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77 Summary 

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 

114 4 



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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