -0.1 MPa compared to saturation 

(Griffin, 1981). Generally, bacteria are more limited by extreme low water potentials than 

fungi; this might alter microbial community structure and, therefore, litter decomposition 

(Sommers et al., 1981). Water content closely interacts with temperature because both 

define soil respiration and decomposition processes over a wide range of soil moisture, but 

soil water content becomes the main factor as soils dry out (Donnelly et al., 1990; Smith et 
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al., 2003). Aerobic conditions switch into anaerobic conditions if soil moisture approaches 

saturation. The degradation of aromatic substrates, for example, requires the direct 

incorporation of O2 into the aromatic structure, which is inhibited under anaerobic 

conditions. As a consequence, great amounts of organic C accumulate in water-saturated 

peat soils because lignin degradation is suppressed (Sommers et al., 1981). 

Litter quality includes leaf toughness, nutrient content and plant compounds 

(Hättenschwiler et al., 2005). Major plant compounds are either intracellular and include 

storage materials like proteins, starch and fructans, or cell wall compounds like cellulose, 

hemicellulose, lignin, polyphenols and lipids (Kögel-Knabner, 2002). They differ in their 

stability against degradation and, therefore, ratios of plant compounds and nutrients like 

C/N or lignin/N are often used as predictors for litter decomposition rates (Swift et al., 

1979; Hättenschwiler et al., 2005). Litter quality closely interacts with other factors. The 

temperature sensitivity of litter decomposition, for example, is inversely related to litter 

quality (Fierer et al., 2005), with cellulose degradation being more sensitive to temperature 

increase than lignin degradation (Donnelly et al., 1990). In the same study, cellulose 

decomposition was more sensitive to changes in water content than lignin decomposition. 

Litter with high amounts of complex substrates like cellulose or lignin favour the fungal 

over the bacterial degradation pathway (de Boer et al., 2005). This, in turn, might influence 

the decomposition rate due to the different degradative capabilities of bacteria and fungi. 

3.3 Soil organisms 

Most soil organisms are involved in degrading organic matter (Hättenschwiler et al., 

2005) and play the central role in the decomposition system (Swift et al., 1979). Soil 

microorganisms contribute approximately 85-90% to the biotic decomposition activity, 

whereas soil fauna contribute about 10-15% (Ekschmitt et al., 2008). The latter indirectly 

enhance litter decomposition by mixing plant residues with soil, improving soil structure, 

and grinding plant residues, which increases the surface area of the litter (Coûteaux et al., 

1995). Soils contain 1-2 and 2-5 t ha-1 bacterial and fungal biomass, respectively. These 

organisms colonise only about 5% of the available pore space (Nannipieri et al., 2003). 

Microorganisms form an extremely diverse group, with approximately 6000 different 

bacterial genomes in 1 g soil. Among other factors, the short generation time and rapid 

growth of soil microorganisms might explain this great diversity. These abilities enable 
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fast speciation of organisms in response to small environmental changes (Hättenschwiler et 

al., 2005), ensuring a more complete exploitation of microbial habitats and their resources 

(Ekschmitt et al., 2008). However, there is still uncertainty about the relationship between 

microbial diversity and ecosystem functioning (Hättenschwiler et al., 2005). The functional 

efficiency of a fungal community, for example, increased with diversity, but this effect was 

restricted to low species richness and came into saturation after more than 10 species were 

abundant (Setälä and McLean, 2004; Tiunov and Scheu, 2005). This agrees with the idea 

of functional redundancy of soil microorganisms, i.e. only a few species are essential for 

certain functions. A greater number of species, however, might be required to stabilize 

functions against disturbances like climate change (Nannipieri et al., 2003). Important 

factors controlling the size and structure of the soil microbial community are the quality 

and availability of C input (Brant et al., 2006). During litter decomposition, both the 

quality and availability of substrates vary due to differences in the decomposability of 

plant compounds. During the early stage of litter decomposition, mainly soluble litter 

compounds are degraded, whereas the final stages are dominated by lignin degradation 

(Berg and Matzner, 1997). Therefore, plant residues are decomposed by a succession of 

microorganisms (Coûteaux et al., 1995; McMahon et al., 2005). 

Molecular techniques provided further insight into this microbial succession. Extracting 

microbial DNA from arable soils revealed that litter addition modified the microbial 

community structure by stimulating only a small part of the microbial population (Lejon et 

al., 2007; Nicolardot et al., 2007). This process is influenced by both soil properties and 

litter quality (Aneja et al., 2004), with an increased bacterial diversity during late stages of 

decomposition and in low-quality litter (Dilly et al., 2004). These studies, however, used 

fingerprinting methods, which provide general information on community structure and 

diversity but do not allow species identification. Lindahl et al. (2007) identified 

saprotrophic fungi associated with relatively young litter, whereas mycorrhizal species 

predominated in the more decomposed litter and humus. Analysing genes encoding 

laccase, an oxidative enzyme involved in lignin degradation, Luis et al. (2004) found a 

greater diversity of this functional gene among saprotrophic versus mycorrhizal fungi. 

Techniques such as stable isotope analysis provide further insight into the role of soil 

microorganisms in C cycling (Dijkstra et al., 2006). Combining the phospholipid fatty acid 

(PLFA) analysis with stable isotope techniques allows the identification of microbial 

groups involved in the utilization of certain substrates (Boschker and Middelburg, 2002). 
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Brant et al. (2006), for example, followed the incorporation of 13C labelled phenol into 

fungal biomass by 13C PLFA analysis. PLFA biomarker for gram-negative bacteria and 

fungi extracted from the rhizosphere of 13CO2 pulse labelled plants showed the highest 13C 

enrichment, indicating assimilation of root exudates by these two microbial groups 

(Treonis et al., 2004). 

3.4 Enzymes 

The functioning of microorganisms in terrestrial ecosystems relies mainly on the 

activity of extracellular enzymes, which break down complex organic polymers into 

soluble smaller compounds (Caldwell, 2005). Therefore, enzymes represent a direct link 

between substrate quality and the microbial community, which makes them a good 

estimator of microbial decomposition activity and functional diversity (Sinsabaugh et al., 

2002). Important enzymes involved in C cycling are cellulolytic enzymes like 

endo-cellulase, cellobiohydrolase and β-glucosidase, and ligninolytic enzymes like phenol 

oxidase and peroxidase (Caldwell, 2005). Due to the central role in the microbial-substrate 

relationship, it is important to consider extracellular enzymes for understanding C cycling 

and the microbial response to substrate addition (Schimel and Weintraub, 2003). 

Extracellular enzyme activities explained the responses of litter decomposition to chronic 

N deposition, with increased cellulase activity and decreased activity of lignin-degrading 

phenol oxidase (Carreiro et al., 2000). This might affect the temporal pattern of litter 

decomposition because litter is degraded by a succession of enzymes (Sinsabaugh et al., 

2002). Extracellular enzyme production is directly linked to the concentrations of 

substrates, products and nutrients in the soil. For example, enzyme production increases 

with increasing substrate concentration and decreases with increasing product 

concentration (Allison, 2005). However, enzyme production is nutrient intensive. Allison 

and Vitousek (2005) found higher β-glucosidase activity in the presence of cellulose 

together with N and C, but not when C was present in simple form or without additional 

N and C. Beside increased enzyme production in the presence of substrates, a basal level of 

extracellular enzyme activity in soils is maintained by constitutive microbial enzyme 

production and the activity of stabilized enzymes, which are attached to mineral surfaces or 

humic substances (Burns, 1982; Allison and Vitousek, 2005). Microorganisms probably 

use basal enzyme activities to detect new food sources (Vetter et al., 1998). Due to the 
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spatial separation of microbes and substrates, the enzymatic degradation of organic 

polymers is subject to several restrictions. The degradation products, for example, might 

diffuse away from the cell or be captured by other organisms. These processes depend on 

physicochemical properties of the soil like pore size distribution, water content and 

aggregation (Allison, 2005). Therefore, the heterogeneous distribution of microorganisms 

and substrates is a key factor controlling microbial decomposition activity. Applying a new 

enzyme assay, which allows the simultaneous measurement of several enzyme activities in 

small sample sizes (Marx et al., 2001; Vepsäläinen et al., 2001), Marx et al. (2005), 

showed that the enzymes were heterogeneously distributed among particle-size fractions 

and that the substrate affinity depended on the location of the enzyme. 

3.5 Soil heterogeneity 

Soil heterogeneity is important for understanding below-ground processes (Young and 

Ritz, 1998). Spatial heterogeneity occurs at different spatial scales ranging from metres at 

the plot scale to centimetres or even millimetres at the small-scale. The controlling factors 

vary between scales as well. At the landscape-scale, for example, the distribution of 

organisms is influenced by gradients in SOC, land management, topography and soil 

texture (Ettema and Wardle, 2002). In contrast, the distribution of soil biota at the scale of 

centimetres to metres is mainly controlled by plant properties such as litter quality. At the 

small-scale, the physical structure of the soil, especially the pore system, determines the 

distribution of organisms and SOC. It also regulates the O2 supply, water content, and 

diffusive transport of enzymes and solutes (Young and Ritz, 1998; Allison, 2005). 

Furthermore, small voids might protect substrates against microbial decay or 

microorganisms against predation (Young and Ritz, 1998). Morris (1999) and Stark et al. 

(2004) showed that biotic soil properties such as fungal and bacterial biomass and arginine 

deaminase activity were spatially autocorrelated at the 1-30 cm scale. In an arable soil the 

presence of bacteria was autocorrelated at scales of 1 mm, with bacterial densities being 

related to the nearest pore in subsoil but not in topsoil (Nunan et al., 2003). Water flow 

influences spatial heterogeneity, with regions of water flow having less SOC but more 

microbial biomass than regions without water flow (Gaston and Locke, 2002). 

The heterogeneity of soil properties yields a diversity of microhabitats, each with a 

characteristic set of processes (e.g. competition, solute transport) acting at different rates. 
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This contributes to the coexistence of species and influences plant communities by distinct 

spatial patterns of decomposition processes and nutrient availability (Ettema and Wardle, 

2002). Considering microhabitat diversity is important for modelling C turnover at the 

small-scale, which might further improve our understanding of C turnover. Microhabitats 

with abundant readily available substrates are characterized by great microbial activity and 

are referred to as hot spots (Beare et al., 1995). An example for such a hot spot is the 

detritusphere. 
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4 Outline of the Thesis 

The detritusphere comprises the litter layer and the adjacent soil influenced by the litter. 

Plant-derived soluble substrates are transported into the soil, where they promote microbial 

activity within a distance of 1.1-4 mm from the litter layer (Gaillard et al., 1999; Kandeler 

et al., 1999). Depending on litter quality, 23-33% of the litter C is transported into the soil 

before mineralization (Gaillard et al., 2003). Despite the important role of the detritusphere 

as a hot spot of C turnover, the underlying physicochemical factors and their interactions 

with soil microorganisms remain unclear. This thesis therefore attempts to clarify the 

influence of transport processes on substrate availability and thus on the microbial 

community and its activity in the detritusphere. This aim was addressed in three different 

studies. 

The first study focused on the translocation of litter C into the soil under different solute 

transport conditions. The hypothesis was that the volumetric water content as well as the 

mechanism of solute transport affect microbial activity and substrate utilisation by the 

microbial community. Therefore, two 2-week microcosms experiments that simulate the 

soil-litter interface were performed, with transport processes being restricted to diffusion in 

the first experiment and dominated by convection in the second. Stable isotope analysis 

(13C) was used to follow the transport of litter C into the soil and its incorporation into 

phospholipid fatty acids (PLFA) of different microbial groups. Enzyme activities were 

interpreted using a mathematical convective-diffusive solute transport model with a 

first-order decay. 

The first study indicated that soil moisture modifies the temporal pattern of microbial 

activity by enhancing diffusive litter C transport at higher soil water content. The second 

study therefore aimed to identify temporal patterns of litter C turnover in the detritusphere. 

The hypothesis was that processes/soil properties will peak in the following chronological 

order: transport of soluble litter C, microbial biomass and extracellular enzyme activity. 

Furthermore, this temporal pattern was expected to be modified by soil water content. 

Microcosms were incubated with 13C labelled rye litter at two different water contents and 

sampled at six dates over 84 days. Ergosterol content was measured to test the response of 

fungi to litter addition; 13C analyses were performed to calculate a balance of litter C for 

each sampling date. 
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Fungi play a central role in the transport and decomposition processes of the 

detritusphere. For example, they actively transport litter C and soil mineral N into the soil 

and litter layer, respectively (Frey et al., 2003). The first study of this thesis revealed 

different substrate utilisation strategies of bacteria and fungi. In the second study, 

ergosterol contents and microbial biomass C indicated different temporal patterns of 

bacterial and fungal growth. The third study therefore aimed to detect the response of the 

fungal community to litter addition. Fungal species were identified by constructing clone 

libraries based on the 18S rDNA and subsequent sequencing. Samples were taken before 

and after the ergosterol content indicated fungal growth. 
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Summary 

In the detritusphere, particulate organic matter offers new sites for microorganisms, 

whereas soluble substrates are transported into the adjacent soil. We investigated how 

mechanisms of solute transport affect microbial abundance and function in the 

detritusphere. In a first experiment, transport was restricted to diffusion, whereas in a 

second experiment it was dominated by convection. Two soil moisture contents were 

established in each experiment. When diffusion was the exclusive transport mechanism, 

the addition of maize litter induced distinct gradients in enzyme activities, soil organic C 

content and microbial biomass to a depth of 1.5-2.8 mm. Convection enlarged these 

gradients to 2.5-3.0 mm. The moisture regime modified the temporal pattern of diffusive C 

transport, microbial growth and enzyme release by inducing faster transport at large water 

contents. Convective transport seemed to be unaffected by soil moisture content. Using a 

convective-diffusive transport model with first-order decay, it was possible to simulate the 

observed activity profiles. The results indicate that the spatial dimension of the 

detritusphere is governed by the ratio between decay rate of available substrates and 

transport rate. Bacteria and fungi showed differing utilization strategies as revealed by 

coupling phospholipids fatty acid (PLFA) analysis with stable isotope techniques. Fungi 

assimilated C directly in the litter, whereas bacteria took up the substrates in the soil and 

therefore depended more on transport processes than fungi. Our results demonstrate the 

impact of physicochemical conditions on the abundance and function of microorganisms in 

the detritusphere. Furthermore, the combination of enzymatic measurements and 

mathematical transport modelling may offer a new way to measure substrate decay rates in 

soil.  
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Abstract 

Factors determining C turnover and microbial succession at the small scale are crucial 

for understanding C cycling in soils. We performed a microcosm experiment to study how 

soil moisture affects temporal patterns of C turnover in the detritusphere. Four treatments 

were applied to small soil cores with two different water contents (matric potential of 

-0.0063 and -0.0316 MPa) and with or without addition of 13C labelled rye residues 

(δ13C = 299%), which were placed on top. Microcosms were sampled after 3, 7, 14, 28, 56 

and 84 days and soil cores were separated into layers with increasing distance to the litter. 

Gradients in soil organic carbon, dissolved organic carbon, extracellular enzyme activity 

and microbial biomass were detected over a distance of 3mm from the litter layer. At the 

end of the incubation, 35.6% of litter C remained on the surface of soils at -0.0063 MPa, 

whereas 41.7% remained on soils at -0.0316 MPa. Most of the lost litter C was mineralised 

to CO2, with 47.9% and 43.4% at -0.0063 and -0.0316 MPa, respectively. In both 

treatments about 6% were detected as newly formed soil organic carbon. During the initial 

phase of litter decomposition, bacteria dominated the mineralisation of easily available 

litter substrates. After 14 days fungi depolymerised more complex litter compounds, 

thereby producing new soluble substrates, which diffused into the soil. This pattern of 

differential substrate usage was paralleled by a lag phase of 3 days and a subsequent 

increase in enzyme activities. Increased soil water content accelerated the transport of 

soluble substrates, which influenced the temporal patterns of microbial growth and 

activity. Our results underline the importance of considering the interaction of soil 

microorganisms and physical processes at the small scale for the understanding of 

C cycling in soils. 
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Abstract 

Transport of litter carbon in the detritusphere might determine fungal abundance and 

diversity at the small-scale. Rye residues were applied to the surface of soil cores with two 

different water contents and incubated at 10°C for two and twelve weeks. Fungal 

community structure was analysed by constructing clone libraries of 18S rDNA and 

subsequent sequencing. Litter addition decreased fungal diversity mainly due to the huge 

supply of substrates. Ergosterol content and N-acetyl-glucosaminidase activity indicated 

fungal growth after two weeks. Simultaneously, the structure of the fungal community 

changed, with Mortierellaceae proliferating during the initial phase of litter decomposition. 

Ergosterol measurements were unable to detect this early fungal growth because 

Mortierellaceae do not produce ergosterol. In the late phase during decomposition of 

polymeric substrates like cellulose and chitin, the fungal community was dominated by 

Trichocladium asperum. Water content influenced community composition only during the 

first two weeks due to its influence on transport processes in the detritusphere and on 

competition between fungal species. Our results underline the importance of species 

identification in understanding decomposition processes in soil. 
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8 Final Conclusions 

The present thesis investigated the influence of transport processes on the microbial 

community and its activity in the detritusphere. This microhabitat provides high amounts 

of readily available substrates. Transport of soluble litter C induces gradients in microbial 

abundance and activity in the adjacent soil. This thesis showed that the formation of these 

gradients is affected by transport mechanisms and soil water conditions. 

In the first study, a convective-diffusive transport model was used to interpret enzyme 

activity profiles. The model showed that the spatial dimension of the detritusphere is 

governed by the ratio between the decay rate and the transport rate. Therefore, convection 

versus diffusion enlarged the spatial dimension of the detritusphere by increasing the 

transport rate of soluble substrates. For the same reason, water content affected microbial 

activity when solute transport was restricted to diffusion. The different behaviour of 

enzyme activities and microbial biomass at the two applied water contents (Figure 5.1a,b; 

5.3c) was explained by accelerated diffusive C transport, microbial growth and enzyme 

release from cells at the higher water content. Combining PLFA analysis with stable 

isotope techniques enabled the identification of different substrate utilisation strategies by 

bacteria and fungi (Figure 5.4). Bacteria relied on the small-scale transport of substrates, 

whereas fungi actively foraged for new substrates and assimilated new C directly in the 

litter layer. 

Based on these results, a second study was designed to identify temporal patterns of 

litter C turnover in the detritusphere. The hypothesis was that different soil water contents 

will modify the expected temporal pattern of litter C transport, microbial growth and 

extracellular enzyme release (Figure 6.1a). The results showed an interaction between 

changing substrate quality during litter decomposition, microbial succession and soil 

moisture regime. The 84-day incubation revealed two phases: an initial phase dominated 

by mineralisation and diffusion of easily available and soluble litter compounds, and a later 

phase dominated by depolymerisation of complex litter compounds. Measurements of 

microbial biomass C and ergosterol indicated an early response of bacteria to litter 

addition, whereas fungi responded with a lag phase of two weeks (Figure 6.5). Therefore, 

the initial concept of one litter C pool and one microbial pool was extended (Figure 6.1b). 

The two-phase conceptual model of litter C turnover and microbial response in the 
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detritusphere is based on the separation of litter C into a pool of soluble substrates, which 

is used by bacterial dominated r strategists, and a pool of complex substrates, which is 

mineralised by fungi dominated K strategists. Based on this concept and the results of the 

second study, a model was developed to simulate small-scale C turnover in the 

detritusphere (Ingwersen et al., 2008). Comparing the two water content treatments 

confirmed the hypothesis that an increased water content accelerates the transport of 

litter C. This induced greater initial microbial biomass and activity, but reduced substrate 

availability during the later phase (Figure 6.6d). 

The first two studies emphasised the importance of fungi for litter decomposition in the 

detritusphere. The third study therefore investigated fungal community response to litter 

addition by identifying fungal species. There was a strong interaction between changing 

litter quality during litter decomposition and fungal succession; decomposition was 

accompanied by decreasing fungal diversity. Rapidly growing pioneer colonizers like 

Motierellaceae dominated the fungal community during the initial phase (Figure 7.5). 

However, the growth of these fungi was not detected by the ergosterol and 

N-acetyl-glucosaminidase measurements of the second study. This is because 

Motierellaceae do not produce ergosterol. Chitin, on the other hand, as a substrate for 

N-acetyl-glucosaminidase, probably accumulated after the death of pioneer colonizers and 

thereby induced delayed enzyme activity. The conceptual model was modified accordingly 

by assuming that the r strategists are not bacteria dominated but involve both bacteria and 

fungi. The later phase was dominated by Trichocladium asperum, which is capable of 

degrading polymeric substrates. Water content affected the fungal community during the 

initial phase by influencing both the competitiveness of fungal species and substrate 

transport (Figure 7.4). 

Recent results suggest that endogeic earthworms influence microbial processes in the 

detritusphere. Grazing shifted the bacterial community towards Gram-negative bacteria 

and reduced fungal stabilisation of litter C in the soil (Butenschoen et al., 2007). 

In conclusion, the results of the three studies provided new insight into litter 

decomposition at the small-scale by interpreting results of classical methods in a novel 

manner and applying modern techniques. Combining soil biological methods and 

mathematical modelling revealed the dependence of the spatial dimension of the 

detritusphere on transport processes. Increased diffusive transport rates at increased water 
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content influenced several processes in the detritusphere, among them microbial growth, 

activity and succession. Stable isotope probing of PLFAs as well as phylogenetic analysis 

of the fungal community underlined the important role of fungi in litter decomposition. 

Based on the results of this thesis, it was possible to develop a conceptual model of litter C 

turnover and microbial response in the detritusphere. The identification of active 

microorganisms by stable isotope probing (SIP) of microbial DNA and the influence of 

global change on the interaction of decomposition and microbial community structure are 

interesting topics for future research in the detritusphere. Such studies will provide further 

information for models simulating C turnover. 
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