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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. . 

35 5 



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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255 50 75 

Oxyge nn saturatio n (%) 
100 0 

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. 

Particles s 

:UfMjAi| | f f 
y/>y/> n*fi ....... | 0 

10.00 10.5 11.0 11.5 12.0 12.5 13.0 

Depthh (mm) 

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 "
 A * A 

^ ^ - D . AA A 

i*3** < A * V q o 
500 0 750 0 

-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). 
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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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