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Voorwoor d d 

Eindelijkk ben ik dan toe aan een woord van dank voor alle mensen die mij geholpen 
hebbenn dit proefschrift te maken tot wat het is. Ik heb een hele lijst met namen voor 
mee liggen en bij elke naam die ik lees, krijg ik beelden op mijn netvlies van fasen en 
gebeurtenissenn in mijn onderzoekstijd. Allereerst wil ik mijn co-promoteren Willem 
Boutenn en Albert Tietema bedanken en mijn promotor Koos Verstraten. Willem 
bedankk ik voor zijn persoonlijke benadering van mij en mijn onderzoek. Dat was al 
vanaff het begin bij de introductie die ik van hem kreeg in creatief denken. Ik bewaar 
specialee herinneringen aan mijn individuele "creatieve opdrachten" en de bespreking 
hiervan.. Zo werd tijdens de eerste opdracht in december mijn rationele denkkader 
succesvoll doorbroken met een soepbord levende, krioelende maden en een spons: 
dee bosbodem. Dit alles verpakt in Sinterklaaspapier. Het werkte goed en wij waren 
enthousiastt over de resultaten van deze opdrachten, waarvan ik de weerslag 
gemakkelijkk terugzie in dit boekje. Verder wil ik Willem speciaal bedanken voor een 
aantall belangrijke gesprekken en zijn steun bij de afronding van dit boekje. Behalve 
zijnn wetenschappelijk inzicht was voor mij ook heel waardevol dat hij er net als ik 
helemaall voor ging. Albert bedank ik voor zijn algehele prettige manier van 
begeleiden.. Altijd had of maakte hij tijd voor mij en was hij vol belangstelling. Mijn 
tekstenn werden immer voorzien van relevant commentaar door zijn brede kennis van 
stikstofprocessenn in bosbodems en zijn ervaring met het schrijven van artikelen. 
Kooss bedank ik voor zijn interesse in mijn onderzoek en voor de prettige 
samenwerkingg en ondersteuning gedurende de laatste fase hiervan. 

Naastt mijn begeleiders heeft de begeleidingscommissie een belangrijke bijdrage 
geleverdd aan mijn onderzoek. In deze commissie zaten Jan Freijer, Wim Wessel, 
Peterr Leffelaar en Kees Rappoldt en ik bedank hen hartelijk voor de nuttige en 
interessantee bijeenkomsten. Kees bedank ik speciaal voor onze uitstekende en 
leukee samenwerking. Dat ons onderzoek zoveel raakvlakken heeft, komt misschien 
doordatt ik bij wijze van test in de sollicitatieprocedure een hoofdstuk uit zijn 
proefschriftt moest bespreken! Ik weet nog goed hoe ik mij 's ochtends om half 6 op 
zijnn formules wierp. Ik heb veel van Kees geleerd en elk bezoek aan hem betekende 
weerr een stap vooruit in mijn onderzoek. Ik bedank Kees en Ingrid ook hartelijk voor 
hunn gastvrijheid tijdens mijn Groningse bezoekjes. Peter ben ik bijzonder erkentelijk 
voorr zijn nuttige en uitgebreide commentaar op een eerdere versie van dit 
proefschrift.. Ook Wim wil ik speciaal bedanken. Deze zomer heeft hij, toen hij zelf 
notaa bene op vakantie was, twee hoofdstukken gelezen met grote interesse en 
grondigheid. . 

Bijj de zuurstofmetingen in mijn experimenten hebben verschillende mensen mij 
enormm geholpen, in het bijzonder Ben de Winder. In het begin van mijn onderzoek 
kwamm ik met een schrift vol vragen bij Ben om te praten over zuurstofelectrodes. 
Benn vond dat we het "gewoon even" uit moesten proberen. Die ochtend hebben we 
zuurstofprofielenn gemeten die de basis vormen voor dit hele proefschrift. Ben heeft 
mijj tijdens de daaropvolgende echte experimenten op een fantastische manier 
geholpen.. Bert van Groen bedank ik voor zijn perfect op maat gemaakte electrodes. 
Hett meten in sparrenaalden bleek helemaal niet eenvoudig en met de conventioneel 
gefabriceerdee electrodes ging het niet eens. Vlak voor zijn vakantie in mijn derde 
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jaarr kwam hij met zeven electrodes aan waarmee ik alle experimenten heb gedaan 
diee ik wilde doen. De betrokkenheid en het enthousiasme van Bert van Groen en 
Ronn Groenestein waren heel motiverend voor mij. In het kader van de experimenten 
mett zuurstofelectrodes bedank ik verder Lucas Stal voor zijn bereidheid mij de 
"lander"" uit te lenen, toen deze naar het NIOO in Yerseke was verhuisd. Joke 
Westerveldd was van grote waarde bij het terugbrengen van de lander en mijn eerste 
enn enige veldmetingen op een hete zomerdag zonder lunch. Femke Tonneijk en 
Kasperr de Rooy hebben mij geholpen door de ijkcurves van de zuurstofelectrodes te 
simuleren.. Tenslotte bedank ik Lutz Lohse, Hans de Hey en Kerst Buis voor hun 
hulpp en adviezen bij het meten met de conventioneel gefabriceerde electrodes. 

Whenn I was busy analyzing my oxygen concentration measurements, I read an 
articlee by Kirsten Küsel and Harold Drake about the microbial side of my own 
research.. This was so exciting that I contacted them to ask whether it would not be 
interestingg to meet. Subsequently, I went to their institute of BITOEK in Bayreuth to 
presentt my oxygen concentration measurements. A fruitful discussion with Kirsten, 
Haroldd and some of their colleagues followed. Hereby, I wish to thank Kirsten and 
Haroldd for some very useful advice about my results and research approach, and 
Kirstenn furthermore for commenting on a draft of one of my papers. Kirstens work 
hass been a source of inspiration to me and I am happy she takes part in the 
committee. . 

Mijnn hele onderzoek is ook een zoektocht geweest naar sporen van bodemleven: 
schimmels,, bacteriën en bodembeestjes. Hierbij ben ik geholpen door Frans Backer 
diee slijpplaatjes voor me maakte. Wij hebben samen door de microscoop naar de 
sporenn (uitwerpselen) gekeken van beestjes binnenin naalden. Frans was net zo 
geboeidd als ik door het onderwerp en ik bedank hem hartelijk voor zijn slijpplaten en 
zijnn enthousiasme. Verder bedank ik Jan van Mourik voor zijn interesse in mijn 
onderzoek,, zijn hulp bij het maken van foto's en gesprekken over micromorfologie 
vann bosbodems. Hij kan zelfs nog verheugder zijn dan ik bij het microscoopbeeld 
vann een extra mooie schimmeldraad in een sparrennaald. Sam Blok en Albert Bolt 
hebbenn mij ook geholpen bij het maken van slijpplaatfoto's met en zonder de digitale 
camera,, waarvoor mijn hartelijke dank. Toen ik wilde zien waar de bacteriën zaten 
opp mijn sparrennaalden hebben Wijnand Takkenberg en Conrad Woldring mij laten 
zienn hoe je bacteriën moet kleuren. Ook heeft Wijnand de prachtige 
electronenmicroscopie-foto'ss gemaakt uit hoofdstuk 1. 
Inn de opstartfase van mijn onderzoek heb ik met verschillende mensen in het vak 
gepraatt om te weten te komen wat er gebeurde op het gebied van mijn onderzoek, 
enn wat voor mogelijkheden er allemaal waren. Ik bedank Rieks van Faassen, Jan 
Bril,, Jan Dopheide, Ronald Kester, Chris Koopmans, Igino Emmer, Henk van 
Verseveld,, Jan Drent, Jan Hassink, Herman Mücher en Oene Oenema. 
Willemm van Deursen staat aan het begin van het idee om zuurstoftransport en -
verbruikk te modelleren in een slijpplaat. Met hem heb ik een aantal keer 
gediscussieerdd hoe dat het beste zou kunnen in PCRaster. Cees Wesseling en 
Derc-Jann Karssenberg hebben vervolgens geholpen om dat inderdaad te laten 
lukken.. Hun razendsnelle reacties op mijn vragen waren geweldig. 

Inn de loop van mijn promotie-onderzoek heb ik veel gehad aan de bijeenkomsten 
vann het N-aio clubje en kon ik vooral goed over mijn onderzoek praten met Mariet 
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Heftingg en Anniet Laverman. Verder heb ik interessante discussies gevoerd met 
Hubertt de Jonge over diffusie in sparrenaalden. In het laboratorium heb ik hele 
goedee ondersteuning gekregen van met name Joke Westerveld, maar ook van Leo 
Hoitinga,, Irma van Voorthuizen, Ton van Wijk en Piet Wartenbergh. Ik heb ook 
ondersteuningg gehad van Ed de Water en Eugène Sabajo wat betreft electronische 
zaken.. Mieke Shani-Veels en Tanja Noorlander bedank ik voor het typen van teksten 
toenn ik last had van een muisarm en voor hun hulp met allerlei andere dingen. Marja 
Beerss bedank ik voor haar onmisbare steun bij het herstellen van een muisarm. Wat 
ikk bij Marja geleerd heb, blijft me waarschijnlijk langer bij dan de kennis in dit 
proefschrift.. Mijn (ex-) collega's op de UvA en in het bijzonder mijn mede-
promovendi,, bedank ik voor de gezelligheid tijdens de koffie bij Chell, in de Roeter of 
elders.. Stefan en Albrecht, en in het begin ook Marcel bedank ik speciaal voor de 
prettigee sfeer op onze kamer. Als kamergenoten volgden wij eikaars wel en wee op 
dee voet. Met Albrecht heb ik samen ook onoplosbare bodemchemiesommen 
gemaakt.. Stefan en Annemieke wil ik speciaal bedanken voor hun hulp, de gezellige 
avondenn en hun zorgzaamheid voor mij. 

Mijnn "bazen" op WL, Eelco van Beek, Peter Glas en Harm Duel stonden achter het 
ideee om dit boekje tijdens een verlof af te maken, waardoor ik in april met een goed 
gevoell van start ging. Verder ben ik heel blij dat Harm mij adviseerde om mijn verlof 
ruimm te plannen, want ruim bleek uiteindelijk toch weer krap. Frank van Stralen heeft 
mijj met de allerlaatste loodjes geholpen. 

Mijnn vrienden en vriendinnen wil ik bedanken voor hun betrokkenheid de afgelopen 
jaren.. Alle dierbare mensen in Amsterdam e.o. speciaal bedankt voor de steun en de 
reeksenn gezellige avonden en middagen dichtbij huis: Renée, Ingrid, Maarten T., 
Steven,, Melle, Madeleine, Ebko, Mireille, Siebe, Maarten D., Doris, Jeroen, Ans, 
Marco,, Maia, Reindert, Ingeborg, Vincent, Berdien, Giovanni, Martin, Wilma, Flor, 
Carolien,, Pien, Gerda, Vitorina, Christa, Wim, Guno en Erik. Renée en Maarten, 
julliee zijn fantastisch. Melle, Maarten D., Maarten T., Annemieke en Marco, jullie 
hebbenn mij gered met de parallelle computerberekeningen, waarvan de resultaten 
terugg te zien zijn in de figuren 5.4 en 5.5. Met zijn twee processoren en nachtelijke 
inspanningenn heeft Melle de batchrunrace glansrijk gewonnen. Melle is ook mijn 
toeverlaatt geweest voor het inscannen van foto's en hulp of advies bij 
computerproblemenn en hij heeft op de valreep nog de samenvatting nagekeken. De 
kaftt is ontworpen door "DenD-producties". Siebe en Ebko, het is precies wat ik wilde 
enn toch een verrassing. Heel mooi! 
Mijnn ouders wil ik bedanken voor hun betrokkenheid, hun steun op allerlei manieren 
enn het vertrouwen in de goede afloop. Mijn moeder heeft mij wekelijks goede 
adviezenn gegeven. Als ik die allemaal had opgevolgd, was dit boekje misschien al 
eerderr af geweest. Mijn vader zorgde altijd dat de randvoorwaarden van het studeren 
optimaall waren. Dauphine, Frans, Carla, Paul, Peter, Frank en José, dat jullie 
meeleefden,, hielp! 
Liefstee Hans, bedankt! De stukken in dit boekje waar ik het meest tevreden over 
ben,, kwamen tot stand in tijden dat ik me heel gelukkig voelde. Ik dank je verder 
voorr alles wat je afgelopen zomer gedaan hebt: van koken in werkvakanties en 
eindelooss over onderzoek praten tot de lay-out. 
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11 Introductio n 

1.11 Genera l introductio n 

Scope Scope 

Anoxicc conditions in soils give rise to anaerobic microbial processes, such as 
denitrification.. Anaerobic processes have received considerable attention during the 
lastt decades as they play an important role in the production of greenhouse gases, 
suchh as N20 (Delwiche, 1981; Conrad, 1996). Nitrous oxide is also important for the 
atmosphericc ozone content (Crutzen, 1970). The global production of N20 is 
increasing,, for a considerable part due to the grown application of N fertilizers in 
modernn agriculture {Duxbury et al., 1993). Increased surface application of manure 
hass led to regional atmospheric N deposition in forests, far higher than natural 
backgroundd deposition (Van Breemen and Verstraten, 1991). Atmospheric N 
depositionn has affected nitrogen transformation processes in forests, leading to high 
ratess of nitrogen mineralisation and nitrification (McNulty et al., 1990; Tietema et al, 
1992a,b).. Enhanced nitrification has led to acidification (Van Breemen et al., 1982; 
Tietemaa and Verstraten, 1992) and increased nitrous oxide production by nitrifiers as 
welll as denitrifiers (Martikainen, 1985; Martikainen et al., 1993; Sitaula and Bakken, 
1993;; Sitaula et al., 1995; Butterbach-Bahl et al., 1997). N20 production rates in 
temperatee forest soils range from 0.02-20 kg N20-N ha"1 y"1 (Papen and Butterbach-
Bahl,, 1999). 

Ann area with high atmospheric deposition and availability of nitrogen is the Veluwe, 
whichh is in the central part of The Netherlands (Tietema et al., 1992a,b). In this area 
forestss are mainly located on well-drained sandy soils. In these forests, nitrification 
andd N mineralisation rates are considerable and in general are highest in the litter 
layerr (Tietema et al., 1992a; Koopmans et al., 1995). Denitrification studies that 
separatee between denitrification in the litter layer and in the mineral soil, show that 
denitrificationn or N20 production in the litter layer was equally or even more important 
(upp to 70-80%) than denitrification or N20 production in the mineral soil (Martikainen 
ett al., 1993; Musacchio et al., 1996; Dong et al., 1998; Regina et al., 1998; Papen 
andd Butterbach-Bahl, 1999). This leads to the question when and where anoxic 
conditionss occur in a forest floor. In general, it is thought that the high porosity of 
forestt soils does not allow for the development of anoxic conditions. But on the other 
hand,, the water holding capacity of forest floors is high and may lead to a decreased 
diffusivityy of oxygen at times of intense rainfall (Freijer, 1994a). 

Knowledgee of the occurrence of anoxic conditions and denitrification in well-drained 
temperatee forest soils, is important, as such forests cover a considerable area and 
mayy be of significance in the global N20 budget (Papen and Butterbach-Bahl, 1999). 
Inn addition, denitrification might also be important in the consumption of protons in 
acidifiedd forest soils (Van Breemen and Verstraten, 1991). 
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Anoxicc conditions in a Douglas fir litter layer and their relation with denitrification are 
thee topics of this thesis. 

BiologicalBiological  denitrification 

Biologicall denitrification is defined as the microbial reduction of nitrogen oxides to 
nitricc oxide, nitrous oxide and nitrogen gas {Knowles, 1981). Denitrification in soil has 
beenn thought to occur mainly under anoxic conditions, although denitrification has 
beenn found to occur in the presence of oxygen in laboratory studies with pure 
culturess {Carter et al., 1995; Robertson et al., 1995; Otte et al., 1996). The 
biochemicall pathway of denitrification is (Knowles, 1981): 

NaRR NiR NOR NOS 
N03"" => N02" => NO => N20 => N2 

Thee reactions in this pathway are catalysed by the enzymes nitrate reductase (NaR), 
nitritee reductase (NiR), nitric oxide reductase (NOR) and nitrous oxide reductase 
(NOS).. The activity and synthesis of these reductases are repressed in the presence 
off oxygen. The sensitivity to oxygen differs per reductase, with nitrate reductase as 
thee least sensitive one (Knowles, 1981). 

Mostt denitrifying bacteria in soil are facultative anaerobes, which start to denitrifiy 
whenn oxygen is not available (Paul and Clark, 1996). Denitrifiers are mainly 
heterotrophic,, so the decomposibility of organic substrates is an important control of 
denitrificationn (Knowles, 1981). Following from the above description, principle 
factorss controlling denitrification are: the presence of denitrifiers and denitrification 
enzymes,, nitrate levels, available organic carbon and the presence of anoxic 
conditions.. Next to these, important factors are temperature and pH (Knowles, 
1981).. Factors regulating denitrification in soil are controlled in different and complex 
ways;; the spatial and temporal variability of each factor is adding to the high 
variabilityy of denitrification activitiy that is often observed in the field. In the following 
sections,, the mentioned factors will be described in soil, with special emphasis on 
thee development of anoxic conditions, as this is the main subject of this thesis. 

Decompositio nn stage s in a humu s for m 

Thee litter layer in acid forest ecosystems is an accumulation of organic matter 
formedd from input by litterfall. The accumulated organic matter layer represents a 
decayy continuum, in which the age of organic matter increases with depth. 
Successivee stages of decay are reflected by the presence of distinct horizons. 
Dickinsonn and Plugh (1974) described the following sequence for mor humus forms 
inn coniferous forests. 
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LL freshly fallen, undecomposed needles 
F11 dark brown intact, recognizable needles extensively colonized by fungi 
F22 greyish, fragmented, compressed but recognizable needles containing hyphal 

fragmentss and animal faeces. Mesophyll collapsed 
HH humus-like amorphous mass of animal faeces and needle and microbial 

fragments s 
AA an intimate mixture of humus and mineral soil 
Thesee horizons differ in chemical and physical properties of the organic matter, as 
welll as in local microclimate (Dickinson and Plugh, 1974; Green et al., 1993). Such 
differencess are induced by the activity of decomposing organisms. By changing 
propertiess of organic matter, one group of organisms creates new conditions for 
anotherr group of organisms. In this way decomposition stages correspond with a 
successionn of different communities of fungi, bacteria and microfauna. This 
successionn is reflected by a stratification of these communities in different horizons 
(Zvyagintsev,, 1994; Berg, 1997). Ponge (1991a) studied the succession of fungi and 
faunaa in pine litter. He observed several stages of fungal decomposition with fungi 
colonizingg needle surfaces and penetrating needle interiors in increasing degrees. 
Hereafter,, he noticed a stage of faunal decomposition in which needle interiors were 
penetratedd by micro- and mesofauna or entire pieces of needles ingested and 
compactedd to faeces by macrofauna. Moreover, Ponge (1991a) found that bacterial 
developmentt is associated with activity of fauna, as he only observed bacteria in 
needlee interiors when needles showed signs of faunal attack. Furthermore, bacteria 
generallyy proliferated in faecal pellets inside and outside needles. In a more 
advancedd stage, when pine roots developed in the layer of old needles, mycorrhizal 
fungii seemed to impede further bacterial development. 

1.22 Anoxi c condition s in soi l 

Loww to zero oxygen concentrations have not been demonstrated directly in forest 
floorss on well drained soils. However, the observation of strictly anaerobic microbial 
processes,, such as methanogenesis, suggests that regions with zero oxygen 
concentrationss must occur in aerobic forest floors (Musacchio et al., 1996; Yavitt et 
al.,, 1995). In contrast to forest floors, the occurrence of anoxic conditions has been 
studiedd extensively in mineral soils and other environments, such as biofilms and 
marinee sediments (Sexstone et al., 1985; Binnerup et al., 1992; Dalsgaard and 
Revsbech,, 1992; Sierra and Renault, 1996). In the following sections I will 
summarizee reported research on anoxic conditions in mineral soils regarding theory, 
experimentall results and modelling exercises. Knowledge of oxygen dynamics in 
minerall soils forms a basis for the present study, as it enables interpretation of our 
resultss obtained in a forest floor. Furthermore, differences between oxygen dynamics 
inn forest floors and mineral soils are relevant for the understanding of the entire 
forestt soil system. 
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DevelopmentDevelopment of anoxic conditions 
Thee oxygen concentration in soil results from consumption of oxygen on the one 
handd and a supply of oxygen from the atmosphere on the other hand. Oxygen supply 
inn soil has been demonstrated to occur mainly by gaseous diffusion (Currie, 1961). 
Too maintain high oxygen concentrations in oxygen consuming soil, the oxygen 
diffusionn path should mainly exist of continuous air-filled pores (Currie, 1965). In 
unstructuredd soils, there may be one continuous pore phase; in such soils, gradients 
inn oxygen concentration will be one-dimensional and related to profile depth. In 
structuredd soils, a more complex diffusion pattern exists, as the development of soil 
structuree may lead to the formation of different pore phases. For instance: there may 
bee one phase of large pores between soil-structural units (interaggregate pores) and 
onee phase of small pores within structural units (intra-aggregate pores) (Currie, 
1965).. Different pore phases often do not contribute equally to gaseous diffusion in 
soill (Currie, 1965). In well-drained soils, water is mostly held in the intra-aggregate 
poress and gaseous diffusion mainly occurs through interaggregate pores. Oxygen 
consumingg microbial organisms often live in small pores, which are part of the intra-
aggregatee porosity (Paul and Clark, 1996). Consequently, to understand oxygen 
concentrationn dynamics following from oxygen consumption, oxygen diffusion should 
bee studied within the soil aggregates as well as in bulk soil (Currie, 1965). 

MeasurementMeasurement  of  anoxic  conditions  in  soils 

AnoxicAnoxic conditions in aggregates 
Thee presence of low oxygen concentrations in soil aggregates of different sizes 
dependss on the diffusivity of oxygen in these aggregates and on oxygen 
consumptionn rates. As soil aggregates often are cemented to a certain degree, and 
moreoverr have a higher water content and a lower porosity than the bulk soil, the 
diffusivityy of these aggregates will be lower than that of the bulk soil (Currie, 1961). 
Measuredd diffusivities in soil aggregates range from 2*10"8 to 1*10"12 m2s"1 

(Greenwoodd and Goodman, 1967; Sexstone et al., 1985; Zausig and Horn, 1990; 
Hojbergg et al., 1994; Sierra et al., 1995; Sierra and Renault, 1996; Rappoldt, 1995). 
Thee effective diffusivity generally decreases with increasing water content of 
aggregatess and decreasing porosity (Zausig and Horn, 1990). Regarding the effect 
off water content, not only the amount of water itself is of importance, but also the 
distributionn within the aggregate. Leffelaar (1986) observed that upon wetting of soil 
aggregates,, water was mainly distributed in the outer shell of an aggregate. As a 
consequence,, diffusion occurred only in the water phase, leading to a lower 
diffusivityy of oxygen than was expected from the water content of the whole 
aggregate.. Another factor influencing diffusivity is aggregate structure; root channels 
orr subaggregate surfaces can function as pathways for diffusion (Sierra and Renault 
1996). . 

Sierraa and Renault (1995, 1996) observed oxygen consumption rates in aggregates 
thatt decreased with aggregate size. The main reason for this was that oxygen 
consumptionn appeared to be positively affected by oxygen concentration, indicating 
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firstt order oxygen consumption kinetics with respect to oxygen concentration. Since 
oxygenn concentrations in larger aggregates were lower than in smaller ones, due to 
thee larger diffusion path, oxygen consumption rates were also lower than in smaller 
aggregates.. However, first order oxygen consumption may not be a general 
phenomenonn in aggregates, as Greenwood (1961) observed no dependence of 
oxygenn consumption on oxygen concentration in his experiments. Apart from a 
possiblee dependence on the actual oxygen concentration, oxygen consumption also 
dependss on carbon availability and microbial activity in aggregates. For instance, 
Zausigg and Horn (1992) measured steeper oxygen concentration gradients in 
aggregatess from the humic A-horizon of a Vertisol than in aggregates from the B-
horizon,, which was poor in organic matter. The microbial activity within aggregates 
wass related to the organic matter content and has been reported to be 
inhomogeneouslyy distributed or to decrease towards the center of aggregates 
(Zausigg and Horn, 1992; Sierra and Renault, 1995, 1996). 

Thee oxygen diffusivity and consumption of the refered mineral aggregates led to 
anoxicc conditions in aggregates at radii ranging from 4 to 20 mm (Sexstone et al., 
1985;; Hojberg et al., 1994; Sierra and Renault, 1996). Radii of these aggregates are 
largerr than those of organic particles of needles and leaves in a forest floor. Whether 
anoxicc conditions can develop in organic particles, despite their small diameter, 
dependss on the diffusion coefficient and microbial activity. These have not been 
measuredd so far. Nevertheless, in a decomposing clover leaf of only 0.3-0.4 mm 
diameterr anoxic conditions were demonstrated (Hojberg et al., 1994), which suggest 
thatt anoxic conditions are possible in small organic particles. However, anoxic 
conditionss in the clover leaf were attributed to high oxygen consumption rates related 
too the high availability of easily decomposable organic matter. Similar oxygen 
consumptionn rates may not be expected in litter particles of several years old. Since 
actuall oxygen consumption rates and diffusion coefficients in litter are unknown, 
experimentss must make out whether anoxic conditions are possible. For this aim, the 
usee of oxygen microelectrodes seems an appropriate measure. 

AnoxicAnoxic conditions in soil profiles 
Thee complexity of oxygen concentrations in soil profiles very much depends on soil 
structure.. In unaggregated soils, the oxygen concentration gradients may be mainly 
vertical,, with the air-filled pore content, oxygen consumption rate and the distance 
fromm the surface as the main factors determining oxygen concentration at a certain 
depth.. In aggregated soils, a similar vertical gradient may occur, in combination with 
radiall concentration gradients within aggregates. However, structured soils do not 
alwayss behave like a homogeneous distribution of aggregates within a macropore 
phase.. Indeed, inhomogeneous distribution of soil water led to local water saturation 
andd discontinuity in interaggregate pores in soils (Greenwood and Goodman, 1967). 
Thiss resulted in oxygen concentrations lower than expected from bulk water content. 
Furthermore,, inhomogeneously distributed high microbial activity led to anoxic 
micrositess that were not related to the distance from macropores in a clay soil 
(Rappoldt,, 1992). 
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Nott much is known about oxygen concentration gradients in litter layer profiles. 
Dickinsonn and Plugh (1974) cited a study in which oxygen concentration was at an 
atmosphericc level throughout the profile. However, at high water contents oxygen 
diffusivityy decreases in forest floors, and may lead to vertical oxygen concentration 
gradientss (Freijer, 1994a). When concentration gradients do develop in the litter layer 
profilee they are probably related to the sequence of humus form1 horizons. These 
horizonss show distinct differences in structure due to decomposition by soil flora and 
fauna. . 

ModellingModelling  anoxic  conditions  in  soil 

Numericall models of oxygen diffusion in soils are important tools as they can be 
usedd to estimate the soil anoxic volume. Quantifying the anoxic volume is relevant 
sincee anoxic conditions give rise to anaerobic microbial processes and negatively 
affectt plant growth. The importance of oxygen diffusion in the aeration of soils, and 
thereforee plant growth, has long been acknowledged in agricultural science. Various 
earlyy studies related oxygen diffusion to soil porosity and or air-filled porosity 
(Penman,, 1940; Millington, 1959). Since then, such relations between soil diffusivity 
andd porosity have been improved and extended with empirical parameters related to 
soill type or soil pore properties (Freijer, 1994a; Jin and Jury, 1996; Moldrup et al., 
1996).. However, models of oxygen diffusion in interaggregate pores do not account 
forr the quantification of oxygen in soil aggregates. Therefore, models have been 
developedd to predict oxygen diffusion and uptake within and between soil aggregates 
(Leffelaar,, 1979; Smith, 1980). In these models soil structure is represented by a 
hypotheticall aggregate size distribution. Furthermore, a clear distinction between 
intra-aggregatee pores and interaggregate pores is applied. Leffelaar (1979) also 
implementedd the distribution of water in interaggregate pores. The effect of water in 
interaggregatee pores is that part of the aggregate surface area is blocked for oxygen 
diffusionn from air-filled pores. Renault and Sierra (1994) demonstrated that the 
assumptionss on which distribution of water was implemented greatly affected 
calculatedd anoxic volumes. Furthermore, they showed in their calculations that the 
effectt of water content highly depended on soil structure, soil temperature and 
microbiall activity. 

Thee way soil structure is represented in a diffusion model appeared to be of great 
influencee on simulated anaerobic volumes (Arah and Vinten, 1995). Therefore, soil 
structuree needs to be quantified for the prediction of realistic anoxic volumes with 
aggregatedd models. Rappoldt and Verhagen (1999) developed a method to quantify 

11 The term litter layer differs from humus form as the litter layer comprises only the 
organicc horizons of a forest soil while the humus form refers to these organic 
horizonss as well as the Ah horizon (mineral topsoil with high organic matter content) 
(Greenetal.,, 1993) 
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soill structure from thin sections. In thin sections distance distributions were 
measuredd from points in soil aggregates to the nearest interaggregate pore. 

Thee above simple or complex models for aggregated soils are still a simplification of 
soill structure and cannot be used if the soil under consideration does not behave like 
ann aggregated soil (Rappoldt and Verhagen, 1999). In such soils there is no clear 
distinctionn between intra- and interaggregate pores, which can be the case for a clay 
soill (Rappoldt, 1992). Modelling soil anoxic volume without the concept of 
aggregatedd soils can be done with fractal models, which have the advantage that 
fractall dimensions of soil can be measured (Peyton et al., 1994; Anderson et al., 
1996).. Rappoldt and Verhagen (1999) showed that in a fractal model soil, the 
numberr of pores unconnected to the hypothetical soil surface greatly affected the 
simulatedd anoxic soil volume. When modelling exercises are performed in studies on 
oxygenn diffusion-reaction in the forest floor, it is relevant to determine whether forest 
floorss can be considered as aggregated systems. If they can, this allows the use of 
modelss for aggregated systems presented in the literature. 

1.33 Measured relatio n betwee n denitrificatio n and anoxi c 
condition ss in soil s 

RelationsRelations at the aggregate scale 
Att the aggregate scale the relation between denitrification and local oxygen 
concentrationn level has been studied in a direct way by the use of oxygen and/or 
nitrouss oxide microelectrodes (Sexstone et al., 1985; Hojberg et al., 1994). Sexstone 
ett al. (1985) found that denitrification in aggregates was always associated with 
anoxicc sites, but not all aggregates with anoxic sites showed denitrification activity. 
Thiss observation may typify denitrification in aggregated soils in general. Parry et al. 
(1999)) found a larger denitrification activity in soils with large aggregates in arable 
soill than in the smaller aggregates under pasture, which they explained by larger 
anoxicc microsites within the larger aggregates. In contrast, Seech and Beachamp 
(1988)) actually found an inverse relation with denitrification activiy and aggregate 
size,, which was caused by a low organic carbon availability in larger soil aggregates. 
Moreover,, they concluded that denitrifying bacteria were mainly present in the outer, 
oxicc parts of aggregates. Low denitrification activities in anoxic sites within 
aggregatess were also found by Hojberg et al.(1994). Indeed, calculating diffusion 
ratess of organic carbon and nitrate within mineral aggregates, Myrold and Tiedje 
(1985b)) concluded that denitrification in mineral soil aggregates was limited by 
substratee in aggregates larger than a critical size of 2 mm. The above presented 
studiess imply that anoxic conditions are not always the most important limiting factor 
forr denitrification at the aggregate scale. 

RelationsRelations at the field scale 
Fieldd denitrification rates are usually measured as surface or soil column fluxes of 
nitrouss oxide using the acetylene inhibition technique. Direct relations between 
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denitrificationn and anoxic (forest) soil volumess could not be demonstrated since it 
hass not been possible to precisely quantify anoxic volumes in the soil compartment. 
Nevertheless,, the importance of anoxic conditions in the field is confirmed by 
correlationss between denitrification rates and environmental factors mediating 
anaerobiosiss in the soil. First, increased denitrification rates have been measured at 
highh water contents or water filled pore space (Robertson and Tiedje, 1984; 
Davidsonn and Swank, 1986; Carnol and Ineson, 1999; Shelton et al., 2000,). Water 
contentt depends on soil texture, structure, drainage, groundwater level, precipitation, 
irrigation,, thaw of frozen soil water or snow. Second, denitrification rates have been 
foundd to correlate with factors affecting oxygen consumption rate, such as carbon 
availability,, microbial biomass and temperature (Robertson and Tiedje, 1984, 
Groffmann and Tiedje, 1989a,b; Drury etal., 1991; Mogge et al, 1998). 

Relationss between field denitrification rates and environmental factors are most clear 
whenn yearly fluxes are used and relevant site factors, which are stable in time. For 
instance,, Groffman and Tiedje (1989a,b) found that nearly 90% of the yearly 
denitrificationn of different sites could be explained by the factors drainage and 
texture.. By contrast, Robertson and Klemedtsson (1996) found that momentary 
denitrificationn rates did not show consistent relationships with environmental factors. 

Studiess on field denitrification and relations with environmental factors in forest soils 
seldomm specifically address the forest floor. Those that do, show that enhanced 
denitrificationn rates are often associated with high water contents (Musacchio et al., 
1996;; Papen and Butterbach-Bahl, 1999), which may induce anoxic conditions. 
Laboratoryy studies with litter confirm that anoxic conditions are an important 
stimulatingg factor as denitrification was one or two orders higher with anaerobic 
incubationss than with aerobic incubation (Pang and Cho, 1984; Laverman, 2000). 
Sincee forest floors significantly contribute to cumulative surface fluxes of 
denitrificationn products (Martikainen et al., 1993; Musacchio et al., 1996; Dong et al., 
1998;; Regina et al., 1998; Papen and Butterbach-Bahl, 1999), extensive research is 
neededd for further insight in the dynamics of denitrification in forest soils. 

1.44 Other factor s regulatin g denitrificatio n 

PresencePresence  and activity  of  denitrifiers 

Mostt denitrifiers in soils are facultative anaerobes and their activity in soil is mostly 
expressedd under aerobic conditions by their ability to compete for carbon substrate 
withh other heterotrophs (Myrold and Tiedje, 1985a). The amount of (facultative) 
anaerobess in soils is much less than that of aerobes (ca. 1-10 vs 90-99%, Küsel et 
al.,, 1999). The number of denitrifying bacteria in soils correlates with total numbers 
off anaerobes, moisture content and annual mean rainfall in a study with samples 
fromm different climatic zones and mineral substrates (Gamble et al, 1977). In 
individuall forest soil profiles microbial biomass and potential denitrification rates 
decreasee with depth along with organic matter decomposibility or total organic matter 
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contentt (Pang and Cho, 1984; Heinrich and Haselwandter, 1991). Furthermore, 
microbiall activity and likewise, potential denitrification activity, have been found to be 
higherr in the rhizosphere (Scott Smith and Tiedje, 1979) and microsites with a local 
highh concentration of easily decomposable organic carbon (Parkin, 1987; 
Christensenn et al., 1990a,b; Murray et al., 1995). 

Duee to their ability to respire under aerobic conditions, denitrifiers are present in 
almostt any soil. As a consequence denitrification will hardly be limited by the 
presencee of denitrifiers at the field scale {Lensi et al., 1991). However, at the 
aggregatee scale in a forest floor, denitrification was found to be limited by the activity 
off denitrifying bacteria, as denitrifying activity was absent in 7 out of 30 particles 
(faecall pellets). In addition, Ponge (1991a) observed that bacteria in the L and F 
layerss of a litter layer were mainly present in individual communities restricted to 
microsites. . 
Althoughh the number of denitrifiers in general shows a clear relation with total 
microbiall biomass, several studies indicate that denitrifying bacteria occur in 
preferencee to other soil bacteria in soils that exhibit frequent periods of anaerobiosis 
(Groffmann and Tiedje, 1989a,b). Struwe and Kjoller (1994) found the number 
denitrifierss in a waterlogged forest soil to be 103 to 104 times higher than in a well-
drainedd forest soil. Furthermore, Philippot et al. (1996) demonstrated that bacteria 
capablee of nitrate reduction were in advantage in colonising anoxic soil aggregate 
centers. . 

DenitrificationDenitrification  Enzyme  Activity  (DEA) in  soils 

Thee reaction sequence of denitrification is catalyzed by the following reductase 
enzymes:: nitrate reductase, nitrite reductase, nitric oxide reductase and nitrous oxide 
reductase.. These enzymes are repressed in the presence of oxygen. Activity of 
existingg denitrification enzymes and de novo synthesis were shown to be negatively 
affectedd by a low pH (Ellis et al.,1998). Firestone et al. (1980) observed that an effect 
off pH on repression of enzymes only occurred in the presence of high nitrate 
concentrations.. These enzymes have been shown to be persistent in soils, even 
afterr periods of desiccation (Scott Smith and Parsons, 1985). At the onset of 
anaerobiosis,, synthesis of nitrate reductase is derepressed most quickly (within 
severall hours); synthesis of nitrous oxide reductase is derepressed last (after 16-33 
hours)) (Firestone et al., 1980; Dendooven and Anderson, 1994). The different 
periodss needed for derepression of synthesis of enzymes can lead to an 
accumulationn of denitrification products which changes with the duration of 
anaerobiosiss (Firestone et al., 1980; Weier et al., 1993; Dendooven and Anderson, 
1994). . 

Thee concentration of existing nitrate reductase in soil is usually the highest and most 
persistentt (Dendooven and Anderson, 1994). The concentrations of nitrate reductase 
andd nitrous oxide reductase depend on the frequency of anaerobiosis in soil and on 
thee antecedent water regime (Dendooven et al., 1996). Differences in initial 
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concentrationn of existing enzymes affect the initial accumulation patterns of nitrite, 
nitrouss oxide and nitrogen gas in soils. The earlier mentioned derepression times 
subsequentlyy determine the further development in accumulation pattern. 
Initiall activity of existing denitrification enzymes is generally not much lower than the 
activityy following de novo synthesis, several hours after onset of anaerobiosis (Scott 
Smithh and Parsons, 1985). Activation and inactivation of enzymes by oxygen was 
thereforee thought to be of greater significance for soils with transient periods of 
anaerobiosiss than synthesis of new enzymes or growth of denitrifiers (Scott Smith 
andd Parsons, 1985; Dendooven et al., 1996) 

CarbonCarbon  availability 

Thee influence of organic carbon availability on denitrification in soils is two-fold. On 
thee one hand carbon availability regulates denitrification directly by its effect on the 
activityy of heterotrophic microbial biomass (Myrold and Tiedje, 1985a). On the other 
handd carbon availability affects denitrification indirectly when anoxic zones develop 
duee to oxygen consumption during aerobic carbon decomposition. These two effects 
aree strongly interrelated and are difficult to distinguish in experiments under aerobic 
conditions. . 

Thee effect of carbon availability solely on the activity of microbial biomass can be 
studiedd under anaerobic conditions (Swerts et al.,1996). Results of such studies 
indicatee that denitrification increases with amendment of carbon in the order glucose 
>> cellulose > leaves/needles> lignine (Rashid and Schaeffer, 1988). Swerts et al. 
(1996)) studied the importance of indegenous carbon quality. They observed a 
decreasee in denitrification rate in samples of the same soil containing carbon in an 
increasingg stage of decomposition due to increasing periods of preincubation (3-21 
days).. The increase of denitrification rates upon carbon amendments under 
anaerobicc conditions generally ranges from a factor 2-10 (Drury et al., 1991; Heinrich 
andd Haselwandter, 1991; Swerts et al., 1996). The effect of carbon amendments 
increasess if the incubation period allows for substantial microbial growth. This may 
explainn increases of denitrification rates by a factor of at least 60 after amendment 
withh glucose during incubation periods of eight days (Rashid and Schaeffer, 1987). 

AA disadvantage of studying carbon availability in anaerobically incubated samples is 
thatt denitrification will occur throughout the sample. In such samples denitrification 
occurss in zones that under field conditions may not experience anaerobiosis. If the 
activityy or functionality of microbial populations differs in dependence of soil 
structure,, anaerobic denitrification rates may be difficult to relate to denitrification 
ratess that can be expected under field conditions. 

Underr aerobic conditions, the increase in denitrification rate upon carbon 
amendmentss can be much higher than the factor 2-10. The much stronger effect of 
carbonn under aerobic conditions must be attributed to the development of anoxic 
conditionsconditions in zones with high carbon availability (Rice et al., 1988; Christensen et al., 
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1990a,b;; Breland, 1994; Jordan et al., 1998). Microsites with a high carbon 
availabilityy and oxygen consumption rates allowing for the development of anoxic 
conditionss have been refered to as "hot-spots"(Christensen and Tiedje, 1988; Parkin, 
1987).. An excellent way to study the effect of carbon availability is to measure 
simultaneouslyy respiration rates, denitrification rates and dynamics in anoxic volume. 
Thiss has been done in studies with manure applications in mineral soil and biofilms 
(Dalsgaardd and Revsbech, 1992; Petersen et al., 1996). 

AvailabilityAvailability  of  nitrate 

Nitratee concentrations have increased in forest soils with a high atmospheric N-
depositionn or with long-term applications of fertilizers (Van Breemen and Verstraten, 
1991).. In forest soils with an excess of nitrogen considerable amounts of nitrate are 
producedd by nitrification (Van Breemen and Verstraten, 1991; Tietema et al., 
1992a,b).. In such "nitrogen saturated" forest ecosystems, nitrifiers do not have to 
competee for ammonium with tree and plant roots. 

Nitrificationn rates have been found to correlate with potential denitrification rates 
(Robertsonn and Tiedje, 1984). Consequently, denitrification is limited by nitrate 
availabilityy in forest soils with low nitrate concentrations and a low nitrifier activity 
(Bowdenn et al., 1990; Paavolainen and Smolander, 1998). Likewise, limitation of 
denitrificationn by nitrate availability also occurs in soils, that exhibit favourable 
conditionss for denitrification, such as water-logged soils (Schipper et al., 1993; 
Delaunee et al., 1998). In such soils, the demand for oxidators exceeds the available 
amountt of nitrate. 

Nitratee concentration affects the denitrification process in two ways. First, high nitrate 
concentrationss increase the reduction rate of nitrate to nitrite. Due to the higher 
affinityy for nitrate than for nitrous oxide in the reaction sequence, an accumulation of 
N200 is often observed in soils with high nitrate concentrations (Nommik et al., 1984). 
Duee to accumulation of nitrous oxide the N20/N2 ratio is high in soils with high nitrate 
concentrationss (Firestone et al., 1980). Second, high nitrate concentrations in soil 
solutionn increase the diffusive flux to zones with denitrification activity. The effects of 
nitratee concentration on the reaction rate itself and on the diffusive flux are difficult to 
separatee in soil. The importance of nitrate concentration on the diffusive flux is 
illustratedd by much higher optimal nitrate concentrations found in soil solutions than 
inn pure laboratory cultures. For instance, Km values (Michaelis-Menten constants) in 
puree cultures are lower than 0.015 mM while Km values in soil range from 0.13-1.2 
mMM (Betlach and Tiedje, 1981). In the litter layer studied in this thesis nitrate 
concentrationss are high (ca 1 mM and higher). Therefore, limitation of denitrification 
byy nitrate availability seems highly improbable. 
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Temperature Temperature 

Inn  the presence of organic carbon, nitrate and anoxic conditions, denitrification rates 
aree correlated with temperature (Knowles, 1981). Relations between temperature 
andd denitrification in the field are often obscured by other factors being limiting at 
favourablee temperatures. Although denitrification rates decrease with decreasing 
temperature,, substantial amounts of denitrification have been observed with 
snowmeltt or thaw after frost (Goodroad and Keeney, 1984a; Tietema et al., 1991; 
Papenn and Butterbach-Bahl, 1999). Temperature not only affects the reaction rates 
themselves,, but also influences denitrification indirectly by a lowering of the oxygen 
solubilityy in water and an increase in the oxygen consumption rate at increasing 
temperaturess (Paul and Clark, 1996). 

Acidity Acidity 

Denitrificationn rate has been found to be negatively affected by low pH, both in 
respectt to enzyme kinetics as in growth and activity of denitrifying bacteria (Muller et 
al.,, 1980; Ellis et al., 1998). Muller et al.(1980) found a correlation of potential 
denitrificationn with pH in the range of 3.6-7. In other soils however, adaption of 
denitrifierss to local low pH (4) was observed (Parkin et al., 1985; Martikainen and de 
Boer,, 1993). pH influences the N20/N2 ratio in the presence of nitrate: at low pH (4.9) 
andd high nitrate concentrations the main product of denitrification is N20 (Firestone 
ett al., 1980). In this regard, the N20/N2 ratio in the litter layer studied in this thesis is 
expectedd to be high due to high nitrate concentrations as well as a low pH (pH(H20) 
L:: 4.4; F: 3.7, Koopmans, 1996). 

1.55 Source s of nitrou s oxid e other than denitrificatio n 

Thee most important source of nitrous oxide, apart from denitrification, is nitrification. 
Nitrifcationn is the oxidation of ammonium to nitrate, during which nitrous oxide can be 
producedd as a by-product. The amount of nitrous oxide produced due to nitrification 
iss positively correlated with moisture content and negatively with pH, oxygen 
concentrationn and ammonium concentration levels (Blackmeret al., 1980; 
Martikainen,, 1985; Goreau et al., 1980). 

Thee relative contribution of nitrification to total nitrous oxide production varies 
significantly,, from negligible amounts to nearly 100% (Martikainen, 1985; Musacchio 
ett al., 1996; Kester et al., 1997b; Stevens et al., 1997; Mogge et al., 1998; Papen 
andd Butterbach-Bahl, 1999). Denitrification has been reported to be the main source 
off nitrous oxide at water contents higher than those at field capacity, or during the 
wett season in dry tropical forests (Mogge et al., 1998; Rudaz et al., 1991; Davidson 
etal.,, 1993). 

AA complicating factor in studying sources of nitrous oxide is when nitrification and 
denitrificationn are coupled (Speir et al., 1995). This occurs when reduction of nitrate 
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duringg denitrification is directly dependent on the nitrate produced during nitrification. 
Whenn contribution of denitrification is estimated by specific inhibition of nitrification, 
denitrificationn rates may be severely underestimated as the nitrate availability will 
dropp without the continuous replenishment due to nitrification. Although most nitrous 
oxidee production in soil is estimated to be produced by nitrifiers and denitrifiers, it is 
knownn that nitrous oxide can be produced by many fungi and yeasts (Bleakley and 
Tiedje,, 1982; Shoun et al., 1992). In addition, nitrous oxide can be produced during 
dissimilatoryy nitrate reduction to ammonium (DNRA) and nitrate assimilation (Scott 
Smith,, 1982). The contribution of fungi and yeasts to nitrous oxide production is not 
knownn as no specific inhibitors have been found to determine their activity with 
(Bleakleyy and Tiedje, 1982). Apart from biological sources, nitrous oxide can also be 
producedd by chemical reduction of nitrite to nitrous oxide, denoted as 
chemodenitrificationn (Paul and Clark, 1996). Contributions to nitrous oxide 
productionn by processes other than denitrification and nitrification are unknown in the 
forestt soils in the Veluwe, and further discussion is beyond the scope of this thesis. 

1.66 Research approach : a combinatio n of laborator y experiment s 
andd modellin g exercise s 

ResearchResearch  questions 

Inn the above sections I reviewed studies on the occurrence of anoxic conditions in 
soil,, the estimation of soil anoxic volumes using models and the relation between 
anoxicc conditions and denitrification. Furthermore, the regulation of denitrification by 
otherr factors than anoxic conditons was discussed. The review shows that there is 
ann urgent need for information on the specific occurrence of anoxic conditions in 
forestt floors and on the relation between anoxic conditions and denitrification. 
Therefore,, I formulated the following research questions for a Douglas fir forest soil 
inn The Netherlands. 

A.. Where do anoxic conditions occur in a Douglas fir litter layer? 

B.. What are the conditions of oxygen diffusivity and oxygen consumption under 
whichh anoxic conditions occur in a Douglas fir litter layer? 

C.. How can the anoxic volume of a litter layer be modelled in a simple manner? 

D.. What is the relation between anoxic conditions and denitrification in a Douglas fir 
litterr layer? 
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Figur ee 1.1: Schematic representation of experiments and models applied in this thesis. 
Letterss refer to the research questions specifically addressed in a particular part. 

ApproachApproach  and outline  of  this  thesis 

Inn soil science, as well as environmental science in general, it is hardly possible to 
experimentallyy study a single process factor in isolation, without disturbing the 
systemm and therefore the process itself. Measured variables in experiments 
therefore,, often represent the combined response to several process factors. To 
enablee unequivocal interpretation of experimental results, process models are often 
used.. With proces models the behaviour of single factors can be studied, which 
makess them suitable for testing research hypotheses derived from experimental 
results.. Therefore, the combined use of models and experiments is regarded as a 
valuablee approach in environmental studies. 

Experimentall and modelling designs depend on the research questions that are 
formulatedd and on the spatial and temporal aspects of the process under study. 
Sincee anoxic conditions in the litter layer may occur on the scale of a particle or a 

22 2 



litterr layer, experiments and models applied in this thesis will be concentrated on 
thesee scales. 

Too answer the formulated research questions I studied oxygen concentration levels 
inn organic particles and in a litter layer in response to soil structure, diffusivity, 
oxygenn consumption dynamics and water content. In addition, I studied the response 
off nitrous oxide to prevailing oxygen concentration levels. Figure 1.1 gives a 
schematicc representation of the experiments and models adopted. The letters A-D 
correspondd to research questions that are specifically addressed. 

adad question A 
Directt measurements of oxygen concentration profiles in single organic particles as 
welll as whole layers are performed with oxygen microelectrodes. This is done at 
variouss oxygen consumption rates and water contents occurring under field 
conditions.. To link concentration measurements with soil structure, thin sections are 
producedd from the samples used in the microelectrode experiments, (subject of 
chapterr 2). 

adad question B 
Diffusivityy and oxygen consumption dynamics in organic matter are estimated with 
additionall microelectrode experiments. This is done by measuring oxygen 
concentrationn dynamics in an organic particle during a stepwise increase of the 
oxygenn concentration outside the particle. Measurements are compared with results 
off diffusion-reaction models at different scenarios of diffusivity and oxygen 
consumption.. Diffusion-reaction models are applied to the organic matter fabric of 
thee litter layer thin section, (subject of chapter 3). 

adad question C 
Withh the results obtained in the preceding chapters, an attempt is made to model the 
anoxicc volume of the organic layer in a simple manner, suitable for application in 
large-scalee models. A method of simplifying structure of aggregated soils (Rappoldt 
andd Verhagen, 1999) is tested for the forest floor. This is done by applying diffusion-
reactionn models on a generalized representation of a litter layer structure and on the 
unsimplifiedd litter layer structure, (subject of chapter 4). 

adad question D 
Too address this question, nitrous oxide production is measured in response to water 
content,, oxygen consumption rate and nitrate availability. The relation with anoxic 
conditionss is studied by simulating anoxic conditions in water-filled interparticle pores 
att the conditions of the experiment, and comparing the results with observations. In 
addition,, limitation of denitrification in particles by nitrate diffusion is investigated with 
aa diffusion-reaction model, (subject of chapter 5). 

Finally,, in a synthesis the results are extrapolated to other compartments of the litter 
layer,, and as far as possible, to forest soils in general. 
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Figuree 1.2: Location of the study site 

Thee research location is a Douglas fir stand in the Speulderbos, the Veluwe, in the 
centrall Netherlands (Figure 1.2). The study site is situated in a region with high 
atmosphericc nitrogen deposition. The forest was planted in 1962 and has a tree 
densityy of 780 trees ha"1 without undergrowth (Figure 1.3). The soil is classified as an 
Haplicc Podzol (FAO, 1988) and is formed on heterogeneous ice-pushed sandy loam 
depositss and loamy sand glacio-fluvial deposits. The humusform is classified as a 
Moderr (Green et al., 1993). The soil is well-drained with a groundwater level at 40 m 
depthh throughout the year. Average precipitation is 834 mm y"1 and is evenly 
distributedd over the year. 

Thee site has been used for on-going research in various disciplines during the last 
decade.. Relevant studies in respect to this thesis were performed on: forest soil 
nitrogenn mineralization and nitrification (Tietema, 1992; Koopmans, 1996), soil 
hydrologyy (Schaap, 1996), oxygen diffusion in soil (Freijer, 1994b), soil acidification 
andd nutrient dynamics (Wessel, 1997). 
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Figur ee 1.3: Photograph of study site 

Thee forest soil profile at the research location consists of a L, F and Ah horizon with 
aa sharp transition between the organic layer and the mineral soil. An H horizon is 
absent.. Below several microscopical observations are presented of Douglas fir litter 
fromm the study site, that illustrate the succesion of fungi and microfauna in litter that 
wass sketched in the general introduction (Figures 1.4 to 1.7). No images of bacterial 
developmentt have been made, although the presence of bacterial microcolonies was 
observedd on the surface of needles from the F2 horizon, after staining with dyes 
(DAPII (4',6'-diamidino-2-phenylindole-2-HCf) and FITC (fluorescein isothiocyanate)). 
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Tablee 1.1: pH«ci, net mineralization rate and nitrification rate measured in incubation 
experiments,, copied from Tietema et al., 1992a. Values are averages and standard 
deviationss {between parenthesis) based on 4 replicates (except L horizon). Only the first 5 
cmm of the mineral Ah horizon are analysed. 

pHH Net Nitrification rate 
H2O

aa mineralisatio n 
rate e 
(mgg N kg"1 4 wk"1) (g N m'2 4 wk1) % of (mg N kg"1 4 wk"1) (g N m"2 4 wk"1) % of 

totall total 
L L 

F F 

Ah h 

total l 

4.4 4 

3.7 7 

3.8a a 

1380.3 3 

299.9(151.4) ) 

19.11 (5.7) 

0.10 0 

1.277 (0.80) 

0.54(0.10) ) 

1.91 1 

5 5 

67 7 

28 8 

67.3 3 

45.33 (20.9) 

,2.6(1.8) ) 

0.00 0 

0.19(0.08) ) 

0.088 (0.06) 

0.27 7 

0 0 

70 0 

30 0 

aa Koopmans (1996); pH in Ah horizon measured in first 10 cm. 

Thee organic layer mass varies from 3.2 to 4.5 kgdry rrf
2 (Wessel, 1997). The organic 

soill is substantially acidified as is evidenced by pH values of 4.4 in the L horizon to 
3.88 in the Ah (Table 1.1). Due to long-term atmospheric nitrogen deposition the soil 
hass become nitrogen saturated, which means that the forest has reached its 
maximumm capacity to retain nitrogen in soil and vegetation. Nitrogen saturated soils 
aree characterised by high nitrogen mineralisation and nitrification potentials (Tietema 
ett al., 1992a). Net mineralization rates and nitrification rates of the forest soil in 
Speuldd are given in Table 1.1. Rates are measured in incubation experiments, in situ 
ratess are about a factor 5 lower (Koopmans et al., 1995). 
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Figur ee 1.4: Fungal colonization of an intact needle (L). Thin section photograph by scanning 
electronn microscopy. Bar = 8.77 urn. 
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Figur ee 1.5: Microfaunal penetration in needle interior (F2). Photograph by scanning 
electronn microscopy. Bar = 43.7 urn. 
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Figur ee 1.6: Deposition of microfaunal faeces inside needle (F2). Thin section photograph by 
lightt microscopy. Scale: 1 cm = ca. 0.15 mm 

Figur ee 1.7: Activity of fungi inside needle (F2). Thin section photograph by light 
microscopy.. Left: overview of needle, scale: 1 cm = ca. 0.1 mm; right: close-up of 
fungi,, scale: 1 cm = ca. 0.02 mm. 
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22 Anoxi c Microsite s in Dougla s fi r litte r 

withwith Ben de Winder, Willem Bouten and Albert Tietema, 
publishedpublished in Soil Biology and Biochemistry 31 (1999) 1295-1301. 

Abstrac t t 
Oxygenn concentrations within Douglas fir litter were studied at various water contents 
andd oxygen consumption rates. A micromanipulator moved micro-electrodes 
(diameterr 7.5 jam) downward at a velocity of 2 urn s"1. In oxygen profiles, particles 
andd pores could be identified. The sizes of these particles agreed with particle sizes 
derivedd from a thin section of the same litter. In oxygen profiles, no gradients in 
concentrationn occurred in litter macropores at water contents of 2 to 3.9 g g"1 dry 
weight,, which represented the average range in field water contents. By contrast, 
highh oxygen gradients occurred inside organic particles. Larger organic particles in 
generall had lower intraparticle oxygen concentrations, compared to smaller organic 
particless and in some particles oxygen was absent (> 250 urn diameter). These 
anoxicc sites occurred at all water contents (2-3.9 g g"1 dry weight) and oxygen 
consumptionn rates (0.4-3.2 umol g 1 h"1). The anoxic organic matter fraction of the 
litterr layer did not significantly increase with water content nor with a stimulated 
oxygenn consumption rate due to addition of glucose. The recognition that permanent 
anoxicc sites exist in litter helps us understand how anaerobic processes, such as 
denitrification,, may contribute to N20 production in the litter layer. 
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2.11 Introductio n 

Forestt soils are an important source of atmospheric N20 (Davidson, 1991). N20 
productionn in soil occurs anaerobically by biological denitrification as well as 
aerobicallyy by nitrification, which is stimulated by low but non zero oxygen 
concentrationss (Goreau et al., 1980; Poth and Focht, 1985; Kester et al., 1997a). 
Aboutt the occurrence of anoxic conditions in well-drained forest soils, not much is 
known.. Nevertheless, the production of methane, which is an anaerobic process, has 
beenn observed in terrestrial forest soil (Yavitt et al., 1995). Furthermore, 
denitrificationn has frequently been demonstrated (Goodroad and Keeney, 1984b; 
Groffmann and Tiedje, 1989a,b). Finally, it has been shown that the litter layer has 
considerablee capacities for anaerobic carbon decomposition (Küsel and Drake, 
1996).. For these reasons, there is interest in knowing oxygen dynamics in forest soil 
leadingg to anaerobic processes. 

Anoxicc conditions have been measured with micro-electrodes in aquatic sediments 
(Binnerupp et al., 1992), biofilms (Dalsgaard and Revsbech, 1992), mineral soil 
aggregatess (Sexstone et al., 1985; Sierra and Renault, 1996) and in an organic "hot-
spot"" on top of a mineral soil aggregate (Hojberg et al., 1994). Anoxic conditions 
developp when oxygen supply cannot satisfy oxygen demand. For example, high 
waterr contents can limit oxygen supply by diffusion, and high water contents seem to 
bee a prerequisite for anoxic conditions in highly porous litter layer material. 

Inn the present study we measured oxygen concentration profiles in a Douglas fir litter 
layerr under manipulated moisture and substrate conditions to answer the following 
questions.. First, where do low and zero oxygen concentrations occur in a Douglas fir 
litterr layer and second, do accelerated oxygen consumption rates or higher water 
contentss have an effect on the occurrence of anoxic microsites in this litter layer? 

2.22 Material s and method s 

Douglass fir litter (F2 layer) was sampled in July 1997 in a 36 year old forest without 
understoreyy at Speuld, the Netherlands , . The forest is located on a 
well-drainedd sandy soil with a water table at a depth of 40 m throughout the year. 
Thee spatial and temporal water content dynamics of this forest are well studied 
(Schaapp et al., 1998). We sampled from the 1.5-5 cm deep F2 layer beneath a L + F 
(0-1.5cm).. We removed twigs, the larger roots and cones. The remaining litter 
largelyy consisted of highly fragmentated Douglas fir needles. The F2 layer was 
selectedd for the relative softness of its organic matter tissues (advanced 
decompositionn stage), which facilitated electrode insertion. 

Field-moistt litter (2.1 g g'1) was packed in five glass columns (10 cm diameter) at 
fieldd bulk density (0.1 g cm 3)to a thickness of 6 cm. We varied the moisture content 
byy spraying with either a KN03 solution or a KNO3/ glucose solution (Table 2.1). The 
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latterr solution was used to achieve an increase of oxygen consumption rate 
concurrentt with an increase of water content. The KN03 solution was used to avoid 
nitratee limitation in denitrification measurements, which are not reported in this 
chapter.. The nitrifying activity in the litter layer of the forest has been investigated by 
Tietemaett al. (1992a). 

Too achieve a homogeneous water distribution, the columns were left overnight after 
wetting.. The homogeneity of the vertical distribution of water content was confirmed 
byy measurements of water content in five similarly treated duplo columns. Water 
contentss were measured in 0.5 cm layers up to a depth of several cm. The water 
contentss in Table 2.1 are averaged values of the upper 1 cm. The selected water 
contentss are representative for the measured average range of water contents in the 
fieldd (1.2-4.2 g g"1 dry weight) (Schaap et al., 1998). Before and after the 
microelectrodee measurements, the columns were placed in airtight bottles for 
respirationn measurements. Average bulk oxygen consumption rates were measured 
byy the decrease in headspace oxygen concentrations. In Table 2.1 rates represent 
valuess measured over a period of up to 24 hours before (sample 2-5) or after 
(samplee 1) the microelectrode measurements. All measurements were performed at 
roomm temperature. 

Tablee 2.1: Water content, substrate addition, oxygen consumption rate and number of 
oxygenn concentration profiles in the 5 Douglas fir litter columns and in the field sample. 

Sample s s 

0a a 

1 1 
2 2 
3 3 

4 4 
5 5 

Water r 
conten t t 

_i9-5lj"ryweighLl l 
2 2 
2.1 1 
3.2 2 
3.2 2 

3.7 7 
3.9 9 

Additio n n 

none e 
none e 
KN033

 b(1 mM) 
KNO33 (1 mM) + 
glucosebb (69 mM) 
KNO33 (1 mM) 
KNO33 (1 mM) + 
glucosee (69 mM) 

Oxyge n n 
consumptio n n 
ratee (umo l kg'V 1) 
n.d. . 
0.11 1 
0.20 0 
0.69 9 

0.11 1 
0.89 9 

Number r 
of f 
profile s s 
1 1 
1 1 
2 2 
2 2 

3 3 
2 2 

aa oxygen profile measured in the field 
bb original concentration in the solution 
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MicroelectrodeMicroelectrode  measurements 

Wee used custom made oxygen electrodes with a guard cathode based on the 
electrodess described by Revsbech and Ward (1983) and Revsbech (1989) to 
measuree oxygen profiles. The electrodes have an outer diameter at the tip of 7.5 urn 
andd an inner diameter of 5 urn. They have a relatively long membrane (40 urn) for a 
highh pressure resistance and their tips were not melted round to improve insertion 
intoo organic matter. A 0.75 V potential was applied over the electrodes. The 
electrodess did not show sensitivity to stirring. The 90% response time was about 8 s. 

Two-pointt calibrations were performed in N2 bubbled water (0% 02 saturation) and 
airr bubbled water (100% 0 2 saturation with air) several times before and after the 
measurements.. There was some variation in the maximum (up to10%) and minimum 
(upp to 5%) electrode signals during repeated calibrations. This variation sometimes 
increasedd due to the insertion in organic matter. For the analysis of the oxygen 
profiless we therefore assumed the range in oxygen concentrations of 90-110% 
saturationn to be oxygen saturated and the range of 0-10% oxygen saturation to be an 
estimatee of zero to very low oxygen concentrations. 

Oxygenn profiles were recorded by lowering the electrodes continuously into the litter 
columnss with a micromanipulator at a constant velocity of 2 jam s\ up to a depth of 
severall cm. Datarecordings were taken each 8 s at distance intervals of 16 ĵ m or 
everyy 2 s at intervals of 4 urn. Using the smaller distance interval of 4 urn appeared 
too make no difference on the profiles. Observation by eye confirmed that the 
microelectrodess indeed ran through the fir needles. Calculations showed that the 
velocityy of the microelectrode was sufficiently slow to keep the electrode close to 
equilibriumm with the surrounding oxygen concentration (results not shown). The 
measuredd profiles therefore did not need a correction for the electrode response. 

Duringg the measurements we observed that oxygen concentration gradients were 
lesss high when the electrode moved into a particle than when the electrode moved 
out.. This phenomenon must be an effect of insertion of the electrode but the exact 
causee could not be traced in this study. 

AA single oxygen concentration profile measured in the field several weeks after 
samplingg time has been included in the analyses since no differences could be found 
betweenn the field profile and the laboratory profile in fieldmoist material. 
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TheoryTheory  for  the interpretation  of  the oxygen  profiles 

Wee distinguish between interparticle pores (1), intraparticle pores (2) and organic 
particless (3) (Figure 2.1). We assumed a continuous phase between interparticle 
poress (1) and the atmosphere. Air filled pores have a high diffusion coefficient and 
thee vertical gradient of the oxygen concentration (dC/dz, C = concentration, z = 
distance)) will therefore be low unless pores are blocked by water. In intraparticle 
poress (2), we expected an oxygen concentration less than saturated as a 
consequencee of an oxygen flux through the surrounding organic matter due to 
oxygenn consumption. The concentration gradient in an air-filled intraparticle pore will 
bee low due to the high diffusion coefficient of oxygen in air. In organic particles (3) 
wee assumed oxygen consumption to lead to high gradients in oxygen concentration. 

Figur ee 2.1: Concept used to explain oxygen concentration gradients (dC/dz) on the basis of 
thinn sections of fragmented needle litter. 1: dC/dz = low, 2: dC/dz = low, 3: dC/dz = high. C = 
oxygenn concentration; z = distance (see text for further explanation). 

Therefore,, we were able to describe quantitatively: 
1.. The percentage of interparticle pores, defined as parts with oxygen saturated 
concentrationss and low or no gradients in oxygen concentration. 
2.. The percentage of intraparticle pores, defined as parts with less than saturated 
oxygenn concentrations and low gradients. 
3.. The percentage of organic particles, defined as parts with high gradients in oxygen 
concentration. . 
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Figur ee 2.2: Binary image of a part of a scanned thin section (real size of binary image: 1.2 x 
1.77 cm). Black is organic matter, white is pore. Next to the image, an example of a random 
organicc matter profile is shown, taken at the position of the arrow at the top of the image. 

ThinThin  section 

Forr the interpretation of measured oxygen profiles we used a thin section of Douglas 
firr litter from the described location, in which the distribution of organic matter and 
poress could be distinguished. The thin section was produced from a litter sample that 
hadd been impregnated with unsaturated polyester resin (Jongerius and Heintzberger, 
1975).. The thin section was scanned and the image was subsequently converted to 
aa binary gridmap of organic matter and pores with a cell size of 21 x 21 )j.m (Figure 
2.2).. In this map, needles and needle fragments can still be recognized. Next to the 
image,, we show a hypothetical profile of the organic particles and pores that a 
microelectrodee passes on its way down, starting from the point indicated at the top of 
thee image. From such organic matter profiles, we calculated particle sizes in vertical 
directionn by calculating the length of continuous cell ranges in organic matter. 

2.33 Result s 

Oxygenn profiles measured in fragmented Douglas fir litter columns at field water 
contentt showed similar patterns. An example of a typical oxygen profile is given in 
Figuree 2.3 and an expand portion is given in Figure 2.4, showing the alternation of 
highh and low gradients in oxygen concentration, corresponding to particles, pores 
andd transitions (Figure 2.4). Parts with low gradients and concentrations around 
saturationn (100%) are typical for interparticle pores connected to the atmosphere. 
Smalll deviations occur because of electrode instability. 
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Figur ee 2.3: Example of a typical oxygen profile (sample 1). Water content = 2.1 g g"1 

(fieldmoist),, oxygen consumption rate = 0.11 umol kg"1s'1. 
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Figur ee 2.4: Section of the oxygen profile of Figure 2.3 (solid line, left axis), extended with 
thee local concentration gradient (dashed line, right axis). Particles and transitions in 
gradientss are indicated with arrows. 

Oxygenn saturated interparticle pores occurred throughout the profiles to a depth up 
too 5 cm at water contents of 2-3.8 g g"1dry weight. Oxygen profiles in both wetted and 
fieldmoistt litter show parts with zero and very low oxygen concentrations (Figure 2.3). 
Thesee parts occur after and before high gradients in oxygen concentration from 
whichh we conclude that anoxic parts occur inside organic matter particles. 
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Too estimate litter particle sizes and the anoxic fraction of the litter, we assumed that 
oxygenn concentrations greater than 90% saturation appear in interparticle pores and 
valuess smaller than 90% in organic matter. We chose 90% because of deviations in 
thee maximum electrode signal due to electrode instability (see method section). 
Indeed,, transitions from low to high gradients at the outside of a particle occurred at 
concentrationss above 90% (Figure 2.4). The range in measurements classified as 
organicc matter (< 90% saturation) included some transitions from high (organic 
matter)) to low gradients (pores), occurring at concentrations slightly or much lower 
thann 90% saturation. These may be intraparticle pores or pores not connected to the 
atmospheree (see method section). We calculated particle sizes (in vertical direction) 
fromm the profiles by summing up subsequent distance intervals with oxygen 
concentrationss lower than 90% (Figure 2.5). These compared well with those 
deducedd from the thin section (see also Figure 2.2). 

2500 500 750 1000 

Particlee size (urn) 
1250 0 

Figur ee 2.5: Cumulative particle size distribution derived from the measured oxygen profiles 
togetherr with the cumulative particle size distribution derived from a series of organic matter 
profiless taken from the thin section. Symbols are means : (V) water content 2.1 g g"1

dry weight (2 
replicates);; (T) water content 3.2 g g"1

dryweight (3 replicates); (A) water content 3.9 g g"1
dry weight 

(44 replicates); (a) organic matter profiles derived from thin section (27 replicates). 

Calculatedd particle sizes tended to increase at the highest water content we applied 
(Figuree 2.5). Furthermore, particle sizes were negatively correlated with the minimum 
oxygenn concentration in a particle (Figure 2.6), which means that larger particles 
havee a greater chance to have an anoxic center than smaller particles. The anoxic 
organicc matter fraction was calculated as the summed distance intervals with 
concentrationss of 0-10% oxygen saturation devided by the summed distance 
intervalss classified as organic matter (Figure 2.7). This fraction with 0-10% oxygen 
saturationn showed no significant increase with water content (P < 0.05). The 
additionn of glucose did enhance the oxygen consumption rate from from 0.4-0.7 to 
2.5-3.22 umol g"1 h'1, but it did not lead to a greater fraction of 0-10% oxygen 
saturationn (Figure 2.7). 
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2.44 Discussio n 

WhereWhere  do  anoxic conditions occur in a Douglas  fir  litter layer? 

AA fraction of 0.05-0.35 of the Douglas fir litter had oxygen concentrations of 0-10% 
saturation;; anoxic sites were found in the interiors of organic particles (needles and 
needlee fragments). Interparticle pores with oxygen saturated concentrations 
occurredd throughout the profiles in the range of applied water contents (2-3.9 g g"1 

dryy weight). The observed continuous air saturation in pores is explained by 
connectionss of pores to the atmosphere, due to the high porosity of the litter (90%, 
Freijer,, 1994b). The low oxygen concentrations in organic matter must be the 
consequencee of a much smaller diffusion coefficient of oxygen in organic matter than 
inn air. 

Largerr particles were more likely to have an anoxic center than smaller ones (Figure 
2.6).. Similar findings were reported for mineral aggregates, where anoxic sites 
mainlyy occurred in the wettest, largest aggregates (Sexstone et al., 1985; Sierra and 
Renault,, 1996). This suggests a larger anoxic organic matter fraction in the 
unfragmentedd upper litter layer (L) than in the highly fragmented lower litter layer (F). 
AA possible greater anoxic fraction in the unfragmented L layer is supported by 
findingss of a larger capacity for anaerobic organic matter decomposition in the upper 
litterr layer, which decreased downwards (Küsel, 1996). However, the latter might 
alsoo be explained by the larger decomposibility of the upper litter layer. 

100 0 

A»» A "
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^ ^ - D . AA A 

i*3 **  < A * V q o 
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-e-»i i 

Particlee size (urn) 

Figuree 2.6: Minimum oxygen concentration in a particle as a function of particle size (in 
verticall direction), at various water contents, with or without substrate: ) 2 g water g"1

dry y 

weight,, no substrate; (A) 3.2 g water g"1
dry weight, no substrate; (A)3.2 g water g"1

dry weight, with 
substrate;; (o) 3.9 g water g"1

dry wejgh,, no substrate; (»)3.9 g water g"1dry weight, with substrate. 
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Figur ee 2.7: Fraction of measurements classified as organic matter with concentrations lower 
thann 10 % oxygen saturation at various water contents: ) without glucose; ) with glucose. 
Noo significant relations with water content or oxygen consumption rate were found <P < 0.05). 

DoDo accelerated  oxygen  consumption  rates  or  higher  water  contents  have an 
effecteffect  on the occurrence  of  anoxic  microsites  in  this  litter  layer? 

Anoxicc sites occurred at all water contents and oxygen consumption rates applied. 
Furthermore,, the anoxic organic matter fraction of the litter layer did not significantly 
increasee with water content, nor with a stimulated oxygen consumption rate due to 
additionn of glucose (Figure 2.7). 

Wee had expected water partly to be taken up by intraparticle pores in organic matter 
andd hardly to be held in large interparticle pores. From Figure 2.7 it follows that an 
increasedd water content apparently has no important effect on the oxygen diffusion 
insidee organic matter. It seems that the low diffusion coefficient for oxygen inside 
organicc matter is mostly determined by the properties of the organic matter structure 
itselff and less by the water filled intraparticle pore space. The water in interparticle 
poress may have led to some aggregation of organic fragments, which would explain 
thee increased particle sizes in the wettest samples according to our classification 
methodd (Figure 2.5). Aggregation of particles may have had effect on the range of 
measurementss we classified as organic matter. For instance, when the part of an 
oxygenn profile classified as one particle, actually consists of an aggregation of 
particles,, this classified part will include some measurements in small pores. 
Consequently,, the number of measurements classified as organic matter may have 
beenn slightly overestimated. To determine whether this effect is of any importance, 
wee calculated the fraction of the total number of measurements (organic matter and 
pore)) with concentrations < 10% oxygen saturation for each profile (results not 
shown).. In this way, we did not use a division between organic matter and pores. 
Thee resulting correlation between this <10% concentration fraction and water content 
ass was also presented in Figure 2.7, still was not significant (P < 0.05). 

40 0 



Ass a result, a significant increase in anoxic fraction will occur only at local water 
saturationn or when macroscopic oxygen diffusion through soil pores is blocked, 
whichh is at much higher water contents than applied in this study (2-4 g g"1 dry 
weight).. Freijer (1994a) reported diffusion constraints in the Douglas fir litter layer at 
aa volumetric water content of 70% (6-9 g g"1dry weight). Then, the oxygen 
concentrationn in interparticle pores may not be oxygen saturated anymore. 
Consequently,, oxygen concentrations inside organic matter will decrease and as a 
resultt the anoxic organic matter fraction also increases. Field data on litter layer 
waterr contents reveal that water contents as mentioned by Freijer (1994a) are rare 
(Schaapetal.,, 1998). 

WeWe supposed that an increased oxygen consumption rate in the litter would have led 
too higher concentration gradients and a subsequent increased anoxic fraction in 
organicc particles, according to diffusion theory (Currie, 1961). Apparently, the oxygen 
consumptionn rate did not increase inside the organic matter, but only at the surface 
wheree the oxygen supply can have been sufficient to maintain high oxygen 
concentrations.. A high substrate consumption rate at the organic matter surface 
pointss to a high heterotrophic microbial activity here. Therefore, the fraction of anoxic 
organicc matter does not or hardly depend on rainfall events at average water 
contents,, with or without a labile carbon load. 

ImplicationsImplications  for  denitrification  and nitrification 

Anoxicc conditions occurred at low water contents (2 g g~1dry weight) in the interiors of 
organicc particles. This means that denitrification is possible under all moisture 
conditions.. Low oxygen concentrations have been reported to stimulate N20 
productionn by nitrification (Goreau et al.T 1980; Poth and Focht, 1985; Kester et at., 
1997a).. Since we measured such low oxygen concentrations at all moisture 
conditionss in the litter, this may explain several observations that nitrification was an 
importantt source of total N20 production in litter layers (Martikainen and de Boer, 
1993;; Stevensetal., 1997). 

N2OO production in soil has been known to be highly variable in space and time 
(Goodroadd and Keeney, 1984b). For example, only a few N20 peaks could explain 
moree than 60% of the yearly N20 flux in several studies (Goodroad and Keeney, 
1984b;; Tietema et al., 1991). Such N20 peaks have been reported to occur after 
intensee rainfall or thaw, which lead to high water contents (Goodroad and Keeney, 
1984a,b;; Tietema et al., 1991). These peaks can occur only if there is enough water 
too block the macropore exchange of oxygen or to cause local water saturation. 
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33 Oxyge n diffusio n coefficien t and oxyge n consumptio n 
kinetic ss in Dougla s fi r litter : measurement s and mode l 
simulatio n n 

ToTo be submitted to Soil Biology and Biochemistry 

Abstrac t t 

Thee occurrence of anaerobic processes in well-drained forest soils is well-known. 
Moreover,, the presence of anoxic microsites in litter layers has been demonstrated 
(chapterr 2). The contribution of anaerobic and aerobic processes to total carbon 
decompositionn is difficult to determine, since anaerobic microbial products may be 
reprocessedd in oxic zones surrounding anoxic sites. An important controling factor 
forr aerobic and anaerobic microbial processes in litter layers are the low oxygen 
concentrationss in litter particles. Knowledge of the proces conditions, such as 
diffusionn coefficient and oxygen consumption rates of litter particles, would be a first 
stepp towards understanding the dynamics of aerobic and anaerobic decomposition. 
Therefore,, the diffusion coefficient and oxygen consumption dynamics in litter 
particless were quantified by comparing measured and simulated oxygen 
concentrations.. An experiment was performed in which oxygen concentrations in 
litterr particles were measured after a sudden change in oxygen concentration in the 
atmospheree around the particles. The experiment was designed to obtain information 
onn oxygen consumption dynamics, as the diffusion coefficient is expected to be 
constant,, but oxygen consumption rates are not. Oxygen consumption dynamics 
weree also simulated with a 2D diffusion-reaction model, using different combinations 
off diffusion coefficients and oxygen consumptions. Comparison of measured and 
simulatedd concentration changes revealed that oxygen consumption in litter can be 
consideredd as a first order reaction. The diffusion coefficient of litter particles was 
estimatedd with the bulk oxygen consumption rate and the relationship between 
particlee size and minimum oxygen concentration for the litter particles (chapter 2). 
Thee estimated diffusion coefficient was 2.5*10"13 m2 s'\ which is much lower than 
valuess reported for mineral aggregates. The low value is attributed to the polymeric 
naturee of organic matter structure. 
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3.11 introductio n 

Anaerobicc processes in soils are important as they contribute to the production of 
greenhousee gases such as N20 and CH4. In forest soils, the occurrence of anaerobic 
processess has often been demonstrated (Goodroad and Keeney, 1984b; Groffman 
andd Tiedje, 1989a,b; Groffman and Tiedje, 1989b; Heinrich and Haselwandter, 1997; 
Rashidd and Schaeffer, 1987; Yavitt etal., 1995). Furthermore, the litter layer 
harbourss a large number of anaerobic bacteria (107 to 108 g'1dry matter) (Küsel et al., 
1999).. Anaerobic fungi were also reported to occur in forest soil (Wainwright et al., 
1994).. Recently, anoxic microsites were observed in coniferous litter (chapter 2). 

Althoughh local anoxic conditions and the presence of anaerobic organisms indicate 
thee occurrence of anaerobic processes, it is not known to what extent anaerobic litter 
decompositionn contributes to total carbon decomposition. Anaerobic decomposition 
nott only depends on the anoxic organic matter volume but also on the local microbial 
activityy in these anoxic zones. Furthermore, it is not possible to use anaerobic 
microbiall products, such as CFU or acetate to quantify the activity of anaerobic 
processess with, as these microbial products may be converted before they reach the 
(soil)) atmosphere, respectively the (soil) solution (Küsel and Drake, 1999; Yavitt et 
al.,, 1995). Conversion of anaerobic products may indeed occur in litter, in which oxic 
zoness surround anoxic centers (chapter 2). 

Knowledgee of the spatial distribution of micobial activity within litter is mainly 
qualitativee and has been obtained from microscopical studies on thin sections 
(Ponge,, 1991a,b; Dijkstra, 1996). Ponge (1991a) observed fungal colonization of the 
mesophylll tissues of Scots pine litter in the first decomposition stage and activity of 
bacteriaa and micro/mesofauna in later decomposition stages. Needle interiors were 
preferentiallyy ingested, as the outer parts of needles (epidermis) contain more 
resistantt lignified tissues. 

Moree quantitative information on the conditions leading to steep oxygen 
concentrationn gradients would give insight in some important issues in soil microbial 
ecology.. Process conditions determining litter oxygen concentration gradients are 
thee diffusion coefficient and oxygen consumption rate of litter. The aim of the present 
studyy is to assess the diffusion coefficient in litter and the kinetics of oxygen 
consumption.. This will be done by comparing oxygen concentrations measured with 
micro-electrodess and concentrations simulated with a 2D oxygen diffusion-
consumptionn model based on thin sections. Part of the measurements have also 
beenn presented in chapter 2: (1) the stationary oxygen concentration profiles 
measuredd in a litter column and (2) the negative correlation between particle size 
andd the minimum oxygen concentration in a particle, derived from these profiles. 
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3.22 Material s and method s 

Stationaryy oxygen profiles in litter are determined by the diffusion coefficient (D) and 
oxygenn consumption rate (Q). If both parameters are unknown, it is not possible to 
calculatee values of D and Q from measured profiles only, since D and Q can have 
thee same effect on oxygen concentrations. To provide additional information we 
performedd an experiment in which we applied a stepwise increase in oxygen 
concentrationn in a litter sample, during which we measured concentration changes 
withinn litter fragments (Figure 3.1). 
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Figur ee 3.1: Schematic presentation of oxygen concentration increases in pore (dashed line) 
andd organic particles (solid line) during a stepwise increase in headspace oxygen 
concentration.. 1 = atmospheric oxygen concentration. 

Thee experimental procedure was as follows: a microelectrode was lowered in a litter 
samplee and was set still at a random position in an organic matter fragment. After 
measurementt of the equilibrium oxygen concentration, a stepwise increase in 
oxygenn concentration was created in the sample by blowing oxygen gas through the 
samplee headspace, resulting in a concentration of 50-70% oxygen in the sample 
headspace.. The microelectrode measured changes in the local oxygen 
concentrationn at the electrode position inside the organic particle (Figure 3.1). 
Oxygenn concentrations in the headspace were measured by Gas Chromatography. 
Withh these measurements a relative concentration change in oxygen concentration 
wass calculated, defined as the ratio between the concentration change at a depth x 
(Aconcc particle) and the concentration change at the surface (Ac0nc pore) (Figure 3.1). 
Thiss procedure was repeated for different electrode positions. 
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Thee relative concentration change at a certain depth can provide information on 
oxygenn consumption rate and diffusion coefficient (Goldman and Minkin, 1993), as D 
iss constant, while Q may vary with the ambient oxygen concentration. In addition, we 
measuredd the bulk oxygen consumption rate of the litter samples by gas 
chromatography.. (Table 3.1). 

Tablee 3.1: Water content and bulk oxygen consumption rate of the litter and number of 
samples. . 
Waterr  conten t 
(gg g 1) 

2.1 1 
3.2 2 
3.9 9 

Bul kk oxyge n 
consumptio n n 
(ujno ll  kg" 1 s'1) 
0.11 1 
0.20 0 
0.20 0 

Bulkk oxyge n 
consumptio n n 
(moll  m"3 s" 1)a 

no* 5 5 

2*100 5 

2*10"5 5 

Sa a 

11 1 
5 5 
16 6 

Calculatedd as: bulk oxygen consumption (|imol kg"1 s"1) *10"6 *bulk density (100 kg m3). 

LitterLitter  samples 

Douglass fir litter (F2 layer) was sampled in July 1997 in a 36 year old forest without 
understoreyy at Speuld, the Netherlands , . The forest is located on a 
well-drainedd sandy soil with a water table at a depth of 40 m throughout the year. 
Thee spatial and temporal water content dynamics of this forest are well studied 
(Schaapp et al., 1998). We sampled from the 1.5-5 cm deep F2 layer beneath a L + F 
(0-1.5cm).. We removed twigs, the larger roots and cones. The remaining litter 
largelyy consisted of highly fragmentated Douglas fir needles. The F2 layer was 
selectedd for the relative softness of its organic matter tissues (advanced 
decompositionn stage), which facilitated electrode insertion. 

Microelectrodes Microelectrodes 

Wee used custom made oxygen electrodes with a guard cathode based on the 
electrodess described by Revsbech and Ward (1983) and Revsbech (1989) to 
measuree oxygen profiles. The electrodes have an outer diameter at the tip of 7.5 urn 
andd an inner diameter of 5 urn. They have a thick membrane (40 uxn) to minimize 
oxygenn use as well as for high pressure resistance. Their tips were not melted round 
too improve insertion into organic matter. A 0.75 V potential was applied over the 
electrodes.. The electrodes did not show sensitivity to stirring.. The 90% response 
timee was about 8 s. Two-point calibrations were performed in N2 bubbled water (0% 
0 22 saturation) and air bubbled water (100% 0 2 saturation) several times before and 
afterr the measurements. 
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ThinThin  sections 

Thinn sections were produced from the litter columns that had been used for the 
micro-electrodee measurements: litter columns were air dried and impregnated with 
unsaturatedd polyester resin. Thin sections were produced according to the technique 
describedd by (Jongerius and Heintzberger, 1975). 

2D2D oxygen  diffusion-consumption  model 

AA 2D finite difference oxygen diffusion-consumption model was developed to 
simulatee the experimental results, which were 1. the stationary oxygen concentration 
profiless (chapter 2), 2. the relationship between particle size and minimum oxygen 
concentrationn (chapter 2) and 3. the relative concentration change during a stepwise 
increasee of oxygen concentration (present experiment). 

Tablee 3.2: Diffusion coefficients and oxygen consumption rates applied in the 2D diffusion-
reactionn model. D and Q were either constant, decreasing or increasing with distance from 
thee nearest pore. 

Bul kk diffusio n coefficien t 

(m 22 s y 

Oxyge nn zero orde r 

consumptio nn rate firs t order 0 

(mo ll  m"3 s Y 

Constan t t 

0.4*10"11 1 

no 4 4 

4*10"4,, 1.2* 10" 3 3 

Increasin g g 

0.4*10" 12-0.4*10" 10 0 

i * io8 -no3 3 

Decreasin g g 

0.4*10100 -0.4*10" 12 

1*10" 3-1*10" 8 8 

aa weighted average of oxygen diffusivities in air and water;b m"3 refers to particle volume,c 

seee eq. 3.1. 

Ourr 2D spatial distribution of diffusion coefficient and oxygen consumption rates was 
basedd on thin sections of litter. A thin section of a litter column was digitized and 
convertedd to a raster GIS map with cells of 21.2 by 21.2 urn (PCRaster, 1998). This 
celll size is sufficient to model oxygen concentration gradients with as measured 
oxygenn concentrations changed from 100% to 0% saturation over at least 100 urn. 
Thee scanned images were classified to maps with a distinction between organic 
matterr and pores, using a threshold grey value. The threshold value was determined 
ass the highest grey value (256 corresponds to white) in cells which clearly 
correspondedd to organic matter tissues in the thin section, as observed by eye. The 
uncertaintyy in this method is not quantified but is expected to be minor due to the 
excellentt colour contrast between organic matter and pore both in the thin section 
andd in the scanned GIS maps. 

Estimatess of diffusion coefficients (D) and oxygen consumption rates (Q) were 
assignedd to all organic matter cells. Oxygen consumption was applied as either 
zero-orderr or a first-order reaction. The diffusion coefficient was either constant, 
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decreasingdecreasing or increasing D with distance from the nearest pore. For each model run, 
aa different set of values for D and Q was used (Table 3.2). 
Firstt order oxygen consumption was calculated by eq. 3.1. 

QQ =i^r" Q-f  [eq-3-1] 

with: : 
QQ = oxygen consumption rate (mol m 3 s 1) 
[02]] = oxygen concentration (mol m"3) 
Qreff = reference oxygen consumption rate (mol m"3 s"1) 

Thee oxygen diffusion-consumption model was applied for the thin section grid by 
modelingg oxygen diffusion transport between each individual cell and its four 
neighbouringg cells. Diffusion was modeled with Fick's 2nd law (Crank, 1975): 

dCdC d2C d2C 
—— = D—- + D—-. 
dtdt ax' ay' 

S—S— = D-  ̂ + D^^-Q [eq. 3.2] 

with h 
SS = organic matter porosity (intraparticle pores: 0.8 m3 m"3) 
CC = concentration (mol m"3) 
DD = diffusion coefficient (m2 s"1) 
QQ = oxygen consumption rate (mol m'3 s1) 
x,yy = distance (m) 
tt = time (s) 

Forr the calculations we used an explicit finite difference approximation as adapted 
fromm Wang and Anderson (1982). 

C/i+ ii  /-in , 

AxAx11 Ay 

-3> > 

,,((DADAL)L)_Q^ _Q^ 

ss s 
[eq.. 3.3] 

with: : 
C"C" = concentration in celly (mol m"3) at timestep n 
c;+ll },Cl\t},C"hVCl}.{ = concentration in upper, lower, left or right neighbouring cell 

DD =diffusion coefficient (m2 s"1) 
SS = local organic matter porosity (0.8 m3 m"3) 
Axx =Ay=cell length (21.2*10"6 m following from the scanning resolution of 1200 dpi) 
Q"jQ"j = oxygen uptake in cell i j (mol m"3 s"1), at timestep n 
Att = timestep (s) 
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SimulationSimulation  of  experimental  results 

Forr the simulation of oxygen profiles in a litter column under normal conditions, an 
atmosphericc oxygen concentration was applied in interparticle pores. With this 
boundaryy condition, the model was run until the oxygen concentration in organic 
matterr was in equilibrium. From the resulting map with equilibrium concentration, 
verticall profiles of oxygen concentration were sampled at random positions. These 
profiless were compared with measured profiles. For the simulation of a stepwise 
increasee in oxygen concentration, the model was first run for atmospheric oxygen 
concentrationn in pores and subsequently for an oxygen concentration of 80 % 
oxygen.. Relative concentration changes in oxygen concentration were calculated for 
cellss in organic matter similar to calculations in Figure 3.1. 
Particlee sizes were calculated from the simulated oxygen vertical profiles by 
summingg adjacent numbers of grid cells in a profile with a concentration lower than 
100%.. These particle sizes were related to the minimum simulated oxygen 
concentrationn in those particles. This relationship had been calculated in a similar 
wayy for the measured oxygen concentration profiles {chapter 2). 
Inn the model simulations we did not take account of the differences in water content 
ass had been established in the experiments (Table 3.1). Differences in water content 
aree not relevant for the objects of this study as the value of D within the organic 
matterr does not depend on the water content within organic matter (see chapter 2). 

EstimationEstimation  of  diffusion  coefficient  and oxygen  consumption  rate 

Thee diffusion coefficient of titter particles is estimated with the bulk oxygen 
consumptionn rate and the relationship between particle size and minimum oxygen 
concentrationn for the litter particles (chapter 2). Calculations are performed according 
too the following procedure: first, from the comparison of measured relative 
concentrationn changes and those simulated at different scenario's of D and Q, the 
mostt realistic scenario is derived (Table 3.2). Then oxygen consumption rates are 
appliedd that agree with measured bulk oxygen consumption rates. Using this Q, a 
valuee of D is finally estimated by optimising D based on the best fit between the 
simulatedd and measured minimum oxygen concentrations. 
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3.33 Result s 

SimulatedSimulated  oxygen  profiles 

Withh the oxygen diffusion-consumption model we simulated maps with equilibrium 
oxygenn concentrations in the organic matter cells for all scenario's of diffusion 
coefficientt and oxygen consumption rate (Table 3.2). An example of such an 
equilibriumm map is presented in Figure 3.2. From maps with calculated equilibrium 
oxygenn concentrations, vertical sections in oxygen concentration were plotted versus 
depthh (Figure 3.3a). The general pattern of simulated profiles resembled that of a 
measuredd oxygen profile (Figure 3.3b). However, with different scenario's of D and Q 
(Tablee 3.2), we could produce strongly resembling concentration patterns. Therefore, 
noo information on the validity of the diffusion coefficient and oxygen consumption 
ratee could be derived from simulated profiles only. 

Oxygenn concentratio n 
-- ( , # | I S ^ ' t S Ï (% saturation ) 

94.56 6 
82.79 9 
71.. B3 
59.27 7 
47.51 1 
35.75 5 
23.98 8 
12.22 2 
B.4612 2 

Figuree 3.2: Map with equilibrium oxygen concentrations for a scenario of and a 
constantt oxygen diffusion coefficient (0.4*1011 m2 s"1) and first order oxygen 
consumptionn kinetics (with constant Qref of 1.2*10"3 mol m"3 s"1). Real size of image: 
1.2*1.77 cm. 
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Figur ee 3.3: Fig. 3.3a (top): Simulated oxygen profile with the 2D diffusion-reaction model. 
Verticall transect of the map with equilibrium oxygen concentrations of Figure 3.2, taken at a 
randomm position. Model scenario of a constant oxygen diffusion coefficient (0.4*10'" m2 s"1) 
andd first order oxygen consumption kinetics (with constant Qref of 1.2*10"3 mol m"3 s"1). Fig. 
3.3bb (bottom): Example of a typical oxygen profile. Water content = 3.2 g g"1, bulk oxygen 
consumptionn rate = 0.69 jxmol kg"1s"1 = 6.9*10"5 mol m"3 s"'(sample was sprayed with 69 mM 
glucosee solution). 
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SimulatedSimulated  relative  concentration  changes 

Differentt scenarios of D and Q led to different results in calculated relative 
concentrationn changes during a stepwise increase in headspace oxygen 
concentrationn (Figure 3.4). This difference was especially found between scenarios 
off zero- and first-order oxygen consumption. With zero-order oxygen consumption, 
thee relative concentration change showed a positive but highly scattered correlation 
withh initial oxygen concentration in a particle (Figure 3.4). This scatter was always 
observed,, no matter whether the diffusion coefficient or oxygen consumption rate 
wass constant, increasing or decreasing with distance to the nearest pore. A scatter 
inn concentration change means that different relative concentration changes occur at 
locationss with the same initial oxygen concentration. Differences in relative 
concentrationn are caused by different increases in oxygen fluxes during the stepwise 
increase.. Differences in oxygen fluxes appeared to be caused by differences in 
particlee size and structure (results not shown). 

00 10 20 30 40 50 60 70 80 90 100 

Initiall oxygen concentration 
(%% saturation) 

Figur ee 3.4: Relation between relative concentration change and initial oxygen concentration 
simulatedd with the 2D oxygen diffusion-consumption model. Symbols (A): zero-order oxygen 
consumption,, constant oxygen diffusion coefficient (0.4*10"11 m2 s"1) and consumption rate 
(4*1044 mol m'3 s"1); (a): first order oxygen consumption (constant Q,ef 1.2*10"3 mol m"3 s"1) 
andd constant oxygen diffusion coefficient (0.4*10'11 m2 s"1); : first order oxygen 
consumption,, increasing diffusion coefficient (0.4*1012 in outer layer of organic matter fabric, 
0.4*10"111 m2 s"1 within outer layer of organic matter fabric). 

Withh first-order oxygen consumption, the relative concentration change showed a 
positivee relation with initial oxygen concentration in a particle, without any scatter at 
all.. At constant Q and D, the relationship was linear over the whole range of initial 
oxygenn concentrations, while at increasing D and/or Q, the relationship showed a 
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curvedd shape in the lower range of initial oxygen concentrations (Figure 3.4). With 
first-orderr oxygen consumption, differences in increases in oxygen flux lead to 
congruentt increases in consumption, and can so result in the same relative 
concentrationn change. In this way effects of particle size and structure are excluded. 

Thee measured relative concentration change appeared to be linearly related to the 
initiall oxygen concentration, with very little scatter (Figure 3.5). This linear 
relationshipp agrees with a scenario of first-order oxygen consumption. Since the 
measuredd relationship between relative concentration change and initial oxygen 
concentrationn was linear over the whole range of initial oxygen concentrations, it 
furtherr agreed with a scenario of a constant D. A realistic oxygen diffusion-
consumptionn scenario of constant D and first-order Q results in a strongly decreasing 
actuall oxygen consumption rate with oxygen concentration and therefore with 
distancee from the particle surfaces (Figure 3.6). 
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Figur ee 3.5: Measured relative concentration change in organic particles during a stepwise 
increasee in oxygen concentration around the particles, in dependence of the initial oxygen 
concentrationss before the stepwise increase. Samples at different water contents gave 
similarr results, therefore samples at different water contents are indicated by the same 
symbol. . 

EstimationEstimation  of  diffusion  coefficient  with  minimum  concentrations  in  particles 

Fromm the linear relationship between relative concentration change and initial oxygen 
concentration,, we derived that Q is first-order and D is constant. However, we cannot 
estimatee values of D, since different combinations of D and Q all result in the same 
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straightt line. Therefore, we used the measurements of the bulk oxygen consumption 
ratee and the relation between particle size and minimum oxygen concentration to 
calibratee values of D and Q (see Methods). Simulated and measured relations 
betweenn particle size and minimum oxygen concentrations are presented in Figure 
3.7.. The D within litter is thus estimated at 2.5*10"13 m s"2 and Qret at 8*10"5 mol m"3 

s"1.. The combination of D and Qref resulted in a bulk oxygen consumption rate of 
1.1*1055 mol m"3 s"\ which is comparable to the measured rate in field-moist litter 
(Tablee 3.1). 
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Figur ee 3.6: Vertical profile of actual (o) and reference ) oxygen consumption rate with 
depth.. Particles and pores are indicated by arrows. 

3.44 Discussio n 

Thee general trend between particle size and minimum oxygen concentration is 
reproducedd with the model. Nevertheless, some differences between the simulated 
andd measured relationships occur. First, the simulated relation shows less scatter 
thann the measured one. The simulated relationship is based on a constant diffusion 
coefficientt and first order oxygen consumption with a constant Qret. This means that 
estimatedd values of D and Qref are independent of the distance to an air-filled pore. 
Thee scatter in the measured relationship probably evolves from variations in D and 
Qreff of litter particles that are also independent of distance to an air-filled pore. A 
certainn heterogeneity in D and Qref of litter particles is indeed expected as the litter in 
thee thin section shows different sorts or litter particles: needle fragments with and 
withoutt an epidermal layer, and excrements. These particles will individually differ in 
microbiall activity and decomposition stage, resulting in corresponding differences in 
DD and Qref. 
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Second,, simulated minimum oxygen concentrations are more often zero at particles 
largerr than 0.25 mm than measured ones. Measured minimum oxygen 
concentrationss may be higher due to nearby inter- or intraparticle pores that were 
unoberservedd in the thin section. This can be an effect of the 2-dimensionality of the 
thinn section. Furthermore, small intraparticle pores in connection with interparticle 
poree space may sometimes not appear as pores in the thin section due to the 
scanningg resolution. 
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Figuree 3.7: Measured and simulated minimum oxygen concentration in particles as a 
functionn of particle size (in vertical direction). Symboles (a) measured; (A) simulated, best fit 
withh measurements at D = 2.5*10"13 m2 s"1 (constant), Qref =8*10"5 mol m"3 s"1 (first order, 
constant).constant). The estimated Qref led to a bulk oxygen consumption rate of 1.1*10"5 mol m"3 s'1. 

Thee estimated value of D should be seen as an order of magnitude, due to 
uncertaintiess in for instance the applied value of Q. The actual consumption rate 
withinn organic matter may be lower than the bulk consumption rate, as the measured 
bulkk consumption also includes consumption at the surface of organic matter. 
Oxygenn consumption at the surface of organic matter in the order of the measured 
ratee does not result in lowered oxygen concentrations within organic matter (results 
nott shown). This is due to the high diffusion coefficients in water and air compared to 
organicc matter. An uncertainty in Q leads to a proportionally equal uncertainty in D 
ass the estimated value of D linearly depends on the prescribed value of Q. 
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LowLow  diffusion  coefficient  in  litter 

Thee estimated diffusion coefficient of oxygen in litter of about 2.5*10"13 m2 s"1 is more 
thann ten times lower than the lowest values in the literature observed for mineral 
aggregatess (1.4*10"11 m2 s"1 (Sierra etal., 1995) to 3 *10"12 m2 s"1 (Zausig and Horn, 
1992)).. For mineral aggregates, much higher diffusion coefficients ranging 0.4*10"9 

m2/ss to 2*10"8 m2 s"1 have also been reported (Greenwood and Goodman, 1967; 
Rappoldt,, 1995; Sexstone et al., 1985; Zausig et al., 1990). 

Thiss low oxygen diffusion coefficient in litter may be understood when we consider 
thatt the structure of organic matter is comparable to that of a cross-linked polymer 
(Pignatello,, 1989). Diffusion of particles in a polymer network deviates from diffusion 
inn fluids, and consequently also in soil solution of mineral aggregates, because 
polymerr molecules cannot flow around the diffusing particle (Stein, 1986). In a 
polymer,, particles diffuse through its free volume, which is composed of many 
transientt holes of different sizes. For a suitable diffusion path, each adjacent hole 
mustt be larger than the volume of the diffusing particle (Stein, 1986). This largely 
determiness the diffusion coefficients of a substrate through polymers. The estimated 
valuee of 2.5*1013 m2 s 1 falls in the range of those of most organic polymers (1*10"10-
1*10~133 m2 s1 ) (Yasuda and Stannett, 1975). 

AA low oxygen diffusion coefficient following from the polymeric structure of organic 
matterr also has consequences for diffusion of substrates within litter particles in 
general.. For instance, apart from diffusion limitation of oxygen, limitation by diffusion 
off other oxidators may occur. Therefore, denitrification within litter particles could be 
limitedd by nitrate diffusion. Diffusion limitation of oxidators from the soil solution may 
favourr micro-organisms within litter that make use of local organic oxidators, which 
cann occur in fermentation processes. Furthermore, diffusion limitation of substrates 
mayy enhance the coupling of microbial processes, where one microbial population 
cann consume microbial products of adjacent other populations. 

ImplicationsImplications  of  first  order  oxygen  consumption 

AA first order oxygen consumption scenario as observed in the present study has also 
beenn found in several studies on mineral soil aggregates (Sierra and Renault, 
1995,1996).. First order uptake of substrates in soil has been explained by diffusion 
limitationn (Myrold and Tiedje, 1985b). However, Sierra and Renault (1995) observed 
first-orderr oxygen uptake in the absence of diffusion limitation but measured 
inhibitionn of oxygen uptake by C02. Consequently, the explanation of first-order 
oxygenn consumption may be a complex phenomenon and combined responses of 
differentt microbial populations might be involved. 

Estimatedd actual oxygen consumption rates strongly decreased with distance from 
thee particle surfaces. (Figure 3.6). Microscopical observations on litter thin sections 
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clearlyy show a preferential decomposition of needle interiors by (1) soil flora and (2) 
soill fauna, with the outer epidermal layer remaining to the last (Ponge, 1991a). This 
hass been attributed to a better substrate quality of the mesophyll tissues than of the 
epidermall layer. 

add (1) Low oxygen consumption rates in needle interiors suggest the occurrence of 
microbiall decomposition processes in which no or little oxygen is consumed. Of 
course,, in the anoxic sites, anaerobic decomposition will occur, but sites with zero 
oxygenn concentrations form only a small part of the total organic matter volume, 
whilee zones with low oxygen concentrations on the other hand form a relative large 
part.. At such low concentrations, carbon decomposition may occur by anaerobic 
decompositionn processes which are active in the presence of oxygen. For instance, 
fermentationn has been demonstrated to occur in the presence of oxygen and in 
somee cases even to be stimulated by low oxygen concentrations (Gottschal, 1986). 
Gottschall (1986) further referred to a study in which fermentation products became 
moree oxic as oxygen partial pressure increased, resulting in an increased yield of 
acetate.. This agrees with observations of acetate being the most imporant 
fermentationn product in litter (Küsel and Drake, 1999). 

add (2) The activity of micro- and mesofauna is expressed by a fragmentation of litter 
duee to tunnelling or communition of whole litter particles (Ponge, 1991b; Dijkstra, 
1996).. This fragmentation has been reported to be important for organic matter 
decompositionn by increasing the organic matter surface exposed to microbial attack 
(Dickinsonn & Plugh, 1974). The first order oxygen uptake derived from the present 
study,, implies that fragmentation may improve oxygen supply inside the particles, by 
whichh aerobic microbial carbon decomposition is increased. 

3.55 Conclusion s 

Stationaryy oxygen profiles can be simulated with different scenarios of diffusion 
coefficientss and oxygen consumption rates. Therefore, unique values of D and Q 
cannott be derived from the comparison of measured and simulated profiles only. A 
suitablee method to determine a realistic scenario of D and Q is the measurement 
andd simulation of relative concentration changes following a stepwise increase in 
oxygenn concentration around litter particles. Values of D and Q are estimated from 
thee relation between measured minimum oxygen concentration and particle size and 
thee bulk oxygen consumption rate of the litter. A realistic scenario of D and Q is a 
constantt D of 2.5*10"13 m2 s"1 and first order oxygen consumption with a constant Qref 
off 0.08 mmol m 3 s'\ The low value of D is attributed to the polymeric structure of 
organicc matter. First order oxygen consumption rates and a low value of D result in 
stronglyy decreasing actual oxygen consumption with distance from the nearest air-
filledd interparticle pore. 
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44 Simulatin g the anoxi c volum e of a Dougla s fir litte r layer 

withwith C. Rappoldt, W. Bouten and J.M. Verstraten 
ToTo be submitted to European Journal of Soil Science 

Abstrac t t 
Forestt soils are the largest contributor to global N20 production. An important source 
off N20 is denitrification, which is associated with the occurrence of anoxic 
conditions.. Anoxic conditions in soil result from an oxygen demand that is larger than 
thee oxygen supply due to oxygen diffusion. Oxygen diffusion in mineral soils depends 
onn air-filled porosity and soil structure. A simple but physically sound representation 
off forest soil structure is needed for a good parametrization of models, which predict 
thee anoxic soil volume and accompanying production of nitrous oxide. 
Thee aim of this study is to test the applicability of a method for the characterization of 
soill structure for a litter layer. In this method soil structure is represented by an 
equivalentt cylinder system with cylinders of different radii and infinite length. 
Applicabilityy of this method for litter layers would be advantageous in large-scale 
modell applications as it is simple and fastworking. 
Thee geometrical information of the structure that is needed for the calculations of the 
cylinderr system is the frequency distribution of distances from points in the organic 
matterr fabric to the nearest interparticle pore. This was derived from a soil thin 
section. . 
Testingg the method involves the application of an oxygen diffusion-reaction model 
bothh to the equivalent cylinder system as well as to the organic matter fabric 
observedd in a thin section. The model result to be evaluated is the relation between 
thee anoxic fraction and the process length d, which depends on the diffusion 
coefficient,, oxygen consumption rate and oxygen concentration in interparticle pores. 
Thee anoxic volume depends both on the process length d and shape. Deviations in 
thee relation between anoxic volume and d for the cylinder system and the organic 
matterr fabric are attributed to simplification of shape. 
Thee absolute error introduced by simplification of shape was 0.022-0.029, which 
amountedd to about 25% of the anoxic fraction. An error of this order is acceptable, 
sincee the uncertainties in factors determining the anoxic fraction in a litter layer are 
expectedd to be still larger, due to variations in diffusion coefficients and particle size 
distributions.. Furthermore, with the cylinder system a correction can be made for the 
usee of 2D cross-sectional distances instead of the true 3D distances, providing that 
thee structure is isotropic. In practice however, cross-sectional distances may be used 
withoutt a correction as the effects of simplification of shape and the use of cross-
sectionall distances partly compensate eachother. For succesfull application of the 
method,, it is crucial that a clear distinction between inter- and intraparticle pores can 
bee made. 
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4.11 Introductio n 

Soilss are the largest source of global N20 production, with forest soils as the most 
importantt contributor {Davidson, 1991; Duxbury et al., 1993). A significant source of 
N200 is denitrification, which is associated with the occurrence of anoxic conditions in 
soil.. The anoxic volume of soils can be estimated with diffusion-reaction models 
(Leffelaar,, 1979; Smith, 1980; Rappoldt, 1990, Renault and Sierra, 1994). Estimates 
off anoxic volume fractions are also implemented in various models simulating nitrous 
oxidee production (Arah and Vinten, 1995; Vinten et al.,1996; Li et al., 2000; Riley and 
Matson,, 2000) 

Anoxicc conditions in soil result from an oxygen demand that is larger than the oxygen 
supplyy due to oxygen diffusion. Oxygen diffusion in mineral soils depends on air-filled 
porosityy and soil structure. Estimates of the anoxic volume of a soil have been 
simulatedd with different approximations of soil structure: homogeneous soil layers 
(Choo et al., 1997; Freijer, 1994b), aggregate assemblies (Arah and Vinten, 1995; 
Vintenn et al., 1996; Riley and Matson, 2000) or soil structural units divided by 
cylindricall pores (Rijtema and Kroes, 1991). 
Simulatedd anoxic soil volumes appeared to be very senstive to the precise 
representationn of soil structure (Arah and Vinten, 1995). Therefore, a simple but 
physicallyy sound representation of forest soil structure is needed for a good 
parametrizationn of models, which predict the anoxic soil volume and accompanying 
productionn of nitrous oxide. In forest soils, the structure of the mineral soil differs 
fromm that of the litter layer, which largely consists of organic matter. As the litter layer 
significantlyy contributes to total surface fluxes of nitrous oxide (Musacchio et al., 
1996;; Dong et al., 1998; Regina et al., 1998), it is relevant to specifically address the 
structuree of litter layers in diffusion-reaction models (Li et al., 2000). 

Thee structure of a litter layer is a typical example of an aggregated "soiP'structure. 
Oxygenn diffusion in aggregated soils is characterized by a clear distinction between 
diffusionn in the pore phase and in the soil matrix (Rappoldt, 1990). This clear 
distinctionn is illustrated in the litter layer by steep oxygen concentration gradients 
withinn litter particles and constant atmospheric oxygen concentrations in interparticle 
poress at average water contents (chapter 2). Steep oxygen concentration gradients 
withinn litter are due to the low diffusion coefficient of the organic matter and oxygen 
consumptionn within the particles (chapter 3). In interparticle pores, the oxygen 
diffusionn rate is sufficiently high to maintain oxygen concentrations near atmospheric 
levelss at all times when the water content is below ca. 0.6 m"3 m'3 (chapter 2). 

Rappoldtt (1990) and Rappoldt and Verhagen (1999) demonstrated that the structure 
off aggregated soils can be represented by equivalent systems of cylinders with 
differentt radii or sheets with different thicknesses. The structure of aggregated soils 
iss characterized by the generalized surface-area-to-volume-ratio, which largely 
determiness diffusion-reaction processes (Rappoldt, 1990). This geometrical property 
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cann be measured in a thin section as a distribution of distances from random points 
inn the soil matrix to the nearest interparticle pores. An equivalent cylinder or sheet 
systemm that represents soil structure has the same generalized surface-area-to-
volume-ratioo as the soil structure. 

Inn this study, we aim to test the applicability of the method as developed by Rappoldt 
andd Verhagen (1999) for litter layers. Applicability of this method for litter layers 
wouldd be advantageous in large-scale model applications as it is simple and 
fastworking.. Testing the method involves the application of an oxygen diffusion-
reactionn model both to the equivalent cylinder or sheet system as well as to the 
organicc matter fabric digitized from a thin section. Since the method involves the 
derivationn of a simple equivalent of soil structure, we specifically focus on the error 
whichh is hereby introduced. Furthermore, we address effects of using a 2D image 
insteadd of a 3D structure. Finally, we discuss effects of sample variability and of the 
feasibilityy of distinguishing between organic matter, and inter- and intraparticle pores 
inn a thin section. 

4.22 Material s and method s 

Thee method is tested by applying an oxygen diffusion-reaction model both to the 
equivalentt cylinder or sheet system as well as to the digitized organic matter fabric of 
aa thin section. Subsequently, deviations in model results are compared for the 
cylinderr system and the organic matter fabric. For application of the diffusion-
reactionn model on the organic matter fabric in the litter layer, thin sections of the litter 
layerr were converted to gridmaps in PCRaster GIS, with a distinction between 
organicc matter and pores. These maps were used in a PCRaster diffusion-reaction 
model,, which has also been used in chapter 3. For application of the diffusion-
reactionn model to the equivalent cylinder system, this system is derived from the 
distributionn of distances from a point in the organic matter to the nearest pore, as 
measuredd in the gridmaps. Details of the procedures used are explained below. 

FromFrom  thin  section  to  grid  map 

AA glass column of 6 cm height and a diameter of 10 cm was filled with homogenized 
Douglass fir organic matter sampled from the F2-layer (highly fragmented needles, 
seee chapter 2 and 3). From these glass columns one vertically (Figure 4.1) and one 
horizontallyy cutted thin section were produced. Segments of these thin sections (ca. 
22 cm2) were scanned at 1200 dpi, grey scale and converted to the format of the 
PCRASTERR GIS package (PCRaster, 1998). These scanned images were classified 
too maps with a distinction between organic matter and pores, using a threshold grey 
valuee (Figure 4.1). The threshold value was determined as the highest grey value 
(2566 corresponds to white) in cells which clearly corresponded to organic matter 
tissuess in the thin section, as observed by eye. The uncertainty in this method is not 
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quantifiedd but is expected to be minor due to the excellent colour contrast between 
organicc matter and pore both in the thin section and in the scanned GIS maps. 

thi nn sectio n binar y imag e 

Figur ee 4.1: Fig. 4.1a (left): Thin section segment (size 1.7x1.2 cm). Fig. 4.1b (right): 
Classifiedd map with organic matter and pores, black is organic matter, white is pore. 

EquivalentEquivalent  model  system  of  cylinders  or  sheets 

Equivalentt systems of cylinders or sheets (plate-like structures) that represent the 
organicc matter fabric of a litter sample are derived from the generalized perimeter-
length-to-areaa ratio of a 2D cross section (Rappoldt and Verhagen, 1999). The 
generalizedd perimeter-length-to-area-ratio corresponds with the generalized surface-
area-to-volumee ratio of a 3D structure. By using cross sectional data for the 
calculations,, the organic matter fabric is assumed to be isotropic. In the following 
sectionn we explain the method in general terms, for equations and exact calculations 
wee refer to Rappoldt (1990) and Rappoldt and Verhagen (1999). 

Thee generalized perimeter-length-to-area ratio is defined by a distance probability 
densityy function (pdf), which is the probability density of the distance from a point in 
organicc matter to the nearest pore in the cross section (Rappoldt and Verhagen, 
1999).. This pdf was automatically measured in a cross section as a frequency 
distributionn of distances from each point in organic matter to the nearest interparticle 
poree (PCRaster, 1998). An equivalent cylinder system must have the same 
generalizedd perimeter-length-to-area ratio and therefore the same pdf as the real 
organicc matter fabric. This equivalent system consists of cylinders with different radii 
andd infinite lengths; the relative abundance of cylinders with radius Ri in the 
equivalentt system set is expressed as the value of a weight function w(R). A weight 
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Wii is the fraction of the total cylinder volume occupied by cylinders with radius R. So 
Wii is the probability that a randomly chosen point lies in a cylinder with radius Rj. A 
sett of discrete weights Wj is found from the requirement that the probabilities pj 
belongingg to a chosen number of distance intervals are preserved by the equivalent 
systemm (Rappoldt and Verhagen, 1999). Apart from an equivalent cylinder system, 
ann equivalent system of sheets was also calculated. Sheets are plate like structures 
withh a thickness R and an infinite width. 

Inn the above description, the measured 2D distances used for the derivation of a 
cylinderr system are assumed to be true 3D distances. However, measured 2D 
distancess in a cross section differ from the true 3D distances from organic matter to 
thee nearest pore, which often lie outside the cross sectional plane. The distances 
measuredd in the cross section therefore are larger than the true ones unless all 
interparticlee pores are perpendicular to the cross section. The use of the measured 
2DD distance distribution for the calculation of an equivalent set of cylinders therefore 
leadss to a bias in the contribution of various cylinder radii. This problem was solved 
byy cross sectioning a system of cylinders as well (Rappoldt and Verhagen, 1999). 
Thee distance distribution of the cross-sectioned cylinder system should then be 
equall to the measured distance distribution of the real cross section. The cross-
sectionedd cylinder system is made isotropic by assigning a random orientation to the 
cylinders.. Rappoldt and Verhagen (1999) describe how the weights of an equivalent 
cylinderr system are calculated from the cross-sectional probability density function. 
Thiss method for the correction of 2D distances to true 3D distances has only been 
implementedd for equivalent cylinder systems and not for sheet systems. 

ApplicationApplication  of  a diffusion-oxygen  consumption  model 

Wee applied an oxygen diffusion-consumption model both to the equivalent cylinder 
(eqq 4.1) or sheet systems (eq. 4.2) as to the gridmap with the digitized organic 
matterr fabric (eq. 4.3). The gridmap with the digitized organic matter fabric has also 
beenn used in chapter 2 and 3. Diffusion was modeled with Fick's 2nd law (Crank, 
1975). . 

Z(Z( ^C^ 
ssdC_DdC_Ddd^ ^ 

dtdt dx1 ay 
S ~~ = D — + D1^-Q [eq.4.3] 
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inn which: 
DD =diffusion coefficient <m2 s"1) 
CC = concentration {mol m 3) 
SS = organic matter porosity (interparticle pores: 0.8 m3 m~3) 
rr = distance from the center (coordinate) (m) 
xx = distance (m) 
QQ = oxygen uptake (mol m 3 s"1) 
tt = time (s) 

Oxygenn consumption was assumed to be a zero-order reaction, with a constant 
oxygenn consumption rate (GW). The oxygen concentration outside cylinders or 
organicc matter was held constant at an atmospheric level. Equations for the 
calculationn of the anoxic volume of the cylinder system are presented in Rappoldt 
(1990). . 

Forr the application of the diffusion-reaction model on the grid map oxygen diffusion 
transportt was calculated between each individual cell and its four neighbouring cells 
inn vertical and horizontal direction. For the calculations we used an explicit finite 
differencee approximation as adapted from Wang and Anderson (1982): 

/^i nn + I s~<n , 

with: : 

c^ic^i + cu,-2c; c,y,+c,y,-2c; 
AxAx22 '  K Ay2 

•• ,DAfx GJAf 

[eq.. 4.4] 

C,"" = concentration in celljj (mol m"3) at timestep n 
CCMM >c"-\ -^C"i+VC"H = concentration in upper, lower, left or right neighbouring cell 

DD =diffusion coefficient (m2 s'1) 
SS = local organic matter porosity (0.8 m3 m"3) 
Axx = Ay = cell length (21.2*10"6 m following from the scanning resolution of 1200 dpi) 
Q"Q" = oxygen uptake in cell i,j (mol m3 s1), at timestep n 

Att = timestep (s) 

Inn cells where oxygen supply was lower than the constant oxygen uptake Qref of the 
zero-orderr reaction, oxygen uptake (Q) was set equal to this oxygen supply. 
Thee anoxic fraction of the cross-section is defined as: 
11 - Q/Qref 
QQ and Qref refer to bulk oxygen consumption rates, calculated by a summation of all 
individuall cell values of Q and Qref- This procedure is considered to be more 
accuratee than calculating the anoxic fraction of organic matter by summing the 
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numberr of cells with an oxygen concentration of zero. In such cells, there may still be 
ann incoming oxygen flux, which is completely consumed. The model was run until 
equilibrium.. Table 4.1 shows the modelruns that were performed. 

TestingTesting  the method 

Forr the comparison of the equivalent cylinder system and the digitized organic 
matterr fabric we evaluated the relation between the anoxic fraction and the process 
lengthh d, defined as: 
dd = V(D*C/Q) [eq. 4.5] 
with: : 
dd = process length (m) 
DD = diffusion coefficient (m2 s"1) 
CC = external oxygen concentration (mol m"3) 
QQ = oxygen uptake (mol m"3 s"1) 
Thee process length d may be seen as the length scale at which oxygen 
concentrationn gradients occur, and also transitions from oxic to anoxic conditions. 

Tablee 4.1: Used values in modelruns of diffusion coefficient, external oxygen 
concentrationn in interparticle pores and oxygen consumption rates in organic matter. 
Valuess of d, calculated with eq. 4.5 are also presented. 
Run n Diffusio n n 

coefficien tt  (m2 
s-1) ) 

1.89E-12 2 
2.43E-13 3 
2.43E-13 3 
1.89E-13 3 
2.43E-14 4 
2.43E-14 4 
2.43E-14 4 

Externa ll  oxyge n 
concentratio n n 
(moll  mf3) 

~~ 9375 
9.375 5 
9.375 5 
9.375 5 
9.375 5 
9.375 5 
9.375 5 

Oxyge n n 
uptak e e 
(moll  m" 3s" 1) 

ÖÖÖÖ4" " 
0.0001 1 
0.0004 4 
0.0004 4 
0.0001 1 
0.0004 4 
0.0012 2 

dd  (mm) 

0.210479 9 
0.150953 3 
0.075477 7 
0.066559 9 
0.047736 6 
0.023868 8 
0.013780 0 

EvaluationEvaluation of the aspect of shape 
Thee process length (d) is useful for the comparison of model results for the 
equivalentt cylinder set and the originial organic matter fabric as it is independent of 
geometricall quantities like aggregate radius. The anoxic fraction of organic matter 
dependss on the process length (d) and on the shape of organic matter fabrics. A 
deviationn in the relation of d and anoxic fraction for the cylinder set and the digitized 
organicc matter fabric is therefore attributed to shape. This deviation also represents 
thee error that is introduced by the simplification of shape in the derivation of 
equivalentt cylinder systems. 

Too evaluate the aspect of shape, detailed equivalent cylinder systems were 
calculatedd with a frequency distribution of distances with a large number of distance 
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intervalss (21). To evaluate whether cylinder systems of a limited number of cylinders 
aree also satisfactory, a system was calculated with a frequency distribution of 
distancess with only seven distance intervals with increasing class width. The 
frequencyy distribution was calculated from 2D cross-sectional distances, and does 
nott take account of a bias in distances in respect to the true 3D distances. 

CrossCross sectional distances and true 3D distances 
Thee error introduced by calculating distances from a 2D cross section, was 
quantifiedd by calculating the relation between the anoxic volume and the process 
lengthh (d) for two cylinder systems. One is calculated with the assumption that the 
measuredd 2D distances are true 3D distances (denoted as 2D cylinder system). The 
otherr is calculated by setting the measured 2D distances equal to the 2D distances 
off the cross-sectioned isotropic cylinder system to be derived (denoted as 3D 
cylinderr system). 

EvaluationEvaluation of sample variability 
Thee aspect of sample variability was evaluated by differences in relations between 
anoxicc volume and d for equivalent cylinder systems calculated for different 
segments.. Seven segments were used, for the vertical as well as for the horizontal 
crosss section (Figure 4.2). The segments are regularly distributed over the thin 
sectionn and all segments are of the size of the segment for which the calculations 
weree performed (Figure 4.1). 

Horizontall thin section Verticall thin section 

Figur ee 4.2: Schematic representation of the distribution of segments in the horizontal and 
verticall thin section. Thin sections are produced from a glass column of 6 cm height and 10 
cmm diameter. * segment used for comparison of model results for equivalent cylinder 
systemss and organic matter fabric. 

DistinctionDistinction between inter- and intraparticle pores 
Thee effect of small pores was studied by calculating cylinder systems for different 
organicc matter fabrics in which pores of different sizes were filtered. The effects of 
filteredd pores were calculated on the relation between anoxic volume and the 
processs length d. The nature of pores, i.e. whether they can be counted as 
intraparticlee pores or interparticle pores, was studied with microscopy. 
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4.33 Result s and discussio n 

Figuree 4.3 shows the distance probabilities that were measured from the organic 
matterr cross section. The distance probabilities were smoothed with a spline 
function,, as the unsmoothed data produced instabilities in further numerical 
calculations.. The distance probabilities in Figure 4.3 are calculated with a uniform 
classs width; the probabilities are highest for the intervals of small distances (0.02-
0.066 mm), distances larger than 0.3-0.4 mm are rare. From this distance pdf we 
calculatedd equivalent systems of cylinders and sheets. Figures 4.4 and 4.5 give the 
weightss and radii of respectively cylinders and sheets of the equivalent systems. 

0.1 1 

0.01 1 

0.001 1 

0.0001 1 

0.00001 1 

smoothedd I 
data a 

0.1 1 0.22 0.3 
distancee (mm) 

0.4 4 0.5 5 

Figuree 4.3: Distance probability density function p(x) of the organic matter. Open symbols 
aree calculated distance probabilities. The smoothed line is produced with a spline function (5 
knots).. The distance probability at a distance of 0.47 mm was excluded from the function as 
itt produced instabilities in the numerical calculations for the derivation of cylinder and sheet 
systems. . 

Equivalentt systems of cylinders and sheets were also calculated with distance 
probabilitiess calculated with only seven distance interval (increasing class width). 
Tablee 4.2 gives the weights and radii of these systems. Small negative values occur 
forr some of the cylinder weights in Figure 4.4 and Table 4.2. Negative values result 
fromm a concave geometry of part of the organic matter surrounding pores (Rappoldt 
andd Verhagen, 1999). 
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Figur ee 4.4: Weights (or volume fractions) belonging to a model soil consisting of cylinders 
withh different radii. The derivation is performed for uniform and increasing distance intervals, 
andd by assuming the distances in Figure 4.3 to be true three dimensional distances. 

0.16 6 

0.02 2 0.13 3 0.23 3 

Radiuss (mm) 

0.34 4 0.45 5 

Figur ee 4.5: Weights (or volume fractions) belonging to a model soil consisting of sheets with 
differentt thicknesses. The derivation is performed for uniform and increasing distance 
intervals,, and by assuming the distances in Figure 4.3 to be true three dimensional 
distances. . 
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AspectAspect  of  shape 

Figuree 4.6 shows the relation between anoxic fraction and process length (d) for the 
2DD cylinders and sheet systems, as well as for the the orginial organic matter. 
Thee deviations in anoxic fractions between cylinder or sheet system and the originial 
organicc matter fabric are attributable to a simplification of shape. The anoxic 
fractionss calculated with the digitized organic matter fabric lie in between those 
representedd by the sheet and cylinder model system. The maximum absolute 
deviationn in the anoxic fraction was 0.039 for the sheets system and 0.031 for the 
cylinderr system at different values of d. A realistic process length for the field 
situationn is about 0.08 mm as the corresponding anoxic fraction is 0.1, which agrees 
withh estimates based on measured oxygen profiles (chapter 2). Deviations at this 
realisticc value of d were 0.022 for the sheet system and 0.029 for the cylinder 
system. . 

jj  0.045 

0.04 4 

0.035 5 

0.03 3 

o.o255 I T 

.2 2 
0.022 f 
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0.005 5 

—— 0 

0.35 5 

Figur ee 4.6: Anoxic fraction as a function of process length for cylinders, sheets and the 
gridmapp (left axis). Curves are fitted with a cubic spline function. Deviations in anoxic 
fractionss between digitized organic matter fabric and sheets or cylinders are indicated (right 
axis).. Cylinder and sheet systems are derived from the measured 2D distances. 

Inn Figure 4.6 the relations between anoxic fraction and d are also given for the 
cylinderr and sheets system calculated with only seven distance classes. For the 
cylinderr system the curve did hardly alter from the one calculated with 21 distance 
intervalss (Figure 4.3). Figure 4.7 gives the equilibrium oxygen concentrations in the 
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digitizedd organic matter fabric calculated with a realistic process length of 0.08 mm. 
Regionss with zero oxygen concentrations are found in the centers of the largest 
organicc particles. 

AspectAspect  of  2D versus  3D distances 

Anoxicc fractions presented in Figure 4.6 are overestimated as the 2D "organic 
matter-to-pore-distances"" measured in the cross section are larger than the true 3D 
distances.. To estimate the error which is hereby introduced we calculated the true 
3DD distance distribution and corresponding cylinder system, starting from an 
isotropicc organic matter fabric (see method). The difference between calculated 
anoxicc fractions for 2D and 3D model system was 0.086 at the most, and 0.038 at a 
realisticc process length of 0.08 mm (Figure 4.8). Consequently, the error due to the 
usee of cross sectional distances instead of three dimensional ones is about 1.5 times 
ass large as the deviation introduced by simplification of shape. 

Tablee 4.2: Radii and weights of the cylinders and thicknesses and weights of the sheets in 
cylinderr and sheet system derived from measured 2D distances in the organic matter cross 
section. . 

Radius // 0.0212 0.0636 0.1272 0.212 0.318 0.4452 0.5936 
____ Thicknes s ______ _ _____ _ _ 

Cylinder ss  Weight - 0 084 0.3671 0.4633 0.0992 0.0207 0.0003 
0.0347 7 

Sheet ss  Weight 0.0303 0.2858 0.3986 0.2293 0.0409 0.006 0.001 

AspectAspect  of  sample  variability 

Thee described deviations in the relation between anoxic volume and d, due to shape 
orr 2D distances were compared with the deviation due to sample variability. Figure 
4.99 gives the mean anoxic fraction and standarddeviation of seven segments of the 
horizontall and vertical thin section, in dependance of process length. In addition, 
relationss are drawn between anoxic fraction and process length for seven different 
segmentss of the horizontal cross section. The maximum standarddeviation from the 
meann anoxic fraction is 0.05 for the vertical and 0.035 for the horizontal thin section. 
Thee standarddeviation from the mean anoxic fraction is 0.025 for the vertical and 
0.0222 for the horizontal thin section at a realistic process length of 0.08 mm (Figure 
4.9).. These standarddeviations are of the same order as deviations due to 
simplificationn of shape and slightly lower than the deviation due to the use of 2D 
crosss sectional distances. Since the cross section used in this study was produced 
fromm homogenized material sampled from one ectorganic horizon, it is expected that 
deviationss due to sample variability will be larger for samples of intact litter layers. 
Thee average anoxic fractions of the horizontal and vertical thin section hardly differ, 
whichh indicates that the organic matter fabric is isotropic. 
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Oxyge nn concentratio n 
(%% saturation ) 

Figur ee 4.7: Example map with equilibrium oxygen concentrations in organic matter and 
pores.. Process length d = 0.08 mm. Oxygen concentration decreases from black (100% 
saturation)) to light grey (0-10% saturation). White denotes interparticle pore space. 
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Figur ee 4.8: Anoxic fraction as a function of process length (d) for 2D and 3D cylinder 
systems.. The difference between 2D and 3D fitted curves is indicated (open squares, right 
axis) ) 

AspectAspect  of  inter-  and intraparticle  pore  distinction 

Thee calculations described above are based on the classified organic matter fabric of 
thee cross section. In the classification no distinction was made between intra- or 
interparticlee pores. Consequently, any intraparticle pore present had a saturated 
oxygenn concentration at all times, which may not be realistic. To study the effect of 
smalll pores on the overall calculated anoxic fraction, we produced a series of 
organicc matter classifications in which pores sized from 1 to 5 cells were removed 
(0.22 to 0.9 % pore space removed respectively). In addition an organic matter 
classificationn was made in which small pores were removed with a width of 2 cells 
andd an undefined length (9.8 % pore space removed). With the distance distributions 
off resulting organic matter fabrics, equivalent cylinder systems were derived and the 
relationn between anoxic fraction and proces length was calculated (Figure 4.10). The 
removall of pores of one cell size had a large effect: the increase in anoxic fraction in 
respectt to the unfiltered map was 0.089 at a proces length of 0.08 mm (Figure 4.10). 
However,, increasing the size of pores to be removed did hardly enlarge the effect 
furtherr (0-10%). 
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Figur ee 4.9: Average and standarddeviation of the anoxic fraction, in dependence of the 
processs length (d) for 2D cylinder systems derived for seven different segments of a vertical 
andd horizontal thin section of homogenized Douglas fir litter. The relation between anoxic 
fractionn and d is also shown for the seven different segments of the horizontal thin section. 
Lines:: grey: different segments; black: averages for the vertical (dotted) and horizontal (solid) 
thinn section. Symbols: standarddeviation of vertical (a) and horizontal (  ) thin section. 

Thee question here is whether pores with the size of 1 cell (21.2 * 21.2 u.m) can be 
countedd as intraparticle or interparticle pores. A direct way to make out the nature of 
onee cell pores is to study them in detail in the thin section. Important in this respect 
iss the observation whether those pores are (1) part of an intact cell structure, (2) 
formedd by decomposition due to tunneling of mesofauna or whether they are indeed 
(3)) interparticle pores. Interparticle pores or pores due to tunneling are connected to 
interparticlee pore space and as such can be counted as part of it. Pores of intact cell 
structuress or due to local microbial decomposition are more likely to behave as pores 
nott being part of interparticle pore space. 

Figuree 4.11 shows a detail of the cross section with pores of one cell size, together 
withh the corresponding part of the binary organic matter fabric. It can be seen that 
onee cell pores, which seemed intraparticle pores in the binary structure, actually are 
interparticlee pores. Intraparticle pores were not classified as pores in the binary 
organicc matter fabric. Therefore, for this thin section the classification of all pore 
spacee as interparticle pores is realistic. Furthermore, the applied resolution is 
appropriate.. This realistic distinction between organic matter and pores as used in 
thee unfiltered map, is also in agreement with particle sizes calculated from measured 
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oxygenn profiles (chapter 2). Intra-aggregate pores of intact cell structures (ca. 8 u.m) 
weree probably too small to appear in the classified organic matter map. 

ComparisonComparison  of  different  effects,  and and  discussion  of  the method  applicability 

Thee effect of filtering small interparticle pores was by far the largest of all effects. It 
resultedd in a considerable overestimation of the anoxic fraction amounting to nearly 
100%.. Therefore, filtering of small pores should not be applied in this case. For 
applicationss in further studies it is essential to ensure a realistic distinction between 
organicc matter and pores and also between inter- and intraparticle pores. 

-- - 2D cylinder s of unfiltere d map 

Proces ss lengt h (mm) 

Figur ee 4.10: Anoxic fraction as a function of process length (d) for the unfiltered gridmap and 
thee filtered maps. Results of filtered maps with one cell pores removed were the same as of 
mapss with five cell pores removed. Pores of one cell layer width were removed by first 
addingg a layer of one cell width from the organic matter surface into pore space and then 
addingg a layer back again from the pore space surface to the organic matter. 

Thee absolute error introduced by simplification of shape was 0.022-0.029, which 
amountedd to about 25% of the anoxic fraction. An error of this order is acceptable, 
sincee the uncertainties in factors determining the anoxic fraction in a litter layer are 
expectedd to be still larger. The anoxic fraction in a litter layer depends on the 
diffusionn coefficient, the oxygen consumption rate and the particle size distribution. 
Diffusionn coefficients are expected to vary within a litter sample as well as between 
litterr samples of different tree species, since diffusion coefficients also showed a 
largee variety in wax layers of living foliar tissues (Schönherr and Riederer, 1989; 
Schreiberr et al., 1996). Variability in particle size distributions of litter layers occur 
duee to differences in the stage of litter fragmentation, and the total thickness of litter 
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layerss or total litter mass. These properties are known to vary considerably within 
severall meters (Smit, 1999). Differences in particle size distributions and total litter 
thicknesss can be covered by applying the method on a representative set of thin 
sections. . 

Itt can be concluded from the above that the method of deriving an equivalent 
cylinderr or sheet system from organic matter fabrics observed in thin sections, is 
suitablee for application in litter layers. Cylinders are preferred to sheets, as the 
equivalentt cylinder system gave satisfactory results with only seven cylinder radii. 
Furthermore,, with cylinders a correction can be made for the use of 2D cross-
sectionall distances instead of the true 3D distances. In practice however, cross-
sectionall distances may be used without a correctionn as the effects of simplification 
off shape and the use of cross-sectional distances partly compensate eachother. 
Withh the derived equivalent cylinder system, the calculated anoxic fraction is 
underestimated,, while with the use of cross-sectional distances, the anoxic fraction 
iss overestimated. 

Conglomerationn of particles 

%% I . 
\\ Interparticle pore 

Figuree 4.11: Details of the cross section (right) and corresponding classified map (left) of 
needlee tissue and excrements with small pores. Scale: 1 cell in the left classified map is 21.2 
|imm * 21.2 urn. 

4.44 Conclusions 

Anoxicc fractions calculated with the complex geometry of organic matter observed in 
thee cross section and with the equivalent cylinders or sheets compared well: the 
digitizedd organic matter fabric gave results that were in between those of the 
cylinderss and sheets. It appeared to be crucial that a clear distinction between inter-
andd intraparticle pores can be made. Microscopical observations were conclusive on 
thee nature of observed pores. With the classification of organic matter and pores, the 
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resolutionn of the image is relevant: pores in intact organic matter tissues should not 
appearr as individual pores. 

Ann equivalent cylinder system with only seven cylinder radii was sufficient for the 
representationn of the organic matter structure. The derived cylinder system can be 
easilyy built in in diffusion-reaction models and offers an excellent oppurtunity to 
representt litter layer structures in models simulating anoxic fractions and 
accompanyingg production of greenhouse gases in forest soils at different spatial 
scaless (Li et al., 2000). 
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55 N20 productio n in Dougla s fir litte r as affecte d by anoxi c 
condition ss withi n litte r particle s or in water fille d 
interparticl ee pores . 

WithWith W. Bouten, C.Rappoldt, A.Tietema andJ.M. Verstraten 
ToTo be submitted to Soil Science Society of America Journal 

Abstrac t t 
Waterr content is an important factor in the regulation of denitrification in soil due to 
itss effect on the development of anoxic conditions. In forest litter layers the 
developmentt of anoxic conditions and their relation with denitrification rates is not 
competelyy understood. On the one hand anoxic microsites in centers of litter 
fragmentss occur at low water contents, when denitrification rates are generally low. 
Onn the other hand, oxygen concentrations in interparticle pores remain 100% 
saturatedd at high water contents, when denitrification rates can be high. At high 
waterr contents it is not clear whether any increase in anoxic volume develops in the 
litterr fragments, the interparticle pore space or both. 
Whetherr diffusion limitation of oxygen occurs within litter fragments or in interparticle 
poress may affect potential denitrification rates as the nitrate diffusion rate within litter 
particless is much lower than in the soil solution in interparticle pores. Furthermore 
thee denitrifier activity may differ in litter fragments as compared to interparticle pores. 
Thee aim of this study therefore is to estimate the relation between denitrification and 
anoxicc conditions in litter fragments and interparticle pores. 
AA laboratory incubation experiment was performed in which we measured nitrous 
oxidee production of Douglas fir litter (F2 horizon) at several water contents ranging 
fromm average to extreme high values. Measurements were done under aerobic and 
anaerobicc conditions, and with or without glucose amendments. Nitrate 
concentrationss were always high (at least 2 mM). To get insight in the development 
off anoxic conditions in water filled interparticle pores a 2D oxygen diffusion 
gridmodell was used to simulate oxygen concentrations in water and organic matter 
att various volumes of water filled interparticle pores. To test whether diffusion 
constraintss of nitrate and glucose could have affected measured nitrous oxide 
productionn rates within litter fragments, model simulations were done with a 1D radial 
diffusion-respirationn model. With this model the extent of diffusion limitation was 
calculatedd under different conditions of nitrate concentration, diffusion coefficient and 
nitratee reduction potential. 
Modell simulations with the 2D grid model showed that the occurrence of high nitrous 
oxidee production rates in samples with extreme water contents coincided with the 
developmentt of anoxic conditions in water filled interparticle pores. Measured nitrous 
oxidee production rates started to increase exponentially after 1-2 days in glucose 
amendedd samples, during which substantial microbial growth was established. For 
thesee samples model simulations showed that the increase in oxygen consumption 
duee to microbial growth lead to anoxic conditions in water filled pores at locations 
whichh were most far from the oxygen saturated air filled pores. 
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Itt was concluded that anoxic conditions in water filled pores were the crucial factor 
forr the development of large nitrous oxide production rates. 
Diffusionn limitation of nitrate and glucose were estimated to be negligible under 
conditionss of the experiment performed in this study. The occurrence of diffusion 
limitationn was very sensitive to the nitrate reduction potential and nitrate 
concentration.. Therefore, diffusion limitation with denitrification in litter often cannot 
bee neglected under field conditions if the nitrate concentration is low or the nitrate 
reductionn potential high. 
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5.11 Introductio n 

Waterr content is an important factor in the regulation of denitrification in soil due to 
itss effect on the development of anoxic conditions. In aggregated soils, anoxic 
conditionss have been observed inside mineral aggregates (Sexstone et al., 1985; 
Sierraa and Renault, 1996). In well-drained aggregated soils, a distinction is usually 
madee between oxygen diffusion in interaggregate and in intra-aggregate pores 
(Currie,, 1961). At high water contents, water is held in interaggregate pores through 
whichh limitation of oxygen diffusion can occur at given oxygen consumption rates 
(Currie,, 1965). Due to diffusion limitation, oxygen concentrations in interaggregate 
poress may decrease with depth, which results in an increase of the anoxic volume 
insidee intra-aggregate pores (Smith, 1980). Anoxic conditions in aggregated soils in 
dependancee of water content have been simulated with diffusion-reaction models 
(Leffelaar,, 1979; Renault and Sierra, 1994). 

Thee importance of water content and anoxic conditions for denitrification in the field 
iss confirmed by numerous studies reporting measured correlations between field 
denitrificationn rates and water content for a range of forest and agricultural soils (Linn 
andd Doran, 1984; Robertson and Tiedje, 1984; Davidson and Swank, 1986; Carnol 
andd Ineson, 1999; Shelton et al., 2000). Relationships were also found between 
denitrificationn and soil properties influencing water content, such as soil texture and 
drainagee class (Groffman and Tiedje, 1989a,b). 

Reportedd correlations between water content and denitrification concern mineral 
forestt or agricultural soils and seldom specifically regard the litter layer (Musacchio 
ett al., 1996). Insight in the relation between water content, anoxic conditions and 
denitrificationn in the litter layer would be valuable as denitrification rates in the litter 
layerr can be equally or more important than in the mineral subsoil (Martikainen et al., 
1993;; Musacchio et al., 1996; Dong et al., 1998; Regina et al., 1998; Papen and 
Butterbach-Bahl,, 1999). Relationships between water content, anoxic conditions and 
denitrificationn in a litter layer are expected to differ from those in mineral soils, as the 
porosityy as well as the water holding capacity of a litter layer are much higher 
(Binstock,, 1984; Schaap et al., 1998). A high porosity favours oxygen diffusion into a 
litterr layer, while temporary high water contents due to a high water holding capacity 
hamperr oxygen diffusion. 

Thee relation between water content and anoxic conditions in a Douglas fir litter layer 
wass investigated at the range of average water contents in chapter 2. We 
distinguishedd between intra- and interparticle pores. Anoxic microsites were found 
insidee litter fragments at average water contents (0.2-0.4 m3/nrf3), when the water is 
fullyy absorbed in the intraparticle pores of the litter fragments. Within this range the 
anoxicc volume did not increase with water content. Furthermore, the oxygen 
concentrationn in air-filled interparticle pores was oxygen saturated at all times. At 
waterr contents of field capacity and higher, the relationship between water content 
andd anoxic conditions is unknown. At these high water contents, an increase in 

83 3 



anoxicc volume is expected as water is now partly held in interparticle pores, which 
constrainss oxygen diffusion. Not only the extent of increase is uncertain, but it is also 
unclearr where the increase in anoxic volume occurs: within the intraparticle pores or 
inn the water filled interparticle pores themselves. 

AA distinction between anoxic conditions within intra- and interparticle pores is 
importantt for two reasons. First, the diffusion coefficient of nitrate in the water filled 
interparticlee pores is much higher than in the intraparticle pores of the litter. Due to 
thee low nitrate diffusion coefficient in litter, denitrification may be limited by nitrate 
diffusion.. Second, denitrification within litter fragments may be limited by a low 
denitrifierr activity. Ponge (1991a) for instance showed that bacterial activity within 
litterr fragments was only important in slightly decomposed needles, while in a more 
advancedd stage of degradation fungal activity was dominant. This agrees with a 
muchh higher denitrificaction rate found in slightly decomposed (L horizon) Douglas fir 
needless than in intensively decomposed needles <F horizon) (Laverman, 2000). 

Thiss study treats the significance of a distinction between anoxic conditions within 
fragmentss and in water filled interparticle pores for dynamics in the denitrification 
process.. Our specific aims are 1. to estimate the relation between denitrification and 
oxygenn diffusion limitation in interparticle pores of Douglas fir litter and 2. to 
determinee under what conditions denitrification within litter fragments is limited by 
nitratee diffusion. 

Thesee research objectives were addressed by a combination of a laboratory 
incubationn experiment and model exercises using diffusion-reaction models 
specificallyy developed for either inter- or intraparticle pores. In the experiment it was 
assumedd that temporal dynamics in denitrification rates are represented by temporal 
dynamicss in nitrous oxide production rates. 

5.22 Method s 

LaboratoryLaboratory  incubation  experiment 

Litterr was sampled in July 1997 in a 36-year-old Douglas fir forest without 
understoreyy at Speuld, the Netherlands , . The forest is located on a 
well-drainedd sandy soil with a water table at a depth of 40 m throughout the year. We 
sampledd from the 1.5-5 cm deep fermentation layer (F2) beneath a L + F {0-1.5 cm). 
Wee removed twigs, the larger roots and cones. The remaining litter largely consisted 
off highly fragmentated Douglas fir needles. The litter was stored at 20 C and used 
forr the experiments of the present study in October 1997. 
Thee pHH2o of the litter is 3.7 (Koopmans, 1996). 
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Tablee 5.1: Characteristics of the incubation experiment 
Incubatio nn Treatmen t 

Aerobic c 

Anaerobic c 

glucosee + 
nitrate e 

glucosee + 
nitrate e 

glucosee + 
nitrate e 

glucosee + 
nitrate e 

glucosee + 
nitrate e 

demi-water r 
demi-water r 

Solutio n n 
additio n n 

II kg" 1 

1 1 

4 4 

6 6 

1 1 

4 4 

1 1 
4 4 

Water r 
conten t t 

II kg' 1 

3.15 5 

6.15 5 

8.15 5 

3.15 5 

6.15 5 

3.15 5 
6.15 5 

N03-NN additio n 

moll kg" 1 

1 1 

4 4 

6 6 

1 1 

4 4 

0 0 
0 0 

Glucose- C C 
additio n n 
moll kg"1 

0.4 4 

1.6 6 

2.5 5 

0.4 4 

1.6 6 

0 0 
0 0 

N20,, CO2 and O2 production rates were measured in Douglas fir litter (F2: 
fragmentedd needles) at different water contents in a laboratory incubation experiment 
(Tablee 5.1). Samples of litter (3 gdry) were put in air-tight vessels of 
3000 cm3 and were moistened by spraying with demineralized water or a solution of 
nitratee and glucose (1mM/69 mM). Glucose was added to increase oxygen 
consumptionn rates and to stimulate denitrification due to an improved carbon 
availability. . 
N20-- and C02 production and 0 2 consumption rates were calculated from a 
concentrationn increase or decrease over time in the headspace. Gas concentrations 
weree measured using Gas Chromatography, with an ECD for N20 and a TCD for 
C02andd 02. Production and consumption rates were determined both aerobically 
(ambientt air) and anaerobically (N2 atmosphere) (Table 5.1). Incubations were 
performedd in duplicate. 

GridmodelGridmodel  of  oxygen  diffusion 

Too evaluate the development of anoxic conditions in water filled interparticle pores 
aa 2D oxygen diffusion-consumption model was developed in PCRaster GIS, 
comparablee to the model in chapter 3 (PCRaster, 1998). This so called gridmodel 
simulatess oxygen consumption and diffusion in a map with a distribution of organic 
matterr particles, pores and water. This map was obtained from a thin section in 
whichh litter particles and pores could be distinguished (chapter 2, 3 and 4). The thin 
sectionn was produced of litter from the same site and was previously used in chapter 
22 and 3. All calculations were performed with the PCRaster package (PCRaster, 
1998). . 
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Tablee 5.2: Parameters used in the gridmodel 
Paramete r r 
QrefA A 
QrefE E 

D D 

sb b 
s s 
Ax x 
.At_______ _ 

Unit t 
mmoll rrf3 s"1 

mmoll m"3 s"1 

m2s"1 1 

m3m"3 3 

m3m"3 3 

m m 
s s 

Value e 
0.08 8 
0.6-22 (at wc 6 I kg"1) 
0.3-11 (at wc 8 I kg"1) 
2.5*10"13 3 

0.42a a 

0.8 8 
21.2*10'6 6 

0.005 5 

Motii  vation/de f i n itio n 
estimatedd (chapter 3: Qref) 
estimatee based on 
measurementss (this study) 
estimated,, chapter 3 
bulkk porosity of organic matter 
locall organic matter porosity 
scanningg resolution (1200 dpi) 
conyeTconyeT ^ï}9ÈI!Ê^ÏÊI^ï}9ÈI!Ê^ÏÊI nennen ^^ s s 

"estimatedd as total bulk porosity (0.9 (Freijer, 1994b)) minus bulk porosity of interparticle 
poress in thin section (0.48). 

Forr the simulation of different water contents, the organic matter and pore space 
weree water filled to amounts comparable to the water contents brought about in the 
laboratoryy experiment (Table 5.1). We assumed hereby that upon moistening, water 
iss held primarily in the intra-particle pores (A-pores) of the organic matter, until 
saturationn of intra-particle pore space (Sb, Table 5.2). The water content 
correspondingg to saturation of the intra-particle pore space was estimated at 
0.44 m3 m"3 (Sb, see Table 5.2). Above this saturated water content interparticle pores 
(E-pores)) were filled, the smallest pores first. Filling of interparticle pores was done 
accordingg to the following method. First, a water layer was added from the organic 
matterr surfaces into interparticle pore space. Subsequently, an air layer of the same 
thicknesss as the water layer was added back again from the air-filled pores towards 
thee organic matter surfaces. With this procedure, the water layer is erased except in 
poress with a radius less than the thickness of the water layer. The volume of these 
completelyy water filled pores varies with the thickness of the applied water layer. We 
madee use of two different water layer thicknesses and obtained water filled 
interparticlee pore spaces of 0.2 and 0.4 m3 m"3. These two values of water filled 
interparticlee pore space corresponded with the water contents of 6 I kg"1 and 8 I kg"1 

off the incubated litter samples. 

Oxygenn diffusion transport was modeled between each individual cell and its four 
neighbouringg cells with Fick's second law, using an explicit finite difference 
approximationn as adapted from Wang and Anderson (1982): 

f~<nf~<n + ] sin . 

AxAx22 Ay2 

DA,, Q ^ 

SS S 

[eq.5.1] ] 
with: : 
C"jC"j = concentration in celly (mol rrf3) at timestep n 

C"+11 .,C"_, 7,C"J+],C"y_, = concentration in upper, lower, left or right neighbouring cell 

DD =diffusion coefficient (m2 s"1) 
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SS = local organic matter porosity (Table 5.2) 
Axx =Ay= cell length (Table 5.2) 
QQnn

tt.. = oxygen uptake in cell i,j (mol m"3 s"1), at timestep n 

Att = timestep (s) 

Ujjj = vJref Mj't-'oxygen saturation l®P-^-^-J 

with: : 
Qrett = reference oxygen consumption rate in A-pores (QrerA) or waterfilled E-pores 
(CWE)) (mol m'3s{) 
Cijj =oxygen concentration in cell i,j (mol m"3) 

Modell parameter values are given in Table 5.2. Oxygen diffusion and consumption 
wass only calculated for the water and organic matter fractions; for air-filled 
interparticlee pores we assumed a constant oxygen concentration at an atmospheric 
level.. This assumption was demonstrated to be realistic in chapter 2. 

Partt of the added water volumes in E-pores was enclosed by organic matter cells, 
andd was therefore cut off from a direct supply of oxygen through oxygen saturated 
air-filledd E-pores. It was interpreted that this blocking was not representative, but 
merelyy the result of the 2D dimensionality of the map. For the calculations of oxygen 
concentrationss in water filled E-pores we only used the set of water cells that were in 
contactt with air-filled pores, which amounted to about 50-70% of the added water 
volumes.. For further calculations it was assumed that these pores were 
representativee for all water-filled E-pores. 

Oxygenn concentrations in water filled E-pores were calculated until diffusion was in 
equilibriumm with oxygen consumption of a certain model scenario. The anoxic 
fractionn was calculated from the spatial distribution of oxygen concentration as the 
fractionn of water filled E-pores with a concentration lower than 3% oxygen saturation. 
Thee anoxic volume was calculated by multiplying the anoxic fraction in waterfilled E-
poress with the volume of water in E-pores g"1. 

CylindermodelCylindermodel  of  nitrate  reduction 

Too evaluate under what conditions diffusion limitation of nitrate occurs in litter 
fragmentss during denitrification, we performed a sensitivity analysis with a radial 
diffusion-reactionn model, which was developed for aggregated soils (Arah, 1990). In 
chapterr 2 we demonstrated that the litter layer of this study can be described as an 
aggregatedd system. In this radial model, soil structure was described by an 
equivalentt cylinder system with cylinders of 7 different radii of infinite length. This 
cylinderr system was demonstrated to be representative for Douglas litter structure 
(chapterr 3). Cylinder sizes were derived from particle-pore distances observed in a 
litterr thin section of the same litter layer as used in this study (chapter 4). Cylinder 
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sizess and their relative weight in the representative cylinder set are given in Table 
5.3. . 

Tablee 5.3: Characteristics of the representative cylinder set.a Negative values result from a 
concavee geometry of part of the organic matter surrounding pores (Rappoldt and Verhagen, 
1999). . 

Cylinde r r 
radiu s s 

0.021 1 
0.064 4 
0.127 7 
0.212 2 
0.318 8 
0.445 5 
0.594 4 

Weigh t t 

-0.00923 3 

0.127 7 
0.458 8 
0.332 2 
0.072 2 

0.0117 7 
0.0002 2 

Inn a model for aggregated soils a homogeneous external soil atmosphere is 
assumed;; reaction kinetics only affect substrate concentrations inside aggregates. In 
thee denitrification model, oxygen consumption and nitrate reduction are described by 
Michaelis-Mentenn kinetics: 

Q(r)) =l(r) Qref c(r)/[Km +C(r)] [eq. 5.3] 

II (r) : inhibition function at radius r (-) 
Qreff : reaction potential of oxygen consumption and nitrate reduction 

(mmoll m"3 s"1) 
Kmm : Michael is constant for reaction (mmolm 3 ) 
C(r)) : substrate concentration at radius r (mmol m"3) 

Thee inhibition function l(r) is only used for nitrate reduction. Inhibition of nitrate 
reductionn is complete at an oxygen concentration of 3% oxygen saturation (value of 
l(r)) is 0). With decreasing oxygen concentration to 0% saturation, inhibition of nitrate 
reductionn is alleviated: l(r) linearly increases up to 1 at 0% saturation. The fraction of 
thee equivalent cylinder set with oxygen concentrations lower than 3% was about 0.1 
whichh agrees with measured fractions of 0.05-0.35 in litter (chapter 2: zones with 
concentrationss 0-10% saturation). 

Inn the sensitivity analysis of the diffusion-reaction model we calculated NO3" 
reductionn rates for the equivalent cylinder set at diffusion-reaction equilibrium. The 
NO33 reduction rate for this cylinder set was calculated by summing individual rates 
forr the different cylinder radii of the set, while correcting for the weight of each 
cylinderr radius. We varied the nitrate diffusion coefficient, nitrate reduction potential 
andd external nitrate concentration (Table 5.4). The nitrate diffusion coefficient in litter 
iss unknown. For a realistic range in diffusion coefficients of nitrate in litter particles 
wee used a range of diffusion coefficients of carbohydrates in biomembranes (Stein, 
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1986).. Diffusional properties of organic matter resemble those of biomembranes in 
thatt both are organic polymers (Stein, 1986; Pignatello, 1989). 
Thee range in N03" reduction potentials is chosen so that the resulting N03" reduction 
ratess for the equivalent cylinder set are representative for the experimental 
conditions.. The resulting N03" reduction rates are 1, 2, or 3 times the N20 production 
ratess measured in litter samples at the start of the incubation experiment. With a 
N03 '' reduction rate of maximally 3 times the N20 production rates, we assumed a 
N2:N200 production ratio of maximally 2. A higher ratio than 2 is not expected in soil 
sampless with a low pH and a high N03" concentration such as occur in the litter 
sampless of this study (see chapter 1). 

AA diffusion limitation of nitrate is indicated by a decrease in nitrate concentration and 
aa subsequent decrease in total NO3" reduction rate. This decrease follows from eq. 
5.3,, in which reaction rates depend on substrate concentrations according to 
Michaeliss Menten kinetics. 

Tablee 5.4: Parameters used in the cylinder model 
Paramete r r 
K m 0 2 2 

Kmm NCV 

Qreff 0 2 

Qreff NO3" 

Def f0 2 2 

Defff NO3" 

external l 
[NO3I I 

Unit t 
mmoll m"3 

mmoll m"3 

m m o l r r r V V 

mmoll nrf3 s"1 

mm s 

m"22 s"1 

mmoll m"3 

Value e 
200 0 

1 1 

0.08 8 

0.000152,0.000456, , 
0.000912 2 
2.5*10"13 3 

2.5*11 o 1 3 - r i o 1 4 

100,500,, 1000, 1500 

Source/motivatio n n 
prescribedd to fit results of 
chapterr 3 
sett low to address only effects 
off diffusion 
samee as in gridmodel 
(Tablee 5.2) 
estimatedd based on 
experimentall results 
bulkk diffusion coefficient, same 
ass in gridmodel 
(Tablee 5.2) 
bulkk diffusion coefficient; 
estimatess based on diffusion 
coefficientss of carbohydrates in 
biomembraness (Stein, 1986) 
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5.33 Result s 

Measuredd N20 production was low at all applied additions of glucose/nitrate solution 
duringg the first 24 hours of aerobic incubation (Figure 5.1). Thereafter N20 
productionn rates increased for samples with water contents of 6 and 8 I kg"1 (Figure 
5.1)) where the greatest increase was measured for the highest water content 
(88 I kg"1). This lag phase in N20 production of 24 hours was not found for samples 
underr anaerobic incubation (Figure 5.2). Under anaerobic incubation N20 production 
startedd immediately at a rate about as high as 250 times the inital rates measured 
underr aerobic incubation (Figure 5.2). Furthermore, no differences were measured 
underr anaerobic incubation that could be attributed to water content (Figure 5.2). The 
onlyy difference found was due to amendment of glucose and nitrate, which caused a 
slightlyy higher N20 production rate than additions of demineralized water. 

3.00 0 

Figuree 5.1: N20 production rates under aerobic conditions at different water contents, 
establishedd by amendments of 1, 4 and 6 I kg"1 of a glucose-nitrate solution (1mM/69 mM). 
Dashedd line, (A): water content 8 I kg"1; dotted line, (o): water content 6 I kg"1; solid line (D): 
waterr content 3 I kg"1. Open symbols: samples A; closed symbols: samples B. Symbols 
representt averages over the period between the moment at a symbol and that at the 
precedingg symbol. 

Thee C02 production and 0 2 consumption rates showed the same lag phase as N20 
productionn rates under aerobic incubation, but differed in their response to water 
contentt after 24 hours (Figure 5.3). While N20 production rates at the highest water 
contentt increased much faster than at water content 6 I kg"1, C02 production and 02 

consumptionn rates showed similar increases for both water contents. 
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Figur ee 5.2: N20 production under anaerobic conditions at different water contents, 
establishedd by either demineralized water or a glucose-nitrate solution (1mM/69 mM). 
Symbolss (A) water content 3 I kg"1 with glucose and nitrate; (o) water content 6 I kg"1 with 
glucosee and nitrate; (a) water content 3 I kg"1 without glucose and nitrate (X) water content 6 
II kg"1 without glucose and nitrate. Open symbols: samples A; closed symbols: samples B. 

AnoxicAnoxic  volumes  in  water  filled  E-pores  simulated  with  2D grid  model 

Thee distribution of air-filled interparticle pores, water-filled interparticle pores, organic 
matterr and unselected water-filled interparticle pores is presented in Figure 5.4 for 
waterr content 6 and 8 I kg"1. At a water content of 6 I kg"1, air-filled interparticle 
poress are regularly distributed over the grid, with small distances in between. At a 
waterr content of 8 I kg"1, the number of air-filled pores has strongly decreased and 
distancess between air-filled pores are larger than at a water content of 6 I kg"1. As a 
consequence,, the volume of water filled interparticle pores that is dependent on a 
certainn air-filled pore for its oxygen supply is larger at a water content of 8 I kg"1 than 
off 6 I kg"1. Likewise, distances over which oxygen must diffuse from an air filled 
interparticlee pore to certain points in the water filled interparticle pore space are also 
largerr at a water content of 8 I kg"1 than of 6 I kg"1. 
Figuree 5.5 presents the simulated anoxic volume in water filled interparticle pores at 
waterr contents of 6 and 8 I kg"1, in dependance of oxygen consumption rate. 
Furthermore,, measured N20 production rates in dependance of oxygen consumption 
ratee are also shown for these water contents. At a water content of 8 I kg"1, anoxic 
conditionss develop already at low oxygen consumption rates (Figure 5.5). The anoxic 
volumee in water filled interparticle pores further increases with oxygen consumption 
rate.. The increase is irregular, which is probably related to the small number of 
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selectedd water-filled interparticle pores and the limited representativity of the thin 
sectionn segment (chapter 4). At the water content of 8 I kg"1, calculated anoxic 
volumess were correlated with measured N20 production (Figure 5.5). In contrast, at 
aa water content of 6 I kg"1 anoxic conditions only develop at extreme oxygen 
consumptionn rates. At an oxygen consumption rate of 3 umol kg"1 s"1, corresponding 
withh 3*10"4 mol m"3 s"1, the anoxic volume is still insignificant. 

(4.00) ) 

10 0 20 20 30 30 

hour s s 

40 0 50 50 60 60 

Figur ee 5.3: C02 production (positive) and 02 consumption (negative) at different water 
contents,, effected by amendments of 1,4 and 6 I kg'1 of a glucose-nitrate solution (1mM/69 
mM).. Dashed line, (A): water content 81 kg"1; dotted line, (o): water content 6 I kg"1; solid line 
(a):: water content 3 I kg"1. Open symbols: samples A; closed symbols: samples B. 

NitrateNitrate  diffusion  and reduction  within  particles 

Figuree 5.6 shows the total nitrate reduction rate of the cylinder set at different nitrate 
reductionn potentials, initial nitrate concentrations and diffusion coefficients. Diffusion 
limitationn is indicated by a decrease in total nitrate reduction rates in respect to 
potentiall reduction rates, caused by decreased equilibrium nitrate concentrations in 
thee anoxic zones of the cylinders. 
Diffusionn limitation was negligible under conditions representative for the laboratory 
experiment,, as is demonstrated by small differences between total nitrate reduction 
ratess and potential reduction rates of the equivalent cylinder set (Figure 5.6). In the 
incubationn experiment the nitrate concentration was at least 1.5 mM. At this 
concentration,, diffusion limitation in the sensitivity analysis is most severe at the 
highestt nitrate reduction potential of 0.79 nmol kg"1 s"1 and the lowest diffusion 
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coefficientt of 1*10"14 m2s"1. Under these circumstances, total denitrification rate is 
stilll more than 90% of the potential rate in absence of diffusion constraints. Figure 
5.66 shows that diffusion limitation can be important at a nitrate concentration of 0.1 
mM,, when total nitrate reduction rate is decreased with 35 to 75%. 
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Figur ee 5.4: On the left: distribution of organic matter, air-filled E-pores and water-filled pores 
(selectedd and unselected) at water content 6 I kg"1 (upper graph) and 8 I kg"1 (lower graph). 
Onn the right: simulated oxygen concentrations in selected water filled E-pores at water 
contentt 6 I kg"1 (upper graph) and 8 I kg"1(lower graph). At water content 6 I kg"1, oxygen 
consumptionn rate is 3.2 nmol kg"1 s"1, at water content 8 I kg"1, oxygen consumption rate is 
0.8umoll kg"1 s'1. 
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Figuree 5.5: On the left axis measured N20 production rates in dependance of 02 

consumptionn rates (symbols). Symbols: (A) N20 production at water content 8 I kg"1; (o) idem 
att a water content of 6 I kg"1. Open symbols: samples A; closed symbols: samples B. Dashed 
line:: anoxic volume at water content 8 I kg"1; solid line: idem at 6 I kg"1. On the right axis 
simulatedd anoxic volumes in water filled E-pores in dependance of 02 consumption rate 
(lines). . 

5.44 Discussio n 

RelationRelation  between  denitrification  and anoxic  condition  in  water  filled 
interparticleinterparticle  pores 

Ann increase in C 0 2 production after addition of glucose indicates the occurrence of 
microbiall growth. This was confirmed by the microscopical observation of bacterial 
celll division after one day. As CO2 production rates were comparable for water 
contentss of 6 and 8 I kg"1, microbial activity developed similarly at both water 
contents.. However, the increase in N20 production widely differed at the two highest 
waterr contents. Calculations with the gridmodel showed that a different increase in 
N200 production can be explained by a different increase in anoxic volume at the 
referedd water contents. A high water content alone is not sufficient to give rise to 
anoxicc conditions in water filled E-pores. Significant anoxic volumes only develop at 
stimulatedd oxygen consumption rates, as was the case after microbial growth. The 
limitedd anoxic volume in E-pores at the initial oxygen consumption rate of the 
experimentt explains the low N20 production during the first 24 hours of incubation. 
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Figur ee 5.6: Total N03" reduction rate of the equivalent cylinder set (y-axis) at three different 
nitratee reduction potentials (N03"RP) and four initial nitrate concentrations. Values are 
indicatedd in the figure. 

Att a water content of 6 I kg"1 the anoxic volume in water-filled E-pores was negligible. 
Thiss is explained by the regular distribution of air-filled interparticle pores, which was 
sufficientt to supply water-filled E-pores with oxygen. An insignificant anoxic volume 
inn E-pores explains the low N20 production of sample A at this water content (Figure 
5.1).. However, the N20 production of sample B was about twenty times higher, 
suggestingg that anoxic conditions had developed in the water-filled E-pores of this 
sample.. This may have been caused by a local sparse distribution of air-filled E-
pores,, resulting from a local distribution of mainly small pores, of from an 
inhomogeneouss water distribution. Apparently, the water content of 6 I kg"1 is a 
criticall content for the studied litter samples, above which the number of air-filled 
E-poress further decreases and water-filled E-pores with anoxic conditions develop. 
AA high variability of the number of water-filled E-pores with anoxic conditions leads to 
aa corresponding high variability in N20 production rates at water contents around 6 I 

kg"1--

Thee correlation between anoxic volume in water-filled E-pores and the measured 
N200 production at the water content of 8 I kg"1, indicates that a certain potential N20 
productionn rate exists per m3 anoxic volume of water-filled E-pores. Such a potential 
N200 production per anoxic volume in E-pores would be a useful measure as it may 
enablee the prediction of N20 production rates for other water contents. Furthermore, 
suchh a potential N20 production rate could be measured for different litter layers. 
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However,, the calculated anoxic volume in E-pores of the 2D thin section grid 
deviatess from the volume of the real 3D sample and the extent of this deviation is yet 
unknown.. The calculation of anoxic conditions in a 3D sample at the resolution used 
inn this study has been limited by current computer capacity. Measurement of the 
waterr distribution at the resolution used in this study has also been limited, but then 
byy the capacity of measurement devices (Hainsworth and Aylmore, 1983; Hopmans 
ett al., 1992; Peyton et al., 1994). Limitations of computer capacity and measurement 
devicess are expected to be alleviated. For future studies, calculations of anoxic 
conditionsconditions in 3D samples therefore seem a useful approach to further explore the 
relationn between denitrification and anoxic conditions in water-filled E-pores. 

Whilee anoxic conditions in water filled E-pores appeared to be a critical factor for the 
ratee of N20 production in laboratory incubations, the question rises whether anoxic 
conditionsconditions also determine denitrification rates under field conditions. The importance 
off anoxic conditions in water-filled E-pores depends on the range of water contents 
andd oxygen consumption rates occurring in the field. As for water contents, Schaap 
ett al. (1998) measured maximum water contents corresponding to about 6 I kg"1. At 
thiss water content, anoxic conditions only develop at an oxygen consumption rate of 
aboutt 3 pmol k g ' V ; but the resulting anoxic volume was still small (Figure 5.5). In 
thee litter layer of this study oxygen consumption rates of this order only occur in the 
surfacee layer of slightly decomposed needles, which have a lower water holding 
capacityy (C02 prod. 2-2.5 pmol kg"1 s"1, laboratory incubation , Wessel, 1997). 
Therefore,, anoxic conditions in water filled pores in the litter layer are expected to be 
exceptionall in the Douglas fir forest at Speuld. 

Maximumm water contents largely depend on the drainage rate of the litter layer and 
furthermoree also on the thickness and structure of the litter layer. For instance, the 
drainagee rate will be lower in litter layers with a distinct H horizon. Higher water 
contentss than reported by Schaap et al. (1998) will also occur in litter layers on 
poorlyy drained mineral soils. As the litter layer of this study was relatively thin and 
lackedd a humus layer, water contents of 8 I kg"1 as brought about in the experiment 
aree exceptional in Speuld. At water contents of 8 I kg"1, anoxic conditions develop at 
lesss extreme oxygen consumption rates (Figure 5.5). Relevant oxygen consumption 
ratess for those situations are 2 pmol kg"1s"1 and higher, which commonly occur in 
litterr of the F1 horizon (Yavitt et al., 1995; Küsel, 1996). In measured bulk oxygen 
consumptionn rates, no distinction can be made between oxygen consumption within 
intraparticlee or interparticle water filled pores. However, high oxygen consumption 
ratess within intraparticle pores should also lead to anoxic conditions in water filled 
pores,, which was indeed demonstrated in earlier model calculations (results not 
shown). . 
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NitrateNitrate  diffusion  constraints  in  litter  particles? 

Aerobicc N20 production rates measured in this study were not limited by nitrate 
diffusionn (Figure 5.6) or glucose diffusion (results not shown). At the same time 
however,, aerobic N20 production rates were about 250 times lower than under 
anaerobicc conditions, although the anoxic fraction was estimated to be about 0.05-
0.355 (chapter 2). Therefore, low aerobic N20 production rates suggest a lower 
denitrifierr activity within litter particles than at the surfaces. This is plausible since 
Pongee (1991a) stated that the presence of a dominant bacterial activity within litter 
dependedd on the decomposition stage, with a dominance of bacteria in slightly 
decomposedd material and a dominance of fungi in a more advanced stage. 
Assumingg this situation to be representative, decomposition in the litter particle 
centerss (F2) of this study would be expected to be dominated by fungi. A denitrifier 
activityy which decreases with decomposition stage agrees with a declining potental 
denitrificationn rate with litter age and decomposition stage (Pang and Cho, 1984; 
Heinrichh and Haselwandter, 1991). 

Diffusionn limitation only occured in the sensitivity analysis at a combination of low 
nitratee concentrations and high nitrate reduction potentials (Figure 5.6). Important for 
thiss result was the fact that the particle size distribution of the litter was dominated by 
smalll particles, which alleviate diffusion constraints. Low nitrate concentrations did 
nott occur in our experiment, in which concentrations were at least 1.5 mM after 
amendments.. Results of the sensitivity analysis showed that diffusion constraints 
weree negligible at concentrations as low as 1 mM. Such concentrations are of the 
samee order as concentrations just under the litter layer reported by Koopmans 
(1996)) for the forest of this study. Concentrations of this order are common for 
nitrogenn saturated litter layers (Van Breemen and Verstraten, 1991; Tietema et al., 
1992a).. The dominance of small particles in the particle size distribution of the litter 
resultedd from a high degree of fragmentation. Larger particle sizes enhance diffusion 
constraints:: in the two largest cylinder classes, diffusion limitation did frequently 
occurr in the sensitivity analysis. However, due to their small relative weights in the 
representativee cylinder set, this did hardly affect total denitrification. 
Concludingg from the above discussion, we expect the absence of nitrate diffusion 
limitationn to be representative for highly fragmented needle litter layers and also for 
HH horizons of forests with a high atmospheric N-input. In unfragmented litter layers 
diffusionn limitation is expected to occur more frequently as particle size distribution of 
unfragmentedd litter is dominated by larger particles and the denitrifier activity is 
higher.. Assuming the particle size distribution to be dominated by the two largest 
cylinderr classes of the cylinder set of fragmentated litter, denitrification rates can be 
decreasedd by 55 to 70% at the highest nitrate reduction potential applied in this 
studyy (Table 5.5). 

97 7 



Tablee 5.5. Nitrate reduction rates (nmol kg"1 s"1) in the two largest cylinder classes of 
thee equivalent cylinder set at the N03

1 reduction potentials of the sensitivity analysis 
presentedpresented in Table 5.4. External NO3 concentration is 1 mM. 
Cylinde r r 
radiu s s 
mm m 
0.45 5 

0.59 9 

Diffusio n n 
coefficien t t 

2.5*10'13 3 

2.5*10"14 4 

1.25*10"14 4 

2.5*10"13 3 

2.5*10"14 4 

1.25*10"14 4 

NO3''  reductio n 
potentia ll  0.79 
nmoll  kg" 1s"1 

0.064 4 
0.064 4 
0.064 4 

0.086 6 
0.086 6 
0.081 1 

N03 ' ' reductio n n 
potentia l l 
nmo l l 
0.19 9 
0.19 9 
0.14 4 

0.26 6 
0.20 0 
0.13 3 

kg" " 
2.4 4 
s-1 1 

NO3''  reductio n 
potentia ll  4.7 
nmo ll  kg'V 1 

0.38 8 
0.29 9 
0.17 7 

0.51 1 
0.26 6 
0.15 5 

5.55 Conclusion s 

Anoxicc conditions in water filled interparticle pores are an important factor for 
denitrificationn in the litter layer of this study. N20 production rates in anoxic volumes 
off water filled E-pores were high, which was associated with a high activity of 
denitrifiers.. On the other hand, N20 production rates in anoxic sites within 
intraparticlee pores were low, which was attributed to a limited denitrifier activity. 

Diffusionn limitation of nitrate inside litter particles was negligible, due to a low NO3 
reductionn potential, a high external nitrate concentration and the predominantly small 
sizee of the particles. Diffusion limitation did occur in the largest particles of the litter 
layer,, which indicates that diffusion limitation could be important in unfragmented 
litter.. Furthermore, diffusion limitation occurs when the external nitrate concentration 
iss below 0.1 mM. 
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66 Synthesi s 

6.11 Research question s 

Thee first chapter of this thesis opens with the sentence "Anoxic conditions in soil give 
risee to anaerobic microbial processes, such as denitrification" and ends with the 
conclusionn that in litter layers not much is known about the occurrence of anoxic 
conditionss and their relation with denitrification. To improve our understanding of 
thesee themes, four research questions were posed: 
A.. Where do anoxic conditions occur in a Douglas fir litter layer? 
B.. What are the conditions of oxygen diffusivity and oxygen consumption under 

whichh anoxic conditions occur in a Douglas fir litter layer? 
C.. How can the anoxic volume of a litter layer be modelled in a simple manner? 
D.. What is the relation between anoxic conditions and denitrification in a Douglas 

firr litter layer? 
Startingg from these questions an experimental and modelling approach was chosen 
off which the results have been presented in chapters 2 to 5. In this final chapter I 
givee an overview of answers to the research questions posed, that are provided by 
thesee results. Furthermore, I extrapolate the results to anoxic volumes and 
denitrificationn of forest soils in general. Finally, a discussion is held on whether forest 
soill anoxic volumes could be estimated from humus form classification. 

QuestionQuestion  1: Where do anoxic  conditions  occur  in  a Douglas  fir  litter  layer? 

Anoxicc conditons in a Douglas fir litter layer occur permanently within litter particles 
(chapterr 2), and temporarily in water filled interparticle pores (chapter 5). Within litter 
particles,, anoxic conditions occurred at all average water contents (2-3.9 g g~1 dry 
weight)) and oxygen consumption rates (0.11-0.89 uinol kg 1 s"1). There is also a 
permanentlyy existing anoxic volume inside litter particles. The anoxic volume of the 
litterr layer did not significantly increase at higher water contents nor with a stimulated 
oxygenn consumption rate due to addition of glucose. The most important factor for 
thee ocurrence of low to zero oxygen concentrations appeared to be particle size due 
too its effect on the diffusion path. The particle size above which anoxic conditions 
occurredd was about 250 jim diameter. The particle size distribution and total volume 
off size classes therefore, are most important for the variability of anoxic litter layer 
volumee per m2. Variations in particle size distributions and cumulative amounts 
dependd on thickness and decomposition stage of the litter layer. 

Withinn water filled interparticle pores anoxic conditions only occured at water 
contentss higher than 0.6-0.8 m3 m"3, as was demonstrated by model simulations. 
Thee model assumes oxygen saturation in adjacent air-filled pores (chapter 5). Critical 
factorss for the development of anoxic conditions are the oxygen consumption rate in 
aa water filled interparticle pore and the diffusion distance to the nearest air-filled 
interparticlee pore. 
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Oxygenn consumption rates in water filled interparticle pores depend on temperature, 
carbonn decomposibility and microbial activity. Easily decomposable Dissolved 
Organicc Matter (DOM) probably is an important carbon substrate for microbes in 
waterr filled interparticle pores. Sources of labile DOM are the rhizosphere, 
throughfall,, stemflow and leachate of L horizons. Variability in DOM from these 
sourcess therefore may be important for the variability of oxygen consumption rates 
andd anoxic conditions in water filled interparticle pores. For instance, the amount of 
labilee DOM in throughfall was reported to be highest in summer and early autumn 
(Qualless and Haines, 1991; Guggenberger and Zech, 1994). Microbial activity 
increasess with temperature; microbial activity further depends on the location in the 
litterr layer, with the activity in the L horizon and rhizosphere being the highest. 

Thee oxygen diffusion distance in water filled interparticle pores depends on the local 
waterr content and pore structure. Factors determining variability of water content in 
thee field water are throughfall pattern, stemflow, drainage rate, thickness of the litter 
layer,, root pattern and microtopography. Pore structure depends on the fabric of a 
humuss form horizon, which varies with o.a. decomposition stage, vegetation type 
andd soil fauna activity. 

QuestionQuestion  2: What  are the conditions  of  oxygen  diffusivity  and oxygen 
consumptionconsumption  under  which  anoxic  conditions  occur  in  the litter  layer? 

WithinWithin litter: 
Steepp oxygen concentration gradients in litter and anoxic sites in the larger particles 
(>2500 urn diameter) were explained by (1) a low diffusion coefficient (2.5*10"13 m2 s"1) 
andd (2) first order oxygen consumption (Qreference = 0.08 mmol m3 s"1) (chapter 3). 
Diffusionn coefficient and oxygen consumption rate were estimated by calibrating 
simulatedd and measured oxygen concentrations in particles. 

add (1) The low diffusion coefficient was attributed to the polymeric nature of organic 
matter.. Low diffusion coefficients in organic matter limit the incoming flux of external 
oxidators.. Such a situation would be favourable for microbial processes like 
fermentation,, if local organic substrates can be used as oxidators. This would also 
agreee with observations that the majority of anaerobic bacteria are fermenters 
(Gamblee et al., 1977; Blösl and Conrad, 1992; Küsel et al., 1999). Small diffusion 
coefficientss in litter may also indicate diffusion limitation of easily decomposable 
DOMM from the external soil solution at concentrations occurring in the field. However, 
itt is possible that with denitrification in anoxic microsites, carbon substrates are 
consumedd that are produced by fermentation or acetogenesis within litter particles 
(Küsel,, 1996). In this way, denitrification in anoxic microsites would not be much 
affectedd by labile DOM concentrations in the soil solution. 

add (2) First order oxygen consumption led to actual oxygen consumption rates that 
decreasee with the distance from particle surfaces. That oxygen consumption rates 
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showw first order kinetics, may have implications for a trophic link between aerobic 
andd anaerobic processes in organic particles proposed by Kiisel (1996). Due to low 
oxygenn consumption rates near the interface of oxic and anoxic conditions, I do not 
expectt intense oxidation of anaerobic organic products near this interface, but rather 
att or near the organic particle surfaces. 

InIn water filled interparticle pores 
Anoxicc conditions in water filled interparticle pores developed at high water contents 
inn combination with high oxygen consumption rates. In laboratory experiments with 
F22 litter, the critical water content appeared to be about 6 I kg'1 (ca.0.6 m3 m"3). At 
thiss water content, anoxic condition only developed when the oxygen consumption 
ratee was in the range of 3-3.5 urnol kg"1 s"1. For F2 litter, such rates are unlikely to 
occurr under field conditions. Rates of 3-3.5 umol kg"1 s"1 are associated with more 
easilyy decomposable organic matter than F2 litter. 

Att water contents of 8 I kg"1, a significant anoxic volume occurred already at oxygen 
consumptionn rates above 0.5 ujnol kg"1 s"1. However, such water contents are 
unlikelyy to occur in the studied litter layer. Extreme water contents may occur in litter 
layerss containing a distinct H horizon with a low water conductivity. Furthermore, 
anoxicc conditions in water-filled pores may be a common phenomenon in poorly 
drainedd forest soils. 

Howw relationships between anoxic conditions, oxygen consumption rate and water 
contentt may be in other humus forms has not been studied, but seems relevant with 
respectt to the denitrification process (see question 4). Analysis of the relation 
betweenn water content and anoxic conditions could be done by studying the 
relationshipp between water content and the distribution of diffusion distances in water 
filledd interparticle pores. At the critical water content of 0.6 m3 m"3 of this thesis, the 
maximumm diffusion distance derived from thin section analysis was about 2 mm. At 
thee water content of of 0.8 m3 m"3, the maximum derived diffusion distance was 
aboutt 4 mm. Diffusion distances in water filled interparticle pores are treated in the 
nextt section. 

QuestionQuestion  3: How can the anoxic  volume  of  a litter  layer  be modelled  in  a simple 
manner? manner? 

Litterr particle structure can be simplified to an equivalent cylinder set with only seven 
differentt cylinder radii, using the method developed by Rappoldt and Verhagen 
(1999)) (chapter 4). With the derived cylinder set, a litter anoxic fraction can be 
calculatedd at a given oxygen consumption rate, diffusion coefficient and oxygen 
concentrationn in the interparticle pore space. However, the method only calculates 
thee anoxic volume inside litter and not in water filled interparticle pores. 

Inn model calculations of chapter 5 it was shown that anoxic conditions could develop 
inn water filled interparticle pores at extreme water contents and stimulated oxygen 
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consumptionn rates. Comparison between model results and measurements of 
nitrouss oxide production revealed that the anoxic volume in water filled interparticle 
poress is an important factor for the development of high nitrous oxide production 
rates.. In chapter 5 simulation models were applied on the complex pore structure of 
thee thin section. Although these simulations were successful, they required too much 
computerr time to make it a suitable method for general application. Therefore, it is 
desirablee to have a simple method for simulation of anoxic volumes in water filled 
interparticlee pores, in addition to that for litter particles (chapter 4). 

Simulatedd oxygen concentrations in water filled interparticle pores indicate that the 
simplificationn method of Rappoldt and Verhagen (1999) applied to litter structure, 
mayy also be applied to water filled interparticle pores (chapter 5). This is because the 
calculatedd oxygen concentrations in water filled interparticle pores in the fabric of the 
thinn section showed a clear relation with the distance to an air-filled pore (Figure 
6.1).. In Figure 6.1 a normalized distance distribution is shown from each point in a 
waterr filled interparticle pore to the nearest air-filled pore. The distribution is 
calculatedd as described in chapter 4. Such a distance distribution varies with water 
contentt and therefore should be calculated for each water content. With these 
distancee distributions, equivalent cylinder sets for "structures" of water filled 
interparticlee pores can be derived in a similar way as was done for the organic matter 
fabric.. With the derived cylinder sets, relations can be derived between the anoxic 
volumee in water filled interparticle pores and the characteristic oxygen penetration 
depthh similar to those for the organic matter fabric (chapter 4). 

Too make the simplification method applicable to water-filled pores, some future 
developmentss are necessary. For instance, the general applicability of 2-dimensional 
thinn sections should be tested (see chapter 5). Furthermore, it must be possible to 
distinguishh between oxygen diffusion in water filled interparticle pores and in the 
surroundingg litter. For this, it should be known what the oxygen consumption rates 
aree in water filled interparticle pores and what they are in litter. 

QuestionQuestion  4: What  is  the relation  between  anoxic  conditions  and denitrification 
inin  the litter  layer? 

Thee permanent anoxic volume inside litter particles leads to low nitrous oxide 
productionn rates in the F2 litter layer (< 0.05 nmol kg"1 s"1) (chapter 5). In contrast, 
thee temporary anoxic volume within water filled interparticle pores gives rise to high 
nitrouss oxide production rates (0.5-2.5 nmol kg"1 s"1) at field nitrate concentrations (1-
22 mM) (chapter 5). 
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Figur ee 6.1: Normalized distribution of distances from a location in a water filled interparticle 
poree to the nearest air filled pore. Within a distance class the distribution of oxygen 
concentrationn levels is drawn in different grey values. The distance distribution corresponds 
withh a water content of 0.8 m3m"3. The oxygen concentration levels are calculated with a 
potentiall oxygen consumption rate in water filled interparticle pores of 0.3 *10"3 mol m"3 s"\ 
whichh resulted in a bulk oxygen consumption rate of 0.8 umol kg"1

dry s"
1 (0.8*10"4 mol m"3 s"1) 

Thee low nitrous oxide production rates within litter particles were attributed to a 
limitedd denitrifier activity inside litter particles. Possibly, microbial activity inside the 
litterr was dominated by fungi. The activity of denitrifiers depends on colonization of 
needlee interiors by denitrifying bacteria. The degree of colonization of needles by 
bacteriaa is related to the successive stages of decomposition (see chapter 1); which 
aree reflected in a stratified pattern of ectorganic horizons in the litter layer. Variability 
off denitrifier activity in organic particles is probably an important factor for the 
variabilityy of denitrification rates within anoxic microsites in litter. 
Withinn litter anoxic microsites, it was found that nitrous oxide production was not 
limitedd by nitrate, since model simulations showed that nitrate concentrations in 
anoxicc microsites were generally not much lower than those outside the litter 
particless (1.5 mM). Only in the largest size classes of the equivalent cylinder set did 
limitationn of nitrate diffusion occur, but these size classes comprised only a minor 
partt of the total. The absence of diffusion limitation was explained by a high external 
nitratee concentration, a low denitrification potential and a high degree of 
fragmentationn of the litter, through which particles in the smallest size class 
dominated. . 
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Nitrouss oxide production was high when anoxic conditions developed in water filled 
interparticlee pores at extreme water contents and oxygen consumption rates (chapter 
5).. Production rates were about one third of the rate observed under complete anoxic 
conditions.. This potentially high nitrous oxide production was attributed to a 
considerablee activity of facultative anaerobes at the litter surfaces and in water filled 
interparticlee pores. The high nitrous oxide production coincided with considerable 
microbiall growth due to the earlier added glucose. 

6.22 General discussio n 

ExtrapolationExtrapolation  of  the occurrence  of  anoxic  conditions  and denitrification  to 
forestforest  soils  in  general. 

Forr the laboratory experiments of this study only organic material of the F2 horizon 
wass used of a Douglas fir forest soil. This material consisted of highly fragmented 
needless and excrements. The F horizon is only one horizon of the humus form, 
whichh can consist of a L, F, H and Ah horizon, according to the classification system 
off Green et al. (1993). These horizons are distinguished based on morphological 
properties,, such as degree of fragmentation, amount of fine substances (humus), 
aggregationn etc. Due to their differences in structure, humus form horizons are also 
expectedd to differ in the development of anoxic conditions and subsequent 
denitrification.. The potential for anoxic conditions and denitrification of the different 
humuss form horizons L, H and Ah is discussed below. Treated separately are non-
horizonn components of the litter layer, namely woody tissues (branches and fir 
cones),, dead roots and the rhizosphere. Furthermore, distinctions in anoxic 
conditionss and denitrification between needle litter and leaf litter layers are treated. 

LL horizon (intact needles) 
Thee L horizon is more favourable than the F2 horizon for the development of anoxic 
conditionss in litter particles, since particle sizes are larger and oxygen consumption 
ratess higher. The development of anoxic conditions in water filled interparticle pores 
iss improbable in the L horizon due to the low water holding capacity of this layer. 

Regardingg denitrification, there are several studies giving evidence that the denitrifier 
activityy in the L horizon is probably higher than in the F horizon. First, Ponge (1991a) 
observedd that bacterial numbers were most abundant in relatively young needles in 
thee first stage of microfaunal attack. Furthermore, Küsel (1996) found the anaerobic 
carbonn decomposition potential to be highest in the L horizon. Finally, Laverman 
(2000)) recently demonstrated high denitrification rates in L horizon material under 
aerobicc incubation that were only 8-15 times lower than rates measured under 
anaerobicc incubation. In contrast she found denitrification rates below detection limit 
inn F material under aerobic incubation. At the high denitrification rates measured by 
Lavermann in intact needles, denitrification was probably limited by nitrate diffusion 
accordingg to model calculations performed in chapter 5. 
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H-H- and Ah horizon 
Thee organic matter in the H and Ah horizons mainly consists of humus. Humus 
particless are extremely small and moreover exhibit low oxygen consumption rates 
duee to the poor substrate quality. Therefore, anoxic conditions within these humus 
particless is improbable when the oxygen concentration outside these particles is 
atmospheric.. More important perhaps, are anoxic conditions in water filled 
interparticlee pores as pore structure is more dense than in the F horizonn and water 
holdingg capacity is high. Furthermore, at temporarily high water contents bulk 
horizonn diffusivity of oxygen may sometimes not be sufficient to maintain oxygen 
concentrationss in air-filled pores at atmospheric levels. Schaap et al. (1998) 
demonstratedd that water contents higher than at field capacity frequently occurred in 
thee Ah horizon. At low oxygen concentrations in pore space, anoxic conditions could 
alsoo occur within organic matter particles. Whether anoxic conditions in water-filled 
poress and organic matter particles develop, highly depends on oxygen consumption 
rates.. Temporary fluxes of easily decomposable DOM from upper horizons or from 
throughfalll may be an important factor in this respect. It is hypothesized, that under 
anoxicc conditions in water filled interparticle pores, denitrification rates are probably 
high,, similar to those measured in the F2 layer in chapter 5. Indeed, considerable 
denitrificationn rates have been frequently reported for forest soils from which the litter 
layerr was removed (Dong et al., 1998; Papen and Butterbach-Bahl, 1999). 

Inn the above discussion, I did not take account of aggregation effects in the H or Ah 
horizon.. Aggregation may lead to anoxic conditions and subsequent denitrification in 
organo-minerall aggregates. Aggregates of this nature do not occur in an undisturbed 
F33 horizon. The relative importance of anoxic conditions in water filled interparticle 
poress or inside organomineral aggregates is unknown and has to be subject of future 
studies. . 

BranchesBranches and fir cones 
Branchess and fir cones may comprise a considerable part of total litter fall. In 
general,, woody material is more resistant to decomposition than needle or leaf litter 
duee to its relative large content of lignocellulose and small amount of nitrogen 
(Dickinsonn and Plugh, 1974). Therefore, decomposition of wood has been found to 
bee dominated by fungi, although some wood decomposing bacteria have been 
observedd (Dickinson and Plugh, 1974). 

Thee oxygen consumption rates of fresh fir cones and branches from our study site 
weree of the same order as those of the LF horizon (data not shown). Therefore, 
anoxicc sites can also be expected in cones and branches, especially since their size 
iss much larger than that of needles. However, if denitrifiers are present in those 
woodyy materials, denitrification is probably limited by nitrate diffusion due to the large 
sizee of branches and cones. It is hypothesized therefore, that denitrification in 
branchess and cones probably is neglegible. 
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DeadDead roots/Rhizosphere 
Deadd roots (fine) can be a source of relatively easily decomposable substrate in H or 
Ahh horizons, although dead roots are more resistant than plant or tree litter 
(Dickinsonn and Plugh, 1974). Anoxic sites in decomposing roots are not improbable, 
duee to activity of fungi and bacteria in interiors of dead roots. The importance of 
denitrificationn is unknown in decaying root interiors. 

Microbiall activity in the rhizosphere is much higher than in the surrounding bulk soil 
duee to labile organic root exudates (Norton et al., 1990); differences easily amount to 
onee order. The contribution of bacteria to microbial activity is also higher than in the 
surroundingg soil, as well as potential denitrification rates (Dickinson and Plugh, 1974; 
Scottt Smith and Tiedje, 1979). When the rhizosphere is part of a water filled 
interparticlee pore and anoxic conditions develop due to high oxygen consumption 
rates,, denitrification rates may become of considerable importance. Denitrification 
ratess in the rhizosphere depend on nitrate concent, as denitrifiers have to compete 
forr nitrate with tree roots. 

Fromm the above discussion of the potential for anoxic conditions and denitrification, I 
hypothesizee that denitrification may be most important inside litter particles in the L 
horizonn and in water filled interparticle pores in H and Ah horizon or rhizospheres. 
However,, extensive additional research is required, due to the complexity of humus 
forms.. Important factors of interest are litter type, nutrient status and activity of soil 
fauna. . 

LeafLeaf litter layers of deciduous trees 
Litterr layers of deciduous forests differ from litter layers of coniferous forests 
regardingg the shape of the leaves/needles as well as in the structure of the litter 
layer.. These differences have influence on the development of anoxic conditions and 
thereforee denitrification, which is explained below. The shape of leaves resembles 
thatt of sheets, while that of needles is more like cylinders. For oxygen diffusion 
throughh organic matter towards oxygen consuming microbial communities in the leaf 
interior,, the leaf thickness is important. This thickness in general seems smaller than 
thee diameter of coniferous needles and may vary between tree species. The limited 
thicknesss of leaves decreases the oxygen diffusion distance towards the center of 
thee leaf, and therefore leaves may be less favourable for the development of anoxic 
conditionss than coniferous needles. However, in slowly decomposing needle litter, 
anoxicc microsites were already observed in particles with a diameter of 250 urn. 
Therefore,, anoxic microsites may be expected in even smaller particles at much 
fasterr decomposition rate and consequently oxygen consumption rate as occur in 
relativelyy young leaf litter (L horizon). 

Leaff litter layers differ in structure from needle litter layers because leaves in the F 
horizonn tend to be arranged along horizontal planes. Such F horizons form a so-
calledd matted structure, which can be compact or non-compact (Green et al., 1993). 
Thee pores between these decomposing leaves must also be arranged on horizontal 
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planes,, and may have a limited height in compact matted F horizons. Under wet 
conditions,, these horizontally positioned pores will be water filled. In such thin water 
layerss between broad leaves the oxygen diffusion distance through this water layer to 
thee nearest air-filled pore may amount up to centimeters. Therefore, due to mirobial 
oxygenn consumption within the leaf or on the leaf surface, anoxic microsites may 
easilyy develop. The occurrence of anoxic conditions in these horizontal pores was 
alsoo suggested by Küsel (1996). The high diffusion distances in water filled pores 
betweenn leaves differ from those in coniferous litter layers. In a needle litter layer, 
diffusionn distances of only 2 to 4 mm developed at extreme water contents. These 
diffusionn distances led to anoxic microsites in water filled interparticle pores at 
sufficientlyy high oxygen consumption rates (chapter 5). 

AA layered structure of leaf litter layers may affect bulk oxygen diffusion rates, when 
thee horizontally layered pores between leaves are discontinuous. Freijer (1994a) 
measuredd bulk oxygen diffusivity of a needle litter layer and a leaf litter layer. He 
indeedd observed a lower diffusivity in leaf litter than in needle litter, even when the 
bulkk porosity of the leaf litter layer was higher than that of the needle litter layer. This 
differencee in bulk diffusion may especially become important at high water contents 
(0.5-0.66 m3 m"3). Evidence that a leaf litter layer can act as a diffusion barrier was 
foundd by Dong et al. (1998), who measured an increased contribution to surface 
nitrouss oxide fluxes from the mineral soil when the litter layer had been removed. 
Whenn bulk oxygen diffusivity is not sufficient for the oxygen demand in the litter 
layer,, a vertical concentration gradient develops, which enhances the formation of 
anoxicc microsites in litter particles in deeper horizons. 

Inn conclusion, the above described differences between needle type litter and leaf 
typee litter indicate that oxygen dynamics between the two litter types may differ 
significantly.. We hypothesize that anoxic conditions within leaves occur to a lesser 
extentt than in needles and anoxic conditions in water filled pores between leaves to 
aa larger extent. For investigation of differences between deciduous and coniferous 
litterr layers, experiments on oxygen dynamics in deciduous litter layers are 
necessary. . 

ExtrapolationExtrapolation  of  humus  form  classification  to  estimates  of  humus  form  anoxic 
volumes volumes 

Humuss form development is intimately related to soil type, climate and vegetation 
type.. The humus form classification system of Green et al. (1993) has been applied 
onn a wide range of forest ecosystems in British Columbia, North America and 
Europee (Green et al., 1993; Sevink, 1997; Sevink et al., 1998). Depending on 
climate,, forest type and soil type, typical humus forms were classified. 

Inn the above section I argumented that humus form horizons differ in their potential 
forr anoxic conditions and denitrification. Furthermore, the contribution of woody 
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tissuess and roots to humus form horizons is expected to be important as well as the 
litterr type, being either needle litter or leaf litter. It is conceivable that morphological 
propertiess of humus form horizons correspond to a "typical" organic matter and pore 
structure.. Such a general relation between morphological properties and horizon 
structuree would mean that horizon structure can be represented by an equivalent 
cylinderr system with the method of Rappoldt and Verhagen (1999). By combining 
suchh representative cylinder sets for each humus form horizon, representative 
cylinderr systems of pores and organic matter could be derived for the whole humus 
form. . 

Thee possible relation between humus form and typical humus form structure, 
enabless extrapolation of regional distribution of humus forms to estimates on litter 
layerr anoxic volumes in different climatic zones, on mineral substrates etc. For 
quantificationn of actual anoxic volumes based on humus form structure, diffusion 
coefficientss and oxygen consumption rates must be known. With respect to this, 
diffusionn coefficients are expected to vary with decomposition stage and vegetation 
type,, as both factors influence the "crystallinity" of organic matter polymers. In a 
similarr way, oxygen consumption rates also depend on decomposition stage and 
vegetationn type as these determine the decomposibility of the organic matter. 
Finally,, it has to be investigated what the relation is between anoxic volumes and 
denitrificationn rates. Important in this regard is the distinction between anoxic 
volumess in water filled interparttcle pores and those in organic matter tissues 
(chapterr 5). 

Inn the literature, various models have been developed for the prediction of 
greenhousee gases in soil (Vinten et al., 1996; Li et al., 2000; Riley and Matson, 
2000).. A humus form cylinder system is easily implemented in diffusion/reaction 
moduless for the estimation of soil anoxic volumes. This would mean an important 
progresss in application of these models on forest ecosystems, by taking account of 
thee specific structural properties of litter layers. However, applicability of humus form 
structuree in models or estimates on soil anoxic volumes remains speculative and 
shouldd first be tested before any definite conclusions can be drawn. 

II end this synthesis with the general conclusion that anoxic conditions are a common 
phenomenonn in litter layers. In consequence of this conclusion, studies on anaerobic 
microbiall processes in forest soils should pay specific attention to the litter layer. 
Furthermore,, the general occurrence of anoxic conditions leaves us to the question 
whatt the role is of anaerobic microbial processes in litter decomposition. 
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77 Summar y 

Anoxicc conditions in soils give rise to anaerobic microbial processes, such as 
denitrification.. Anaerobic processes have received considerable attention during the 
lastt decades as they play an important role in the production of greenhouse gases, 
suchh as N20. The global production of N20 is increasing; for one part due to the 
grownn amount of applied N fertilizers in modern agriculture. Increased surface 
applicationn of manure has led to regionally increased atmospheric N deposition in 
forests.. Atmospheric N deposition has affected nitrogen transformation processes in 
forests.. An area with high atmospheric deposition and availability of nitrogen is the 
Veluwe,, The Netherlands. In these forests,, nitrification and N mineralisation rates 
aree considerable and in general are highest in the litter layer. There are very little 
studiess that separate between denitrification in the litter layer and in the mineral soil. 
Thosee that do, show that denitrification in the litter layer was equally or even more 
importantt than denitrification in the mineral soil. Knowledge of the occurrence of 
anoxicc conditions and denitrification in well-drained forest soils is important, as such 
forestss cover a considerable area and may be of significance in the global N20 
budget.. In addition, denitrification might also be important in the consumption of 
protonss in acidified forest soils. Therefore, anoxic conditions in a Douglas fir litter 
layerr and their relation with denitriciation are the topics of this thesis. Four research 
questionss were posed: 
A.. When and where do anoxic conditions occur in a Douglas fir litter layer? 
B.. What are the conditions of oxygen diffusivity and oxygen consumption under 

whichh anoxic conditions occur in a Douglas fir litter layer? 
C.. How can the anoxic volume of a Douglas fir litter layer be modelled in a simple 

manner? ? 
D.. What is the relation between anoxic conditions and denitrification in a Douglas fir 

litterr layer? 

Afterr the introduction in chapter 1, chapter 2 addresses question A: where do anoxic 
conditionss occur in a Douglas fir litter layer? Oxygen concentrations inside litter (F2 
horizon)) were measured with micro-electrodes at various water contents and oxygen 
consumptionn rates. A micromanipulator moved micro-electrodes (diameter 7.5 UJTI) 

downwardd at a velocity of 2 pm s"1. In oxygen profiles, particles and pores could be 
identified.. The sizes of these particles agreed with particle sizes derived from a thin 
sectionn of the same litter layer. In oxygen profiles, no gradients in concentration 
occurredd in litter macropores at water contents of 2 to 3.9 g g"1 dry weight, which 
representedd the average range in field water contents. By contrast, steep oxygen 
gradientss occurred inside organic particles. Larger organic particles in general had 
lowerr intraparticle oxygen concentrations, compared to smaller organic particles and 
inn some particles oxygen was absent ( > 250 jxm diameter). These anoxic sites 
occurredd at all water contents (2-3.9 g g~1 dry weight) and oxygen consumption rates 
(0.4-3.22 ^mol g"1 h"1). The anoxic organic matter fraction of the litter layer did not 
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significantlyy increase with water content nor with a stimulated oxygen consumption 
ratee due to addition of glucose. 

Chapterr 3 treats question B: what are the conditions of oxygen diffusivity and 
consumption,, under which anoxic conditions occur in a Douglas fir litter layer? 
Knowledgee of these proces conditions in litter particles, would be a first step towards 
understandingg the dynamics of aerobic and anaerobic decomposition of organic 
matter.. In general, the contribution of anaerobic and aerobic processes to total 
carbonn decomposition is difficult to determine, since anaerobic microbial products 
mayy be reprocessed in oxic zones surrounding anoxic sites. 
Thee diffusion coefficient and oxygen consumption dynamics in litter particles are 
estimatedd by comparing measured and simulated oxygen concentrations. An 
experimentt is performed in which oxygen concentrations in litter particles are 
measuredd after a sudden change in oxygen concentration in the atmosphere around 
thee particles. The experiment has been designed to obtain information on oxygen 
consumptionn dynamics, as the diffusion coefficient is expected to be constant, but 
oxygenn consumption rates not. Oxygen consumption dynamics are also simulated 
withh a 2D diffusion-reaction model, using different combinations of diffusion 
coefficientss and oxygen consumptions. Comparison between measured and 
simulatedd concentration changes reveals that oxygen consumption in litter can be 
consideredd as a first order reaction. The diffusion coefficient of litter particles is 
estimatedd with the bulk oxygen consumption rate and the relationship between 
particlee size and minimum oxygen concentration for the litter particles (chapter 2). 
Thee estimated diffusion coefficient is 2.5*1013 m2 s"\ which is much lower than 
valuess reported for mineral aggregates. The low value is attributed to the polymeric 
naturee of organic matter structure. 

Chapterr 4 addresses question C: how can the anoxic volume of a Douglas fir litter 
layerr be simulated? The anoxic volume of soils depends on air-filled porosity and soil 
structure.. A simple but physically sound representation of forest soil structure is 
neededd for a good parameterization of models, which predict the anoxic soil volume 
andd accompanying production of nitrous oxide. 
Thee specific aim of this chapter is to test the applicability of a method for the 
simplificationn of soil structure for a litter layer. In this method soil structure is 
representedd by an equivalent cilinder system with cilinders of different radii and 
infinitee length. Applicability of this method for litter layers would be advantageous in 
large-scalee model applications as it is simple and fastworking. The geometrical 
informationn of the structure that is needed for the calculations of the cilinder system, 
wass derived from a soil thin section. This is the frequency distribution of distances 
fromm points in the organic matter fabric to the nearest interparticle pore. 
Testingg the method involves the application of an oxygen diffusion-reaction model 
bothh to the equivalent cilinder system as well as to the organic matter fabric 
observedd in a thin section. The model result to be evaluated was the relation 
betweenn the anoxic fraction and the process length d, which depends on the 
diffusionn coefficient, oxygen consumption rate and oxygen concentration in 
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interparticlee pores. The anoxic volume depends both on the process length d and 
shape.. Deviations in the relation between anoxic volume and d for the cilinder 
systemm and the organic matter fabric are attributed to simplification of shape. The 
absolutee error introduced by simplification of shape was 0.022-0.029 (-), which 
amountedd to about 25% of the anoxic fraction. An error of this order is acceptable, 
sincee the uncertainties in factors determining the anoxic fraction in a litter layer are 
expectedd to be still larger. Furthermore, with the cilinder system a correction can be 
madee for the use of 2D cross-sectional distances instead of the true 3D distances. In 
practicee however, cross-sectional distances may be used without a correction as the 
effectss of simplification of shape and the use of cross-sectional distances partly 
compensatee eachother. For succesfull application of the method, it is crucial that a 
clearr distinction between inter- and intra-particle pores could be made. 

Chapterr 5 is focused on question D: what is the relation between anoxic conditions 
andd denitrification in a Douglas fir litter layer? Anoxic microsites in centers of litter 
fragmentss occur at low water contents, when denitrification rates are generally low. 
Inn contrast, oxygen concentrations in air-filled interparticle pores remain 100% 
saturated,, even at high water contents, when denitrification rates can be high. At 
highh water contents it is not clear whether any increase in anoxic volume developes 
inn the litter fragments, the water-filled interparticle pore space or both. 

Whetherr oxygen diffusion limitation occurs within litter fragments or in interparticle 
poress may affect potential denitrification rates as diffusion of nitrate within litter is 
muchh slower than in interparticle pores. Furthermore the denitrifier activity may differ 
inn litter fragments as compared to interparticle pores. The specific aim of this chapter 
thereforee is to estimate the relation between denitrification and anoxic condition in 
litterr fragments and interparticle pores. The research approach is a combination of a 
laboratoryy experiment and model simulations. 

AA laboratory incubation experiment was performed in which we measured nitrous 
oxidee production of Douglas fir litter (F2 layer) at several water contents ranging from 
averagee to extreme wet values. Measurements were done under aerobic and 
anaerobicc conditions, and with or without glucose amendments. Nitrate 
concentrationss were always high (at least 2mM). 

Too get insight in the development of anoxic conditions in water filled interparticle 
poress a 2D oxygen diffusion gridmodel was used to simulate oxygen concentrations 
inn water and organic matter at various volumes of water filled interparticle pores. To 
testt whether diffusion constraints of nitrate and glucose could have affected 
measuredd nitrous oxide production rates within litter fragments, model simulations 
weree done with a diffusion-reaction model for single aggregates. With this model the 
extentt of diffusion limitation in litter particles was calculated under different 
conditionss of nitrate concentration, diffusion coefficient and nitrate reduction 
potential. . 
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Modell simulations with the 2D grid model showed that the occurrence of high nitrous 
oxidee production rates in samples with extreme water contents coincided with the 
developmentt of anoxic conditions in water filled interparticle pores. Measured nitrous 
oxidee production rates started to increase exponentially after 1-2 days in glucose 
amendedd samples, during which substantial microbial growth was established. For 
thesee samples model simulations showed that the increase in oxygen consumption 
duee to microbial growth lead to anoxic conditions in water filled pores at locations 
whichh lay farthest away from the oxygen saturated air filled pores. It was concluded 
thatt anoxic conditions in water filled pores were the crucial factor for the 
developmentt of large nitrous oxide production rates. Diffusion limitation of nitrate 
weree estimated to be negligible under conditions of the experiment performed in this 
chapter.. The occurrence of diffusion limitation was very sensitive to nitrate reduction 
potentiall and nitrate concentration. Therefore, diffusion limitation with denitrification 
inn litter often cannot be neglected under field conditions. 

Inn chapter 6 findings on the relation between anoxic conditions and denitrification in 
litterr from the F2 horizon is extrapolated to other compartments of the humusform. 
Differencess due to distinctions in structure, size and decomposition stage are 
discussed.. In a similar way, distinctions in structure and size are discussed between 
needlee and leaf litter layers. In chapter 6 it is hypothesized that the simplification 
methodd of soil structure is not only applicable to the litter particles, but also to the 
waterr filled interparticle pores. Ultimately, estimates of the anoxic fraction may be 
obtainedd for the whole litter layer. Application of the refered method in combination 
withh the regional humus form classification system of Green et al. (1993) seems a 
promisingg approach for a first step towards estimates of anoxic litter layer volumes 
andd denitrification at the regional scale. 
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88 Samenvattin g 

Zuurstofloz ee omstandighede n in de strooisellaa g van een Dougla s 
sparrenbo ss en de consequentie s hierva n voor denitrificati e 

Bijj zuurstofloosheid in de bodem treden anaërobe microbiële processen op, zoals 
denitrificatie.. Bij anaërobe processen kunnen broeikasgassen, zoals lachgas 
geproduceerdd worden. Het belang van lachgas voor het broeikaseffect is de 
aanleidingg geweest voor intensief wetenschappelijk onderzoek naar de productie van 
broeikasgassen.. Bosbodems zijn verantwoordelijk voor het grootste deel van de 
wereldwijdee lachgasproductie. De productie van lachgas in bosbodems is de 
afgelopenn tientallen jaren toegenomen, doordat de beschikbaarheid van nitraat in 
bodemss is toegenomen. Het grootste deel van nitraat wordt gevormd uit ammonium, 
datt de bodem inkomt via "zure regen" en vervolgens genitrificeerd wordt. De 
strooisellaagg van een bosbodem is de bodemlaag met de hoogste activiteit van 
bodemorganismen.. De potentie voor denitrificatie is hier het hoogst en er is ook 
aangetoondd dat de strooisellaag inderdaad een belangrijke bijdrage levert aan de 
totalee productie van lachgas in een bosbodem. Het is echter onduidelijk waar en 
wanneerr denitrificatie kan voorkomen in een strooisellaag, omdat er een gebrek aan 
kenniss bestaat over het optreden van zuurstofloze omstandigheden in een 
strooisellaag. . 
Strooisellagenn zijn luchtige bouwsels van naalden, bladeren, takjes etc. en zodoende 
zijnn de omstandigheden voor zuurstof aan voer vanuit de lucht gunstig. Strooisellagen 
kunnenn echter een behoorlijke hoeveelheid water vasthouden bij regen waardoor de 
zuurstoff aan voer tijdelijk wordt belemmerd. Daarnaast is het onbekend hoe het 
zuurstoftransportt is in het strooiselmateriaal. 

Dee belangrijkste vraag in dit proefschrift is dan ook: "Waar komen zuurstofloze 
omstandighedenn voor in een strooisellaag en wat dit betekent voor denitrificatie?" 
Dee onderzoeksresultaten waarmee deze vraag wordt beantwoord, staan beschreven 
inn hoofdstuk 2 t/m 5. Deze hoofdstukken hebben betrekking op de F laag van de 
strooisellaagg (sterk gefragmenteerde sparrennaalden). In een afsluitende synthese 
wordenn de resultaten geëxtrapoleerd naar de hele strooisellaag. 
Hoofdstukk 2 behandelt de zuurstofconcentraties in een strooisellaag van aangetaste 
sparrennaaldenn bij verschillende watergehaltes en een verschillende activiteit van 
bacteriënn en schimmels. Deze zuurstofconcentraties zijn gemeten met behulp van 
micro-electrodess met een tipje van 7 micrometer dik. Dit tipje is dun en scherp 
genoegg om door te kunnen dringen in de aangetaste sparrennaalden van de 
strooisellaag.. In een deel van de onderzochte strooisellaagjes is de activiteit van de 
schimmelss en bacteriën verhoogd door middel van het toedienen van een glucose 
oplossing. . 
Hett bleek dat de zuurstof concentraties in de poriën buiten de sparrennaalden altijd 
ongeveerr gelijk was aan de zuurstofconcentratie in de atmosfeer. In de 
sparrennaaldenn zelf echter, daalde de zuurstofconcentratie over een zeer korte 
afstandd naar waardes beneden de 10% (percentage van de concentratie in de 
atmosfeer).. In de grotere deeltjes daalde de zuurstofconcentratie zelfs regelmatig tot 
0%.. In deze zuurstofloze plekjes kan denitrificatie optreden. Het gedeelte van de 
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sparrennaaldenn waar de zuurstofconcentratie zeer laag was {0-10% van de 
concentratiee in de atmosfeer) lag tussen de 5 en 35%. Dit "zuurstofloze" deel werd 
niett significant groter wanneer het watergehalte van de strooisellaag, dan wel het 
zuurstofverbruikk van de micro-organismen hoger was. De conclusie van dit 
hoofdstukk is dat zuurstofloze omstandigheden altijd voorkomen in een strooisellaag 
enn dat zodoende denitrificatie in potentie altijd kan optreden. 

Hoofdstukk 3 beschrijft het kwantificeren van de factoren die verantwoordelijk zijn 
voorr de zeer snelle afname van de zuurstofconcentratie binnenin de sparrennaalden. 
Dezee factoren zijn de transportsnelheid van zuurstof door organische stof en de 
snelheidd waarmee zuurstof verbruikt wordt door micro-organismen. De 
transportsnelheidd en zuurstofverbruiksnelheid zijn geschat door gerichte 
experimentenn uit te voeren (weer met micro-electroden) en deze vervolgens na te 
bootsenn met behulp van computersimulatiemodellen. Hierbij werden gemeten 
zuurstofconcentratiess vergeleken met gemodelleerde. De "juiste" transportsnelheid 
enn zuurstofverbruiksnelheid zijn die waardes waarbij de gemeten en gemodelleerde 
zuurstofconcentratiess in sparrennaalden met elkaar overeen komen. 
Hett bleek dat de transportsnelheid van zuurstof wel 100 tot 1000 keer kleiner is dan 
normaall gerapporteerd wordt voor bodemdeeltjes van zand of klei. Dit is te verklaren 
doorr de typische structuur van organische stof in sparrennaalden. Deze organische 
stoff heeft een zogenaamde polymere structuur. Polymeren zijn ketens van met 
elkaarr verbonden organische moleculen. Deze ketens vormen onderling weer een 
heell netwerk waar zuurstof slechts heel langzaam doorheen kan diffunderen. 
Dee zuurstofverbruiksnelheid bleek af te nemen naarmate de zuurstof concentratie 
lagerr werd. Dit betekent dat de afbraak van organische stof waarbij zuurstof verbruikt 
wordtt het hoogst is in de buitenste randen van sparrennaalden. In doorsnedes van 
sparrennaaldenn is echter te zien dat het binnenste van een sparrenaald het eerst 
afgebrokenn wordt. De naalden worden als het ware uitgehold. Bij de afbraak binnenin 
dee naald speelt vraat van bodemfauna een belangrijke rol. Een groot deel van de 
bacteriënn en schimmels die actief zijn binnenin de naalden breekt organische stof 
waarschijnlijkk af via processen waarbij geen zuurstof verbruikt wordt, zoals 
fermentatiee en denitrificatie. 

Hoofdstukk 4 beschrijft het testen van een methode waarmee het zuurstofloze volume 
vann een strooisellaag kan worden voorspeld. De verdeling van zuurstofconcentraties 
inn een strooisellaag is beduidend anders dan die in een minerale bodem. Aangezien 
dee strooisellaag voor een deel zuurstofloos is en een belangrijke bijdrage levert aan 
dee productie van lachgas in een bodem, is het relevant om zuurstof loosheid in de 
strooisellaagg goed te kunnen beschrijven. 
Bijj een gegeven transport- en verbruiksnelheid van zuurstof wordt de 
zuurstofconcentratiee voornamelijk bepaald door de afstand die zuurstof moet 
afleggenn vanaf de rand van een strooiseldeeltje tot een punt binnenin dit deeltje. Het 
totalee zuurstofloze volume van een strooisellaag is als gevolg hiervan afhankelijk van 
dee verdeling van afstanden van elk willekeurig punt binnenin een deeltje tot het 
dichtstbijzijndee punt op de rand van een deeltje. In een dunne doorsnede van een 
strooisellaagg zijn deze afstanden te meten. 
Dee methode die getest is, is een manier om de structuur van de strooissellaag te 
vereenvoudigenn tot een verzameling cilinders van verschillende groottes (Rappoldt 
enn Verhagen, 1999). De cilinderverzameling is equivalent aan het strooisel doordat 
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dee cilinderafmetingen zo worden berekend dat de af standen verdel ing van punten in 
dee cilinders tot de rand gelijk is aan de afstandenverdeling voor het strooisel, die 
gemetenn is in een doorsnede. 
Zowell voor de cilinders als voor het strooisel kan een zuurstofloos volume berekend 
wordenn met een computersimulatiemodel. De methode om de strooiselstructuur te 
vereenvoudigenn tot een cilinderverzameling is toepasbaar als de zuurstofloze 
volumess van de cilinders en het strooisel gelijk zijn. Dit bleek met een kleine 
foutenmargee zo te zijn. Dit betekent dat de cilinderverzameling voortaan gebruikt kan 
wordenn in modellen die ontwikkeld zijn om zuurstofloosheid en productie van lachgas 
inn bosbodems te voorspellen. 

Inn hoofdstuk 5 is de relatie onderzocht tussen denitrificatie en zuurstofloze 
omstandighedenn in de strooisellaag. Hierbij is onderscheid gemaakt tussen 
zuurstofloosheidd in het binnenste van naalden en in watergevulde poriën om de 
naaldenn heen. Dit onderscheid is relevant om twee redenen: ten eerste kan de 
activiteitt van denitrificerende bacteriën aan de buitenkant van sparrennaalden sterk 
verschillenn van de activiteit in het binnenste van deze naalden. Hierdoor kan de 
denitrificatiesnelheidd sterk variëren afhankelijk van de locatie van zuurstofloze 
plekken.. Ten tweede kan bij zuurstofloosheid binnenin sparrennaalden de 
aanvoersnelheidd van nitraat een beperkende factor zijn voor denitrificatie. De 
transportsnelheidd van nitraat in naalden is namelijk net zo klein of kleiner dan die van 
zuurstof.. De verwachting is dat nitraataan voer geen beperkende factor is voor 
denitrificatiee in watergevulde poriën om de naalden, aangezien de transportsnelheid 
hierr minstens duizend keer hoger is dan binnenin de naalden. 
Dee relatie tussen zuurstofloze omstandigheden en denitrificatie is onderzocht door 
dee productie van lachgas te meten in strooiselmonsters bij verschillende 
watergehaltess en zuurstofverbruiksnelheden. Onder deze verschillende 
omstandighedenn zijn de zuurstof concentraties binnenin de naalden en in de 
watergevuldee poriën om de naalden heen berekend met een 
computersimulatiemodel.. Daarnaast is de eventuele beperking van denitrificatie 
binneninn naalden als gevolg van een beperkte nitraataanvoer onderzocht met een 
tweedee computersimulatiemodel. 
Hett bleek dat een hoge productie van lachgas alleen voorkwam in monsters waar 
zowell het watergehalte als de zuurstofverbruiksnelheid hoog waren. Bij lagere 
watergehaltess was de productie van lachgas laag. Uit de modelberekeningen bleek 
datt hoge lachgasproducties voorkwamen in de situatie dat zich zuurstofloze 
omstandighedenn ontwikkelden in de watergevulde poriën buiten de naalden. Uit 
computersimulatieberekeningenn bleek dat de lage lachgasproducties binnenin de 
naaldenn niet konden worden verklaard door een beperkte nitraataanvoer. Het 
verschill tussen de denitrificatiesnelheden op zuurstofloze plekken binnenin en buiten 
dee naald wordt waarschijnlijk veroorzaakt door een hogere activiteit van 
denitrificerendee bacteriën in en op de buitenste rand van de sparrennaalden. 
Datt denitrificatie binnenin sparrennaalden niet beperkt wordt door nitraataanvoer is 
inn het algemeen te verwachten voor strooisellagen van vergelijkbare ouderdom als 
dee strooisellaag uit dit proefschrift. De conclusie van dit hoofdstuk is dat de locatie 
vann zuurstofloosheid uitermate belangrijk is voor de denitrificatiesnelheid in 
strooisellagenn van sparrennaalden. 

119 9 



Inn hoofdstuk 6 zijn de bevindingen wat betreft de relatie tussen zuurstofloze 
omstandighedenn en denitrificatie voor een strooisellaag van aangetaste 
sparrennaaldenn geëxtrapoleerd naar alle lagen van een bosbodem. Ook is 
bediscussieerdd hoe deze relatie is in de strooissellaag van loofbosbodems. 
Inn een afsluitende synthese is beschreven hoe de methode uit hoofdstuk 4 voor de 
voorspellingg van zuurstofloosheid in strooisel toe te passen is op watergevulde 
poriënn in een strooisellaag. Investering in verder onderzoek naar de voorspelling van 
zuurstofloosheidd in zowel de organische deeltjes als de watergevulde poriën tussen 
dezee deeltjes is wenselijk vanwege het belang van de strooisellaag in de totale 
lachgasproductiee in bosbodems. 
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11 Het grote belang van bodemfauna in de afbraak van litter ligt met 

namee in haar faciliterende rol voor bacteriën en schimmels (Dickinson 

andd Plugh, 1974; dit proefschrift). 

22 De activiteit van schimmels onder zuurstofloze condities is hoger dan 

tott nog toe is aangenomen (Wainwright et al., 1994). Een aanwijzing 

hiervoorr is de activiteit van schimmels in het mesophylle weefsel van 

nagenoegg intacte naalden (dit proefschrift). 

Dee aanwezigheid van grote zuurstofgradiënten in sparrennaalden leidt 

tott een zonering van micro-habitats voor bacteriekolonies en draagt 

daarmeee bij aan de diversiteit van bacteriesoorten in bosbodems 

(Broekk et al., 1997 Biology of Microorganisms; dit proefschrift). 

-- Afbraak van litter in een incubatie-experiment onder "aërobe 

omstandigheden"" gebeurt voor een belangrijk deel via anaërobe 

processen. . 

Dee produktie van broeikasgassen in de strooisellaag dient expliciet 

beschrevenn te worden in modellen die gebruikt worden om de effecten 

vann wereldwijde klimaatveranderingen te berekenen (dit proefschrift). 

66 Vanwege de grote zuurstofgradiënten in sparrennaalden dient 

onderzoekk naar de microbiële activiteit in situ gedaan te worden (dit 

proefschrift). . 

77 De elektromagnetische straling afkomstig van zenders voor radio en 

telecommunicatiee beïnvloedt het menselijk lichaam; de lichamelijke 

enn mentale belasting van deze straling dient onderzocht te worden. 

Proefpersonenn die in medicijntests genezen door het "placebo-effect" 

zoudenn met hoge prioriteit medisch onderzocht moeten worden, om uit 

tee zoeken of hun spontaan ontwikkelde lichaamseigen afweerstoffen te 

reproducerenn zijn. 

Hett dragen van naaldhakken is te vergelijken met het afbinden van 

vrouwenvoetenn in het Oude China en komt de emancipatie van de 

vrouww niet ten goede. 

Echtee wijnliefhebbers drinken geen witte wijn. 

(citaatt wijnsnob in eerste klas coupé, traject Amsterdam-Delft). 
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