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Abstract 

 

Slowdown of plant litter decomposition is one of the many ways how to increase the amount 

of organic matter in soil and thus contribute to both the restoration of organic matter in soil 

and reduction of the amount of carbon dioxide in the atmosphere. Here we focused on the 

long-term effect of soil macrofauna on organic matter decomposition and stabilization. In two 

long-term microcosm experiments, common isopod (Armadillidium vulgare) greatly affected 

both leaf litter decomposition and organic matter chemistry. Microbial decomposition was 

lower in excrements than in litter or unconsumed leaf fragments. At the same time, moisture 

and temperature fluctuations and addition of nutrients increased decomposition much more in 

litter than in the excrements. Chemical analyses revealed preferential loss of polysaccharide 

carbon and accumulation of lignin with some modification to aromatic carbon in excrements 

when compared to litter; the two substrates also differed in lignin quality. Additionally, we 

observed that phenolics content in leaf litter is considerably affected by both microbial and 

isopod feeding activities. In the third long-term microcosm experiment, we compared 

consequence of bioturbation of the epigeic earthworm (Lumbricus rubellus) and mechanical 

mixing of organic matter into soil on carbon storage. We observed that in presence of 

earthworms carbon storage depends on both soil and litter types and the effect changes over 

time. Earthworms increased soil respiration shortly after being introduced into the soil but 

reduced respiration in long term. Earthworms tend to promote carbon loss from young soil 

with no litter derived organic matter while in older system, which is under fauna effect for 

some time, and organic matter accumulates here, earthworms tend to promote carbon storage. 

In the last experiment, we tested the effect of bibionid larvae (Bibio marci) feeding on three 

types of litter and compared it to several artificial treatments that included grinding, coating 

by kaolinite, alkalinization to pH=11 of litter, and their combinations. The results suggest 

significant decrease in microbial respiration in bibionid larvae excrements compared to the 

original leaves. In artificial treatments, alkalinization had a large impact on slowdown of 

microbial respiration. Our results indicate that consumption of litter by litter-feeding 

macrofauna represents one of the crucial factors controlling the dynamics of litter 

decomposition and subsequent carbon sequestration in soil.  
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Abstrakt 

 

Zpomalení rozkladu rostlinného opadu je jedním z mnoha způsobů, jak lze zvýšit množství 

organické hmoty v půdě. Tímto způsobem můžeme přispět jak k obnově organické hmoty 

v půdě, tak ke snížení množství oxidu uhličitého v atmosféře. Na tomto místě jsme se zaměřili 

na působení půdní makrofauny na rozklad a stabilizaci organické hmoty v dlouhodobém 

časovém měřítku. Ve dvou laboratorních pokusech běžně se vyskytující stejnonožec 

(Armadillidium vulgare) svou potravní aktivitou značně ovlivnil jak rozklad rostlinného 

opadu, tak i jeho chemickou strukturu. Mikrobiální respirace na exkrementech byla 

signifikantně nižší ve srovnání s mikrobiální respirací na opadu a na jeho nezkonzumovaných 

zbytcích. Současně fluktuace vlhkosti a teploty a přidání živin zvýšilo mikrobiální respiraci na 

opadu mnohem více než na exkrementech. Analýza 
13

C NMR ukázala, že během průchodu 

potravy trávicím traktem stejnonožce jsou střevní mikroflórou přednostně tráveny 

polysacharidy a současně, že v exkrementech dochází k akumulaci látek aromatické povahy. 

Pyrolýza pak ukázala, že opad a exkrementy se významně liší v kvalitě ligninu. Výsledky 

kvantitativní analýzy fenolických látek ukázaly, že schopnost trávit fenoly mají jak 

mikrobiální společenstva, tak i střevní mikroflóra stejnonožců. V dalším laboratorním pokusu 

jsme porovnávali důsledky bioturbace epigeických žížal (Lumbricus rubellus) a 

mechanického zapravení rostlinného opadu na akumulaci uhlíku v půdě. Výsledky ukázaly, že 

v případě přítomnosti žížal, akumulace uhlíku závisí jak na typu půdy, tak na typu opadu, a že 

se mění v průběhu času. V mladých půdách, kde není ještě přítomna organická hmota, žížaly 

svou aktivitou spíše podporují ztrátu uhlíku, zatímco v půdách s dostatečnou zásobou 

organické hmoty mají žížaly tendenci ukládání uhlíku podporovat. V posledním laboratorním 

pokusu jsme se snažili zjistit, jakým způsobem larvy dvoukřídlého hmyzu (Bibio marci) 

přispívají ke stabilizaci organické hmoty v půdě. Pomocí chemických analýz jsme 

porovnávali chemickou strukturu jejich exkrementů, opadu a uměle pozměněného opadu 

(rozmělnění, obalení v kaolinitu, alkalinizace pH=11). Tato ošetření měla simulovat prostředí 

trávicího traktu larev. Nejnižší mikrobiální respiraci jsme zaznamenali na exkrementech larev 

a na opadu s uměle simulovanou alkalinizací. Výsledky naší práce potvrzují, že půdní 

makrofauna svou potravní aktivitou značně ovlivňuje dynamiku rozkladu rostlinného opadu 

a svou činností tak přispívá k akumulaci uhlíku v půdě. 
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General Introduction 

 

1. Introduction 

 

Soil is the main environment for decomposition in terrestrial ecosystems. Most of the 

terrestrial net primary production enters soil as dead organic matter, subsequent recycling of 

carbon and nutrients are key processes for the functioning of the global ecosystem (Mellilo et 

al., 1982; Wolters, 2000). 

The principal source of soil organic matter is plant biomass. Plants form the bottom of 

the food chain and also play a principal role in the formation of the physical structure of the 

habitat. Plant communities affect soil organic matter content either directly by litter quality or 

indirectly due to their effects on local microclimate and the structure of decomposers 

communities (Lavelle et al., 1997; Lavelle and Spain, 2001). 

 Soil environment harbors a huge diversity of edaphic organisms. Individual groups of 

soil organisms may play different roles in decomposition processes (Wolters, 2000). 

  Whereas the soil microflora plays a primary role in the chemical transformation and 

mineralization of soil organic matter, soil fauna contribute to litter decomposition by digesting 

the biomass, increasing substrate surface area through fragmentation, and enhancing 

microbial activity (Wolters, 2000). 

Soil macrofauna ingest large amounts of leaf litter with typically low assimilation 

efficiency; therefore, large amounts of undecomposed plant material, especially cell wall 

structural constituents, are deposited in their excrements (Lavelle and Spain, 2001; Wardle et 

al., 2006). 

In addition to direct effects on decomposition processes through gut processing, 

feeding of soil fauna profoundly affects microbial activity in the decomposing plant material 

(Wolters, 2000). For example, macroarthropods increase the bacterial to fungal ratio in their 

excrements and incorporate both fragmented litter and microbial propagules into the topsoil 

layer, where conditions are usually more favourable for decomposition (Hassall et al., 1987). 

Soil macrofauna is also very effective in dispersion of microbial propagules, both on 

their body surface and in their excrements (Tajovský et al., 1992), which may accelerate 

microbial colonization of litter substrates. Finally, the deposition of excrements is supposed to 

be a hotspot of microbial, mostly bacterial, activity (Frouz et al., 1999). Results of many 

studies indicate that soil macrofauna feeding activity causes a short-term increase in microbial 
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respiration soon after defecation, but slows it down with increasing age of excrements (Frouz 

and Šimek, 2009). This slowdown may result from the compacted structure of faecal pellets 

which can inhibit microbial decomposition (Suzuki et al., 2013), and from the depletion of 

readily assimilable carbon compounds by intestinal microflora (Zimmer et al., 2002) 

associated with selective preservation of the lignin components (Hopkins et al., 1998). 

Soil biota crucially affects soil forming processes by influencing the distribution of 

organic matter in soil profile (Wardle et al., 2004).  

Soil organic matter has many important functions in soil; it is a source of energy for 

soil microflora, affects sorption capacity and water holding capacity of soil, promotes 

favourable structure and porosity of soil, and supports formation of soil aggregates (Malik and 

Scullion, 1998). It is particularly important in restoration of ecosystems, where the amount of 

soil organic matter was reduced by some disturbance, e.g., long term tillage, deforestation, or 

mining activities (Frouz et al., 2006; 2008b). 

Residence times of soil organic matter vary over several orders of magnitude, ranging 

from those for labile carbon compounds that mineralize rapidly, to those of carbon pools that 

have very long turnover time (Wolters, 2000). 

Accumulation of soil organic matter may substantially affect other soil properties, 

which may have strong feedback effects on the soil biota and plant communities (Lavelle and 

Spain, 2001). 

 

 

2. Decomposition 

 

Plant litter decomposition is the gradual breakdown of dead organic material that is 

ultimately mineralized into carbon dioxide and mineral nutrients (Lavelle and Spain, 2001). 

Decomposition processes include leaching, mechanical breakdown and digestion by 

saprophagous soil animals and enzymatic degradation of chemical compounds by 

saprotrophic microbiota (Wolters, 2000). These processes provide soil nutrients for plant 

growth, influence terrestrial net primary production, and regulate the build-up of soil organic 

matter (Lavelle and Spain, 2001). 

While climate and litter chemistry have been shown to be some of the most important 

factors controlling litter decomposition in terrestrial ecosystem at the regional scale (Austin 

and Vitousek, 2000), soil organisms (soil microbes and fauna) represent a key biotic 

component affecting soil organic matter formation and nutrient release locally (Aerts, 1997). 
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Temperature affects all levels of biological organization from individuals up to 

communities, because it directly accelerates the metabolic rates and biochemical processes of 

organisms and thus accelerates decomposition rates (Brown et al., 2004). Similarly, water 

availability affects rates of mass loss through its effects on the activity of the decomposer 

community (Mellilo et al., 1982). In addition, precipitation can control the physical process of 

leaching, with greater rainfall accelerating the breakdown of surface litter (Austin and 

Vitousek, 2000). 

Microbial decomposers are responsible for the bulk of the decomposition and 

mineralization activity and chemical transformations in the soil; their activities depend 

primarily on soil organic matter quality, and climatic conditions (Lavelle et al., 1997). Soil 

saprophagous animals have been found to play a significant role in the indirect effects on 

decomposition processes. They affect decomposition processes through fragmentation, 

aggregation and mixing of organic matter and are responsible for the physical modification 

and spatio-temporal distribution of organic matter in soils (Lavelle et al., 1997). 

Litter quality as well as litter diversity strongly influence the biomass and community 

structure of decomposers. It has been suggested that plant litter with low C: N ratio has higher 

decomposition rate as nitrogen is essential for microbial function (Taylor et al., 1989). It is 

well documented that higher leaf litter diversity increases the decomposition rate (Wardle et 

al., 2006). Litter diversity affects transfer of either nutrients or specific leaf litter compounds 

among litter species and improves microenvironment for microbes and macrodetrivores due to 

a structurally more complex leaf litter layer. 

Additionally, some recent studies have quantified that photodegradation, the 

photochemical mineralization of leaf litter, is another driver of organic matter decomposition 

(Frouz et al., 2011). 

 

 

3. Main factors affecting microbial organic matter decomposition 

 

3.1 Leaf litter chemistry 

 

The mutual interactions between soil microflora and macrofauna may be affected by 

many other factors among which the vegetation cover is the most important (Wardle et al., 

2004). Chemical parameters of leaf litter, mainly C: N ratio as well as lignin-cellulose 

content, and the concentration of compounds such as polysaccharides or lignin can have large 
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effects on rates of decomposition through their effects on the availability of carbon and 

nutrients to decomposers (Wardle et al., 2006). 

Nitrogen is the limiting nutrient in leaf litter (Mellilo et al., 1982). This is because the 

plants retract part of nitrogen before leaf drop and also because the residual nitrogen is bound 

in hardly decomposable complexes of amino acids and phenolic compounds.  

It has been well documented that, vegetation producing large quantity of easily 

decomposable litter supports higher abundance of macrofauna, whereas vegetation producing 

low amount of hardly decomposable litter supports few soil macrofauna but a high density of 

soil mesofauna (Lavelle et al., 1997; Frouz et al., 2002). This protein poor diet is a major 

constraint on all saprophagous organisms, which prefer leaf litter comparatively rich in 

nitrogen, with a low C: N ratio (Hassall et al., 1987; Zimmer, 2002). When macroarthropods 

are induced to feed on poor quality litter, they generally show reduced consumption or even 

starvation, although compensatory feeding has been reported in some woodlice (David and 

Handa, 2010). Therefore, most of saprophagous fauna preferentially consumed palatable parts 

of the leaves and avoided veins, which contain more lignin and have higher C: N ratio 

(Zimmer, 2002). The decrease in C: N ratio during decomposition may partly explain why 

leaves of many plant species become progressively more palatable when ageing (David and 

Handa, 2010).  

The food of macroarthropods is however more diversified because they do not have 

only nitrogen requirements but also need many other nutrients; mainly calcium, phosphorus, 

magnesium, and carbohydrates (Zimmer, 2002). Many studies have found limitation of 

decomposition processes by C: N ratio, C: P ratio (Staaf and Berg, 1982) or lignin: N ratio 

(Zimmer, 2002). Taylor et al. (1989), in their microcosm test, confirmed that both nitrogen 

content and C: N ratio are the best predictors of mass loss rate.  

Besides C: N ratio, plant decomposition is also strongly affected by secondary 

metabolites, namely phenolic compounds. Phenolic compounds provide various benefits for 

plants such as UV protection or herbivore and pathogen defence (Kefeli et al., 2003). As 

documented by Singleton et al. (1999), polyphenols strongly reduce especially root 

pathogens, and can alter other co-occurring plant species as well as soil microbial community 

(Kefeli et al., 2003). 

Phenolics can be divided into two main groups: a) low molecular weight compounds 

including simple phenols, phenolic acids, and flavonoids, and b) oligomers and polymers of 

relatively high molecular weight such as tannins and lignin (Coleman et al., 1983). Residues 
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with high lignin content are expected to decompose more slowly and persist longer in soils 

than residues with low lignin content.  

Phenolic compounds enter the soil by two main pathways either as leachates from 

plant material or by litter input (Singleton et al., 1999). 

In conclusion, the rate at which leaf litter is decomposed is influenced in large part by 

its chemical composition, by the physical micro-environment, and depends on the complex 

synergistic interactions of animals and microorganisms. 

For example, most coniferous litter is unpalatable or marginally palatable to the 

majority of soil invertebrates, even after weathering. Also most Eucalyptus spp. produce litter 

that is not favoured by the majority of soil invertebrates. Fresh deciduous forest litter is 

generally an attractive resource to the decomposers only after some weathering and 

degradation by fungi and bacteria. The necessity for some initial breakdown reflects the fact 

that most of soil invertebrates are not well equipped to digest lignin and other products 

derived from cellulose (Wardle et al., 2006; David and Handa, 2010). 

 

 

3.2 Soil properties 

 

Soil aggregation and soil organic matter are major components of soil fertility (Malik 

and Scullion, 1998). They are key factors in nutrient cycling and also are important soil 

quality indicators. In addition, the protection of soil carbon has become increasingly 

important with the concern about global warming and carbon dioxide increase in atmosphere 

(Six et al., 2004). In general, increasing temperature, altered precipitation regime and plant 

litter diversity, all strongly affect microbial biomass, activity and community composition, 

with potentially interactive effects on the ecosystem carbon balance (Bossuyt et al., 2005). 

Soil properties are affected by soil matrix, soil biota, and their multiple interactions 

(Six et al., 2004). The most extensively studied group of soil fauna in relation to modification 

of soil properties are earthworms (Lavelle et al., 1997). For example, they affect soil 

aggregate formation (Malik and Scullion, 1998), water holding capacity (Frouz et al., 2006), 

activity of microflora by mixing plant and mineral soil (Frouz et al., 2006), and nutrient 

availability (Lavelle et al., 1997). These changes to soil structure caused by earthworms are 

cumulative and result in reduced erosion, increased soil aeration, improved water retention 

and drainage (Malik and Scullion, 1998). 



18 
 

In addition, these interactions lead to aggregate formation, stabilization and 

degradation. Aggregates determine soil quality and are suggested as a key factor affecting 

many soil functions (Six et al., 1998). Aggregates physically protect soil organic matter, 

influence microbial community structure, limit oxygen diffusion, regulate water flow, 

determine nutrient adsorption and desorption, and reduce run-off and erosion (Six et al., 

2004). Shipitalo and Protz (1989) revealed that earthworms directly promote the formation of 

organic matter-cored microaggregates within its cast. Microaggregates are the structural units 

where soil organic matter is predominantly stabilized. Formation of microaggregates is crucial 

for the storage and stabilization of soil carbon in the long term (Six et al., 2004); therefore, it 

is assumed that earthworms substantially contribute to improvement of soil properties. 

 

 

3.3 Soil fauna 

 

3.3.1 Main groups of soil fauna 

 

The two most widespread categorizations of soil fauna are based on (1) body size, 

such as microfauna, mesofauna, and macrofauna, and (2) feeding mode, such as 

microphytophagous, saprophagous, and zoophagous (Lavelle, 2000). Body size is closely 

related to the spatial domain of soil animals. The microfauna (Ø<0.2mm) are limited to the 

water film around surfaces, the mesofauna (0.2≤ Ø≤2mm) colonize the pore system of soils. 

Only the macrofauna (Ø>2mm) are large enough to break through physical structure of soil 

and litter (Wolters, 2000). 

There are three main groups of edaphic organisms based on their position in the food 

web (Lavelle et al., 1997). Primary producers are represented by cyanobacteria and green 

algae. Primary consumers are represented by soil microbes such as soil bacteria, 

actinomycetes and fungi. Secondary and higher-level consumers are represented by soil 

microfauna, mesofauna and macrofauna. The results of food web analyses indicate, that the 

microfauna, and to a lesser extend the mesofauna, have a particularly strong impact on carbon 

and nutrients fluxes due to their rapid turnover rates, while the macrofauna make less of direct 

contribution to community metabolism because of longer generation time (Wolters, 2000). 

Effect of the microfauna is based on its feeding on microorganisms, biosynthesis, and 

excretion of mineral nutrients. Effect of mesofauna is based on digestion of living organisms 

such as microorganisms and other members of the mesofauna, digestion of detritus, as well as 
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on production of small faecal pellets. The nutrition of the macrofauna is based on substrate 

use as well as on the utilization of associated microflora and fauna, and thus transcends the 

limitation of the micro and mesotrophic systems (Lavelle, 2000). 

We have focused especially on three groups of soil macrofauna: woodlice, 

earthworms, and dipteran larvae. These saprophagous macrofauna, which are key regulators 

of plant litter decomposition, play an important role in the functioning of terrestrial 

ecosystems in temperate and tropical areas (David and Handa, 2010). As a functional group, 

woodlice and dipteran larvae have been collectively classified as litter transformers (Lavelle 

et al., 1997), whereas earthworms are classified as ecosystem engineers for their ability to 

substantially modify the physical structure of the soil profile (Wardle and Bardgett, 2004). 

Terrestrial isopods are common and abundant members of the saprophagous soil 

macrofauna in deciduous woodland in Europe (Hassall et al., 1987). In contrast to earthworms 

which substantially modify the physical structure of soil profile (Lavelle et al., 1997), isopods 

are not true soil-dwellers, but typically occur in the leaf litter and the uppermost soil layer 

where they consume a substantial proportion of annual leaf litter fall (Zimmer, 2002). 

Many studies have demonstrated that isopods are capable of oxidizing (Zimmer and 

Topp, 1998) or hydrolysing ingested phenolics (Zimmer et al., 2002). We used Armadillidium 

vulgare (Latreille) (Isopoda: Oniscidea) as a model. This common European terrestrial isopod 

has been introduced into many locations in the USA, with reports of prevailing densities as 

high as 10,000 individuals per m
2
 (Frouz et al., 2004). 

Earthworms are present in almost all ecosystems around the globe with particularly 

high abundance in grasslands, where they increase productivity (Lavelle and Martin, 1992). 

Earthworms can be divided into the following general categories, which take into account 

basic features such as burrowing abilities, food preferences, and body colour, shape and size 

(Bouché, 1977): (1) Epigeic earthworms are surface active, pigmented, are in general non 

burrowing and dwell in litter; (2) aneic earthworms are large, deep burrowing forms that come 

to the soil surface in humid conditions, usually during the night, and draw the litter down into 

the lower strata; they generally inhabit one single vertical burrow for their whole life;  (3) 

endogeic earthworms live near the surface of soils in organic horizons and produce mostly 

horizontal galleries; (4) coprophagic species live in manure, e.g. Eisenia foetida (in the 

Holartic), Dendrobaena veneta (northern Italy), and Metaphire schmardae (in China); (5) 

arboricolous species live in suspended soils in humid tropical forests. 

Earthworms also enhance aggregation and are assumed to stimulate the formation of 

organo-mineral complexes (Six et al., 2004). The formation of microaggregates within 
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macroaggregates which contain protected occluded carbon seems to be enhanced by passage 

through the earthworm gut (Bossuyt et al., 2005). Passage of soil and detritus through the 

earthworm gut facilitates the contact between carbon and mineral particles by grinding and 

mixing both components. Adsorption of carbon on mineral surface is considered to be an 

important stabilization mechanism which may be enhanced by earthworm activity (Lavelle 

and Martin, 1992). We used Lumbricus rubellus (Annelida: Oligochaeta) as a model. This is 

an earthworm species that inhabits litter and upper layers of mineral soil, produces 

excrements with mixed organic and mineral particles, and belongs to first colonisers of post 

mining heaps (Frouz et al., 2013). 

 Dipteran larvae prefer grassy habitats. They are herbivores and scavengers 

feeding on dead vegetation or living plant roots. As many other insects, they belong to the 

group of temporary soil residents, they inhabit the soil or litter only in particular stages in 

their life cycle. In some forests, the resident population of bibionid larvae can consume almost 

all annual litter fall and cause significant chemical and microbial alterations in the litter 

(Frouz et al., 2003). In the gut of bibionid larvae, extreme physico-chemical conditions such 

as anoxia and high alkalinity can be found. These extremely alkaline conditions may cause the 

liberation of proteins bound in complexes with phenols or humic acids or may help to break 

the lignin-cellulose complex. 

We used Bibio marci (Diptera: Bibionidae) as a model. Larvae of this dipteran fly are 

common temporary denizens of soil in deciduous temperate forests where they play an 

important role in leaf litter decomposition (Frouz et al., 1999). Besides feeding on leaf litter, 

they are also coprophagic (they consume their excrements), which enables them to optimally 

exploit the resource (Frouz et al., 2003). 

 

3.3.2 Macrofauna microbial interactions 

 

As mentioned above, soil organisms affect both soil properties and plant communities 

through several different mechanisms, depending on their body size, life strategy, and feeding 

ecology (Lavelle et al., 1997). 

The most widely mentioned interaction is that the transformation of leaf litter into 

excrements by soil macrofauna stimulates microbial activity, with a higher activity in 

excrements compared to intact leaf litter, which ultimately should accelerate decomposition 

(Lavelle and Spain, 2001). The effect of invertebrate gut passage on microbial respiration in 

consumed litter changes over time. Many authors observed a short-term increase in microbial 
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activity and decomposition rate directly after defecation or shortly after. Later, microbial 

activity and decomposition rate is likely to decrease and often reach lower values than in 

organic matter unaffected by soil macrofauna (Frouz and Šimek, 2009). As demonstrated by 

Tajovský et al. (1992) and Frouz et al. (2002), in the guts of soil macrofauna, part of 

microflora is killed and digested and the unassimilated nutrients derived from this killed 

microflora may support an increase in microbial activity after defecation. 

On the contrary, observations which do not support this mechanism for fauna-driven 

increased decomposition were presented by many current researchers. For example, Coulis et 

al. (2013) concluded that conversion of litter into excrements by millipedes did not increase 

organic matter decomposition and there was no evidence of a stimulation of microbial activity 

in excrements compared to uningested litter. As they mentioned, it may seem surprising that 

excrements of macroarthropods, which generally have a high water holding capacity 

(Tajovský et al., 1992), do not promote decomposition under dry conditions. A similar 

observation was also documented by Suzuki et al. (2013) who found that microbial respiration 

was not greater in excrements than in uningested litter. The only significant differences in 

carbon dioxide release from litter compared with excrements of millipedes occurred in the 

maple samples during the first 2 days of incubation. At other times and at all times in the 

Douglas-fir comparison, carbon dioxide release was similar in litter and excrements. Rawlins 

et al. (2007) also detected higher rates of carbon dioxide release from soil amended with oak 

leaf litter compared to that amended with millipede excrements only during the first few days 

of the incubation, while Scheu and Wolters (1991) found carbon dioxide release from 

millipede excrements to be lower than that from beech leaf litter for the first 14 days, then it 

became higher for the next 62 days and then lower again for the final 70 days. 

This may result from the compact structure of excrements that inhibits microbial 

decomposition (Suzuki et al., 2013) and from depletion of readily assimilable carbon 

compounds associated with increased concentrations of recalcitrant compounds such as lignin, 

which is not digested by most macroarthropods (Rawlins et al., 2007; David and Handa, 

2010). 

A similar observation was presented by Hartenstein (1982) in his early study. He 

found that digestion of consumed litter takes place mainly in the foregut where salivary 

glands secrete enzymes including catalase, cellulase, and peroxidase. These hydrolytic 

activities in the midgut of millipedes degrade chemical compounds, which may be 

subsequently absorbed in the hindgut. Therefore, the digestion of litter by millipedes alters its 
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chemical composition, as the millipedes assimilate nutrients and labile compounds, rendering 

the excrements more recalcitrant. 

In agreement with previous authors, Frouz et al. (1999) presented a similar observation 

about feeding effect of bibionid larvae on microbial activity. The highest microbial respiration 

occurs soon after defecation; however, three days old excrements show lower respiration than 

the original litter. In another study, Frouz and Šimek (2009) additionally presented the fact 

that bibionid feeding also increases microbial respiration in remaining leaves, which were 

damaged by feeding, but not completely consumed. Bibionid feeding results in opening of a 

large leaf area during consumption; cell walls get damaged and accessible for microbial 

colonisation. This way of feeding is not common among other litter feeding invertebrates. 

A similar difference between short term and long term effects on microbial activity 

was already observed in earthworms (Lavelle and Martin, 1992). For example, Lavelle et al. 

(2004) demonstrated a short term increase of carbon turnover in fresh earthworm casts. The 

earthworm gut provides favourable conditions for microbial activity mainly because of readily 

available carbon of mucus and water. The ingested organic matter is macerated, mixed with 

ingested inorganic soil material, passed through the gut and excreted. It appears that 

earthworms are able to digest relatively little of the cell wall constituents of the plant litter 

such as some cellulose, simple phenolic materials, but probably no lignin (Lavelle et al., 

2004).  High carbon turnover in casts can be explained by high activity of enzymes catalysing 

the mineralization processes; only the incorporation of organic matter in soil aggregates, as 

well as physical bounding may decrease carbon turnover rates (Six et al., 2004). Malik and 

Scullion (1998) indicated the important influence of earthworms on the characteristics of the 

surface soil layer, where they support aggregate formation and carbon stabilization. 

Earthworms are able to alter soil structure as well as the soil community. This is well-

known from situations when earthworms colonize sites where they were absent previously 

such as boreal forest in the USA (Bohlen et al., 2004) or post mining area in Czech Republic 

(Frouz et al., 2008b). By mixing litter into mineral soil, earthworms reduce litter and 

fermentation layers, alter the water holding capacity of soil, organic matter content, pH and 

many other soil properties. Subsequently, these alternations in soil properties may alter plant 

and microbial community (Frouz et al., 2008b). 

A widely accepted principle of soil biology is that members of the soil fauna make a 

much greater indirect contribution to decomposition processes by enhancing microbial 

activity than the direct contribution they make as a result of their own metabolism (Hassall et 

al., 1987). The main consumers of leaf litter that play a major role in the cycling of nutrients 
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are terrestrial isopods. They facilitate litter decomposition by fragmenting leaf litter (Hassall 

et al., 1987). Frouz et al. (2008) found that Armadillidium vulgare activity also had a strong 

effect on the chemistry of the mineral layer as indicated by increased pH level and content of 

available phosphorus, potassium, and NO3-. Many other studies demonstrated that isopods 

Porcellio scaber have ability to hydrolytically degrade and detoxify gallotannins during 

digestion (Zimmer, 1999), degrade cellulose (Zimmer and Topp, 1998), or oxidatively 

degrade phenolics as well as lignins (Zimmer, 1999). Therefore, it has been discussed whether 

saprophagous soil macrofauna contribute to decomposition processes directly through the 

enzymatic degradation of leaf litter compounds or rather indirectly through the promotion of 

microbial activity. 

At the end of the last century, the vast majority of studies on the effects of soil 

macrofauna on plant litter decomposition have focused on short term effects occurring over 

days or several weeks. These studies generally indicate that soil macrofauna accelerate litter 

decomposition and that carbon dioxide output is many times greater from excrements than 

from intact leaf litter (Van der Drift and Witkamp, 1960). On the contrary, long-term 

experiments indicate that soil macrofauna helps stabilizing carbon in soil. As concluded by 

Don et al. (2008), most existing earthworm studies were performed with mesocosms for only 

short periods of a few months maximum; therefore, results from these studies cannot be used 

directly to predict the effect on larger scales. 

 

 

4. History of studies of invertebrate microbial interactions 

 

 The importance of earthworms in soil systems and the formation of soil structure have 

been recognized since the time of Charles Darwin. In his book “The formation of vegetable 

mould, through the action of worms with observations on their habits”, Darwin (1881) 

described the fine soil particles of dark colour “which cover the whole surface of the land in 

every moderately humid country” as “vegetable mould”. He stated that this mould has passed 

many times through the “intestinal canals” of earthworms and could therefore better be called 

“animal mould”. 

After Darwin, our understanding of macrofauna feeding ecology is based on the 

careful observations of other naturalists such as Gilbert White, subsequently refined and 

extended by many researchers and workers using a wide range of techniques such as gut 
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content analysis, choice chamber/ arena tests, palatability tests of various kinds including 

indirect assessment of foods in growth studies. 

The 60s and 70s of the 20th century were an era of large scale ecosystem analysis, 

where the soil system was described in several large programs (IPB, SWECON). More 

recently, soil science started to take advantage of the increasing use of novel isotopic, 

molecular and related methods. For example, in the mid-to-late 1980s, David White had been 

pioneering the use of molecular markers for assaying the structure and activity of microbial 

communities in natural environments, particularly aquatic habitats such as sediments 

(Frostegård et al., 2010). 

 In trying to further understand the dynamics of important soil properties, current 

researchers often focus on the role played by the soil matrix, the soil biota and their multiple 

interactions. 

For example, the effect of soil faunal complexity on the removal of organic matter 

from the litter layer and nutrient dynamics has been a subject of many field and laboratory 

studies using either litterbags or microcosms (Frouz et al., 2006; 2007; 2008a; 2008b). Studies 

on the influence of saprophagous macroarthropods such as isopods or millipedes on microbial 

decomposers have mostly been carried out in the laboratory microcosms (Hassall et al., 1987; 

Zimmer, 2002), while most field studies have dealt with earthworms (Bohlen et al., 2004; 

Frouz et al., 2008b). 

There are several methods for measuring the effect of various groups of soil biota on 

litter decomposition, among which litterbags with various mesh sizes is among the most 

popular ones (Scheu and Wolters, 1991). The mesh size determines the size of organisms that 

may be involved in the decomposition of organic matter inside the bag. However, mass loss 

from litterbags with various mesh sizes may be interpreted in different ways (Frouz et al., 

2006). In litterbags not accessible to soil fauna, the majority of mass loss can be explained by 

microbial respiration and hence represents carbon mineralization. In contrast in litterbags with 

large mesh sizes, only a small fraction of litter loss represents mineralization, while the 

majority of this loss can be assigned to translocation of organic matter from the litter to the 

mineral layer. To measure both processes at once, a microcosm technique was adopted, which 

included litter and mineral layer, and allows measuring the effect of fauna on both 

mineralization and mixing of organic matter with mineral soil. 

Today, there are many modern instrumental technologies for analysing various 

substrates at molecular or even ionic levels. 
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Separation techniques such as gas chromatography mass spectrometry (GC MS) or 

high performance liquid chromatography (HPLC) have gained prominence in analytical 

chemistry for the capability to perform qualitative and quantitative analysis in environmental 

samples. 

 One of the most commonly used methods to study microbial community structure is 

the determination of phospholipid fatty acid (PLFA) pattern of soil organisms. Nowadays, the 

PLFA method for assaying the composition of microbial communities has to a large extent 

been replaced by techniques based on nucleic acid extraction and analysis, particularly genes 

coding for ribosomal RNA (r-RNA). However, the PLFA and the r-RNA based methods have 

different strengths and weaknesses and thus complement one another. Combined with the use 

of isotope (
13

C or 
14

C) labelled substrates, the lipid methods can also be used to identify the 

metabolically active part of the microbial community (Frostegård et al., 2010). 

 Stable isotope ratio analysis of light elements such as carbon, nitrogen, and sulphur 

offers a powerful research tool to reveal and quantify for example trophic relationships of 

earthworms in soil food webs (Curry and Schmidt, 2007) or significant trophic differences 

between functional groups, earthworms and macroarthropods (Pollierer et al., 2009). 

 One of the main restrictions to the investigation of the roles of soil invertebrates in the 

transformation and biodegradation of organic materials is the difficulty in chemically 

characterizing, at the level of broad classes of organic compounds, the substrate, the gut 

content and excrements, all of which may be mixed with soil. Solid-state 
13

C nuclear 

magnetic resonance (NMR) spectroscopy has been widely used to characterize soil organic 

matter and decomposing plant material, because it allows semiquantitative determination of a 

range of functional groups of carbon that are indicative of different classes of biochemical 

compounds without the need to extract particular fractions prior to analysis. 

Solid-state 
13

C NMR is often used for investigating the effects of passage through the 

gut of invertebrates. For example, Hopkins et al. (1998) found that spectra from wood feeding 

termite indicated preferential loss of polysaccharides and accumulation of lignin with some 

modification to the O-aromatic carbon components during passage through the gut. Similarly, 

Frouz and Šimek (2009) used NMR analysis to indicate different chemical changes in 

excrements of two types of litter-feeding bibionid larvae, thus proving the interspecific 

differences of larval effect on bacterial respiration.  

These two methods, stable isotope ratio and NMR spectroscopy, can be used to 

determine polysaccharide digestion; however, the extent of lignin degradation, respectively 

changes in biopolymer products during transit of the intestine, is still unclear (Griffiths et al., 
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2013). A method stated to account for all components of native lignin is TMAH 

(tetramethylammonium hydroxide) thermochemolysis. This method can define the relative 

enrichment or depletion of major biopolymer fractions, including nitrogenous material, in 

natural substrates without the pre-digestions required in proximate analysis. Furthermore, 

only milligram quantities are required, facilitating analysis of specialist cryptic organisms. 
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5. Dissertation objectives 

 

In this dissertation thesis we explore several questions of how soil macrofauna can 

affect decomposition processes. We especially focus on differences between short term and 

long term effects on organic matter decomposition and on possible mechanisms that cause 

slowdown of microbial activity in excrements. 

 

Specific partial hypotheses are: 

1. In a long-term experiment, microbial respiration of materials affected by isopod feeding, 

both excrements and unconsumed residues of litter are lower compared to litter unaffected by 

soil macrofauna. 

2. As a result of fluctuations of moisture and temperature and of the addition of easily 

decomposable substances, litter respiration increases more than respiration of soil macrofauna 

excrements. 

3. Litter is more sensitive to priming effect than excrements. 

4. Changes in excrements correspond with changes in litter chemistry, namely because 

excrements are enriched with aromatic components more resistant to bacterial decomposition. 

5. Removal of available substances during gut passage causes shortage in available substances 

and a subsequent decrease in microbial activity. 

6. There is a lower content of phenolic compounds in soil macrofauna excrements than in 

intact leaf litter, as a consequence of passage through the gut. 

 

The hypotheses have been tested in a series of laboratory and field experiments and 

presented in 4 papers. 
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Abstract 

We studied the effects of the terrestrial isopod Armadillidium vulgare on organic matter 

decomposition and stabilization in a long-term (65-week) laboratory experiment. We 

quantified the microbial activity in leaf litter (Acer pseudoplatanus) which did not come into 

contact with isopods, in A. vulgare feces produced from the same litter, and in unconsumed 

leftover of this litter. Freshly fallen leaf litter and up to 3 day old feces and leftover of litter 

were used. All materials were air dried immediately after collection and rewetted 1 day before 

use. Simultaneously, we measured how microbial activity in litter and feces are affected by 

fluctuations in humidity and temperature and by the addition of easily decomposed substances 

(starch and glucose).Microbial respiration was lower in feces than in litter or unconsumed leaf 

fragments. At the same time, moisture and temperature fluctuations and addition of glucose or 

starch increased respiration much more in litter than in feces. The results indicate that the 

processing of litter by A. vulgare reduces microbial respiration and reduces the sensitivity of 

microbial respiration to environmental fluctuations.13C NMR spectra from feces indicated 

preferential loss of polysaccharide-carbon and accumulation of lignin with some modification 

to the aromatic-carbon. TMAH-Py-GC MS showed that lignin content was higher in feces 

than in litter and that lignin quality differed between the two substrates. Guaiacyl units were 

depleted in the feces, which indicated breakdown of guaiacyl associated with gut passage. As 

mailto:alexafre@seznam.cz
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a conclusion, the results suggest that this common isopod greatly affects leaf litter 

decomposition. Decomposition of isopod feces in a long-term experiment is lower than litter 

decomposition which may support stabilization of organic matter in soil. This is caused 

mainly due to higher content of aromatic carbon in feces, which may cause its considerable 

resistance to bacterial degradation. 

Keywords: Feces, Litter decomposition, Microbial respiration, Priming effect, Terrestrial 

isopods, TMAH-Py-GC MS 

 

1. Introduction 

 

Plant litter decomposition is one of the main processes in material cycling and energy 

transformation in terrestrial ecosystems (Mellillo et al., 1982). While climate and litter 

chemistry greatly affect litter decomposition at the global and regional scales (Mellillo et al., 

1982; Aber et al., 1991; Austin and Vitousek, 2000; Vanderbilt et al., 2008), soil organisms 

greatly affect plant decomposition and nutrient release at the local scale (Aerts, 1997; Frouz et 

al., 2007). 

Decomposition of plant litter can be substantially affected by the interactions of soil 

microflora and fauna (Scheu et al., 2002).Whereas the soil microflora play a primary role in 

the chemical transformation and mineralization of soil organic matter, soil fauna contribute to 

litter decomposition by digesting substrates, increasing substrate surface area through 

fragmentation, and enhancing microbial activity (Coleman et al., 2004; Wolters, 2000). 

The effects of earthworms on the distribution of organic matter in the soil profile and 

on decomposition and carbon sequestration have been well studied (Hendriksen, 1997; 

Lavelle et al., 1997; Zhang et al., 2003; Frouz et al., 2007), but less is known about effects of 

other macrofauna including terrestrial isopods. Isopods mainly inhabit the litter layer; by 

fragmenting leaf litter (Zimmer et al., 2005), they facilitate litter decomposition and nutrient 

cycling (Hassall et al., 1987; Zimmer and Topp, 1999; Xin et al., 2012). As a consequence, 

terrestrial isopods indirectly affect the activity and community composition of the soil 

microflora (Hanlon and Anderson, 1980; Lavelle et al., 1997). The isopod Armadillidium 

vulgare (Latreille) is a common and abundant member of the saprophagous soil macrofauna 

in Europe but has recently become invasive in other parts of the world (Hassall et al., 1987; 

Frouz et al., 2008). A. vulgare may reach field densities as high as 10,000 individuals per m
2
 

(Frouz et al., 2004) and may consume significant amounts of litter thus producing large 

quantities of faecal pellets (Zimmer, 2002). 



35 
 

The vast majority of studies on the effects of soil macrofauna on plant litter 

decomposition have focused on short-term effects occurring over days or several weeks; as 

noted, these studies generally indicate that soil macrofauna enhance decomposition. 

Researchers have paid less attention to the long-term and over-all effects of soil macrofauna 

on the stabilization and accumulation of soil organic matter (Wolters, 2000). An increasing 

number of studies, however, show that, in the long-term, soil fauna decrease microbial 

respiration and consequent carbon loss (Lavelle and Martin, 1992; Frouz and Šimek, 2009). 

In the current study, we investigated the overall effect of A.vulgare on litter respiration 

in a long-term (65 week) laboratory experiment. As there were no other mechanisms by which 

organic matter may have left the experimental system (e.g. leaching), we may use cumulative 

amount of C loss by respiration and C loss from the decomposing material. We compared 

carbon loss by microbial respiration and chemistry of litter, feces, and unconsumed residuals 

of litter (leaf fragments that have not been ingested). Although most previous studies were 

done under constant conditions, the natural environment is seldom constant and we therefore 

determined how microbial respiration in litter and in feces responded to moisture and 

temperature fluctuations. Previous studies reported that soil fauna removes easy accessible 

carbon from litter namely saccharides and polysaccharides (Hopkins et al., 1999). A previous 

study showed that feces addition to the soil causes lower priming effect than litter addition 

(Kaneda et al., 2013). Priming effect is when the addition of available carbon increases the 

rate of decomposition of existing organic matter (Fontaine et al., 2004). Finally, we used 

solid-state 13C nuclear magnetic resonance (NMR) spectroscopy and TMAH-Py-GC MS to 

elucidate how changes in decomposability caused by A. vulgare feeding correspond to 

changes in organic matter chemistry in general and to changes in the content and composition 

of aromatic compounds in particular. 

With this in mind we decided to test following hypotheses: 

1. In a long-term experiment microbial respiration of materials affected by isopod feeding, 

both feces and unconsumed residues of litter are lower compared to litter unaffected by 

isopod. 

2. As a result of fluctuations of moisture and temperature and of the addition of easily 

decomposed substances, litter respiration increases more than respiration of isopod feces. 

3. Litter is more sensitive to a priming effect than feces. 

4. Changes in feces correspond with changes in litter chemistry, namely because feces are 

enriched by aromatic components more resistant to bacterial decomposition. 
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2. Materials and Methods 

 

2.1. A. vulgare and leaf litter collection 

 

Leaf litter (A. pseudoplatanus) was collected from the soil surface at the same site at 

the time of natural leaf fall (November 2009); the litter was carefully separated by hand from 

other components such as small branches and woody debris, and then air-dried and stored in 

paper bags in a dark, dry location. 

The terrestrial isopod A. vulgare (Latreille) was collected in a deciduous woodland 

dominated by Acer pseudoplatanus on Petřín hill in Prague in May 2010. About 100 

individuals of A. vulgare were supplied with rewetted leaf litter (A. pseudoplatanus) for 2 

months. Every third day, the feces and leftover of litter that remained were collected and new 

rewetted litter was provided. Collected material was separated on feces and leftover of 

unconsumed litter fragments, immediately air-dried, and stored in paper bags in a dark, dry 

location. In this way we produced three types of materials litter, which were not yet offered as 

food for isopods, feces and unconsumed litter fragments. This unconsumed litter differed 

from original litter as more veins remain in it whereas area between veins was consumed. 

Rewetting of all material was done 1 day before material was used in experiments (Rouifed et 

al., 2010), by placing them in to nylon mesh bag 0.02 mm mesh size and submersion these 

bags in water for 12 h. Litter used in feeding experiment was removed from the bag before 

used as a food for isopods. 

 

2.2. Respiration experiment 

 

Collected materials (litter, feces, and unconsumed leaf fragments) were divided into 

two parts; the first part was stored in paper bags for chemical analyses of initial materials and 

the second part was used for a long-term respiration experiment in bottles. For this 

experiment, both unconsumed leaf fragments and litter were cut into small pieces (1 cm2) and 

placed in nylon litter bags (2 cm × 2 cm, mesh size 0.02 mm); about 0.1 g was placed in each 

bag. Similar litter bags were used for feces (0.1 g per bag). The litter bags were placed in 250-

ml glass bottles (one bag per bottle) with 40 g of fine sand on the bottom. The sand contained 

no organic matter and was moistened in a way that there was no visible water level in the sand 

but there was constant capillary fridge from the sand. All three substrates (litter, unconsumed 

leaf fragments, and feces) in litterbags were rewetted with sterile water to 70% moisture 
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content. Distilled water was added bi-weekly to the sand in each bottle (1 ml per bottle) to 

maintain constant moisture. 

Some litter bags were maintained at a constant temperature (21◦C) and with constant 

moisture (by addition of distilled water as noted in the previous paragraph). Other litter bags 

with litter or feces were treated in one of four ways. One group was dried and rewetted once 

per week; these litter bags were removed from the bottles, air dried for 24 h, then returned to 

the bottles and rewetted with sterilized water. A second group was frozen and thawed once 

per week; these litter bags were removed from the bottles, placed at −18◦C for 24 h, and then 

returned to the bottles at 21◦C. A third and fourth group were treated with glucose or starch; a 

2-ml solution containing 0.2 µg of glucose or starch was added to each bottle each week. 

For measurement of microbial respiration, bottles were sealed for 6 days every week 

and supplied with 3 ml of 0.5 M NaOH in a small beaker. The CO2produced in the bottle was 

trapped in the NaOH, and the quantity trapped was determined by titration with0.05 M HCl 

after 2 ml of BaCl2was added (Page, 1982). This was repeated for 65 weeks, at which time 

the respiration experiment was ended. In all cases five replicates were measured. 

 

2.3. Substrate analyses 

 

Total carbon and nitrogen in the three materials at the start and at the end of the 

respiration experiment were measured with a CN analyzer (The Elemental Analyzer 1108, 

Carlo Erba Instruments). 

Litter and feces collected at the beginning and end of the respiration experiment were 

subjected to 13C CP/MAS NMR and TMAH-Py-GC MS. NMR spectra were measured with a 

Bruker Avance 500 WB/US NMR spectrometer (Karlsruhe, Germany, 2003)in a 4-mm 

ZrO2rotor. Magic angle spinning (MAS) speed was9 kHz in all cases, with a notation 

frequency of B1 (1H) and B1 (13C) fields for cross-polarization ω1/2 = 62.5 kHz. Repetition 

delay and number of scans was 4 s and 1024, respectively. TPPM (two-pulse phase 

modulated) decoupling was applied during evolution and both detection periods. The phase 

modulation angle was 15◦, and the flip-pulse length was 4.8–4.9 µs. The applied notation 

frequency of the B1 (1H) field was ω1/2 = 89.3 kHz. The13C scale was calibrated with 

glycine as the external standard (176.03 ppm; low-field carbonyl signal). The resulting ¹³C 

NMR spectra were used to quantify three basic fractions (C contained in lignin and 

polysaccharides) according to Wilson (1987) and Keeler and Maciel (2000); quantification 

was based on the area of the appropriate peak relative to the total area. Lignin were assumed 
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as a sum of metohoxil C, which indicate lignin substituents and aromatic C (45–60 and110–

160 ppm respectively), polysaccharide components were calculated as sum of O-alkyl-C and 

acetal- and ketal- C (60–90 and90–110 ppm). 

TMAH-Py-GC MS analyses were performed as previously described (Sampedro et al., 

2009). Briefly, 1-mg samples of ground litter or feces were treated with an excess of 

tetramethylammonium hydroxide (25% aqueous solution), placed on Wolfram wire spirals, 

and then dried in a desiccator overnight at room temperature. 

Pyrolysis was performed with a PYR-01 pyrolyzer (Labio, Czech Republic). Pyrolysis 

was performed directly in the injector of a GC/MS system (Varian 3400/ Finnigan ITS 40 ion 

trap detector). The GC instrument was equipped with a split injector (split ratio 1/40); an HP-

5 column was used for separation (30 m, inner diameter0.25 mm, 0.25 µm film thickness); 

and the carrier gas was helium (1 ml min−1). The temperature program started at 45◦C, and 

the oven was heated to 240◦C at a rate of 5◦C min−1. The detector delay time was 2 min. The 

injector and transfer line temperature was setto 240◦C. Mass spectra were recorded at 1 scan 

s−1under an electron impact at 70 eV, mass range 50–450 amu. Pyrolysis products were 

identified both by comparing mass spectra with data in theNIST02 library and by interpreting 

the fragmentation pattern. Values presented are the means of triplicate runs, and the 

percentages of pyrolysis products were calculated from the relative areas of the peaks after 

recalculation according to the exact weight of samples. Reproducibility of the sample 

introduction exceeded 95%. The individual chromatograms were integrated, and the peaks 

representing lignin-related structures were used for PCA analysis. 

 

2.4. Statistical analyses 

 

For the respiration data, one-way ANOVAs were used to com-pare carbon loss by 

respiration among the three types of substrate. One-way ANOVAs were also used to compare 

the effects of treatments (drying and rewetting, freezing and thawing, and glucose and starch 

addition) on carbon loss; this was done separately for litter and feces. A t-test was used to 

compare carbon loss between litter and feces within each treatment. Two-way ANOVAs were 

used to determine the effect of type of substrate and four treatments on respiration rate and 

nutrient content. Multivariate data from TMAH-Py-GC MS were subjected to principal 

component analysis (PCA). R software and CANOCO 4.5 were used for computations. 
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3. Results 

 

3.1. Respiration data 

 

When the three substrates in litter bags were kept under constant conditions, carbon 

lost due presumably to microbial respiration was significantly greater from litter than from 

unconsumed leaf fragments resulting from A. vulgare feeding or from A. vulgare feces (one-

way ANOVA, F = 17.8, p = 0.0002) (Fig. 1). 

When the treatments (drying and rewetting, freezing and thawing, and addition of 

glucose or starch) were included in the analysis of data from litter bags with litter or with 

feces, a two-way ANOVA indicated the carbon loss was significantly affected by substrate 

(litter vs. feces; F = 513, p < 0.0001), treatment (F = 56, p < 0.001), and interaction between 

substrate and treatment (F = 27, p < 0.0001).Because of the significant interaction, we used 

one-way ANOVAs to explore the effect of treatments separately for litter and feces, and we 

used t-tests to compare values for litter and feces for each treatment. For each treatment, 

respiration was greater with litter than with feces. The effect of treatment was significant for 

litter (F = 47,p < 0.0001) and for feces (F = 20, p < 0.0001). For litter, respiration was greater 

(i.e. carbon loss was greater) with drying and rewet-ting, freezing and thawing, and glucose or 

starch addition than with constant conditions (Fig. 2). For feces, respiration was greater with 

freezing and thawing and with glucose or starch addition than with constant conditions. 

However, part of the respiration in treatments where glucose or starch was added may have 

been derived from the added saccharides and part may be caused by priming effect, i.e. 

increased respiration of original material that added saccharides trigger. If the amount of 

carbon in the added glucose or starch was subtracted from the total respiration values in the 

litter, respiration was still significantly higher in these treatments than with constant 

conditions (Fig. 2). This indicates a significant increase in the decomposition of the litter after 

glucose or starch addition. In contrast, if the amount of carbon in the added glucose or starch 

was subtracted from the total respiration values in the feces, respiration was still significantly 

lower in these treatments than with constant conditions; the values after subtraction were less 

than zero, indicating that some of the added glucose or starch was not used for microbial 

respiration. 

During the 65 weeks of the respiration experiment, microbial respiration associated 

with all three substrates initially increased and then gradually decreased (Fig. 3). 
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3.2. Chemical changes of litter 

 

At the start of the respiration experiment, the CN ratio was lowest in the A. vulgare 

feces, intermediate in A. pseudoplatanus leaf litter, and highest in unconsumed A. 

pseudoplatanus leaf fragments (Table 1). During decomposition, the CN ratio of all the 

substrates decreased, and this decrease was most pronounced in unconsumed leaf fragments 

(Table 1). 

13C NMR analysis revealed a lower proportion of polysaccharide carbon and a higher 

proportion of aromatic components in feces than in litter for all treatments (Table 2). 

PCA of TMAH-Py-GC MS derivatives of samples from individual treatments in the 

respiration experiment revealed a clear gradient between litter and feces along the first 

ordination axis; the axis explained 46.9% of the variability (Fig. 4). Litter samples were 

consistently associated with vicinal dimethoxy phenolic derivatives. In fact, these guaiacyl 

lignin components represent the most recalcitrant part of Acer wood. Only a few syringyl 

lignin units were detected, probably due to their low abundance and the high variability of the 

analytical data. On the other hand, feces were negatively correlated with guaiacyl structures 

and positively correlated with more easily degraded components representing hydroxyphenyl 

lignin or non-lignin structures. 

 

4. Discussion 

 

Total C loss by microbial respiration in the current study was lower in both A. vulgare 

feces and unconsumed leaf fragments than in litter. This means that products of A. vulgare 

feeding decompose more slowly that litter unaffected by isopods. This is in agreement with 

the conclusion of Frouz et al. (2008) that A. vulgare slows down litter mineralization and thus 

contributes to the sequestration of organic matter in soil. That conclusion was not shared, 

however, by Hassall et al. (1987), Xin et al. (2012) and others, who have argued that isopods 

and other soil macrofauna accelerate litter decomposition and that carbon dioxide output is 

many times greater from feces and from mechanically fragmented litter than from intact 

leaves in litter (Van der Drift and Witkamp, 1960). We suspect that the differences in the 

conclusions reflect the differences in the duration of the experiments. Unlike short-term 

experiments, which have indicated that soil macrofauna enhance decomposition, our long-

term experiment indicated that the isopod A. vulgare helps stabilize carbon in soil. Over the 

65 weeks of our study, the litter decomposed more quickly than feces. The temporal changes 
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in microbial respiration documented for A. vulgare feces in the current study (Fig. 3) 

correspond with those documented for earthworm casts in an earlier study by Lavelle and 

Martin (1992). The latter authors observed a short-term increase in microbial activity and 

decomposition rate early after defecation; later, microbial activity and decomposition 

decreased and often reached lower values than in organic matter unaffected by soil fauna. The 

short-term increase in microbial activity is in agreement with the observations of Krištůfek et 

al. (1992), Frouz et al. (2003), and Frouz and Šimek (2009). In the guts of isopods or other 

soil macrofauna, the microflora is killed and digested and the unassimilated nutrients derived 

from this killed microflora may support an increase in microbial activity after defecation. This 

increase, however, usually has a short duration, and microbial activity decreases in the long 

term, often being lower in old feces than in unconsumed leaf litter (Tajovský et al., 1992; 

Lavelle and Martin, 1992; Frouz et al., 1999; Frouz and Šimek, 2009). 

As shown our experiment difference between litter and feces respiration was 

substantially enhanced by moisture and temperature fluctuations in comparison with stable 

conditions. This can cause much faster decomposition of the litter in comparison with feces in 

field conditions, where moisture and temperature is likely to fluctuate. In the field, the 

difference in decomposition rates for intact leaf litter and processed litter (feces) may be 

especially pronounced because litter remains on the soil surface where moisture and 

temperature fluctuations are often substantial (Vanderbilt et al., 2008) while feces usually 

accumulate at the interface between litter and the mineral layer of soil (Frouz et al., 2007) 

where conditions are more stable. 

In what is called the “priming effect”, addition of available car-bon may increase the 

rate of decomposition of existing organic matter (Fontaine et al., 2004). In field root exudates 

or organic matter leached from fresh falling leaves may serve as source of available carbon 

that may cause priming effect and consequently increased litter decomposition (Fontaine et 

al., 2004). In the cur-rent study, addition of the easily degraded carbohydrates glucose or 

starch greatly increased respiration in litter but only weakly increased respiration in feces. 

When the amount of carbon potentially released from the added carbohydrates was 

considered, the analysis indicated a strong positive priming effect on litter and a negative 

priming effect in feces. The different response to added glucose and starch may be related to 

CN ratio (Wolters and Schaefer, 1993; Craine et al., 2007). The CN ratio was higher in litter 

than in feces. The priming effect may be stronger in substrates with higher than with lower 

CN ratios because microorganisms in substrates with higher CN ratios are more limited by 
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nitrogen and may use added available C to mine nitrogen from existing organic matter (Craine 

et al., 2007). 

The effect of soil fauna activity on carbon dynamics is affected by litter quality (Frouz 

et al., 2007). Unconsumed leftover of leaf fragments had very high CN ratios in the current 

study. This can be explained by isopod selection of the more palatable parts of litter and 

isopod avoidance of veins, which contain more lignin and have higher CN ratios than other 

parts of the leaf. Similar observations were made by Hopkins et al. (1999), who reported that 

litter-feeding dipteran larvae preferentially consumed the polysaccharide-rich parts of the 

litter. The selection of litter with a relatively low CN ratio may explain in part why the CN 

ratio was significantly lower in isopod feces than in litter. The lower CN ratios in the feces 

may also result from the utilization of available car-bon by the intestinal microflora of 

isopods. The lower CN ratio in the feces may also explain why microbial respiration was 

lower in the feces than in the litter. Because in latter stages of decomposition microorganism 

tend to decompose excess of organic matter to get nitrogen, this mechanism known as 

“microbial mining” is more pronounced if CN ratio of litter is high and reduced if CN ratio is 

low (Fontaine et al., 2011). When nitrogen is limiting microorganisms are also more likely to 

use easy available carbon to decompose resistant organic matter in order to mine some 

nitrogen. This relationship between CN and priming effect (Fontaine et al., 2004, 2011) can 

also explain why respiration in feces was less responsive to addition of polysaccharides than 

respiration in litter. 

The lower proportions of O-alkyl-C and higher proportions of phenyl-propylene sub-

units of lignin in feces than in litter at the end of the respiration experiment can be explained 

by the loss of polysaccharides and selective preservation of lignin. This is consistent to 

observation of Bignell (1989) and Hopkins et al. (1999) in millipedes and diptera larvae. 

Selective lignin accumulation and faster depletion of polysaccharides can also decrease 

decomposition of feces in comparison with litter as polysaccharides lignin ration closely 

correspond with decomposition rate (Hattenschwiler and Jørgensen, 2010). 

While 13C CP/MAS NMR spectroscopy indicated an increase in proportion of lignin 

in feces relative to litter, pyrolysis indicated changes in the quality of lignin in the studied 

substrates. Dimethoxy groups that represent guaiacyl derivatives were rather associated with 

litter while trimethoxy units were associated with excrements. Frouz et al. (2011) reported 

that guaiacyl units were more likely depleted than other lignin components during 

decomposition. Relative depletion of guaiacyl and a relative accumulation of syringyl in feces 

may hence decreased rate of feces decomposition in comparison with leaf litter. 
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Observed patter in syringyl guaiacyl ratio can be explained by fasted depletion of 

guaiacyl during gut passage and consequent feces decomposition or alternatively it may be 

explained by isopod selection of those parts of the litter that are more rich in guaiacyl and the 

avoidance of parts rich in syringyl. Treatment with drying and rewetting cycles caused 

syringyl units to accumulate in both litter and feces, which is likely associated with the 

mechanical breaking of the substrates, higher microbial activity, and relatively faster 

decomposition of the non-syringyl parts of lignin. 

 

5. Conclusion 

 

Cumulative C losses by respiration (over 65 weeks) were higher in litter that in A. 

vulgare feces. Moreover losses from litter can be substantially increased by drying freezing or 

adding easy available carbon which increases difference between litter and feces. The addition 

of an easily decomposed material caused a strong positive priming effect in litter but a 

negative priming effect in isopod feces. Lower decomposability of feces may correspond with 

lower CN ratio which may decrease microbial mining and priming effect and with increased 

proportion of lignin and changes in lignin quality (increased syringyl to guaiacyl) in feces 

compare to litter. 
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Appendices 

 

Table 1 

Total carbon and nitrogen contents in litter bags at the start and end of the respiration 

experiment. The litter bags contained litter (leaves of Acer pseudoplatanus), feces generated 

by the feeding of Armadillidium vulgare on A. pseudoplatanus litter, or the unconsumed A. 

pseudoplatanus leaf fragments remaining after A. vulgare had fed. Values indicate the initial 

contents and contents after 65 weeks under constant conditions, with drying and rewetting, 

with freezing and thawing, or with addition of glucose or starch. 

 

 

 

 

 

Table 2 

Chemical composition of litter and feces in litter bags under constant conditions or with 

drying and rewetting, with freezing and thawing, or with addition of glucose. Values indicate 

the proportion of peak areas relative to the entire spectra based on 13C CP/MAS NMR. 
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Fig. 1. Carbon lost as CO2 from litter bags after 65 weeks under constant conditions in bottles. 

The litter bags contained litter (leaves of Acer pseudoplatanus), feces generated by the 

feeding of Armadillidium vulgare on A. pseudoplatanus litter, or the unconsumed A. 

pseudoplatanus leaf fragments remaining after A. vulgare had fed. Values are means + SD, 

and means with the same letter are not statistically different (one-way ANOVA – Shefe – p > 

0.05). 

 

 

Fig. 2. Effects of incubation conditions on carbon lost as CO2from litter bags after 65 weeks 

in bottles. The litter bags contained litter (leaves of Acer pseudoplatanus) or feces generated 

by the feeding of Armadillidium vulgare on A. pseudoplatanus litter. The litter bags were 

subjected to constant temperature and water (same data as in Fig. 1), weekly drying and 

rewetting, weekly freezing and thawing, or weekly additions of glucose or starch. For glucose 

and starch, the total quantities of carbon added are indicated by the columns with the diagonal 

lines. Values are means + SD. For each type of substrate (litter and feces), means with the 

same letter are not statistically different (one-way ANOVA – Shefe – p > 0.05); letters in 

parentheses refer to statistical analyses in which the carbon that could be potentially released 

from the added glucose or starch was subtracted from the values for carbon loss. Asterisks 

indicate significant differences between values for litter and feces within each treatment (t 

test, p < 0.05); in the latter case, statistical comparisons were unaffected by subtraction of the 

carbon that could be potentially released from the added glucose or starch. 
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Fig. 3. Temporal changes in respiration in litter bags after 65 weeks under constant conditions 

in bottles. The litter bags contained litter (leaves of Acer pseudoplatanus), feces generated by 

the feeding of Armadillidium vulgare on A. pseudoplatanus litter, or the unconsumed A. 

pseudoplatanus leaf fragments remaining after A. vulgare had fed. 

 

 

 

 

Fig. 4. Principal component analysis (PCA) of TMAH-Py-GC MS derivatives of Acer 

pseudoplatanus litter (L) and Armadillidium vulgare feces (E) produced from the same litter. 

The litter and feces were kept in litter bags under constant conditions or with drying and 

rewetting (moisture fluctuation, M), freezing and thawing (temperature fluctuation, T), or 

glucose addition (G). The positions of individual derivatives are marked by arrows. Numbers 

by axis represent axis eigenvalues. 
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Abstract 

In a long-term (2.4 years) laboratory experiment, we studied carbon (C) loss from microcosms 

in which intact litter was placed on the soil surface with or without earthworms (Lumbricus 

rubellus) or was fragmented and mechanically mixed into the soil to simulate the tillage. Two 

soil and leaf litter combinations common in post-mining sites near Sokolov (Czech Republic) 

were used: clay with alder (Alnus glutinosa) and sand with willow (Salix caprea). During the 

first 20 weeks, respiration was highest with surface litter with earthworms, lowest with 

mechanical mixing, and intermediate with surface litter minus earthworms. From week 20-80, 

respiration did not differ among the treatments. From week 80-126, respiration was highest 

when fragmented litter was mechanically mixed into soil. These results applied to both 

combinations of soil and litter types. At week 126, C stock was highest with surface-applied 

litter minus earthworms but most of the litter remained on the soil surface. In the mineral soil, 

the active C pool was significantly lower with surface-applied litter minus earthworms than in 

the other treatments. Based on microbial biomass and ergosterol content, microcosms with 

surface-applied litter minus earthworms were dominated by fungi while those with 

earthworms or litter that was mechanically mixed into soil were dominated by bacteria. 

mailto:frouz@upb.cas.cz
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Overall, the results indicate that C sequestration in soil is greater when litter is mixed into the 

soil by earthworms than by mechanical mixing. 

Keywords: Carbon sequestration, Earthworms, Ergosterol, Litter decomposition, Microbial 

respiration, Soil processes 

 

1. Introduction 

 

Soil organic matter plays many important roles in terrestrial ecosystems including the 

maintenance of fertility, the enhancement of soil structure and porosity, and the storage of 

carbon (C) (Wolters, 2000). Soil organic C is a major pool in the global C cycle and because 

of its dynamic nature, soil organic C could serve as either a significant sink or source for 

atmospheric carbon dioxide (Post et al., 1982). 

The principal source of soil organic C is plant biomass. Plant biomass decomposition 

is an important biological process driven by a range of complex and interacting factors, such 

as climate, biomass composition, soil physical and chemical properties, and soil organisms 

(Lavelle et al., 1997). Microorganisms are largely responsible for C and nitrogen (N) 

mineralization but are directly and indirectly affected by soil macrofauna and other soil 

invertebrates over a wide range of spatial and temporal scales (Anderson, 1988). The soil 

macrofauna contribute to plant biomass decomposition by digesting the biomass, increasing 

its surface area through fragmentation, and inoculating the biomass with microorganisms 

(Singh et al., 1999; Wolters, 2000). 

C accumulation in soil is particularly important in the restoration of those ecosystems 

in which soil organic matter has been reduced by long-term tillage, deforestation, mining, or 

other disturbances (Lal et al., 2003). Tillage increases both the rate of organic matter 

decomposition and the leaching of nitrates and other nutrients from soil (Toyota et al., 2013) 

and changes the composition and abundance of soil microorganisms and invertebrates (Six et 

al., 1998). Non-tillage, in contrast, enhances soil aggregation and thereby reduces the 

decomposability of organic matter and increases C sequestration (Lal et al., 2003). 

Relative to soil aggregation and other aspects of soil formation and function, 

earthworms are the most studied group of soil fauna (Pashanasi et al., 1992, Edwards and 

Bohlen, 1996, Pashanasi et al., 1996. Although the extent to which earthworms benefit soil 

formation and function may vary between soil types (Oades, 1993). Earthworms play a key 

role in removing plant litter, dung, and other organic material from the soil surface and 

incorporating these materials into the soil (Martin, 1991). According to Raw (1962), 
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earthworms Lumbricus terrestris in apple orchard in UK, consume up to 2 t of litter/ha/year, 

which can represent 100% of the annual litter fall. Edwards and Bohlen (1996) estimated that 

7-90 t of top soil/ha/year passes through the guts of earthworms in temperate soils. 

Earthworms enhance aggregation and are assumed to stimulate the formation of 

organo-mineral complexes (Shipitalo and Protz, 1988; Lee and Foster, 1991; Bossuyt et al., 

2005). The adsorption of C on the surface of mineral particles is considered an important 

mechanism of C stabilization, a mechanism that may be enhanced by earthworm activity 

(Lavelle, 1988; Marinissen and Dexter, 1990). Aggregates physically protect soil organic 

matter and are crucial for the long-term storage and stabilization of soil C (Scullion and 

Malik, 2000; Six et al., 2004). 

The overall objective of the current study was to clarify the mechanisms by which the 

epigeic earthworm Lumbricus rubellus affects different fractions of soil C. In a long-term 

laboratory experiment, we added leaf litter to the surface of soil microcosms with or without 

earthworms. In a third treatment, which did not include earthworms, we mechanically mixed 

fragmented litter into the soil to simulate tillage. We tested the hypothesis that carbon 

sequestration would be greater in microcosms with surface-applied litter and earthworms than 

in microcosms in which fragmented litter was mechanically mixed into the soil without 

earthworms. Despite fact that this is a laboratory experiment it is inspired real word situation 

in post mining sites near Sokolov where L. rubellus belongs to the most important early 

colonizers and two contrasting combination of litter and vegetation reflect common 

combination of substrate and vegetation found in field (Frouz et al., 2001; Mudrák and Frouz, 

2012). 

 

2. Materials and methods 

 

2.1. Collection of materials 

 

A laboratory experiment was performed with soil collected from two post-mining sites 

near Sokolov, Czech Republic. Both sites were ca. 10 years old (i.e., the soil had been 

deposited by mining operations 10 years earlier) and supported little vegetation. One site 

contained sand without any organic matter and the other contained tertiary clay. The soils 

were collected from a depth of 3e10 cm. The sand was passed through a 2-mm screen, and the 

clay was passed through a 5-mm screen. Neither the sand nor the clay contained earthworms. 
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Carbon content in sand was 0.4% in clay 2.4% respectively. Dominant clay minerals in used 

clay were kaolinite and illite (Kříbek et al., 1998). 

Two types of leaf litter were used: alder (Alnus glutinosa; C content 44.4) and willow 

(Salix caprea; C content 42.1%). Alder and willow are the dominant trees at post-mining sites 

near Sokolov. Alder has been widely planted as part of the restoration of clay soils (Frouz et 

al., 2001) and produces leaf litter with a C:N ratio of 23 (Frouz et al., 2013b). Willow 

naturally colonizes sandy or less weathered post-mining sites (Mudrák and Frouz, 2012) and 

produces leaf litter with a C:N ratio of 31 (Frouz et al., 2013b) Alder litter was used with the 

clay soil, and willow litter was used with the sandy soil. Litter were collected at the time of 

natural litter fall, using litter traps consisting of nylon mesh sacks fixed on wooden frames 

(0.5 x 0.5 m) and located 0.5m above the soil surface (Frouz et al., 2009). Collected materials 

were hand sorted to remove small branches and woody debris, and leaf litter was cut into 

pieces ca. 1 cm x 3 cm and homogenized. Leaf litter was then air dried and stored in paper 

sacks in the dark. 

The epigeic earthworm L. rubellus inhabits the litter and upper layers of mineral soil 

and produces excrements (casts) with mixed organic and mineral particles (Frouz et al., 

2007). L. rubellus is among the first colonisers of post-mining heaps (Frouz et al., 2013a,b). 

Earthworms were collected in the same locations as the litter (Frouz et al., 2009). 

 

2.2. Experiment 

 

Laboratory microcosms consisted of 250-ml glass bottles containing mineral soil and 

surface litter and from each of the two sites. The mineral layer (100 g per microcosm, dry 

weight equivalent) was moistened to field capacity with distilled water. 

Before the leaf litter was added to the microcosms, its moisture content was increased 

to 70% (g of water/100 g dry litter). For remoistening with minimal leaching, the litter was 

placed in a plastic bag and repeatedly sprayed with distilled water. The moistened leaf litter 

were added to the microcosms in one of two ways: it was applied to the soil surface (or to the 

top of the existing litter layer when reapplied as described later), or it was crushed by hand 

while still dry, passed through a 1-mm sieve, moistened, and then mixed by spoon into the 

mineral soil in the microcosm. Each microcosm with surface litter contained two or zero 

specimens of L. rubellus; earthworms were not added to the microcosms with mechanically 

incorporated litter. The litter was added at the beginning of experiment and three times 

thereafter. The new litter was added within 3 weeks after the previously added litter had 
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disappeared from the soil surface in microcosms with earthworms. This resulted in a total of 

four additions of litter and four periods after litter addition (Fig. 1). Each addition contained 4 

g (dry weight equivalent) of litter, so that a total of 16 g was added to each microcosm. The 

microcosms were weekly checked throughout the experiment to confirm that the earthworms 

were alive and active, in several cases dead earthworm was observed, this was removed and 

replaced by another earthworm the same size. In two cases more than two worms were 

observed, when those reach size about 3 cm additional earthworms were removed to keep 

number of worm constant. 

In summary, there were two combinations of soil and litter (sand and willow; clay and 

alder), two ways in which litter was added fragmented litter was mixed into the soil and 

relatively intact litter was added to the surface. The latter one either stays as it is or has 

earthworm treatments. This makes totally six combinations. Each combination was 

represented by six replicate microcosms. The microcosms were kept in the dark at 16 _C for 

126 weeks. The microcosms were closed with a lid that minimized moisture lost but allowed 

some air exchange with the surrounding atmosphere. We weight microcosms periodically to 

make sure that their moisture is constant. 

Respiration in each microcosm was measured 2 days after the experiment began and 

once per week thereafter; because of investigator illness, however, measurements are missing 

for some weeks following the third addition of litter. Carbon dioxide release was measured by 

placing 1 N NaOH in a small beaker in each microcosm; the beaker was covered with mesh to 

exclude fauna penetration into the beaker. The beakers were removed after 1 day, and the 

carbon dioxide trapped in the NaOH was quantified by titration by HCl with BaCl2 addition. 

 

2.3. Measurements at the end of the experiment 

 

The experiment was terminated after 126 weeks. Most of soil volume in earthworm 

treatment was formed by casts at the end of experiment. The litter and the mineral layers were 

separated, and the earthworms were removed from the microcosms to which they had been 

added (one to four specimens was found in each worm treatment). After the fresh weights of 

the litter and mineral layers were measured, the layers from each microcosm were divided in 

half. Half of the litter and mineral layer was weighed, dried and weighed again, and then used 

for analysis of C and N content and organic matter fractions (active, passive, and slow pools). 

The other half of each layer mixed together was kept fresh at 4 µC and was used for analysis 

of microbial biomass and ergosterol content within 1 week. A subsample of the dried material 
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was finely ground and then assessed for C and N content with an NC 2100 soil analyser 

(Thermo-Quest Italia S.p.A.). 

Individual fractions of organic matter (the active, passive, and slow pools) were 

separated in the mineral layer of each microcosm according to Zimmermann et al. (2006). 

Zimmerman pools should correspond to pools defined in Rothamsted model. A combination 

of physical and chemical methods (sonication, density fractionation and acid oxidation) 

resulted in two active (particulate organic matter and dissolved organic carbon), two slow 

(carbon associated to clay and silt or stabilized in aggregates) and one passive (oxidation-

resistant carbon) fractions. C content in individual fractions was established using a CN 

analyser as described above. For the purpose of this study individual sub-fractions were 

pooled and active, slow and passive fractions were shown. 

Microbial biomass was quantified by the chloroform fumigation-extraction method 

(Jenkinson and Powlson, 1976). 

Ergosterol was extracted and quantified as described by Snajdr et al. (2008) using a 

Waters Alliance HPLC system (Waters, USA) with methanol as the mobile phase at a flow 

rate of 1 ml/min and UV detection at 282 nm. 

 

2.4. Data processing 

 

C loss from individual treatments was evaluated based on C lost as carbon dioxide and 

on C lost from soil C pools. 

C lost by heterotrophic respiration was calculated as a mean C lost by respiration per 

day and microcosms at the beginning and the end of interval multiplied by length of interval. 

Respiration include microbial respiration (in worm less treatment) or both microbial and 

earthworms respiration in earthworm treatments. C loss was summed over the whole 

experiment or over individual litter-addition periods. A one-way ANOVA, followed by an 

LSD post hoc test, was used to compare C loss from individual treatments for each particular 

combination of litter and soil (alder on clay and willow on sand) using six replicates of each 

treatment. 

C stock in individual layers of microcosms at the end of experiment was calculated as 

fresh weight of the layer multiplied by its dry matter content multiplied by its C content. C 

stock in the whole microcosm was calculated as sum of both layers. A one-way ANOVA was 

used to compare treatments as described earlier. Similarly, one-way ANOVAs were used to 
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compare C stored in individual pools, microbial biomass, and ergosterol content. All 

computations were done with Statistica 10.0.  

 

3. Results 

 

During first 20 weeks of the experiment, C loss due to heterotrophic respiration was 

highest in microcosms with earthworms (Figs. 1 and 2); this was true whether microcosms 

contained willow litter and sand or alder litter and clay. At intermediate stages of the 

experiment, C loss did not significantly differ among the treatments (Figs. 1 and 2). From 

week 80e126, C loss was greater when litter had been mechanically mixed into the soil than 

when litter was left on the soil surface with or without earthworms (Figs. 1 and 2). 

At the end of the experiment (week 126) in microcosms with alder litter and clay, total 

C stock per microcosm was the highest when litter had been added to the soil surface without 

earthworms but this treatment do not differ from earthworm treatment. Both these treatments 

had higher C stock than treatment when litter had been mechanically mixed into the soil 

(Table 1). Also in microcosms with willow litter and sand, total C stock per microcosm was 

the highest when litter had been added to the surface without earthworms; C stock in this 

treatment was significantly higher than earthworms or mechanically mixed treatment (Table 

1). 

In both kinds of microcosms, the C content in the active pool was significantly higher 

when litter was mechanically mixed into the soil and when litter was added to the soil surface 

with earthworms than when litter was added to the soil surface without earthworms (Fig. 3a). 

According to a two-way ANOVA, the C content was significantly higher in the slow and 

passive pools in microcosms with alder litter and clay than in microcosms with willow litter 

and sand (Fig. 3a and b). In both kinds of microcosms, the C content was greater in the slow 

pool when earthworms were added than when earthworms were not added with the surface-

applied litter. In both kinds of microcosms, the C content in the three pools was not 

significantly different when litter was mechanically mixed with soil vs. when litter was added 

to the surface with earthworms (Fig. 3). In sand mixing is significantly higher than surface 

treatment, while in clay there is no significant difference between those two. The passive pool 

did not significantly differ among the three treatments in microcosms with willow litter and 

sand (Fig. 3b). In microcosms with alder litter and clay, however, the C content in the passive 

pool was greater when litter was added to the surface without earthworms than when litter 

was added to the surface with earthworms or was mechanically mixed into the soil (Fig. 3b). 
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Microbial C was significantly higher in treatments where litter was mechanically 

mixed into the soil than if it was added to the soil surface with or without earthworms in both 

kinds of microcosms (Fig. 4a). Microbial C in samples was greater with earthworms than 

without earthworms in microcosms containing alder litter and clay, but was similar with and 

without earthworms in microcosms containing willow litter and sand (Fig. 4a). Ergosterol 

concentration was higher in treatments when litter was added to the soil surface without 

earthworms than in the other two treatments, regardless of soil and litter type (Fig. 4b). 

Ergosterol concentrations were very low and did not differ in the treatment with earthworms 

vs. the treatment with mechanical mixing.  

 

4. Discussion 

 

The results of our microcosm experiment indicate that earthworms Lumbricus rubellus 

increased soil respiration shortly after being introduced into the soil but reduced respiration in 

the long term comparison with a treatment in which litter was mixed into mineral soil. This is 

consistent with earlier observations that microbial respiration is initially enhanced in faunal 

excrement but subsequently reduced as excrements age (Martin, 1991; Lavelle and Martin, 

1992; Lavelle et al., 1997; Frouz et al., 1999; Frouz and Šimek, 2009). The initial increase in 

microbial activity shortly after defecation has been attributed to litter fragmentation, the 

release of available nutrients, and the increase in pH (Scheu and Wolters, 1991; Frouz et al., 

1999). The subsequent decrease has been attributed to the depletion of labile organic matter 

and to the accumulation of by-products of microbial activity (Marinissen and Dexter, 1990; 

Lavelle and Martin, 1992; Edwards and Bohlen, 1996; Frouz et al., 1999; Frouz and Šimek, 

2009). In the case of earthworms, the coating of organic matter with clay minerals and the 

incorporation of the organic matter into soil aggregates may also slow microbial 

decomposition (Zhang et al., 2003; Frouz et al., 2011a). 

Our experiment differed from most others in that litter was added four times rather 

than once. Significantly, the response of the system in terms of microbial respiration changed 

as the system aged. In the young system, which contained no litter-derived soil organic 

matter, the earthworms enhanced respiration after litter addition. In the older system, 

however, the increase in heterotrophic respiration following the addition of fresh organic 

matter was lower when earthworms were present than absent (Figs. 1 and 2). This means long 

term influence of fauna alters response of soil litter system to fauna activity. Similar 

observations were recently reported by Liiri et al. (2012) and Toyota et al. (2013), who 
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observed that earthworms conserve soil C and N to a greater degree in soils that have a 

relatively high organic matter content and a history of soil fauna activity than in soils that 

have a low organic matter content and little history of soil fauna activity. These observations 

suggest that the effect of fauna on soil organic matter dynamics is case sensitive and depends 

on the soil in which fauna work. In our experiments earthworms tend to increase C loss when 

introduced into a new system but tend to increase C stabilization or not affect C loss when 

they have been active in a soil for a long period. In works of Liiri et al. (2012) and Toyota et 

al. (2013), previous fauna presence was associated with higher C content. Results of our 

experiment show, that the duration of fauna presence has similar effect in soils with different 

C content. By other words duration of fauna presence seems to be more important than C 

content in soil. 

Earthworms may mobilize mineralization of existing SOM, e.g. by priming effect, and 

at the same time they may contribute to SOM stabilization, e.g. by aggregate formation 

(Fahey et al., 2013). We expect that the relative importance of stabilization and mobilization 

mechanisms change with duration of fauna presence. We suggest that this phenomenon can be 

explained by several hypotheses, which are not mutually exclusive. Previous studies show 

that respiration is high in fresh fauna excrements but decreases with time; in old excrements, 

respiration is often found to be lower than in fauna unaffected control (Martin, 1991; Lavelle 

and Martin, 1992; Lavelle et al., 1997; Frouz et al., 1999; Frouz and Šimek, 2009). In these 

studies, decrease of respiration occurred typically much faster than in our study (within days 

or weeks). Therefore, the pattern we observed cannot be explained by ageing of feces alone. 

However, young feces may have been relatively more abundant in the young system while old 

feces may have been more abundant in the old system and this change in combination with 

the difference in respiration of old and young feces could have contributed to long term 

decrease of microbial respiration. 

Another possible mechanism of how respiration is affected by earthworms may be 

connected with local aeration and compaction of soil. When earthworms are introduced to a 

new system, they build a system of corridors which may increase aeration and as a 

consequence also microbial respiration. At the same time, soil is locally compacted in 

earthworm casts and microbial activity inside these casts may be limited. Proportion of 

corridors and casts may change over time. Soil organic matter may be stabilized by fauna 

through physical binding inside aggregates resulting from coating by clay minerals which 

may slow down microbial decomposition (Zhang et al., 2003). 
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Organic matter may be stored inside aggregates either between microaggregates or 

inside microaggregates (Six et al., 2004); proportion of organic matter stored in between and 

inside microaggregates may change over time binding inside aggregates resulting from 

coating by clay minerals which may slow down microbial decomposition (Zhang et al., 2003). 

Organic matter may be stored inside aggregates either between microaggregates or inside 

microaggregates (Six et al., 2004); proportion of organic matter stored in between and inside 

microaggregates may change over time. 

The latter two stabilization mechanisms involve coating of organic matter with clay 

minerals and binding of organic matter into soil aggregates. This is consistent with larger size 

of the slow organic pool found in the treatment where litter was added to the soil surface with 

earthworms rather than without earthworms (Fig. 3), and this is also consistent with this 

difference being more pronounced in the clay than in the sandy substrate. Moreover in clay 

soil, slow pool of SOM is higher than in sand even in the treatment without earthworms (Fig 

3). We expect that dissolved organic matter leached from the litter is likely to be adsorbed to 

clay surfaces and appear in the slow soil C fraction. 

Total C storage was greater when relatively intact litter was applied to the soil surface 

without earthworms than when fragmented litter was mechanically mixed into the soil. The 

effect of earthworm addition depended on the combination of litter and soil in the 

microcosms. Total C storage was similar with and without earthworms in microcosms with 

alder litter and clay but was reduced by earthworms in microcosms with willow and sand. 

However, in treatments with surface applied litter without earthworms, most of the organic 

matter stayed in litter on the soil surface, organic matter could enter the mineral soil mainly 

by leaching and consequently become part of active pool of soil C (Fig. 3). 

As noted in the previous paragraph, the effect of adding earthworms along with 

surface-applied litter depended on the soil type in the microcosm. When we compare 

earthworm treatment, and surface application without earthworms the output strongly depend 

on the soil type. Soil respiration during last litter addition was significantly lower in 

earthworm treatment than in surface application without earthworms in clay treatments but no 

significant difference was found in sand. This can be explained by the effect of conditions on 

the formation of soil aggregates. In clay soils, earthworms ingest clay particles with litter and 

coat the organic matter with clay as it passes through their guts; as noted earlier, the clay-

coating may slow the decomposition of organic matter and enhance C storage in the long 

term. That earthworm processing of litter with a low C: N ratio resulted in high C storage in 

microcosms containing clay is consistent with the formation of mull forms of humus by 
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earthworms in nature (Ponge, 2003). Similarly, our finding that the contribution of 

earthworms to C storage is reduced in sandy soil supplied with low quality litter (i.e., litter 

with a high C: N ratio) is consistent with the relatively small contribution of earthworms to 

topsoil formation in sandy soils supplied with low quality litter (Ponge, 2003). 

As mentioned earlier regarding the pools of soil organic matter, differences among 

treatments were largest in the active pool, intermediate in the slow pool, and smallest in the 

passive pool. The only difference in the passive pool was that it was lower with earthworms 

or with mechanical mixing than without earthworms. This seems to contradict our previous 

statement that earthworms promote soil organic matter stabilization. The unexpected effects 

of earthworms on the passive pool may be explained by the peculiarities of the clay substrate 

at post-mining sites. The clay substrate used in our experiment contains large amounts of 

fossil organic matter (Frouz et al., 2011b). Although this organic matter is in the form of 

kerogen and is quite stable, it can be gradually decomposed by microbial activity (Frouz et al., 

2011a). We suspect that the incorporation of recent organic matter into the substrate by 

earthworms or by mechanical mixing may have increased the microbial decomposition of this 

stable fossil organic matter and thus decreased the pool of stable soil organic matter. Addition 

of fresh organic matter can cause priming effect (Fontaine et al., 2004), that may stimulate 

decomposition of fossil organic matter. 

Microbial immobilization of nutrients has often been associated with soil fungi (Frey 

et al., 1999), and the shift from a bacterial dominated to a fungal-dominated microbial 

community should enhance soil organic matter sequestration. However, this did not seem to 

be the case in the microcosms that contained clay in the current study. As indicated by 

ergosterol content and microbial biomass, the addition of earthworms caused the microbial 

community to shift from being dominated by fungi to being dominated by bacteria (Fig. 4b) 

but this was not accompanied by a significant drop in C stock in microcosms (Table 1). This 

indicates that soil organic matter and nutrients may be immobilized even in a microbial 

community dominated by bacteria and that immobilization can occur independently of 

changes in the ratio of fungi to bacteria. 

Regardless of soil type or litter type in the microcosms, the addition of earthworms or 

the mechanical mixing of litter into the soil greatly reduced the fungal community (Fig. 4). 

This agrees with Frouz et al. (2013b,c) and indicates that soil mixing and the incorporation of 

organic matter into the soil greatly affects the ratio of fungi to bacteria. 
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5. Conclusion 

 

In a clay soil from a post-mining site, supplied by litter with a low C: N ratio C storage 

was higher when litter with was added to the soil surface with or without earthworms than 

when fragmented litter was mechanically mixed into the soil in a treatment that simulated 

tillage. In a sandy soil from another post-mining site supplied by litter with a high C: N ratio, 

C storage was higher when was added to the soil surface without earthworms than when litter 

was added to the surface with earthworms or when the litter was mechanically mixed into the 

soil. In other words, the effect of earthworms on C storage depended on the soil and litter 

type, but simulated tillage always reduced C storage regardless of soil and litter type. In both 

litter and soil type earthworms effect changes over time. Earthworm tent to promote C loss 

from young soils with no litter derived organic matter while in older systems which was under 

fauna effect for some time, and organic matter accumulates, earthworms tent to promote C 

storage. The increase in C sequestration a clay treatment is independent of the fungal: 

bacterial ratio. 
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Appendices 

 

Table 1 

Dry mass of litter and soil, C content in litter layer (on soil surface) and in mineral soil layer, 

and C stock in whole microcosms (both layers pooled) after 126weeks as affected by the 

following treatments: litter was added to the soil surface without earthworms (surface) or with 

earthworms (earthworms) or was fragmented and mechanically mixed into the soil (mixed). 

Microcosms contained alder litter on a clay substrate or willow litter on a sandy substrate. 

Ammput of C introduced to the system at the beginning with soul was 0.4 g bottle_1 for sand 

and 2.4 g bottle_1 for clay, then in total 6.7 and 7.0 g C bottle_1 was introduced during 

experiment with willow or alder litter for sand and clay respectively. Values are means ± SD. 

For each combination of soil and litter type, means in a column followed by the same letter 

are not significantly different (ANOVA, LSD post hoc test. p < 0.05). n/ a indicates that litter 

was not evident in the soil and could not be sampled. 
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Fig. 1. Changes in the soil respiration in soil microcosms (bottles) over 126 weeks as affected 

by litter and earthworm treatments; treatments are described in Table 1. Microcosms 

contained (a) alder litter on a clay substrate or (b) willow litter on a sandy substrate. Litter 

was added four times, as indicated by arrows, resulting in four post addition periods (I-IV). 

 

 

 

 

 

  

 

Fig. 2. Soil respiration in soil microcosms (bottles) in three of the four periods following litter 

addition as affected by litter and earthworm treatments; treatments are described in Table 1, 

and periods are described in Fig. 1. Microcosms contained (a) alder litter on a clay substrate 

or (b) willow litter on a sandy substrate. Values are means + SD. Within each panel and 

period, means with the same letter are not significantly different (ANOVA, LSD post hoc test, 

p < 0.05). 
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Fig. 3. Carbon content of individual fractions or pools of SOM at the end of the experiment as 

affected by litter and earthworm treatments; treatments are described in Table 1. Microcosms 

contained (a) alder litter on a clay substrate or (b) willow litter on a sandy substrate. Values 

are means +SD. For each pool within each kind of microcosm, means with the same letter are 

not significantly different (ANOVA, LSD post hoc test, p < 0.05). 

 

 

 

 

  

 

Fig. 4. Microbial biomass (a) and ergosterol content (b) at the end of the experiment as 

affected by litter and earthworm treatments; treatments are described in Table 1. Microcosms 

contained alder litter on clay substrate or willow litter on sandy substrate. Each processed 

sample contained a mixture of the mineral layer and surface litter layer in proportions that 

matched their proportions (based on fresh weights) in each microcosm. Values are means ţ 

SD. For each combination of soil and litter type, means with the same letter are not 

significantly different (ANOVA, LSD post hoc test, p < 0.05). 
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Abstract 

To explore the question how litter and macrofauna feces respond to temperature and how 

respiration differs for litter with different CN ratio we compared the decomposition rates of 

leaf litter (Alnus glutinosa, Salix caprea, Acer campestre) and isopod (Armadillidium vulgare) 

feces produced from the same litter in response to three constant (8,16 and 24 ºC) and one 

fluctuating (first week 8 ºC, the other week 24 ºC) temperatures in a 50-week laboratory 

experiment. Microbial respiration of litter with lower CN ratio (alder and willow) was 

significantly higher than respiration of feces, no significant difference was found for maple 

litter with higher CN ratio. This was supported by field litter bags experiment where alder and 

willow litter decomposed faster than feces but opposite was true for maple litter. Litter 

respiration was significantly affected by temperature but feces respiration was not. 

Fluctuating temperature caused either lower or equal respiration as mean constant 

temperature. Phenolic content was significantly higher in intact litter in comparison with 

decomposed litter and feces either fresh or decomposed. CN ration decreased as litter turn to 

feces in maple and alder litter but increased in willow litter. In conclusion, microbial 

respiration of both litter and feces were substantially affected by litter quality; the litter was 

more sensitive to temperature than feces. 

Keywords: CN ratio; Feces; Isopods; Litter decomposition; Microbial respiration; Phenolics 
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1. Introduction 

 

Most of the terrestrial net primary production enters the decomposition system as dead 

organic matter, and subsequent recycling of carbon and nutrients is the key process for the 

functioning of ecosystem (Mellilo et al., 1982; Wolters, 2000). Carbon storage in terrestrial 

ecosystem depends on the balance between the gain from net primary production and the loss 

through decomposition (Lavelle and Spain, 2001). Hence litter decomposition exhibits a 

critical function in carbon budget in terrestrial ecosystem (Prescott, 2010). 

Leaf litter decomposition is regulated by an array of abiotic factors, of which the most 

important are climate, such as temperature, moisture and CO2 (Wall et al., 2008), and the 

chemical nature of the litter (David and Gillon, 2009). Increasing temperature directly 

accelerates the metabolic and biochemical processes (Brown et al., 2004), therefore it 

accelerates decomposition rates as well. Ecological stochiometry describes how the 

macroelements carbon (C), nitrogen (N) and phosphorus (P), and their ratios are critical for 

organisms to build biological structures, and to regulate physiological processes (Cleveland 

and Liptzin, 2007). According to this theory, microbial growth and biomass production 

require a balance among those elements therefore the relative abundance of carbon and 

nutrients in organic matter should regulate microbial activity and thus influence litter 

decomposition processes (Cleveland and Liptzin, 2007). 

Unique component of leaf litter are phenolic compounds which play a fundamental 

role in the chemical defence of plants against herbivores and pathogens (Zimmer and Topp, 

2002). Some researchers have shown that the total phenolic content strongly differs between 

successional-tree species and old-growth species (Xuluc-Tolosa et al., 2003). The phenolic 

content changes with plant growth and abiotic factors, such as temperature and radiation 

(Salgado et al., 2008) and may affect the activity of microbial and faunal decomposers 

(Zimmer et al., 2002). 

Many studies demonstrated that isopods are capable of oxidizing (Zimmer and Topp, 

1998) and hydrolysing ingested phenolics (Zimmer, 1999; Zimmer et al., 2002) other studies 

observed specific activity of peroxidase in earthworms (Hartenstein, 1982). Graca and 

Bärlocher (2005) showed that phenolics can inhibit enzyme catalysed reactions or bind and 

precipitate proteins. Similar findings were presented by Frouz et al. (2011); they observed 

polymerization of organic substances and the inclusion of proteins and phenols into humic 

acids in the digestive tracts of bibionid larvae and earthworms. 
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Leaf litter decomposition is affected by saprophagous community (Frouz et al., 2007). 

The most abundant macro-decomposers are woodlice (Isopoda), millipedes (Diplopoda), 

earthworms (Oligochaeta), dipteran larvae, and termites (Lavelle et al., 1997; Frouz et al., 

2001). While they make only little direct contribution to the decomposition process per se 

(mineralisation of organic compounds into carbon dioxide), the soil macrofauna significantly 

indirectly affects decomposition by modification of habitat for microorganisms (Wolters, 

2000; Wall et al., 2008). Macrofauna increases the surface area available for microbial 

decomposition through the mechanical breakdown of leaf litter into smaller particles (David 

and Handa, 2010). Macrofauna also helps to mix the litter into homogenous state and 

transport it into more favourable microclimate conditions in deeper moister soils (Lavelle and 

Martin, 1992), accelerate microbial inoculation to materials (Lavelle et al., 1997), and 

influence the density and composition of the soil microflora responsible for fine-scale 

decomposition (Hassall et al., 1987; Wolters, 2000). 

For our experiment we used the isopod Armadillidium vulgare (Latreille). This 

terrestrial isopod represents common and abundant member of the saprophagous soil 

macrofauna in deciduous woodlands in Europe (Hassall et al., 1987) and may reach field 

densities as high as 10,000 individuals per m
2
 (Frouz et al., 2004). In contrast to earthworms 

which substantially modify the physical structure of soil profile (Lavelle and Martin, 1992; 

Lavelle et al., 1997), isopods are not true-dwellers, but they typically occur in the leaf litter 

and the uppermost soil layer where they consume a substantial proportion of annual leaf litter 

fall. Because of the low assimilation efficiency isopods return large amounts of consumed 

litter as feces, clearly visible in the litter and top soil layers, which provides increased surface 

that is readily colonized by microbial populations (Hassall et al., 1987). Isopods are also 

known for preferring to feed on partially decayed litter, which may reflect a preference for 

litter with reduced tannin and phenolics content (Zimmer and Topp, 2002). 

 

This experiment was designed to explore how litter and macrofauna excrements 

respond to temperature and how respiration differs for litter with different CN ratio. 

Specifically, we addressed the following hypotheses: 

1. In a long-term experiment microbial respiration of all litter types is higher compared to 

feces obtained from the same litter. 

2. There is lower content of phenolic compounds in isopod feces than in leaf litter, as a 

consequence of passage through the gut. 
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2. Material and methods 

 

2.1. Material 

 

Three types of leaf litter, alder (Alnus glutinosa), willow (Salix caprea), and field 

maple (Acer campestre) were used. These litter types represent a broad gradient of litter with 

various C: N ratio and phenolic content. Alder and willow litter were collected from brown 

coal post mining site near Sokolov (NW Bohemia, Czech Republic). These are of 

predominating trees at reclaimed and non-reclaimed habitats, where a field manipulation 

experiment was carried out. On the contrary field maple litter was collected in deciduous 

woodland located in an urban area on Petřín hill in Prague. All types of litter were collected 

from the soil surface in October 2012. Freshly fallen litter was excluded because soil 

macrofauna generally prefer litter with microbial conditioning (Lavelle and Spain, 2001). The 

leaf litter was carefully separated by hand from other components such as small branches and 

woody debris, and then air-dried and stored in paper bags in a dark, dry location before usage. 

The terrestrial isopod Armadillidium vulgare (Latreille) was collected in deciduous 

woodland at the same place as the field maple in October 2012 and kept in clime-box at 16 

ºC. About 120 individuals of A. vulgare were divided into three plastic containers and 

supplied with rewetted leaf litter of alder, willow or maple for 3 months. Every third day, the 

feces were collected and new rewetted litters were provided. Collected feces were 

immediately air-dried and stored in paper bags in a dark, dry location before usage. 

Rewetting of all material was done one day before material was used in experiment 

(Rouifed et al., 2010) by placing them in nylon bags (0.02 mm mesh size) and submersing 

these bags in distilled water for 2 h. Litter used in feeding experiment was removed from 

paper bags before as a food for isopods. 

 

2.2. Microcosms and incubation 

 

Collected materials (three types of litter and feces from these litters) were divided into 

two parts; the first part was stored in paper bags for chemical analyses of initial materials, and 

the second part was used for long-term respiration experiments.  

The leaf litter was cut into small pieces (1 cm
2
) and placed in nylon litter bags (2 x 2 

cm, mesh size 0.02 mm); about 0.2 g was placed in each bag. As isopods were observed to not 

consume large veins of leaves (Špaldoňová and Frouz, 2014) the thick veins were removed 
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prior to the experiment. This ensured that we were comparing feces with the material from 

which they were initially derived. Similar litter bags were used for feces (0.2 g per bag).  

The laboratory microcosm was placed in 250 ml glass bottle (one bag per bottle) with 

40 g of fine sand on the bottom. The sand contained no organic matter and was moistened in a 

way that there no was visible water level in the sand but there was constant capillarity fridge 

from the sand. Distilled water was added bi-weekly in each bottle (1 ml per bottle) to maintain 

constant moisture. To prevent litter leaching, water was added to microcosm along the wall. 

Litter bags with litter or feces were maintained under three constant (8, 16, 24 ºC) and one 

fluctuating (one week 8, the other week 24 ºC) temperatures in clima-boxes. For measurement 

of microbial respiration, bottles were sealed for 6 days every week and supplied with 4 ml of 

0.5 M NaOH in a small baker. The CO2 produced in the bottle was trapped in the NaOH, and 

the quantity trapped was determined by titration with 0.05 M HCl after 2 ml of BaCl2 was 

added (Page, 1982). As there were no other mechanisms by which organic matter may have 

left the experimental system (e.g. leaching), we may use cumulative amount of carbon loss by 

respiration and carbon loss from the decomposing material. This was repeated for 50 weeks, 

after this time the respiration experiment was ended.  

Field experiment was held at mixed forest where all three species occur. The litter 

bags with sample were fixed to the ground in March 2013. After 50 weeks litter bags were 

removed, immediately transported to the laboratory, and then oven-dried at 60 ºC for 48 h to 

determine the remaining dry mass. 

In all cases three replicates were measured. 

 

2.3. Substrate analyses 

 

After 50 weeks the experiment was terminated. All material was oven-dried at 60 ºC 

for 48 h to a constant weight. Then the oven-dried material was grounded using a centrifugal 

mill to obtain a uniform particle size of < 1 µm, and divided into two portions; one for the 

measurement of total carbon and nitrogen concentrations and the other for determination of 

phenolic content. Also portion of material which was used to prepare feces kept. 

The total carbon and nitrogen concentrations in all materials at the start and at the end 

of the respiration experiment were measured with a CN analyser (The Elemental Analyzer 

1108, Carlo Erba Instruments). We performed triplicate measurement of each sample and the 

results were averaged. 
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The amount of total soluble phenolics (TSP) in all materials at the start and at the end 

of the respiration experiment was determined according to Singleton and Rossi (1965). Frozen 

materials were homogenized in liquid nitrogen. Phenolics were extracted three times in 80% 

methanol (v/v) in a water bath (55 ºC), and concentrations were determined 

spectrophotometrically at a wavelength of 750 nm using a Helios spectrophotometer (Unicam, 

Cambridge, UK) in a methanol extract using a Folin-Ciocalteau phenol reagent and gallic acid 

as a standard. 

Material from the field experiment was additionally weighted to establish the dry 

matter content. 

 

2.4. Data analyses 

 

All computations were done in Statistica 10.0. 

 

For the respiration data, three-way ANOVA was used to determine the effect of type 

of substrate and four temperature treatments on respiration rate. Two-way ANOVAs were 

used to compare carbon loss in litters and feces within each treatment. For factors which had 

significant effect and no interactions LSD post hoc test (p<0.05) was calculated. 

For the phenolics data and field respiration experiment, two-way ANOVAs were used. 

 

3. Results 

 

3.1 Respiration data 

 

During the 50 weeks experiment the microbial respiration of both litter and feces 

gradually decreased with time (Fig. 1). Cumulative microbial respiration after 50 weeks of 

experiment was used in future analysis. 

Three way ANOVA comparing effect of litter type, temperature and litter vs feces 

found significant effects of all three factors. The highest respiration was found at 24ºC and the 

lowest at 8ºC, fluctuating temperature 8 and 24ºC did not differ significantly from mean 

temperature of this treatment, i.e. 16ºC.  Carbon loss due to microbial respiration was 

significantly greater from litter than from A. vulgare feces (Fig. 2) (Table 2). 

Because of the significant interaction between litter type and litter vs feces treatment 

(F=7, p<0.5), we used two-way ANOVAs to explore the effect of treatments separately for 
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litter and feces (Table 2). Litter decomposition was affected by temperature (F=13.6, p<0.05) 

but feces was not. For litter there was also significant effect of litter type but litter type did not 

affect feces. The highest litter respiration was found at 16ºC which however did not differ 

significantly from 24ºC. Fluctuating temperature (8-24ºC) showed significantly lower 

respiration than at constant mean temperature (16ºC).  Respiration was greater in alder and 

willow litter than in maple litter. 

When comparing all litter, feces and temperature combinations by one way ANOVA, 

the respiration of litter was significantly higher than respiration of feces produced from the 

same litter at all investigated temperatures in alder and willow. However, in maple the litter 

respiration was significantly higher only at 16ºC but not at other temperatures. 

For the field conditions two-way ANOVA indicated a significant effect of litter type, 

litter vs feces as well as significant interaction between these two factors (Table 2). 

Remaining mass of litter increased with increasing CN ratio. Alder litter had 

significantly lower remaining mass than willow which had significantly lower remaining mass 

than maple litter (Fig. 2). No significant differences were found in mass loss of feces 

produced from various litter.  Filed mass loss in feces produced from alder and willow litter 

was significantly lower than in litter only while opposite was true for maple (Fig. 2). 

 

 3.2 Chemical changes of litter and feces 

 

CN ratio was strongly affected by litter type (Table 3; Fig. 3). There were also 

significant differences between litter and feces but this was accompanied with interaction with 

litter type (Table 3). CN ratio decreases as litter turn to feces (Fig. 3). 

Two-way ANOVA indicated no significant difference in the content of phenolics 

among individual litter types (F=0.5, p>0.64) but showed significant effect of treatments 

(feeding as litter transformed into feces and decomposition in various temperatures) (F=250.7, 

p<0.0001) (Table 4). Because of this we compared effect of treatments litter vs feces before 

and after decomposition experiment for all litter types pooled. 

Phenolics content was significantly higher in initial litter than in all other treatments 

(Fig. 4).  
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4. Discussion 

 

As shown in our experiment, microbial respiration of litter with lower CN ratio (alder 

and willow) was significantly higher than respiration of feces; however, no significant 

difference was found for maple litter with higher CN ratio (Table 2). This resultwas supported 

by field litter bags experiment (Table 4). This is in agreement with Cleveland and Liptzin 

(2007) who demonstrated that the dissimilarity in decomposition rate between litter and feces 

is related to different CN ratio. 

Slower decomposition of macrofauna feces compared to intact litter in the long-term 

was observed by several authors (Lavelle and Martin, 1992; Frouz and Šimek, 2007; Kaneda 

et al, 2013; Špaldoňová and Frouz, 2014). In contrary to these results Špaldoňová and Frouz 

(2014) observed significantly lower respiration in feces than in litter even in A. vulgare feces 

produced from maple litter. The fact that feces decomposed more slowly than unaffected litter 

may result from the compact structure of faecal pellets which can inhibit microbial 

decomposition (Suzuki et al., 2013), and from the depletion of readily assimilable carbon 

compounds by intestinal microflora (Zimmer et al., 2002) associated with increased 

concentrations of recalcitrant compounds such as lignin. As presented by Špaldoňová and 

Frouz (2014) in previous study on isopods, lower decomposability of feces may correspond 

with increased proportion of lignin and changes in lignin quality, increased syringyl to 

guaiacyl in feces compare to litter. 

Respiration of litter significantly increased with increasing temperature but this 

increase was not significant for feces. This suggests that litter respiration is more sensitive to 

temperature than feces respiration. In field condition this effect may be enhanced by fact that 

feces usually occur in deeper parts of soil profile which tend to be cooled than more surface 

parts that are dominated by litter (Frouz et al., 2007). Fluctuating temperature however did not 

caused higher respiration than mean temperature.  Špaldoňová and Frouz (2014) found some 

effect of temperature fluctuation however these fluctuations include freezing point and hence 

freezing and thawing cycles. This suggests that not temperature fluctuation per se but freezing 

and thawing cycles may cause respiration increase in Špaldoňová and Frouz (2014) 

experiment. 

Significant differences in microbial respiration were also found among litter types. 

The litter with lower CN ratio decomposed more rapidly than litter with higher CN ratio 

(Frouz et al., 2007). This is in agreement with our observation where microbial respiration 

was significantly higher in alder and willow litter than in maple (Table 2, 4). The maple litter 
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is typical old-growth forest species with low nitrogen content and thereby shows lower 

attractivity to microbial communities (Lavelle and Spain, 2001). On the contrary plant litter 

with high nitrogen content and low CN ratio such as alder and willow litter show higher 

microbial activity as nitrogen is essential for microbial function (Taylor et al., 1989). 

As demonstrated by Xuluc-Tolosa et al. (2003) successional and old-growth tree 

species can strongly differ in phenolics content. According to Singh et al. (2009) even in 

tropical successional tree species the phenolic content is much higher than in old-grow tree 

species. However, our results show similar content of phenolics in all three tree species (Table 

3). This finding may suggest that successional and old-growth tree species do not differ in 

production of defence substances in temperate zones. The initial litter had the highest 

phenolic content with comparison to other substrates. We observed considerable decrease of 

phenolic content when litter was transformed into feces. As well-known, there are unique 

conditions in the digestive tracts of most saprophagous invertebrates (Hartenstein, 1982). 

During gut passage, when the litter is digested, unassimilated compounds are derived from the 

litter and are used for consequent specific utilization (Hartenstein, 1982). For example, 

Zimmer (1999) described the ability of Porcellio scaber (Isopoda: Oniscidea) to 

hydrolytically degrade and detoxify phenolic compounds during digestion and the capability 

to oxidize ingested phenolics (Zimmer et al., 2002). As revealed by Wood et al. (2012) 

Balloniscus sellowii (Isopoda: Oniscidea) might be efficient in using phenolic compounds as 

an antioxidant agent. 

We observed no significant decrease of phenolic content in all types of substrates 

during 50 weeks of incubation at various temperatures. This may be partly caused by leaching 

of phenolics during incubation (Zimmer et al., 2002) or by microbial activity. However, it is 

well documented that microbial decomposers are responsible for half of the degradation of 

secondary metabolites such as simple phenols, catechin or flavones or some oligo and 

polymers (Kefeli et al., 2003). But in feces the decrease of phenolic compounds was not as 

massive as in litter because of their typical compactable structure. The analogical loss of 

phenolics, of course, may be due to the method used. 

 

5. Conclusion 

 

Microbial respiration of both litter and feces were substantially affected by litter 

quality. Phenolic content of leaf litter is considerably affected by both microbial and isopod 
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feeding activities. Our research suggests that A. vulgare feeding activity, however, in the long 

term did not increase carbon mineralization. 
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Appendices 

 

Tab. 1 Output of three-way ANOVA of total carbon loss from individual litter and feces 

treatment experienced in various temperatures (8, 16, 24 ºC and one fluctuating 8-24 ºC). For 

full data see Fig. 3. Because of significant differences found between litter type and litter 

transformed into feces two-way ANOVAs were calculated separately for litter and feces. For 

factors which had significant effect and no interactions LSD post hoc test (p<0.05) was 

calculated. Parameters are ordered from lowest to highest significance, statistically 

homogenous group are marked by the same letter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tab. 2 Output of two-way ANOVA comparing remaining mass in individual litter types and 

feces treatment exposed in field for 50 weeks. 

 

 df F P 

1- litter type 1 42.5 >0.0001 

2- fauna vs feces 2 25.2 0.0001 

interaction 1 x 2 2 40.8 >0.0001 

 

 

 

 

 df F p post hoc 

3 way ANOVA all data     

1- temperature 3 26.5 >0.0001 8a 8-24b 16bc 24c 

2 - litter type 2 7.5 0.0015  

3 - litter vs feces 1 90.6 >0.0001  

interactions 1 x 2 6 1.5 0.1926  

interactions 1 x 3 3 2.2 0.0968  

interactions 2 x 3 2 7.0 0.0021  

 
2 way ANOVA litter only 

   

1- temperature 3 13.6 >0.0001 8a 8-24b 24bc 16c 

2 - litter type 2 10.9 >0.0001 maple a, alder b, willow b 

interactions 1 x 2 6 1.3 0.2782  

 
2 way ANOVA feces only 

   

1- temperature 3 1.7 0.1913  

2 - litter type 2 1.2 0.3186  

interactions 1 x 2 6 1.7 0.1704  
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Tab. 3 Output of three-way ANOVA for CN ratio in litter vs feces in individual litter types 

before and after respiration experiment. 

 

 df F p 

1-before after 

decomposition 
5 5.7 0.0002 

2-litter type 2 28.1 >0.0001 

3-litter vs feces 1 18.5 0.0001 

interaction 1 x 2 10 1.0 0.4153 

interaction 1 x 3 5 2.6 0.0341 

interaction 2 x 3 2 6.4 0.0029 

 

 

 

 

Tab. 4 Content of phenolics in individual litter types, two-way ANOVA tests on effect of 

litter type and treatment (feeding as litter transformed into feces and decomposition in various 

temperatures). The effect of treatments was compared by LSD post hoc test. Statistically 

homogenous groups are marked by the same letter. 

 

      alder      willow      maple  mean 

Litter before 188 221 189 
      
199.2±15.4a 

Feces before 19 12 11 14.1±3.6b 
 
Litter after 8 ºC 10 7 13 9.8±2.7b 

Litter after 16 ºC 8 4 4 5.5±1.9b 

Litter after 24 ºC 7 5 2 4.4±2.2b 

Litter after 8-24 ºC 7 7 10 7.8±1.4b 
 
Feces after 8 ºC 12 8 5 8.1±3.1b 

Feces after 16 ºC 6 4 4 4.7±1.0b 

Feces after 24 ºC 5 4 6 4.7±0.8b 

Feces after 8-24 ºC 6 4 3 4.5±1.0b 
 
        df        F    p 

Litter type effect  2     0.5     0.6405 

Feeding and decomposition 9 250.7    >0.0001 
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Fig. 1 Cumulative changes of carbon loss from the materials during experiment. Example of 

average data for alder litter and feces at 16 ºC. Bars represent SD. 

 

 

 

 

Fig. 2 CN ratio of litter and feces. Before experiment (B) or after experiment in individual 

laboratory temperatures (three constant 8, 16, 24 ºC and one fluctuating 8-24 ºC temperature) 

and in the field (F). Statistically homogenous groups of columns are marked by the same 

letters. Letters are ordered alphabetically. In groups of more than 4 letters only first and last 

letter are given. (One-way ANOVA p<0.05). 
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Fig. 3 Remaining mass at the end of the experiment from treatment with litter (L) and feces 

(F) kept in various temperatures (three constant 8, 16, 24 ºC and one fluctuating 8-24 ºC). 

Statistically homogenous groups of columns are marked by the same letters. Letters are 

ordered alphabetically. In groups of more than 4 letters only first and last letter are given.  

 

 

 

 

 

 

Fig. 4 Remaining mass in litter types and feces in the field experiment for 50 weeks. 

Statistically homogenous groups are marked by the same letter. 
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Abstract 

Litter input represents an important part of the carbon cycle in terrestrial ecosystems; 

substantial part of litter is eaten by soil macrofauna and transformed into excrements. 

Previous studies indicated that in the long term, excrements of soil macrofauna decompose 

more slowly than leaf litter. To get insight about possible mechanisms that may cause this 

phenomenon, we fed saprophagous diptera larvae Bibio marci by litter of three tree species 

with contrasting litter quality (Alnus glutinosa, Salix caprea and Quercus robur) and 

subsequently measured respiration of litter and excrements produced from this litter for one 

year in a laboratory experiment.  At the same time, we measured respiration of the same litter 

treated by four artificial treatments that mimic various mechanisms by which the fauna can 

potentially modify the litter; these were: grinding, grinding with alkalinization to pH=11, 

grinding with coating by kaolinite, and grinding with both alkalinization and coating. In oak 

and alder, excrements decomposed significantly slower than litter. In oak, all artificial 

treatments also lead to slower decomposition than in litter but the slowdown was less 

pronounced than in excrements. The same level of slowdown as in excrements was reached 

by the ground, coated and alkalinized treatment in alder and willow and with alkalinization 

alone in alder. 
13

C NMR indicates that gut passage increases aliphatic component and 
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decreases polysaccharides. Pyrolysis indicates that gut passage increases proportion of 

guaiacyl compared to hydroxymethyl parts of lignin. In litter with higher CN ratio (oak and 

willow), CN ratio decreased as result of gut passage. Based on these data, a conceptual model 

was formulated on the mechanisms that cause long term slowdown in decomposition of 

macrofauna excrements. Those include removal of easily available polysaccharides, increase 

in aliphatic components, shift in lignin composition towards more resistant parts, 

accumulation of microbial cell walls, and binding of nitrogen into complexes with aromatic 

components.  These mechanisms occur in various extents in various litter types. 

Keywords: Alkalinization; Bibio; CN ratio; Litter decomposition; Mineralization; Pyrolysis 

 

1. Introduction 

 

With progressing global warming, soil organic matter receives large attention as an 

important player in the global carbon (C) cycle. Soil contains three times more C that the 

atmosphere and because of its dynamic nature, soil organic C could serve as either a 

significant sink or source for atmospheric carbon dioxide (Post et al., 1982). Most of the 

terrestrial net primary production enters the soil decomposer system as dead organic matter, 

namely leaf litter and dead roots (Wardle et al., 2004; García-Palacios et al., 2013). Leaf litter 

decomposition is affected by a complex interplay of climate, litter chemistry, soil properties, 

and activity of soil biota (Schmidt et al., 2011).  

Among soil biota, the largest attention has been paid to soil microflora; the effect of  

fauna has been generally neglected because assimilation efficiency of soil fauna is generally 

low (Anderson and Inesonn, 1984; Lavelle et al., 1997; Kadamannaya and Sridhar, 2009), so 

most ingested organic matter is only transformed from litter to excrements. However, fauna 

excrements represent quite a different environment than the original litter which may 

substantially affect microbial activity and decomposition rate (Anderson and Inesonn, 1984; 

Lavelle et al., 1997; Wolters, 2000). Usually during feeding or early after excrements have 

been produced, microbial activity and decomposition rate is increased, however later on, in 

older excrements, decomposition rate decreases and becomes lower than decomposition rate 

in the original litter (Van der Drift and Jansen, 1977; Hassall et al., 1986; 1987; Griffiths et 

al., 1989; Lavelle Martin, 1992; Frouz et al., 1999; Frouz and Šimek, 2009; Kaneda et al., 

2013; Frouz et al., 2014).  Factors causing increase of microbial activity in fresh fauna 

excrements has been repeatedly studied (Hassall et al., 1986; 1987; Griffith et al., 1989; Frouz 

et al., 1999), but mechanisms causing reduction of microbial activity later on are less 
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explored. This phenomenon received more attention in earthworms (Lavelle and Martin, 

1992; Zhang et al., 2003; Frouz et al., 2014), but factors causing reduction of decomposition 

in excrements of litter-feeding macrofauna are underexplored. This is despite the fact that soil 

macrofauna such as millipedes, isopods and insect larvae can consume 20 to 100% of annual 

litter fall in many ecosystems, mainly in the temperate broadleaf forests (Karpachecsky et al., 

1968; Szabó, 1972; Tajovský et al., 1992; García-Palacios et al., 2013), and accumulation of 

macrofauna excrements may form a distinct layer in many forest soils (Ponge, 2003; Frouz et 

al., 2007). 

The aim of this contribution is to explore mechanisms that may cause slowdown of 

microbial decomposition in older excrements of litter-feeding macroarthropods. To do so, we 

studied decomposition of litter as well as excrements produced from this litter together with 

artificial litter treatments that mimic some of the modifications the fauna may cause in the 

litter during gut passage. Those artificial treatments were litter fragmentation, litter 

alkalinization, coating by clay and their combinations. Litter fragmentation is assumed to be 

the major reason for initial increase of microbial respiration (Hassall et al., 1986; 1987; 

Griffiths et al., 1989; Frouz et al., 1999); therefore, we wanted to explore its effect in the long 

term. Alkalinization was used, because many of saprophagous arthropods have highly alkaline 

gut section (Johnson and Felton, 1996; Brune, 1998; Graça and Bärlocher, 1999; Frouz et al., 

2002). Clay coating is suggested as one of the reasons for stabilization of soil organic matter 

processed by earthworms (Zhang et al., 2003; Frouz et al., 2014).  

  

2. Material and methods 

 

2.1.Material 

Larvae of Bibio marci were collected in an alder (Alnus glutinosa) forest near České 

Budějovice, Czech Republic (48
o
59´N, 14

o
25´E) during October 2009. Litter of alder (A. 

glutinosa), willow, (Salix caprea), and oak (Quercus robur) was collected in post mining sites 

near Sokolov (50
o
14´ N, 12

o
39´E). Litter of these species was chosen because of contrasting 

CN ratios (Fig. 1). Fresh litter which was not in contact with soil was used. Part of the litter 

was air-dried; the rest was kept wet, stored in a refridgerator and used to feed larvae. At the 

same time, also samples of fermentation layer were taken from each site where the litter was 

collected; the fermentation layer was kept in the original moisture and stored in a 

refridgerator. 
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Larvae were maintained in a 10x20x5-cm plastic container at 15°C, at 95–100% 

relative humidity (RH), and in dark. About 150 larvae were placed in each of six containers 

and fed by one of the following litter types: alder, willow or oak, having two containers per 

each litter type. To obtain feces content of container was sieved through a 1-mm sieve every 

second day. After separation of feces, larvae were removed from the litter and placed back to 

the container and new litter was supplied. Litter obtained during the first four days was 

discarded; litter obtained in the sixth to twelfth days was used in experiment. After sieving, 

excrements were spread in a thin layer and air-dried, conspecific excrements were pooled and 

stored in a dry dark place. 

Besides litter and excrements, four artificial treatments were used in experiment, i.e. 

ground litter (G), ground and alkalinized litter (GA), ground and coated litter (GC), and 

ground, coated and alkalinized litter (GCA). These treatments mimic some of the effects the 

fauna may have on litter such as fragmentation, alkalinization due to gut passage, and coating 

by clay particles due to mixing with soil ingested together with litter. The treatments were 

prepared as follows. Ground litter was prepared using an electric blender and sieving through 

a 0.2-mm sieve. Ground litter was also used to prepare the other treatments. To prepare 

alkalinized litter, ground litter was sealed in a fine 42-µm mesh and placed in water 

alkalinized by NaOH addition to pH 11. After 8 h the litter was washed in distilled water until 

the water had neutral reaction. Then the litter was air-dried. Coated litter was prepared by 

adding 0.1 g of kaolinite to 0.5 g of ground litter placed in a fine mesh 2x2-cm bag. Coated 

alkalinized litter was prepared the same way only using the alkalinized ground litter. 

All excrements and litter types were placed in 2x2-cm litter bags made from fine 

mesh, each litter bag containing 0.5 g of dry weight. Before experiment, all materials were 

rewetted by placing them in a large beaker with sand saturated by a fermentation layer 

suspension (water level was on the same level as surface of sand) for 24 h. In addition, 

material was sprayed by suspension each 8 h. Filtrated suspension 1:100 of matching 

fermentation layer was used for rewetting to provide autochthonous microflora that may have 

been lost by the rewetting process.  

 

      2.2 Experimental design and analysis 

Each litter bag with rewetted litter or feces was placed separately in a 250-ml glass 

bottle with 40 g of fine sand on the bottom. Sand was free of organic matter and was saturated 

by distilled water to 100% water field capacity. The bottles were kept in dark at 15
o
C; each 
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two weeks, bottles were weighed and water was supplied as needed to keep the moisture of 

sand constant. Four replicates were prepared from each treatment. 

To measure respiration, all microcosms were closed hermetically for 7 days supplied 

by 3 ml of 0.5 M NaOH in a small beaker; CO₂ produced in the bottle was trapped in NaOH 

and after incubation determined by 0.05 M HCl titration after the addition of 2 ml of BaCl₂.  

Before titration, the bottle was opened, the beaker was replaced by a new beaker with NaOH, 

and the bottle was closed hermetically again. This was repeated for 54 weeks after that 

respiration experiment was stopped. 

Total carbon and nitrogen contents in litter, alkalinized litter and excrements were 

measured before the respiration experiment and in all the materials after the one year 

respiration experiment using a CN analyzer (The Elemental Analyzer 1108, Carlo Erba 

Instruments).  

The same litter and excrements before and after respiration experiment were subject of 

thermochemolysis-GC-MS and ¹³C CP/MAS NMR. Samples analyzed before the experiment 

included only litter, excrements and alkalinized litter as there was no reason to believe that 

grinding or coating change the chemical nature of litter. Four replicates were used for TMAH-

Py-GC MS but these were pooled for ¹³C CP/MAS NMR to have enough material. 

 NMR spectra were measured with a Bruker Avance 500 WB/US NMR spectrometer 

(Karlsruhe, Germany, 2003) in a 4-mm ZrO2 rotor. Magic angle spinning (MAS) speed was 9 

kHz in all cases, with a notation frequency of B1 (
1
H) and B1 (

13
C) fields for cross-

polarization ω1/2π = 62.5 kHz. Repetition delay and number of scans was 4 s and 1024, 

respectively. TPPM (two-pulse phase-modulated) decoupling was applied during evolution 

and both detection periods. The phase modulation angle was 15°, and the flip-pulse length 

was 4.8-4.9 μs. Applied notation frequency of B1(
1
H) field was ω1/2π = 89.3 kHz. 

13
C scale 

was calibrated with glycine as the external standard (176.03 ppm; low-field carbonyl signal). 

Resulting 
13

C NMR spectra were used to quantify three basic fractions (aromatic, aliphatic, 

and polysaccharide) according to Wilson (1987) and Keller and Maciel (2000), and based on 

the area of the appropriate peak relative to the total area. 

TMAH-Py-GC MS analyses were performed as previously described (Sampedro et al., 

2009). Briefly, 1-mg samples of ground litter were treated with an excess of 

tetramethylammonium hydroxide (25% aqueous solution), placed on Wolfram wire spirals, 

and then dried in a desiccator overnight at room temperature.  

Pyrolysis was performed with a PYR-01 pyrolyzer (Labio, Czech Republic). Pyrolysis 

was performed directly in the injector of a GC/MS system (Varian 3400/Finnigan ITS 40 ion 
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trap detector). The GC instrument was equipped with a split injector (split ratio 1/40); an HP-

5 column was used for separation (30 m, inner diameter 0.25 mm, 0.25 µm film thickness); 

and the carrier gas was helium (1 ml min
-1

). The temperature program started at 45 °C and the 

oven was heated to 240 °C at a rate of 5 °C min
-1

. The detector delay time was 2 min. The 

injector and transfer line temperature was set to 240 °C. Mass spectra were recorded at 1 scan 

s
-1

 under an electron impact at 70 eV, mass range 50 – 450 amu. Pyrolysis products were 

identified both by comparing mass spectra with data in the NIST02 library and by interpreting 

the fragmentation pattern. Values presented are the means of triplicate runs, and the 

percentages of pyrolysis products were calculated from the relative areas of the peaks after 

recalculation according to the exact weight of samples. Reproducibility of the sample 

introduction exceeded 95%. The individual chromatograms were integrated, and the peaks 

representing lignin-related structures (guaiacyl, syringyl and hydroxymethyl) were compared. 

 

     2.3. Data analysis 

One way ANOVA was used to compare individual investigated parameters between 

the same treatments of various litter types or to compare various treatments in individual litter 

types.  All computations were made using Statistica 10.0. 

 

3. Results 

 

Respiration of all investigated materials gradually decreased with time as shown in 

Fig. 2.  When we integrate respiration measured during the whole year, we get C loss from the 

individual material during the whole year (Fig. 2). Despite the fact that CN of the litter differs 

remarkably (Fig. 1), there were no significant differences between total loss of C from 

individual types of litter during one year (One way ANOVA, F=1.924, p=0.2016, df= 9). In 

oak and alder litter, the loss of C from Bibio excrements was significantly lower than loss of 

C from the leaf litter, in willow, this decrease was only marginally significant (t-test, 

p=0.0913) (Fig. 3). This decrease of C loss in excrements compared to litter was the most 

pronounced in oak where C loss from excrements represent 29% of C loss from litter, 

followed by alder (excrements loss is 77% of litter loss) and willow (89%) (Fig. 3). 

All artificial litter treatments significantly reduced C loss from treated litter compared 

to the untreated one in oak litter (Fig. 3). However, none of these treatments reduced C loss 

on the same level as Bibio excrements. In alder, both alkalinized treatments (ground 

alkalinized and ground coated alkalinized) had significantly lower loss of C than leaf litter 
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and their C loss did not differ from excrements. Similarly in willow, both alkalinized 

treatments had significantly lower loss of C than leaf litter and they were even significantly 

lower than in the excrements (Fig. 3).  

The CN ratio of excrements produced from litter with high CN ratio (oak and willow) 

significantly decreased, whereas in excrements produced from litter with low CN ratio (alder), 

it stayed about the same. As a consequence, Bibio feces irrespective from which litter they 

were produced had similarly low CN. None of the artificial litter treatments cause decrease in 

CN in any litter types (Fig 1). 
13

C NMR did not indicate any difference in the content of 

aliphatic, polysaccharide and lignin components between alder litter and excrements produced 

from alder litter. In oak a willow, increase in aliphatic component and decrease in 

polysaccharides was observed. Alkalinization treatment had a similar effect in willow (Table 

1).
 

Pyrolysis indicates that in alder and oak, there were significant changes in the major 

component of lignin. In alder, content of guaiacyl derivatives did not differ significantly 

between litter and excrements, whereas content of derivatives of syringyl and hydroxymethyl 

decreased significantly (Table 2). In oak, content of guaiacyl derivatives significantly 

increased in excrement compare to the litter, while syringyl derivatives did not differ 

significantly and hydroxymethyl derivatives content decreased (Table 2). As a consequence in 

alder, guaiacyl syringyl ratio significantly increased from litter to excrements and in oak, a 

similar significant increase was found for guaiacyl hydroxymethyl ratio (Fig. 4). 

To assess the importance of chemical changes for rate of decomposition, we correlated 

carbon loss (Fig. 3) with chemical properties of the litter, excrements or litter treatments (Tab 

1 and Fig. 1, 4) at the beginning of experiment. This was done either by comparing mean 

value of these parameters for each of 18 treatments or by comparing relative changes related 

to original litter. To get relative changes, values for all treatments produced from given type 

of litter was divided by values found in the corresponding litter (so each litter had value 1), 

this was done for C loss as well as for chemistry (Table 3). Using the former correlation, only 

guaiacyl to hydroxymethyl (G:H) ratio appeared to significantly negatively correlate with C 

loss. If we used relative changes standardized to litter values, then changes in G:H ratio again 

show the strongest correlation with changes in C loss, which is significant and negative (Table 

3). Also change in CN ratio and polysaccharides content were significantly, in this case 

positively, correlated with C loss. Among other parameters, only changes in aliphatic content 

closely approaches to significant correlation (p<0.1).  
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4. Discussion 

 

In agreement with previous studies (Frouz et al., 1999; Frouz and Šimek, 2009; 

Kaneko et al., 2013; Špaldoňová and Frouz, 2014), the results of this study show that 

excrements of soil macrofauna tend to decompose more slowly than original litter from which 

the excrements were produced. This slowdown in excrements decomposition rate may have a 

potentially significant impact on global carbon cycling.  

In this contribution, we have focused on mechanisms that may cause this slowdown in 

excrements decomposition. The extent of reduction in microbial decomposition caused by 

conversion of litter to excrements varies between individual litter species (Fig. 3). Moreover, 

all of the litter artificial modifications used in our study decreased overall C loss at least in 

one litter type; however, the effect of individual treatments again varies between species. This 

suggests that several mechanisms contribute to decrease of microbial respiration and that they 

may contribute in various extents in various conditions. 

Correlation between litter chemistry and C loss indicated that changes in lignin 

composition rather than overall amount of lignin affect C loss. Namely here, the increase in 

guaiacyl to hydroxymethyl ratio negatively correlates with C loss. Hydroxymethyl is 

generally assumed to be a more decomposable part of lignin; therefore, it is possible that its 

lower content can make the material less decomposable. Mechanisms of these changes during 

gut passage is not quite clear, they may be associated with selective removal of more 

decomposable fractions of lignin as well as with condensation of tannins. However, changes 

in lignin composition during gut passage were observed also by other authors (Špaldoňová 

and Frouz, 2014) and clearly need more attention in future research. Despite these correlations 

between decomposition rate and major components of lignin, we did not find any correlation 

between total amount of lignin and decomposition, in contrary to many other studies which 

found lignin highly correlated with decomposition of litter (Mellilo et al., 1982; Rahman et 

al., 2013). It may be because the range of lignin concentrations was not large enough in our 

dataset; therefore, the quality of lignin appeared as more important than the absolute amount. 

Moreover, in this study contrary to Hopkins et al. (1998), we did no observe an increase in 

lignin content in Bibio excrements compared to the original litter.  

Reduction of polysaccharides can reduce decomposition in two ways. Polysaccharides 

are assumed to be more easily decomposable than lignin and reduction of polysaccharides 

content can thus reduce the amount of easily decomposable substrate and thus the 

decomposition rate. This effect is likely to be more pronounced in early stages of 
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decomposition. In later stages of decomposition, the microorganisms may decompose some 

hardly decomposable substances to obtain nitrogen. This decomposition of hardly 

decomposable materials can be stimulated by adding of easily decomposable substrates such 

as simple sugars or polysaccharides (Kuzyakov et al., 2000). In intact leaves, the 

polysaccharides are stored inside cells and are gradually made available as individual cells 

break open. This may provide easily available carbon in the surrounding more decomposed 

material, which may locally stimulate priming effect. This internal priming effect given by 

heterogeneity in litter decomposition in cellular level may be eliminated in excrements where 

polysaccharides were removed. This removal can be associated with fragmentation of litter 

cells which makes their cell content instantly available. Consequently, substantial portion of 

carbohydrates is used by invertebrates and or by microflora that grow rapidly in posterior 

parts of invertebrate guts or in fresh feces.   

In litter with high CN ratio, CN ratio in the excrements decreases in comparison with 

ingested litter. Mechanism of this CN decrease is not quite clear. Gunnarsson and Tunlid 

(1986) who observed a similar decrease in CN ratio ascribed it to accumulation of products of 

microbial metabolism namely cell walls of dead microorganisms. Another mechanism that 

may decrease CN ratio may be connected with interactions of proteins and phenolic 

compounds.  After death of a plant cell, substantial part of proteins get bound in insoluble 

complexes with tannins and other phenolic compounds (Johnson and Felton, 1996). Stability 

of these complexes decreases in alkaline environment (Johnson and Felton, 1996). That is 

why many herbivorous and saprophagous invertebrates have highly alkaline gut (Johnson and 

Felton, 1996; Brune, 1998; Graça and Bärlocher, 1999; Frouz et al., 2002), because alkaline 

conditions help to utilize nitrogen bound in phenol-protein complexes (Johnson and Felton, 

1996; Ji and Brune, 2001; 2005).  However as pH decreases in posterior part of the gut or in 

feces, insoluble phenol-protein complexes reestablish and nitrogen can be bound in these 

complexes again. Frouz et al. (2011) show that in Bibio excrements, significantly larger 

amount of added radiolabelled protein has been bound in humic acid fraction than in litter 

which was not eaten by Bibio larvae. Also Rice (1982) found that during decomposition, a 

substantial part of proteins become bound to phenolics in humus like substances. Hence 

binding of proteins by phenolics may be another reason why nitrogen can be stored in 

excrements. We expect that phenol-protein complexes bind more protein in excrements than 

in original litter. Firstly because of additional proteins may be available in the gut. In addition 

to protein in the litter, microbial protein released by the dying ingested microflora and 

residuals of invertebrate enzymes are available for binding. Secondly, larger portion of 
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protein and phenols present in the material may participate in reaction. In litter, phenols and 

proteins get bound in individual cells and cell compartments. Crushing the cells during 

invertebrate feeding plus action of enzymes, alkaline pH and material mixing during gut 

passage cause that most of available phenols and proteins get released into gut content and 

can react. This nitrogen storage, either by microbial residues or binding with phenols in 

combination with polysaccharide depletion may cause CN ratio to decrease.   

As regards the effect of CN ratio on decomposition, there are two possible 

mechanisms how CN ratio may slowdown decomposition. Low CN ratio may indicate relative 

availability of nitrogen which may decrease the need for microbial mining of nitrogen 

(Moorhead and Sinsabaugh, 2006; Craine et al., 2007) and consequently slowdown 

decomposition in later stages of decomposition. On the other hand, most of the nitrogen that 

remains in the leaves may be unavailable as suggested by proposed mechanisms of its 

accumulation; consequently, decomposition may be limited by lack of nitrogen in early stages 

of decomposition. It is even possible that both of these mechanisms may apply each being 

more important in different time. In early stages of decomposition, when easily available 

resources are preferentially used, binding of proteins in protein-phenol complexes reduces 

availability of nitrogen and hence microbial decomposition. In later stages of decomposition, 

when microbial community shifts more towards microbial nitrogen mining, less material 

needs to be “mined” (decomposed) due to low CN ratio.   

Increase of the aliphatic fraction in excrements observed in our study is in agreement 

with data of Hopkins et al. (1998). Although aliphatics are only marginally correlated with 

decomposition in our dataset, aliphatic components are assumed to be generally less 

decomposable (Lützow et al., 2006) and their accumulation in excrements may thus 

slowdown excrements decomposition. Increase of the aliphatic component may be caused by 

lower decomposability of plant waxy substances in the gut which may consequently 

accumulate in the excrements. Another mechanism that may contribute to increased 

proportion of aliphatics is the accumulation of microbial cell walls as proposed by 

Gunnarsson and Tunlid (1986). 

As for the effect of individual artificial litter treatments, grinding may support access 

of microorganisms into plant cells and facilitate consequent rapid use of polysaccharides and 

build-up of microbial biomass which may increase the aliphatic component as mentioned 

above. Grinding can also accelerate leaching of tannins and other phenolics. It was already 

observed (Kaneda et al., 2013) that grinding of oak litter slows down microbial respiration 

when compared to unground litter. This has been explained by leaching of phenolics that may 
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directly slowdown microbial activity. Phenolics may also condensate with the rest of available 

protein and slowdown decomposition in the long term. This may be the reason why grinding 

of litter caused massive slowdown in overall decomposition of oak litter (Fig. 3). 

Interestingly, grinding with coating caused the largest decomposition decrease in oak. In this 

case, coating may have slowed down the leaching of released phenolics which could then 

condensate with available protein and could also directly slowdown microbial activity.  

Coating by clay has generally large impact in earthworms which ingest large amount of 

mineral soil and may cause isolation of fine organic matter particles; such isolation slows 

down diffusion into and from this particle. This may reduce leaching of wastes of microbial 

metabolism from the fragment or limit the input of some nutrients from the surroundings, etc., 

which finally result in slowdown of decomposition (Six et al., 1996; Zhag et al., 2003). Litter-

feeding macrofauna may ingest some mineral soil with litter but its amount is limited and this 

limits also the coating.  

Moreover unlike in our experiment, where various treatments of fragmented litter were 

placed loosely, in litter bag, macrofauna excrements are often compacted in distinct pellets 

which are in many cases, such as in Bibio larvae, surrounded by residue of perithrophic 

membrane (Tajovský et al., 1991; Frouz et al., 2002). These pellets are quite persistent and 

accumulate in soil; in some forest soil, they may even form a distinct layer (Ponge, 2003; 

Frouz et al. 2007). Compaction in pellets may have a similar effect on diffusion as coating 

and is clearly worth of future investigation. 

Alkalinization litter treatment was the most successful in reducing C loss from litter or 

in other words stabilization of organic matter. We propose a conceptual model summarizing 

how temporary alkalinization of litter followed by a shift back to neutral or slightly acidic pH 

in excrements may contribute to organic matter stabilization (Fig. 4). We expect that alkaline 

conditions in the gut contribute to solubilisation of complexes between tannins and other 

phenolics and release nitrogen from these complexes (Johnson and Felton, 1996; Graça and 

Bärlocher, 1999; Ji and Brune, 2001; 2005). Alkaline conditions in Bibio gut contributes to 

killing of ingested bacteria (Frouz et al., 2003; Oravecz et al., 2004) which may be partly 

digested by the larva. Later on when pH decreases in the posterior parts of the gut, and 

excrements, amount of bacteria increases again (Frouz et al., 2003; Oravecz et al., 2004). This 

may i) increase the amount of aliphatics, ii) promote the use of remaining available organic 

matter in excrements and iii) possibly bound nitrogen in hardly decomposable residues as 

proposed by Gunnarsson and Tunlid (1986). As stability of phenol-protein complexes 

increase with decreasing pH (Johnson and Felton, 1996), decrease of pH may cause 
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condensation of phenol-proteins complexes using remaining proteins released from litter and 

also proteins from killed but unassimilated microflora. This may contribute to CN decrease 

and at the same time transfer nitrogen to hardly decomposable substances. Alkaline conditions 

together with digestive enzymes, that have alkaline pH optimum, break down polysaccharides 

which can then be digested by the larva (Frouz et al., 2002; Šustr and Frouz, 2002). This 

decrease of polysaccharides content in excrements was observed in this study but also by 

other authors (Hopkins et al. 1998). During gut passage, the proportion of hydroxymethyl to 

other more resistant parts of the gut change. The effect of alkaline treatment on composition 

of lignin is not quite clear and should be subject of future research. 

In conclusion, it appears that short term alkalinization, litter fragmentation, and action 

of digestive enzymes act as a trigger for litter changes causing decomposition slowdown in 

excrements. Namely, they cause depletion of polysaccharides, decrease in CN ratio, and 

increase in aliphatic components which correspond with slower decomposition of excrements. 
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Appendices 

 

Table 1. Chemical composition of litter, treated litter and excrements prepared from the same 

litter before and after the one year decomposition measurement. Values indicate the 

proportion of peak areas relative to the entire spectra based on ¹³C CP/MAS NMR. G ‒ 

ground litter, GC ‒ ground and coated litter, GA ‒ ground and alkalinized litter, GCA ‒ 

ground, coated and alkalinized litter. 

 

 litter litter excrem. excrem. G G GC GA GCA 

 before after before after before after after after after 

 Alder (Alnus glutinosa)      

Aliphatics 29.3 28.4 30.0 30.2 27.2 28.7 29.0 29.1 30.6 

Polysaccharides 39.3 36.1 39.2 36.8 40.1 36.4 37.5 38.1 35.7 

Lignin 16.0 19.5 16.6 19.0 18.4 20.0 18.1 19.0 18.6 

 Oak (Quercus robur)      

Aliphatics 21.4 19.8 28.6 23.9 23.3 14.4 15.4 18.4 14.9 

Polysaccharides 58.3 60.6 44.6 45.9 52.2 65.5 63.6 60.2 63.5 

Lignin 12.1 10.4 12.5 20.2 14.8 12.4 14.0 13.8 12.3 

 Willow (Salix caprea)      

Aliphatics 26.9 29.0 34.5 33.9 39.2 33.9 29.5 26.4 32.8 

Polysaccharides 45.8 48.3 35.8 37.6 36.0 40.7 41.1 42.1 48.6 

Lignin 15.5 12.3 15.5 15.8 9.3 14.3 17.9 18.7 10.5 
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Table 2. Mean and SD (in second line) of guaiacyl (G), syringyl (S), and hydroxymethyl (H) 

in litter, treated litter, and excrements prepared from the same litter before and after the one 

year decomposition measurement. Values indicate the proportion of peak areas relative to the 

entire spectra based on TMAH-Py-GC MS. G ‒ ground litter, GC ‒ ground and coated litter, 

GA ‒ ground and alkalinized litter, GCA ‒ ground, coated and alkalinized litter. Statistically 

homogeneous groups of the same compound for the same litter type marked with the same 

letter within the same litter species are not statistically different (One way ANOVA – LSD - 

p>0.05).  

 

 

 litter litter excrem. excrem. G G GC GA GCA 

 before after before after before after after after after 

Alder (Alnus glutinosa)       

G 4976a 7163c 4603a 6942bc 6539bc 6932bc 4718a 6664bc 5702ab 

 558 834 531 420 488 1491 31 261 142 

S 3388c 2266b 1652a 2103ab 2236ab 2218ab 1540ab 2140an 1705ab 

 347 220 96 60 85 391 46 93 87 

H 4344bc 4929bcd 2742a 4672bcd 4389bc 5794d 3936ab 5379cd 4142ab 

 830 756 256 513 349 991 208 263 380 

 

Willow (Salix caprea)       

G 6608d 6496cd 5155abcd 4829abc 5806bcd 4835abcd 4498ab 5210abcd 3486a 

 1480 344 492 980 216 985 848 490 1259 

S 2377abc 2157ab 1410a 1443a 3293c 1834ab 1826ab 2806bc 1517a 

 395 475 412 291 593 739 595 629 140 

H 4508 3782 3248 2881 4926c 5078 2630 3078 2346 

 609 409 673 965 1537 2029 380 462 579 
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Oak (Quercus robur)       

G 8450b 7659b 10533c 8461 8312b 3864a 3465a 7316b 3232a 

 1328 384 1678 265 516 306 34 937 582 

S 3068b 3031b 3823b 3054b 3140b 1877a 1797a 4833c 1907a 

 474 77 463 30 174 412 287 1094 240 

H 6296de 5504dc 4181abc 4059abc 7358d 3563a 4097ab 5118bcd 4101ab 

 828 234 760 500 786 694 226 935 821 

 

 

 

Table 3. Correlation coefficient between C loss from the system and chemical properties of 

the litter at the beginning of decomposition measurement. This was done either for absolute 

values of carbon loss and absolute values of chemical parameters of litter, or for relative 

changes. Relative changes were calculated as C loss in the given treatment divided by C loss 

in litter of the same species; chemical properties were standardized the same way. Significant 

correlation coefficients (p<0.05) are in bold.  

 

 Absolute values Relative changes 

CN 0.3342 0.5181 

Aliphatics -0.2505 -0.4246 

Polysaccharides 0.2575 0.4819 

Lignin 0.1116 0.0403 

G:S 0.0244 0.0377 

G:H -0.5845 -0.5639 
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Fig 1. CN ratio for litter (L), treated litter and excrements (E) prepared from the same litter 

(alder, willow and oak), before (B) and after (A) the one year decomposition measurement. 

G ‒ ground litter, GC ‒ ground and coated litter, GA ‒ ground and alkalinized litter, GCA ‒ 

ground, coated and alkalinized litter. Values are means + SD, and columns are not statistically 

different (One way ANOVA – LSD - p>0.05).  

 

 

 

 

 

Fig 2. Carbon lost as CO₂ from litter (L) and excrements (E) prepared from the same litter 

(A ‒ alder, Q ‒ oak), during the one year decomposition measurement. 
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Fig 3. Total carbon lost as CO₂ from litter, treated litter, and excrements prepared from the 

same litter (alder, willow and oak), after the one year decomposition measurement. 

G ‒ ground litter, GC ‒ ground and coated litter, GA ‒ ground and alkalinized litter, GCA ‒ 

ground, coated and alkalinized litter. Values are means + SD. Columns marked with the same 

letter within the same litter species are not statistically different (One way ANOVA – LSD - 

p>0.05).  
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Fig 4. Guaiacyl to syringyl (G:S) and guaiacyl to hydroxymethyl (G:H) ratios for treated litter 

and excrements (E) prepared from the same litter (alder, willow and oak) before (B) and after 

(A) the one year decomposition measurement. G ‒ ground litter, GC ‒ ground and coated 

litter, GA ‒ ground and alkalinized litter, GCA ‒ ground, coated and alkalinized litter. Values 

are means + SD. Columns representing the same ratio within the same litter species are not 

statistically different (One way ANOVA – LSD - p>0.05). 
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Fig 5. Conceptual model of major mechanisms that may cause stabilization of organic matter 

after gut passage by soil macroarthropod on example of Bibio larvae. 

Schematic outline of gut morphology and value of gut pH according to Frouz et al. (2003). 
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Conclusions 

 

Isopods, millipedes, earthworms and dipteran larvae are the most abundant macro-

decomposers in temperate woodlands, and have been found to play a significant role in plant 

litter decomposition (Hassall et al., 1987; Lavelle and Martin, 1992; David and Handa, 2010). 

The processing of litter by litter-feeding macrofauna may increase the stability of soil 

organic matter in various ways (Wolters, 2000). 

We observed that microbial respiration was lower in isopod excrements than in litter 

or unconsumed leaf fragments and at the same time, moisture and temperature fluctuations 

and addition of labile carbon increased respiration much more in litter than in excrements. 

Many researchers hypothesize that digestion of litter by soil macrofauna somehow alters the 

chemical composition, as the macrofauna assimilate nutrients and labile compounds, 

rendering the excrements more recalcitrant (Hopkins et al., 1998; Zimmer, 2002; Suzuki et 

al., 2013). Our detailed comparison of chemical composition of leaf litter and isopod 

excrements produced from the same litter exactly indicated preferential loss of polysaccharide 

carbon and accumulation of lignin and showed that lignin quality is different between the two 

substrates. The results indicate that the processing of litter by A. vulgare reduces microbial 

respiration and reduces the sensitivity of microbial respiration to environmental fluctuations. 

On the other hand, earthworms are known to play an important role in the 

incorporation of plant residue into soil aggregates (Martin, 1991). When they burrow through 

the soil, earthworms consume and excrete soil and plant residues, greatly affecting soil 

organic matter dynamics and the formation and stability of soil aggregates (Lavelle and 

Martin, 1992). We observed that earthworms increased soil respiration shortly after being 

introduced into the soil but reduced respiration in the long term in comparison with a 

treatment in which litter was mechanically mixed into the soil. This observation has been 

attributed to the depletion of labile organic matter (Edwards and Bohlen, 1996) and to the 

incorporation of organic matter into soil aggregates (Shipitalo and Protz, 1989; Six et al., 

2004). Overall, our results indicate that earthworms tend to promote carbon loss from young 

soils with no litter derived organic matter while in older systems which have been under fauna 

effect for some time, and where organic matter has accumulated, earthworms tend to promote 

C storage. 

Our previous studies showed that in the long term, excrements of soil macrofauna 

decompose more slowly than leaf litter from which the excrements were produced. To gain 
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insight in possible mechanisms that may cause this phenomenon we performed our last 

experiment with bibionid larvae. Bibionid larvae are important decomposers of leaf litter 

(Pobozsny, 1982). In some forests, the resident population can consume almost all annual 

litter fall and cause significant chemical and microbial alterations in the litter (Karpachevsky 

et al., 1968). Based on our results, we formulated a conceptual model of co-occurring 

mechanisms that cause long-term slowdown in decomposition of macrofauna excrements. 

This includes removal of easily available polysaccharides, increase in aliphatic and aromatic 

components, shift in lignin composition towards more resistant parts, accumulation of cell 

walls, and possibly also binding of nitrogen into complexes with aromatic components. 

However, changes in lignin composition during gut passage clearly need more attention in 

future research. 

We conclude that in the long term the processing of litter by soil macrofauna reduces 

microbial decomposition and contributes to carbon sequestration in soil. 
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