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SAMENVATTING

Dit promotieonderzoek richtte zich op de vraag wat het effect van ontbossing is op de
emissies van stikstofmonoxide (NO) uit bodems in het Amazone-gebied. Stikstofoxiden
spelen een belangrijke rol bij de fotochemische productie van ozon in de troposfeer. De
ontbossing op grote schaal van het Amazone-gebied in Zuid Amerika verandert de fysische
en chemische eigenschappen van de bodems, die op hun beurt tot grote veranderingen in de
emissies van gassen uit de bodem leiden. De metingen werden uitgevoerd als onderdeel van
het Europese project "European Studies on Trace Gases and Atmospheric Chemistry" als een
bijdrage aan het internationale project "Large Scale Biosphere-Atmosphere Experiment in
Amazonia' (EUSTACH-LBA).

Onze meetgegevens tonen dat de produktie van NO in bodems van oude weilanden
duidelijk minder is dan die in bodems van primaire regenwouden. Een aantal mogelijke
oorzaken kon worden aangetoond. Ten eerste duiden de hoge nitraat- en lage ammonium-
concentraties in bosbodems in vergelijking tot weilanden op een hogere microbiologische
activiteit en zodoende een hogere produktie van NO in regenwoud-bodems. Ten tweede is de
zuurgraad in de bosbodems zo hoog dat extra produktie van NO via chemische reacties kan
plaatsvinden.

Uit de gegevens van de produktie en consumptie van NO en de gemeten effectieve

diffusie van NO in bodem zijn de emissies van NO uit de bodems van een regenwoud en een
22-jaar oud weiland berekend. De bodem van het regenwoud emitteerde het meeste NO.
Naast de hierboven genoemde verschillen die de productie beinvioeden, kon een ander effect
worden aangewezen. De omzetting van regenwoud tot weiland leidt tot compactie van de
bodem, wat resulteert in een verlaagde diffusie van NO door de bodem en uiteindelijk tot
kleinere emissies uit de bodem van het weiland.

Voor beide ecosystemen kwamen de berekende NO-emissies goed overeen met NO-
emissies die gedurende veldwerk-activiteiten op precies dezelfde locaties waren gemeten.

Deze methode lijkt daarom niet alleen geschikt voor het in detail bestuderen van productie en
consumptie van NO, maar ook om NO-emissies uit bodems te bepalen in verschillende
ecosystemen tegen zo laag mogelijk kosten.

Om een beter inzicht te krijgen onder welke condities maximale NO emissies uit de
bodem treden, werden monsters onderzocht met betrekking tot de bodemtextuur. De optimale
vochtigheid correleerde met het kleigehalte van de bodems. De situatie waarbij het water uit
de relatief grote porién gedraineerd was, terwijl de kleinere porién nog gevuld waren met
water, resulteerde voor alle bodems in maximale NO-emissies, ongeacht bodemtextuur. Dit
duidt aan dat de voorspelling van NO-emissies uit bodems met verschillende bodemtexturen
vereenvoudigd kan worden door het gebruik van de drainage-staat (matric potential) van de
bodem in plaats van het gebruik van bodem vochtigheid.



Tendotte wordt een beeld geschetst van de te verwachten ontwikkelingen in het Amazone
gebied. Er wordt voorgesteld dat verhoogde antropogene emissies van stikstof-verbindingen
zouden kunnen leiden tot een verhoogde N-depositie vanuit de atmosfeer. We presenteren
meetresultaten van NO-bodem-emissies uit bossen in Europa met hoge N-depositie vanuit de
atmosfeer. Hogere N-depositie leidde tot hogere NO-emissies uit de bodem. De
fotochemische productie van ozon in het Amazone gebied is voora afhankelijk van de NO-
concentratie, en wordt sterk beinvioed door de grootschalige ontbossing van het
Amazonegebied.



SUMMARY

Nitrogen oxides play an important role in the photochemical production of ozonein the
troposphere. Large scale deforestation in the Amazon Basin (South America) affects the
physical and chemical soil properties that in turn alter the biogenic emissions from the soils.
This thesis concentrates on the effects of deforestation on nitric oxide (NO) emissions from
soils within the Brazilian Amazon. The study was carried out as part of the European project
"European Studies on Trace Gases and Atmospheric Chemistry” as a contribution to "Large
Scale Biosphere-Atmosphere Experiment in Amazonia' (EUSTACH-LBA).

Our measurements showed that the NO production is higher in forest soils than in old
pasture soils. Higher nitrate and lower ammonium concentrations in forest soils compared to
pastures suggest higher microbial activity (and hence higher production) in forest soils. Also,
the production of NO through chemical reactions under acid conditions could explain higher
NO production in the acidic forest soils compared to the more neutral pastures.

NO production and consumption were converted into NO emissions from soil using a
simple diffusion algorithm. NO emissions were higher from forest soils compared to old
pastures. Besides the aforementioned differences that influenced the NO production, another
effect of deforestation was determined. The conversion from forest to pasture decreased the
soil pore volume, and consequently the diffusion of NO through the soil, explaining the
smaller emissions of NO from pastures.

Our laboratory derived NO emissions agreed well with NO emissions from field
measurements, for two different ecosystems (primary forest and 22 years old pasture) during
the full measurement campaign. This indicates that such laboratory measurements are a
powerful tool to study NO production and consumption in detail under controlled conditions,
aswell asto establish NO emissions from avariety of ecosystems on a cost-effective basis.

The moisture conditions for which the NO emissions from soil are highest (optimum soil
moisture) were examined in detail with respect to the soil texture. Optimum soil moisture
depended strongly on the soil texture. However, for al soil textures, maximum NO was
emitted from soil when the relatively larger pores were drained, whereas the smaller pores
were water-filled. Models that predict NO emissions from soils would benefit from
considering the different soil textures.

Finally, future developments within the Amazon are evaluated, and it is proposed that
increased anthropogenic emissions of reactive nitrogen species could lead to higher
N-deposition from the atmosphere. We present NO emissions from forest soils in Europe
which receive high amounts of nitrogen by atmospheric deposition. Higher N-input to the
soils from the atmosphere resulted in higher NO emissions from soils. The photochemical
production of ozone in the Amazon largely depends on the concentrations of NO (and NO,),
and is strongly influenced by the large scale deforestation of the forest ecosystems in the
Amazon.



CHAPTER 1

GENERAL INTRODUCTION

1.1 Background

Nitric oxide (NO) plays an important role in atmospheric chemistry. The removal of trace
gases from the atmosphere is mostly through oxidation processes that involve reactions with
hydroxyl radicals (OH) and ozone (O3). NO significantly influences the oxidative capacity of
the troposphere, especially by its catalytic behaviour in the photochemical formation of Os
[Graedel and Crutzen, 1993]. When mixtures of NO and O3 are exposed to ultraviolet light,
an equilibrium is established in which NO reacts with O3 to form nitrogen dioxide (NO,) and
oxygen (O,) and visa versa. In this equilibrium one Oz molecule is produced for every Og
molecule that is consumed (eg. 1.1, 1.2 and 1.3).

NO + 05 > NO, + O, (L1)
NO,+hv > NO +0 (12)
O +0; 203 (1.3

Furthermore, absorption of solar ultraviolet radiation by O; molecules |eads to the generation
of excited O(*D)-atoms that can react with water vapour to form very reactive OH radicals
(eg. 1.4 and 1.5) [Crutzen and Zimmermann, 1991].

O;+hv > 0(*D)+0, (<310mm) (1.4)
O(*D) + H,0 > 2 OH (15)

These OH radicals rapidly oxidise hydrocarbons (RH) to produce peroxy radicals, such as
HO, and RO,. When NO can reacts with RO, (eqg. 1.6), additional Oz is produced through the
photolysis of NO, (eg. 1.2 and 1.3) without the prior destruction of O; (eg. 1.1).

NO + RO, > NO, + RO (1.6)

Whether OH and O; are generated or destroyed during these oxidation processes, depends
strongly on the NO, (NO and NO,) concentration in the atmosphere. When NO is low, HO,
reacts with HO, and RO, forming H,O, and RO,H, which are removed from the atmosphere
by wet and dry deposition. Therefore, at low NO, levels, OH concentrations are suppressed.
When concentrations of NO, are sufficiently high, HO, will react NO, which leads to the
photochemical formation of O; (see eg. 1.2, 1.3 and 1.6) [Crutzen and Zimmermann, 1991].
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Strong light intensities and high concentrations of water vapour in the tropical region
generaly lead to high OH concentrations in the tropica troposphere. About 70% of the
global atmospheric oxidation of trace gases is believed to take place in the tropical
troposphere [Crutzen and Zimmermann, 1991]. The tropics are therefore an important
research areafor NO.

Table 1.1 Global emissions’ of NO, in Tg N year™. Reproduced from Mosier [2001].

SOURCE Holland et al., [1999] Delmas et al. [1997]
TgN year™
Fossil fuel combustion 20 (20-22.4) 22 (15-29)
Aircraft emissions 0.6 (0.23-0.6) 0.4 (0.5-0.6)
Lightning 51 (3-25) 2.0 (1-4)
Biomass burning 6.0 (3-13) 7.0 (3-10.4)
Soil NO, emissions 4.76 (4-21) 55 (3.3-7.7)
Natural - (4-15.5)
Agricultural - (1.8-5.4)
NH; oxidation - (0.5-3)
Stratospheric injection 0.5 (0.1-0.6) -
Total 361 (23-81) 382 (23.7-53.8)

("Numbers presented are mean emission estimates from five different 3-dimensional chemical
transport models, numbers in parentheses are the range of model output values.)

On a global scale, the main sources of NO, are combustion of fossil fuel, lightning and
biomass burning (Table 1.1). On alocal scale, biogenic emissions of NO from soils can be an
important source, especially in remote areas where emissions from the combustion of fossil
fuel are relatively small. The Amazon in South America is a large tropical ecosystem that
faces rapid development. Combustion of fossil fuel is (still) a negligible source of NO, in the
Amazon, but the burning of vast areas of primary forest leads to high pyrogenic emissions of
NO,. Each year, an area of about 19000 km? of primary forest (about half the size of the
Netherlands, or 2700000 football fields) is deforested and burned within the Brazilian
Amazon [Nepstad et al., 19994].

Current and future deforestation and land use changes in the Amazon will affect the
physical and chemical characteristics of the corresponding soils. For instance, the conversion
from forest to pasture has been shown to change the organic carbon contents and the
inorganic nitrogen contents in soil, as well as rates at which nutrients are turned over
(Reinerset al., 1994; Veldkamp, 1994; Moraes et al., 1996; Neill et al., 1999). Consequently,
biogenic emissions from soils are expected to change. NO emissions from forest soils have
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been shown to increase directly after burning [Neff et al., 1995], and to decrease below
original values after several years[Keller et al., 1993].

Investigation of the ecological functioning of the Amazon and evaluation of the effects
of land-use changes on this ecological functioning are the main aims of the long-term
international project "Large Scale Experiment in Amazonia’ (LBA). Within these research
aims, the European project "European Studies on Trace Gases and Atmospheric Chemistry”
(EUSTACH) concentrates on the thematic areas of carbon storage, atmospheric chemistry
and biogeochemistry. This Ph.D. work was carried out as part of LBA-EUSTACH at the
Biogeochemistry Department of the Max Planck Institute for Chemistry in Mainz, Germany.
The overall objectives were to quantify biogenic emissions of NO from primary forest soils
and pastures, and thus quantify the effect of forest-to-pasture conversion on these emissions.

An introduction in the biogenic emission of NO from soil and the controlling parameters are
given in sections 1.2-1.3. The objectives of this Ph.D. work, including an outline of the
thesis are given in sections 1.4-1.5.

1.2 Biogenic emissions of nitric oxide from soil

NO is produced in soil both through biological and chemical processes. Nitrification
(authotrophic and heterotrophic) and denitrification are considered the most important
processes for the microbial production of NO in soil, although other processes have been
observed. Most of the information given in this section is f@mrad [19964a].

Autotrophic nitrification is the oxidation of ammonium (MWHto nitrate (NQ@). Thisis
carried out in two steps by two different groups of microorganisms; Nitroso-bacteria and
Nitro-bacteria. The Nitroso-bacteria oxidise NH," to hydroxylamine (NH,OH), and finally to
nitrite (NOy") (eq. 1.7). The Nitro-bacteria oxidise NO,™ to NO5™ (eqg. 1.8).

NH,S > NH,OH > NO, (1.7)
NO, > NO; (1.8)

In equation 1.7, the oxidation of NH," to NH,OH requires the presence of oxygen (O,),
whereas the further oxidation to NO,™ is not oxygen-limited. Instead of O,, NO,™ can be used
as an electron acceptor, and as a result NO is produced. The reduction of NO,” to NO
consumes 2 protons, and thus could be important in regulating the pH in the bacteria. NO is
also produced in this manner under oxic conditions. Heterotrophic nitrification is the
oxidation of organic nitrogen and inorganic nitrogen speciesto NO,” and NOs™. Heterotrophic
nitrifiers include bacteria and fungi. There are probably numerous different biochemical
pathways, and these are still unknown.
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Denitrification is the reduction of NOs™ to the gaseous endproducts N,O and N, (eqg.
1.9). NO is produced as an intermediate product, and can escape it’s fate of further reduction.
Denitrification generally occurs under anaerobic conditions, although aerobic denitrifiers and
heterotrophic nitrifiers have been found to denitrify NO3~ under aerobic conditions.

NO; - NO, > NO (g - N2O (g) = N2 (9) (1.9

Besides the reduction of NOs™ by denitrifying microorganisms, there are several other
biological mechanisms that reduce NO;™ and consequently produce NO. For instance, nitrate
respiration (eg. 1.10) or DRNA (Dissimilatory Reduction of Nitrate to Ammonium) (eg.
1.11). However, nitrification (under oxic conditions) and denitrification (under anoxic
conditions) are the major microbiological sources of NO production in sail.

NO; > NO,” (1.10)
NO; > NO,” > NH," (1.12)

Another pathway for NO production is through chemical reactions. Nitrous acid (HNO,)
and NO,™ are chemically unstable in acid soil (pH<5.5), especialy in combination with a high
organic matter content [Blackmer and Cerrato, 1986]. These species have been shown to
participate in several chemical reactions that produce NO (eg. 1.12, 1.13 and 1.14), generaly
referred to as chemodenitrification [Serca et al., 1994].

3NO, +2H* > 2NO(g) + NO; + H,0 (1.12)
2 HNO, > NO +NO,+H,0 (1.13)
NO,™ + NO, (g) > NO; + NO (g) (1.14)

The NO, concentration in soil is generally small. However, NO;™ is formed as an
intermediate product in many microbiological processes, such as nitrification, denitrification,
nitrate respiration and DRNA (equations 1.7, 1.8, 1.9, 1.10 and 1.11). The production of NO,~
(and HNO,) thus may be biological, its evolution (biological oxidation/reduction or chemical
reaction) depends largely on its chemical stability in soil.

In al the aforementioned processes NO can be produced as a gaseous (intermediate)
product and consequently can escape the soil to the atmosphere. However, part of that NO is
simultaneously consumed in soil. For instance, as was shown in equation 1.9, NO is a
substrate for denitrification and can be reduced to the gaseous endproducts N,O and N,. This
mechanism functions both under oxic and anoxic conditions. Several groups of
microorganisms have been identified that consume NO through biological oxidation and
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reduction, such as autotrophic and heterotrophic nitrifiers and methanotrophic bacteria, but
many others are probably still unknown [Baumgartner et al 1996; Rudolph et al 1996a;
Kramer et al, 1990].

Generally the result of simultaneous production and consumption of NO in soil is a net
release from the soil to the atmosphere, although deposition of NO can occur at high ambient
NO concentrations [Meixner, 1994]. If the soil is covered by tall vegetation (e.g. forest
canopy), not all NO emitted from the soil might leave the canopy. When passing the trunk
and canopy spaces, a substantial part of the biogenically emitted NO can react with ozone
(mixed into the canopy from aloft) to form nitrogen dioxide (NO,). This NO, can escape the
canopy or can be deposited to vegetation, reducing the potentia biogenic NO flux from the
forest ecosystem to the atmosphere [Ammann et a) 1999; Jacob and Wofsy1990; Meixner,
1994; Rummel et al submitted].

1.3 Regulation of the biogenic emissions of nitric oxide from soil

NO emissions are thought to be largely controlled by substrate availability, soil
temperature, soil moisture and soil acidity (pH) [e.g. Davidson et al 2000]. As was
explained above, the production of NO is possible through various microbial and chemical
processes with different substrates. Indeed, several authors have reported increasing NO
emissions upon additions of ammonium [Parsons and Kellerl995; Vermoesen et al1996],
others upon additions with nitrate (denitrification, nitrate respiration, DRNA?) [Bakwin et al,
1990; Cardenas et al 1993, Vermoesen et al1996; Thornton et al. 1998]. No general
agreement has been reached. Often, no correlation is found between the observed NO flux
and the nutrient-pools, and it appears more useful to consider the rates at which nutrients are
processed and transformed in soil (e.g. mineralization, nitrification and denitrification) [see
Davidson et al.2000].

Soil acidity may influence the microbial processes in several ways. Soil pH regulatesthe
liberation of elements (e.g. phosphate availability) and the speciation of acid/base-complexes
(e.g. NO;7THNO,) [Sposito, 1989], which in turn could influence (or serve as substrate for)
the various NO production processes. For example, whereas biological nitrification is
inhibited at low pH [Tietema et al., 1992; Godde 1999], chemodenitrification occurs mostly
under acid conditions [Blackmer et al.1986; Serca et al 1994].

As for the controlling parameters of soil temperature and soil moisture, results from
field studies show good agreement. The NO flux increased exponentially with soil
temperature, which is generally observed for microbia processes [e.g. Williams et al, 1987].
In dry soil, the relation with soil temperature might be less pronounced [Cardenas et a).
1993; Sullivan et al. 1996]. This indicates that soil moisture plays an important role in
emissions of NO from soil.
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Figure 1.1 Aerobic microbial activity as afunction of volumetric water content (reproduced from Skopp et al., [1990])

Many studies have shown that NO emissions were maximum at an intermediate soil
moisture (optimum soil moisture, &) [Cardenas et al., 1993; Grundmann et al., 1995;
SQullivan et al., 1996; Scholeset al., 1997; Martin et al., 1998; Parsons et al., 1996; Pilegaard
et al., 1999; Otter et al., 1999; Peirce and Angja, 2000]. Figure 1.1, reproduced from Skopp
et al. [1990], demonstrates aerobic microbia activity versus soil moisture. At low soil
moisture (aerobic conditions), the microbial activity increases with soil moisture, since
substrate diffusion is enhanced through water films. At high soil moisture (anaerobic
conditions), oxygen-supply is limited and the aerobic microbial activity decreases with
further wetting of the soil. [Skopp et al., 1990; Linn and Doran, 1984]. An intermediate soil
moisture exists, where the limiting effects of substrate diffusion (through water films) and O,
supply are equal, and consequently aerobic microbial activity (e.g. nitrification) is maximum
(optimum soil moisture, &,). Maximum aerobic microbial activity was suggested to occur at
approximately 0.60 water-filled pore space (WFPS). [Davidson, 1993; Linn and Doran,
1984]. For emissions of NO from soils, however, arange of optimum moistures (6y) is given
in the literature, ranging from 0.20 to 0.70 WFPS [Cardenas et al., 1993; Grundmann et al.,
1995; <choles et al., 1997; Martin et al., 1998; Pilegaard et al., 1999; Peirce and Angja,
2000]. Optimum soil moisture for emission of NO from soil exists where conditions for NO
production (microbial activity and/or chemical processes) and gas diffusion (NO escapes the
soil towards the atmosphere) are optimized. Since NO can be produced both under aerobic
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and anaerobic conditions [Conrad, 1996d], 8, for the emission of NO from soil may be
different from 0.60 WFPS.

When examining soils from different regions, one encounters different soil textures and

moisture regimes that could influence the optimum moisture for NO emissions from soil. For
instance, a coarse-textured soil generally has arelatively smaller total pore volume, compared
to afine-texture soil [Hillel, 1982]. Thus, at identical soil moisture (mass of water per mass of
soil), a coarse-textured soil would be relatively wet compared to afine-textured sail.
Matric potential (kPa) is an expression which characterizes the tenacity with which soil water
is held by the soil matrix [Hillel, 1982]. The relation between matric potential and the soil
water content (also, water retention curve or water release characteristics) thus depends on the
soil matrix, asis shown in Figure 1.2.

Matric potential (pF)

T
[¢] 10 20 30 40 50
Water content (% by vol.)

Figure 1.2 Water release characteristics of three different soil textures: sand, loam and clay. Matric potential is
presented on a log scale (pF): pF 2.0 indicates a matric potential of —100 hPa (or —10 kPa). Figure was oceficed
from Monteith and Unsworth [1990].

At a given matric potential, a fine-textured soil (clay) with relatively fine pores will retain
more water than a coarse-textured soil (loam or sand) with relatively large pores. In addition,
gas diffusion through the soil is more effective in a coarse-textured soil with relatively larger
pores compared to a fine-textured soil with relatively fine pores [Currie, 1983]. Therefore,
differencesin the soil textural and soil structural properties are expected to lead to differences
in the optimum moisture conditions for NO emissions from soils. In order to simplify the
prediction of NO emissions from soils over extended regions, the optimum soil moisture
should be studied in more detail with respect to the soil texture and soil structure.
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1.4 Objectives

The overall objective of this work was to quantify biogenic NO emissions from primary
forest soils and pastures within the Brazilian Amazon, and thus determine the effect of
deforestation on biogenic emissions of NO from soils.

Field measurements with (dynamic or static) chambers have been successfully applied
to quantify net NO emissions from soil. However, these measurements generally impose high
demands on resources (transport, power supply, finances, etc.), especially when
measurements take place in remote parts of the world. Laboratory studies offer a controlled
environment which is necessary to study particular aspects of the NO production and
consumption in detail. Often, field measurements need to relate back to these laboratory
studies to understand the results obtained. It would be more practical and more cost-effective
to be able to collect soil samples and quantify net NO emissions from soil samples in the
laboratory.

Galbally and Johansson [1989] developed a simple diffusion-based algorithm to
quantify net NO emissions from laboratory results on the NO production and consumption in
soil samples. It has been shown that these laboratory-derived NO emissions agreed well with
NO emissions from field measurements (with dynamic chambers) [Galbally and Johansson,
1989; Remde et al., 1993; Rudolph et al., 1996b]. In later studies, the algorithm was modified
to include the dependence of the net NO emissions on soil temperature and soil moisture
[Yang and Meixner, 1997; Otter et al., 1999]. However, NO production and consumption
have been observed to depend differently on controlling soil parameters, such as O,
availability, soil pH, nutrient content, and soil moisture and soil temperature [Kramer and
Conrad 1991; Baumgartner and Conradl992; Saad and Conrad1993; Dunfield and
Knowles 1999; Conrad 2000]. Therefore, it is more appropriate to describe the individua
processes each as a function of soil temperature and soil moisture, rather than examining the
resulting net NO emissions.

In this study, NO production and consumption were studied individually with respect to
soil temperature and soil moisture. Finally, biogenic emissions of NO were quantified from
the relations of NO production and consumption with soil temperature and soil moisture, and
the diffusion based algorithm of Galbally and Johanssdi989].

In order to quantify the direct effect of deforestation on the biogenic NO emissions from
soils, soil samples were collected from primary forests, secondary forests and pastures within
the Brazilian Amazon, and results of their corresponding NO production, NO consumption
and net NO emissions were intercompared.

In addition, as alluded to in the previous section, some uncertainty exists about the
optimum moisture conditions under which NO is emitted from soil. Soil texture is an
important characteristic that partly controls the soil moisture conditions, and therefore may
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influence the optimum moisture conditions for maximum NO emission. For this reason, a
series of soil samples, with varying soil textures, from the Brazilian Amazon were examined
with respect to the corresponding optimum moisture conditions for which maximum NO
emissions were observed.

The three main aims of this research are given below:

l. Determine NO production and consumption in soil samples from primary forest and
pastures in the Amazon, and study these processes in detail with respect to soil
temperature, soil moisture and nutrients.

. Quantify net NO emissions from forest and pasture soils in the Brazilian Amazon,
using the dependency of NO production and consumption with soil temperature and
soil moisture from laboratory experiments. Test these laboratory-derived NO
emissions with net NO emissions from field-measurements, and finaly find the
direct effect of deforestation on the NO emissions from soils.

[I. Establish the optimum moisture for NO emissions from a series of different soilsin
the Amazon. More specifically, examine the effect of soil texture on the optimum
moisture conditions under which NO is emitted from the soil.

1.5 Outlook, and further objectives

As was mentioned in the previous paragraph, the main aim of this thesis was to
quantify the effect of deforestation on the biogenic emissions of NO from soils in the
Amazon. For this reason, NO emissions were determined in soil samples from primary forest
and pastures. Differences in the soil emissions of NO between primary forest and pastures
will be attributed to be the direct effect of deforestation. However, besides the difference in
the biogenic NO emissions from primary forest soils and pastures that is directly measurable,
there are additional indirect effects that should be considered when evaluating the effects of
deforestation on the biogenic NO emissions from sails.

Until now, the Brazilian Amazon has been a relatively undisturbed ecosystem in
terms of human activities. However, recently the Brazilian government has launched the
project "Avanca Brasil 2000-2003" (httmAww.abrasil.gov.br). This project aims, amongst
others, to enhance the economical development of the state of Amazonas, in the North West
of the Brazilian Amazon. As part of the project, roads and railways (4500 and 1600 km
respectively) will be constructed within the Brazilian Amazon. Currently, an area of
approximately 19,000 kfnof primary forest is deforestated and burned each year. The
developments within the project "Avanca Brasil" are expected to induce additional
deforestation of about 80,000—-180,000°kmithin the next 25-30 yeardgpstad, personal
communication]. Thus, the Brazilian Amazon continuesatteflarge scale deforestation in
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the near future. Increased human activities, related to a better infrastructure, will enhance
anthropogenic emissions in the Brazilian Amazon. These anthropogenic emissions can
become of great environmental significance in the natural surroundings of the Brazilian
Amazon, and should be considered as (indirect) effects of deforestation.

During the last two centuries, large scale development of temperate ecosystems in
the Northern Hemisphere has lead to strongly enhanced anthropogenic emissions into the
atmosphere. This increase was mainly due to increased combustion of fossil fuel, and
intensification of industry and agriculture. Globally, the emissions of reactive nitrogen have
increased several fold due to anthropogenic influences, with the steepest increase during the
last 50 years [Holland et al., 1999]. These reactive nitrogen emissions, such as nitrogen
oxides (NO,) and ammonia (NH3), have driven an increase in nitrogen input to the terrestrial
ecosystem by atmospheric deposition [Vitousek et al., 1997].
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Figure 1.3 Schematic of the important pathways of NO and NH; within the atmosphere.

After their emission into the atmosphere, nitric oxide and ammonia can undergo several
processes, including reactions with radicals, and uptake of the gases in aerosols and clouds.
Figure 1.3 presents the most important processes in the atmosphere for NO and NH3
(reproduced from Duyzer [1995]). As was mentioned above (see section 1.1), NO reacts
rapidly with Os to form NO,. The formed NO, can react with a peroxy radical (RO,, or more
specifically CH3C(O)O,) to form peroxy acetyl nitrate (PAN). PAN is arelatively unreactive
species and consequently can transport the nitrogen away from its source. However,
generally, NO, reacts more rapidly with ozone (Os) or hydroxy radicals (OH). The result is
the formation of HNO; and N,Os. These latter compounds are easily dissolved in cloud
droplets or taken up in aerosol particles to form nitrate (NO3"). HNO; is also very rapidly
deposited onto surfaces [Huebert and Robert, 1985]. Similarly, NH3; can be deposited, or
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taken up in clouds and aerosols to form ammonium (NH,"). Finally, the nitrogen species are
removed from the atmosphere by wet deposition (precipitation), and the dry deposition of
gases and aerosols (for more details see Meixner [1994]). Thus, in polluted areas with high
emissions of reactive nitrogen species, soils can receive high levels of nitrogen by
atmospheric deposition (HNOs, NH3, NO,, NO;~ and NH,"). These high levels of atmospheric
nitrogen largely affect the cycling of nutrients in soil, leading to eutrophication and
acidification [Goulding et al., 1998; van Breemen et al., 1982]. Furthermore, as was
mentioned in paragraphs 1.1 and 1.2, NO;~ and NH," are substrates for several microbial
processes that are directly related to the production of NO in soils. Thus, increased nitrogen
input to the soil by atmospheric deposition is likely to increase the biogenic NO emissions
from soils [ Butterbach-Bahl et al., 1997].

Earlier in this paragraph, it was mentioned that current and future deforestation in
the Brazilian Amazon are expected to increase human activities in the near future. The
development of the temperate ecosystems during the last 200 years in the Northern
Hemisphere demonstrated an increasing nitrogen deposition from the atmosphere to the
ecosystems. It is therefore suggested that the current and future developmentsin the Brazilian
Amazon aso will enhance the atmospheric deposition of nitrogen, and possibly the NO
emissions from soil. This can be interpreted as an additional (indirect) effect of deforestation
on the NO emissions from soil.

For the reasons given above, the final part of this thesis concentrates on the biogenic
emissions of NO from soils in areas with high levels of atmospheric nitrogen deposition.
These are very high levels of N deposition, but could represent the future of some areasin the
Amazon. NO emissions were measured from soils in the vicinity of poultry and pig farmsin
Scotland, which receive high loads of atmospheric nitrogen through the dry deposition of
NHa. In addition, results are presented from trace gas measurementsin two forest plantations
and on intact peat cores, that received extra input of nitrogen through acid mist. Finally, NO
emissions were studied from soils at " Speulderbos” in the Netherlands. This research area has
been a focus of severa studies that deal with the impact of high nitrogen deposition on the
nitrogen cycling in forest ecosystems, since it receives extremely high background values of
nitrogen deposition (up to 70 kg N ha™* y™). To summarize, in addition to the objectives
mentioned in paragraph 1.4, emphasis was placed on the following:

V. Study the effect of increased atmospheric nitrogen deposition on the biogenic
emissions of N,O and NO from soil.

V. Measure biogenic emissions of NO from soils in areas with very high atmospheric
nitrogen loads.
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1.6 Outline of thethesis

As part of the LBA-EUSTACH project, biogenic emissions of NO were studied from
primary forest soils and pastures in the Brazilian Amazon. Because of difficulties with the
export of any material that contains genetic information from Brazil, such as soil samples, a
laboratory was build in Ji-Parana (RO, Brazil). Experiments were conducted on soil samples
in the laboratory in Brazil from March to November 1999.

In Chapter 2, the production and consumption of NO in soil samples from a primary
forest and a 22 year old pasture is described in detail with respect to soil moisture and soil
temperature. In addition, experiments were conducted in which the response of NO
production to the addition of nutrients was monitored on samples from similar soils within
approximately 100 km distance. The differences in the nutrient contents between forest and
pasture soils provide an explanation for the higher NO production in forest soils..

Chapter 3 reports the quantification of the net NO emissions from the relations of NO
production and consumption with soil temperature and soil moisture that were presented in
Chapter 2. Thereafter, these laboratory-derived NO emissions were compared to NO
emissions from dynamic chamber measurements in the field. In addition to the differences in
the nutrient contents as was mentioned in Chapter 2, differences in the soil acidities and the
gas diffusion of NO in the soils may explain the lower net NO emissions from pasture soils.

In Chapter 4, the optimum moisture conditions for NO emissions from soil were
studied for a series of soil samples. In total, 35 soil samples were collected to cover a wide
range of different soil textures within the Brazilian Amazon. The goal was to find whether
differences in soil texture are reflected in the optimum field conditions under which NO is
emitted from soil. In addition, water-release characteristics of the soil samples were
determined using a simple tension-table, and corresponding pore size distributions were
calculated. Finally, using these water-release characteristics, NO is presented as a function of
matric potential.

The direct effect of deforestation on the biogenic NO emissions from soil within the
Brazilian Amazon was quantified by comparing results on the production and consumption
of NO from primary forest and pasture soils. In addition, an indirect effect of deforestation is
the intensification of human activities in the newly deforested area. In the Northern
Hemisphere, increasing human activities over the last 200 years have resulted in enhanced
anthropogenic emissions from the combustion of fossil fuel, and the intensification of
agriculture and industry. Moreover, these anthropogenic emissions have driven an increased
deposition of reactive nitrogen, which have largely affected the nutrient status in soils. As
was discussed in section 1.5, the Brazilian Amazaoed further rapid deforestation related
to economical development in the near future. Considering the developments on the Northern
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Hemisphere, NO emissions from soils within the Brazilian Amazon are likely to undergo
changes due to an increased input of nitrogen to the soils.

Chapter 5 discusses the effect of increased N-deposition on the NO emissions. As part
of aresearch project at the Centre for Ecology & Hydrology (UK), trace gas fluxes (N,O and
NO) from soils in the United Kingdom were studied with respect to their corresponding N-
deposition. Emissions of N,O and NO are presented from soils in an area around poultry and
pig farms with increased N-depositions. In addition, results are shown on the N,O and NO
emissions from acid mist experiments on intact peat monoliths and in two Sitka spruce forest
plantations.

Chapter 6 presents results of field measurements on the exchange rates of nitrogen
oxides in forest ecosystems with extremely high N-deposition in the Netherlands. NO fluxes
are presented from sandy and clayey soils, in a Douglas fir forest and a beech forest. This
work was carried out as part of the European project FOREXNOX, coordinated by the
Netherlands Organisation for Applied Scientific Research (TNO).

Finally, in Chapter 7, results from the previous chapters are combined and discussed in
abroader perspective.
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CHAPTER 2

Production and consumption of NO in forest and pastur e soils
from the Amazon Basin: a laboratory study

Saskia M. van Dijk and Franz X. Meixner

ABSTRACT

As part of the LBA-EUSTACH project, NO production and the rate constant of NO
consumption in soil samples from Amazonian forest and pasture sites were determined in the
laboratory. The purpose was to study NO production and consumption in soils from both
types of land use as functions of soil temperature and soil moisture. NO production increased
exponentially with soil temperature. The degree of increase depended on soil moisture,
indicating that the response of NO production to a change in soil temperature is most
pronounced at a certain intermediate soil moisture. NO production peaked at a soil moisture
of 0.10 g/g, corresponding to 0.27 and 0.38 water-filled pore space for forest and pasture
soils, respectively. The optimum soil moisture for which maximum NO release was observed
was independent of soil temperature. NO consumption was most efficient at high soil
temperatures and under dry soil conditions. NO release was approximately 10 times larger for
forest than pasture soil. The difference may be related to the higher NOs™ content in forest
sail.

Submitted in final form to Water, Air, and Soil Pollution, 2001
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2.1. INTRODUCTION

The tropical troposphere is believed to be responsible for about 70% of the global
atmospheric oxidation of trace gases (Crutzen and Zimmermann, 1991). The tropospheric
oxidative capacity is significantly influenced by nitrogen oxides NO, (NO, = NO + NO,),
especially by the catalytic behaviour of NO, in photochemical ozone formation (Graedel and
Crutzen, 1993). Tropical nitric oxide (NO) arises mainly from pyrogenic emissions released
during biomass burning (Andreae et al., 1996) and from biogenic emissions from sail. In the
uppermost soil layers, NO is simultaneously produced and consumed by microbiological
processes (Conrad, 1996a), which comprise of nitrification (the oxidation of organic nitrogen
and ammonium to nitrate) and denitrification (the reduction of nitrate). On a global scale, net
NO emissions into the atmosphere are larger than NO dry deposition (Meixner, 1994;
Davidson and Klingerlee, 1997). However, if the soil is covered by tall vegetation, not all NO
emitted from the soil might leave the canopy. When passing the trunk and canopy spaces, a
substantial part of the biogenically emitted NO can react with ozone (mixed into the canopy
from aloft) to form nitrogen dioxide (NO,), which can be deposited to vegetation elements
(Jacob and Wofsy, 1990; Meixner 1994; Ammann et al., 1999).

While chamber measurements and micrometeorological techniques have been
successfully applied to quantify soil NO emissions in the field, the investigation of the
controlling parameters of biogenic NO emissions (soil moisture, soil temperature and soil
nutrient content) usually requires well-defined (laboratory) conditions (Ludwig et al., 2001).
It has been demonstrated that NO emissions, which were derived by |aboratory measurements
on soil samples, agreed with NO emissions which were measured in the field by use of
dynamic chambers (Remde et al., 1993; Yang and Meixner, 1997; Otter et al., 1999; Ludwig
et al., 2000). Moreover, biogenic net NO emissions were parameterized in terms of soil
temperature and soil moisture (Yang and Meixner, 1997; Otter et al., 1999). However, NO is
produced and consumed in soil through individual processes (Conrad, 1996a), and these
processes should therefore be studied separately with respect to their controlling parameters,
rather than the resulting net NO emissions.

Current and future deforestation and land use changes in the Amazon Basin will affect
physical and chemical characteristics of corresponding soils (Moraes et al., 1996; Neill et al.,
1999; Andreae et al., 2000). Conversion from forest to pasture has been shown to slow down
mineralization and nitrification rates, change nutrient pools in soil (Neill et al., 1999), and
decrease the soil NO emissions (Keller et al., 1993; Garcia-Montiel et al., 1999).
Consequently, tropical NO emissions will change on a large scale, which will have a
significant impact on the regional and global tropospheric chemistry.



Production and consumption of nitric oxide in forest and pasture soils fromthe Amazon 21

In this study, microbia NO production and consumption were studied separately in the
laboratory on soil samples from Amazonian forest and pasture sites. Results are presented
with respect to soil temperature, soil moisture, and nutrient additions.

22 METHOD

221 Sitecharacteristics

During September 1999, soil was collected from the primary rainforest in the Biological
Reserve Jaru (10°05’ S, 61°55' W), and from the pasture on Fazenda Nossa Senhora (10°45’
S, 62°21' W), both in the state of Rond6nia, Brazil. At both sites, mean annual air temperature
is 25 °C and precipitation is approximately 2200 mm a year. The pasture was first burned in
1977. After a sequence of rice/bean plantations, the land was ploughed (1992) and turned into
pasture with predominantly tropical grass vegetatiBnaghiaria brizantha). Both the forest
and pasture have acidic loamy sand soils of the type Podzolico vermelho-amarelo,
comparable to the orthic acrisol in the FAO (Food and Agricultural Organization, United
Nations) classification. Field bulk densities (BDs) were determined from undisturbed soil
cores (diameter 0.05 m, height 0.05 m) with a precision of 3%. The ammonium and nitrate
concentrations in extracts (2M KCI) of the soil samples were determined with spectrometry.
Table 2.1 presents some soil characteristics of the forest and pasture field sites.

Beside the two main sampling sites described above, additional samples were collected
from forest and pasture soils of the type Podsolico vermelho-amarelo at Fazenda Nova Vida
(10°30' S, 6230" W). The site is described in detail Wgill et al. (1999).

Table 2.1. Sail characteristics of the forest and pasture soils.

Sand, Silt, Clay, pH BD, Porosity, | NH,", NO;,

% % % kg/dm® | % mg/kg mg/kg
Forest 80 7 13 35 1.33 54 9.38" 11.79°
Pasture 84 5 11 5.2 1.56* 41 16.81° 525"

Values are from single measurements (n = 1) except when indicated otherwise

@Mean value of 4 measurements (n = 4), with a standard deviation of 0.05

® February 2000, soil nutrient contents were determined again on new samples from forest (n = 2) and pasture (n = 1)
soils. NH;" and NO;™ were 10.47+1.5 and 13.16+1.9 in forest soil, and 23.02 and 7.19 in pasture soil, respectively.

2.2.2 Experimental setup
Net NO release was determined in the laboratory from soil samples for a broad range of
soil temperatures T (10-35°C) and soil moistureé®(0-100% water-filled pore spge (WFPS))
and for various ambient NO mixing ratios (0—130 ppb). The experimental setup (see Fig.2.1),
first described byrang and Meixner (1997), was slightly modified.
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Figure 2.1. Experimental setup for laboratory investigation of NO production and consumption in soil samples.

In short, approximately 0.060 kg of dry soil was placed in a Plexiglas cuvette of
approximately 1-litre volume, and either zero air (NO-free) or air with a certain NO mixing
ratio was flushed through the headspace of the cuvette at aflow rate of 4.17 x 10°m*s™ NO
was measured by a chemiluminescence analyser (TECAN AL 770 PPT, Ecophysics,
Switzerland). The instrument was calibrated using NO gas standards (200 ppm; Messer
Griesheim, Germany) and a home-built gas dilution system, consisting of a mass-flow
controller (0-10 mL min*; Bronckhorst, Netherlands) and a glass-mixing chamber.
Calibration was conducted every 4 weeks in the range from 0 to 200 ppb NO mixing ratio.
The standards could be reproduced with a precision better than 3%. With an integration time
of 10 seconds, the detection limit of the NO analyser was 100 @pt (2

Net NO releaseJj (i.e., the released mass of NO-N per soil mass — time) was calculated
from the difference in the NO mixing ratios at the inlet ([N®] ppb) and outlet ((NQ}; in

ppb) of the soil cuvette, the soil masdsf in kg) and the flow rate of the carrier g&3i6
m’s™):

J= (Q/Msoil) ([No]out - [No]ln) (MN/Vm) (21)

where the ratio (Mn/Vi) is used to convert NO mixing ratios (ppb) into gas density units
(ng m™). My is the molecular weight of nitrogen (14.0 g mole™) and V,, is the molar volume
(2.45 x 107 m* mole™) at 298 K. NO release could be determined above 0.04 ng kg™ s™ It
should be emphasized that net NO release is negative (J<0) when NO consumption exceeds
the NO production in soil ([NO],u<[NQ]J;n). Thiswill also be referred to as net NO release. In
total, soil samplesin four measurement cuvettes and one blank cuvette were analysed in turn,
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by switching a valve manifold system every 1.5 minutes. The cuvettes were enclosed in a

climate chamber, which enabled the control of soil temperature either at constant temperature

or by continuous heating at 0.25 °C/min. Soil temperature was measured in the centre of two
soil samples, since no significant thermal gradient within the sample was detected. Soil
moisture was calculated every hour from the gravimetrically measured water loss of the soil
sample in the measurement cuvettes. Variation in the initial gravimetric water content of
replicate soil samples = 5) was 5%. Water loss during the experiment was measured using
a balance (PG5002-S, Mettler Toledo) with an accuracy of 0.01 g. Considering a typical
sample amount of 0.06 kg dry soil, gravimetric moisture content could be determined within
2% in all cases. The hourly gravimetric water contents were fitted with Gaussian functions in
order to derive soil moisture data for the full measurement period. For saturated soils to soils
with approximately 0.06 g ¥/g soil, negligible uncertainty was introduced by interpolating

the hourly moisture measurements. However, for relatively dry soils (<0.06 g/g) the Gaussian
curve was extrapolated to calculate the moisture content. In these cases, the maximum
deviation from zero that was calculated for completely dry soil was —0.025 g/g. For this
reason, the maximum absolute error in the soil moisture content due to the fitting method was
estimated to be ©.025 g/g. The use of an inverted Nafion dryer system, which extracts water
vapour from the outlet air of every cuvette and directs it back into the atmosphere of the soil
cuvettes, enabled measurements at approximately constant soil moisture. The typically
observed water loss rate with the inverted Nafion dryer was 0.3DdTH (without Nafion

dryer 1.79 g H,O h™), which corresponded to a reduction in the soil moisture content of only

1% per hour. Soil samples were composed of 6 subsamples from a 10 x 10 m? sampling plot.
Samples were cooled during transport and stored in the laboratory at 4 °C. Large pieces of
roots and rock were removed by sieving the soil samples at 2 mm. All experiments were
conducted within 1 month after sampling. Each experiment was initiated with pristine soil.
Soil samples were packed in the cuvette to their equivalent field bulk density. The soil was
allowed to adjust to the soil temperature set point for approximately 30 minutes, after which
NO release measurements were initiated. Gravimetric soil moisture (g/g) was converted into
water filled pore spce (WFPS) using the field bulk density. The individual subsamples
proved excellent duplicates, a typical example is shown in Table 2.2. NO release was
measured from four replicate samples of a pasture soil (P87) from Fazenda Nova Vida (for
details on the pasture site 9daill et al. [1999]). The variation in the NO release amongst the
replicate soil samples was in all cases within 10%. After the first experiment the samples
were stored for 17 days at 4 °C. Repetition of the experiment using two of the replicate
samples, indicated that the results could be reproduced within 0.02 ng NO=N Wbhich
corresponds to a precision of 15%. Nevertheless it was decided to take fresh soil from the

sample bag for each new experiment.
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Table 2.2. NO release (ng NO-N kg™ s from replicate soil samples
(soil moisture = 0.10 g/g) of a pasture (P87) at Fazenda Nova Vida.

Nov 10" 1998 Nov 28" 1998

Individual (repeated experiment)
Subsamples: NO release NO release

A 0.14 0.12

B 0.15 0.12

C 0.13 not measured

D 0.14 not measured

Replication within 6% within 1%

2.2.3 Experiments
Net NO release by soil samples has been observed to be linearly related to the NO
mixing ratio in the head space of the measurement cuvette (cf. Remde et al., 1993).
Consequently, the NO consumption process is assumed a first-order reaction with respect to
the NO mixing ratio [NQO]. Therefore by conducting a series of experiments at varying NO
mixing ratios (0, 80 and 130 ppb), the rate constant of NO consumption k can be determined
from the slope of the corresponding plot of J versus[NQ] (i.e., k =AJ/A[NQ]). Selection of O,
80 and 130 ppb was made since the NO compensation points (Conrad, 1996b) (and ambient
NO mixing ratio) were typically 76.0 ppb (2.6 ppb) and 10.2 ppb (0.37 ppb) for the forest and
pasture, respectively. Furthermore, the NO production P equals the release of NO at [NO] =0
(i.e., Pisthey-axisintercept of the linear regression line of J versus [NQ]). The rate constant
k was determined for soil samples at 3 different soil temperatures (16, 26 and 32 °C) and at
the whole range of soil moistures—(®0% WFPS). NO productioR was derived directly
from measurements of NO releakat NO-free air. Since the NO mixing ratio is determined
in the headspace of the cuvette ([NO] slightly above z€rejjualsl only by approximation.
For both the forest and the pasture soils, the difference between the oldsaned?l
(i.e.,J at [NO] = 0) was estimated to be less than 5%. The dependence of NO proBuiion
soil temperature and soil moisture was determined from several experiments. These included
measurements at constant soil temperatures with varying soil moistui€@% WFPS) and
measurements at constant soil moistures with varying soil temperature5 (90). In
addition, experiments were conducted to determine the response of NO release to additions of
NH," and NQ". Soil samples, with the original field moisture content (ranging from 0.20 to
0.35 g/g), received 0, 80, 400 or 800 mg N/kg dry soil in 3-ml demineralized water from
either aNH4Cl or aKNO; solution, and the net NO release from soil was determined.
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2.3 RESULTSAND DISCUSSION

231 NO production P

Figure 2.2 shows NO production P (i.e., NO release at [NO];,= 0) in forest and pasture
soils at a constant soil temperature of 25 °C. Maximum NO production was 2.7 and 0.26 ng N
kg st in soils from the forest and the pasture, respectively. NO production peaked at a soil
moisture of approximately 0.10 g/g for both samples, which is equivalent to 0.27 WFPS for
the forest and 0.38 WFPS for the pasture. The soil moisture where NO production peaked
(B, Optimum soil moisture) did not change significantly with soil temperature (results not
shown). Gas-diffusion limitation under wet soil conditions (Skopp et al., 1990) and substrate-
diffusion limitation under dry soil conditiond.ihn and Doran, 1984) result in a specific
shape of th& response to soil moisture and consequently in the existertg. of
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Figure 2.2. NO production P in forest (RBJ) and pasture (FNS) soils as a function of soil moisture (data are mean

values (n = 6), the standard deviation is indicated by error bars).

For both soils, the NO productidd increased exponentially with soil temperatuPe=( A

exg), as presented in Figure 2.3a for the forest soil. An exponential increase with soil
temperature is generally found for microbial process€enr@d, 1996b), including
nitrification (Focht and Verstraete, 1977) and denitrificationGalbally, 1989), and was
observed in numerous NO field studidshansson, 1984;Williams and Fehsenfeld, 1991).

The strongest increase with soil temperature can be observed for intermediate moisture of
0.10 g/g. The exponential relation can be written as the linear equaBaenlmA + BT. Both

In A andB show a parabolic behaviour with respect to soil moisture (see Figure 2.3b). In
extremely dry and extremely wet soil, the increase of NO production with soil temperature is
less pronounced than at more intermediate soil moistures. Exponential relations were also
found for the pasture soil, with different A, but nearly identi®abefficients. This indicates
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that whereas the magnitude of NO release from forest and pasture soils differed considerably,
the increase of NO release with soil temperature was similar for both soils.
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Figure 2.3a. NO production P in forest soil as a function of soil temperature. Soil moisture is indicated by the
symbolsin thelegend. Error bars are within the size of the symbols.
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Figure 2.3b. The dependence of NO production P in forest soil on soil temperature. The parameters In A and B
of the linear equation In P = In A + BT show a parabolic behaviour with respect to soil moisture. Typical error
bars are shown.

2.3.2 Rateconstant of NO consumption k

Values of the NO consumption rate constant k showed a clear dependence on soil
moisture and soil temperature (Figure 2.4). Also included in the figure are results from the
soil samples collected at Fazenda Nova Vida that illustrate the same findings. k decreases
with soil moisture and increases with soil temperature. This indicates that NO consumption is
favoured at high soil temperatures and under dry soil conditions. The dependence on sail
temperature can be explained by the microbial nature of the consumption processes, both
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through reduction (Kramer et al, 1990; Bender and Conrgadl994) and through oxidation
(Koschorreck and Conrad997). In agreement with our results, Gédde and Conra¢1999)
found decreasing NO consumption with increasing soil moisture and attributed this to the O.-
limiting conditions under wet soil.
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Figure 2.4. Rate constants of NO consumption k in forest and pasture soils as a function of soil moisture and
soil temperature (squares). Additional data that illustrate the same findings for soil samples from Fazenda
Nova Vida (circles) areincluded. Typical error bars are shown.

2.3.3 Differences between forest and pasture soils

NO production in forest soil was approximately 10 times higher than in pasture soil
(Figure 2.2). Theforest and pasture soils have comparable contents of total inorganic nitrogen
(NH4" + NO3). However, the forest soil contains more NO;~ and less NH,* compared to the
pasture (see Tab. 2.1). Differences in the relative portions of the inorganic nitrogen contents
may reflect differences in the NO production in both soils. In order to find the response of
NO production to additions of NH," and NO;™, we conducted a series of experiments in the
laboratory on similar forest and pasture soils from Fazenda Nova Vida (within approximately
100 km distance from Reserva Biologica Jaru and Fazenda Nossa Senhora). Almost no
increase of the net NO release upon addition of NH,Cl solutions was observed, whereas the
addition of KNOj; solutions resulted in enhanced NO release (Figure 2.5). This indicates that
NO;™ consumption may be an important pathway for NO production in these soils. However,
the following must be considered. The nutrients were added and mixed into field moist soil of
approximately 50-100% WFPS (section 2.2.2). These relatively wet conditions may well
have favoured denitrification, and consequently resulted in higher NO production in soil after
addition of NQ". Our results may therefore indicate the potential of NO production through
the consumption of NO;. It does not prove that nitrate consumption was indeed the
dominating NO production processin the investigated soils.
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Figure 2.5. The response of net NO release from field moist soils at 25 °C to additions of NH4Cl and KNOs. The
enhancement factor equals the observed NO release divided by net NO release from a control sample without N-
addition. Experiments were conducted with forest and pasture soils from Fazenda Nova Vida.

While there is agreement on higher NO fluxes from tropical forest soils compared to
pasture soils, contrasting results are found in the literature concerning the control of NO
production by nutrients in soils. For mid-latitude soils, Ludwig et al. (2000) observed a
significant log-linear dependence of NO emissions on soil NO5™ for different European semi-
natural and agricultural sites (with which our data also agrees). Vermoesen et al. (1996) attri-
buted NO production at low pH to NO;~ and at higher pH values to NH,". In agreement to our
findings, Cardenas et al. (1993) found that NO emissions from acidic tropical soil were
strongly stimulated by NO;~ and only very weakly by addition of NH,". Bakwin et al. (1990)
also found higher NO fluxes after the addition of NO;~ compared to NH," and suggested a
reductive pathway (denitrification) for the NO production in Amazonian soils. In contrast,
Parsons and Keller (1995) observed a significant increase of the NO emissions to additions
of NH,*, but no significant increase to additions of NOs™ in intact soil cores from aforest in
Costa Rica. Furthermore, NO release from an old pasture (>20 years) did not show any
response to additions of NH,;" and NO5~. During earlier work in Costa Rica, Keller et al.
(1993) measured higher NO fluxes from primary forest soils compared to old pastures (>10
years). These lower pasture emissions were thought to arise from the nitrogen-poor soil
conditions of pasture soil. Aswas mentioned above, our results showed higher NO production
in forest soil, but with similar conditions of total inorganic nitrogen on both sites (see Tab. 1).
Garcia-Montiel et al. (1999) also measured highest NO emissions from forest soils at
Fazenda Nova Vida, with similar total inorganic nitrogen contents and more inorganic
nitrogen in the form of NO5™ in forest soil compared to pasture (Neill et al., 1999).

It has been shown repeatedly that pastures are dominated by NH,*, whereas forest soils
contain a higher portion of the mineral nitrogen in the form of NO;™ (Piccolo et al., 1994,
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Neill et al., 1997; Verchot et al., 1999, see also Davidson et al., 2000). These authors
suggested that the higher NOs™ content in forest soil are aresult of rapid nutrient cycling from
NH," (and organic N) to NOs~. Moreover, high NO emissions from forest soils would thus
result from (rapid) nitrification. Similarly, they suggested that the higher portions of NH," in
pastures indicate relatively slow nitrification, which in turn would explain the lower NO
emissions from pastures. Unfortunately, nitrification and mineralization rates are not known
for our forest and pasture samples. However, this interpretation seems applicable to our
results of high NO;™ in forest soils with high NO production, and low NO;™ in pasture with
low NO production. In addition, maximum NO production was found at 0.27 and 0.38 WFPS
for the forest and pasture respectively, which indicates aerobic conditions in both cases.
Aerobic conditions are generally thought to favour nitrification, although denitrification has
also been observed under aerobic conditions (Remde and Conrad, 1991; see also Conrad,
1996h).

2.3 CONCLUSIONS

A laboratory method has been applied to investigate the role of soil temperature, soil
moisture and soil nutrients (the most important controllers of biogenic NO emission) on NO
production and NO consumption processes in Amazonian primary forest and pasture soils.

This is a substantial step forward as earlier laboratory work (Yang and Meixner, 1997; Otter

et al., 1999) was confined to the parameterization of net NO emission. NO production was

found to increase exponentially with soil temperature. Under very dry and very wet soil
conditions, the response of the NO production to a change in temperature was less
pronounced than under conditions of intermediate soil moisture. NO production peaked,
independent of soil temperature, at soil moisture of 0.10 g/g corresponding to 0.27 WFPS and

0.38 WFPS for the forest and pasture soils, respectively. NO consumption was most effective

at high soil temperatures (> 25°C) and under dry soil conditions (<0.20 g/g). Rate constants
of NO consumption were within 5% of NO production and showed comparable values for
forest and pasture soils. NO production, and consequently net NO release, was generally 10
times higher in forest soil compared to pasture. There is some evidence, that this observation
mirrors differences in the nutrient pools. Nutrient addition experiments indicated the potential
for NO production through the consumption of NCHigher soil NO;z;™ content has been
observed in our forest soil (as compared to pasture) and may have led to a higher NO
production compared to pasture soils. On the other hand, the higher NO5™ content in forest

soil suggests rapid nitrification, which could suggest that NO was produced by the
consumption of NH;" and/or organic N rather than NOs~. Whether these or other processes

(e.g. chemodenitrification) have contributed to the observed NO release awaits further
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investigation. Most likely, microbial inhibition-experiments could bring more insight, which
biological and/or chemical processes dominated in these soils. Finaly we like to state, that

our findings—notably the high NO release from Amazonian forest soils—are not necessarily
equivalent to higher NO fluxes out of the forest canopy, since in-canopy conversion of NO to
NO, (through reaction with ozone) may reduce the biogenic NO emission of forest soils
(Ammann et al., 1999).
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CHAPTER 3

Biogenic NO emissions from forest and pasture soils: relating
laboratory studiesto field measurements

S.M. van Dijk, A. Gut, G.A. Kirkman, B.M. Gomes, F.X. Meixner, M.O. Andreae

ABSTRACT

During September and October 1999, dynamic chamber measurements were carried out to
determine NO fluxes from a primary forest soil and an old pasture in the Brazilian Amazon,
as part of the LBA-EUSTACH project. In addition, soil samples were collected from these
two sites and laboratory experiments were conducted to determine the NO production and
consumption rate constant as functions of soil temperature and soil moisture. These
laboratory results were converted into NO fluxes using a simple algorithm, which required
additional information on the gas-diffusion in soil, the soil bulk density and the field
conditions (soil temperature, soil moisture). Considering the entire measurement period, the
calculated and measured NO fluxes agreed well, both for the forest (6.9 + 2.9 ngm2s™ and
5.0+ 4.6 ngm2s™, respectively) and the pasture (0.67 + 0.09 and 0.65 + 0.37, respectively).
Forest to pasture conversion decreased NO production, as well as gas-diffusion, and finaly
resulted in smaller NO fluxes from pasture than forest soil.

Also submitted to J. Geophys. Res.
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3.1INTRODUCTION

Nitrogen oxides (NO, = NO + NO,) contribute largely to the oxidative capacity of the
troposphere by the catalytic behaviour of NO, in the photochemical formation of ozone
(Os)[Graedel and Crutzen, 1993]. In the tropical Amazon basin, sources of NO, are mainly
from biomass burning [Andreae et al., 1996] and biogenic emissions from the soil [Davidson
et a., 2000]. Production of nitric oxide (NO) in soil can occur both through biologica (e.g.,
nitrification and denitrification) and chemical processes (chemodenitrification). Nitrification
is the oxidation of ammonium (NH,") to nitrate (NOs) (eg. 3.1). Besides this pathway
(autotrophic nitrification), heterotrophic bacteria have been found to oxidise NH," and
organic nitrogen speciesto NO, and NO5™ (heterotrophic nitrification) (see Conrad [19964a)]).

NH, - NO, = NO;~ (3.1)

Biological denitrification is the reduction of NO3;™ to NO, ", with endproducts N,O and
N> (eg. 3.2). Denitrification generally occurs under anaerobic conditions, athough aerobic
denitrifiers and heterotrophic nitrifiers have been found to denitrify NOs;™ under aerobic
conditions (see Conrad [19964d)]).

NO; > NO,~ > NO > N.O SN, (3.2)

Another pathway for NO production is through chemical reactions. Nitrite (NO;") and
nitrous acid (HNO,) become chemically unstable in acid soil (pH < 5.5), especialy in
combination with a high organic matter content [Blackmer and Cerrato, 1986]. The
concentrations of these species are generally low in soil. However, NO, is produced as an
intermediate product both during nitrification and denitrification, and hence can react
chemically directly after its (biological) formation in acid, organic soils. Several chemical
reactions are known to produce NO (equations 3.3, 3.4 and 3.5), these are generally referred
to as chemodenitrification [Serca et al., 1994].

3NO, +2H" - 2NO(g) + NO; +H,0 (3.3
2HNO, -2 NO (g) +NO;(g) + H,O (34)
NO, + NO,(g) > NOs; +NO(g) (3.5

NO is also consumed in soil, it is a substrate for denitrification and various other
biological reduction and oxidation processes [Baumgartner et al.1996; Rudolph et al.
1996a; Kramer et al, 1990]. NO production and consumption occur simultaneously in soil.
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NO production generally exceeds consumption, which results in net release of NO from
the soil to the atmosphere [ Davidson and Klingerleel997; Meixner and Eugsted999].

Whereas net fluxes of NO from soil are generally measured in the field, NO production
and consumption are determined on soil samples under controlled conditions in the
laboratory. However, net NO fluxes have aso been derived from soil samples in the
laboratory. Those net NO fluxes agreed with NO fluxes that were measured at corresponding
field sites by use of dynamic chambers [Galbally and Johanssgri989; Remde et al1993;
Rudolph et al.1996b; Gut et al, 1999; Otter et al, 1999; Ludwig et al, 2000]. Examining
soil samples in the laboratory is a more straightforward and less expensive way to quantify
NO fluxes, especially when focussing on differences between ecosystems. As part of the
project “European Studies of Trace gases and Atmospheric Chemistry as a contribution to the
Large Scale Biosphere-Atmosphere Experiment in Amazonia“ (LBA-EUSTACH), we present
results from laboratory studies on soil samples from the Brazilian Amazon and compare these
to results from field measurements at exactly those locations where the samples were taken.

3.2METHOD

3.2.1 Field measurements

During 6 weeks between September and October 1999, NO fluxes were determined in
the field at a primary forest in Reserva Biologica Jar?@30S, 6155' W) and at an old
pasture at Fazenda Nossa Senhord@ (5, 6221' W). Both sites are situated in the state of
Rondonia (Brazil), where rapid deforestation has been taking place since the last 25 years.
Mean annual temperature is 25 °C and precipitation is approximately 2200 mm a year.
Reserva Biologica Jaru is an undisturbed primary forest reserve, whereas the pasture site
(burned first in 1977) is covered predominantly with tropical grass veget&ianh{aria
brizantha). For further details about the measurement siteAsdreae et al. [2001].

Exchange rates of NO between the soil and the atmosphere were determined with
dynamic chambers. The chambers (11.8 L volume), covering a surface of ¢,068rm
placed directly on the soil surface and sealed with Teflon foil and sand, to avoid cutting the
dense root mat. A funnel was mounted on the chamber outlet, on top of the cover, to allow
wetting of the soil by rain. A micro-fan pushed ambient air through the chamber, replacing
the chamber volume about 3.3 times per minute. A second micro-fan, mounted within the
chamber, ensured well-mixed conditions. A detailed description of the field-measurements at
the forest (Reserva Biologica Jaru) is givernGoy et al. [2001] and at the pasture (Fazenda
Nossa Senhora) Wgirkman et al. [2001].
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In addition, the soil bulk density coefficient was measured from the surface flux and the
activity gradient of ?Rn. The ?Rn surface flux was measured using static chambers [ Gut et
al., 2001]. For the #?Rn-activity gradient (between 3-cm soil depth and ambient),
hydrophobic, gas permeable tubes (1.5 m length, Accurel V8/2 ™) were buried 6 months
prior to measurements. The methodological concept is based on diffusion from the air-filled
pore space of the soil to a small air stream in the tubes. To avoid enrichment or depletion of
#2Rn in the soil, the sampled air was recycled into the tubes after detecticBufseteal .,
1998]. Soil bulk diffusion was parameterised with air-filled poracspand scaled with the
ratio of the NO molecular diffusion coefficient over fi&Rn molecular diffusion coefficient
of 1.5 to obtain the NO bulk diffusion coefficient in soil. The diffusivity of NO through the
soil pores was measured for 2 weeks in forest soil, and in addition measurements were
conducted during several days at the pasture site.

3.2.2 Laboratory experiments

Soil samples were collected from the same locations where NO fluxes were measured
with dynamic chambers (as described in Section 3.2.1), from the primary forest in the
Reserva Biologica Jaru and from the pasture at Fazenda Nossa Senhora on 26 and 28
September 1999 respectively. In order to avoid small-scale soil inhomogenities, soil was
collected exactly where the dynamic chambers were located. Additional soil samples were
collected from other parts of the Amazon Basin (the states of Amazonas and Para) during
three sampling campaigns in March, June and September 1999. Geographical coordinates of
the sampling locations, as well as a description of several physical (bulk density, porosity,
sand/silt/clay content, water-release characteristics, pore-size distribution) and chemical soil
properties (organic carbon, inorganic nitrogen content, pH, CEC, etc.) of the samples were
presented by van Dijk and Meixner [2001a, 2001b].

In short, the soil samples from Reserva Biologica Jaru (RBJ) and Fazenda Nossa
Senhora (FNS) both consisted of a loamy-sand texture (approximately 10% clay and 80%
sand), with pH (0.01 M Cag)lof 3.5 and 5.2 respectively. Field cores (0.05 m. &, 0.05 m.
height) showed soil bulk densities of 1.33 gicand 1.56 g/cth for RBJ and FNS
respectively. The samples (RBJ and FNS) were taken into the laboratory in Ji-Parana (RO,
Brazil), where NO productionP] and the rate constant of NO consumptid \fere
determined as functions of soil temperat(fg¢ and soil moistur€). Figure 3.1 gives a
simplified graphical presentation of a single measurement cuvette. In total, four individual
measurement cuvettes (each containing a soil sample, packed to the corresponding field bulk
density) and one blank cuvette neeontinuously flushed with dry air (4.2 x 10° m® s,
having NO concentrations ranging from 0 to 7.5 x 10° ng m ™,
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Figure 3.1. Simplified graphical presentation of a single measurement cuvet containing a soil sample.

Net NO release (or uptake) by the soil samples is determined by measuring the corre-
sponding concentrations before and after passing the cuvettes: net NO release J = (Q/Mgi)
(INO]owt — [NQJin), whereQ is the flow rateMgy; is the equivalent dry soil mass and [N@]
and [NOJ,are the NO concentrations at the inlet and outlet respectively. A micro-fan ensures
well mixed conditions within the chamber, therefore the (ambient) NO concentration in the
headspace of the cuvette equals the outlet concentratiog,{NO]

Whereas NO production is independent of the ambient NO concentration (above the
soil), NO consumption processes are assumed to be first-order reactions with the ambient NO
concentration Remde et al., 1989] (see figure 3.2). Hence, the rate constant of NO
consumption K) equals the slope af with the NO concentration in the headspace of the
cuvette. Furthermore, at zero ambient NO, where NO consumption is zero, net NO release
equals NO productiorP). Thus, NO production is found by extrapolation of the regression
(AJ/AINO] o) to the y-intercept (INQJ=0). See also the following paragraph (Section 3.2.3)

All cuvettes were placed in a small climate control chamber, which enabled the
determination of NO production and the NO consumption rate constant in soil samples for a
range of soil temperatures (10-35 °C) and soil moistures (0-100 % water-filled poracs).

Soil temperature was measured in the middle of the soil samples. Gravimetric water content
was calculated every hour from the soil samples, using the equivalent dry weight soil-mass
(calculated from the initial gravimetric water content). NO was measured by a
chemiluminescence analyser (TECAN AL 770 PPT, Ecophysics, Switzerland), with a
detection limit of 100 ppt. This enabled the detection of NO release from soil at 0.04 ng NO-
N kg™ s Van Dijk and Meixner [20014] give a more detailed explanation of the laboratory

set-up and the error assessment of the system (see Chapter 2).
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Figure 3.2. NO release (or uptake) (ng NO-N kg™ s™) versus the ambient NO concentration (ng n™).

3.2.3 Thediffusion algorithm of Galbally and Johansson [1989]

It was aready mentioned above that NO production and consumption occur
simultaneously in soil, and that this generaly results in net release (J) of NO by the soil
(eg. 3.6). The simultaneous occurrence of these processes has lead to the concept of
compensation concentration ([NO].), the NO concentration where production equals
consumption (J = 0) (eg. 3.7) [Conrad, 1996b; Conrad, 1994].

J=P—Kk[NO]amw (3.6)
[NOJ.=P/k (3.7)

whereP is NO production (mass of NO-N per mass of dry soil and time), {N® the
ambient NO concentration (mass of NO-N per volume), laiglthe rate constant of NO
consumption (volume of NO-N per mass of dry soil and time). As mentioned above, NO
production generally exceeds NO consumption, therefore NO is formed in soil and can escape
to the atmosphere. However, the amount of NO that escapes the soil depends on the effective
gas diffusion through the soil pores. Gas diffusion generally is faster through large and open
pores, while small pores and water-filled pores result in slower gas-diffusion iCgiild,

1983]. Galbally and Johansson [1989] developed a simple diffusion-based algorithm to
transform the laboratory derived NO release (mass of NO-N per mass of dry soil and time)
into a net NO flux (mass of NO-N per area and time). The net NO flux derived from
laboratory measurements will be denotedFas and is calculated according to equation
(3.8). Similarly, the net NO flux derived from field measurements will be denotedas
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Fiab = /BD [k (D x HNO]M—EE% (3.9)

Besides P and k, information is needed about the soil bulk density (BD), the diffusion
coefficient (D) of NO through the soil and the ambient NO concentration. Chapter 3.3.5
provides a sensitivity analysis of F4, on the parameters (P, k, BD, D, [NO]amwp) in the Galbally
and Johansson algorithm. Several studies have tested this algorithm by calculating NO fluxes
directly from laboratory results on P and k (for a given soil temperature and a given soil
moisture), and generally found good agreement with NO fluxes from field measurements
[Galbally and Johanssor1989; Remde et al.1993; Rudolph et al.1996b]. In later studies,
the agorithm was modified to include the dependence of the NO flux on soil temperature and
soil moisture. A reference NO flux was calculated from P and k (for a reference soil
temperature and reference soil moisture) and multiplied by two functions that described the
dependence of the NO flux on soil temperature G(T), and soil moisture H(6) respectively (eg.
3.9) [Yang and Meixnegr997; Otter et al, 1999].

Fiao(6, T) = Fian(Ger, Trer) X G(T) X H(H) (3.9

This concept assumes that both functions are independent of each other: that the effect
of soil temperature on the NO fluxes is independent of soil moisture, and visa versa
However, results from laboratory studies and field measurements already have suggested
otherwise. For instance, NO fluxes were hardly stimulated by soil temperature in dry soil
[Anderson and Poth1989; Cardenas et a).1993], while under sufficiently wet conditions
NO fluxes increased exponentially with soil temperature [review by Williams et al, 1992].
Furthermore, NO production and the NO consumption rate constant have been observed to
depend differently on soil parameters, such as O, availahility, soil pH, nutrient content, and
soil moisture and soil temperature [Krdmer and Conrad1991; Baumgartner and Conrad
1992; Saad and Conrgd1993; Dunfield and Knowles1999; Conrad 2000]. Therefore,
rather than parameterizing the resulting net NO flux (Fy,), it sSeems more appropriate to
regard P and k asindividual processes and describe each as afunction of soil temperature and
soil moisture individually. F,, would then be determined from the following equation.

Flab(6,T) = ,/BD [k(6,T) D x ENO]amb - E%(Z*_R% (3.10)

Consequently, in the present study, P and k were investigated in soil samples from forest
and pasture soils with respect to soil moisture and soil temperature in the laboratory.
Moreover, using the observed relations and information (soil moisture, soil temperature,
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ambient NO concentration, bulk gas-diffusion of NO in soil, and the soil bulk density)
measured at both field sites (RBJ and FNS), NO fluxes were calculated according to the
modified algorithm of eq. (3.10). Then, we compared these laboratory derived NO fluxes
(from soil samples) to field derived NO fluxes (from field-measurements with dynamic
chambers) at the same locations.
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Figure 3.3. Maximum observed NO production Pn in soils from primary forests, secondary forests, and
pastures. Indicated are averages values of Py from soil samples that were collected in primary forest (n=12),
secondary forest (n=9) and pastures (n=12), the corresponding standard deviations are indicated by error bars.

3.3RESULTSAND DISCUSSION

3.3.1 NO production P

Figure 3.3 presents the maximum NO production (Pr) observed in the 35 soil samples
(classified in primary forest, secondary forest and pasture) that were collected in the Amazon
Basin. Soils covered by primary forest exhibited the highest Py, Whereas Ppyy in soils from
secondary forests and pastures were equally low. Similar findings have been shown before,
both in laboratory and in field studies. Garcia-Montiel et al. [1999] and Verchot et al. [1999]
studied trace gas emissions from forest and pasture soils in the Brazilian Amazon, and
measured the highest NO fluxes from forest soils.

Furthermore, Parsons and Keller [1995] observed higher NO production in intact cores
from forest soils compared to soil cores from old pastures (>20 year) in Costa Rica. Their
results agreed with earlier fieldwork in Costa Rica, showing higher NO fluxes from forest
soils and decreasing NO fluxes with increasing pasture age. The lower NO fluxes were
explained by poor nitrogen conditions in pasture soils [Keller et al., 1993]. Unfortunately,
data on the nitrogen conditions in our soil samples were not available. Only the inorganic
nitrogen concentrations (NH,~ and NO;) were determined in samples from Reserva
Biologica Jaru (RBJ) and Fazenda Nossa Senhora (FNS). While the total inorganic nitrogen
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contents (NH," and NO5") were similar in both RBJ and FNS, the forest contained more NOz~
than the pasture soil [van Dijk and Meixner, 2001a]. There is genera agreement in the
literature that forest soils are dominated by NOs~, whereas pastures contain more NH," [Neill
et al., 1999; Verchot et al., 1999]. However, thereisless agreement on what causes the higher
NO production in forest sails.

On one hand, the higher NO;™ concentration in forest soils, together with higher NO
fluxes from forest soils, might suggest that NOs™ is a substrate for NO production. Indeed,
nutrient-addition experiments on soils from forests and pastures in the Amazon showed an
increase in NO production with additions of KNO3 but not with NH,CI [Bakwin et al., 1990;
van Dijk and Meixner, 2001a]. This suggested that there is a potential for NOs~ consumption
in these soils. However, it does not prove the importance of nitrate consumption (nitrate
respiration, denitrification, DNRA) for the production of NO in these soils.

On the other hand, the higher NO5™ concentration in forest soil might have accumulated
as aresult of rapid transformation from organic N and NH," to NO;™ [Davidson et al., 2000;
Neill et al., 1999; Verchot et al., 1999]. Hence, the high NO production in forest soil would
then have resulted from the consumption of organic N and NH," (nitrification). Similarly, the
higher fractions of NH,4" in pasture soils would indicate a slower nutrient cycling (from NH,*
to NOs"), and thus NO production from nitrification would be smaller. Unfortunately, no data
were available on the nutrient cycling in the different soil samples and therefore no statement
can be made on what microbial processes produced NO in the sails.

In the following chapter, NO production in the soil samples is related to their
corresponding soil acidities, since thisis an informative soil parameter that influences severa
soil processes including microbial activity [Conrad, 1996b]. For instance, in forest soilsin the
Netherlands, Tietema et al. [1992] observed decreasing nitrification rates with decreasing soil
pH between pH 4.4 and pH 3.45. At pH values below 3.34, no significant nitrate production
was measured [ Tietema et al., 1992]. G6dde[1999] also found no nitrate productionin acidic
(pH 3.31 and pH 2.80) forest soils from mid-latitudes and concluded that nitrification was
inhibited at low soil pH.
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3.3.1.1 NO production Py versus soil pH
Figure 3.4a presents the P versus soil pH for all samples. In general, Pyax IS highest
under acidic conditions. Below pH 4.0, Py increases sharply with decreasing soil pH.

P, (ng NO-N kg's™)

4.5 5.0 55 6.0
soil pH

Figure 3.4a. Maximum observed NO production Py, versus soil acidity (pH). A typical error bar isincluded.

Van Cleemput and Baert [1984], as well as Blackmer and Cerrato [1986], report that
NO;" is unstable under acidic soil conditions (pH < 5.5) and reacts to form NO, especialy in
soils with relatively high organic matter content. Thus, our results (increasing P with

decreasing soi

pH below 4.0)0 may suggest the production of NO through

chemodenitrification under acidic soil conditions.

It must, however, be stated that low soil pH was almost exclusively found in our forest
soils and high pH was limited mostly to pastures. Figure 3.4b shows P versus soil pH,
classified by vegetation type (primary forest, secondary forest and pasture).
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Figure 3.4b. Py Versus soil acidity (pH). Soil samples (shown in Figure 3.4a) are classified here by vegetation
type (primary forest, secondary forest and pasture).
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It can be seen that the distinction in low pH and high pH resembles the distinction in primary
forest soils and secondary forest and pasture soils.

It can not be excluded that there is a further explanation for the higher Py in primary
forest soils compared to pastures and secondary forest soils. Prax Was correlated to the other
investigated soil characteristics (sand/silt/clay content, organic carbon, phosphorus, CEC,
individual cation concentrations, exchangeable aluminium). However, none of these other soil
characteristics correlated significantly with Py
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Figure 3.5. Curvefits of NO production P in soil samples from RBJ and FNS versus soil moisture.
Dataasin Figure 2.2 (Chapter 2).

3.3.1.2 NO production P versus soil moisture 8and soil temperature T

Figure 3.5 presents NO production at constant soil temperature of 25 °C versus soil
moisture for the pasture (FNS) and the forest soil (RBJ). The data represent 1-minute average
values, consisting of 6 consecutive (10 second) measurements. The error bars in Figure 3.5
indicate the scatter (standard deviation, n = 6) within these averages. Both for RBJ and FNS,
the average variation in P was 0.03 ng NO-N kg™ s, which corresponds to 4% and 25%
respectively. Relatively, the scatter in data of P was larger for FNS, since measurements
were closer to the detection limit (= 0.04 ng NO-N kg™ s™). For both soils, NO production
was maximum at an intermediate soil moisture (6,,) of about 0.10 g/g. These observations
agreed well with the field-data from RBJ, where maximum NO production was observed at
approximately 0.14 g/g (Gut, persona communication). The concept of optimum soil
moisture is well understood. Under very dry soil conditions, substrate diffusion through water
films (around soil particles) to microbial active cells is limited [Linn and Doran, 1984]. In
contrast, under very wet soil conditions, oxygen diffusion may inhibit NO production, and
diffusion of NO through pore spaces to the atmosphere is limited [ Skopp et al., 1990, see also
Davidson, 1993].
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NO production (at constant soil temperature) was described as a function of soil
moisture. For this reason, Poisson functions were fitted to the data series in Figure 3.5.
Results are shown for RBJand FNSin eg. (3.11) and (3.12), respectively.

.00 .49
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Equation (3.11) and (3.12) predict NO production for a constant reference soil temperature of

25°C (T, = 298 K). However, at a given soil moisture, NO production was observed to
increase exponentially with soil temperatupPéTtr AT) = P(T) x EXP{BIAT}). The degree of
increase of with T (indicated by thd3-coefficient) depended on soil moisture. Figure 3.6
presentB-coefficients for the forest (RBJ) and pasture (FNS) soils versus soil moisture.
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Figure 3.6. B-coefficient, indicating the increase of NO production P with soil temperature, versus soil
moisture, both for the forest and pasture soils. Typical error bars for the forest and pasture soils are shown.

The degree of increas8-¢oefficient) could be described by a parabolic function with soil
moistureB(6) (see equation 3.13).
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This indicates thatP increased most pronounced with soil temperature at a certain
intermediate soil moisture (further details an Dijk and Meixner [2001a]). By
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implementing the B-coefficient as a function of soil moisture (B(6)) into the exponential
relationsin eg. (3.11) and (3.12) , NO production could be described at any soil moisture and
any soil temperature. Equation (3.14) and (3.15) describe the dependence of P on soil
temperature (at any 6) for RBJand FNS, respectively.

Pres(6, T): P = Prg; (6 Ti&) X EXP{BOT-T¢&)} (3.14)
Pens(6, T): P =Peng(6, Trer) * EXP(BT—Trer)} (3.15)

For clarity, Figure 3.7 gives a graphical presentation of the NO production in soil from RBJ
versus soil moisture and soil temperature, created from eqg. (3.14). For any given temperature,
there is a clear optimum soil moisture for with NO production is maximum. At the sametime,
for any given soil moisture, NO production increases with soil temperature following an
exponential relation, depending on the moisture content of the soil.

P (o MCH-M kg =)

Figure 3.7. NO production P in forest soil (RBJ) versus soil temperature and soil moisture.

By describing the measured data of P from RBJ and FNS with functions, some error was
introduced depending on the goodness of fit. The relative error between the observations and
the predicted values (by functions) was calculated by dividing the root mean squared error
(RMSE) by the mean of the observations. For RBJ and FNS, P was described with arelative
error of 6% and 8% respectively.
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3.3.2 NO consumption rate constant k

Results on k in forest and pasture soils from the Brazilian Amazon (including RBJ and
FNS) have been described by van Dijk and Meixner [20014]. In short, k showed similar
values for forest and pasture soils, ranging from 16.4 x 107 to 80.5 x 10°° and from 15.7 x
107° to 72.4 x 10° m® kg™ s respectively. The uncertainty in the measurement of k was
assumed to be approximately 20%. The first-order rate constant of NO consumption is a
kinetic parameter, and thus does not depend on soil characteristics such as soil packing
[Galbally and Johansson, 1989]. However, k is largely determined by what type of microbial
consumption takes place in the soil. Since the data showed similar values of k; it is suggested
that the consumption processes were similar in the different soils. Our results are on the high
side of the range of k values that were observed in other studies, ranging from 0.5 x 107 to
60 x 10°m* kg™ s [Saad and Conrad, 1993; Baumgartner and Conrad992; Bollman and
Conrad 1997]. NO consumption was maximum at high soil temperature and dry soil
conditions. Several studies have shown NO consumption under aerobic and anaerobic
conditions by denitrification and by heterotrophic and methanotrophic bacteria[Baumgartner
et al, 1996; Koschorreck and Conradl997; Rudolph et al.1996b; Bender and Conrad
1994; Kramer et al, 1990]. In agreement with our findings, Gédde and Conrad1999]
explained NO consumption in dry soil by aerobic consumption processes, with O,-limiting
conditions under wet soil. Our data demonstrated the same trend with respect to soil
temperature and soil moisture; therefore k was described for all soil samples simultaneously
asafunction of T and & (see Figure 2.4). The dependency of k on T and &was described by a
linear fit (eg. 3.16).

k(6, T): k = 0.0283-(0.0009-0.0014)([T-300) + (0.3795-0.00T31(6) (3.16)

By describing the data with the function in eq. (3.16¢ould be predicted with a relative
error of 25% (derivation explained in chapter 3.3.1.2). The sensitiviggpfeq. 3.8) in the
modified algorithm of Galbally and Johansson to the uncertaittisigiven in chapter 3.3.5.

3.3.3 Gasdiffusion D

The bulk diffusion of NO in soill}) was measured in the field at the forest and pasture
sites.Gut et al. [2001] report in detail on the gas diffusion in soil at RBJ. The gas diffusion
decreased with increasing soil moisture, since diffusion is limited when the pores become
water-filled. Equation (3.17) presents the relatiodait RBJ Dgg;) with the air-filled pore
space, the fraction of the ailiéd pore volume to the total pore volume in sej;).

Drey = 2.2x 10° (g4) 3% (3.17)
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The diffusion of NO in pasture soil at FNS (Drys) is presented by Kirkman et al[2001]. Data
were collected during severa days, resulting in information about D in pasture soil only for a
narrow soil moisture regime. Therefore, a general relation of D with the air-filled pore space
could not be established directly. However, Deys Was compared to Dggy for the moisture
regime that was covered by the field measurements at FNS. For this particular moisture
regime, the gas diffusion in pasture soil was approximately 23% smaller than in forest soil.
Finaly, the relation of Dgys With €5, was assumed similar to Dggy (equation 17), with the
difference that the gas diffusion in pasture was 0.77 times the gas diffusion in forest soil (see
eg. 3.18).

Dens = 0.77 Dggy = 1.7 x 107° (g4) 3 (3.18)

Results from laboratory experiments also suggested a less effective gas diffusion in pasture
compared to forest soil. The bulk density of the pasture soil (1.56 g/cm®) was considerably
higher than the bulk density of the forest soil (1.33 g/m°®). Considering that both soils are
loamy sand soils with almost identical particle-size distributions (Section 3.2.2), the higher
bulk density in pasture soil suggests the effect of soil compaction. The conversion from forest
to pasture generally leads to soil compaction (by cattle) [Neill et al., 1997], which resultsin
an increase in the soil bulk density and consequently a decrease in the pore volume. Diffusion
of gas takes place in the open pore volume. Thus, the higher bulk density in pasture soil
(smaller pore volume) would result in a decreased gas diffusion compared to forest soil.
Severa studies presented diminished gas-diffusion in compacted soils, ranging from 20% to
95% dlower, depending upon the degree of compaction [Ball et al., 1981; Currie, 1984].
Compaction of the soil has been shown to largely reduce the fraction of larger pores (>60 pum)
to the total pore volume [Currie, 1984; Bullock et al., 1985; Richard et al., 2000]. Van Dijk
and Meixner [2001b] present pore-size distributions (volume fraction of a certain pore sizeto
the total pore volume) for forest and pasture soils from the Amazon Basin (Chapter 4).

Figure 3.8 demonstrates the volume fraction of large pores (> 60 um) to the total pore
volume (g,/€) against the sand content, for forest and pasture soils. In general, €, /¢ increases
with sand content. Thisiswell understood. Coarse textured soil (sandy soils) generally have a
larger fraction of large pores than fine textured soils (clay soils) [Hillel, 1982]. Furthermore,
at identical sand content, g /¢ is clearly smaller in pastures than in forest soils. Most likely,
compaction by cattle caused the larger pores in the top layer of the pasture soil to collapse.
Gas diffusion in soil is mostly through the larger pores, whereas small pores hardly contribute
to the aeration of the soil. [Currie, 1983]. Thus, our laboratory results of high soil bulk
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density and smaller fraction of large pores in pasture soil support the outcome from field
measurements of less effective gas diffusion in pasture (FNS) compared to forest soil (RBJ).
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Figure 3.8. The volume fraction of large pores (> 60 um) to the total pore volume (g./€) against the sand content.
Results are shown from all soil samples, classified by vegetation type: forest (primary and secondary) and pasture.
Indicated are error bars, 95% confidence levels (grey shaded areas), and regression trends for the forest (> = 0.35, n
= 22) and pasture soils (r> = 0.45, n = 17), respectively.

3.3.4 Comparing Fis and Frigg

We would like to emphasize that all information to calculate NO fluxes from laboratory
experiments (F4,) Was obtained independently from the NO fluxes that were measured in the
field (Fsiaq). The gas diffusion (Section 3.3.3) and soil bulk density (Section 3.2.2) were
determined in the field. NO production (Section 3.3.1.2) and the NO consumption rate
constant (Section 3.3.2) were determined in the laboratory as functions of 8 and T, which
enabled the calculation of Fia, for any combination of 6, T and [NO]am. Finaly, Fia was
calculated for RBJ and FNS according to eg. (3.10), using the observed relations of P(8, T)
and k(6, T), information about D, BD and [NO] ., and the field conditions (8, T and [NO] zmp)
at the time of measurement of the NO fluxes with dynamic chambersin the field (Ffqq).

3.3.4.1 Forest (Reserva Biologica Jaru)
Figure 3.9a presents the soil temperature and soil moisture at RBJ during the month of
October 1999. Original data with a 30-minute time resolution were averaged over 12-hour

periods. Soil temperature varied only slightly from 23 °C to 25 °C, whereas soil moisture

ranged widely from dry soil to 0.24 g/g (0.60 water-filled poracg). Median NO ambient

mixing ratio was approximately 2.6 ppBe, (€q. 3.10) was not significantly influenced by
the ambient NO mixing ratio, sindexsy(6, T)/k(6, T) was considerably higher (median 76

ppb). Gut et al., [2001] measured the NO compensation concentraBit) directly in soil
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from RBJ, and found [NO]am, / [NO]. < 0.06 over the full measurement period. Figure 3.9b
presents Frgq and Fi4, from the forest soil during October 1999. Values of Frqq Were averaged
over three individual chamber measurements and over 12 hours. The 12-h variation in Fgq is
indicated by error-bars, whereas grey shading indicates the variation in F,.
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Figure 3.9a. Soil temperature and soil moisture at the forest site (RBJ) for the month October in 1999.
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Figure 3.9b. Measured NO fluxes (Fsgq) and calculated NO fluxes (Fa) at the forest site (RBJ) for the month
October in 1999. Data of Frgg are average values (3 chambers, 12 hours) and error bars indicate the
corresponding standard deviations. The grey shaded area indicates the variation in F,, over 12-hour intervals.

Considering the entire measurement period, there was good agreement between the
calculated NO fluxes (median 7.2, mean 6.9 + 2.9 ngm2s™) and the measured NO fluxes
(median 4.3, mean 5.0 + 4.6 ngm2s™). However, on some occasions there were significant
discrepancies. Especially around 4 and 21 October, Fia, predicts considerably higher NO
fluxes than were measured in the field. At both occasions, the soil moisture (as observed in
the field) is around 70.10 g/g (see Figure 3.9a). Laboratory experiments showed highest NO
production at approximately 0.10 g/g, causing Fia, to peak at this moisture. In the field,
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however, maximum NO fluxes were observed at a soil moisture around 0.14 g/g (see Section
3.3.1.2). Difficulties arise since soil moisture was determined by two different methods.
While gravimetric water content was determined in the laboratory (Section 3.2.2), Time-
Domain Reflectometry (TDR) measurements in the field resulted in volumetric water content
[Gut et al., 2001]. The volumetric water content was converted into gravimetric water content
using the soil bulk density. Discrepancies caused by the conversion from TDR measurements
to gravimetric soil moisture may have led to errors in the estimation of NO production, and
hence in the prediction of Fz,. The precision of the TDR measurements was better than 1%,
however due to soil inhomogenities the uncertainty in the field calibration was approximately
20%. As mentioned previously, the variation in the gravimetric soil moisture was within 5%.
Therefore, the maximum error in the comparison of the two moisture methods would be 25%,
which would result in an error in Fi,, of approximately 1 ng NO-N kg™ s™. On one other
occasion (17 October) heavy rainfall after a period of drought resulted in high NO fluxes
(Fsieg) Which are not matched by the laboratory results (Fiz). These large emissions of NO
from the soil upon rainfall (pulsing), due to a sudden mineralization of nutrients that
accumulated in the dry period [Gut et al., 2001], were not simulated in the laboratory and thus
were not predicted by F4,. This is aso seen in Figure 3.10, which presents the cumulative
probability for values of Fi and Frgqg. Frieq COvers a broad range from —20 to 45 ng st
whereas F4, varies from 0.06 to 12 ng m2s™.
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Figure 3.10. Histogram (cumulative percentage) of the measured NO fluxes (Fraq) and the calculated NO
fluxes (Fiap) at the forest site (RBJ).

Fiap does not predict negative NO fluxes (deposition) or extremely high NO fluxes
(pulsing) that were observed in the field. Therefore, 4, could not predict daily NO fluxes.
However, over the entire measurement period, mean and median values of F5, and Figq Were
equal within 1 standard deviation, indicating good agreement between the laboratory-derived
and field-derived NO fluxes.
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3.3.4.2 Pasture (Fazenda Nossa Senhor a)

Figure 3.11a shows soil temperature and soil moisture at FNS for October 1999. Soil
temperature varied from 22 °C to 28 °C, and soil moisture ranged only slightly from 0.06 to
0.14 g/g (or from 0.20 to 0.50 water-filled poresp). The median ambient NO mixing ratio
was approximately 0.37 ppb. AgaiRg, (€q. 3.10) was not significantly influenced by the
ambient NO mixing ratio, sind@-\g(6, T)/k(6, T) was considerably larger (median 41 ppb).

In Figure 3.11b, the calculated NO fluxes from laboratory experiments are compared with the
NO fluxes from field measurements at the pasture during October 1999. Again, vdiugs of
were averaged over three individual chambers and 12 hours. Error bars and grey shading
indicate the 12-h variation foFsqq and Fi, respectively. Over the entire measurement
period, Fia, (median 0.67, mean 0.67 3:09 ng s ™) agreed very well with Fyaq (median

0.53, mean 0.65 + 0.37 ngm=2s™).
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Figure 3.11a. Soil temperature and soil moisture at the pasture site (FNS) from September to October in 1999.
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Figure 3.11b. Measured NO fluxes (Ffqq) and calculated NO fluxes (Fia) at the pasture site (FNS) from
September to October in 1999.
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Figure 3.12 presents a histogram (cumulative percentage) for Figq and Fig. Fiap CcOvered a
smaller range of NO fluxes (0.42—1.04 ng s %) than Fieq (0.27-3.16 ng ¢ s™7), but the
laboratory-derived and field-derived NO fluxes were not significantly different (p < 0.01).
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Figure 3.12. Histogram (cumulative percentage) of the measured NO fluxes (Fraq) and the calculated NO
fluxes (Fiap) at the pasture site (FNS).

The NO fluxes (Fyeq) from the pasture soil (FNS) were approximately 11 times smaller than
from the forest soil (RBJ) (Section 3.3.4.1). The NO production was about 10 times smaller
and the gas diffusion was 23% less effective in pasture soil. It is concluded that the
conversion from forest to pasture decreased NO production, and compaction of the pasture
soil most likely decreased the gas diffusion, which finally resulted in these small NO fluxes
from pasture compared to forest soil.

3.3.5 Sensitivity analysis on the parameters. P, B, k, D, BD and [NO] ampient

In order to establish the sensitivity of F 4, towards its parameters, the modified algorithm
(eg. 3.10) was tested for relative changes in the six parameters (see also Remde et al. [1993)).
The NO fluxes from RBJ (as presented in Figure 3.9b) were averaged over the entire
measurement period to obtain the reference NO flux (Fia, re). The parameters that were used
to calculate these NO fluxes (see Sections 3.3.1.2—3.3.4.1) will be denoted @3, Brer, Keess
Di« BDr and [NOlLn, rer. Then, the relative change ki, Was investigated for a relative
change in any of the parameters between 0.1 and 2.0. While one of the parameters was
changed with respect to the reference value, the other parameters remained constant. The
modified NO fluxes were calculated for the entire measurement period, and averaged to one
value Eap, mod). Figure 3.13 shows the relative chang& iy (Fiap, mod /Fiap, rer) @S @ result of
the relative change of any proper¥n{/X«), for the propertie®, B, k, D, BD and [NOlm,.
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Figure 3.13. Sensitivity analysis, indicating the relative changes in the calculated NO flux (Fiap, mod/Fiab, rer) fOr
changes in any of the parameters (Xmod/Xrer). Shown are the parameters: P, k, D, BD, [ NO] am.

As can be seen by the slopes of the curvesin Figure 3.13, the algorithm is most sensitive
towards P and k, less sensitive towards BD and D, and relatively insensitive towards [NO] ams
and B (theincrease of P with soil temperature). In order to give an impression of the error that
could be introduced by the various parameters, the reliability of the individual parametersis
briefly discussed. The reliability of the parameters P, k, D, BD and [NO] ., depends on the
measurement error or the error by fitting the data with functions. For instance, P was
described with an uncertainty of 6% for RBJ and 8% for FNS, whereas the measurement error
in P was estimated to be 4% and 25% for RBJ and FNS respectively (see chapter 3.3.1.2).
This indicates for RBJ that higher uncertainty resulted from fitting the data with a function,
whereas for FNS the measurement of P introduced the largest uncertainty. As a result,
Fiab, mod/ Fiab, rer WoUld Observe arelative change of approximately 0.06 and 0.25 for RBJ and
FNS respectively. Largest uncertainty in k was due to fitting the data, which led to an error in
k of approximately 0.25 for both soils. Even though the algorithm is aso very sensitive
towards k, errorsin k would result in arelative change in F4, of less than 0.15 for both soils.
As was mentioned above, the algorithm is relatively sensitive towards BD and D. Field bulk
density was determined within 5%, which corresponds to a relative change in Fja, of
approximately 0.04. Data of the bulk diffusion D in soil from RBJ were determined with an
error of approximately 16%. Thiswould result in a change in Fiap, mod /Fiab, ref < 0.10. Although
the absolute value of D in pasture was measured directly in the field, the largest uncertainty in
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Fia from FNS most likely resulted from not knowing the exact relation of Dgys With €4, and
applying the relation of Dggy with €, instead. Several models exist that could be applied to
predict D [Jin and Jury, 1996; Moldrup et al., 1997]. However, these models describe values
of D over awide range, and consequently calculations of F,, would differ more than by using
the measured Dgys. Propagation of the error in the individual parameters (P, k, BD and D)
indicated that the relative errors in F,, Were approximately 25% for RBJ and 40% for FNS.

3.4 CONCLUDING REMARKS

Finaly, our findings demonstrate the suitability of the modified algorithm from Galbally and
Johansson [1989] to predict NO fluxes using information on the NO production and
consumption rate constant, and the diffusion of NO in soil. In some cases, there were
significant discrepancies between the laboratory derived NO fluxes (F.) and the NO fluxes
from field measurements with dynamic chambers (Fsqq). However, when considering the
entire measurement period, Fa, agreed well with Fhgqq. This suggests that the modified
algorithm could be applied to determine NO fluxes over a relatively longer time scale, for
instance to establish seasona differences within an ecosystem. Furthermore, the NO fluxes
from pasture were approximately 11 times smaller than from forest soil, and both for the
forest and the pasture F5, and Fyeq agreed well. This confirms the potential of the algorithm
to scan soil samples in the laboratory and obtain information about the biogenic NO fluxes
from the soil. NO fluxes from different ecosystems may even vary over 4 orders of magnitude
[Davidson and Klingerlee, 1997; Ludwig et al., in press]. Thus, the combination of laboratory
experiments and the modified algorithm from Galbally and Johansson [1989] could be a
powerful tool to establish NO fluxes from soils from various ecosystems.
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[No]in
[NOJout
[NOJam
[NOJ.
Fiap

Friela

3.6 NOMENCLATURE

NO release or uptake

NO production

rate constant of NO consumption

NO concentration of inlet air

NO concentration of outlet air

ambient NO concentration

NO compensation concentration

NO flux from soil, calculated by eqg. (8)
NO flux from soil, measured in the field
soil bulk density

molecular diffusion of NO through soil
soil temperature

coefficient in the exponential relation of Pwith T

soil moisture
optimum soil moisture

volume of large pores (>60 um) to the total pore volume

air-filled pore volume to the total pore volume

subscript indicating Biological Reserve Jaru (forest)
subscript indicating Fazenda Nossa Senhora (pasture)

subscript indicating "reference”
subscript indicating "modified”
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(ngkg™s™)
(ngkg™s™)
(m*kg™s?)
(ng m™)
(ng m™)
(ngm™)
(ng m™)
(ngm?s™)
(ngm?s™)
(kg/m?)
(m?/s)
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CHAPTER 4

The effect of soil texture on nitric oxiderelease from soilsin the
Amazon

S.M. van Dijk and F.X. Meixner

ABSTRACT

Nitric oxide (NO) emissions from soil are maximum at optimum soil moisture. A range of
optimum soil moistures is given in the literature. Our objective was to find whether
differences in soil texture are reflected in the optimum soil moistures under which NO is

emitted from soil. Soil samples were collected in the Brazilian Amazon and covered a series of

textures, ranging from loamy sand to clay. NO release was determined from these soil samples

in the laboratory as a function of soil moisture at a constant soil temperature of 25 °C. Several
expressions of soil moisture were compared: gravimetric water content, volumetric water
content, and water-filled poreage. In addition, water release characteristics of the soils were
analyzed using a tension table. Different optimum soil moistures were observed for different
textures. Optimum soil moisture (gravimetric, volumetric, and water-filled poeaeep
correlated positively with clay content, indicating wetter optimum conditions for NO
emissions from soils with a higher clay content. Best correlation was found using gravimetric
water contentrf = 0.75,n = 35). Fine-textured soils (clay) had larger pore volumes, and thus
could contain more water than coarse-textured soils (sand). Also, the fine-textured soils had
larger fractions of smaller pores compared to the coarse-textured soils, and thus retained more
water at identical matric potential. For this reason, NO release was presented as function of
matric potential. All samples, independent of soil texture, showed optimum soil moisture at a
matric potential close to —10 kPa. This suggests that the situation where larger pores are
drained (promoting gas diffusion) and smaller pores are water-filled (promoting microbial
activity) is optimal for NO release from soil.

Also submitted t&oil Sci. Soc. Am. J.
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4.1 INTRODUCTION

Nitrogen oxides (NO and NO,) contribute considerably to the oxidative capacity of the
troposphere, especially by their catalytic action in the formation of ozone [Graedel and
Crutzen, 1993]. Besides emissions of nitric oxide (NO) from fossil fuel combustion, biomass
burning and lightning, NO emissions from soils can be an important source in remote areas for
tropospheric NO [Holland et al., 1999]. NO is simultaneously produced and consumed in soil
[Remde et al., 1989], which generally results in a net NO emission from the soil to the
atmosphere [Davidson and Klingerlee, 1997]. NO can be produced under aerobic and
anaerobic conditions by biological nitrification (oxidation of ammonium and organic nitrogen
to nitrate) and denitrification (reduction of nitrate), and by chemical denitrification. Biological
nitrification is considered to occur exclusively under aerobic conditions, whereas biological
denitrification generally takes place under anaerobic conditions, although exceptions have
been shown [Conrad, 1996]. Net NO emissions from soil generally increase exponentially
with soil temperature (15-35 °C)[Williams et al., 1992]. The degree of increase has been
shown to depend on soil moistureufi Dijk and Meixner, 2001a;Davidson et al., 1998]. Less
well established is the direct relation of NO emission with soil moisture.

Soil moisture can be expressed by various quantities: gravimetric water cnferdss of
H,O per mass of dry soil), volumetric water conté@ntvolume of BO per volume of dry soil)
and water-filled pore swe Byps (volume of HO per pore-volume in soil). The quantities of
soil moisture are converted using equations (4.1) and (4.2), wieetiee total pore-volume of
the soil, andpsy and e are soil bulk density (g/cth and density of water (g/chy
respectively.

6,=0 0= E (4.1)
water
0 .
0 oo _0u =9 [rl E (4.2)
€ € water Matric potential (kPa), is an

expression of the energy potential of soil water that results from the capillary and adsorptive
forces due to the soil matriMonteith and Unsworth, 1990]. Matric potential generally has
negative values; and at lower (more negative) matric potential, less water is retained in the soil
pores and consequently the soil is dryer. Not all moisture quantities are suitable for comparing
different soils. A gravimetric water content of 0.20 may be relatively dry for a fine-textured
soil (larger pore volume) and relatively wet for a coarse-textured soil (smaller pore volume).
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Likewise, a similar volumetric water content will seem wetter in a soil with finer pores
compared to a soil with larger pores. These differences arise mainly from differences in soil
texture and soil structure: soil texture refers to the particle size distribution, while soil
structure is the arrangement and organization of the particles in the soil [Hillel, 1982
Davidson, 1993]. Since "water-filled porespace" and "matric potentia" account for
differences in soil texture and soil structure, respectively, they are generally the more suitable
guantities to compare soil moisture of different soils.

Figure 4.1 Proposed relative contributions of nitrification (white) and denitrification (cross hatched) to
emissions of NO and N,O as a function of WFPS (reproduced from Davidson [1991] and Davidson et al. [2000]).
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Shapes of the curves, the curve heights, WFPS optima, and the inflection points were largely educated guesses based
on the limited field and |aboratory data available.

Davidson [1991] presented a model of the relationship between WFPS and relative fluxes of
NO and N,O (see Figure 4.1). This model predicts NO production by nitrification < 0.60
WFPS, and N,O production by denitrification > 0.60 WFPS, and that the emission ratios of
N,O to NO should be about 1 at 0.60 WFPS. This is explained by the following. Figure 4.2
shows aerobic microbial activity (such as nitrification) versus soil moisture, as was presented
by Skopp et al. [1990]. At low soil moisture (aerobic conditions), the microbia activity
increases with soil moisture, since substrate diffusion is enhanced through water films. At high
soil moisture (anaerobic conditions), oxygen-supply is limited and the aerobic microbial
activity decreases with further wetting of the soil. [ Skopp et al., 1990; Linn and Doran, 1984].
Aerobic microbial activity is maximum at an intermediate soil moisture, where both substrate
diffusion and oxygen supply are optimized. Soil moisture of 0.60 WFPS was found to be a
threshold between aerobic and anaerobic conditions, with maximum aerobic microbial activity
at approximately 0.60 water-filled pore space [Linn and Doran, 1984].
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Figure 4.2. Aerobic microbial activity versus soil moisture (reproduced from Skopp et al..[1990]).

Davidson et al. [2000] suggest maximum NO production due to nitrification at field capacity,
which is defined as the soil’s water content after excess moisture has drained freely from that
soil. At field capacity, soil micropores are water-filled, which permits microbial activity
without water stress, and soil macropores are air-filled, which permits relatively good aeration
of the bulk soil. Field capacity therefore offers optimum conditions for nitrification. The
moisture content of many soils is about 0.60 WFPS at field capacity. For this reason,
maximum NO production is expected at about 0.60 WFPS, as was indicated in Figure 4.1.
However, as NO can be produced both under aerobic and anaerobic conditions [Conrad,
1996], the optimum soil moisture for NO production in soil may be different from the
optimum soil moisture for aerobic microbial activity (0.60 WFPS). Several studies presented
maximum NO emissions at an intermediate soil moisture (optimum soil moisture). A range of
optimum soil moistures found in the literature is presented in Table 4.1. Since soil texture and
soil structure largely determine the water holding capacity of the soil, the question arises about
the effect of these soil properties on the optimum soil moisture conditions for NO emission
from soil.

As part of the project “European Studies of Trace gases and Atmospheric Chemistry as a
Contribution to the Large Scale Biosphere-Atmosphere Experiment in Amazonia“ (LBA-
EUSTACH) [Andreae et al., 2001], biogenic emissions of NO were studied in detail in the
laboratory on a series of soil samples with respect to soil moisture (at constant soil
temperature at 2%C). In the present study, the goal was to find how differences in soil texture
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are reflected in the optimum moisture conditions, expressed in different quantities, under
which NO is emitted from soil. Moreover, what moisture-quantities allow the identification of
optimum field conditions independent of soil texture/structure?

Table 4.1. Optimum soil moisture for which maximum NO emissions were observed in the field, as presented in the
literature. Optimum soil moisture is presented as gravimetric water content &, (opt), volumetric water content &, (opt)
and water-filled pore space Gups (Opt).

Measurement Field Sand |Silt|Clay | psoii | € | Gy(opt) | E,(0pt) | Bups(opt)
location description |% % |% glcm?®
Cardenas et al., 1993 |Venezuela Savanna 70 (13| 17 | 1.5 |0.43 0.12 0.18 0.41
Martin et al., 1998 Colorado (USA) |Steppe 72 |15| 13 | 1.4 | 0.49 0.13 0.17 0.35
Martin et al., 1998 Colorado (USA) |Steppe 42 118| 30 1.3 | 0.50 0.25 0.33 0.66
Scholes et al., 1997 South Africa Savanna 83 |12 5 1.6 | 0.40 0.07 0.12 0.30
Parsons et al., 1996 South Africa Savanna 85 5 10 1.6 | 0.40 0.07 0.12 0.30
Parsons et al., 1996 South Africa Savanna 83 [ 7| 11 | 1.6 |0.40 0.07 0.12 0.30
Parsons et al., 1996 South Africa Savanna 36 | 8| 56 | 1.7 | 0.36 0.06 0.11 0.30
Pilegaard et al., 1999 [Norway spruce forest - - 4 1.4 |0.48 0.07 0.10 0.20
Otter et al., 1999 South Africa Savanna 74 6 20 1.6 | 0.40 0.08 0.12 0.30
Otter et al., 1999 South Africa Savanna 71 7 22 1.6 | 0.40 0.11 0.18 0.44
Otter et al., 1999 South Africa Floodplain 34 |12| 54 | 1.1 |0.59 0.27 0.30 0.50
Peirce and Aneja, 2000 |N.Carolina(USA) |Agricultural 60 |23| 17 | 1.3 [0.52 0.18 0.23 0.45
Grundmann et al., 1995|France Agricultural 41 | 38| 18 1.2 | 0.54 0.20 0.24 0.44

4.2 SITE DESCRIPTION AND SOIL CHARACTERISTICS

During two sampling campaigns in June and September 1999, a total of 35 composite soil

samples were collected from forest and pasture sites in the Amazon Basin in the states of
Rondbnia, Amazonas and in the Tapajés National Forest of Para. Table 4.2 presents the
geographical coordinates of the sample locations. The state Rond6nia has been colonised since
the 1970's and experiences the most rapid deforestation in the Amazon basin. The Tapajés
National Reserve is a protected forest, and also the Amazonas sampling site was relatively
undisturbed. The three sampling locations experience comparable mean annual temperatures
of approximately 25-27 °C. Amazonas and the Tapajés National Reserve have relatively
constant temperatures throughout the year. Rondbnia experiences some seasonal variability,
with October (25.5 °C) and July (22.6 °C) as the hottest and coldest months. Rainfall at the
three sites is also comparable, with a mean annual precipitation of approximately 2200 mm.
There is only little rain during the 5-month dry season, which takes place from June to August,
from June to September and from July to November for Ronddnia, Amazonas and the Tapajos
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National Forest, respectively. Wet deposition rates of ammonium (NH,") and nitrate (NO3) at
the Amazonas sampling site were approximately 3.45 and 0.82 kg ha™ yr™, respectively,
[Filoso et al., 1999]; and Rondbénia had similar NOcompositions in rain water as the
Amazonas site (Fernandes, personal communication).

Soils were generally of the types red-yellow latosol (or yellow latosol) and red-yellow
podsol, comparable to the ferralsols and acrisols, respectively, in the FAO classification (Food
and Agriculture Organization, Italy). These soils are generally acidic and have a low base
saturation and exchange capacity. Soil samples were composed of 6 sub-samples, taken from
the top 0.05-m soil of a 10 x 10 m? sampling area. Samples were cooled during transport and
stored in the laboratory at 4 °C. Large pieces of rock and root matter were removed.

Bulk densities (g/cri) were determined from undisturbed topsoil cores (0.05-m diameter,
0.05-m depth) taken in the field together with the soil samples. Variation in the soil bulk
density due to soil inhomogenities was approximately 0.05°gtantess than 5%.

In addition, physical (particle-size distribution) and chemical (soil acidity, organic matter
content, phosphorus, and the individual cation concentrations) properties of the sampled soils
were analyzed in a commercial laboratory (Planacampo) limRia Moura, Brazil. Samples
were air dried and sieved on 2-mm prior to analysis. Particle-size distributions were
determined with the pipet method [¥8ee and Bauder, 1986]. A textural triangle (Figure 4.3)
presents the wide range of textural classes that was covered by the sampled soils, ranging from
loamy sand (87% sand and 10% clay) to clay (11% sand and 81% clay). Soil pH (2.5:1) was
measured in 0.01 M CagClIPlant available phosphorus was extracted from 1ddmnsoil
with 100 ml Mehlich solution (HCI and #280,) and analysed with the ascorbic acid method
by spectrophotometry [sd€uo, 1996]. Organic matter was calculated (factor 1.72) from the
dichromate oxidation of organic carbon. Cation exchange capacity, the individual cation
concentrations of potassium, calcium, magnesium and exchangeable aluminium were
measured with spectrophotometry from extractions (1Ddnsoil) with ammonium acetate
(pH 7). Further details on the analysis procedures are givefluty [1986] andBartels
[1996]. Table 4.2 presents a description of the soil samples, including some of the physical
and chemical properties.
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Table 4.2. The coordinates of the collected soil samples and a selection of their most important physical and chemical
properties (* Vegetation type: PF = primary forest, SF = secondary forest, P = pasture; * indicates whether water
release characteristics were determined: "yes' or "no").

CODE Coordinates Soil type Veg| Sand | Silt| Clay BD € pH | org.Mat | PO4-P CEC Acid | ¢
T % % % g/cm3 g/kg mg/dm3 Cmolcldm3 % ¥
SJT1 11°34 S 61°76 W | Red yellow Latosol SF 46 14 40 1.16 | 0.56 | 5.6 24.8 2.2 12.71 25 no
SJT2 11°29 S 61°89 W |Red yellow Latosol P 66 7 27 1.46 | 045 |54 26.8 4.2 10.33 42 no
SJT3 |11°62 S 61°20 W |Quartzite P 83 3 14 1.09 | 059 |56 14.1 10.7 9.66 39 | no
SJT4 11°62 S 61°21 W |Quartzite P 80 5 15 1.24 | 053 |5.0 215 4.1 10.96 52 |yes
SJT5 [11°58 S 61°28 W [Red yellow Podsol P 53 (13| 34 1.20 | 055 44| 389 5.6 5.44 78 | no
SJT6 11°55 S 61°31 W [Red yellow Podsol SF 40 10 50 1.10 | 0.58 | 3.7 28.2 3 9.81 85 no
SJIT7 11°42 S 61°65 W | Red yellow Latosol P 56 19 25 1.48 | 0.44 | 3.7 22.8 3.5 7.23 79 no
SJT8 10°79 S 62°05 W | Red yellow Latosol P 66 10 24 1.46 | 045 | 3.7 18.1 40.7 7.73 80 no
SJT9 |10°78 S 62°05 W [Red yellow Podsol SF| 66 [10| 24 150 | 0.43 |39 235 14.4 8.84 87 | no
SJT10 [10°79 S 62°05 W [Red yellow Podsol SF| 63 |12| 25 1.06 | 0.60 |3.6| 450 8.2 7.29 56 | no
SJT11 |10°79 S 62°05 W |Red yellow Podsol P 73 8 19 n.d. nd. |35 33.6 62.8 9.17 50 no
SJT12 |10°72 S 62°25 W |Red yellow Podsol SF 53 15 32 1.11 | 0.58 | 3.8 36.9 65.9 7.83 54 no
SJT13 |10°49 S 62°43 W |Red yellow Podsol P 53 13 34 1.14 | 0.57 | 5.0 34.9 4.1 9.51 39 no
SJT14 |10°28 S 62°69 W [Red yellow Latosol | SF | 36 | 10| 54 0.80 | 0.70 |5.2 255 4 9.24 58 | no
SJT15 [10°12 S 62°94 W | Yellow Latosol SF 53 13 34 1.02 | 0.62 | 4.9 37.6 28.1 8.66 46 no
SJT16 9°95 S 63°05 W | Yellow Latosol SF 63 13 24 1.03 | 0.61 |55 29.5 4.8 10.71 64 no
SJT17 9°99 S 63°02 W | Yellow Latosol SF 63 13 24 092 | 0.65 | 4.7 30.9 5.2 9.26 87 yes
SJT18 |10°06 S 62°98 W | Yellow Latosol P 40 15 45 1.22 | 0.54 |52 30.2 3.7 11.73 52 no
PF.1 10°05 S 61°55 W | Red yellow Latosol PF 83 3 14 135 | 049 |45 8.7 23 10.15 59 |yes
||PF.2 10°05 S 61°55 W | Red yellow Latosol PF 80 5 15 1.30 | 051 | 4.2 17.4 3.2 9.48 22 yes
||PF.3 10°04 S 61°56 W |Red yellow Latosol PF 76 7 17 1.13 | 0.57 | 4.6 16.8 3.0 11.53 22 no
||PF.4 10°04 S 61°56 W |Red yellow Latosol PF 60 6 34 1.10 | 0.58 | 4.6 13.4 1.0 10.3 42 no
||PF.5 10°05 S 61°55 W | Red yellow Latosol PF 76 9 15 1.22 | 0.54 |59 13.4 3.9 10.08 41 yes
PF.7 10°05 S 61°55 W | Red yellow Latosol PF 80 7 13 1.22 | 054 |57 n.d. n.d. n.d. nd. |yes
SF |- Red yellow Latosol | SF [ 80 7 13 130 | 051 |54 n.d. n.d. n.d. nd. |[yes
RBJ 10°05 S 61°55 W [Red yellow Latosol | PF [ 80 7 13 1.22 | 054 |6.1 n.d. n.d. n.d. nd. |[yes
FNS 10°45 S 62°21 W |Red yellow Latosol P 84 5 11 156 | 0.41 | 4.0 n.d. n.d. n.d. nd. |yes
M1 3°13 S 60°87 W | Yellow Latosol PF 20 9 71 1.08 | 0.59 | 4.9 n.d. n.d. n.d. nd. |yes
M2 3°19 S 60°12 W | Yellow Latosol P 30 7 63 0.94 | 065 | 4.4 n.d. n.d. n.d. nd. | no
M3 3°24 S 60°37 W | Yellow Latosol PF| 52 | 20| 28 0.88 | 0.67 [4.9 n.d. n.d. n.d. nd. | no
T1 3°02 S 54°97 W | Yellow Latosol PF| 10 | 10| &0 0.99 | 0.63 |34 n.d. n.d. n.d. nd. |yes
T2 3°02 S 54°97 W | Yellow Latosol PF 84 3 13 1.40 | 047 |35 n.d. n.d. n.d. nd. | no
T3 2°86 S 54°96 W | Yellow Latosol PF 10 9 81 0.74 | 0.72 | 3.4 n.d. n.d. n.d. nd. |yes
Fariasl | 3°02 S 54°89 W | Podsol P 37 7 56 121 | 0.54 |33 n.d. n.d. n.d. nd. | no
||Farias2 3°03 S 54°88 W | Podsol P 87 3 10 141 | 047 |36 n.d. n.d. n.d. nd. |yes
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43METHOD

From June to October 1999, NO release was determined from soil samples in the
laboratory in Ji-Parand (Rondbénia, Brazil). The experimental setup was described in detail by
Yang et al. yan Dijk and Meixner, 2001a;Yang and Meixner, 1997]. Each experiment was
initiated with pristine soil and all experiments were conducted within 3 months after sampling.
A soil sample (with an equivalent of 0.06-kg dry soil) was packed into a measurement cuvette
(0.092-m diameter and 0.136-m height), corresponding to its field bulk density. The soil was
allowed to adjust to the soil temperature set point for approximately 30 minutes, after which
NO release measurements were initiated. The soil sample was flushed with dry, NO-free air at
a flow rate of 4.1% 10°m*s™ In total, four measurement cuvettes and one blank cuvet were
flushed continuously with dry NO-free air and the NO mixing ratio was analysed at the inlet
and outlet of the measurement cuvettes, interchanging the cuvette every 1.5 minutes. NO was
measured by a commercial chemiluminescence analyzer (TECAN AL 770 PPT, Ecophysics,
Switzerland), with a detection limit of 100 ppt. The instrument was calibrated using zero air
and NO gas standards (200 ppm, Messer Griesheim, Germany). Further information about the
experimental setup is given by van Dijk and Meixner [2001a] (Chapter 2).

Cuvettes were placed in a small climate chamber, which enabled the control of soil
temperature. Soil temperature was measured in the middle of the soil samples. Gravimetric
water content was calculated every hour from the soil samples using the equivalent dry weight
soil mass (calculated from the initial gravimetric water content) and the water loss during the
experiment. Hourly gravimetric water contents were fitted with Gaussian functions, and
interpolation between hourly measurements produced soil moisture data for the full
measurement period. During the last part of the experiment, when the soils were almost dry
(approximately <0.06 g/g), the Gaussian curve was extrapolated to compute the moisture
content. In these cases, the maximum error in the soil moisture content due to the fitting
procedure was + 0.025 g/g. However, for most of the experiment, gravimetric water content
was measured with a precision equivalent to the precision in the initial gravimetric water
content (= 5%). The gravimetric water content (g/g) was converted into volumetric water
content (cm*cm?) and into water-filled pore space (cm*cm?), using the field bulk density (see
equations 4.1 and 4.2). The uncertainty in the determination of the field bulk density due to
inhomogenities in the soil was approximately 0.05 g/cm? or 5%. Following the propagation of
error due to the combined uncertainties in the gravimetric soil water content and the field bulk
density, the uncertainties in the volumetric water content and water-filled pore space were
estimated to be 6% and 8% respectively.

NO release J (NO-N ng kg™ s™) was calculated from the difference in the NO mixing
ratio between inlet [NO];, and outlet [NO],; Of the measurement cuvette, the flow rate through
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the cuvette Q, and the sampling weight Mg,;;. The calculation is given in eg. (4.3), where My is

the molecular weight of nitrogen (14.0 kg kmole™) and V,, is the molar volume (24.5 m?
kmole™). NO release was determined for arange of moistures (0-100% WFPS), while the soil
samples dried out at constant soil temperature of 25 °C. And likewise, for two soil samples
(FNS and RBJ) at 17 °C and 33 °C.

3= ol - [Nol. ) E - 43

In addition to the measurements of NO release, water release characteristics of the soll
samples were determined. The water release characteristics (water retention curves) were
determined with a tension table, by placing water-saturated soil samples on a filter unit and
applying a certain suction (or matric potential). Water is drained from the soil samples and
escapes the tension-table via drainage chan@imgnt, 1966]. The relation of soil moisture
with matric potential (or suction) gives the water release characteristics. A simple water
tension table system, as describedaly and Hunter [1988], was modified by placing a 0.02
m layer of very fine silica gel (10-4@m, SIGMA, Germany) on top of the filter unit. This
enabled measurements up to —22.5 kPa. Matric potential of —22.5 kPa was the highest suction
that could be determined. At even lower values air entered the system through the filter unit
and the tension was lost. Before initialising measurements, each soil sample was packed in a
Plexiglas ring (0.08-m. diameter and 0.05-m. height) and adjusted to their corresponding field
bulk density with a 2-kg copper weight. After saturating the soil sample overnight in a water
bath, matric potential was applied. This was repeated for matric potential of -0.5, -1.5, -5.0, —
10, —-15, and —22.5 kPa. After incubation at matric potential for 48 hours, the gravimetric water
content was determined (104°C). Results from replicate soil samples indicated that the
gravimetric water content at a certain matric potential could be determined within 10% (-5
kPa), 15% (—10 kPa) and 20% (—15 kPa) respectively. At a matric potential of —22.5 kPa,
replicates indicated variation in the gravimetric water content between 6% to 88%. Pore size
distributions were calculated from the water retention curves accordiBgri@ son and
Sutherland [1986] (eq. 4.4):

AP = écosze (4.4)
rC
WhereAP (Pascal) is the pressure difference between two matric potential measurements,
equals the surface tension of water (F)nr. (m) is the curvature of the meniscus, and &
(degrees) is the contact angle of water to the solid. If 8 is assumed to be zero, the cosine
becomes unity, and the radius of the meniscus curvature is equal to r, (m), the radius of a
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circular capillary tube of size equivalent to that of the pore (eg. 4.5). Finally, equation (4.6) is
generally used to calculate the equivalent pore diameter (see for example, Hillel [1971]).

_ 20
ap = T (4.5)
(o =22.03
PTP P (4.6)

In this study, NO release is presented as a function of soil moisture (gravimetric and
volumetric water content and water-filled pore space) for arange of soil textures and data are
compared to results of the water retention curves.

44 RESULTSAND DISCUSSION

4.4.1 NO release as function of soil moisture
Figure 4.4 presents NO release (normalised to the maximum) as function of gravimetric

water content at 25 °C for two soil samples (SJT9 and SJT14) with 24% and 54% clay,

respectively. The soil moisture where maximum NO release is observedotithem soil
moisture @(opt). Figure 4.4 demonstrates a clear separation obgtieum gravimetric soil

moisture g(opt) for the two samples, 0.10 g/g and 0.18 g/g for the samples with 24% and 54%

clay respectively. Considering all soil samples, a wide rang¥(afft) was observed, ranging
from 0.04 g/g to 0.38 g/g.
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Figure 4.4. NO release J (normalised to the maximum) as a function of gravimetric soil moisture for two
samples (§t9 and §jt14) with 24% and 54% clay content, respectively. Typical error bars are shown.

As is shown in Figure 4.9,(opt) correlated positively with the clay content of the soil
sample (2= 0.75,n = 35). This indicates that maximum NO emissions from soil with a high
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clay content are observed at a higher gravimetric water content compared to soils with a low
clay content. This is due to differences in soil texture (particle size), which produce
differences in bulk density, with larger pore volumes for clay and smaller pore volumes for
sandy soil [Hillel, 1982]. For this reason, gravimetric water content (&) is usually converted to
volumetric water content (&) and water-filled pore space (8,s). Converting to Byps is thought
to compensate for texture differences and hence enables comparison amongst different soils.
In total, NO release was highest at 8,5 between 0.11 cm?*cm?® and 0.64 cm®/cm?. Figure 4.6
and Figure 4.7 present optimum soil moisture, expressed as optimum volumetric soil moisture
8,(opt) and optimum water-filled pore space B.ps(0pt) respectively, as a function of the clay
content of the soil samples. Figure 4.5, 4.6 and 4.7 basicaly reveal the same positive
correlation between optimum soil moisture and clay content, irrespective of soil moisture
quantity (gravimetric, volumetric, water-filled pore space), as can be seen in equations (4.7),
(4.8) and (4.9), respectively.

Gy(opt) = 0.04 + 0.004[Clay-content (r*=0.75,n = 35) (4.7)
B/(opt) = 0.08 + 0.003[Tlay-content (r’=057,n=235) (4.8)
Buips(opt) = 0.19 + 0.004[CTlay-content (r?=0.33,n=35) (4.9

However, the scatter increases considerably when changing moisture units from
gravimetric to volumetric to water-filled pore space, which is expressed by decreasing r? from
0.75 to 0.57 to 0.33, respectively. The larger scatter in Figures 4.6 and 4.7, as compared to
Figure 4.5, is induced by the uncertainty in the field bulk density (see section 4.3).
Consequently, in this study gravimetric water content was the more suitable parameter when
comparing amongst soils with a given soil texture. Other field studies presented optimum soil
moistures for NO emissions from measurement sites with different soil textures (see Table
4.1). The optimum field conditions for NO emission and their corresponding clay content,
from Table 4.1, were inserted in Figures 4.5, 4.5 and 4.6. The literature data correspond well
to the correlation between optimum soil moisture (irrespective of moisture-quantity) and clay
content that was observed in our laboratory studies.

So far, the presented NO release was determined as a function of soil moisture at a
constant temperature of 25 °C. In order to find whether the optimum soil moisture changes
with soil temperature, additional experiments were conducted for 2 samples (FNS and RBJ) at
17 °C and 33 °C. A significant change &f; with temperature could not be observed in our
data (data not shown). In contrast to our res@tsindmann et al. [1995] found a parabolic
relation between the optimum soil moisture for nitrification (NO production) and soll
temperature, with minimum optimum soil moisture at 20-25 ° C.



The effect of soil texture on nitric oxide release from soils in the Amazon 67

0.40 —
0.35 — E
0.30
0.25
0.20 —

g ort)

< 0.15 -

0.10 —
@ ullm
0.05 - 1

r°=0.75 n=35
m this study
o from literature
T T T T
20 40 60 80
clay content (%)
Figure 4.5. Optimum gravimetric soil moisture & (opt) as a function of clay content (data from the literature are

not included in the regression analysis).
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Figure 4.6. Optimum volumetric soil moisture &, (opt) as a function of clay content (data from the literature are
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As mentioned previously, WFPS is expected to compensate for differences in soil texture.
Hence, maximum NO release was expected at one specific value of Bueps (Opt), independent
of soil texture. However, Bueps (Opt) ranged from 0.11 to 0.64 cm’cm?®, and Beps (Opt)
increased with increasing clay content (Figure 4.7). Figure 4.8aand 4.8b present J (normalised
to the maximum) as a function of WFPS for two groups of soil samples with a clay content
below and above 30%, respectively. Data were grouped in 0.10 WFPS intervals. Presented are
the average values of J for the 0.10 WFPS intervals (closed circles). The box dimensions
represent the 0.10 WFPS intervals (horizontal) and the corresponding standard deviations
(vertical). Values of Jwidely range at each WFPS interval, for both texture groups (A and B).
Furthermore, there is a clear distinction in the optimum water-filled pore space for the two
texture groups (0.25 WFPS for A and 0.45 WFPS for B). This indicates that WFPS could not
account for differences in the optimum moisture conditions due to differences in the soil
texture and soil structure.
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Figure 4.8. NO release J (normalised to the maximum) as a function of WFPS for two groups of soil samples*
with clay content < 30% clay (A) and > 30% clay (B). Closed circles indicate average values of J (n=10in A)
(n =3 in B) for 0.10 WFPS intervals. Box dimensions around the averages indicate the 0.10 WFPS intervals
(horizontal) and the corresponding standard deviations (vertical) (* sample numbers are indicated in Table 4.2).
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4.4.2 Water release characteristics

Figure 4.9 presents the water retention curves for a selection of 5 soil samples having a
wide range of clay contents (10-81%). In general, soil moisture decreases with decreasing
(more negative) matric potential. Furthermore, when comparing results amongst different
samples, it is seen that at a given matric potefttigl the soil with the highest clay content is
wettest and soil moisture decreases with decreasing clay content.
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Figure 4.9. Water retention curves for a selection of 5 soil samples that cover a wide range of clay content.

The ability of the soil to retain water at a certain matric potential depends largely on the
soil structure. Fine-textured soils (relatively high clay content) generally contain a relatively
larger pore volume consisting of small pores. Similarly, coarse textured soils (with a more
sandy composition) contain a relatively smaller pore volume, mainly consisting of larger pores
[Monteith and Unsworth, 1990]. Smaller pore spaces introduce largerillaap forces.
Consequently, fine-textured soils will retain more water than coarse-textured soils at identical
matric potential. The pore size distributions of our soil samples (the individual contributions
of a certain pore size to the total volume of the pore space) were calculated from the water
retention curves and soil bulk density data, according to eq. (4.6).

Clay soil (M1) Loamsy sand soil (RELN)

-2 e

=30 g

Figure 4.10. Pore size distributions for () a clay soil (M1) and (b) aloamy sand soil respectively.
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Figure 4.10a and 4.10b present the pore size distributions for a loamy sand soil (RBJ)
and a clay soil (M1) respectively. More than 50% of the loamy sand pore volume consisted of
pores larger than 60 um, whereas the clay soil had approximately 70% of pores smaller than
60 um. These differences in soil structure, having smaller poresin the clay soil than the sandy
loam, are reflected in the different soil moistures at similar matric potential.

4.4.3 NO release as function of matric potential

As a quantity that takes into account differences in soil structure, gravimetric water
content from the NO release measurements was converted into matric potential (kPa), using
the corresponding water retention curves (see Figure 4.9). Figure 4.11 presents the normalised
NO release (asin Figure 4.8a and b) as afunction of the calculated matric potential. Data were
grouped in 2.5 matric potentia intervals. Presented are average values of J (closed circles).
Box dimensions represent the 2.5 matric potential intervals (horizontal) and the corresponding
standard deviations (vertical).
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Figure 4.11. NO release J (normalised to the maximum) as a function of matric potential *. Indicated are
averaged values of J for soil samples below (n = 10) and above (n = 3) 30% clay respectively. Box dimensions
around the averages indicate the 2.5 matric potential intervals (horizontal) and the corresponding standard
deviations (vertical) (* Samples areindicated in Table 4.2).

NO release was highest at ¢, between approximately —9 to —11 kPa. The parabolic
nature of the curve is a result of the simultaneously limiting processes of substrate diffusion
and gas diffusion, as was mentioned in the "Introduction". At very negative matric potential
(dry soil conditions), the substrate diffusion within water films (around soil particles) to
metabolically active sites is limited>fiffin, 1981; Zak et al., 1999]. In addition,Csonka
[1989] suggests that decreasing (more negative) matric potential increases ion concentrations
in soil solution, which causes microorganisms to accumulate ions in their cells in order to
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maintain osmotic balance. These high intracellular ion concentrations can alter enzyme
conformation and reduce microbial activity. Both arguments support the idea of low microbial
production of NO at low matric potential. At high matric potential (near zero), soils are near
saturation, and consequently the gas diffusion of NO through the soil pores to the atmosphere
islimited.

The striking result of Figure 4.11 is that both texture groups show maximum NO release
at ¢, closeto —10 kPa. This may be explained by the following. At a certain matric potential,
only pores with a certain pore size (capillary force) will be water-filled, and all pores larger
than those will have drained their wateDahielson and Sutherland, 1986]. Several
classifications of pore sizes exist that are based on the different functions of the pore size
classes in soiljuxmoore et al., 1990;Perret et al., 1999]]. In general, a distinction is made in
micropores (retain water), mesopores (regulate conduction of water by rapid capillary flow),
and macropores (responsible for aeration and rapid draifdge)dith and Unsworth, 1990].

Gas diffusion in soil is mainly through the relatively larger pores (meso and/or macropores),
whereas the micropores hardly contribute to the gas diffuSionrile, 1983].

Both texture groups had maximum NO releasgat —10 kPa, which is equivalent to a
pore diameter of approximately 3n (eq. 4.6). This suggests that soil conditions where the
relatively larger pores (>3@um) have drained (and smaller pores are water-filled) were
optimum for NO release from soil. By comparing the soils at the level of their pore size
distributions, differences in soil texture and soil structure are compensated, and therefore
maximum NO release was found at identiggl independent of soil texture. The situation
when large pores have drained has been described as field capacity (FC). Strictly, FC is
defined as the water content that the soil will hold after excess gravitational water has drained
away and after the rate of downward water movement has decredsboheyer and
Hendrickson, 1931]. For different soils, FC will be at different matric potentials (generally
between -5 and —33 kPislnteith and Unsworth, 1990]). In this study we find optimum field
conditions for NO emission at identical matric potential for all soils. Therefore, we could
suggest that maximum NO emissions were found at field capacity in the sense that the
relatively larger pores are open (enabling gas diffusion) and the small pores are water-filled
(enabling microbial activity), but not according to the strict definition of field capacity.

As in Figures 4.4 and 4.8a and 4.8b, the shape of the curve in Figure 4.11 is different for
clayey and sandy texture groups. Differences in the volume fractions of individual pore sizes
between clayey and sandy soils may explain the different responses of the (normalised) NO
release to a change in matric potential. The higher volume fraction of large pores in sandy
soils, compared to clayey soils, would result in a more dramatic impedance of the gas
diffusion at high matric potential. Hence, NO release would decrease more rapidly with
increasing matric potential in sandy soils than in clayey soils.
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4.5 CONCLUDING REMARKS

In this study, matric potential close to —10 kPa resulted in maximum NO release from all
soil samples (independent of soil texture), whereas other soil moisture quantities (gravimetric
water content, volumetric water content, and water-filled poaeegpdemonstrated different
optimum soil moistures for different soil textures. This suggests that soil structure (pore-size
distribution), rather than the soil texture (total pore volume) determined the optimum
conditions for NO emissions from soil. Soil structure (pore diameter) largely determines the
water retention propertiesi[llel, 1982], and directly affects the gas diffusion through the soil
[Currie, 1983;Jury et al., 1991;Borken and Brumme, 2000]. Thus, as a measure that takes
into account differences in soil structure, matric potential was the more suitable quantity in
explaining the optimum field conditions for NO release from different soil textures. Several
field studies have shown the use of matric poterBatken and Brumme [2000] tested the
relationships between GHbxidation rates, water-filled pore aq®, ¢, gas diffusion, and soil
temperature and foung, the best predictor for methane fluxes from sgak et al. [1999]
measured highest G@espiration in soil at a matric potential of —10 kPa and declining soil
respiration when matric potential decreased to —300 kPa. Unfortunately no data were
presented for matric potential between 0 and —10 kPa. In agreement with our fililhgs,
and Johnson [1964] presented maximum G@roduction and maximum nitrification in soils at
approximately —15 kPa, with lower rates at both higher and Igyer

This study dealt with NO release from soil samples in the laboratory. However, it has
been demonstrated repeatedly that these laboratory results can be converted into NO fluxes,
using a simple diffusion algorithm kyalbally and Johansson [1989]. Good agreement (5—
40%) has been obtained between calculated NO fluxes from laboratory experiments and NO
fluxes from field measurement&dlbally and Johansson, 1989;Remde et al., 1993;Rudolph
et al., 1996;Gut et al., 1999;0tter et al., 1999;Ludwig et al., 2000;van Dijk and Meixner,
2001b; Gut et al., 2001]. Thus, our results of maximum NO release from soils may be
equivalent to maximum NO emissions from soils at matric potential close to —10 kPa. It
should be investigated in the field whether our observed relation indeed holds for NO
emissions from soils, including soils outside the tropical region. If so, the use of matric
potential could simplify the prediction by models of NO fluxes from different ecosystems
(having largely varying soil textures). Matric potential is easily obtained from pedo-transfer
functions, using the water content and the soil texture (sand, silt and clay content). For
instance;Tomasella and Hodnett [1998] developed pedo-transfer functions for a wide range of
soil textures from the Amazon. Finally, please note that our results were normalised to the
corresponding maximum. Thus, although the use of matric potential could support the
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prediction of normalised NO emissions from soils with varying textures, it is still necessary to
predict the different magnitudes of individual emissions of NO from different ecosystems.
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CHAPTER 5

Sail nitrous oxide and nitric oxide emissions as indicator s of
the exceedance of critical loads of atmospheric N deposition in
seminatural ecosystems

U. Skiba, L. Sheppard, C.E.R. Pitcairn, |. Leith, A. Crossley, S. van Dijk,
V. H. Kennedy and D. Fowler

ABSTRACT

Elevated N deposition caused by ammonia emissions from poultry and pig farms, and
supplemented N concentrations in acid mist in field and chamber experiments increased soil
available NH," and NO3™ concentrations and emissions of N,O and NO. In a’pristin€’ soil, not
previously exposed to high N deposition rates, an initial threshold of 40 kg ha™ year™ was
reguired to increase N,O emissions. For all data described here on average 0.76% (range 0.2
to 15%) of the elevated N deposited was emitted as N,O. For soils exposed to long-term and
large N deposition rates N,O losses >3% of the N deposition rate were calculated. This
suggests that N,O losses of more than 3% of the N input can be indicative of soil ecosystems
where the N input exceeds its demand. For NO amore limited data set showed losses ranging
from 1.3 to 20% of the elevated N input. It was calculated that NH; emissions from all
intensive pig and poultry farms in Great Britain accounted for 18 t N,O-N year® and that
poultry farms accounted for less than 3t NO-N year™.

Also published in Environmental Pollution, 102, S1 457-461, 1998
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5.1INTRODUCTION

In the UK total annual N deposition ranges from <10 to >30 kg N ha™ y™ (INDITE,
1994). Large deposition rates are measured in close vicinity to cities, in rural areas in close
proximity of intensive livestock farms and in upland areas, receiving high rates of cloud
droplet deposition. Atmospheric N deposition in non- agricultural ecosystems therefore, can
present an important source of N, in some situations improving the growth of the vegetation,
while in others causing changes in plant species composition (Pitcairn et al., 1998) and
eutrophication of the ecosystem.

In soil, elevated inputs of N are known to increase rates of nitrification and
denitrification and associated production and emission of nitrous oxide (N,O) and nitric oxide
(NO) (Skiba et al., 1993). In the atmosphere, both gases are involved in important chemical
reactions. Nitrous oxide is a greenhouse gas and in the stratosphere is involved in reactions
leading to ozone destruction (IPCC, 1997). Nitric oxide is closely coupled to the production
of tropospheric ozone and acid rain (Crutzen, 1983). It is therefore important to quantify all
effects that lead to the increase of emissions of N,O and NO to the atmosphere. Here we
report on how elevated atmospheric N deposition rates to forests downwind from NH;
emitting poultry and pig farms and from field and open top chamber (OTC) experiments,
where varying rates of N have been applied as a fine mist to sitka spruce, Calluna vulgaris
and moorland grasses, increase soil emissions of N,O and NO.

52 SITE DESCRIPTION AND METHODS

Poultry farm A is situated in arural area of southern Scotland and houses approximately
120,000 birds managed on a 44-day cycle. Poultry farm B is situated in the central belt of
Scotland, in close vicinity of motorways and airfields, containing 340,000 birds. The pig farm
is situated in a rural area in eastern Scotland, containing 200 sows and about 2000 piglets.
The poultry farms have been operating for over 15 years and the pig farm for 46-years. All lie
in close vicinity to mixed woodlands. Atmospheric NH3 concentrations were measured by
passive diffusion along a transect of the prevailing wind direction above and below the
poultry and pig units over a one year period (1995 to 1996 at the poultry farms and 1996 to
1997 at the pig farm) (Pitcairn et al. 1998). Nitrous oxide was measured at several distances
(Table 5.1) downwind from poultry farm A on 5 occasions between September and
November 1995 and from poultry farm B and the pig farm on 5 and 3 occasions, respectively,
between May and August 1997. N,O and NO were measured from poultry farms A and B on
3 (A) and 2 (B) occasions in September/October and November 1997.
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Deepsyke Forest, in the Scottish borders, is a 10-year Sitka spruce plantation growing
on a drained moorland, in which groups of 10 trees were treated with acid mist at pH 2.5
(H,S0, and NH4NO5) providing 48 kg N ha™* y™ (single dose, S) or 96 kg N ha™* y™* (double
dose, D) and enhancing precipitation by 10%. The control at pH 5 provided 2 kg N ha* y™*
and annual wet and dry deposition of N contributed a further 6.7 kg N ha™ y* to all
treatments (Sheppard et al., 1998). Treatments were replicated over 4 blocks. Nitrous oxide
fluxes were measured between April and August during the first and second year of spraying.
Average weekly inputs of N for the measurement period were 1.7 (S 1996), 2.8 (D, 1996), 1.9
(S, 1997) and 3.7 (D, 1997) kg N ha*y .

Glencorse, SE Scotland, is an 18-year old, physiologically mature Sitka spruce
plantation growing on ex-agricultural land. Groups of trees were sprayed with acid mist as
above for the single dose. Control plots were not sprayed. Nitrous oxide and NO fluxes were
measured in July and September 1991, during the second year of treatment.

Intact peat monoliths (10 I) of pure Calluna vulgaris from a moorland in NE England
and moorland grasses with some Calluna from North Scotland were collected in 1995 and
were maintained in OTC's at ITE. Monoliths were sprayed 2 to 3 times per week with
simulated rainwater enriched with solutions of nitrogen (NH4NOs3) to provide an annual input
of 2, 20, 40, 60, 80 or 100 kg N ha™ y™ (Pardiwala, 1997). Nitrous oxide fluxes were
measured on 2 occasions 1 year after treatments started and on 5 occasions during the second
year of treatment.

Nitrous oxide fluxes at the farm sites and in the field experiment were measured by the
static chamber method. Small round frames (22 | volume) were inserted into the ground for
the duration of the experiment (MacDonald et al., 1997). In the OTC's, a 10 | box with a
stirring fan was fixed temporarily over the monolith and sealed to form a static chamber.
Chambers were sealed for 1 hour for flux measurement, when gas samples were withdrawn
by syringe and were analysed by ECD gas chromatography for N,O. Soil temperature was
measured and soil samples were collected for analysis of available soil NH," and NO;
(Grimshaw, 1989) and volumetric soil water content.

Nitric oxide fluxes were measured by the dynamic chamber method (Skiba et al., 1993).
Frames (0.95 m? x 0.15 m depth) were inserted into the ground onto which a0.55 m® Perspex
chamber was attached for the duration of the flux measurements. Ozone free air was pushed
through the chamber at a flowrate of 60 | min™, inlet and outlet air was sampled at intervals
of 3 min and was anaysed for NO, NO, by chemiluminescence and O; using a UV
photometric analyser.
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Table5.1. The effect of NH3 deposition on the soil available N concentrations and NO and N,O fluxes

Site and Total N N,O flux? NO flux® volumetric water
distance deposition* content
(m) (kgNha'y™ ugNm?h? pHgN m2h? m°m3
Poultry farm A

15 40.9 4.1(10.1)* 21.8 245 (33)*
100 22,0 1.7 (38) 33 38 (35)
276 11.4 1.4(2.4) 33 32 (30)
Poultry farm B
30 80.1 55.7 131.2 21.7
50 52.1 43.8 158.5 25.7
110 24.9 17.3 n.d. 40.5
250 174 12.9 79.6 29.8
Pig farm
15 56.3 8.4 n.d 204
34 37.7 11.3 n.d 19.2
116 23.6 38 n.d 33
1000 12 0.9 n.d 27

! NH; deposition was measured by passive diffusion for a one year period in 1995/96 at the
poultry farms and in 1996/1997 at the pig farm, oxidised N deposition rates were modelled

(INDITE, 1994).

2 mean flux from 3 chambers sampled on 3 (farm A), 7 (farm B) and 3 (pig farm) dates.
% mean flux from 2 chambers sampled on 3 (farm A) and 2 (farm B) dates, n.d = not

determined.

* valuesin brackets are means from 5 sampling occasionsin 1995 (Skiba et al, 1996).
Typical standard errors of the mean were 67% for N,O, 38% for NO and 18% for the

soil water content.
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53 RESULTSAND DISCUSSION

The poultry and pig farms were a source of NH3. Total annual N deposition rates at the
woodland edge, closest to the poultry and pig farm buildings were 41, 81 and 56 kg N ha™ y~
! respectively (Table 5.1). Deposition rates declined rapidly with distance away from the
farm buildings, and were reduced by at least 50% 100 m downwind, approaching
background, upwind values (12 to 17 kg N ha™ y™) at a distance of about 300 m from the
poultry houses and 1000 m from the pig farm (Table 1). The increased N deposition
downwind of the farms increased soil available NH," and NO;~ concentrations in a linear
fashion (Fig. 5.1). It is therefore not surprising to measure increased emissions of N,O and
NO in close vicinity to the livestock buildings (Table 5.1). Previous measurements at poultry
farm A showed that N,O emissions were positively correlated with soil available NH,* and
NOs™ concentrations (r* = 0.75 for NH," and r? = 0.62 for NO5~, Skibaet al., 1996).
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Figure 5.1. The effect of N deposition on the soil available NH4+ concentration downwind of poultry farm A
(1995) (e ), poultry farm B (1997) (m) and the pig farm (1997) (¥).

The largest emissions were measured from poultry farm B, which even at the control
site, emitted significantly more N,O and NO than at any site downwind of poultry farm A or
the pig farm. Large emissions coincided with significantly larger total soil available N
concentrations, in particular soil NOs™. Downwind of farm B mean soil NO;z™ concentrations
in samples collected between July and November 1997 (n = 4) were 65, 42 and 14 ug NO5™ -
N g dry soil 30, 50 and 250 m away, whereas the mean concentration in samples collected
16, 100 and 276 m downwind of farm A in September 1995 and September, November 1997
(n=28)wereonly 4.0, 1.8 and 1.1 ug NO5s™ - N g * dry soil.
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Differences in soil physical properties were unlikely to account for this large difference
in soil N between the sites. All soils were brown forest soils, with very similar volumetric
water contents (Table 5.1). The large NO5™ concentrations at farm B are difficult to explain
although, heavy vehicle and air traffic have probably increased the local total N deposition
above the value based on the 20 km? scale at which N deposition was modelled (INDITE,
1994).

Nitrous oxide and NO emissions expressed as a percentage loss of the elevated N input
((N2Onigh N input — N2Ogackground N input) / (high N input — background N input¥) 100 differed
widely between sites. Emission factors within a radius of 100 m of poultry farm A were 1.7%
for N,O and 2.2% for NO. The fractional emission losses, however, were much larger for
poultry farm B, receiving larger N deposition rates (6.3% fg lnd 13.6% for NO), and
the pig farm, which has been operating 46 years (12.7% f0).NBased on these emission
factors it was calculated that NHeposition within a 100 m radius of all poultry and pig
farms in the UK was responsible for <1 tON- N year* and <3t NO - N year™ for the
poultry farms and approximately 18 t N,O - N year™ for pig farms. Thisis asmall percentage
of the UK total soil N,O emission (68 kt N,O - N year™, Skibaet al., 1998).

Asin the above field observations also experimental applications of acid mist to mineral
soil (pH in CaCl, = 4.6) and organic soil (pH in CaCl, = 3) increased soil available NH," and
NO;~ concentrations and consequently emissions of N,O and NO. However, it was interesting
that for the mineral soil a response was observed when the acid mist treatment provided an
input of 48 kg N ha™, whereas only the 85 kg N ha™* treatment stimulated a response on the
organic soil. For the mineral, previously agricultural soil, during the second year of treatment,
an input of 48 kg N ha™* increased NO emissions 10 fold and N,O emissions and NO5~ about
5fold (Fig. 5.2).
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Figure 5.2. The effect of acid mist (Acid = 48 kg N ha™ year™) and adjacent control plots (empty bars) on soil
N concentrations and trace gas emissions at Glencorse, a mineral soil planted with sitka spruce. The bars represent
means and standard error of the means, n =4.
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On the organic soil an input of 85 kg N ha™ increased the emission of N,O and soil
available NH," concentrations during both spraying periods (p < 0.05, n = 8) from 3.6 to 10.6
ug NoO-N m? h and 8.7 to 13.2 ug NH,™- N g™ soil. The lack of response to the single dose
treatment suggests that most of the N applied was immobilised. However, continuous
applications of smaller rates of N will eventually exceed immobilisation rates and increase
N,O emissions, as suggested by a comparison of N deposition and N,O emissions at a low
atitude and high altitude sitka spruce plantations and moorland on acid peaty soils. This
study showed that even for an acid organic rich soil 1% of the increased N deposition at the
high altitude was emitted as N,O (MacDonald et al., 1997).

Restricted responses to N additions were also observed for the peat monoliths of
Calluna and moorland grasses. For both plant communities N,O emissions only increased
significantly when the N input exceeded 40 kg N ha™* y™* (Fig. 5.3). After the first year of
treatment N,O emissions from the grass monoliths were significantly smaller than from the
Calluna monoliths, especially for the 80 and 100 kg N ha™ y™ doses. This difference was not
observed after the second year of treatment. The Calluna monoliths were collected from a
moorland in NE England were N deposition rates exceed 30 kg N ha™ y™, whereas the grass
monoliths from the North of Scotland had only experienced N input rates of lessthan 15 kg N

ha ™ year™ (INDITE, 1994).
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Figure 5.3. The effect of increasing N concentrations in rain on the emissions of N,O from Calluna (open symbols) and
moorland grasss (closed symbols) 1 year (circles) and 2 years (triangles) after treatment started.
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Previous exposure to high N deposition rates, implies the presence of larger nitrifying
and denitrifying microbial communities, thus a faster response to further increasesin N input
compared to a soil not previously exposed to high N. This ‘memory effect’ of a soil can be
long lasting and may explain the differences in the behavioGalbfina and grass monoliths
and also the differences in response to acid mist at the ex-agricultural site (Glencorse) and the
peat (Deepsyke forestMosier et al. (1996) reported that for a prairie grassland in North
America the effect of N fertilization on .8 remained evident 12 and 13 years later.
However, for the monoliths, it is also possible that the competition from the grasses was high,
leaving less N available for microbial activities.

The enhanced JO emissions caused by increased deposition of atmospheric N
described in this work and from upland forests and moorlands by MacDeirelld(1997)
and Skibaet al. (1997) were expressed as percentage of the elevated N inputs. The spread in
% emission losses was large and ranged from —0.22 to 14.7%, with a median value of 0.76%
(n = 38) (Fig. 5.4). This median value is not unreasonable, the IPCC (1997) adopted a value
of 1% in their calculations of JO emissions from N deposition at the global scale. The
scatter of the data in Fig. 5.4 at first sight is alarming. However,,@lllbsses >3% were
calculated for soils that were exposed to long-term and/or large N inputs: poultry farm B with
unusually large NO and J®@ emissions, the pig farm with 46 years of continuous high N
inputs, the sitka spruce experiment on the ex-agricultural soil and the 100 k§yN' base
in the OTC's. This implies that a N,O emission >3% of the N deposited above background
values can be indicative of a soil ecosystem where N input exceeds its demand.
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Figure 5.4. The effect of N deposition on N,O emissions where N,O is given as a % of the additional N deposited to
arange of forest, heather and grass moorland sites reported in this study and in Skiba et al (1997). Open circles show
results from field measurements and closed circles from experimental applications of N. The solid line represents the
median % N,O loss (0.76 %), calculated from this data set.
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For NO the data was not extensive enough to draw such conclusions, but as for N,O,
emission factors were largest downwind of poultry farm B, where N deposition rates were
very high. It can be concluded from the above studies, that for a soil not previously exposed
to high N inputs, an initial threshold N deposition rate of at least 40 kg N ha™ year™ is
required before increasing the N,O emissions above background values. However long-term
exposure to relatively low elevated N deposition rates (as low as 10 kg N ha™* year ™ above
background deposition rates) can cause N,O to be emitted in excess of 3% of the annual N
input (Fig. 5.4). Thiswork suggests that measurements of soil N,O and NO emissions may be
useful asindicators of soils for which the supply of N exceeds its demand, and therefore may
also be indicative of other problems arising from excess N input, such as NO5~ leaching.
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CHAPTER 6

Nitric oxide emissions from forest soilsin the Netherlands

Saskia M. van Dijk and Jan H. Duyzer

ABSTRACT

Nitric oxide (NO) fluxes to the atmosphere were determined from different soil types in
coniferous forest and deciduous forest in the Netherlands. Dynamic chambers were used to
determine the emission every week throughout a year. Forest type and soil texture are
important parameters leading to large differences in fluxes between sites. High fluxes of up
to 178 ng m?s™ were observed in summer in a Douglas fir forest on a sandy soil. In anearby
beech forest, on the same soil, fluxes up to 63 ng m? s were observed. Emissions from
clayey soils in a beech forest were much lower, ranging from 0 to 14 ng m?s™. Besides the
important effect of the forest community type and the soil texture on the NO flux, a strong
positive correlation with soil temperature was observed (accounting for up to 70% of the
variance). Soil moisture could explain up to 60% of the variance of the NO flux. It seems
that an optimum range of intermediate moisture contents exists, ranging from 30% to 45%
dry weight, or from 55% to 85% water-filled pore space approximately, where high
temperatures lead to high emissions.

Also published in J. Geophys. Res. 104, D13, pp. 15955-15961, 1999
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6.1 INTRODUCTION

Nitrogen oxides, together with hydrocarbons, play an important role in atmospheric
ozone formation [Crutzen, 1983]. Furthermore, the oxidation of nitrogen dioxide to nitric
acid is a major contributor to acid precipitation [Logan, 1983]. Policies to reduce levels of
tropospheric ozone are often based on computer simulation models that rely on estimates of
emissions from all relevant sources of hydrocarbons and nitrogen oxides. Especially on a
global scale, the contribution of emissions of nitric oxide (NO) from natural sources to the
NOy, (NO plus other nitrogen oxides) budget is significant [Davidson, 1991]. Few data are
available on the emission rates of these trace gases from soils in temperate forests.

Earlier studies indicated that NO emitted from the soil is mainly produced by biological
nitrification, the oxidation of organic nitrogen and/or ammonium (NH,") to nitrate (NOs)
[Lipschultz et al., 1981], and denitrification, the reduction of nitrate NO;™ to NO, nitrous
oxide (N,0) and nitrogen [McKenny et al., 1982]. The NO flux from soil has been found to
be strongly positively linked to temperature [Semr and Seiler, 1984; Skiba et al. 1992]. A
very small temperature response of NO emissions to temperature has been observed from
extremely dry soils [Cardenas et al., 1993; Ludwig, 1994], indicating that soil moisture has
an important control on the NO flux. Also, a strong link between rainfall amount and NO
flux has been observed [Skiba et al., 1992]. Other controlling variables are the availability of
NO; and NH," [Galbally, 1989], soil acidity [van Cleemput and Samater, 1996] and organic
substrate [Senmr and Seiler, 1984]. Meixner [1994] gives a comprehensive review on the NO
flux from soil and the main regulating parameters.

The Netherlands Organization for Applied Scientific Research (TNO) coordinated a
European project (FOREXNOX) in which measurements of exchange rates of nitrogen
oxides were carried out in various forests across Europe. The aims of this study were to
establish NO fluxes at the soil-atmosphere interface in different forests as well as from
different soils and to determine key factors regulating this flux. For this purpose, experiments
were designed to cover a wide variety of conditions. These included measurements in areas
with high (Netherlands) and low (Scotland) nitrogen inputs from the atmosphere, in
deciduous and coniferous forests, and measurements from different soil textures (sandy and
clayey soils). In this paper, the measurements carried out in the Netherlands are presented.
Measurements were carried out throughout the year, which made it possible to determine
emissions under varying conditions with respect to soil temperature and wetness.
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6.2 METHOD
6.2.1 Experimental

Dynamic open chamber techniques as described by Mosier [1989] were used to
measure the nitric oxide flux from soil. The stainless steel chambers (1.50 x 0.30 x 0.25 m)
were sunk in the soil to about 0.10 m, giving a total volume of 0.0675 m®. Two fans were
attached to the Plexiglas lid on top of the chamber to achieve adequate mixing of the air
inside the chamber. The lid was placed on top of the chambers half an hour prior to the start
of measurements. Using a ventilator, ambient air was pushed through a funnel over the
enclosed soil within the chamber. The flow rate ranged from 0.008 to 0.010 m® s*. This
suggests that small pressure differentials, induced by pushing the air over the soil, were not
found to influence the NO flux. NO concentrations at the inlet and outlet of the chamber
were determined using a Thermo Environmental Instruments 42 W monitor based on the
chemiluminescent reaction between NO and ozone. The detection limit of the instrument was
0.1 ppb. Calibration of the instruments was carried out at the laboratory using permeation
tubes for NO, and primary standard for NO (50.03 ppm certified by the Dutch NMI). A
mobile calibration unit was used in the field prior to each measurement campaign. The
sampling procedure and data logging were controlled using a Campbell 21 X. Each
measurement sequence took about 1 hour, after which the Plexiglas lid was opened and
measurements were made from the next chamber. In addition several physical and chemical
aspects of the soil were monitored. Soil temperature, at a depth of 0.05 m, was recorded
simultaneously with the chamber experiments. The gravimetric water content of the soil was
determined for each experimental site.

From July 1996 to August 1997 NO fluxes were determined on one day every week at
Speuld in the central part of the Netherlands. In addition, NO fluxes were measured at
Hollandse Hout during two field campaigns in summer 1997. Table 6.1 presents various
physicl and chemical soil characteristics observed at Speuld and Hollandse Hout.
Atmospheric deposition levels are relatively high for both study areas, averaging 40 kg N ha*
y*and 30 kg Sha' y* [Heij and Schneider, 1991].

The study area at Speuld is a 35 year old forest stand which has several different
plantations all on identical coarse textured acidic soil (Table 6.1). In total three, permanently
installed, chambers were operational at Speuld, providing NO fluxes from three different
experimental plots. NO emissions were determined in a Douglas fir (Pseudotsuga menziesii)
plantation and a beech (Fagus) plantation. Since these two forest types were stocked on the
same sandy soil, results could be used to study the impact from tree species on the NO
fluxes. Additionally a third experimental site, situated within the Douglas fir plantation, was
weekly supplied with 8 ml of an ammonium/nitrate/sulfate solution, having concentrations of
0.042, 0.010 and 0.016 mol kg™ respectively. By this procedure, this site would receive an
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amount of nitrogen and sulfate equivalent to twice the normal annual deposition.
Table 6.1 Summary of the different experimental sites at Speuld (52°13'N, 5°39'E) and Hollandse Hout (52
°26'N, 5°28'E).

SPEULD HOLLANDSE

HOUT

Forest community Douglas Fir Douglas Fir Beech Beech

Soil texture Loamy sand Loamy sand Loamy sand Heavy clay

Soil classification Podsol Podsol Podsol Luvisol

Soil acidity (pH H;0) 37 37 37 6.8

Org.matter% (0-5 cm) 15 15 15 5

Org.matter% (>50 cm) 15 15 15 5

CaCOs% 0 0 0 1

NH,*/NO5 (mg N kg?) 49/38

Special N added

In addition to the continuous flux measurements at the study area at Speuld, two other
dynamic chambers were installed at Hollandse Hout in March 1997. NO flux measurements
were determined from two identical sites at Hollandse Hout during two field campaigns of
several days in summer 1997. The study area at Hollandse Hout is a beech (Fagus)
plantation in a 25 year old forest which has several different forest communities. The soil has
a very fine soil texture, consisting mainly of heavy clay (see Table 6.1). Comparison of the
NO fluxes from the beech plantation at Speuld (sandy soil) and the beech plantation at
Hollandse Hout (clayey soil) could be used to study the impact of soil texture on the NO
flux.

6.2.2 Calculation

The NO flux was calculated from the difference in NO mixing ratios [ppb] between inlet and
outlet of the dynamic chamber and was corrected for bias due to chemical reactions between
NO, NO;, and O3 (see below). The fluxes were calculated from the following equation:

_[R(Cou-Ca)+ FuIMN
FNO— H;(Cout'Cm)"‘ FCD[BW (61)

Where Fyo [ ng NO-N m? s] is the NO flux, Q [m®s?] is the flow rate through the
chamber, A [m?] is the area enclosed by the frame and V, [m® mol™] and My [kg mol™] are
the molar volume and molar weight of nitrogen respectively. F is a factor used to correct
for the amount of NO consumed in the reaction with O; (to form NO,), taking place in the
enclosure, and can be found by estimating the average reaction rate in the enclosure during
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monitoring. Air was alternately sampled and analyzed at the chamber inlet and chamber
outlet, switching every 3 minutes. Preliminary analysis of the data showed that a sudden
unambiguously high or low ambient NO mixing ratio could result in errors in the calculated
flux. Therefore, the NO flux was numerically filtered to prevent bias from strong variations
of the ambient NO mixing ratios. Averaging two successive NO mixing ratios of the ambient
air effectively removed sudden leaps and proved to be a good method to reduce the variance
in the calculated NO flux. Only a few flux measurements with large fluctuations of the NO
mixing ratios at the inlet were rejected. In total approximately 4000 successful 6 minute NO
flux measurements resulted in 300 hourly average NO emission rates. The data set was tested
for normal distribution (histograms) and parametric statistical tests (t tests) were used to
determine significant differences between experimental sites.

6.3 Results and Discussion

Figure 6.1 presents the hourly averaged NO emissions observed at the different
experimental sites at Speuld and Hollandse Hout. The NO fluxes were found to differ
considerably throughout the measuring period. The NO fluxes at Speuld were very high,
varying from hardly detectable in winter to 180 ng m? s in summer in a Douglas fir and up
to 65 ng m? s in the beech plantation. The average observed NO flux from the beech
plantation at Hollandse Hout ranged from 0 to 15 ng m s™.
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Figure 6.1. Hourly averaged NO fluxes observed at the different experimental sites at Speuld and Hollandse Hout.
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Maximum NO fluxes are found during summer and minimum NO fluxes are found during winter. Open squares =
Douglas fir, sandy soil; closed circles = Douglas fir extra N sandy soil; open triangles = Beech, sandy soil; crosses =
Beech, clayey soil.

Compared to results from other relevant studies, the NO fluxes observed at Speuld and
Hollandse Hout were relatively high. In analogue studies in temperate coniferous forests in
Germany and Norway, NO fluxes were reported, ranging from 0.14 to 6.7 ng m? s* [Papen
et al., 1993] and from 0.3 to 21 ng m? s* [Pilegaard et al., 1998] respectively. The relatively
high NO fluxes observed during our study may well result from the high atmospheric N
deposition. Butterbach-Bahl et al. [1997] also found relatively high NO emissions up to 28
ng m? s* and 40 ng m? s* from sandy soils in deciduous and coniferous forest respectively.
These values were thought to originate from the high annual atmospheric deposition level of
35kg N ha' y*, comparable to the N deposition at Speuld.

6.3.1 Soil Temperature

As amicrobiological process, nitric oxide production is strongly linked to temperature,
causing higher fluxes from soil in summer. At most 70% of the variance in the determined
NO flux was explained by soil temperature. Figure 6.2 shows the NO emission as a function
of temperature for all sites. The activation energy was 85 kJ mol™, as was calculated
according to the Arrhenius eguation for data from the Douglas fir stand on sandy soil. At this
experimental site NO fluxes were determined during a complete year. The activation energy
agrees well with values reported in other studies, ranging from 44 to 103 kJ mol™ [Johansson
and Granat, 1984; Skiba et al., 1992]. This indicates a 2 to 3 fold increase in the NO
emission for each 10 degrees rise in temperature, as is commonly observed for
microbiological processes [Focht and Verstraete, 1977; Galbally, 1989].
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Figure 6.2. NO flux related to the temperature. The activation energy calculated according to the Arrhenius equation for
data from Douglas Fir on sandy soil is 85 kJ mol™. Symbols are asin Figure 6.1.
6.3.2 Soil Moisture

As s shown in Figure 6.3, a high NO emission rate was found particularly at a high soil
temperature. Furthermore it can be seen that maximum fluxes were observed at a specific
range of soil moistures. If soil conditions are extremely dry, the microbial community suffers
from water stress, limiting the biological production of NO. For instance, Cardenas et al.
[1993] found hardly any effect on soil temperature at very dry soil conditions. Severa
studies have shown an explosion of NO emissions after wetting extremely dry soil,
suggesting that the NO production in soil was water limited [Johansson et al., 1988; Meixner
et al., 1997; Scholes et al., 1997]. On the other hand, when soil pores are filled with water,
this drastically affects the escape of NO to the atmosphere [Galbally, 1989]. An optimum
soil water content offers sufficiently moist conditions to enable microbial activity without
disabling gas diffusion through the soil.

Sl b erabing [Celcan]

B od i ooniee (d sk )

Figure 6.3. NO emissions from the sandy soil site in the Douglas fir plantation related to both the temperature and the
soil water content. High NO fluxes are restricted to a relatively high soil temperature, and maximum fluxes are observed
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at a certain intermediate range of soil water content (30%-45% dry weight).

Laboratory studies [Linn and Doran, 1984] indicated that production of trace gases
(CO,, NYO) in sail through aerobic microbial processes is at a maximum at a water-filled
pore space of 60% (Water-filled pore space is the ratio of volumetric soil water content to
total soil porosity [Hillel, 1980]). Water-filled pore space of 60% appeared to be the
threshold between water limiting and aeration limiting processes and was also suggested to
be the optimum for NO emission from soil [Davidson, 1993].

During our experiment, maximum NO fluxes from sandy soil in coniferous forest were
found at a soil water content varying between 30% and 45% (dry weight), at a water-filled
pore space (WFPS) between 55% and 85% (Figure 3). NO production is possible not only
through aerobic nitrification, but also through microbial processes under anaerobic
conditions [Firestone and Davidson, 1989] and therefore the optimum soil water content for
NO emission may be higher than 60% WFPS.

The range of optimum water content is well in line with the field capacity of the sandy
soils at Speuld, approximately 85% and 40% WFPS, in the soil layers from O to 0.06 m and
from 0.08 to 0.14 m. depth respectively. Compared to our findings, results from a study in
Venezuela showed maximum NO emissions from a sandy soil at a much lower water content,
ranging from 10 to 20% (dry weight) [Cardenas et al., 1993].

Possibly, in a certain region, the established microbial community has adapted to the
prevailing environmental conditions. Therefore, the optimum soil water content at which
microbial production, together with gas diffusion, leads to maximum NO emission depends
on the water regime of the study area. This implies that the optimum soil water content for
maximum NO emission under slightly wetter soil conditions (the Netherlands) would be
higher than for dlightly dryer conditions (Venezuela), explaining the relatively higher
optimum soil moisture found during this study.

6.3.3 Atmospheric nitrogen input

Figure 6.1 shows NO fluxes from two experimental sites in a Douglas fir forest at
Speuld, having two different annual atmospheric N deposition levels. There is widespread
evidence that the availability of organic and inorganic nitrogen in soils has a strong impact on
NO emission rates [Semr and Seiler, 1984]. For instance, the average NO flux from soilsin
a Sitka spruce forest in Scotland changed from 0.53 ng m? s™ to 4.6 ng m? s* upon addition
of nitrogen containing acid mist [Skiba et al., 1994]. However, the experimental site at
Speuld that received an additional amount of nitrogen in addition to the annual atmospheric
deposition level was not found to have significantly higher NO emissions.

It is thought that the high annual deposition levels of N and S from the atmosphere at
Speuld (40 kg ha'y™® and 30 kg ha'y™ respectively [Heij and Schneider, 1991]) have
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saturated the soil with nutrients. Addition of extra N would therefore not result in an increase
in the NO flux from soil. This finding is in line with experiments carried out by Koopmans
[1996] who showed on the basis of nitrogen leaching experiments that soils at Speuld are
indeed nitrogen saturated.

Table 6.2. Comparison of the hourly average NO emissions (average and standard deviation) for the
different experimental sites at Speuld and Hollandse Hot.

Location Measuring period Average flux St.dev n Significant difference
ngm?st

Douglas Nov 96 - Aug 97 320 21 46

Douglas N added Nov 96 - Aug 97 39.0 16 46 No

Douglas sandy soil  May 97 — July 97 49.7 29.7 20

Beech sady soil May 97 — July 97 20.6 6.1 20 Yés

Beech sady soil May 97 - July 97 21.7 6.4 21

Beech clayey soll June 97 - July 97 3.2 4.8 21 Yes

INO fluxes are significantly different (p<0.01) by paired t-tests.

6.3.4 Sail texture and forest type

Figure 6.1 and Figure 6.2 show that differences in forest type, or differences in soil
parameters due to differences in forest type, influenced the NO flux from soil. Table 6.2
compares the average NO flux and standard deviations found for the different experimental
sites. NO emission rates from sandy soil in Douglas fir forest were approximately 30 ng m?s
! higher than NO fluxes from sandy soil in beech forest. It remains uncertain which soil
properties could have caused the higher flux from soil in coniferous forest, since the physical
and chemical soil characteristics that were monitored at the two different experimental sites
were al similar. The soil NH," and NOs concentrations, found to be strongly positively
linked to NO fluxes [Semr and Seiler, 1984], were unfortunately not measured at the
different experimental sites. Similar experiments in Germany also demonstrated a smaller
NO flux from soil in deciduous forest than from soil in coniferous forest. These differences
were suggested to arise from differences in the soil microbial populations/processes and
different turnover ratios of organic matter due to differences in litter quality [Butterbach-
Bahl et al., 1997].

Another possible cause for the difference could be the influence of the leaves on the
penetration of direct sunlight, thereby increasing soil temperature in the coniferous forest
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compared to deciduous forest, or the difference in throughfall amount and composition on
soil processes. In a beech forest, most of the nutrients reach the soil through stem flow,
making inorganic nitrogen compounds available for NO flux processes mainly directly
around the stem [Thimonier, 1998]. Also, coniferous forest has been found to take up more
atmospheric nitrogen than a beech forest [Schaeffer, 1990], this would result in a higher
inorganic nitrogen concentrations in soil, and therefore in a higher NO flux from soil under
coniferous forest compared to beech. In a study concerning soil gas transport, Ball et al.
[1997] found an impact of the structure of the leaf litter layer on the gas diffusion from soil.
The laminar structure of a bed of deciduous leaves, compared to that formed by coniferous
needles induces a barrier to gaseous diffusion. This is in line with our findings, where a
smaller NO flux from soil within a deciduous plantation compared to coniferous forest was
observed. The very large difference observed during our experiments in the emission rates
from the two forest types indicates that the forest community is of major importance to the
NO flux from soil.

Table 6.2 shows the average NO fluxes from two different soil textures. The NO
emission rates from sandy soil were higher than the NO emission rates from clayey soil, on
average differences of approximately 20 ng m?s™ were observed. The total pore volume of a
fine textured soil (clay) is somewhat larger, but the pores itself are smaller than those of the
coarse textured sandy soils [Hillel, 1980]. It is suggested that —under similar field conditions-
molecular diffusion was slower through the smaller pores in the clayey soil, and that the
microbiologically produced NO gases were consumed in various reactiam<leemput
and Samater, 1996]. Butterbach-Bahl et al. [1997] andPapen et al. [1993] reported a
reduction in the NO flux from a spruce forest floor when liming the soil (de-acidification).
This is in line with our findings of smaller NO fluxes from the less acidic clayey soils at
Hollandse Hout, when compared to the high fluxes observed at the acidic sandy soils at
Speuld. Under the acidic conditions (pH<5.5) and high levels of organic matter at Speuld,
nitrite (NO,) can spontaneously decompose to form &t@ NQ [Nelson, 1982]. This
chemical denitrification has been shown to contribute considerably to the NOvéox [
Cleemput and Samater, 1996]. Whether differences in soil texture alone or additional soll
characteristics, such as soil pH, are responsible for the larger NO flux from sandy soil
remains unresolved.

6.4 Concluding remarks
From our study it can be concluded that the environmental factors controlling emissions
of NO from soil are soil temperature and water content. Our studies showed that the NO flux
from soil is positively correlated to soil temperature, a rise of 10 degrees in the temperature
doubling the microbial production rate of the trace gas. Maximum emission rates from soil
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observed at an intermediate range of soil moisture contents, where conditions stimulating
both microbial production and molecular diffusion are optimal. Our results show maximum
NO emissions from soil at a soil water content ranging from 30 to 45% dry weight, or from
55% to 85% WFPS respectively.

Across the landscape, differences in soil texture and forest community type are
probably the most important parameters. Differences in the NO flux between sandy and
clayey soils can be very large. The forest type most likely introduces differences in the
microbial community and in the leaf litter covering the forest floor, hence strongly influences
both NO production and gas diffusion from soil. Also, differences in stem flow and
throughfall of different forest species determine the soil nutrient content. The emissions
observed in our studies in the Netherlands were very large. It has been suggested that these
large fluxes are linked to the large input of nitrogen from the atmosphere in these regions. An
artificially increased nitrogen input from the atmosphere, however, did not increase the NO
emission. This phenomenon is probably linked to the soil already being saturated with
nitrogen.

On the basis of our study and literate information we conclude that when estimating the
NO flux from natural environments on regional scale it is important to take into account
differences in forest type, soil texture and perhaps even nitrogen input from the atmosphere.
These quantities are likely to differ on a regional scale and are found to have a major
influence on the magnitude of the NO flux from soil.
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CHAPTER 7
CONCLUSIONS, OUTLOOK AND RECOMMENDATIONS

7.1 Conclusions

Removal of trace gases from the atmosphere takes place mostly through oxidation
processes that involve reactions with hydroxyl radicals (OH) and ozone (Os). Because of
favourable conditions for the formation of OH radicals in the tropics, about 70% of the
oxidation of gases occurs in the tropical troposphere. Nitrogen oxides strongly influence the
oxidative capacity of the atmosphere, especially by the catalytic behaviour of nitric oxide
(NO) in the photochemical formation of Os. Special notice has been given to the Amazon in
South America. This tropical ecosystem, which covers a vast area of 7 million km? and
contains amost half of the world’s undisturbed tropical evergreen forest, is facing rapid
deforestation and cultivation. As a result of changes in the physical and chemical soil
properties (such as nutrient turnover rates, nutrient pools, and bulk density), major changesin
the biogenic emissions of NO from soils can be expected and hence the budgets of trace
gases in the troposphere may be altered.

In this study, biogenic NO emissions from soils were quantified from laboratory results
of NO production and consumption in soil samples, and the in-situ measured NO diffusion
through soil. Earlier studies have already shown good agreement between laboratory derived
NO emissions, and NO emissions that were measured in the field [Galbally and Johansson,

1989; Remde et al., 1993; Rudolph et al., 1996b]. In more recent studies, a standard NO flux

was derived from laboratory experiments at reference conditions (soil temperature and soil
moisture), and multiplied by the relations of net NO emissions with soil temperature and soil
moisture [Yang and Meixner, 1997; Otter et al., 1999]. These studies also showed good
agreement (10-80%) between the two methods. However, net NO emissions generally are
the result of simultaneous production and consumption of NO in soil, which depend
differently on their controlling parameters (see section 1.4). Therefore, in the present study,
the original algorithm byGalbally and Johansson [1989] was modified to include the
individual relations of NO production and consumption with respect to soil temperature and
soil moisture. Finally, using the modified algorithm, NO emissions were quantified for a
primary forest soil and a 22 year old pasture, over a period of 4 weeks.

The laboratory derived NO emissions agreed well with the NO emissions from field
measurements with dynamic chambers (see section 3.4). In some cases there were significant
discrepancies between the two methods. However, considering the average NO emissions
over the full measurement periods, good agreement (5-40%) was observed for both of the
two very different ecosystems (see section 3.3.4.2). The difference in the NO emissions
between the forest and the pasture soil was approximately one order of magnitude.
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Considering the large variety of ecosystems, NO emissions may even vary over 4 orders of
magnitude [Davidson and Klingerlee, 1997]. This indicates the potential of these laboratory
studies to determine NO emissions from various ecosystems on a cost-effective basis,
compared to the more expensive field studies. In addition, these laboratory studies offer the
possibility to examine the individual processes of NO production and consumption under
controlled conditions with respect to their controlling parameters (e.g. soil temperature, soil
moisture, soil acidity and nutrient content). Thisis donein order to study the effects of these
controlling parameters on the NO production and consumption in detail, and find
explanations for the differences in the NO emissions between ecosystems, and for the
temporal differences within one ecosystem.

Our observations showed that NO production in soils from old pastures was much
smaller than in soils from primary forests (see sections 2.3.1 and 3.3.1). Rates of NO
consumption were similar in both soils, indicating that the conversion from forest to pasture
did not alter the consumption processes significantly (see sections 2.3.2 and 3.3.2).
Differences in the NO production may reflect differences in the nutrient contents of the forest
and pasture soils. Whereas the total inorganic nitrogen concentrations (sum of NOs;~ and
NH,4") were approximately equal in the pasture and forest soils, the relative proportions of the
inorganic nitrogen species were different (see section 2.2.1). Forest soil contained higher
concentrations of nitrate and lower concentrations of ammonium than pasture soil, which
could explain the differencesin NO production (see section 2.3.3).

It is still not clear in the literature under what circumstances NO;~ and/or NH," are
consumed as substrates for the production of NO. It is generally thought that NO is produced
under anaerobic conditions by the reduction of NOs~ (denitrification), and under aerobic
conditions by the oxidation of NH," and organic N (nitrification) [see Conrad, 1996a]. We
studied the response of NO production to the addition of solutions of KNO3z and NH4CI in
relatively wet soils from forest and pastures. NO production increased after adding
exogenous NOs -, and not after NH," (see section 2.3.3). This indicated the potential for NO
production through the consumption of NOs™ (denitrification, nitrate-respiration or DNRA).
However, it is not said that this is the dominant microbial process responsible for NO
production in these soils. In fact, the relative proportions of the inorganic nitrogen
concentrations might even suggest otherwise. The high concentrations of NOs™ in forest soil
suggest arapid turnover of nutrients from NH," to NOs~, whereas low NO;~ concentrations in
pasture soil suggest a slow cycling of nutrients [e.g. Davidson et al., 2000]. Higher NO
production in forest soil could thus arise from rapid nitrification in the microbially active
forest soil compared to the more conservative pasture.

Furthermore, chemica reactions (chemodenitrification) may have contributed to the
production of NO, as is suggested by the observed positive correlation of NO production with
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soil acidity (see section 3.3.1.1). In the acid, organic rich soils of the primary forests, NO,”
and HNO, become chemically unstable and decompose to produce NO [Blackmer and
Cerrato, 1986; Serca et al., 1994]. Chemodenitrification would be less important in the
pasture soils, where pH values are closer to neutral. Thus, chemodenitrification could explain
the higher NO production in forest soils compared to pastures. However, it must be stated that
high soil acidity and high NO production was exclusively found in forest soils, whereas more
neutral soil pH and low NO production were restricted to pastures. Perhaps other soil
processes and/or parameters that so far have not been identified could explain the differences
in NO production as well as the differencesin soil pH between the forest and pasture soils.

Another soil parameter that is generally strongly influenced by the conversion from
forest to pasture is the soil bulk density. Our observations showed that the soil bulk density
of a 22 year old pasture (1.56 g/cm®) was much higher than the primary forest soil (1.33
g/em?). Both soils consisted of similar soil texture (loamy sand). Therefore, the increase in
the soil bulk density suggests the effect of soil compaction by cattle and machines on
pastures. Soil compaction decreases the total pore volume, and hence decreases the gas
diffusion in soil. Differences in the soil structure, or in the pore size distributions, between
the forest and pasture soils also suggested a diminished gas diffusion in pasture soils. Gas
diffusion takes place mostly through the relatively large pores [Currie, 1983], and
particularly the fraction of larger pores was reduced in pastures compared to forest soils (see
section 3.3.3). Indeed, field measurements confirmed that the gas diffusion was
approximately 23% less effective in pasture than in forest soil [Kirkman et al., submitted].
However, the reduction in the biogenic NO emissions from pasture soil compared to forest
soil was mostly due to a reduction in the NO production. Production of NO was
approximately 10 times smaller in pasture soil, whereas the diffusion of NO through the soil
was 23% less effective in pasture soil compared to forest soil. The combination of these two
factors resulted in approximately 11 times smaller NO emissions from the 22 year old
pasture compared to primary forest soil (see section 3.4).

In order to be able to predict NO emissions from soils over large regions, it isimportant
to develop a better understanding of the controlling behaviour of the moisture content on
these biogenic emissions. Some uncertainties exist concerning the optimum moisture
conditions under which maximum NO is emitted from the soil. Our results showed that soils
with different soil textures have widely varying optimum moisture conditions, ranging from
0.04 to 0.38 g/g (0.11 to 0.64 water-filled pore space). Moreover, optimum soil moisture
correlated with the clay content of the soil samples. Strong correlation between optimum soil
moisture and clay content was observed for al moisture units that were compared
(gravimetric water content, volumetric water content and water-filled pore space). Of these
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three moisture units, gravimetric water content appeared the best parameter to compare
optimum soil moisture conditions amongst soils of a given soil texture (see section 4.4.1).

The observed correlation between optimum soil moisture and clay content can be
explained by differences in the soil structure of the soil samples. Clay soils generally have
larger total pore volumes compared to sandy soils. This indicates that clay soils can contain
more water than sandy soils. Furthermore, clay soils generally have relatively small pores,
whereas sandy soils consist mainly of relatively large pores. Because of these differencesin
the pore sizes, clay soils generally have stronger water retention properties than sandy soils
and therefore retain more water under identical circumstances. This was confirmed by
laboratory measurements on the Brazilian soil samples. A simple water retention table was
used to determine the moisture content of the soil samples for a range of given matric
potentials. At identical matric potential, it was observed that soil samples with a higher clay
content retained more water than sandy soils (see section 4.4.2). The results from these
experiments were compared to the observed optimum soil moistures for the different soil
textures.

For all soil textures, maximum NO emissions were found at identical matric potential.
At this particular matric potential, water had drained from the relatively large pores, whereas
the small pores were still water-filled. It was suggested that NO is produced in the small
water-filled pores, while the diffusion of NO from the soil to the atmosphere occurs mainly
through the relatively large open pores in the soil. This explains that all soil textures
demonstrated maximum NO emissions at identical matric potentia, where the large pores
were open for diffusion. Because of the aforementioned differences in the soil structure, soils
with different clay contents had largely varying soil moistures at this particular matric
potential. Clay soils, with relatively small pores, retained more water, and consequently had a
higher moisture content than sandy soils. Hence, the observed correlation between optimum
soil moisture and clay content of the soil samples. By accounting for these differencesin the
soil structure (pore size), optimum soil moistures could be described independent of sail
texture (clay content).

Finaly, our findings could be used to simplify the prediction of NO emissions from
soils with different textures within the Amazon. As was mentioned above, maximum NO
emissions were observed when only the relatively large pores had drained. Pedotransfer
functions exist for a range of soil textures, that describe their corresponding water retention
characteristics. Using the pedotransfer function for a given soil texture, the soil moisture
content can be determined at which the relatively large pores are open for diffusion. For a
wide range of soils within the Amazon with largely varying soil textures, these pedo-transfer
functions have already been measured [Tomasella and Hodnett, 1998]. Together with our
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findings, these could be used to predict the soil moistures at which maximum NO is emitted
from soils with different soil textures.

It should be noted that our results can only be used to find the optimum moisture
conditions at which maximum NO emissions are found for the different soil textures. The
magnitude of the NO emissions will be different for each of the individual soils, and till
depends on the controlling parameters, such as microbial activity, substrate availahility, soil
acidity, soil moisture and soil temperature. In order to be able to predict the magnitude of the
NO emissions for the individual soils, we propose that the observed positive correlation
between the NO production and soil acidity could be used, to indicate high NO emissions
from soils with high soil acidity and low NO emissions from soils with neutral pH-values.

7.2 Outlook

At afirst glance, our findings of lower biogenic emissions of NO from pastures than
from forest soils seem to imply a potential reduction in the photochemical formation of
ozone. However, several other indirect effects of the conversion from forest to pasture on the
tropospheric NO budget should be taken into consideration.

* Although the forest soils demonstrated the highest emissions of NO, not all of the NO
that is emitted from the forest floor escapes the canopy to the atmosphere. Within the canopy,
NO is rapidly converted (by Os) to nitrogen dioxide (NO,), which can be deposited on the
soil and on leaf surfaces [Kaplan et al., 1988]. This greatly reduces the flux of NO into the
atmosphere. Ammann et al. [1999] and Rummel et al. [submitted] quantified the net NO flux
that escapes the forest canopy into the atmosphere. Figure 7.1 a and b present two situations
within the forest canopy, during the day and the night respectively.
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Figure 7.1 Temperature profile and schematic of the in-canopy situation during day (a) and night (b).
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During daytime (Figure 7.1 &), warm air in the top of the canopy and colder
temperatures in the shadow of the canopy near the soil provide stable conditions. During
these stable conditions, almost all NO can react with Os (entrained from above the canopy) to
form NO,, which in turn is partly deposited on the soil and on leaf surfaces within the
canopy. Consequently, during daytime, less than 10% of the soil emitted NO escapes the
forest canopy into the atmosphere [Rummel et al., submitted]. At night however (Figure
7.1 b), the temperature profile within the forest canopy is reversed, since the air in the top of
the canopy experiences strong radiative cooling. Mixing of the colder air from above, with
warm air near the surface maintains the turbulence within the canopy [Fitzarrald and
Moore, 1990]. This causes some of the NO to be swept out of the canopy into the
atmosphere. Due to the large differences during day and night, it is not easy to define how
much in total of the NO soil emissions reaches the atmosphere. It has been concluded that the
net NO flux from the forest system out of the canopy to the atmosphere is small compared to
the NO emission from the forest soil [Ammann et al., 1999; Jacob and Wosfy, 1990; Rummel
et al., submitted]. However, which fraction of the NO,, that is formed within the canopy by
the reaction of NO with O3, is re-deposited onto soil and leaf surfaces and how much escapes
the canopy into the atmosphere is still largely unknown [Lerdau et al., 2000].

While only a small fraction of the NO that is emitted from the forest soil escapes the
forest canopy, NO that is emitted from pasture soil directly enters the troposphere. The
reduction of the NO flux out of the canopy by reaction with Oz and deposition of NO, within
the forest canopy should be taken into account when comparing biogenic emissions of NO
from forest and pasture soils.

 Although old pastures generally emit less NO than forest soils, recently burned
pastures have shown enhanced NO emissions for a period of 1-5 years Keller et al., 1993;
Neff et al., 1995]. This has been explained by enhanced availability of nutrients directly after
slash and burn of the forest. Besides increasing the nutrient stocks in soil, the ashes introduce
high concentrations of basic cations that raise the pH in soil, which further enhances the
availability of nutrients, and consequently stimulates the productivitydgn, 1989].
Increased microbial activity, related to the higher availability of nutrients, enhances the NO
emissions from recently burned pasture soils.

« The combustion of forest biomass during the conversion from forest to pasture results
in large pyrogenic emissions of NO and hydrocarbons. Recehtlyreae and Merlet
[submitted] presented a review on the emission factors (g spectessykmatter burned) for
a large variety of compounds that are emitted during the combustion of severa different
biomass sources. The authors estimated that approximately 1.6 + 0.7 grams of NO, (mostly
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as NO) are released per kilogram of dry matter during the combustion of tropical forest,
resulting in approximately 1.0 Tg N year™ for this source aone on a global scale. For
comparison, on a global scale, soil emissions of NO are estimated to contribute
approximately 4.76 or 5.5 Tg N year™ (see Table 1.1). It should also be mentioned that NO
emissions from soil occur continuously throughout the year, whereas pyrogenic NO
emissions from biomass burning are mostly restricted to the dry season. Thus, the individual
contributions of these sources to the NO, budget vary over the year, and pyrogenically
emitted NO may be a very strong source compared to the biogenic NO emissions in the dry
(burning) season.

« Each year, an area of about 75,000 km? is burned within the Brazilian Amazon
[Nepstad, 1999a]. About 25% of this area was primary forest that has been actively
deforested. About 75% of the total burned area had already been deforested previously, or
was primary forest that burned accidently due to increased susceptibility to drought and
escaping fires from other locations. Selective logging of primary forest, damages the forest
and increases its susceptibility to fires in times of drought, which can lead to accidental
deforestation of primary forest [Nepstad et al., 1999b]. After the initial burn to clear the
forest, the land is used for shifting-cultivation agricultural practises and cattle pastures. These
land uses generally require additional burns, in order to clear the invaded pastures and
enhance soil productivity. This indicates that after the initial combustion of primary forest,
the pastures remain a source of pyrogenically emitted NO. The emission factors of NO, from
the combustion of grassland are even larger than those from the combustion of tropical
forest, 3.9 + 2.4 and 1.6 + 0.7 grams of NO, kg™ dry matter burned respectively [Andreae
and Merlet, submitted]. These pyrogenic emissions (initial and additional burns) are a major
source for the global budget of NO, in the troposphere, contributing approximately 6.0 or 7.0
TgN year™ (see Table 1.1).

* Further agricultural activities on the deforested land demand the application of
fertilizers, since crop productivity decreases sharply over the course of cultivation after forest
conversion. The following information is from Jordan [1989]. After an initia increase in the
nutrients and pH by the input of ashes into the soil, nutrient stocks decline gently, and
available phosphorus declines rapidly as a result of acidification of the soil. About 3 years
after conversion of the forest, the organic matter from the original forest biomass has
disappeared, and nutrients are no longer replenished in soil. Crop productivity therefore
depends strongly on the application of fertilizer to the soil. It is well known that soil NO
emissions increase after the addition of N-fertilizer [e.g. Bouwman, 1998]. In the tropics this
effect is even larger than in the temperate zone. Due to warmer conditions, a higher
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percentage of the applied nitrogen fertilizer is emitted as NO [Veldkamp and Keller, 1997a;
1997b].

* Finaly, the conversion from primary forest to pasture can be expected to introduce
anthropogenic emissions of reactive nitrogen (NO and NHs). Table 7.1 presents the global
NH; emission estimates. It can be seen that biomass burning and agriculture (animals, crops,
and fertilizer application) are important sources of NHa.

Table 7.1 Total global NH3 emission estimates (reproduced from Mosier [2001]).

Source NHz-N Emission (Tg N year™)
Estimate Uncertainty of estimate

Excreta from domestic animals 21.6 10-30

Excreta of wild animals 0.1 0-1

Synthetic fertilizers 9.0 45-13.5

Biomass burning 5.9 3-7

Soils under natural vegetation 24 0-10

Oceans 8.2 3-16

Fossil fuel combustion 0.1 0-0.2

Industrial processes 0.2 0.1-0.3

Human excreta & pets 2.6 1.3-3.9

Crops & crop decomposition 36 14-5.0

Total Emission 54 40-70

Considering the planned developments within the Amazon it is suggested that future
emissions from biomass burning and intensification of agriculture, related to a larger
deforested area, in the Amazon lead to higher concentrations of NO and NHz in the
troposphere (see section 1.5). At the moment it isimpossible to estimate to what extend these
emissions will become important in the Amazon. However, it is known that, on the Northern
Hemisphere, anthropogenic emissions of these reactive nitrogen species have driven an
increase in the N-deposition from the atmosphere to the soil (see section 1.5). If the natural
surroundings of the Amazon also face increased N-input to the soils, due to increasing
emissions of NO and NH; from biomass burning and intensification of agriculture, this could
increase the biogenic emissions of NO from soils.

Our observations from field studies in the United Kingdom around poultry farms
showed higher NO emissions closer to the farm, where higher NH; concentrations lead to
higher N-input to the soil (see Chapter 5). Furthermore, results from acid-mist experiments
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on two deciduous forest ecosystems also confirmed that NO emissions increased with extra
N-input onto the soil (see section 5.3). In addition, NO emissions were measured from forest
soils in a research area in the Netherlands, which received the highest atmospheric
N-deposition rates amongst Europe (see Chapter 6). The extremely high N-input from the
atmosphere resulted in extremely high NO emissions from the Dutch forest soils.
Furthermore, it was observed that application of additional inorganic nitrogen on top of the
very large N-input from atmospheric deposition in the Dutch forest did not significantly
enhance the NO emissions from the soil (see section 6.3.3). The forest ecosystem had already
reached the state of N-saturation, where the availability of inorganic nitrogen in soil exceeds
the demand by plants and microbes [Koopmans, 1996]. This indicates that there may be a
natural limit to the increasing biogenic emissions of NO from soil, and an endless continuous
increase of the NO emissions with N-deposition is not to be expected.

However, the results of these field studies indicate a strong dependency of the biogenic
NO emissions from soils on the N-input from atmospheric deposition. If the N-input to the
soils in the Amazon increases, due to enhanced N-deposition from the atmosphere as a result
of higher anthropogenic emissions of reactive nitrogen species, it can be expected that this
will enhance the biogenic emissions of NO from the soils in the Amazon.

Especialy in the natural surroundings of the Amazon, the consequences of more NO
would be very large on the local chemistry of the troposphere. As was outlined in the
Introduction (section 1.1), in the presence of sunlight and the oxidation products of
hydrocarbons, nitrogen oxides lead to the very rapid formation of ozone [Graedel and
Crutzen, 1993]. The forest ecosystems in the Amazon provide a major biogenic source of
reactive hydrocarbons, thus the concentrations of such compounds (e.g. isoprene) in the local
troposphere are generally high [Jacob and Wofsy, 1988; Kesselmeier et al., 2000].

Concentrations of nitrogen oxides, however, are generaly low, since alarge part of the
biogenically emitted NO from the forest soils is re-deposited within the forest canopy
[Ammann et al., 1999; Jacob and Wofsy, 1988; Rummel et al., submitted]. Thus, the
photochemical formation of ozone is very sensitive to NO, concentration in the atmosphere,
and consequently depends strongly on the source strength of nitrogen oxides. The addition of
extra NO;, in the presence of high concentrations of reactive hydrocarbons and strong
sunlight intensity, will rapidly produce ozone. This is demonstrated in Figure 7.2, which
presents the ozone production rates as a function of the mixing ratios of the reactive
hydrocarbons and NO,.
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Figure 7.2. Ozone production rate as a function of propylene-equivalent and NO, mixing ratios (reproduced from
Chameides et al., [1992]). Each hydrocarbon has a defined propylene-equivalent, based on its relative reactivity
compared to the reactivity of propylene. If some hydrocarbon species has an atmospheric concentration of 10 ppb
and istwice as reactive, its propylene-equivalent would be 20 ppb.

Indicated are the ranges of mixing ratios (box) that were encountered in the tropical
forest in the Amazon during the wet season. This range can be considered as a natura
situation without the influences of biomass burning, and is characterized by almost no Os
production, or even O destruction (grey ared). In this area of the graph, the ozone production
rate strongly increases with the NO, mixing ratio. This indicates the sensitivity of the ozone
production rate on the NO, concentration in the tropical forest ecosystems within the
Amazon.

Combustion of forest biomass, related to the ongoing economical developments in the
Amazon, will lead to large pyrogenic emissions of hydrocarbons and NO,, and consequently
to higher NO, concentrations in the troposphere. Considering the sensitivity of the ozone
production rates on the concentration of nitrogen oxides, this has the potential to greatly
enhance the local tropospheric ozone concentrations, which in turn can affect human health
and the quality of the forest ecosystems within the Amazon [Mckee, 1994; Skarby and
Sellden, 1984].



Conclusions, Outlook and Recommendations 107

7.3 Recommendations

For a more profound understanding of the conditions under which NO is produced in
soil, and to be able to predict the magnitude of NO emissions from soils, it is hecessary to
continue to examine the production and consumption of NO in detail, especially with respect
to the corresponding controlling factors nutrient content and soil acidity.

As was discussed in section 2.3.3, differences in the inorganic nitrogen concentrations
between forest and pasture could reflect differences in the production of NO in these soils.
The generally accepted explanation is that rapid cycling of nutrients in forest soils causes the
higher NO;~ and lower NH," concentrations in forest soils compared to pastures [e.g.
Davidson, 2000]. According to this hypothesis, the high emissions of NO from forest soilsare
a product of rapid nitrification under aerobic conditions. Denitrification is thought to occur
only under anaerobic conditions and, therefore, is not considered to be an important process
that produces NO in aerated (aerobic) soil.

In contrast to this explanation however, we would like to propose that it is still possible
that NO is produced in soil by consumption of NO;™ (denitrification). Many (heterotrophic)
nitrifying bacteria have been found that are able to denitrify, even under aerobic conditions
[Conrad, 1996a]. Also, Goedde [1999] found that denitrifying bacteria are better adapted to
higher soil temperatures (25-35°C) than nitrifying bacteria. Several studies have presented
nutrient-addition experiments on tropical soils that showed increasing production of NO after
additions of N@, and no response of the NO production after additions of NH," [Cardenas
et al., 1993; Bakwin et al., 1990; van Dijk and Meixner, submitted-a]. These results indicate
the potential of NOz™ consumption in the corresponding tropical soils, and may even suggest
the absence of autotrophic nitrifying bacteria. Of course, these nutrient-addition experiments
give no information about the presence or absence of heterotrophic nitrifying bacteria. Thus,
itisstill possible that NO was indeed produced through (heterotrophic) nitrification.

On the other hand, it till cannot be excluded that NO is produced through the
consumption of NO;~. In which case the higher concentrations of NO;™ in forest soils
compared to pastures would explain the higher production of NO in forest soils. High
concentrations of NOz™ and rapid consumption of NO;™ can co-exist in soil, as long as the
supply of NO;™ is equal to (or exceeds) the consumption of NO;™. Indeed, nitrification rates
are generally high in forest soils, which supplies the soil with NO;™ at a high rate [Reiners et
al., 1994; Piccolo et al., 1994; Neill et al., 1997a; Neill et al., 1999; Veldkamp et al., 1999;
Verchot et al., 1999].

From the nutrient experiments and turnover rates only, its seems impossible to
determine whether NO is produced through the oxidation of NH," (and/or organic nitrogen)
or the reduction of NO5™. Microbial inhibition experiments and nutrient-addition experiments
with isotopically labelled nitrogen compounds, together with detailed information about the
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nutrient cycling rates, could bring more insight in the processes that are responsible for the
biogenic emissions of NO from soils, under aerobic and anaerobic conditions.

A second issue that needs further attention arises from the differences that were
observed in the optimum moisture conditions for the Brazilian and Dutch soils, and leads to
the question of whether there are global differences in the optimum soil moistures for NO
emissions that are induced by different climate zones.

In this study, we presented results on the optimum soil moistures for NO emission from
tropical soils in a region with high soil temperatures and large seasona differences in the
annual precipitation. These results showed that the optimum soil moisture conditions for NO
emissions correlated positively with the clay content of the soils (see section 4.4.1).
Furthermore, in section 6.3.2, we presented NO emissions from a loamy sand soil in a
Douglas fir forest in the Netherlands, which were maximum at a soil moisture content ranging
from 0.30 to 0.45 g/g (or 55 to 85% water-filled pore space). Assuming a clay content for the
Dutch loamy sand soil of approximately 10 %, these latter results do not agree with the
observed correlation of optimum soil moisture with clay content of the Brazilian soil samples
(section 4.4.1). According to this correlation, the loamy sand soil in the Dutch forest should
have shown maximum NO emissions at a soil moisture around 0.10 g/g. Three explanations
can be considered.

Firstly, perhaps field measurements were not successful in determining the optimum soil
moisture. Earlier research on soils in the Dutch forest demonstrated that soil moisture ranged
from approximately 0.2 to 2.0 g/g between 1992 and 1993 [Koopmans, 1996]. It is suggested
that the Dutch loamy sand soil never became dry enough to reach the optimum soil moisture
that is predicted by the correlation with clay content, namely 0.10 g/g (section 4.4.1). Instead,
maximum emissions were observed at a higher soil moisture (0.30-0.45 g/g). This is one
probable explanation. However, field measurements were taken over a year, with soil
moisture ranging from 0.22 to 0.74 g/g, and showed highest NO emissions around 0.30-0.45
g/g. Laboratory studies on soil samples could confirm whether the optimum moisture
conditions for NO emissions from the Dutch loamy sand soils are, as was observed in the
field, at a soil moisture of about 0.30-0.45 g/g. If so, there indeed are major differences
between the optimum soil moistures for which maximum NO emissions are observed from
Dutch and Brazilian soils.

Secondly, as was mentioned above, the Brazilian soils demonstrated maximum NO
emissions at a whole range of soil moistures, depending on the clay content. However, all
Brazilian soil samples showed maximum NO emissions at a particular matric potential, where
the larger pores were open for diffusion (matric potentiallO0 kPa, see section 4.4.3). It
would be interesting to measure the water retention characteristics of samples from the Dutch
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loamy sand soils. Perhaps these Dutch loamy sand soils have much stronger water retention
properties than the Brazilian loamy sand soils, due to different soil structures. Indeed, the

Dutch loamy sand soil showed very wet conditions throughout the year, ranging from 0.2 to

2.0 g/g between 1992 and 1993, which could suggest that the soils have very strong water
retention properties. Possibly, at a matric potential close to —10 kPa, the Dutch loamy sand

soil have a soil moisture of approximately 0.30-0.45 g/g. This would indicate that the
optimum moisture conditions are identical for the Dutch soil as well as for the Brazilian soils.
If so, it is suggested that the gas diffusion through the soil, leading to maximum NO
emissions when the relatively large pores are open, largely determines the optimum
conditions for NO emissions from soil.

Thirdly, however, the proposed measurements could also demonstrate that the NO
emissions from the Dutch loamy sand soils are maximum at completely different moisture
conditions than expected from results of the Brazilian soil samples. Perhaps, milder
temperatures and more uniformly distributed precipitation in the temperate region compared
to the tropics give rise to different microbial cultures that produce NO under different
conditions to those encountered in the tropical region. As was mentioned before, denitrifying
bacteria are better adapted to higher soil temperatures (Z5-38ereas nitrifying bacteria
prevail at lower soil temperatures (152€% [Godde 1999]. This implies that there may be
regional differences, related to different climate zones, in the optimum moisture conditions
for the NO production in soils, and NO emission from soils. So far, it remains unclear
whether differencesin the climate zones result in differences in microbial cultures and hence
in other optimum moisture conditions, whether tropical and temperate ecosystems have
identical optimum moisture conditions for NO emission from soil.
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