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EMISSION FACTOR DOCUMENTATION FOR AP-42 SECTION 9.2.1 
Fertilizer Application 

1. INTRODUCTION 

The document Compilation ofAir Pollutant Emission Factors (AP-42) has been published by the 

U. S. Environmental Protection Agency (EPA) since 1972. Supplements to AP-42 have been routinely 

published to add new emission source categories and to update existing emission factors. AP-42 is 

routinely updated by EPA to respond to new emission factor needs of EPA, State and local air pollution 

control programs, and industry. 

An emission factor is a representative value that attempts to relate the quantity of a pollutant 

released to the atmosphere with an activity associated with the release of that pollutant. Emission factors 

usually are expressed as the weight of pollutant divided by the unit weight, volume, distance, or duration of 

the activity that emits the pollutant. The emission factors presented in AP-42 may be appropriate to use in 

a number of situations, such as making source-specific emission estimates for areawide inventories for 

dispersion modeling, developing control strategies, screening sources for compliance purposes, 

establishing operating permit fees, and making permit applicability determinations. The purpose of this 

report is to provide background information from test reports and other information to support preparation 

of AP-42 Section 9.2.1, Fertilizer Application. 

This background report consists of five sections. Section 1 includes the introduction to the report. 

Section 2 gives a description of fertilizer application. It includes a characterization of the industry, a 

description of the different methods of application, a characterization of emission sources and pollutants 

emitted, and a description of the technology used to control emissions resulting from these sources. 

Section 3 is a review of emission data collection and emission measurement procedures. It describes the 

literature search, the screening of emission data reports, and the quality rating system for both emission 

data and emission factors. Section 4 details how the new AP-42 section was developed. It includes the 

review of specific data sets and a description of how candidate emission factors were developed. Section 5 

presents the AP-42 Section 9.2.1, Fertilizer Application. Appendices A through P include references, 

supporting documentation, and calculations used to determine the emission factors. 

1-1 
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2. INDUSTRY DESCRIPTION 

This section includes a brief discussion of chemical fertilizer consumption in the United States and 

the basic application methods used for fertilizer in gaseous, fluid, or solid form. Particulate and gaseous 

air emissions generated during the application of chemical fertilizers are discussed in relationship to 

naturally occurring soil-based biologicaVchemical reactions, other biological activities, fertilizer 

application variables, soil conditions, and climate. 

2.1 INDUSTRY CHARACTERIZATION'-5 

Fertilizer production industries include manufacturers of fertilizer plant food (SIC 287 I ) ,  nitrogen 

and organic fertilizers (SIC 2873), phosphate, potash, and other fenilizers (SIC 2874). and pesticides and 

other agricultural chemicals (SIC 2879). Fertilizers are distributed through agricultural supply retailers, 

farmer cooperatives, and custom fertilizer dealers. There are an estimated 13,000 retail fertilizer 

businesses providing bulk blended, fluid-mix, and bagged fertilizers. Application is performed by farmers 

and by fertilizer dealers using specialized application equipment. 

Demand for fertilizer has seen moderate growth in recent years. Growth in production was 

approximately 6 percent between 1993 and 1994. Of the total 45.1 million megagrams (Mg) (49.6 million 

tons) sold in 1994, 51.7 percent was dry bulk fertilizer, 40.7 percent was fluid fertilizer, and 7.6 percent 

was dry bagged fertilizer. Total usage in 1994 was: 

Dry bulk fertilizers, 23.3 million Mg (25.6 million tons) 

Fluid fertilizers (including anhydrous ammonia), 18.4 million Mg (20.2 million tons) 

Dry bagged fertilizers, 3.5 million Mg (3.8 million tons) 

Consumption data for the top 10 states in agricultural single and multiple nutrient fertilizer consumption as 

of June 30, 1994 are presented in Table 2-1. These IO states account for approximately 53 percent of 

agricultural fertilizer sales in the United States. 

Oncc the fertilizer has been sold, fertilizer is applied by various means to crop producing fields. 

Uncontrolled emissions are generated by the application process (immediate emissions) as well as by the 

soil reactions with the fertilizer (latent emissions). These uncontrolled emissions are affected by the 

method of application and the chemical and biological reactions within the soil. Immediate emissions 

2- 1 
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include ammonia (NH,), particulate matter (PM), and the volatilized fertilizer. Latent emissions may 

include NH3, nitrous oxide (N20), NO, (NO + NO,), sulfur dioxide (SO,), PM. and the volatilized 

fertilizers. No data exist for the volatilized fertilizer, SO,, and PM emissions. Gaseous emissions from 

phosphorus containing fertilizer application are expected to be low as compared to the gaseous emissions 

from nitrogen containing and sulfur containing fertilizers. 

J:W9450 I\FERT\FERT-B.WPD 

Recent scientific papers discussing the biological mechanisms for NO, emissions from the soil 

have cited evidence to show that essentially all (over 90 percent) NO, emissions are in the form of NO and 

little, if any, are in the form of NO,. The formation of NO, occurs through the rapid oxidation of the NO 

by ozone present in the soil or the air immediately above the soil surface. There is no evidence to conclude 

that appreciable quantities of NO, are formed directly in the soil. 

2.2 METHODS OF APPLICATION4*6*7 

Although many types of fertilizers are manufactured, the basic application methods depend on 

whether the fertilizer is in gaseous, fluid, or solid form. Methods for application of each of these three 

forms of fertilizer are discussed below. 

2.2.1 Application of Gaseous Fertilizers 

Anhydrous NH, is the only fertilizer that is a gas at room temperature (with compression and 

cooling, it becomes a liquid that is about 60 percent as dense as water). Approximately 8.3 million Mg 

(9.1 million tons) of anhydrous NH, are produced annually. Of that amount, approximately 5.2 million 

Mg (5.7 million tons) are applied to croplands; the remainder is used to manufacture other nitrogen 

fertilizers. Anhydrous NH3 is the most economical form of nitrogen available to the farmer. It is readily 

absorbed in water up to concentrations of 30 percent to 40 percent by weight, depending on the 

temperature. Anhydrous NH3 is the most concentrated nitrogen fertilizer available, with 82 percent 

nitrogen. Because NH, can be dissolved in water (aqua ammonia), it can be applied directly to soil or 

indirectly through irrigation systems. However, the primary application method is via direct soil injection 

of anhydrous NH, as described below. 

Anhydrous NH, is stored as a liquid under pressure and is applied by injection into the soil. The 

liquified NH, quickly vaporizes into a gas, but is captured by soil components including water, clay, and 

other minerals. The equipment used generally consists of a vehicle (usually a tractor); a pressurized tank 
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mounted on a trailer and filled with anhydrous NH,; a metering system; and a distribution manifold with 

applicator knives and tube holders. Critical components of the injection system are the metering assembly 

and the tube holder. 

The metering system consists of a control board, usually located in the cab of the vehicle, a 

connection to the speedometer of the vehicle, and an NH3 meter located near the tank. This meter may 

consist of a variable orifice meter or a piston pump. With a variable orifice meter system, the rate of 

application is determined by the speed of the tractor, the swath width, and the size of the orifice. With the 

piston pump system, the rate of application is determined by the piston stroke length. Several metering 

systems currently in use include a feedback loop to verify movement of the vehicle with a ground 

movement sensor. Figure 2-1 is a schematic drawing of a simplified NH3 metering system. The metering 

system is designed so that it is activated only when the vehicle is moving. 

The NH3 application system generally consists of an exit line from the pressurized tank (nurse 

tank) to the manifold, which feed the applicator tubes located immediately behind the applicator knives in 

the tilling trailer. Each knife and tube assembly can be placed at a depth ranging from 10 to 25 centimeters 

(cm) (4 to 10 inches [in.]) below the surface of the soil. Figure 2-2 shows one example of a simplified 

trailer used to apply anhydrous NH, and fluid fertilizers. Frequently, an application of a second fertilizer 

occurs simultaneously using a depth setting of 10 cm (4 in). Figure 2-3 shows four of the possible 

placements of applicator knives and injection tube@) for both single and dual application. The spacing 

between application rows is between 30 and 45 cm (12 and 18 in), depending on the tilling trailer. 

The amount of fertilizer to be applied is calibrated prior to use, based on the size of the nozzle 

orifices and the characteristics of the pumping system, which vary by manufacturer. After the nozzles are. 

installed, the application of fertilizer can be calibrated based on the change of pressure within the tank and 

the flow control setting. 

2.2.2 Application of Fluid Fertilizers 

Fluid fertilizers include liquid solutions, suspensions, and slurries. Liquid solution fertilizers 

contain water-soluble nutrients at high concentrations, usually prepared as a mixture of nitrogen, 

phosphorus, and potassium (NPK) components; they are also known as liquid mixed fertilizers. 

Suspension fertilizers are fluid mixtures of solid and liquid materials in which the solids do not settle 

rapidly and can be redispersed readily with agitation to give a uniform mixture. Sluny fertilizers are fluid 
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mixtures of solid and liquid materials in which the solids settle rapidly in the absence of agitation to form a 

firm layer that is difficult to resuspend. Examples of slurries include precipitation of fluid fertilizers 

resulting from storage for prolonged periods of very cold weather, application of elemental sulfur, and 

mixing of ammonium nitrate and potassium chloride to saturation leading to salting out of potassium 

nitrate. 

The three general application methods for fluid fertilizers are aerial, irrigation, and ground 

application. Occasionally, aerial application of fertilizers, which is more expensive than ground 

application is used because it is quicker or because wet soil precludes tractor use. Irrigation application is 

used in areas like the southwest that make extensive use of irrigation in crop production. Irrigation 

application can apply fertilizers at a frequent, diluted rate. Because use of aerial and irrigation techniques 

are less common than ground applications and because emission data are unavailable for those two 

methods, the discussion below focuses on ground application. 

Four different methods of ground application are used: broadcast, band, row, and deep banding 

(injection). 

In the broadcast application, fluid fertilizers are broadcast by high flotation applicators. High 

flotation applicators usually have up to 20 nozzles equally spaced and positioned several feet 

above the ground (see diagram in Figure 2-4). Broadcast application occurs at high speeds 

with accurately metered application rates. 

In band application, the height of the nozzles is reduced and the band width of the resultant 

spray is narrowed so the fluid fertilizers can be applied between rows of growing crops. 

Figure 2-5 shows a typical band application. 

In row application, which usually occurs at the time of planting, fluid or dry fertilizer is 

applied in a row near the planted seed. The distance from the fertilizer row to the seed row is 

dependent on the amount of fertilizer, the type of fertilizer, and the crop. 

The deep banding or injection technique is similar to that used for anhydrous ammonia. This 

technique is also referred to as root zone application. 
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The equipment used for broadcast, band, and row application of fertilizers consists of the ground 

vehicle, a liquid tank with fluid fertilizer, a metering system, and a distribution manifold with spray 

nozzles. The metering system, manifold, and the calibration system are the same as described for gaseous 

fertilizers in Section 2.2.1. The optional port for liquid fertilizer is shown in Figure 2-1. The metering 

system (not shown) is similar to that for anhydrous ammonia, except that the pressure valve is replaced 

with a tank volume controller, and the piston pump is usually a centrifugal pump. 

The major differences in the distribution manifolds for gaseous and fluid fertilizers are the size of 

booms and the types of spray nozzles. The manifolds are usually composed of two 6- to 20-meter (m) (20 

to 65-foot [ft]) booms with nozzles set on 51- to 152-cm (20-in to 60-in.) centers with no more than 

20 nozzles. Several varieties of nozzles can be used depending on the application method. By varying the 

type and height of the nozzles and the flow rate, fluid fertilizer can be applied in overlapping coverage for 

broadcast application or in discrete bands for bandrow application. 

The ground equipment used for deep band application of fertilizers is the same as described in 

Section 2.2. I .  Typically, a phosphate fertilizer and ammonia are. banded together in a "dual application" 

method. 

2.2.3 Application of Solid Fertilizers 

Solid fertilizers can be applied using a broadcast technique by aircraft or by high flotation 

applicator. Because no emission data were found for aerial application, the discussion focuses on high 

flotation application. Note however, that irrespective of application method, solid fertilizers are frequently 

mixed with herbicides in order to reduce the expense of a second application. 

The equipment for broadcast application of solid fertilizers by high flotation applicator consists of 

the vehicle, a hopper containing solid fertilizer, a metering system, and the distribution manifold. The 

metering and calibration systems are generally the same as those described in Section 2.2.1 for gaseous 

fertilizer application. Centrifugal and boomed spreaders are used to broadcast solid fertilizers. 

A centrifugal spreader is composed of one or two spinning disks which broadcast fertilizer in 12- 

to 15-m (39- to 50-ft) swaths. Figure 2-6 shows an example of a centrifugal spreader with a double 

spinner applicator. A spread pattern calibration is an essential part of applicator maintenance. Possible 
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adjustments include positioning the spinner blades, positioning where the fertilizer drops on the spinner 

blades, changing the spinner speed, and changing the fertilizer particle size.. 

Two types of boomed spreaders are available and both look similar to the fluid fertilizer broadcast 

system shown in Figure 2-4. One type moves fertilizer by an auger through the boom and can supply up to 

4 nozzles. Another moves fertilizer with high velocity air to as many as 20 nozzles. Each nozzle has a 

deflector to distribute the fertilizer. Nozzles can spread fertilizer in an arc pattern from 0.15 m to 3.7 m 

(0.5 to 12 ft) in diameter. 

2.3 EMISSIONS7-I4 

Both PM and gaseous air emissions are generated as a result of the application of chemical 

fertilizers. Emissions may occur during application, shortly after application, and for extended periods 

following application. 

2.3.1 Emission Mechanisms 

Emissions from the application of fertilizer generally are attributed to four different mechanisms: 

( I )  soil reactions with the applied fertilizer generating increased gaseous emissions including NO,, N20, 

NH,, and SOz; (2) volatilization of the fertilizer immediately behind the vehicle generating gaseous 

emissions of NH, and the fertilizer itself, (3) soil disturbance generating PM emissions where soil particles 

and other materials in the soil become airborne, and (4) volatilization of the fertilizer immediately above 

the solid fertilizer trailer generating gaseous emissions of NH3 and other fertilizers. Emissions attributed 

to the first mechanism are often called latent emissions, while those attributed to the other three 

mechanisms are called immediate emissions. The specific emission points associated with these 

mechanisms are illustrated in Figures 2-7a through 2-7e for gaseous fertilizer application, ground 

application of fluid fertilizers, irrigation application of fluid fertilizers, ground application of solid 

fertilizers, and aerial application of fluid and solid fertilizers, respectively. 

Emissions that result from the reactions between the soil and the applied fertilizer are believed to 

be higher than emissions that result from the other three mechanisms. Consequently, most of the data 

available on emissions from fertilizer application are estimates of emissions from soil-fertilizer reactions. 
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2.3.2 Particulate Matter 

Particulate matter emissions of solid fertilizer compounds are primarily generated along with wind- 

blown dust during broadcast application. Constituents of gaseous, fluid, or solid fertilizers and manure (or 

their reaction products) attached to soil particles may also become airborne much later as a result of soil 

disturbances caused by wind (i.e., wind erosion) or mechanical operations (e.& tilling). These emissions 

are associated with mechanism (3) in Section 2.3.1. 

Particulate matter emissions from fertilizers or manures have not been characterized in the 

literature. However, heavy elements listed as Hazardous Air Pollutants (HAPs) in the 1990 Clean Air Act 

Amendments have been identified in soils treated with various types of fertilizers. Table 2-2 provides a 

summary of data obtained from a variety of investigators and compiled by Kabata-Pendias and Pendias for 

trace elements in fertilizer-treated soil. A number of these elements are listed HAPs. 

2.3.3 Gaseous Air  emission^^^'^^*^-^^ 

Gaseous air emissions from fertilizer application can occur either immediately, as a result of the 

volatilization of the fertilizer itself, or after a period of time, as a result of the biologicallchemical 

transformation of the fertilizer and subsequent release of gases to the atmosphere. The transformation 

products are generally oxidized forms of either nitrogen, sulfur, or phosphotus. Data on emissions related 

to the application of micronutrients, which are trace elements such as boron, chlorine, copper, iron 

manganese, sodium, molydenum and zinc that are essential for plant growth, are insufficient to permit an 

analysis, so they are not discussed. 

Because emissions from fertilizer application are generated via the four primary mechanisms stated 

in Section 2.3.1 and because emission rates associated with each of these four mechanisms are affected by 

a variety of physical, chemical, and biological processes, characterizing emission rates for a particular 

application scenario or time period is complicated. The subsections below present an overview of five 

classes of factors that are described in the literature as affecting emissions. These five broad classes are 

biological and chemical reactions in the soil; other biological activities; soil conditions; climate; and 

nutrient management (the form, placement, and timing of fertilizer application). 

Because of the complexity of the emission mechanisms and the interaction of many of the factors, 

data are insufficient to estimate the magnitude of the effects of most of the factors. Consequently, the 
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discussion below presents a comprehensive but qualitative review of the information on emission 

mechanisms contained in the literature. While quantitative data are not available for most factors, the data 

collected at a number of sites generally show consistent effects of substantial magnitude for two factors- 

soil moisture content and temperature. For most fertilizen, it is believed that emissions increase 

significantly as moisture contents are raised via rainfall or irrigation. Also, emissions are directly related to 

ambient temperatures. Hourly emission rates exhibit diurnal patterns that follow temperature patterns. and 

emissions are higher during summer months. The effects of both temperature and moisture are interrelated 

with other biological and chemical factors discussed below. 

2.3.3.1 Biological and Chemical Reactions Affecting Air Emissions from Fertilizer. Naturally 

occurring biological and chemical reactions in the soil that affect air emissions from fertilizer application 

are primarily related to either the nitrogen cycle (Figure 2-8) or the sulfur cycle (Figure 2-9), depending on 

the type of fertilizer applied. These reactions generate four gases (N,O, NO, NO,, and SO,) that can have 

an adverse effect on air quality when their concentrations are higher than can be maintained in the soil by 

the natural equilibrium between the soil and air. Both the nitrogen and sulfur cycles are part of a complex 

overall equilibrium between inorganic and organic solids, air, water, and microorganisms. When one or 

more of these reactions is affected, the entire equilibrium is also affected. Biological and chemical 

reactions are associated with mechanism (1) discussed in Section 2.3.1. 

Biological Reactions: For several elements, notably carbon, nitrogen, and sulfur, microbial 

reactions almost totally determine the soil reaction rates. Biochemical and microbial reactions are 

primarily catalytic processes affected by soil mineral composition, climate, gas exchange with the 

atmosphere, and energy from photosynthesis. Three gases (NH,, N,O, and hydrogen sulfide [H2S]) that 

are precursors to the gases noted above are generated from three separate biological processes: nitrogen 

fixation, denitrification, and the hydrogen sulfide reaction. A brief summary of these processes and the 

factors that affect them follow. 

Nitrogen fixation -Nitrogen fixation is a process that reduces elemental nitrogen (N2) from the 

atmosphere to NH, through a series of reactions catalyzed by soil microflora (see Figure 2-8). Factors that 

affect nitrogen fixation include the presence and type of organotropic bacteria, the presence or absence of 

air (or oxygen) in the soil matrix as related to the bacteria, the photosynthetic capability of bacteria and 

algae, and the absence of hydrogen gas. Additional information may be found in References 8 , 9 ,  17, and 
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Denitrification/nitrification - Denitrification is a process that reduces nitrates to nitrogen in one 

or more reaction steps. One reaction produces N,O. The reverse process, which is called nitrification, 

starts with either NH3 or N, and oxidizes it to nitrates through a series of reactions. Different microflora 

and molecular oxygen (02) are required for nitrification. Factors that affect nitrification and denitrification 

include the microflora, level of oxygen in the soil, the moisture content of the soil, the temperature, and the 

available food energy sources for the microbes. Available information indicates that both nitrification and 

denitrification contribute to soil nitrogen compound emissions. Additional information may be found in 

References 5 , 6 ,  11. 12, 13, 17, and23. 

Hydrogen sulfide - Under anaerobic conditions, sulfates are reduced to H,S. Factors that 

increase the generation of hydrogen sulfide include flooding, presence of sulfur reducing bacteria, and the 

absence of oxygen. Additional information may be found in References 11, 14, 15, 17, and 23. 

Chemical Reactions: The chemical reactions of fertilizers with soil are usually a series of reactions 

that occur under conditions closely related to those affecting the presence of microflora. This section 

summarizes the factors that affect emissions as they are related to the fertilizer. Three specific processes 

are discussed: NH3 volatilization, reduction of nitrates, and reduction of sulfates. 

Ammonia Volatilization - Ammonium is normally stored in soil as a complex with carbonate 

ions or sulfate ions and is readily absorbed by plant roots. Ammonia volatilizes more readily when the soil 

lacks these anions. Ammonia volatilization also increases with flooding, high soil pH, the presence of high 

levels of calcium, and high or elevated temperatures. Flooding mobilizes the NH3 and carries it to the 

surface where it is readily volatilized into the atmosphere. Soils with high pH (basic soils) react with 

ammonium ions to generate water and NH3 gas. Calcium forms insoluble precipitates with sulfates and 

carbonates, thus reducing the anions available for complexing with ammonium ions. Ammonia emissions 

also increase with temperature. Under drying conditions, especially with increasing wind speed, soils with 

high moisture content enhance NH3 volatilization, especially with urea-containing materials. 

Reduction of Nitrates -Generally, nitrate is a soluble anion found in the soil solution and is 

readily absorbed by plant roots. However, these nitrate compounds can undergo reduction reactions to 

produce less soluble oxides of nitrogen and increase emissions of NO,. The magnitude and rate of nitrate 

reduction in soils is increased with increasing quantities of decomposable organic matter, soil moisture 

content (decreasing soil aeration), soil pH, soil temperature, and soil nitrate content. 
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Reduction of Sulfates -Sulfates are loosely bound to the soil as salts and are readily absorbed by 

plant roots. However, chemical reduction of these sulfates to SO, or H2S act to increase sulfur-related 

emissions. Factors that increase sulfur-related emissions by increasing the rate of these reduction reactions 

include flooding, the presence of key minerals and other anions, the concentration of sulfate ions, the type 

of clay and clay content in the soil, and the type and quantity of soil organic matter. In general, the 

presence of more tightly bound anions within the soil increases sulfur-related emissions because of the 

reduced concentration of available cations. 

2.3.3.2 Other Biological Activities. Because most emissions from fertilizer application are related 

to the ecological and chemical reactions related to the sulfur and nitrogen cycles, any biological factor that 

influences these biological and chemical reactions can influence the quantity and rate of gaseous 

emissions. Three factors may result from mechanism ( I )  in Section 2.3.1. For example, earthworms and 

other soil organisms can provide channels through the soil that enhance water and nutrient transport, which 

in turn effect nitrification and denitrification reactions. Other biological factors that affect emissions can 

be related to soil microorganisms, surface plants, and animal activity at the site. 

Microorganisms compete effectively with plants for available nitrogen and other nutrients. 

Without the application of certain nutrients, especially nitrogen, plant growth can be severely reduced 

because of microbial competition for nitrogen. In addition, any factor that reduces plant yield potential 

(pests, diseases, water and nutrient stress, and many others) will reduce recovery of applied nitrogen and 

may potentially increase gaseous emission of nitrogen. When the supply of nitrates is high, the presence of 

growing plants can enhance denitrification because the population of denitrifier microorganisms is greater 

than in root-free soil. 

The presence of animals in grassland ecosystems enhances gaseous losses of nitrogen through 

volatilization and denitrification of nitrogen in urine. These losses can be greater than those observed for 

urea with similar nitrogen content applied to the pasture. 

2.3.3.3 Soil Conditions!’6 Physical and chemical conditions of soil, including pH, texture, 

moisture content, and temperature, will affect air emissions from fertilizer application. Fine, well- 

aggregated soils are generally well-suited for optimum plant growth and nutrient use, and thus reduce the 

potential for gaseous emissions. Poorly aggregated soils with genetic or management-related hardpans 

(compacted soil layers) reduce root penetration and water movement and may enhance gaseous emissions. 

Variations in soil properties between or within fields used to quantify gaseous emissions is one reason for 

2-10 



DRAFT 
J:\494501\FFRT\FERT-B.WPD 
6/26/98 

wide variation in many of the test results (up to 50 percent relative standard deviation [RSD]). Soil 

conditions are associated with emission mechanisms ( I )  and (3) in Section 2.3.1. 

Moisture content of the soil is an important factor in emissions generation. As soil moisture 

content approaches saturation, the rate of denitrification greatly increases. Fluctuating soil moisture 

content, by frequent irrigation or rainfall, also enhances gaseous nitrogen emissions. When soil moisture is 

above the maximum moisture content (the point at which the voids between soil grains are filled with 

water), air emissions may be reduced because ammonium and nitrate in the soil solution are diluted and 

also may be transported into the ground andor surface water systems. 

Because they affect biological and chemical reaction rates, soil chemical conditions also affect 

gaseous emissions. Important chemical properties include the soil solution pH, the cation exchange 

capacity (CEC) of the soil, and the concentration of nutrients in the soil that potentially could be released 

to the atmosphere through numerous biological and chemical reactions. The CEC is defined as the 

capacity of the soil to adsorb or hold cations (Ca”, Mg”, 

will adsorb more NH,+ and, thus, exhibit lower NH, volatilization potential than soils with a low CEC. 

Basic soils generally increase the release of nitrogen as NH3 and nitrogen oxides (NO,) (including NO and 

NO,), and N,O, and convert all other nutrients to less soluble forms. Acidic soils W.0-5.5 pH) reduce 

NO, emissions, but also may reduce plant growth due to aluminum toxicity. 

K’. Na’, NH4+). Soils with a high CEC 

2.2.2.4 Climate. Climatic conditions that affect emission rates through their influence on 

biological and chemical reaction rates include moisture, temperature and wind speed. Climatic conditions 

can impact all four of the emission mechanisms cited in Section 2.3.1. Conditions that reduce oxygen 

content of the soil (increasing soil moisture, temperature changes, etc.) generally increase the emission of 

gas to the atmosphere above normal background levels. Even in well-aerated soils, denitrification still 

occurs in anaerobic microsites within soil aggregates. During short periods of saturation of the surface soil 

following rainfall or irrigation, the rate of denitrification greatly increases until drainage occurs and an 

aerated condition returns. Nitrogen and other soluble nutrients can subsequently be removed with the 

drainage water. Volatilization losses of nitrogen generally are enhanced when wet soils are subject to 

drying conditions. Increasing wind velocity enhances volatilization and under flooded conditions also 

increases denitrification. Ammonium volatilization increases as soil temperature rises, emissions generally 

increase throughout the day relative to an increase in soil temperature. Also, daily peak emissions will 

increase throughout the summer season as compared to the other three seasons. Denitrification also 

increases with rising temperature. Additional information may be found in References 7 and 23. 
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2.3.3.5 Nutrient Management (Form. Placement, and Timing of Fertilizer Auulication). In 

addition to influencing the quantity of nutrient absorbed or used by the plant, the nutrient source and the 

rate, method, and time of application can influence the magnitude and rate of gaseous emissions of the 

nutrient. Nutrient management can impact all four of the emission mechanisms cited in Section 2.3.1. It is 

important to recognize that any source of nitrate or ammonium nitrogen in the soil can participate in 

biological or chemical reactions that result in the formation of nitrogen gases. For example, nitrogen 

mineralized from manure or legume residues can be emitted to the atmosphere by the same reactions 

involved with gaseous emissions from nitrogen. 

Compared to other nitrogen sources, NH, volatilization is usually greater with urea or urea- 

containing fertilizers (e.& urea, ammonium nitrate) and manures. Ammonia loss with anhydrous NH3 is 

usually not significant because this source must be injected 10 to 25 cm (4 to 10 in.) below the soil surface. 

Generally, only small quantities of NH3 are. volatilized from ammonium-containing fertilizers 

(diammonium phosphate, monoammonium phosphate, ammonium sulfate, and ammonium nitrate). 

However, NH3 volatilization can be significant with surface broadcast applications of diammonium 

phosphate and ammonium sulfate on calcareous or high pH soils. When these two fertilizers are applied to 

high pH soils, formation of calcium sulfate or calcium phosphate reaction products occurs, which increases 

the ammonium concentration in the soil solution and ultimately, the ammonium volatilization potential. 

Generally, increasing the application rate increases the potential for gaseous emission and leaching 

of nitrogen. Therefore, identifying the correct nitrogen rate for optimum production will maximize the 

quantity of applied nitrogen recovered by the plant and minimize the potential environmental impact of 

nitrogen use. Again, this phenomenon holds for fertilizer, manure, and legume nitrogen sources (see 

section 2.4 for details). 

Compared to surface broadcast-applied nitrogen, any nitrogen containing fertilizer or manure that 

is applied to the subsurface will reduce the quantity of nitrogen emitted to the atmosphere. However, 

gaseous emissions related to volatilization and denitrification still occur regardless of placement. In high 

pH soils and/or in zero tillage and reduced tillage systems (where crop residue covers the soil surface) on 

soils of any pH, subsurface placement of nitrogen fertilizer will enhance nitrogen recovery by the crop and 

reduce the potential for gaseous emissions. Surface broadcast nitrogen is usually incorporated into the soil 

with tillage shortly after application. Incorporation of nitrogen fertilizers will generally reduce potential 

gaseous emissions (especially with urea-containing sources) compared to not incorporating the nitrogen 

fertilizer or manure; however, with or without incorporation, nitrogen emissions are generally higher with 
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surface broadcast nitrogen than with subsurface applications because broadcasting maximizes the quantity 

of soil in contact with the nitrogen. 

2.4 EMISSION CONTROL TECHNOLOGY14s20,21924-27 

The review of the literature provided no information on control measures or on fertilizer 

management practices that are being used explicitly to reduce emissions of nitrogen and sulfur compounds 

from fertilizer application. Furthermore, because the processes that generate emissions from fertilizer 

application are so complex and depend on a number of soil and climatic properties via complex 

relationships that have not been characterized quantitatively, the emission reduction potential of alternative 

management practices cannot be quantified at this time. However, the best form of emission control 

identified to date is through appropriate "nutrient management." Here, nutrient management is defined as 

the form, placement, and timing of the fertilizer application relative to the crops' need for fertilizer. Again, 

no quantitative information is available on specific management practices, but the paragraphs below 

describe general approaches as they are described in the literature. 

Appropriate nutrient management requires not only appropriate quantities of fertilizer but also 

timing of the application. Maximizing the quantity of nitrogen recovered by the plant requires that the 

nitrogen be applied as close to the time of maximum nitrogen demand as is possible. Therefore, split 

applications (part of the nitrogen is applied before planting and pan is applied during an early crop growth 

stage) will maximize crop recovery and minimize gaseous emissions of the applied nitrogen. Since 

gaseous emissions can increase with increasing temperature, nitrogen application at cooler times during the 

year or during the day will reduce the potential for gaseous nitrogen loss. 

Because a substantial quantity of emissions from fertilizer applications is related to the 

denitrification process, management techniques that reduce denitrification potential also will increase 

nitrogen utilization and decrease emissions. Additives to fertilizer nitrogen sources that reduce or inhibit 

nitrification or urea hydrolysis (N-Serve, DCD, and others) may reduce the potential for gaseous nitrogen 

emissions. Use of encapsulated calcium carbide (ECC) has been shown to be effective in the inhibition of 

nitrification and the reduction of NzO and N2 emissions from irrigated corn and wheat fields as well as 

flooded rice fields. It was not effective for dry land wheat fields. Details on these studies can be found in 

References 24.25, and 26. Encapsulation of the fertilizer nitrogen also may significantly reduce emission 

losses. Considerable more research is required to identify the most effective inhibitors. 
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Currently. uniform nitrogen recommendations are provided for a crop grown on a given field, and 

nitrogen is applied at a uniform rate over the entire field. Since crop yield potential varies spatially over a 

field, varied nitrogen application rates would also increase nitrogen utilization. However, the technologies 

that facilitate variable nitrogen application to improve nitrogen use efficiency and minimize the 

environmental impact of nitrogen use are not generally available at this time. 

Nitrogen management technologies that include placement, timing, and identification of the 

correct nitrogen rate are currently available through cooperative extension service or can be found in 

Reference 27, "Fertilizer Nitrogen Management," and References 14.20, and 21. If these technologies are 

utilized to elevate the recovery of applied nitrogen by plants, the environmental release of nitrogen 

compounds from fertilizer application could be reduced. 
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TABLE 2-1, TOP IO STATES IN AGRICULTURAL FERTILIZER 
CONSUMPTION IN 1 994a 

Volume consumed Volume consumed 
State (million Mg) (million tons) 

I .  Illinois 3.7 4.1 
2. Texas 3.2 3.5 
3. Iowa 3.0 3.3 
4. Indiana 2.4 2.6 
5. California 2.4 2.6 
6. Ohio 2.1 2.3 
7. Nebraska 2.1 2.3 
8. Minnesota 1.9 2.1 
9. Florida 1.6 1.8 
IO. Kansas 1.5 1.7 

aSource: Reference 5. As of June 30, 1994. 
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TABLE 2-2. AGRICULTURAL SOURCES OF TRACE ELEMENT CONTAMINATION 
IN s0ILsa 

Element Sewage sludges Phosphate fertilizers Nitrogen fertilizers Manure 

Asb 2-26 2- 1,200 2.2- 120 3-25 

B 
Ba 
Beb 
Br 

Cdb 
Ce 

Cob 
C P  
c u  
F 

Ge 

Hgb 
In 

Mnb 
Mo 
Nib 
Pbb 
Rb 
s c  
Seb 
Sn 
Sr 
Te 
U 
V 
Zn 

15- 1,000 

150-4.000 
4- 13 

20- 165 
2- 1,500 

20 
2-260 

20-40.600 
50-3.300 

2-740 
1-10 

0.1-55 
- 

60- 3,900 
1-40 

16- 5,300 
50- 3,000 

4-95 
0.5-7 
2-9 

40-700 

40-360 
- 
- 

20-400 

700-49,000 

5-115 
200 
- 

3-5 
0.1-170 

20 

1-12 
66-245 
1-300 

8,500- 38,000 
- 

0.01 - 1.2 
- 

40-2,000 
0.1-60 

7-38 
7-225 

5 
1-36 

0.5-25 
3- 19 

25- 500 
20- 23 

30-300 
2- 1,600 

50- 1,450 

- 
- 

- 
185-716 
0.05-8.5 

- 
5.4- 12 
3.2- 19 
< 1-15 

- 
- 

0.3-2.9 
- 
- 

1-7 
1-34 
2-27 
- 

- 
- 

1.4- 16.0 
- 
- 
- 

- 
1-42 

0.3-0.6 
270 
- 

16-41 
0.3-0.8 

- 

0.3-24 

5.2-55 
2- 60 

7 
19 

0.09-0.2 
1.4 

30-550 
0.05-3 
7.8-30 
6.6- 15 

0.06 
5 

2.4 
3.8 
80 

0.2 
- 

- 

15-250 

Source: Reference 8. 

aParts per million dry weight (pg/g). Summarized in reference 8. 
bListed as Hazardous Air Pollutant i n  1990 Clean Air Act Amendments. 
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Figure 2-2. Typical trailer for application of anhydrous ammonia and fluid fertilizers. 
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Figure 2-3. Typical tilling blades with injection tube. 
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View Underneath V-Blades Showing 
LOCBtion of Tubes 

V-blade equipped with ammonia sparger 
and liquid phosphate injection assembly 

Dual application knife with 
ammonia and phosphale tubes separated 

Figure 2-3. (continued) 
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Delivery 
Chute 

Figure 2-6. Centrifugal spreader for solid fertilizers 
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Figure 2-7c. Emission points for irrigation application of liquid fertilizers. 
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Figure 2-7d. Emission points for ground application of solid fertilizers. 
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Figure 2-7e. Emission points for aerial application of fluid and solid fertilizers. 
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3. GENERAL DATA REVIEW AND ANALYSIS PROCEDURES 

This section describes the literature search to collect emissions data and the EPA quality rating 
systems applied to data and to any emissions factors developed from those data. 

3.1 LITERATURE SEARCH AND SCREENING'-3 

A literature search was performed to collect pertinent emission data for operations associated with 
fertilizer application. This search included documents obtained from EPAs Office of Air Quality Planning 
and Standards (OAQPS), the AP-42 background files, the CrosswalWAir Toxic Emission Factor Data Base 
Management System (XATEF), the VOCPM Speciation Data Base Management System (SPECIATE), 
and the Air CHIEF CD-ROM. In addition, a comprehensive search of the Agricola Data Base (1/92-3/97) 
was performed. 

Information on the application processes, including types of fertilizers, annual production, and 
usage was obtained from the Fertilizer Use by Class, Today's Rerail Fenilizer Industry, and other sources. 
The Aerometric Information Retrieval System (AIRS) data base also was searched for data on the types of 
fertilizers and estimated annual emissions of criteria pollutants. 

A number of sources of information were investigated specifically for emission test reports and 
data. A search of the Test Method Storage and Retrieval (TSAR) data base was conducted to identify any 
test reports for fertilizer application. The EPA library was searched for additional test reports. 
Publications lists from the Office of Research and Development (ORD) were searched for reports on 
emissions from fertilizer application. In addition, representative trade associations, including the 
International Fertilizer Development Center in Muscle Shoals, Alabama, and the National Fertilizer and 
Environmental Research Center in Muscle Shoals, Alabama, were contacted for assistance in obtaining 
information about the industry and emissions. 

During the review of each document, the following criteria were used to determine the 
acceptability of reference documents for emission factor development: 

1. The report must be a primary reference: 

a. Source testing must be from a referenced study that does not reiterate information from 

b. The document must constitute the original source of test data. 
previous studies. 

2. The referenced study must contain test results based on more than one test run. 

3. The report must contain sufficient data to evaluate the testing procedures and source operating 
conditions. 
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3.2 DATA QUALITY RATING SYSTEM' 

Based on OAQPS guidelines, the following data are always excluded from consideration in 
developing AP-42 emission factors: 

1. Test series averages reported in units that cannot be converted to the selected reporting units; 
2. Test series representing incompatible test methods; and 
3. Test series in which the production and control processes are not clearly identified and 

described. 

If there is no reason to exclude a particular data set, data are assigned a quality rating based on an 
A to D scale specified by OAQPS as follows: 

A-This rating requires that multiple tests be performed on the same source using sound 
methodology and reported in enough detail for adequate validation. Tests do not necessarily have to 
conform to the methodology specified by EPA reference test methods, although such methods are used as 
guides. 

B-This rating is given to tests performed by a generally sound methodology but lacking enough 
detail for adequate validation. 

C-This rating is given to tests that are based on an untested or new methodology or that lack a 
significant amount of background data. 

D-This rating is given to tests that are based on a generally unacceptable method but may provide 
an order-of-magnitude value for the source. 

The following are the OAQPS criteria used to evaluate source test reports for sound methodology 
and adequate detail: 

1. Source operation. The manner in which the source was operated should be well documented in 
the report, and the source should be operating within typical parameters during the test. 

2. Sampline procedures. The sampling procedures should conform to a generally accepted 
methodology. If actual procedures deviate from accepted methods, the deviations must be well 
documented. When this occurs, an evaluation should be made of how such alternative procedures could 
influence the test results. 

3. Sampling and process data. Adequate sampling and process data should be documented in the 
report. Many variations can occur without warning during testing and sometimes without being noticed. 
Such variations can induce wide deviations in sampling results. If a large spread between test results 
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cannot be explained by information contained in the test report, the data are suspect and are given a lower 
rating. 

4. Analvsis and calculations. The test reports should contain original raw data sheets. The 
nomenclature and equations used are compared to those specified by EPA (if any) to establish equivalency. 
The depth of review of the calculations is dictated by the reviewer's confidence in the ability and 
conscientiousness of the tester, which in turn is based on factors such as consistency of results and 
completeness of other areas of the test report. 

3.3 EMISSION FACTOR Q U A L ~ Y  RATING SYSTEM' 

The quality of the emission factors developed from analysis of the test data be rated using the 
following general criteria: 

A-Excellent: Developed from A- and B-rated source test data taken from many randomly chosen 
facilities in the industry population. The source category is specific enough so that variability within the 
source categoly population may be minimized. 

B-Above average: Developed only from A- or B-rated test data from a reasonable number of 
facilities. Although no specific bias is evident, it is not clear if the facilities tested represent a random 
sample of the industries. The source category is specific enough so that variability within the source 
category population may be minimized. 

C-Averaee: Developed only from A-, B- andor C-rated test data from a reasonable number of 
facilities. Although no specific bias is evident, it is not clear if the facilities tested represent a random 
sample of the industry. In addition, the source category is specific enough so that variability within the 
source category population may be minimized. 

D-Below average: The emission factor was developed only from A-, B-, andor C-rated test data 
from a small number of facilities, and there is reason to suspect that these facilities do not represent a 
random sample of the industry. There also may be evidence of variability within the source category 
population. Limitations on the use of the emission factor are noted in the emission factor table. 

E-Poor: The emission factor was developed from C- and D-rated test data, and there is reason to 
suspect that the facilities tested do not represent a random sample of the industly. There also may be 
evidence of variability within the source category population. Limitations on the use of these factors are 
footnoted. 

The use of these criteria is somewhat subjective and depends to an extent upon the individual 
reviewer. Details of the rating of each candidate emission factor are provided in Section 4. 
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3.4 EMISSION TESTING METHODS FOR FERTILIZER APPLICATIO$-~~ 

3.4.1 Samoling Methods4-" 

Sampling methods used to determine atmospheric emissions from fertilizer application include the 
collection of soil grab samples and three types of air samples- air grab samples, "static" air samples, and 
"flux" air samples. The soil grab sample technique, which has not changed significantly over the years, 
involves using a scoop, auger, or bottle to collect a sample of soil for analysis. The three techniques used 
for the collection of air samples are discussed below. 

3.4.1.1 Air Grab Sample Collection. Several techniques using bottles or flasks and several types 
of bags or balloons are used to obtain air grab samples. The containers are evacuated and then filled to a 
known volume based on the evacuation method. Reactive chemicals are placed in some containers for 
specific pollutants. The reactive chemicals preserve the pollutant for analysis at a later date or give 
qualitative information at the testing site. 

3.4.1.2 Static Air Samole Collection. Downwind air samples collected at known heights above 
ground (see Figure 3-1) are called static air samples. As indicated by the arrows in Figure 3-1, the 
applicator moves in alternate directions up and down the field perpendicular to the wind direction. The 
pollutant concentration at different heights and the wind speed at those heights are determined from data 
collected at the sensor mast. Under the assumption that the flux from the field surface is equal to the 
horizontal flux normal to the vertical plane at the downwind edge of field, the total mean flux across a 
cross sectional vertical area of unit width is calculated as: 

where: - 
Q = the total time average flux across a unit width of the vertical plane at the field edge 

- 
u(z) = average wind speed at height z 

c(z) = average pollutant concentration at height z 
- 

Z = height of the curve layer affected by the emissions 

In practice, 0, is obtained by numerical integration of the vertical profiles of wind speed and 

concentrations are obtained from the sensor mast. Note that under the assumptions listed above, 0 is also 

equal to the total pollutant flux from a unit width of field surface. 
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Techniques for collecting static air samples have not changed over the years, except that the 
sorbents have been refined for lower detection limits and fewer interferences. The two types of static 
sample collection methods that are available-adsorption and absorption-are briefly discussed below. 

For sample collection by adsorption, a desiccant tube, a sample tube containing a porous, solid 
sorbent specific to the pollutant being collected, and a calibrated vacuum pump are used. The pump pulls 
air through the sample tube at a known rate for the required length of time. This type of collection is very 
efficient until the adsorbent is near capacity. The available adsorbents are generally not pollutant-specific. 
however, and the presence of other compounds may interfere with the measurement of concentrations of 
specific pollutants. 

For sample collection by absorption, a fritted tube, which is immersed into a reactive solution 
specific to the pollutant of interest, and a vacuum pump are used. Additional components may include 
impingers, packed columns, countercurrent scrubbers, and atomizing scrubbers. Again, the pump pulls the 
air sample through both the fritted tube and the liquid or hygroscopic solid for collection. The absorbent is 
then analyzed in the laboratory, usually within 1 week of collection. 

3.4.1.3 Flux Air Sample C o l l e ~ t i o n . ~ ~ ~  Air samples collected over a known area of soil or 
cropland for a specific period of time are called flux air samples. This type of sample is usually collected 
several times over a period of up to a year after initiation of the study. The results are then compared 
against both the background ( i t . ,  unfertilized soil) and the peak emissions after application of the 
fertilizer. Flux air sample measurements allow scientists to determine the effects of both immediate and 
latent emissions from the application of fertilizers. The various flux air sampling systems are the most 
widely used of the three sampling procedures and are currently accepted as the techniques that provide the 
most reliable emission estimates. 

A number of different flux chambers are used by investigators. All of these resemble the 
"isolation flux chamber" developed by Kienbusch et al. for determination of volatilized organic 
compounds at hazardous waste sites. Figure 3-2 is a diagram of the original sample collection apparatus 
used for flux sampling of fertilizer emissions as described by Hansen et al. Within the last 10 years, 
collection methods for flux air samples have improved greatly. These improved methods minimize the soil 
perturbations in the collection of samples, maximize the mixing of air within the containment, and achieve 
better calibration determinations. 

The most common sample collection apparatus (Figure 3-3) includes a canopy (or "flux chamber") 
that is laid gently on the surface of the soil. The canopy includes a skirt around the perimeter, a removable 
lid with two ports, and a fan. The skirt is attached to the soil to prevent the canopy from being lifted due to 
sudden gusts of wind. The removable lid allows the soil to react with the environment with minimal 
disturbances when it is not being tested. Calibration of the canopy is performed using one port in the lid 
for the addition of a known gas while simultaneously collecting air samples. A small fan mixes the air 
within the canopy so that uniform and reproducible samples may be collected. Additional features may 
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include a collar around the canopy to allow for a better seal with the soil and a white Styrofoam cover to 
prevent rapid heating of the test area. 

Air samples can be collected from a flux chamber using either of two basic techniques: static 
(closed) air sampling or dynamic (open) air sampling. In static air sampling, a known volume of air is 
manually extracted from the headspace of the chamber using a syringe or evacuated container every IO 
to 15 minutes over a I-hour period. The samples extracted from the chamber are analyzed in the 
laboratory using various standard techniques (e.g.. gas chromatography) to determine pollutant 
concentrations. Typically the sampling periods are short enough that these concentrations increase linearly 
with time. This linear increase, coupled with the volume of the flux chamber are used to estimate pollutant 
flux from the surface enclosed by the chamber. In dynamic flux sampling, a flow of filtered ambient air is 
continuously passed through the chamber for a specified period of time. The pollutants contained in the 
chamber are flushed from the headspace by the clean airflow, which is directed to one or more types of 
instruments for subsequent sampling and analysis of pollutant concentration. The concentrations and 
exhaust rates are used to calculate pollutant flux from the surface under the chamber. This technique is 
most applicable to the use of continuous analyzers that provide on-line data in the field. 

3.4.2 Analvtical Methods4,6*7.9.L5316 

Analytical methods traditionally used for the determination of air emissions from fertilizer 
application have included those needed for measurement of soil properties, measurement of chemicals 
within the soil, the qualitative analysis of air pollutants, and the quantitative analysis of air pollutants. 
These methods may be performed in the field or in the laboratory, depending on acceptable holding times 
of the collected samples. This section summarizes the determinations and analytical methods pertinent to 
the collection of air samples for fertilizer-related pollutants for the four groups of measurements defined 
above. 

3.4.2.1 Measurements of Soil Properties. Typical soil properties that are measured as part of the 
test protocol include the temperature, pH, texture, and moisture content. The temperature of the soil is 
measured using a calibrated thermometer, usually placed at a depth of 25 to 50 mm ( I  to 2 in.) below the 
surface of the soil. The pH is measured using either pH paper or a pH meter. The texture is usually noted 
relative to the county soil surveys for the area or as previously characterized. 

Two different measures of soil moisture content that may be used are percent of surface moisture 
content and maximum moisture volume. To measure percent of surface moisture content, a known weight 
of sample is dried overnight in an oven at 110"C (230°F). This technique removes all water, except that 
which is captured within the clay matrix. The noted difference in weight is directly related to the soil 
surface percent moisture within the soil sample. To measure maximum moisture volume, a known weight 
of sample is gravity-filtered to determine if the soil is already saturated. If so, the volume of water is 
measured and recorded. Then, water is added to a known weight of sample until it is saturated to 
determine the saturation point. 
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3.4.2.2 Measurements of Chemicals Within the Soil.12 Frequently, it is important to know the 
concentration of either a pollutant or related compounds in the soil during the collection of air samples. 
The analytical method generally used involves extraction of the soil sample with 2 molar potassium 
chloride (M KCI) (10 mg/g of soil). Analysis of the extract for NH,, NO,, and NO is performed by steam- 
distillation of ammonium, addition of ball-milled Devarda alloy for the reduction of nitrate and nitrite to 
ammonium, and the addition of sulfamic acid for the destruction of nitrite. The concentration of 
ammonium is determined by appropriate titration. This method allows the sample to be stored for long 
periods of time before analysis by first adding 2M KCI to the soil sample, filtering the supernatant. and 
storing the filtrate at 4°C (39.2”F). 

3.4.2.2 Qualitative Analysis of Air  pollutant^.'^ Occasionally, it is important to know the general 
magnitude of pollutant concentrations in the field. Colorimetric methods are. used to qualitatively 
determine the concentration of a specific pollutant above a certain minimum. Typically, the colorimetric 
methods use a buffered dye to determine a change in pH or the presence of a basic gas such as NH,. The 
field method used for qualitative determinations of NH, is briefly described. 

The method uses a neutral indicator-gypsum suspension sprayed on the cross section of the NH, 
band of a soil column that is exposed by making a vertical cut across the band with a spade. The indicator- 
gypsum suspension is prepared by titrating 1 g of phenol red with 28 mL of 0.1 normal sodium hydroxide 
(N NaOH), diluting to 1 L with water, adding 300 g of finely divided calcium sulfate (CaS04*2H,0) 
powder, and adjusting the color of the indicator to orange. 

3.4.2.3 Quantitative Analysis of Air P ~ l l u t a n t s . ” ” ~ ” ~  The quantitative analyses of pollutant 
compounds generally use accepted procedures or American Society for Testing and Materials (ASTM) 
methods. These analyses include routine calibration of the systems, verification of the standards, and 
calibration over a known concentration range for the pollutant. Table 3-1 summarizes the analytical 
methods used for each pollutant. Descriptions of the methods can be found in the references that are cited. 

Other analytical methods also used are described in references 4 and 16. 
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Figure 3-2. Diagram of the original flux chamber sample collection apparatus. 
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TABLE 3-1. QUANTITATIVE ANALYTICAL METHODS FOR AIR EMISSIONS 
Pollutant Fertilizers Methods Reference No. 

Liquid NH3 ASTM D1426 1 1  "3 
"3 Liquid NH, Absorption 12 

Liquid NH, Soil extract 11  "3 

N20 Nitrogen-containing GCKenon 13 
NO Nitrogen-containing Absorption 4 
NO2 Nitrogen-containing Absorption 4 
NO,. NO Nitrogen-contming Lurninax NO, IO 
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4. AP-42 SECTION DEVELOPMENT 

This section describes the test data and methodology used to develop air emission factors for the 
application of fertilizer. Fertilizer application is a new section in Chapter 9 of AP-42. Because it is new, 
several references were reviewed for background information on the processes by which fertilizer is 
applied and used to promote plant growth. The section narrative was prepared from this review and from 
comments provided by industry representatives. 

4.1 REVIEW OF SPECIFIC DATA SETS 

An initial literature search yielded 37 documents that were collected and reviewed during the 
background study for this AP-42 section. Of these, 14 contained data useful in the development of 
candidate emission factors for fertilizer application. These 14 documents are summarized in this 
background document. A subsequent literature search yielded 24 additional documents that were collected 
and reviewed. Three of these documents contain sufficient data for use in developing emission factors. 
These three documents are summarized in this background document. Those documents not summarized 
in this section are listed in Table 4-1 along with the reasons for their rejection. 

No emission test reports were located in the literature search. All of the documents reviewed were 
technical papers published by academic investigators in refereed (peer reviewed) journals. Most of these 
articles relate to the estimation of nitrogenous greenhouse gases in the global environment and were not 
specifically intended for emission factor development. In addition, many articles summarized data 
generated from nontypical fertilizer compounds. The articles do not generally provide extensive detail on 
test protocols, raw data collected, procedures used to ensure data quality, and similar information necessary 
to assess the experimental data. For this reason, a B rating was the highest rating given to the data 
contained in any of the references described below. 

4.1 . I  Reference 1 

Reference 1 is a technical paper published by Canadian investigators in 1991, which summarizes 
flux measurements of N 2 0  and NO, on four barren fields located in Ontario. Limited analyses of the NO, 
emissions indicated that they were primarily NO rather than NO,. Each field was treated with 33 percent 
granular ammonium nitrate (NH4N03) at application rates of a 100 kg per hectare (kglha) (89 Ib per acre 
[Iblac]), 200 kgha (178 Iblac), and 300 kglha (267 Iblac) by dry broadcasting. These same sites had been 
treated in a similar fashion for the past 19 years, except the amount of fertilizer applied varied over the 
years. 

Sampling of N20 and NO, emissions was performed using a flux chamber five to eight times each 
day between the hours of 10 a.m. and 6 p.m. during the period from April to September. Concentrations of 
N20  and NO, in air samples from the chamber were determined by two separate methods. In the case of 
N,O, headspace samples were extracted from the chamber using evacuated tubes, which were later 
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analyzed by a gas chromatograph equipped with an electron capture detector (GCECD) and Porapak Q 
column. Nitrogen oxide flux measurements were taken by passing filtered air through the chamber. The 
filtered air was analyzed on a continuous basis using a commercial chemiluminescent analyzer. Soil 
parameters monitored during the program included temperature, moisture, nitrate, and ammonium. The 
majority of the N,O emissions occurred within about 60 days of application. Emission factors were 
developed for emissions of N 2 0  and NO from dry application of ",NO3. Although the emitted NO is 
likely to be converted quickly to NO, in the atmosphere, the NO, emissions were estimated as NO. Recent 
publications have stated that most, if not all, of the NO, emissions from soils are in the form of NO, which 
is rapidly oxidized to NO, by the ozone in the soil or air above the soil; see Reference 39. 

Reference 1 reported original experimental results. The measurements were conducted using a 
nonstandard but acceptable methodology, and adequate documentation was provided to assess data quality. 
Therefore, a rating of C was assigned to the test data contained in Reference 1. A copy of the paper is 
provided in Appendix A, along with applicable emission factor calculations. 

4.1.2 Reference 2 

Reference 2 is a technical paper that summarizes the results of flux measurements for two barren 
fields planted with maize. Manure, which was used as the basic nitrogen fertilizer, was fortified with 
either ",NO3 or with a combination of ",NO3 and urea. The fertilizer mix was dry broadcast at an 
application rate of 181 kg N h a  (161 Ib N/ac) for the ammonium nitrate fortified manure and 237 kg N h a  
(21 1 Ib Nlac) for manure fortified with ammonium nitrate and urea. The material was immediately 
incorporated into the soil at the time of application. 

Triplicate measurements of the N 2 0  emitted from the soil were conducted using a closed flux 
chamber over a period of 330 days. Headspace air samples were collected from the chamber using plastic 
syringes. The air samples were later analyzed using GCECD to determine the concentration of nitrous 
oxide. Soil grab samples were collected and analyzed for moisture, pH, and texture. Soil temperature and 
precipitation also were monitored as part of the study. Emission factors were developed for N 2 0  emissions 
from the dry application of a mixture of manure and ",NO3 and from the application of a mixture of 
manure, ",NO3, and urea. 

As was the case with Reference 1 above, this paper reported only experimental data. The 
measurements were conducted using a generally accepted methodology that was adequately documented. 
The data contained in Reference 2 were, therefore, assigned a rating of C. A copy of Reference 2 is 
provided in Appendix B, along with applicable emission factor calculations performed using the data 
provided in the document. 
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4.1.3 Reference 3 

Reference 3 is a technical paper of a study conducted at two sites in Sweden that were treated with 
calcium nitrate (Ca(N03)2), a nontypical fertilizer. Fertilizer application rates of 120 kg N h a  (107 Ib 
N/ac) (barley) and 200 kg N h a  (178 Ib N/ac) (grass) were used at the two test sites. Two additional, 
unfertilized sites (barley and lucerne) were used as experimental controls. All four sites had soil of the 
same general type. The method used for application of the fertilizer was not specified. 

Replicate air sampling was conducted using a flux chamber installed over the soil surface at each 
site over a period of 2 to 10 min. A commercial chemiluminescent analyzer was used to analyze the air 
sample extracted from the chamber for NO. Data on soil moisture, pH, texture, and temperature were 
collected during the study and reported in the paper. 

Although the data were reasonably well presented, certain key information (e.g., method of fertilizer 
application) was missing. For this reason, a rating of D was assigned to the experimental data reported in 
Reference 3. A complete copy of the reference is provided in Appendix C, which also includes emission 
factor calculations performed using the experimental data. An emission factor was developed for NO 
emissions from the application (unspecified method) of Ca(N03),. However, because the application 
method was not specified, this emission factor was not incorporated into Section 9.2.1 of AP-42. 

4.1.4 Reference 4 

Reference 4 is a technical paper that reports the results of air and soil sampling at two forested 
locations (Sorentorp and Jardass) in Sweden. At each location, six individual test sites were selected: two 
fertilized, two watered only, and two untreated. For the fertilized sites, either fluid Ca(N03)2 or fluid 
sodium nitrate (NaNO,) was spray-applied to the moss-covered soil (grey-brown podsolic) at a rate of 
46.4 kg N/ha (41.3 Ib N/ac) and 11.2 kg N/ha (9.98 Ib N/ac), respectively. 

Duplicate measurements were made during each sampling period using a flux chamber. The 
concentration of NO was determined shortly after installation of the chamber using a continuous 
chemiluminescent analyzer. A total of 82 separate measurements (35 at Sorentorp and 47 at Jardass) were 
taken after application of the fertilizer on 12 different test plots over a period of 340 h. Soil parameters 
reported included pH, texture, and selected cation concentrations (by wet chemistry). 

Since reference 4 is the original publication of the experimental data, it was considered in the 
development of candidate emission factors. The tests were performed using a generally accepted but 
nonstandard methodology. Documentation of the results was lacking and little information was provided 
about instrument calibration and maintenance. For these reasons, a rating of D was assigned to the test 
data. A copy of the reference is provided in Appendix D, along with appropriate emission factor 
calculations. Emission factors were developed for NO emissions from spray application of Ca(N03)2 and 
NaNO,. 
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4.1.5 Reference 5 

Reference 5 is a technical paper that summarizes the results of emission testing at multiple test plots 
(sites) at two different locations (Mainz, Germany, and Seville, Spain). At the fiat  location (Mainz), seven 
plots were tested for NONO,: two unfertilized sites with barren soil, one barren site fertilized with 
ammonium chloride (NH,CI), one barren site fertilized with NaNO,. one barren site fertilized with 
ammonium nitrate (",NO,), one unfertilized site covered with grass, and one grass-covered site 
fertilized with ammonium chloride ("&I). For the second test location (Seville), six different plots were 
evaluated for fluxes of NONO,: one unfertilized site with barren soil, two barren sites fertilized with 
",NO,, one barren site fertilized with NaNO,, one barren site fertilized with urea; and one barren site 
fertilized with NH,CI. At the Seville location, three additional plots were used to determine fluxes of 
NzO: one unfertilized site with barren soil, one barren site fertilized with ",NO,, and one barren site 
fertilized with urea. All fertilizers were applied as a fluid spray at a rate of 100 kg N/ha (89.1 Ib N/ac). 

Duplicate measurements were made using a flux chamber over a 15- to 18-day study period at each 
test site. A continuous chemiluminescent analyzer was used to determine the concentration of NO and 
NO,. Semicontinuous N,O measurements were also obtained using a gas chromatograph equipped with a 
gas sampling loop. At the Mainz location, sampling was conducted between 8 a.m. and 6 pm., and 1 to 
3 flux measurements were obtained each day at all seven plots. For the Seville location, NO and NO, flux 
rates were determined 5 to 8 times per day between 6 a.m. and 1 1 p.m. at each of the plots. Soil grab 
samples were collected and analyzed for pH, texture, and moisture content. Rainfall and soil temperature 
were also measured during the study. Emission factors were developed for NO, NO,, and N,O emissions 
from spray application of ",NO,, urea, NH,CI. and NaNO,. 

Reference 5 reported original data and thus was suitable to use for emission factor development. 
The tests were conducted using an accepted methodology and instrumental detection limits and accuracy 
determinations were specified in the text. However, certain key information was lacking with respect to 
the measurement method used for N,O as well as details on the fertilizer application. Also, information 
was lacking on actual emission calculation procedures. For these reasons, a rating of D was assigned to the 
data contained in Reference 5. A copy of the paper is reproduced in Appendix E, which also contains 
calculations performed using the experimental data. 

4.1.6 Reference 6 

Reference 6 is a technical paper that is a companion study to reference 5 .  In reference 6, five 
different plots were tested for fluxes of N,O at one location near Seville, Spain. Two plots were covered 
with Bermuda grass; the other three plots were located on cultivated land, which remained unplanted until 
the beginning of the study. One plot of each type remained unfertilized and was the experimental control. 
The remaining Bermuda grass plot received a 55 percent liquid solution of ",NO,, which was spray- 
applied. The two fertilized plots on the cultivated land were treated with either urea or ",NO,, which 
was applied as a liquid solution. The application rate of all fertilizers was 100 kg N/ha (89.1 Ib Nlac). 
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A flux chamber was used to determine N 2 0  emission rates over a 31day period. The flux chamber 
was installed over the soil surface, and the pollutant concentration was determined by the same 
semiautomatic sampling and analysis technique described above for reference 5. Using this method, eight 
individual data points were generated each day per plot for the grass-covered plots. For the three 
cultivated plots, six individual measurements were made each day on each plot. Emission factors were 
developed for N 2 0  emissions from spray application of urea and ",NO,. 

Reference 6. like Reference 5, is the first publication of original data collected during the study. 
The tests were conducted using an accepted method, but documentation for both analysis method and 
results was somewhat limited. For this reason, a rating of D was assigned to the test results reported in 
Reference 6. A copy of the paper, as well as applicable hand calculations, is included in Appendix F. 

4.1.7 References 7 and 8 

References 7 and 8 are original publications of a study conducted at a single site located in Narrabri, 
New South Wales. In this study, 130 kg N/ha (1 16 Ib N/ac) of anhydrous NH, was injected into a bare, 
moist clay soil at a depth of 12 cm. The fertilizer was applied 12 bands at a time and was spaced 0.5 m 
(20 in.) apart. 

"Static" air samples (Figure 3-1) were collected downwind of the site at sampling heights of 0.31, 
0.74, 1.24, and 2.24 m (1.02, 2.43,4.07, and 7.35 ft). Bubblers containing 5 mL of 2 percent phosphoric 
acid were used to collected the samples, which were later analyzed for NH3 content. Samples were 
initially collected during every applicator pass, but later samples were collected every two or four passes. 
The average sampling time per pass was 17 min. In addition, soil samples were collected and analyzed for 
total nitrogen (Kjeldahl), bulk density, and moisture content. Wind speed and air temperature were 
determined at each measurement height. An emission factor was developed for fugitive NH, emissions 
from anhydrous NH, application. 

References 7 and 8 are the first publication of original data, and the tests were performed using a 
reasonable test protocol. Appropriate QA procedures appear to have been applied and results were well 
documented. For these reasons, a rating of B was assigned to the test data. Copies of both papers are 
provided in Appendix G, along with applicable emission factor calculations. 

4.1.8 Reference 9 

Reference 9 is a technical paper that summarizes the results of a study conducted at the Iowa State 
University Agronomy Research Center near Ames, Iowa. Ammonium sulfate [(NH4)$04]. urea, and 
Ca(N03)2 were applied to 72 different plots of cultivated land at application rates of 125 kg N h a  
(1 11  Ib N/ac) or 250 kg N h a  (223 Ib Nlac). The emissions of N 2 0  from these plots were compared to 12 
unfertilized plots at the same location. The fertilizers were spray-applied to rototilled barren soil in seven 
duplicate treatments and were then immediately tilled into the soil. 
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Nitrous oxide emission rates were determined over a period of 96 days using a closed flux chamber 
installed over the soil surface. Multiple grab samples were extracted from the chamber headspace over 
IO-min measurement periods. The samples were later analyzed by gas chromatography using xenon as an 
internal standard. Soil parameters determined during the study included temperature (at 7.5 cm [2.95 in.]), 
moisture content, field capacity, and exchangeable ammonium and nitrate content. Emission factors were 
developed for N 2 0  emissions from spray application of Ca(N03)2. urea, and (NH4)2 SO,. 

Reference 9 is the first publication of the original data from the experimental program. The tests 
were performed using a generally accepted method and reasonable documentation was provided on the 
sampling and analysis conducted in the study. For these reasons, a rating of B was given to the data 
provided in Reference 9. A copy of the publication is provided in Appendix H, along with applicable 
emission factor equations. 

4.1.9 Reference 10 

Reference 10 is a technical paper summarizing the results of a 2-year study conducted at two sites 
(Harrow and Woodslee) in Ontario, Canada. At the Harrow site, ",NO, was applied once a year during 
the study period to multiple test plots by dry broadcasting at application rates of 0, 112,224, and 336 kg 
N h a  (100, 200, and 300 Ib N/ac). At the Woodslee location, five different plots were sampled during the 
first year of the study. Four plots were treated with either potassium nitrate (KN03) or urea at application 
rates of 168 kg N h a  (150 Ib Nlac) or 336 kg N h a  (300 Ib N/ac), and the fifth plot was left unfertilized. 
During the second year at Woodslee, plots of the same soil type were treated with ",NO3 at application 
rates of 112,224, and 336 kg N h a  (100,200, and 300 Ib N/ac), respectively. One unfertilized plot also 
was used as the experimental control during the second year of testing. All sampling sites were planted 
with corn during the study. 

Triplicate sampling was conducted over a period of up to 1 year using a flux chamber. The 
chambers were installed between the rows of com with the edges of the chamber inserted 5 to 10 cm (1.97 
to 3.94 in.) into the soil. Three samples were collected from the chamber headspace every 30 min using 
evacuated Pyrex tubes. The tube samples were analyzed for N20  using GC/ECD with a Porapak Q 
column. Soil moisture content also was determined in the study. Emission factors were developed for 
N 2 0  emissions from dry application of urea, ",NO,, and KNO,. 

Reference 10 is the first publication of original experimental data. The tests were conducted using a 
generally accepted method, and better than average documentation was provided on calibration of the 
analytical instrument. The lack of continuity in fertilizer type and application at the Woodslee location 
between the 2 years of the study made data comparison difficult. For these reasons, a rating of C was 
assigned to the data contained in Reference 10. A copy of Reference 10. along with applicable emission 
factor calculations, is provided in Appendix I. 
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4.1.10 Reference 11  

Reference 11 is a technical paper that summarizes a study conducted at a site in Canada. Urea was 
applied to a Kentucky bluegrasdred fescue sod mowed to a height of 7.5 cm (2.95 in.). The fertilizer was 
dry-broadcast at a rate of 100 kg N h a  (89.1 Ib Nlac) in a circular area of 0.405 ha (1 .O ac) for test 
purposes. 

Static air sampling was conducted in the center of the test plot using a single mast on which "gas 
collector flasks" and anemometers were mounted at heights of 10.50, 100, and 150 cm (3.94, 19.7.39.4, 
and 59.1 in.). Two-hour samples were collected by continuously passing air through 500-mL glass tubes 
containing glass beads and a 3 percent solution of H3P04. The concentration of NH4+ in the absorbing 
solution was measured colorimetrically using a Technicon Autoanalyzer procedure. Using an atmospheric 
dispersion calculation, the total mass flux of NH, from the site was determined from the measurements. 
An emission factor was developed for NH, emissions from dry application of urea. 

Because Reference 11  is the first publication of original experimental data, it was considered in the 
analysis. The tests, however, were conducted using a generally unproven test method, and the information 
in the reference was poorly documented with few details provided on test conditions, analytical results, and 
so forth. Therefore, a rating of D was assigned to the data contained in Reference 11. A copy of the 
document, along with appropriate emission factor calculations, has been provided in Appendix J. 

4.1.11 Reference 12 

Reference 12 is a technical paper that presents the results of a sampling program conducted at a site 
located in New York State. Anhydrous NH, was applied to a depth of 10 to 20 cm (4 to 8 in.) in loam soil 
at rates of 95.4 to 293 kg N h a  (85 to 261 Ib N/acre). Ammonia loss was determined both behind the 
applicator knife as well as outside of the knife path. 

To determine the loss of NH,, a simple flux chamber system, consisting of an inverted pan inserted 
into the soil, was used. Air was passed through the chamber in a dynamic manner and was directed to an 
acid absorption tower containing dilute sulfuric acid. Up to 20 different chambers were operated 
simultaneously for a period of about 6 h for sample collection. The amount of NH, collected by the acid in 
the absorption tower was determined by titrating with standardized NaOH. In addition, one pan was 
placed immediately above the applicator blade, and air was pulled through an absorption tower at the rate 
of 3 Umin. This system provided an estimate of the fugitive emissions during application, while the other 
pans provided a measure of immediate emissions. 

Reference 12 is the first publication of the experimental results obtained in the study. The test 
method used was somewhat crude, but it was reflective of measurement technology available when the 
sampling was conducted. Therefore, a rating of D was assigned to the data contained in Reference 12. A 
copy of the paper, accompanied by applicable hand calculations, is provided in Appendix K. 
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4.1.12 Reference 13 

Reference 13 is a technical paper that studies the influence of plant residues (chopped wheat straw) 
on denitrification rates in conventional tilled (CT) and zero tilled (ZT) soils using hard red spring wheat as 
the test crop. Flux measurements and cumulative gaseous N,O-N losses from the study plot in 
Saskatchewan were measured using the acetylene inhibition technique. Four plots were prepared for each 
of the two tilled soils: one was a control, one had straw treatment only, one had fertilizer only, and one had 
fertilizer plus straw. For plots receiving fertilizer, an aqueous solution of ammonium sulfate [(NH,),SO,] 
at a level of 100 kg of N per hectare (kgN/ha) was applied using a back-pack sprayer. 

Samples were obtained from each test plot during the test period (June 5 to September 4, 1981) by 
removing three pairs of undisturbed soil cores from each treatment every week. The major N,O emissions 
for fertilized ZT and CT plots occurred during June following a heavy mid-June rainfall. Emissions of 
N,O were much higher for the ZT plots than the CT plots during this period. 

Reference 13 is the first publication of the original data. Tests were performed using a relatively 
new method for measurement; reference was provided to an earlier publication for the method but 
analytical procedure and calibration data were lacking for the current study. For these reasons, a rating of 
D was assigned to the test data. A copy of the reference is provided in Appendix L along with appropriate 
emission factor calculations. Emission factors were developed for N,O emissions from spray application 
of (NH,),SO,. 

4.1.13 Reference 14 

This reference is a technical paper that reports the results of a study on the influence of soil 
compaction and fertilization on methane uptake and N,O emissions from an easily compacted soil in the 
humid climate of westem Noway. The experiment was a split-plot design with two replicates, soil 
compaction on main plots and fertilization on small subplots. Flux measurements were obtained using soil 
cover chambers placed at random within each field plot. Fertilizer treatments were: NPK fertilizer (1  8-3- 
15) at an application rate of 140 kg NH,N03-N/ha and two cattle slurries (CS) equivalent to 189 kg N h a  
and 81 kg Nha. Dly fertilizer was spread by hand and the CS fertilizers were diluted with water and 
spread by can with a spreading plate. Soil compaction was done with a double rear-wheel tractor. The 
crops were green fodder with rape, barley, peas, vetch, and rye grass. 

Gas fluxes at the soil surface were measured by removing gas samples through rubber stoppers in 
the top of the soil cover chambers and storing the samples in evacuated glass vials. Fluxes were estimated 
by the increase in concentration during the first 3 hours after placement. Within 14 days of sampling, the 
samples were analyzed by gas chromatography using one of three detectors, depending on N,O 
concentration or presence of CH, or CO,. The areas under the flux curves were used to estimate the 
accumulated N 2 0  emissions and methane uptake during the experiment. Reference 14 is the first 
publication of the original data. The tests were performed using a generally accepted analysis method and 
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reasonable documentation was provided for the sampling method. A rating of C was assigned to the test 
data. A copy of the reference is provided in Appendix M along with emission factor calculations. 

4.1.14 Reference 39 

Reference 39 is a technical paper that presents measurements of NO and N,O emissions from 
fertilized Bermuda grass plots located in a subtropical region of southem Texas. The measurements were 
taken during the 1989 growing season (May 24 through July 26). Ammonium sulfate (NH4)2S04 was 
applied at a rate of 52 kg N h a  (46 Ib/ac) in an intensive cultural management scheme. The management 
scheme consisted of harvest and fertilization cycles repeated every 9 weeks. The application method was 
not specifically discussed, but the text indicates that the fertilizer was a solid and was probably broadcast. 
Selected soil and climatic data was recorded and presented in the paper. 

The experiment to determine N 2 0  emissions utilized a vented, cylindrical soil cover mounted on top 
of a ring driven 5 cm into the soil. Each cover was constructed of polyvinyl chloride pipe, insulated with 
polyurethane foam and covered with a reflective aluminized polyester film to reduce heating of the soil. 
The experiment to determine NO emission used a similar cover equipped with an air circulator. Air was 
collected using polypropylene syringes equipped with nylon stopcocks. Collected samples were analyzed 
within 12 hours using a gas chromatograph equipped with an electron capture detector. The experimental 
method was designed to maximize consistency and allowed slightly enhanced NO emissions due to the 
clipping and removal of grass. 

Reference 39 reported the results of original experimental data. The measuremen& were conducted 
using acceptable methods and adequate documentation was provided to evaluate data quality. The data 
are assigned a C rating. A copy of Reference 39 is provided in Appendix N. with applicable emission 
factor calculations performed using the data provided in Table 2 of the article. 

4.1.15 Reference 41 

Reference 41 is a technical paper that presents NO and N,O emissions from a fertilized no-till corn 
site at the West Agricultural Experiment Station in Jackson, Tennessee. The data were collected between 
April 27 and November 30, 1993 (210 d). Corn was planted on April 21 in 76 cm rows on four replicated 
plots. The application method was not discussed. However, based on comparisons within the article to 
other articles that document emissions from dly broadcast application, the application method for this 
study is assumed to be dry broadcast application. Soil data were recorded and presented in the article. 

A static-chamber technique was utilized to collect emissions data. The chambers were constructed 
of an aluminum frame driven 20 cm into the ground. The frame was enclosed with an aluminum cover 
equipped with sampling ports. Air samples were withdrawn at 3-minute intervals using a gas correlation 
instrument. Gross emission rates were obtained using measured data in conjunction with mass balances. 
The experimental method included process steps to ensure the reliability of data. 
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Reference 41 reported original experimental results. The experimental and analytical methods were 
acceptable. Adequate documentation was provided to evaluate the data quality. However, the application 
method was not discussed. The data were assigned a C rating. A copy of Reference 41 is provided in 
Appendix 0, with an applicable emission factor calculations performed using the data provided in Table 2 
of the article. 

4.1.16 Reference 43 

Reference 43 is a technical paper that summarizes the results of N,O emissions from different 
cropping systems and aerated, nitrifying, and denitrifying tanks of a municipal waste water treatment plant. 
Data pertaining to the tanks at the municipal waste water treatment plant were not considered. The 
experiments were implemented at the Experimental Station of the Institute for Agronomy and Plant 
Breeding, Justus Liebig University, Germany. Average soil and climatic data were recorded and presented 
in the paper. 

The experimental site consisted of 8 x IO m plots. The sites were established in 1982 and 
ammonium nitrate (assumed dry broadcast application) was applied at rates of 80 kg N h a  (71 Ib/ac) and 
120 kg N h a  (107 Ib/ac) on independent experimental plots. The N,O emission fluxes were determined as 
described by Scwartz et al. (1994). but without flushing the soil sample with C,H,. Open chambers with a 
steel base and a removable lid were placed 5 cm into the soil between the rows. Samples were collected in 
three molecular sieve traps during 4h/d periods with the chamber lids installed. The chamber lids were 
removed at other times to prevent microclimate changes within the testing environment. 

Reference 43 reported original experimental data. The measurements were conducted using 
acceptable methods and adequate documentation was provided to evaluate data quality. As a result, the 
data are assigned a C rating. A copy of Reference 43 is provided in Appendix P, with applicable emission 
factor calculations performed using the data provided in the text on page 257 of the article. 

4.2 DEVELOPMENT OF CANDIDATE EMISSION FACTORS 

As discussed in Section 2.3, emissions of gaseous air pollutants associated with the application of 
nitrogen fertilizers may be "immediate," generated during or shortly after application, and/or "latent," 
occurring days or weeks after application. Candidate emission factors for both emission types were 
developed as discussed below. 

4.2.1 Analvsis of ExDerimental Data 

No comprehensive emission test reports were found in the literature search. Technical papers 
published in refereed journals were used for emission factor development. All the data in these technical 
papers were generated for the purpose of determining global budgets of nitrogenous greenhouse gases and 
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not for emission factor purposes. Inconsistent and nonstandardized sampling and analytical methods were 
used, and testing was conducted over vastly different time periods, from a few hours or days to months or 
even years. For this reason, analysis of the data was difficult and resulted in generally low ratings being 
assigned to the emission factors. 

To derive the candidate emission factors for fertilizer application, individual emission factors were 
hand calculated for each test series from the experimental data (see Appendices A to M). All emission 
factors were normalized on the basis of equivalent nitrogen applied, regardless of fertilizer type. The 
emission factors obtained from each reference were tabulated according to type of emission 
(Le., immediate or latent) and type of pollutant, and the arithmetic mean and standard deviation were 
calculated for the data in each pollutant category. 

The arithmetic mean of the individual emission factors in each pollutant category was calculated, as 
appropriate, by summing the emission factors derived from each test data set and dividing the sum by the 
total number of factors. 

The standard deviation of the average emission factors was calculated using the general expression: 

(4-1) 

where: s = standard deviation 
n = number of individual emission factors 

xi = emission factors derived from each test data set 

The candidate emission factors developed by the above me..~A are provi_._ m Tables 4-2 and 4-3 
for immediate and latent pollutant emissions, respectively. Except in the case of latent N,O. the candidate 
emission factors shown in these tables were obtained by averaging all data sets in each pollutant category. 

In Reference 5,  emission data were presented for soil emissions of NO and NO,. Recent scientific 
papers discussing the biological mechanisms for NO, emissions from the soil have cited evidence to show 
that essentially all (over 90 percent) NO, emissions are in the form of NO and little, if any. are in the form 
of NO,. There is no evidence to conclude that appreciable quantities of NO, are emitted directly from the 
soil. The formation of NO, occurs through the rapid oxidation of the NO by ozone present in the soil or 
the air above the soil (Reference 39). The authors in Reference 5 state that their measurements clearly 
indicate the establishment of NO and NO, equilibrium mixing ratios. The NO, data reported in 
Reference 5 are included in Table 4-3. However, because of the differing viewpoints concerning soil 
emissions of NO,, these data are not used to develop candidate emission factors later in this section and 
were not included in the AP-42 section. 
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As shown in Tables 4-2 and 4-3, the data used to derive the candidate emission factors are highly 
variable and typically range over several orders of magnitude. Also, the data are usually of limited 
quantity and of poor quality, which is reflected in the E rating assigned to the candidate emission factors. 
For this reason, appropriate footnotes are provided to explain the derivation and applicability of each 
emission factor determined in the analysis. Also, some of the average emission factors should be 
interpreted cautiously as noted in the paragraphs below. 

The immediateemissions of NH, generated by the application of anhydrous NH, (Table 4-2) are 
quite low compared to the latent emissions of the same pollutant from the application of urea (Table 4-3). 
A substantial reduction in NH, emissions has been realized by the use of newer, subsurface injection 
methods in comparison to older techniques employing surface application. Second, the magnitude of the 
latent NH3 emissions for solid, ammonia-containing fertilizers, such as urea, is highly affected by soil 
properties and biota population. Therefore, the candidate emission factor developed subsequently may not 
be indicative of the generation of this pollutant from other general soil types. 

Another factor to note relates to the time period over which the latent emissions were generated 
and measured. Table 4-3 shows that widely varying time periods were monitored to determine the total 
mass emission factors in each study. From the references reviewed, it was determined that the majority of 
the emissions are created during a relatively limited period of time with lower emission rates occurring in 
the preceding and succeeding periods. The location of this maximum emission period on the temporal 
scale after application varies substantially as a function of fertilizer and application type, soil conditions, 
meteorology, and climatology. Furthermore, release rates show substantial diurnal variation, probably as a 
function of temperature. Thus, the temporal distribution of latent emissions is not well defined, and the 
usefulness of the factors for short-term emission estimates is questionable. 

Finally, since all emission estimates were expressed in terms of equivalent nitrogen applied, 
appropriate calculations may be required to convert application rates to a common format for use with the 
emission factors shown in Tables 4-2 and 4-3. Table 4-4 provides the equivalent nitrogen content of 
several commonly used chemical fertilizers. It should be noted that the nitrogen content of a fertilizer is 
usually specified by the manufacturer on the container. If combinations of fertilizers are used, the overall 
nitrogen equivalent can be calculated by proportional multiplication of the individual factors provided in 
Table 4-4 based on the composition of the mixture. 

4.2.2 Candidate Emission Factors 

Using data from the references described in Section 4.1 of this report, candidate emission factors 
were compiled for inclusion in AP-42 for the application of anhydrous NH,. urea, NH4N03, CA(NO,),, 
NaNO,, NH,CI, and (NH4),S0, fertilizers. An emission factor also was developed for the application of a 
mixture of fertilizers i n  which nitrogen is the primary component. These emission factors are summarized 
in Table 4-5. Candidate emission factors are presented for immediate, latent, and fugitive NH,; latent NO; 
and latent N,O. Latent NO, emissions are not included in the table because scientific evidence cited in 
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recent technical papers do not support the soil emission of NO, but rather the oxidation of NO to NO,. All 
of these emission factors are rated E because they are based on a combination of B-, C-, and D-rated data. 

4.2.2.1 Ammonia ("4. Two emission factors were developed for NH, emissions from 
application of anhydrous NH,. An emission factor for fugitive emissions directly off the application was 
obtained from the average of the 4 tests from Reference 12 shown in Table 4-2. The emission factor for 
immediate volatilization over a 1 to 3 hour period was obtained by averaging the factors of 22.4 Ib/ton 
from References 7 and 8 and 2.30 Ib/ton from Reference 12. The emission factor for latent NH, emissions 
from broadcast application of solid urea fertilizer is based on two tests documented in Reference 1 I .  

4.2.2.2 Nitric Oxide (NO). The emission factor for latent NO emissions from broadcast 
application of fluid urea fertilizer is based on a single test documented in Reference 5, and the emission 
factor for latent NO emissions from broadcast application of fluid ",NO3 fertilizer is based on the 
average of two tests documented in Reference 5. The emission factor for latent NO emissions from the 
application of fluid Ca(N03)2 is based on two tests documented in Reference 4, and the emission factor for 
latent NO emissions from the application of fluid NaNO, is based on the average of a test documented in 
Reference 4 and the average of two tests documented in Reference 5 .  The emission factor for latent NO 
emissions from the application of fluid NH4Cl is based on two tests documented in Reference 5 (a third 
test conducted on a grass-covered test plot was not used). The emission factor for latent NO emissions 
from broadcast application of solid ",NO, fertilizer is based on a test documented in Reference 1 and 
the average of two tests documented in Reference 41. The emission factor for latent NO emissions from 
broadcast application of solid (NH4)2S04 is based on a single test documented in Reference 39. All values 
in Table 4-5 were taken directly from appropriate averages in Table 4-3. 

4.2.2.3 Nitrous Oxide ( N 2 a .  The emission factor for latent N,O emissions from broadcast 
application of fluid urea fertilizer was developed from one test documented in Reference 5 (1 1.5 Ibhon), 
one test documented in Reference 6 ( I  1.3 Iblton), and two tests documented in Reference 9 (7.96 Iblton). 
The emission factor for latent N 2 0  emissions from broadcast application of fluid ",NO, fertilizer was 
developed from one test documented in Reference 5 (2.52 Ibhon) and the average of two tests documented 
in Reference 6 (3.62 Ib/ton). The emission factor for latent N,O emissions from application of fluid 
Ca(N03), i s  based on two tests documented in Reference 9 (1.7 Iblton). Two emission factors (one for 
standard tilling and one for a zero-till plot), both based on single tests documented in Reference 13, are 
presented for latent N,O emissions from the application of fluid (NH,),SO,. The emission factor for 
latent N20 emissions from broadcast application of solid ",NO, fertilizer was developed from one test 
documented in Reference 1 (333 Iblton), one test documented in Reference 14 (212 Ib/ton), the average of 
two tests documented in Reference 41 (56.2 Ibhon), and the average of three tests documented in 
Reference 43 (45.8 Iblton). Two emission factors for latent N,O emissions from broadcast application of a 
mixture of nitrogen-based fertilizers were developed. An emission factor from a mixture that does not 
include manure was developed from one test documented in Reference IO, and an emission factor from a 
mixture that does include manure was developed from the average of two tests documented in Reference 2. 
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The emission factor for latent N,O emissions from application of solid (NH4)$04 is based on a single test 
documented in Reference 39 (1 2.1 Iblton). 

As noted in Table 4-5, total mass emission factors tend to increase, at least partially, with 
oxidation number. This appears to be reasonable from a mechanistic viewpoint, taking into consideration 
the expected production of primary emissions in the soil matrix and their interaction with the atmosphere at 
the interface (see Figures 2-8 and 2-9). 

There is substantial variability in the emissions data both from within sites and between different 
sites and the overall quality of the data is poor. Because of this, the emission factors in Table 4-5 provide 
only relatively crude estimates of the emissions resulting from the application of nitrogenous fertilizers, 
and should be used with caution. No attempt should be made to infer that there is any significant 
difference in emissions between fertilizer types or that any degree of emission control could result from the 
use of different types of fertilizers. Additional testing under controlled conditions using a standardized 
procedure would be required to improve the quality of the emission factors shown in Table 4-5. 
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TABLE 4-1. DOCUMENTS REJECTED FOR EMISSION FACTOR DEVELOPMENT 
ef. No. Reason for rejection 
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29 
30 

31 

32 

33 

34 

35 

36 
37 

38 
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42 
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46 
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Secondary paper; no new air emission data presented; all secondary data simply presented as percentage loss 
Combustion effects study: no process data from which to calculate emission factor because fertilizer not applied 
Study of the effect of soil properties on denitrification; no process data to convert emission rates to emission factors 
Excellent emission flux data. but no information presented on application rates 

Study of the effects of soil propenies and climatic conditions on NO and NO, flux rates with excellent flux data: no 
fertilizer application data to allow emission factor calculation 
Laboratory studies of basic mechanisms; no data on actual field applications. and no application rates for l a b o r a t o ~  
studies 
Laboratory study of the effects application technique on NHJ volatilization rates; no field application data 
Nonrepresentative sampling conditions make flux rate estimates unreliable 
Limited data presented on application rates, but data on fertilizers and application methods insufficient Io develop 
reliable emission factors 

Reliable flux data and limited application rate data, but data on application methods and fertilizers insufficient to 
develop reliable emission factors 
Secondary study of the sulfur cycle; no original emission lest data 

Secondary study of the sulfur soil cycle; no emission test data 
Review study on the nitrogen cycle; no emission test data 
Summary report on available information on the nitrogen cycle as of 1976; general global emission estimates 
presented, but no emission test data provided 
Laboratory study of denitrification process; no actual field application data 
A study of NO, emissions from three land use types during summer and fall testing; detailed descriptions of new fll 
chamber and flux data were given but no identification of fertilizer type was provided 
A greenhouse study of nitrous oxide and nitric oxide emissions with and without the addition of a nitrification 
inhibitor; no actual field application data 
Study of factors controlling emissions in cool temperate climates; emission flux data presented but no sampling tim 
intervals or description of application methods 
Study of a wide range of fertilizer application rates, soil textures, grazed and ungrazed sites. soil moisture. and soil 
temperature on denitrification patterns; no data presented for fertilizer types or application methods and only gener; 
analytical methods provided 

Reports flux data for nitrogen plus nitrous oxide combined but no separate data, no accumulation data, and no time 
duration data 
Study of effects of lime on reducing nitrous oxide emissions from a beech forest; N,O emissions unreliable because 
control plot had been fertilized for each of previous 5 years and no application methods given 
Laboratory study of farmyard manure application; no actual field application data 
A review article on NO, and N20 emissions from soil. Presents summaries of NO and N20 emission flux data for 
several land use categories but no data on application rates or accumulated emissions. 
Sampling began months after the fertilizer application. Study was performed to compare test methods, not to 
quantify emissions from fertilizer application. 
Application of both solid and fluid fertilizer; report does not specify how much of each fertilizer was used 

Unspecified application method 
Time period not specified and total emissions not provided 

Methane emissions from a flooded rice f ie ld  not applicable 

No original data presented 

Emissions not related to fertilizer application 

~. Methane emissions from a rice f i e ld  not applicable 
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TABLE 4-1. (continued) 

:ef. No. Reason for rejection 

49 

50 

51 

52 

53 
54 

55 

56 

57 

58 

59 

60 
61 

No original test data presented 
Global estimates; no original test data presented 
No original test data presented 
Methane emissions from fertilizer storage: not applicable 
Methane emissions from manure not applied as a fertilizer 
No original test data presented 
No original test data presented 
Total amount of fertilizer applied not specified 
Global estimates; not presented by application method 
Study on NH, inhibitors; soil losses measured, but actual air emissions were not measured 
Emissions from fertilizer and livestock waste; cannot determine contribution from individual sources 
No original test data presented 
No original test data presented 

4-20 



1 
I 
I 
I 

11 
1 
1 
I: 

I 
I 
I 
I 
I 
It 
I 
I 
I 

a 

i 

DRAFT 
J:\DMSW60404WER"?3RT-B.WPD 
6/26/98 

4-2 1 



DRAFT 
J:U)MSW60404\FERTEERT-B.WPD 
6/26/98 

u n n  n u u  

* *  e e  n n  

- m u  m % G  

0 z 

4-22 

24 2g2 24  0 O 

n 

m 

0" z 

n 
I 
1 
J 
I 
I 
I 
I 
II 

I 
1 
.I 

I 
I 
I 
1 
I 

lil 

i 

- 



1 
I 
1 
I 
Io 
I 
I 
I 
I 
1 
I 
I 
I 
I' 
1 
1, 
I 
I 
1 

DRAFT 
J:\DMSW60404\FERlU%RT-B.WPD 
6130198 

U U n n U n n u  u u  

> 
2 C L  n n 

m -  
N m W m 0 " 9  m u  - 

4 

4-23 



1 
I 
I 
I 
D 
I 
1. 
I 
I 
# 
1 
I 
I 
1 
I 
I 
I 
1 
I 

DRAFT 
I:\DMSW60404\FER'nFERT-B.WPD 
6130198 

1 

4-24 



~ 

1 
I 
I 
I 
I 
1 
1 
I 
I 
1 
I' 
i 
I 
1 
I 
c 
I 
I 
I 

Type of fertilizer Chemical formula 

Anhydrous ammonia "3 

Urea CO("?)7 

Equivalent nitrogen 
Nitrogen contentb content, Ib fertilizer 
(weight percent) per Ib N' 

82.3 1.2 

46.7 2.1 

Ammonium nitrate 

Ammonium sulfate 

",NO3 35.0 2.9 

(NH&SOd 21.2 4.7 

* 100% 
aEquivalents for pure chemicals. 
bNitrogen content (weight percent) = 

atomic weight of nitrogen 
molecular weight of fertilizer 

Ammonium chloride 

14 
17 

e.g., for ammonia: wt% = - * 100% = 82.3% 

To determine the pounds of nitrogen per ton of fertilizer, multiply the nitrogen content (weight percent) 
times the tons of fertilizer. Then convert tons to pounds by multiplying by 2,000. 

e.g., for one ton of urea: 

I ton x 46.7 x l/lOO = 0.467 tons of nitrogen 
0.467 tons x 2,000 Ib/ton = 934 Ib of nitrogent/ton of urea 

For fluid fertilizers, the weight of the solvent should 
fertilizer. 

'Amount of fertilizer (Ib) to produce 1 Ib equivalent nitrogen application. To convert pounds of nitrogen 

be included in calculating the weight of the 

to pounds of fertilizer, multiply pounds of nitrogen by the equivalent nitrogen content. 

e.g., 934 Ib N x 1.2 Ib ammoniailb N = 1,121 Ib ammonia 

NH4CI 26.2 3.8 
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Applicatiodfertilizer I PM-IO I NH3 NO N20 

Gaseous fertilizer: - Injection 
-- Anhydrous ammonia NA 12ab ND ND 

0.41 

Fluid fertilizer: - Injection or deep band 
-- Aqueous ammonia NA ND ND ND 

-- Urea NA ND ND ND 

-- Ammonium nitrate NA ND ND ND 

-- Nitrogen mixtures' NA ND ND ND 
Band, row, and broadcast application d 

r 

I 

-- Urea 
-- Ammonium nitrate 
-- Nitrogen mixtures' 
-- Calcium nitrate 
-- Sodium nitrate 
-- Ammonium chloride 
-- Ammonium sulfate 

I 

* Aerial 

-- Urea 

ND 
ND 
ND 
ND 
ND 
ND 
ND 

ND 2 6 0 p  ND ND I 

ND 
ND 
ND 
NA 
NA 
ND 
ND 

ND 

1.71 

ND 
ND 

ND 
16' 
120' 

IlSolid fertilizer: 

11 -- Ammonium nitrate I ND I ND I 240s I 160' 
-- Nitrogen mixtures' 

-- without manure 
-- withmanure 

ND 

11 -- Ammonium sulfate I ND I ND I 140" I 12" 

ND = No data available. 
NA = Not applicable. 
All emission factors in terms of pounds of pollutant per ton of nitrogen in fertilizer applied (Ib pollutanfl N applied). 

aReferences 7, 8, 12. Volatilization immediately (1-3 hn) after application (source No.2 on Figure 2-7a). To convert from 
Ib/ton lo kg/Mg. multiply by 0.5. 

bReference 12. Fugitive emissions (6 to 9 hr) after application (source No. 3 on Figure 2-7a). 
'Fertilizer mixtures in which nitrogen is the predominant component. 
dLatent emissions from soil reactions. 
'Reference 5 .  
'References 5.6.9. 
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TABLE 4-5. (continued) 

gReferences 5 .  6. 
hReference 4. 
'Reference 9. 
'References 4 .5 .  
"'References 9,  13. Conventional til l  plots. 
"Reference 13. Zero-till plot. 
PReference I I .  
qReferences I ,  41. 
'References 1. 14.41.43. 
'Reference 10. 
'Reference 2. Mixture of  feedlot cattle manure and added nitrogen source (ammonium nitrate. urea). 
"Reference 39. 
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5. PROPOSED AP-42 SECTION 9.2.1 

A proposed AP-42 section for fertilizer application is presented on the following pages as it would appear in the 
document. 
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DRAFT 
This is preliminary material, in draft form, for purposes of review. This material must not be 

quoted, cited, or in any other way considered or used as final work. 

9.2.1 Fertilizer Application 

9.2.1.1 General'4 

The role of fertilizers in the agriculture industry is to supply essential plant nutrients to improve 

crop production. There are 16 essential elements or nutrients necessary for plant growth, three of which 

(carbon, hydrogen, and oxygen) are supplied from the atmosphere or water. The other 13 elements 

(nitrogen, phosphorus, potassium, calcium, magnesium, sulfur, copper, zinc, boron, manganese, iron, 

chlorine, and molybdenum) are principally supplied through the soil medium. Concentrations of some of 

these elements are limited in most soils and must be supplemented by fertilizers. 

Fertilizers are produced by the following types of industries: fertilizer plant foods; nitrogen and 

organic fertilizers; and phosphate potash and other fertilizers. Fertilizers are distributed through 

agricultural supply retailers, farmers' cooperatives, and fertilizer dealers. Application is performed by 

farmers and by fertilizer dealers using specialized application equipment. 

9.2.1.2 Process D e ~ c r i p t i o n ~ - ~  

Fertilizer application is based on the physical form of the fertilizer, i. e., a gaseous, fluid, or solid 

form. 

Gaseous Fertilizer - 
Anhydrous ammonia, which supplies nitrogen, is the only gaseous fertilizer used. Farmers usually 

hire trained specialists to apply the 5.7 million tons of ammonia used annually in the United States. 

Anhydrous ammonia is typically stored in a liquid form, most commonly under pressure, and to a lesser 

degree, under refrigeration. Anhydrous liquified ammonia is applied by subsurface injection. The 

ammonia quickly vaporizes, but is captured by several components in the soil including water, clay, and 

other minerals. 

The equipment for the injection of anhydrous ammonia consists of a vehicle (tractor), a 

pressurized tank containing anhydrous ammonia, a metering system, manifolds, and injection knives. The 

critical components of the injection system are the metering assembly and injection knives. The meter 
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assembly controls release of the fertilizer in direct proportion to the speed of the vehicle. Generally, the 

depth settings for injection are from 4 to 10 inches (10 to 25 centimeters) below the surface, depending on 

soil type, soil conditions, and spacing of injection knives. Figure 9.2.1-1 shows a simplified trailer used to 

apply anhydrous ammonia and liquid fertilizers. 

Fluid Fertilizer - 
Fluid fertilizers are typically classified as either solutions or suspensions. Solution fertilizers are 

free of solid particles. Suspension fertilizers are two-phase fertilizers in which solid particles are 

maintained in suspension in the aqueous phase. 

The equipment for surface spraying of fertilizers consists of the vehicle, a tank holding the fluid, a 

metering system, manifolds, and spray nozzles. The manifolds are mounted inside long booms (20 to 

40 feet) having no more than 20 nozzles. Fluid fertilizers are most commonly sprayed onto the surface of 

freshly tilled soils. Figure 9.2.1-2 shows a side view and rear view of a typical spray nozzle system. By 

varying the height of the nozzles above the ground and the flow of the fluid fertilizer, the applicator can 

apply the fertilizer in discreet bands (band and row) or as overlapping coverage (broadcast). 

Solid Fertilizers -In the United States, solid fertilizers are typically either straight nitrogen 

fertilizers (urea or ammonium nitrate) or mixed fertilizers containing nitrogen and phosphate, potassium, 

and other nutrients. The equipment for broadcast application of fertilizers consists of the vehicle, a dry 

hopper containing solid fertilizer, a metering system, and either fan-type spreaders or boomed spreaders. 

The flow is controlled by a sprocketdriven belt that feeds the dry fertilizer into the spreader. The 

application rate is dependent on the position of the spinner blades, the position where the fertilizer drops 

on the spinner blades, the spinner speed, and the particle size of the fertilizer. Figure 9.2.1-3 shows an 

example of a centrifugal spreader. 

9.2.1.3 Emission And  control^^'^-^ 

Both particulate matter (PM) and gaseous air emissions are generated from the application of 

nutrients as fertilizers or manures. Emissions from the storage and application of animal wastes and green 

manures are not considered in this section; see Section 9.4.1, Cattle Feedlots; 9.4.2 Swine Feedlots; 9.4.3, 

Poultry Houses; and 9.4.4 Dairy Farms. For emissions from the production of commercial dry manure 

fertilizers, see Section 9.5.4, Manure Processing. Emissions may be immediate (occurring during or 

shortly after application), and latent (occurring days or weeks following application). Four possible 

Sources of uncontrolled emissions have been observed with the process of fertilizer application. These 

9.6.1-2 EMISSION FACTORS 

I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
1 
I 
4 
1 
I 
I 
I 
I 
I 
1 
I 
I 
1 
0 
I 
I 
I 

DRAFT 
sources are ( I )  soil reactions with the applied fertilizer generating increased gaseous emissions including 

NO, N20, NH,, and SO,, (2) volatilization of the fertilizer immediately behind the vehicle generating 

gaseous emissions including MI, and the fertilizer itself, (3) soil disturbance creating PM emissions with 

constituents that become airborne, and (4) volatilization of the fertilizer immediately above the solid 

fertilizer trailer, generating gaseous emissions including NH3 and the fertilizer. Figure 9.2.1-4 shows these 

sources for emissions. 

Recent scientific papers discussing the biological mechanisms for NO, emissions from the soil 

have cited evidence to show that essentially all (over 90 percent) NO, emissions are in the form of NO and 

little, if any, are in the form of NO,. The formation of NO, occurs through the rapid oxidation of the NO 

by ozone present in the soil or the air immediately above the soil surface. There is no evidence to conclude 

that appreciable quantities of NO, are formed directly in the soil. 

Wind-blown dust is created immediately during the application of dry fertilizers and later from 

disturbances caused by mechanical operations (e. g., tilling) and/or wind erosion. Gaseous air emissions 

can be generated afier application by the immediate volatilization of gaseous fertilizers (i. e., anhydrous 

ammonia) or after some period of time by the chemicalhiological transformation of nitrogen (N) added as 

fertilizers or manures to the soil. Table 9.2.1-1 provides equivalent nitrogen contents of common chemical 

fertilizers. 

Emission factors are not presently available for PM. A number of heavy elements listed as 

Hazardous Air Pollutants in the 1990 Clean Air Act Amendments have been identified in soils treated with 

phosphate, nitrogen, and manure fertilizers, and could become airborne with fugitive dust. These elements 

are: cadmium, mercury, nickel, selenium, chromium, manganese, lead, and cobalt. Some of these 

elements also occur naturally in some soils. Research is needed to quantify fertilizer and manure 

contributions to airborne heavy metals. 

At present, only gaseous air emission factors have been developed for nitrogen fertilizers. These 

emission factors, which are shown in Table 9.2.1-2. are based on equivalent nitrogen applied to the soil. 

Note that the studies that were used to develop these emission factors indicate that emissions can exhibit 

substantial temporal and spatial variability. Factors that affect this variability include soil type and 

composition, soil properties such as moisture content and pH, and ambient temperature. These factors 

result in wide differences in emissions from site-to-site as well as day-to-day variations and diurnal 

emission variation at a given site. Consequently, the emissions factors shown in Table 9.2.1-2 should be 

used with caution because data from the 15 studies used to develop them were extremely variable. The 

Food and Agricultural Industry 9.2.1-3 



DRAFT 
variability is partly due to variances in soils, temperatures, and precipitation between sites, and is also 

partly due to differences in experimental procedures. 

It should not be inferred from these data that any degree of emission control could result from the 

use of different types of fertilizers. To date, the best form of emission control is through "nutrient 

management." In other words, the form, placement, and timing of the fertilizer relative to the need of the 

fertilizer is the best available control of the uncontrolled emissions of fertilizer application. 

9.6.1-4 EMISSION FACTORS 
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Figure 9.2.1 - 1. Typical trailer for application of anhydrous ammonia and fluid fertilizers 

Figure 9.2.1-2. Side view and rear view of a typical spray nozzle system used for 
application of fluid fertilizers. 
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Double 
Spinners 

Figure 9.2.1-3. Example of centrifugal spreader. 

Volatilized 
"3 Fertilizer 
NZO, NO, NO, 

i so2 
Volatilized 
Fertilizer t 4 

Reactions with soil to generate emissions 

Immediate emission due to bmadcasting the fertilizer. 
Believed to be negligible. 

Generatiin of fugitiie dust 

[I1 Immediate emission due to volatilization of fertilizer. 
Believed to be negligible. 

Figure 9.2.1-4. Emission sources from fertilizer application. 
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Nitrogen contentb 
Type of fertilizer Chemical formula (weight percent) 

82.3 Anhydrous ammonia "3 

Urea CO("2)Z 46.7 

Ammonium sulfate (",),SO,+ 21.2 

Ammonium nitrate ",NO3 35.0 

Ammonium chloride NHJI 26.2 

DRAFT 

Equivalent nitrogen 
content, 

Ib fertilizer per Ib NC 

1.2 

2.1 

2.9 

4.7 

3.8 

aEquivalents for pure chemicals. 

* 100% atomic weight of nitrogen 
bNitrogen content (weight percent) = molecular weight of fertilizer 

14 
17 

e.g., for ammonia: wt% = - * 100% = 82.3% 

To determine the pounds of nitrogen per ton of fertilizer, multiply the nitrogen content (weight 
percent) times the tons of fertilizer. Then convert tons to pounds by multiplying by 2000. 

e.g., for one ton of urea: 
1 

100 
1 ton x 46.7 x - = 0.467 tons of nitrogen 

0.467 tons x 2,000 lb/ton = 934 Ib of nitrogedton of urea 

For fliud fertilizers, the weight of the solvent should 
the fertilizer. 

'Amount of fertilizer (Ib) to produce 1 Ib equivqlent nitrogen application. To convert pounds of 
nitrogen to pounds of fertilizer, multiply pounds of nitrogen by the equivalent nitrogen content. 

be included in calculating the weight of 
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Draft Table 9.2.1-2 SUMMARY OF EMISSION FACTORS FOR FERTILIZER APPLICATIONa 

EMISSION FACTOR RATING: E 

PM- IO Fertilizedapplication 

Gaseous fertilizer: 
NH, 

Injection 

-- Anhydrous ammonia 

Fluid fertilizer: 

1 Injection or deep band 

-- Aqueous ammonia 

-- Urea 

-- Ammonium nitrate 
d -- Nitrogen mixtures 

1 Band, row, and broadcast applicatione 

-- Urea 

-- Ammonium nitrate 

-- Nitrogen mixturesd 

-- Calcium nitrate 

-- Sodium nitrate 

-- Ammonium chloride 

-- Ammonium sulfate 

Aerial 

1 Irrigation 

Solid fertilizer: 

* Broadcast applicatione 

-- Urea 

-- Ammonium nitrate 

-- Nitrogen mixturesd 
-- without manure 
-- with manure 

-- Ammonium sulfate 

ND = n o  data available. NA = not aoulic 

NA 

NA 

NA 

NA 

NA 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

1 2b 
0.41' 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

NA 

NA 

ND 

ND 

2604 

ND 

ND 

ND 

9.6.1-8 EMISSION FACTORS 

NO 

ND 

ND 

ND 

ND 

ND 

140' 

29' 

ND 

7.d 
5.1m 

5gf 

ND 

ND 

240' 

ND 

140" 

NZO 

ND 

ND 

ND 

ND 
ND 

109 

3.0h 

ND 

l.7k 

ND 

ND 

39" 
290p 

ND 
160' 

16' 
120" 

12" 

pollutant per 
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Draft Table 9.2.1-2 (cont'd) 

Reference 18. Fugitive emissions (6 to 9 hours). 
Fertilizer mixtures in which nitrogen is the predominant component. 

e Latent emissions from soil reactions. 
Reference 1 I .  

g References 11-12.15. 
References 11-12. 

J Reference 23. 
Reference 15. 

rn References 11.23. 
" References 15.24. Conventional till plots. 
p Reference 24. Zero-till plot. 
9 Reference 17. 

References 9.21. 
References 9.19.21-22. 
~~~~ 

Reference 16. 
" Reference 10. Mixture of feedlot cattle manure and added nitrogen source (ammonium nitrate, urea). 
" Reference 20. 
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THE PRODUCTION OF ATMOSPHERIC NO, AND N,O 
FROM A FERTILIZED AGRICULTURAL SOIL 

M. F. SHEPHERD, S. BA- and D. R. H m E  

1. h7PODUCnON 

The oxides of nitrogen are important rp.cik in the 
cycling d nitrogen through the atmaphere and are 

pptv. The post industrial revolution inn- in ozone 
(Volz and Kley, 1988) has k n  attributed to man's 
input or NO. 10 the atmosphere. This increase can 
produce deleterious effects on human and vegetative 

involved in both radiative and chcmid proscfle+ 
Nitrous oxide (N,O) is important in d i m t e  wntrol 

asitisagreenhouse gasabsorbingintwobandswhnc 
the atmosphere and Eirth emit. namely at ?.78 pm 
and 17.0 pm. IU present conantration of slightly o m  
300 pphv contributes - I  K to the p n h o u u  
warmed mean surlaa temperature (Kuhn. 1985). 
Since N,O bas a long tropospheric lifnimc(l50 pn) 
it can diffuse into the stratosphere wbcre, through 
d o n  with excited oxygen atoms it produocr nivic 
oxide (NO). Reaction with the niu'ic oxide M produ. 
a d  is the major removal process for ozone in the 
nntorphcre WMO. 1985). Theconantration ofN,O 
has been o b r e ~ e d  to bc inmasing at about 02% 
per year WMO. 198% This can k upeacd to mult 
man i n . ~ y  in muface temperature via -house 
d n g  and a d- in mratospheric ozone by 

hcalth. It will also contribute to greenhouse warming 
(Rmanrthan <I of. 198.5). 

Prior In the industrial revolution the atmosphcric 
w n u n t r  on 01 these gases over land masses was 
likely dominated by biological proarrcr. The onset of 
industrialhiion anainly i n d  the NO, pro. 
duainn to the point where today fossil lvel wm- 
bustion is the major NO. soum WAS, 1984). The 
N,O situation is not as dear. Dim production lrom 
combustion is pncrally thought to be mall h i  
produnion from biomass burning may bc significant. 
Since combustion souras  are generally l d k d .  bio- 
logical produdon of N,O and NO. is still significant 
away from major urban and industrial mires. How. 
ever. biological production docs not mean pre- 
indurvial produstion. Man is having an i n d i m  effm 
on the nitrogen budget by chemid conwmion 01 

m-ing the na of odd nitrogen aulyvd omnc atmosvhmc mtrogen into ammonium nnntc, the 
dcruuction. bulk of which u used u fcnilucr Any of this nitrogen 

Tbe mtrogm omdes NO and NO, (collmwly =t%-atGlG&re<s NO, or N,O repre. 
twwn as NO.) control thc oaidsuvt apaa ty  ol the x n u  a significant innemenlal source of t h a t  trace 
troposphere At high conunuatlons the p h o t o l p  of gawr Thu could bc e r p s ~ l l y  irnporuni m the run1 
NO2 resulu in the net PIodUniOn of ozone wbrch m a m  of the wmern world where there IS a hngh uragr 
turn prod- hydroxyl radials Whch 8rc believed to of inorganic fmhr 
INWIC most atmosphmc oatdaiion processes How- There ha* k n  several nud in  ofthe mmon rates 
cm, at low NO, levels the r-nlon of NO n t h  01 thcw trace gases tn !he laboratory and in the field 
oldsou QO lead u) the net dntructaon 01 owne lohanrson and tdball) (1984). h n e  rr a f m ,  
(Cbmeidn rt 01. 19871 Tbc threshold for ozone and McKmney rr 01 {I9841 have c G i i  
prcducuon IS an NO w n m m t i o n  k i w c n  IOmd 30 ory siuaicr on the lcrobtc mmic8uon 

A-3 



1962 

denitrification proc&XS capable Of producing NO. 
and NIO. Eeld mcasUrCmCwf NO, emissions have nure w e r e m u r u d  luingmclosurc technique. 
bcen undmakcn bv Anderson -and Lcvinc 119871. For N . 0  rutic chamber xu used and the i n m s c  in tbr 

2 2  Ms,woiogy 

~ ..~ 
md Lcvine-(1987. 1988). Bremner et d. (i980). Cat= The N,O flux c h u n k  w m  lluminium q b d m  23rm 
and Kseney (1987). Duxbury et 01. (1982). McKenney hi& and cm in di.metcr. mwabk P i e d l o  Two cylindcn pcr plot VCTC p h d  approdmtcly 5 cm h t o  
et aL(1980). Mosierand Hutcbinson(l982)and Slcmr the loil ., run upmmcnl *It ph wbar 
et 01. (1984). psihlb Io minimLC lix pmurbatiion to the wiL Fa a 

m~y~~cmrni Ulr lid. which mnisined s u m  and s s h e  T h e  n u m Y  of this work is 10 foeus on the imwn- 
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l X E  OF DAY 

Fig. 4. Diuml  nrirtion of the &on flu d NO, from two framer OD 
Plot 103 on ds9 243. 

IO is leu euily leached from the mil. Tbe maximum in 
the Plot 0 roil nitrate at day 180 muld be due to the 
movemml d nirrate rich water from one or tbc 
adjacmt lcnilircd plou or IO nitrogen &ation by the 
bean pop The nutrient lev& drop u the gmwiap 
l a r o n  p~olpavl  although buvy n i n  during the 
mght of day 200 gives riw to M accentuated rate or 
rrmoval bnwcen days 2CQ and 201. 
Fim 4 shows a typical day or NO, mission 

m o r u m c n u .  Four mUfumnents wen made on 

miations in roil moisture and tcmpmture M shown 

aubtantial NO. &on 2 h dwr sunact. rhowiag 
that the p r ~ o n t  producing the NO. is not runlight 
d t p d c a t  The night-rime cmirdon, uc lower tlun 

J .  
clsh Of the IWO f-0 OW1 a 104 *Od. The 

in Fig 5. n e  6m point IO notc U that thm i~ 

the midday values but arc the same u the morning , 

values whcrc the mil tcmpcreturr was mmpanML It . ' 

appsan thmforc that the diurnal variation in NO. 
&ion is a ccruequma of temperature d a u o n s  
'Ibc other major future is the variation in emision 
rate within what is cxpsted Io be a homogmcous 
plot. For uample, them is almost a Lactor of two 
~~UCICUR in wme of the dmultnnmus NO. emision -)J 
mpmrrmmb. The two hnmcr w m  only 25 m a p n  
md no docsr than 3 m to the boundary or the ploL 
Sina  the field has b x n  ro carefully lsndcd tberc is no 
w n  to predict any variation between the s i t s  We 
must mncludc that in lpite of m n * s  attempt to 
homo@zc the mil tbm is a p a t  deal of variation 
within i t  This dew of variution has ban rn 
clxwhem but never undn such controlled muditions 
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rhir variation makes it difficult to make dcuiled 
mepIymau on the roil. A large number of musure. 
menu M n d e d  to determine trends nnd me aver- 

Figures 6 and 7 show the fluxes ol NO, and N,O 
determined duriog this study. Each point is the 
.-ne or m u r u m n m u  lrom both frames on each 

follow the nuvimt levels, but thereare marked day-to- 
d a y  variations. 

The emissions lrom the hnilized plou rose abow 
that ol Plot 0 simultaneously with the i n n s w  in roil 
nitrate and u n m o n i w  k t w n  days 116 m d  138. 
The missions appear to peak amund d a y  I@ about 
40 daw after the amlicption of thc Imilircr. 

! 
! 
1 

Lplot. h e  mission flux mcasumnmu showed huge 
variations throughout the mcarument  period. For 
plot 0 the NO. cmission ranged from 1.5 to 
41.6pg(NO)m-'h-' w h e w  for Plot MOtherangc 
WU from 3.1 to 583 p g ( N 0 )  m-' h". A similar VSI% 

tion w u  noted lor N,O where thc flux lor Plot 0 
ranged Irom 0 to 61.8 pg(N,O) m - 2  h-' and lor Plot 
M O l r o m O l o ~ ~ g ( N , O ) m ~ ' h ~ ' . T h m i s 8 d ~ r  
-and cycle in the cmission fluxes which rmn to 

The N1O murton dropped bact to the Plot 0 lcwl 
by day 180 T h i s  is not consislent wth the roll nitrate d 
m u s u m e n u  whrh M dl high bom days 180 to 
200 There u romc mrrclntion wth unmonium in t h e  
ume wale for mnovnl. but on Plot 3W there IS Iitllc 
crnl~80n Lie in the teason. even m the p m o  of 
clcvatd ammonium A plot of m m o n  Eux sgum 
sod nutnenu lammonium 8nd nitrate) p v e  no lunher 
might into thc p m r  - A-7 
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'Ihs NO, emissions pdtcd throughout the grow- 
~g~onprithdiresmiblemirdoruppctday240. I20 
days a¶ur f e n i l h r  application. This bchaviour a p  
pun to sorrelate better with roil ammonium than 
nitrate. apxial ly  in the response to the irrigation on 
day IS9 and the persinenu of NO, missions on Plot 
303. Tbis would s u e t  lhat the NO. is a product or 
biological nitrificaiion consistent with the ohma.  
tions of Andmon and Lcvinc (1987). However this 
correlation does not hold up to detailed analysis. 
A w n  a plot of mission against roil nutrients p v e  no 
additional information. 

Although the missions seem most closely relaid to 
tbe nutrient kvels, the day to d a y  varistion is rub. 
Mntial and must bc related to the mom variable 
parameters of tmpxature  and soil moisture. along 
with agriculmral practise. The variability or the mi% 

-7 dons bctwccn days I IO and I18 am lugely due to the 
roil being ploughed thra times ro that most of the 
miaoks.  which live in the top 2-3 an of roil. wen 
buried about IS-ZOcm. The minobc population then 
took several days to mgmcrate in the surfact hycr. 
tberc i s  IitOe variation in either N,O or NO, emit- 
dons betwan days 138 and 139 consistent with rim- 
iLr temperatures and no fain on tbm days. The 
major dkrepancy acumd for the NO, mission on 
drys 159 and 160. As noted abow heavy irrigation 
lowmd the nutrients on these d a m  NO, fluxes were 
measured for all four plots on day 160 but only for 
plots IC0  and 200 on day 159. Thcv two mesure- 
m a t s  sh4w a substantial d- in NO, emission 
but it had returned to apparently more typical levels 
bythenext day. In lhis Farcthcdryingofthefieldand 
b e  associated movement of nutrimu. a w n  to 
dominate the NO, emissions. Plot 2m showed an 
W d  N,O emission on day I 6 0  but othcnvise the 
dIsn Of the irrigation was minimal for N,O. By thc 

next musurmen l  on day 180 the N,O missions had 
dropped to pre-fenilizarion kvcls and little day to day 
variation was ohrewed subsequently. The NO, levels 
at day 180 appear depressed by the hot dry conditions 
but w v c r  by day 2M). They am suppressed again by 
rain that night. There is some evidcnu for a small 
innsaw in N,O emission on d a y  Zoo due to the 
moiner soil wnditions. The NO. emission had re. 
covered again by d a y  220 and showed a s tudy 
dcnuue to the end of the growing season. 

3 2  Cornpion wirh previous stdie, 
As with previous studies, panicubrly t h m  on 

agricultural roils a wide range of emission fluxes wen 
obtained with the values for the most feni lk4 plot 
among the highest reponed. 

Tabla  I and 2 present the results or NO, and N,O 
flux measurements on knilized agricultural mils. 
While the values reponed here are somewhat higher 
lhan mort they are not remarkably so. The rneasu~. 
m a t s  were made on research toil subjected to abnor- 
mally high fertilizer applicaiions, so higher missions 
would k cxpcned Irom these fields than thosc under 
wular cultivation. It must also bc m n m b c r d  that 
there musurementi wen made on bare soil and may .' 
overestimate the actual net nitrogen mission to the 
atmosphere. 

3.3. Discussion of rhrjux mriarion 
Eramination ofthesc data shows, as have a numkr 

of studies. that the emissions are dcpcndent on roil 
nutrients (ammonium and nitratel Icmpcraturg roil 
moisture and agricultural prania .  We now describe 
our attempts to quantify thnc depndcncies to obtain 
a model for the emission nux in terms or the readily 
mearureablc roil parameters. 
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Table I .  NO, &OD 8- from r e  igicu~tud  mi^ 

NO.Rur 
Ground &an- p i ( N 0 )  m-'h-' Rd- 

Corn 6eld Z0-W Willi.mr CI d. (1908) 
Whur 6dd 13-62 William et of. (1988) 
Corn &Id 21-24 A n h n  and Le- (1987) 
Soy 6eld 73-33.8 Aadmon lad Lcrinc (1987) 
Amble €4 QCp3 Johanssom and G m t  (1984) 
Exmimaul 6dd 13-583 ' I b i r s t u d ~  

1967 

N,O Uux 
Gmuad character pg.(N,O)m-'h-' Relcrcnrc 

Amble field -361 B~cmnn a d. (1980) 
Anblc &Id 35-482 Andmrm d Lcrinr (1987) 
Corn field 411-94 C.lu and K- (1987) 
Croppcd field 868 (awn@) M a i ~  and Hutchiruon (1982) 
Expcrimrnul field 6 4 1 6  %study 

Arable field 228-1712 b & m N  et Of. (1982) 

I 

An experiment Io inwrtigate the soil moinure 
dependence was perlormed on d a y  182 when I S -  
ZOm of water was applied. This brought the wil 
dose to held capacity. about 14% wil moisture, but 
did not excud it as on day 159. Mensummenu 
commenced immediately after the irrigation aared. 
TheNO,mi~onf luxwas l srr~n5%,andthcN,O 
flu Icn than 20% of the previous day's values, As the 
wil dried the fluxes increased to valuer consistmi with 
those obtained in the period before irrigation. The 
vrht ion of the fluxes with soil moisture are *m in 
Fig. 8. The steady increase in the NO. emission rate 
with dcnensing soil moisture L consistent with the 
depression of an aerobic proocrs by the high water 

content of the soil. This is the same conclusion drawn 
in m i o n  3.1 on the bask of the ammonium dcpend- 
ma of the mission flu% The N,O emission appears 
to be limited by a physical p- as e v i d m d  by the 
sharpincrease in flux bclow 10% soil moisture. David- 
w n  and Fimtone (1988) have shown that. for N,O 
emission. diRvsion through tbc wil pore spa= is 
imponant. Thus it apprrs  likely that in this case the 
anaerobic produnion of N,O wntinued even at the 
high soil moisture levels but the mission was phyr- 
i d l y  controlled by the p e n c e  of water in the soil 
porn. This cRcn has lum observed previously by 
~ v e r a l  groups including Slmr and Seiler (1984) and 
Grundmann n 01. (1988). The NO, Bur mul l s  were 
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lound to be b u t  fitted by a ln(flux)dependence on wil 
moisture. but a simple nnalyTical expression for N,O 
flux was not possible. 
There is a wide tcmpnture range from wbisb a 

lempcrature dependence can bc determind. The m- 
pmturedependena is kn doeribmi by an activation 

but extnpolation to diRmnt moisture and nutrient 
conditions is not pmsiblc 

3.4. TOral NO* and N ~ O  r d t a d  

determine a total uuonal  r e l w  of NO. and N,O. 
By integnhg the data m Figs 6 and 7 IW 

energy type cxprusios Le. 

In(flux)- In(A)- E.IR T.. 
H m  A is a wlutant, T.the roil lemperatufc R the gas 
constant and E. the activation energy. However. when 
E, was 10 determined it was lound to be plot depcnd- 
 en^ This was due, ih part. to the dmulweous varia- 
tion of soil nitrogen and trmprature. The nutrients 
were grcatclt when the temperatures were the highest. 
tbus we were fitting some nitrogen depcndma as 
well. Restricting the determination of E. to the latter 
half of the season where the nitrogen variation was 
d l  produced a more consistent ruult of 108 
f 2 0  W mol-'. This is similar to the values of 65- 
83 W mol-' obtained by lohanuon and Gramt 
(1984). 44-103 kl mol-' by Slemr and Scilcr (1984) 
and97f11  Wmol- 'by Williamrna1.(1988). 

Using this dependma on moisture and tempr- 
ature. and arruming a linear depcndena of the flux 

~ i g u z  9 g i ~ a  the total emision ior ea& plot &. 
lunction of the applied lenilipr. Tbm apppearr to bc L 
simple bur rslrtionsbip tetwccn the &on flux 
and the applied fertilizer. Fmm these data an anrage 
of 5.3% 01 the nitrogen applied as lertilipr (NH. or 4 
NO,) is relcaxd to the atmorpbm as N,O and 11% 4 
as NO, 

Artbcucain whichlhewmsarurcmenuweremade 
is a major population a r q  the anthropogenic emir- 
dons of NO, LR well quantified. Thus using the 
ruu lu  of Uis nudy with lnthropogenic missions 
docs d o w  the LIyument of the importance of biolo- 
gical input mi0 the a u n o s p h  For a 5 x 5 Lm' PM 
oxdrcd on the city of Wmdror. the annual a n t h r o p  
genic NO, emission i s  7328 tomes (MOE 1985). The 
average lor the same a m  01 agricultural land in 
w u t h w u t m  Ontario. oKthc transit wrridor. is ody 
IS tonncr Auuming an equivalent of IS0 kg ha" of 
",NO, fertilizer is applied to the agricultural land 

ratu on ammonium, nitnte and pH. we attempted to 
develop a model for the emission Bur in terms ol  these 

in lhii a& then r k  aniual biogenic &ision is 14.5 
tonnes for the rame 5 x 5 km' area. Thus in a N I ~  

pammcten. The results of this ex& were disap 
pointing. Within a single plot or lor a limited time 
pcriod the model was able to simulate the fluxes 
salisfactonlly. However lor the data set as a whole the 
model was unsatisfactory indicating this simple model 
10 be incomplete. For uample the roil moisture 
depndensc appears lo  change with nutrient level. A 
multiple regression model cannot k used forthis kind 
of non-linear system and we have insufficient data for 
a molt detailed model. The relationships we have 
dcraibcd apply well to the ryncm as it was studied, 

a m  the biological emission is comparable to the 
nnthropogenic emission. 

On a provina wide basis only 3.9% of Ontario is 
under cultivation for ami. legume or vegetable pro- 
duction. Using the same assumptions. as above. yiclds 
an Ontario biological NO. production of 14 kiloton- 
ncl pr yur. The comparable anthropogenic &- 
dons are 329 kilotonnes for nhicvlar missions, 178 
kilotonnsr lrom point rou rm and 18 kilotonnes from 
other sourus (MOE, 1985). Thus on the larger scale 
SIlthropogcnic NO, missions are dominant. 
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Nitrous Oxide Production throughout the Year from Fertilized and Manured Maize Fields' 

R.  L. CATES. JR. AND D. R. KEENEY' I 
E ABSTRACT 

Two field sit" on m loam soil were established to monitor N,O con- 
rrntntion in the soil atmosphere and m e  of emission fmm the SOU 
surface. The dtes were cropped to maize (Zea mays L.) and m w p i  
91 no high-N lerels (181 or Zn kg N ha-'). Bolh slla d w d  168 

nod 13 kg N b r '  u NILNO, lmillm in the row at phnUng. OM Lite 
(Site B) received additional mil inmrponted N (56 k i  N h.") u urn. 

rn 

kg N iwu r d o t  d e  (nos IEWW rm~ure  (pmpiutt-korponlrd) I 
I 
I, %tnatioms in N,O emisions rmm the two s i t a - w m  tempqmily 

tilizer).)rnitting about 3.6 kg N.0-N ha-' vr-' bud Site B abou 
simdar. m d  dlrfmd only In magnitude with Site A (no a d d i U o d  fer- 

\ S,O-N bn-' yr-'\or anout 2% of the N npplied. Most of the 
emitted between mid-Juar m d  the end of Julv when the roil wns rrm 

~~~~~~~~~ ~~~~~ ~ ~~ ~~~~ 

and ";-N was present. and at spring thaw (late March the following 
?nr) when soils were cold and o u r  water-satumed. Hlgh N,O emir 
dons during the m a g  y u o n  o a ~ d  loilowirq pdpiuuOrt -l(. 
and hen- were d t c d  with high soil water and pmbably with the 
inithtion of 10s drying. Nitrow osidc produclion w u  comllnvoar doting 
winter months, presumably a mull or denitrifimlon. The N,O con- 
centntlon in the pmfile or the f m m  soil lncnned to high kwh ( d y  
?WO PL L-' N,O at Site B) before ~pr inp tbnw. At thaw. nurlr  3M 
d after application or the N nmmdmrnu. on ipimrent pbmid deuc 
penod occvmd sod N,O flux w u  far higher (about 50 g N , O N  ba-' 
d - # l  than at most timu during the growing -0. 

Addinomlindu wrdr: Zeomays L.. Sitdflaliom. Dccliuiflallno. 
Cold wallr. Sail a m o g h r m .  Pmflk ni tmw oaidr. (hone hyer. 

Cain. R.L.. Jr.. and D.R. Keeney. 1987. Nitrous oxide produc- 
iton throughout the year from ierulized and manured maizs ficids. 
J .  Environ. Qual. 1 6 4 4 3 4 7 .  

Nitrour oxide (N,O) has been implicated in the destruc- 
tion of stratospheric ozone (Crutzen. 1981). which pro- 
tects the biosphere from harmful levels of ultraviolet 
radiation. The gas may also contribute to the "green- 
house" effect (Yung et al., 1976: Joyce, 1985) expected 
to result from increasing atmospheric COz levels. 

The use of N fertilizer can result in dramatic increases 
in N,0 emissions from soils. Annual losses of N as N1O 
from fertilizer-amended soils may be as high as 40 kg ha-' 
(Ryden and Lund, 1980a). whereas annual emissions from 
unfertilized soils are usually < 1 to 2 kg N ha-' (Colboum 
and Dowdell, 1984, Sahrawat and Ketncy. 1986). Loss- 
as N,O from anhydrous NH, fertilized soils can rqjre- 
sent as much as 7% of the applied N (Bremner et al.. 
1981). 

Production of NIO by soils had been viewed as 
evidence of denitrification, but it is now accepted that 
NtO is also emitted during nitrification (Bremner and 

' R w c h  supponed by the Collcge of Agric. and Life Sci.. Univ. 
of Wisconsin-Madison, and by Nat. Sci. Foundation Grant no. 
ncu ml7AM R m i v e d  9 Mar. 1987. 

&mt and professor of soil xicna. rapt- 
noruin-Madison. Madison, WI 53706. Cunmt 

is of senior author is: assistant nrofarar. Den of 

- 

~, .~ _I... I..- oman. Rcpnnt requests 6ou1d be sent to D.R. Keeney. 

Blackmer, 1978.1981; Blackmcr et ai.. 1980: Goodroad 
and Keeney. 1984b; Duxbury'and McConnaughey. 1986; 
Sahrawat and Knney, 1986). Although it has been 
assumed that most N,O is evolved during the growing 
season subsequent to application of N fertilizer, there is 
now evidence that N,O emissions during thaw may be as 
high as at any other time of the year (Bremner et al.. 1980; 
Goodroad and Knncy, 19%. 1985). Even though the 
mechanisms of production and release have not been 
elucidated, denitrification may be the principal source of 
that N,O. The significance of high N,O emissions at  thaw 
in relation to time of fertilizer application is not yet 
stablished, but could be one reason for the low efficiency 
of fall-applied fertilizer N. 

W e  monitored N,O emissions for 330 d and N20 con- 
centration in the soil atmosphere during winter and spring 
in two maize (Zeu muys L.) fields managed at two N levels 
(181 or 237 kg N ha-'). The study was conducted to pro- 
vide information relating to factors controlling temporal 
fluctuations in N,O emission and production rate, and 
the relationship of NIO concentration in the soil profile 
to N,O emission rate. 

Sites 
Two sites for monitoring N,O production were established 

in May 1981 on a Kidder loam soil (fine-loamy. mixed. mesic 
Typic Hapludalf). The field in which the sites were established 
had been in maize since 1978 and alfalfa (Medicogo sufivu L.) 
for several yean prior to 1978. Some characteristics of the sur- 
face (0-15 cm) soil were: water pH 6.7; organic C 1.2 g kg-,: 
cation exchange capacity. 13 mmok kg-': bulk density, 1.29 Mg 
m-'. Feedlot cattle (Bos fuurur) manure (ca. 33.6 Mg ha-'; 750 
g kg-' H O ;  168 kg N ha-') was incorporated into the top 20 
cm of soil at both sites. along with residue from the previous 
year's maize crop, just prior to maize planting (2 May). Both 
sites received an additional 13 kg N ha-' as ".NO, in-row at 
planting, but only one of the sites (Site B) received additional 
N fertilizer (56 kg N ha-') as urea. The fertilizer urea was broad- 
cast and immediately incorporated in the soil on 4 May. Thus 
the total N added as fenilizcr and manure was 181 kg N ha-' 
or 237 kg N ha-' at Sites A and B. respectively. Soil test results 
indicated that P and K lev& were not limiting for maize noowth. 
Broadcast herbicides Bladex (2-( [4-chloro-b(etbylamino)-s- 
uiadn I-yllamino}-2-methylpropioniuite) and Law [I-chloro- 
2 '-6 ' -d i e thy l -N- (metho~cthy l ) -aa~de]  were applied on 
the soil surface at both sites on 12 May. Furadan [2.3-dihydro- 
2.2-dimethyl-7-bcnzofuranyl mcthylcarbamate] inxctiade was 
surface-applied in bands at planting. 

Nitrous Oxide Monitoring 
Nitrous oxide flux from the soil surfacc was mcarured using 

a closed-chamber technique (Goodroad and Keency. 19%). The 
chambers were open. rectangular. steel frames with a 2.5-cm 
flange on the top to provide a sealing surfacc. Surface area was 
100 an'. Chambers (three replicates per site) were pushed into 
the soil approximately 7.5 an so that the height remaining above 
the soil surface was 2.5 m. At each site, one of the replicates 
was placed in-row, the other two between-row. Chambers were 
left in place once established. At sampling, chambers were 
enclosed with Ism thick plywood covers that had been coated 
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with epoxy paint and fitted with high-density polyvinyl foam 
and a central sepmm. Samples of the enclosed atmosphere were 
withdrawn by syringe at 0. 10. and 20 min. Air Samples were 
contained in plastic syringes until analyzed. Sampling was con- 
ducted between loo0 and 1400 h at 7-d to 3&d intervals depen- 
dent on anticipated N,O emission activity. 

Soil atmosphere samples were estimated by use of sampling 
probes const~cled of 2.5 cm (i.d.) polyvinylchloride pipe 
(Goodroad and Keeney, 1985). The prober were fitted with a 
2&mL diffusion chamber at the lower end. A capillary tube 
led from the diffusion chamber to the topof the probe to allow 
for withdrawal of some of the chamber atmosphere by syringe. 
Three replicate probes were placed at each of three depths (IO. 
to. and 30 cm) in-row and between-row at each site. Additional- 
ly, three replicate probes were placed at 90 em between-row at 
Site B. 

Soil temperature measurements were made in duplicate at 1, 
IO, 20. and 30 cm using soil moisture-temperature cells (Soil 
Test, Inc.. Evanston. IL) that measure temperature directly. 
Precipitation data were obtained from climatological stations 
located in the proximity of the experimental site. 

The concentration of N,O in air samples was determined with 
a Perkin-Elmer Sigma 3 gas chromatograph (Perkin Elmer 
Corp.. Norwalk. 0 equipped with a "Ni electron capture 
detector (Mosw and Mack, 1980 Goodroad and Keeney, 
1984a) interfaced to a Perkin-Elmer Sigma LOB controller. The 
relationship between area of N,O peaks and conantration (vlv) 
was determined by standard curves developed from appropriate 
dilutions of a known concentration standard. Time between 
sampling and analysis was never greater than 24 h. 

Nitrous oxide flux was calculated by the equation: 

where F is the N,O flux (g N, 0 -N ha-' d-'), k is a unit conver- 
sion factor (3.41 g N K m' r' ha-') for calculation of N,O &- 
sion. Tis the mean air temperature (K) corresponding to each 
date of sampling. Y is the volume of air within the chamber 
(2.5 L). A is area of soil within the chamber (0.1 m*), and Add 
is the rate of change in the concentration of N,O in the air within 
the chamber @L 1-' N,O d-9. 

Coefficients of variation (CV. To) among replicate flux or 
depth data on a given sampling date were calculated as an in- 
dication of spatial variability at each site. Duncan's multiple 
range test (P s 0.10) was used to compare N,O data from each 
site across sampling dates and/or depths. where applicable. 

RESULTS AND DISCUSSION 
May to December Nitrous Oxide Flux 

One of the three chambers at  each site included the soil 
surface area designated as in-row (the zone immediately 
adjacent t o  the maize row in which banded fertilizer was 
placed at time of planting); the other two were placed 
between-row. Au data presented are averages of the three 
chambers; we did not distinguish N,O flux from in-row 
and between-row surface areas. Between May and 
December, the two sires had flux patterns that were tem- 
porally similar and differed only in magnitude (Fig. 1). 
The higher flux of N,O from Site B than from Site A is 
presumed to be due to the additional urea N (56 kg ha-') 
applied at  Site B. Most of the N1O that was produced 
at the sites was released between mid-June and the end 
of July (Julian Day. JD. 160 to 204) during which time 
surface soil temperatures were warm (within the range 
17 to 26'C at 1 cm soil depth) and the concentration of 
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Flg. 1. Nitrous oxide flux from Sites A and 8. May through 
December. Cocfficicnu of variation (qo) varied between 1 and 
120. 

soil NW-N in the top 15 cm of soil was relatively high 
(20 to 75 kg ha-'). 

The first N,O peak (I5 May, JD  135) at Site A (first 
sampling at Site B was 22 May, JD  142) corresponded 
with a dramatic increase in soil temperature. Surface soil 
temperature (I-cm depth) increased from 11 OC (8 May. 
JD 128) at  24°C (15 May, JD  135). The soil stayed at 
about this temperature all summer. May was a very dry 
month, whereas June and August were wet (Table 1 ) .  

Broadcast herbicides (Bladex and Lasso) were applied 
to the maize field on 12 May (JD 132). Bremner at al. 
(1981) observed a small peak in NIO emission after herb- 
icide application. Some of the N,O flux at Site A on 15 
May may be attributed to  this herbicide effect. For the 
remainder of the growing season, temporal fluctuations 
in N,O flux over time at both sites were closely related 
to wetting and drying cycles. The peak emission rates dur- 
ing 12 June (JD 163) through 4 July (JD 185) occurred 
after rains (Table I). Focht (1974) described a model for 
N,O evolution that appears to fit the maximum-minimum 
relationship to soil water observed. The model predicts 
that N,O flux would be low when the soil was saturated. 
Following a rain, N,O would increase as the soil began 
to  dry out (peak emission would occur when 12% of the 
pores were aerated) and then decrease. Fluctuations in 
N1O production rate in response to wetting and drying 
have been also observed (e.g.. Ryden and Lund. 1980b; 
Goodroad and Keency, 1984b). I 

The manure applied at  the sites was a major source of 
N for N,O production. Duxbury et al. (1981) found that 
more N 2 0  was evolved from a maize field soil tested at 

- 
Table 1. Weekly precipitation at the sites. May thmugh 

November (prior to mil freeze). 
Monthlday Julian day Precipitation 

mm 
1 May-4 June 121-155 18 
5 June-? July 156-183 113 
3 J u l y 4  Aug. 184-210 132 
7 A u p 3  Sept. 219-246 167 

2 Oct.4 No". n5-309 61 
6 N o v . 4  Dac. 910-330 34 

4 SepL-1 at. 211-274 59 
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the same N rates wirh manure than one that was side- 
dressed with liquid N fertilizer. Christiansen (1983) 
reported eightfold more N,O from a manured than a fer- 
tilized grassland, and Goodroad et al. (1984) found the 
highest N,O emission rates from manure-amended com- 
Pared to fertilized or sludged-treated soils. Addidonal- 
b'. as a source of organic C. manure and residue from 
the 1980 maize crop would contribute to higher 
denitrification rates (when conditions were appropriate) 
and, in turn, greater N,O production (Rolston et al., 
1978; Goodroad et al., 1984; Linn and Doran. 1984). 

The addition of urea to Site B resulted in a substantial 
increase in N,O emissions, particularly in June. While 
N,O flux from arable soils can be expected to increase 
with rate of fertilizer N (Bremner and Blackmer. 1978; 
Mosier et al., 1982; Breitenbeck and Bremner, 1986b). 
the form of fertilizer N can have a marked effect on the 
magnitude of the flux at similar N levels. Generally it has 
been shown that anhydrous ammonia, in particular, will 
result in more fertilizer-N loss as N,O than urea 
(Breitenbeck et al., 1980; Bremner et al., 1981; Breiten- 
beck and Bremner, 1986a). Ammonium oxidizers are 
largely responsible for the high N,O emission rates in 
arable soils (Christiansan et al., 1979; Breitenbeck et al., 
1980; Blackmer et al.. 1980; Goodraod and Keeney. 
1984b). In recent work, Duxbury and McConnaughey 
(1986) showed that the N flux from a urea-fenilized maize 
field was equally divided between dentrification and 
nitrification of liberated NH: over an 85-d growing 
period. 

Average daily NIO flux measured in our research over 
the 1981 sampling period ( I  May to 17 December) was 
approximately 8 and I2 g N,O-N ha-' at Site A and Site 
B, respectively. In comparison, a minimum tillage maize 
field near Madison, WI. was sampled for NtO emission 
rates over 2 years ' growing seasons. Thii field was fer- 
tilized with 200 kg N ha-' (as ".NO,) both years. 
Average daily NtO flux was approximately 2 g N,O-N 

second year (Goodroad et al.. 1984). Wide yearly devia- 
tions in measured N,O emissions appear to be related to 
precipitation patterns and perhaps to spacing of sampl- 
ing times relative to precipitation events. 

Differences in NIO concentration with soil depth (10, 
20, and 30 cm) were generally not significant (P 5 0.10) 
due to high spatial variability. Spatial variability was 
usually greatest (CVs 90 to 100%) when N,O concentra- 
tions in the soil atmosphere profde were high. This in- 
dicates localized areas of NIO production and/or limited 
diffusivity of the gas due perhaps to high soil water con- 
tent. Low CVs (10% or less) among replicates were often 
associated with low N 2 0  concentrations in the soil profde. 

Temporal fluctuations in N 2 0  concentration in the soil 
profde were similar at both sites and for the in-row and 
between-row locations. Concentrations were generally 
highest from mid-June through the end of July (JD 165 
to 204) when the soil was warm and soil NH:-N was 
relatively high. Short-term fluctuations were related to 
soil wetting and drying cycles. Peak N,O concentrations 
were associated with high soil water content. This obser- 

ha-1 d-1 in ' the first year and 30 g N20-N ha-' d" in the 

vation is in agreement with findings of Goodroad and 
Keeney (1985). Soil N,O sampling intensity was insuffi- 
cient to establish whether maximum concentrations ac- 
tually occurred at the same time as maximum soil water 
or after the soil began to dry. Based on the precipitation 
record, it would appear that most of the N 2 0  is produced 
after rainfall events and commencement of soil drying. 
Others have also noted that continuously wet soils where 
nitrification is limited and/or denitrification proceeds 
rapidly to N, emit little N,O (Sahrawat and Keeney, 
1986). 

The amount of N,O in the soil profile over the sampl- 
ing period differed with site and proximity to the maize 
row. The highest N,O concentrations were measured 
where N application rate was highest, Le.. in-row greater 
than between-row at each site, Site B greater than Site 
A. The differences were most pronounced at times of 
peak N,O concentrations (JD 170, 176, 197, 252. and 
288). Although only 13 kg N ha-' additional N was placed 
in-row at planting. the effect of this N on local N,O pro- 
duction was substantial. Nevertheless. given the relatively 
small surface area affected by the in-row treatment. the 
additional N,O produced in that zone would not be ex- 
pected to be a major contributor IO the overall N,O flux 
from the maize field. Higher N,Oconcentration between- 
row as compared to in-row at Site A on 8 May (JD 128) 
could not be explained by a difference in soil water con- 
tent but may be the result of an earlier initiation of 
nitrification of fertilizer N between-row. Differences in 
soil moisture in-row vs. between-row were not significant, 
although the in-row soil profde tended to be slightly drier 
in mid to late growing season (9 July, JD 190 to 28 
August, JD 240). presumably due to more intensive plant 
uptake of available water in that zone. 

Fluctuations in soil profile N1O were closely reflected 
in the temporal pattern of N,O evolution (Fig. 1) from 
the soil surface (high N,O concentrations associated with 
high N1O flux) with the exception of the possible 
herbicide-induced N,O flux on 15 May (JD 135). 

By early November (JD 305). the soil atmosphere NtO 
concentration was uniformly low (ca. 1 to 3 pL NiO L-') 
in the surface 30 cm at both sites. The soil profde over 
that depth froze later in early December and remained 
frozen throughout the winter. 

January to March Nitrous Oxide Flux and 
Soil Profile Concentration 

The two sites were monitored from January through 
initial soil thawing in late March (Table 2). Failure of the 
electron capture detector on the gas chromatograph 
forced us to terminate the experiment after 25 March. 
Nitrous oxide flux and concentration data and soil 
temperatures over this period are summarized in Table 
2. There were no significant (P = 0.10) differences in 
NtO concentration with soil depth because of the high 
spatial variability encountered. 

The concentration of N,O in the soil atmosphere was 
low in January through mid-February, but was greater 
than the previous November. Flux from both sites was 
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Table 2. N i e o w  oxide flux nnd N.0 e~aeentration in the soil atmosphere. kte Jan~ary *ugh initid thaw in mid.Much. 
N.0 flux m profib concentmtiont 

Site A sile B 
Flux h f i b  BR Rofib IR Flux Profile BR Rofile IR soil sampling 

lkptb trmpf D.W 
ail 'c g N ba-' d-' - & N.0 L 1  - g N ha-' d-' -pL N,O Lt- 

10 
20 
30 
90 

9l571b 
c l b  11115lb - 1  81191b 

-1  8ll8k lll74k 4l151b tO(3Olb 
- 1  WSOk 6b 71651b 91221b - 13b 

0 - 1  7l26lbg 
9b 

26 Jan. 

.~ 
0 13l34lb 16l75lb 

Z761b 151611b 
16 Feb. 0 

10 0 6l72lb 111291b 
0 11l90k 11116k 7175lb 121501b 

30 0 IC m261b 7I85lb 12128lb 
20 

90 - 9b 

24 Feb. 0 1 
10 1 
20 0 
30 1 
90 - 

351991ab 15132lb 
83154lb 135I481.h 
Ml601b 102151b 
591341b 821741.h 

491351b 3061581.b 
19111161ab 1401921b 
7M831b 941621a 
15b 

11 Mu. 0 0 11l321b 291Ulb 
10 0 1561981b 157161.h 241341. 352164lab 
20 0 821331b 1231851.h 163Il18lb 2721321b 
30 0 97b 1191361s 147l271b 147I14la 
90 - lllll4la 

18 Mu. 0 2 9129lb 23171lb 
10 1 2131651s 31OI821a 19001921. 45918418 
20 1 17U311a 207191a 170011381a 17001114la 
30 1 177a 1381451a 27917318 98141la 
90 - 98l191a 

25 Mu.l 0 4 471121a 
10 1 
20 1 

49l401a 

greater on 18 February than had been measured since the 
previous summer (16 July, JD 197). even though the sur- 
face soil (0 to I5 cm) was st i l l  frozen. Six days later (24 
February), the profile N,O concentration had increased 
considerably. The soil had partially thawed by then and 
the emission rate at Site A was much higher than 
previously observed even during the past spring-summer. 
This phenomenon has been observed elsewhere (Bremner 
et al.. 1980; Goodroad and Keeney, 1984~. 1985; 
Goodroad et al., 1984). 

The surface soil was again frozen on 11 March but the 
profde N,O concentration continued to increase. By 18 
March extremely high profde N,O concentrations were 
measured at both sites. Concentrations of ca. 1700 to 
1900 pL N,O L-' had accumulated in the surface 20 cm 
at Site B. The lower N,O concentrations at 30 cm, and 
particularly at 90 cm at Site B between-row indicate that 
N,O was probably being produced near the soil surface 
and then was subsequently trapped and held. Soil 
temperature remained above freezing after I8 March and 
on 25 March high N,O emission rates were measured at 
both sites. Presumably soil profile NIO concentrations 
declined precipitously as the 'release of the over-winter 
build-up occurred concurrent with soil thawing 
(Goodroad and Keeney. 1985). The N20 flux from Site 
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A at the end of March was as high as at any time during 
the previous growing season. 

We cannot be certain of the mechanism(s) involved in 
the high N,O production, release. or both, during the 
spring freeze-thaw period. Possible explanations 
(Goodroad and Keeney, 1984) include: (i) rapid 
nitrificationdenitrification at the soil surface (at low 
temperatures nitrous oxide reductase activity is sup- 
pressed, and almost all the gaseous N is released as NtO; 
Keeney et al., 1979; Sahrawat and Keeney, 1986); (i) 
nitrification. denitrification, or both below thrfrozen 
soil, leading to N,O accumulation. with release on thaw- 
ing; or (i) N,0 produnion deep in the profde. including 
the saturated zone, with release on thawing. 

It is interesting to note that there was still an effect of 
N applied the previous May on N,O production during 
winter-early spring. Whereas flux from the two sites were 
comparable, higher soil profde N,O concentrations were 
generally measured at Site B compared to Site A. In ad- 
dition. in-row soil NIO concentrations were higher than 
between-row concentrations except early in the sampling 
period at Site A and on 18 March at Site B. It is con- 
ceivable that emission as N20 during thaw could repre- 
sent a significant and undesirable N loss mechanism from 
residual fertilizer N, particularly if the N,O is from 
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denitrification. This observation should be evaluated 
further. 

Christianson. C.B.. R.A. Hedlin. and C.M. Cho. 1979. Loss of 
nitrogen from soil during nitrification of urea. Can. J. Soil. Sci. 
<0~141-1 < A  

Cumulative Losses of Nitrous Oxide 
Cumulative annual N,O losses from the sites monitored 

in this study were ea. 3.6 and 5.2 kg N,O-N ha-’ at Site 
A and Site B, respectively. In comparison, the cumulative 
annual N,O loss from an adjacent unfenilizcd. but grazed 
Kentucky bluegrass (Pouprutensis L.) pasture, which we 

represented 2% of the applied N at both maize sites. 
Mosier et ai. (1986) reported a similar fraction of N from 
(NH.),SO. lost as N,O-N from an irrigated maize field 
in Colorado. The percentage of applied N lost as N,O 

I in other studies has varied from nil (Colbourn and 
Dowdell, 1984) to near 7% (Brernner et al.. 1981). 
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Emission of nitric oxide from arable land 

BY CHRISTER JOHANSSON and LENNART G U N  AT, Department of Meteorology*. 
Uniwnily of Slootholm. Anhenius Laboratory. S.106 91 Stockholm, Sweden 

(Man& ncdved June 13; in find form October, 1 I. 1983) 

ABSTRACT 
The flux of NO b c l m  m b l e  land and atmosphm has bcm m ~ u r e d  with a chamber 
technique. The net flus from the soil Io the aunosphm varied from In1 than 0.1 up to 62 ng 
NO-N m-' s" for a fcnJirrd uu (200 kg N h r '  u d a m n  niuntc) and up to I7 n$ NO-N 
m-' I" for an unfdlizcd ML The emission was high m the ~ u m m e r  w h m  the rcmpraturc w u  
high and the roil w u  dry md dsaused to low values when the wil amface was thoroughly 
wmed by rain. RNiourly repaled finding1 ofcqvilibrium conanvations of NO (compcnrrtion 
point) have bem vnifid. The% wnmvations ranged from 2 to more than 73 ppbv. At the 
rural site where the murumnenu w e n  made, the atmospheric NO conmuatjon was always 
below this wmpnution point and thm w u  consequently a n a  emission of NO fmm the soil. 
Nitrogen garcs mcsnutd as the dilTumcc betwan NO and NO, (including NO, and possibly 
.Ira "0, and PAN). .ILX found to k absorbed on roil and vegnuion. Tbc ab~+on of NO, 
w u  generally amallcr IIUU the emidon of NO. 

The mal variabiliIy rilhin M .rea of 100 ma was found to be moderate with a standard 
deviation of 25% wmcwhu higher on recently fmilired soil (betrucm 50 and 80%). The 
trmwaturr dcpndencc of NO emission could be dnnibed with an activation energy of 63 to 
83 U mol-' t a w 5  2 7  and 3.6). A more rapid inmaw ofpro3uctkm thrn thnt prcdictcd 
by lbc tmoeraturc in- w u  obrmcd in morninn h o w .  litis is mrarivdv uolaincd to be - ~. 
c s u d  by nutrient dyn.min m the mil. 

The yearly m i r h  u &rId Io be about@ t g  NO-N ha-' and 0.2 ks NO-N hs-' for 
the fmilizcd and unfenilized m. resectivdy. During the vcgnsuon mod. NO emission 
from highly feriilized a t u s  mi&t k oirome imporunii when wmparrd 6th MIhropogcmc 
emission from combustion within Sweden. 

1. Introduction 

From the a ~ n o s p h m c  c h d s  point of vicar, 
emission of N O  from soil i s  a sauru of odd 
nitrogen for the atmosphere that has to be added to 
other more well-known sowcc~ when estimating 
atmospheric N budgets. For the roil system. NO 
emissions represent a 105s of N. Our knowledge 
about the chemical and biological processes leading 
Io NO losses is p w r ,  although it is known that NO 
Can k produced both during nitrification 
(Lipschultz et al., 1981). and denitrification 
(Firestone et al., 1979; McKcnncy et al.. 1982). 
Lipschultz et al. (1981) found that nitrifying 
bacteria (Nltrosomonar cumpa) produad N O  

a Contribution-No. 495. 

TCllur 368 (1984). I 

and N20 in molar ratios ranging from 2.8 to 7.8 at 
0.5% 0,. The ratio decreased as chc oxygen 
wncmtration increased to give a value of about 1.1 
at 20% 0,. These authors ala0 showed that the NO 
production 'was insignificant when the respiratory 
system of the b& was inhiiitcd by HgCI,. 
Studying a Brookstone clay column undergoing 
anaerobic denitrification, MCKCM~Y et al. (1982) 
reponed production of NO and N,O in molar 
ratios ranging from 2.0 10 2.5. 

N O  CM alto be produced by chemical 
decomposition of NO:. In the measurcmmts by 
McKenney et al. (1982) it was found that up to 
45% of the N O  produced during denitrification 
came from dewmposition of NO;. Since n o  
laboratory experiment has been w n d u d  sa far a t  
conditions which closcly simulate thhoac in the field, 
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there is an o h  need to verify findings by field 
experiments. It is of particular importance to 
estimate CtK -e of the flux and its variation 
in time and space as a function of identifiable 
environmental variables. 
To ow kmwkdgc, only thne p a w  have 

reported on fidd measurements of NO, emissions 
from soils. Kim (1973) measured emission from 
soil beneath three m d s  of vegetation @ie, oak 
and sod). A plastic hood wntaining petri dishes 
wiih a solution of 4 u m  hydroxide to absorb NO, 
was placed on the ground. The average vducs for 
the stands of pin& o& and sod were 0.21.0.12 and 
0.19 kg NO, ha-' week-'. respectively (corre- 
sponding to 10.6, 6.0 and 9.6 ng NO,-N m-' s-I). 

Galbally and Roy (1978) measured emissions of 
NO. from g d  and ungrazed areas using a 
chamber techniqvr A box was placed on the 
ground and thcmcrcase in concentration during the 
first few minuts was followed. The average emis- 
sion of NO for engrazed and grazed pastures was 
observed to be 1.6 and 3.5 ng NO-N m-] s-', 
respectively. lo lam measurements on grazed 
Pasture NO emission ranging from 1 to 50 ng 
NO-N m-l s-' were found (Gdbally and Roy, 
1981). 

The measumnenu of NO/NO, emission 
presented below. f m  pan of an integrated 
research effort to study the biogeochemical 
nitrogen cycle of arable land. Effons have been 
made to measuk shdtaumusly emissions of N,O, 
NO, NO, and NH, from several plots with different 
treatment. In this paper we will mainly deal with the 
NO measuremaus and in a later paper compare the 
fluxes of several gaseous N compounds to and from 
the field. For a dU&d description of the project 
with its many rubpmjccs, including the results 
from mcasuremcntsof N0,emissions during 1981, 
the reader is refared to Rosswall(1982). 

2. Experimental lite 

2. Barley with an annual addition of 120 kg N ha-1 

3. Grau ky with an annual addition of 200 kg N 

4. Lvcune with no addition of N fertilizer (Lv). 
Each cropping ryitrm has four rcplicatu. each plot 
muuuring 40 x I4 m. The soil conaina of three 
distinct laym: 
(i) top roil (plough layer). a sandy loam (mean 

(iii a fine land layer (very varying thickness, from 

(iii) a clay layer. 
The top soil cons is^ of' 15-20% clay, 4% carbon 
and has a pH of 6.06.5. As a median for the top 
MI8 of' the foUr Cropping SYStrmS during the 
growing reaso~ the NH:-N and NOS-N contents 
was about 7.5 and 6.7 kg N ha-'. respectively. The 
NOrconcentration was less than 0.05 kg N ha-l. 

(calcium nitrate) (E 120); 

ha-' (calcium nitrate) (OR 200); 

thickness 27 cm); 

OtoMem.mcan15cm~ 

3. InsIrnmcnta and methods 

We have used a "chamber" technique, similar to 
that used by Galbally and Roy (1978). A box is 
placed on thegmund and theair is mixed with a fan 
to reduce the transfer resistance between soil and 
atmosphere. The flux is calculated either from 
mesJurcd changer m concentration in an air stteam 
p8~Sing through the chamber at steady state (open 
sysM), or from the gradual incrcase in con- 
cmtrBtion. in M almost clostd chamber (later 
referred to as c l o d  system). This appears to be the 
only practically possible method, as methods using 
a micrometcamlogical approach arc invalidated by 
the StrUENrc of the expairnatal field which 
consists of several small plou of difrmnt 
treatment 

Cylindrical chambers of three dflemt sizes 
have km used. The volume of the chambers was 5. 
30 and I IO litre and the covered MB 0.03,O.ZO 
and 0.20 m2, respectively. Generally the smaller 
chambers were used during measurements in the 
open system and the large one (110 litred for 
measuremenu in the closed system. The chambar 
had a sharp bottom edge and were ins& B few 
cmtimnrcs into the soil to prevent movement of& 
into or out of the chamber. The chambers 
ICflOtl-lined and the rh was W d  Sthd With 
paddle (30 em diameter, approximately 250 rpm) 
driven by an external motor (80 W) mountd on 

Tellus 366 (1980. I 

The measu-ms were W o r m e d  in an 
agricultural field at Kjettslinge, BppIOximatClY 40 
km north of Uppsal.. Sweden (Stcen et al., 1984). 
The main p M  of the expahCntal  field consists Of 
four cropping systems: 
1. Barley with no addition Of N ferLilizer (hcreaftm 

called BO); 

. .. 

I 
sir was P 

I). The majority 

13 m lone), 
water they were 

conscquacc 

residence time. cc 
minutes. Ddi 
difrercnce b a  
small, in fact it 

omctcr. In th 
limited to that 
1.5 I min-'). Thb 

In this system bot1 

14 modified a 

change in the NO 

corresponds t 
m-] s-l. The NO 

converter. No 
ancr wnversi 

I 

Fit.  1.  Schcrnali I I 
Tcllus 368 (1984). \ 
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the top of the chamber. In the opm systan ambient PAN (pcrmylamyl nitrate) M known to be 
air was pumpcd to the chamber and the urn- converted to NO by this treatment W m a  e(. al.. 
centration of NO, NO, and 0, was measured (Fig. 1974). NO calibrntion WM performed using a 
I). The mqiority of the air was then pumpcd from cylinder comnining 1.02 f 0.05 ppmv NO in N,. 
the chamber to the analytical instruments. T b C  A permechon tube synem was used for NO, 
sampling and delivery tuba were tcflon (about calibration. 0, was meMUCd with a continuous 
I5 m long). and in order to avoid condensation of chcmiluminacmt analyam. 
water they were heated and insulated. Absorption The analylts of N,O and CO, were made with 
m tubes and pumps was small and witbout GC and infrared absorption reapectivcly and 
consequence for the Bux damninations. When performed by Lcif Klcmendtsson and BO Svcnssan, 
mmurcmcnts were made in the open syslcm. the S w d i h  University of Agrieul~ral Sciences. 
residence time muld be varied bttwcm 2 and 25 Uppsala. The NH, damninations mentioned in 
minutes. Dclibcntc leaks mrurrd that the prasure this rcpon ssm made by collection of oxalic add 
dilTercnce bnwcm chamber and atmosphere Was impregnated pyrrx N ~ Q  for subsequent chemical 
small, in fact it was below detection, Ius than analysis (Fcrm. 1979). These an 
0.2 mm H,O measured with a tilting w a t n  man- by M. Ferm. Swaedish Watcr II 

limited to that ruruiral for the PES analvsm fabout 

1 

I 
i 
' 1  
! - ~- , . 

1.5 I mm-9. The air in the chamber was then 
replaced by outside air through the kaks. The NO 

4. ~ ~ ~ d b  and djscp..lnn J 

I 

I 

The NO analyrer was a Tbcnno Electron aeries and facilitates the m c w m c n t  
14 modiied according to M a n y  R al. (1982). The above the soil ( d g  both naturally and in the 
sensitivity of the instrument was f0.2 ppbv. A chamber) can signi6csntly increase the exchange of 
change in the NO concentration in the chamber of gases between soil and atmosphere (Kimball and 
0.2 ppbv during 10 minutes (closed system) Lcmon, 1971). 7he maximum windspccd in the 
corresponds to an NO emission of 0.1 ng NO-N chamber was less than 2 m s-'. In a rn of 
m-' s-I. The NO, concentration was dctamined mcasuranents of NO emission on the same area 
aRcr conversion (0 NO in a heated molybdcnum with the air in the chamber unstirred, it was found 
convmn. Not only NO, but also substances like thai 
HNO, HNO,, alkyl nitrites, alkyl nitrates and 70% ofthe Bur in the stimd chamber. 

I 

I 

I 

I Fig. 1.  Schematic diagram or the sampling system. 

Tcllus 368 (1984). I 
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Comparison of measurements of the NO anis- 
sion using the open and closed system is ahown in 

.$ Table 1. The measurements w m  made over the 
:. same area, at similar times and the chambu 
'+ ... stirring was identical. W e  attribute the smaller 
5.' emission rates in the open system to i n d  
I- concernration of NO in the chamber and dis- 

turbana ofthc natural environment in the soil. We 
j; believe that for these mcaturcments. the closed 

system is the most reliable, With the chamber 
covering the soil for only 2 to 10 minutes depending 
on Ihc emission rate. With this lc~hnique it is 
possibk to compare the emission rate from several 
areas in a very short time. 

Similar comparisons of fluxes of N,O derived 
from measurements with closed and open systems 
were pafonned by Denmead (1979). In his system 
the chamber covered the soil for approximately 3 
hours and was removed for 34 minutes bawccn 
each mmurcment. The fluxes as observed from 
measurements in the closed system wereabout 30% 
higher than the fluxes measured in the open system, 
and thus, were similar to our results for NO. How- 
ever, Denmead explains this difference by disturb 
ance of the N,O conccntration profile in the soil 
when the closed system was uscd and insufficient 
time for the soil profile to readjust betwan the 

- 

.r 

mcasurnacats. Therefore, he concluded that the 
dosed system overestimated the flux. 

4.2 Production of NO-existennn of an equlllb 
rlvm connntmflon (compensation point) 

Fig. 2 shows the increase in NO concentration in 
the closed chamber. immediately altn chambu 
innallation. The increase in concentration during 
the first few minutes is used to estimate the flux of 
NO from the undisturkd soil. Mer 10 to 30 
minula. d g n d i n g  on the emission rate, a stcady 
a t e  is reached. This bcbaviovr can bc simulated 
by an expression of the t m :  

.?. , 
i i 
i: 

1 .- 

'! 
'.! 
.! 
~. .. 

c = ; E  (1 - e 3  

w h m  C is an equilibrium concentration in the 

the transfer resistance in soil and air and 011 lossa 
in the chamber due to withdrawal of air and 

easily derived from an assumption of an cquili. 
brium concentration in the soil The same ex- 
rioa can alro be obtained from other hypothesea on 
produdon and consumption of NO in the soil. The 
relation is useful when discussing inlluence of 
dilution and absorption on the change in NO 
concentration in the chamber. In our experiments 

chamber and k a parameter which depends bothon 

absorption on the chamber walls. Thia expression b 

t 

i 

T 1 
$1 

n 

emission rete 
eoncentratio 
placsd on lhr soil 

Table 1. Comporisons of measurements using the open and closed systems on the same orea (times in ' 

porenrheses correspond to the time when mearuremenrs in the open system were storre4 

Ratio of 
Sysicm soli Residence Emission emission 
used surface timein rate rate 
oPn=O temp. chamber (ng NO-N C l a d  sYnm 
clowd=c ('C) (min) m-ls-') oaen sv11m Date Time Plot 

1.5 

2.0 

C 6.3 - 2.68 
0 4.9 21 1.84 
C 9.1 - 5.50 
0 9.5 21 2.80 

Apr.28. 8" C 6.3 - 1.11 
1" (I9'"t Lu 0 6. I 1.8 1.13 

C 11.7 - 2.13 
12.7 8.2 1.36 

9" 

IP C 13.0 - 2.83 
July1 lI''(lP3 GR200 0 14.2 22 1.36 

I I" C 14.5 - 3.19 

LO 

LU 

20.' 

I PI 
Apr. 22 21- (209 

Apr.23 2W(19'4 

I .o 

1.6 

2.1 
2.3 

GRZW July I 10'1 ( 9 9  

Different chambers wcrc uscd. I10 and 5 I in the closed and open system respectively. 
+ The msurcmenls m Ihc own system were rtancd on April 21. 
GR = e r a s  Icy; LV = lucerne. 

s 
6 1 

Fig. 3. NO conc 

cylinder. Curv 
system). NO 

the rate consta: 

uithdrawal o 1 min-1. Of t 

In an exper 
concentratio .+ 
the equilibri 
NO. The co 
equilibrium con. 

'li 

3 



EMISSION OF " R I C  OXmE FROM ARABLE U N D  

& 0.07 mia-l. Thus, the withdrawal of &ir can in 
sonu c a ~ . ~  aRcn the measured equilibrium am- 
emtrstion to some d e w ,  but is, in most case& of 
litlle haponance w m p d  to other removal 
mshanlms. 

'Iberc M ssveral possible explanations for the 
decrraw in n a  emission of NO during an 
crpaimmr 
I. Thae is an quiliirium NO wncentrath in the 

lcil and the driving fora  for NO emission 
d- as NO concentration in the chamber 
incrcasrs. 

2. The production of NO in the soil is counter- 
ancd by a deposition which increases as NO 
concentration in the chamber inmaw. 

3. Lorncs of NO due to uncontrolled exchange 
with chr atmosphere and/or absorption of NO 
on the &amber walls. 

We can exclude the last explanation b a d  on 
measumnmu of changes in NO concentration in 
thc Chamber whm this Was P l a d  on a t d h  
instead of on the ground. Experimmtal data satisfy 

Ndther the flux estimates nor the magnitude of 
the qviliirium concentrations w m  dTected by 0, 

10. as the 0, concentration in the chamber air 
d m a d  to less than 2 ppbv immediately after the 
chamber was installed over the soil. 
F m  mc86urements under different conditions 

(temperature, soil. moisture, vegetation cover and 
NO, content) quilibrium concentrations ranging 
from 2 10 more than 75 ppbv w m  observed. The 
wncmtrations in the ambient air w m  generally 
less than I ppbv and consqurntly there was 
always an upward flux Of NO. The CXirtrnCC Of 
q v i l i i v m  wncentration for NO was fim reponcd 
by Galbally and Roy (1978). In later measure- 
mmu on a grazed pasture. quilibrium concen- 
Vations ranging from 3 to IS0 ppbv Were observed 
(Galbally,prs. comm.). 

ElTom to compare the fluxes of NO, N,O and 
CO, and NH, have been madc. The measuremenu 
of the concentrations of these gases were made 
simultaneously in the same chamber. N,O, CO, 
and NO were measured using the closed system 
and it was found that an equilibrium concentration 
was established, not only for NO but also for the 
two other gases. Results from the measuremenu 
M rhoam in Fig. 4. Both the equilibrium con- 
emvation and the flux of N,O were almost two 
ordcn of magnitude higher than that for NO. It 

n- 
11- 

Time bin) 
Fig. 1. Example of a typical mcasuremmt of NO 
emission rate ( c lod  ryrtcm) showing the inmew in NO 
conemvatiw in the chamber air when the chamber h 
placed on the roil surface (4 minuter). 

the firrt and -nd hypothesis. 

l-md 
Fig. 3. NO sonmtrauon in the chamber air (c lod  
system). NO v u  i n d u c e d  by a rapid injcdon from 
cylinder. Cunes fitted by hand. 

the rate constant k varied bctwem 0.02 and 0.09 
min-I. Of this, 0.014 min-' is accounted for by 
withdrawal of air for the 0, and NO. detectors. 
In an experiment shown in Fig. 3. the NO 

concentration in the chamber was increased above 
the equilibrium concentration by rapid injection of 
NO. The concentration of NO decreased to rcscb 
equilibrium concentration. The rate of removal of 
NO corresponded in this panicular case to k = 

Tdlus 368 (1984). 1 
c-7 
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F@. 4. SimultaMolu rncrrurmuns ofthe amamration of NO. N,O .nd CO, in the same chamber (dored lyrtemL 

Table 2. Comparison of NO and NH, emissions in thc some chamber 
during the same period using an open system (April 1981) 

Day and time Emission (ng N rn-l a-') of 

rrom-lo Plor NO. "3 

20 2w-2108" LU 0.84 1.53 
21 11m-21 13' LU 1.76 9.5 
21 21--2209- LU 0.96 0.57 
22 13"-22 15- LU 2.30 3.5 
22 2w-23 08- LU 1.7 0.18 
23 lI'O-23 12'O 81207 a61 1.23 
23 I)*-23 14" GR20M 0.22 0.84 
23 20.C2111y LU 2.98 2.52 

Range of 
roil temp. 
('C) 

-0.1-+3.9 
7.0-10.0 
0.1-3.9 
10.5-11.2 
1.2-5.9 
5.W.8 

3.0-12.2 
8.ag.o 

* Average of hourly &u 
t Fcnilized in May 1981. 
LU = I ~ c m e ;  B =barley; G R  = 8rau ICY. 

should k pointed out that this measurement was tain, but indicates that the fluxes were always in the 
made on an area recently fatilircd with NO; and same order of magnitude. As each measurement Of 
glucose. the NH, concentration took at least one hour. it 

Similar conditions apply for the measurements of was not possible to use the closed system for the 
NH,. Table 2 shows simulfanwus mrsurcmcnls of NH, measurements. 
NH, and NO emissions using the opcn system. T h e  
NH, concentration in the chamber was actually en 4.3 Emission and deposition of NO, 
equilibrium concentration indicating that the actual On several occasions, NO, was measured in 
emission is higher ( F m ,  pcrs. comm.). A direa addition to NO. The wncentration difkrence 
comparison with NH, emission is therefore unccr- k t w n  NO, and NO indicates the presence Of 

Tellus 36B (1984). I 
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NO, an4 possibly, llso some other nitrogen- few mNcS apu t  (close in time) the variation was 
containing t r a a  (see discussion under Inruu- higher- FQ 52-53. Furthermorr the 
mmts and methods). and we will in this d o n  variation in the fatilircd amaa (OR200 and B 120) 
denote the M e r e n a  between NO, and NO as was signi6canlly higba thrn in the non-ferfilized 
NO,. AU measurements of the flux of NO, were n r u ~ ~ .  Thir arul vainlion may k explfhed by M 
made using the open system. With this method it is inhomogmmus distribution of both numcnts and 
important to remove 0, in the air entering the microbiological anivity. In the care of a rcantly 
chamber in order to know if NO, is emitted from ferfilized M., the uneven dimiiution of fertilizer 
the soil or just formed as a product of the oxidation pllcts cu'lddy adds to the variability in NO 
(with 0,) of NO. This was done on some d o n s  emisdon nteh Aa an exanlplc, the emission from 
by pumhg an anivc carbon filter on the air intake rCanUy fcrtihd p s s  Icy (Fig. 5.2b) varied from 
and mulu from the measurements arc shown in 4.5 to 62 ng NO-N m-, s-' within an area of 14 x 
Table 3. 8 mcma 
When NO, in the air entering the chamber was Arral variability m NO emission on grazed 

high (>2 ppbv) thm was an uptake of NO, in the pamVe in Australia gave a factor of 35 on an MIL 
chamber. On &ON when the conantration of 300 m' (Galbally. pn comm.). It is possible 
was low, measurements indicate that there might k that the comparativdy low spatial variability 
an emission of NO, of less than 10% of the NO observed at Kjm*nge is due to mom homo- 
emission. genous soil conditions than is the case with the 

In one experiment the concentration of NO, in grazed pastvrc in Austnti.. 
the air entering the chamber was increased by Much larger arul variability has bcm found for 
addition of NO, from a permeation tube (April 22 N,O produstion in the Kjmslingc soil 
at 3.05 p.m. in Table 3). Then the flux of NO, (Klemendtssoa pss. corn.). N,O emission is 
changed sign. from emission to uptskc in the determined by UrLing lo2 cores of 10 cm diamner 
chamber. As the conantrations of NO, at the site and measuring the produnion in the laboratory 
of measurements were low. thm was almost under standardized d o n s .  One rcaum for the 
always a net produnion of NO, in the cbambcr. In larger variability in csrhaarcd N,O emission could, 
earlier measurements of NO, emissions (reported therefore, k the d e r  MIL used for the measure- 
in Roarwall, 1982). the flux of NO, was up to 50% ments, but other factors might alro be of import- 
of the NO flux. Leter measurements of the ana. Large arul vpriability for N,O emissions has 
concentration of 0, at the inln and outln of the earlier ken rcpDncd in the literature. Thus. 
chamber have shown that oxidation of NO to NO, Blrmner and BlacLmp (1980) found that N,O 
by 0, might explain thac high productions of NO, emission rates from a "sscmingly uniform m" of 
in the chamber. Thnc results should k compared 100 m' varied from V~ILICS c~msponding to 
with thox reported by Galbally and Roy (1978) between 48 and 457 ng N,&N m-, s-' with a 
who found NO, fluxes which were less than 3 % of standard deviation of about 50%. 
the NO flux on g r ~ ~ e d  and ungrazed pasturra. 

4.5. Temp,nnrn kpndmrr 
4.4 Ann1 vndnbility Fig. 6 shows the diurnal variation of the NO 

When the chamber was placed on exactly the emission rate on all four ucaunents togcth~r with 
Same area scveral limes in sucassion and removed soil surface lnnpenturr (at about 3 cm depth). A 
for short periods (1-2 minutes) in bcnvcm, the plot of the 1 0 g a r i h  of the net NO emission rate 
CSlimated rate varied slightly with a standard versus the inverse of absolute temperature is s h o w  
deviation of between 9 and 16% of the mean value. in Fig. 7. This figurc mdicates an interesting 
Fig. 5.1 shows the results from three measure- anomaly. in that the emission rate increases more 
mmts on the same plaa. within about 15 minulcs. rapidly than could k prediaed from the increase in 
on both lucerne and grass ley. The emission rate soil tcmpraturc during the morning hours (dashed 
has been normalized by division by the median mows in Fig. 7). One possible explanation is that 
value in each set or observations. These measure- the roots of the plants exude organic substances 
ments indicate the expected precision of a point during the morning hours just as the sun riscs and 
mcasurc. When the emission rate was measured a when the soil has not VCI teen w m e d  uo 
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Table 3. Simullrrneous measuremenis of NO and NO2* using the open syslcm 
~ ~ ~ ~ 

Concentrations (ppbv) 
Flux Temp. 

NO NO,t (ng N m-: 1-9 ('C) 
roil 

NO, surfaa PI01 Date Time Inlet M a  Inlet OuUn NO 

LU Apr.21 I I "  
I I" 
12'0 
13m 

LU Apr.22$ 13" 
14- 
14- 
IS.'! 
IS*# 

LU Apr.22$ 21- 
22* 
23- 
w 
01- 
02- 
03" 
04- 
05'0 
06- 
07- 
08- 

8120 Apr.23$ I I m  
12" 
12'. 

LU Am. 23 20.0 
21- 
22- 
23- 
w 
01- 
03- 
05" 
07- 
09- 
11- 
I3* 
15- 
I7'O 
l9'@ 

LU Apr.27 1910 

20'. 
21'. 
22'. 
231° 
0 0 ' 0  
01'0 

02" 
03'O 
04 ' 0  

05'. 
0 6 ' 0  

07'O 

0.72 
1 .o 
0.8 
1.1 
0.72 
0.60 
0.60 
2.7 
I .9 
0.4 
0.2 
0.4 
0.3 
0.2 
0.2 
0.4 
0.3 
0.4 
0.5 
0.6 
0.7 
0.84 
0.72 
0.60 
I .4 
1.2 
1.6 
1.2 
1.2 
1.2 
I a 
0.84 
1.5 
1.1 
0.54 
0.60 
0.48 
0.60 
0.42 
0.5 
0.7 
0.8 
0.5 
0.5 
0.6 
0.6 
0.5 
0.5 
0.5 
0.6 
0.7 
0.9 

7. I 
8.0 
8.4 
8.9 

10.6 
11.0 
11.8 
12.1 
12.7 
7.9 
8.2 
8.2 
8.2 
7.9 
7.2 
6.7 
6.3 
6.4 
7.0 
7. I 
7.9 
2.5 
2.5 
2.4 

12.8 
13.0 
13.0 
12.3 
12.4 
12.2 
12.1 
12.5 
13.1 
13.3 
11.5 
12.7 
10.3 
12.4 
12.8 
3.0 
3.2 
3. I 
2.6 
2.6 
2.8 
2.7 
2.6 
2.5 
2.4 
2.6 
2.8 
3.0 

3.7 
3.3 
3.9 
4.9 
1.2 
1.3 
1.6 
4.0 
4.2 
1.2 
1.3 
1.2 
1.3 
1.2 
1.1 
1 .o 
1 . 1  
I .o 
1.2 
1.2 
1.3 
1.7 
1.8 
1.8 
5.6 
5.8 
5.5 
6.7 
5.4 
4.6 
4.2 
4.0 
3.9 
4.5 
2.7 
2.5 
2.3 
2.3 
2.3 
3.3 
4.6 
5.8 
3. I 
3.4 
4.2 
3.7 
3.3 
3.0 
3.2 
3.2 
4.0 
4.8 

1.9 
2. I 
2.5 
2.5 
2.1 
1.8 
2.5 
2.2 
2.2 
1.6 
1.3 
1.5 
1.5 
1.3 
1.3 
1.3 
1.4 
1.3 
I .4 
1.7 
1.7 
2.2 
2.0 
2.0 
2.6 
2.7 
2.7 
2.9 
2.8 
2.8 
2.7 
2.6 
2.5 
2.7 
2.9 
2.9 
3.2 
3.2 
3.1 
4.1 
3.6 
4.4 
2.9 

2.7 
2.4 
2.4 
2.3 
2.3 
2. I 
2.3 
2.6 

2.8 

1.5 
1.7 
1.8 
1.9 
2.4 
2.5 
2.7 
2.3 
7"6 
1.8 
I .9 
I .9 
1.9 
I .8 
I d  
1.5 
I .5 
1.5 
1.6 
1.6 
1.7 
0.64 
0.61 
0.58 
2.8 
2.9 
2.8 
2.7 
2.7 
2.7 
2.7 
2.8 
2.8 
3.0 
2.7 
2.9 
2.4 
2.9 
3.0 
2. I 
2.1 
1.9 
1.8 
1.8 
1.8 
1.8 
1.8 
1.7 
1.6 
1.7 
1 .8 
1.8 

-0.43 
-0.3 I 
-0.33 
-0.58 

0.23 
0.11 
0.21 

-0.44 
-0.43 

0.10 
0.03 
0.07 
O M  
0.02 
0.0s 
0.07 
0.07 
0.07 
O M  
0.12 
0.10 
0.12 
0.06 
0.05 

-0.72 
-0.74 
-0.67 
4 . 9 1  
-0.62 
-0.43 
4 . 3 6  
-0.33 
-0.33 
-0.45 
-0.05 

0.10 
0.22 
0.22 
0.19 
0.61 

-0.84 
-1.2 
-0.17 
-0.50 
-1.3 
-1.1 
-0.76 
-0.59 
-0.76 
-0.92 
-1.4 
-1.8 

10.3 
11.5 
12.0 
10.0 
10.8 
10.5 
11.0 
11.0 
11.2 
4.9 
4.0 
3.2 
2.8 
2.3 
2.0 
1.8 
1.5 
1.2 
2.0 
2.5 
4.1 
5.6 
6.0 
6.P. 
9.5 
9.0 
8.2 
8.0 
7.8 
7.6 
7. I 
6.9 
6.8 
7.0 
7.8 
9.1 

10.9 
10.5 
10.8 
9.4 
8.6 
8. I 
7.2 
7.2 
6.3 
6. I 
6.0 
6.0 
5.8 
5.8 
6.0 

iao 
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1. LU 
GA 200 

2. GR 200 

3. LU 

b. B 120 

5. B 0 

I 
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LU - luarnc: B 
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Temp. 

soil 
surface 

11.5 
11.0 

11.0 
11.0 I '$18 

3.1 y 
1.8 

2.5 
4.1 

~ 3.6 

9.5 

8.0 
1.8 
1.6 p ::: 
6.8 
7.0 

10.9 

% 

::: 
9.4 
8.6 
8.1 

6.3 
6. I 

5.8 
5.8 

:: 
.: 
I. 

PIO! 

. LU 

OR 200 

Z. OR 200 

1. LU 

L. E 120 

5. E 0 

in.3. NOc 
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umber of 
rmwremn!r  

(n) 

0 3  
b 3  

0 3  
b 6  

0 5  
b 7  

c &  

d 5  

a 8  

b I  

c 5  
d 5  

0 5  
b 3  

don vuiabilily. 

IO emission I Stondard 

4 
0.L5 60 

23 .5  89 

2.0 33 

1 . 9  20 
0.37 30 
3.1 1 8  

1.9 
35.3 

12.0 21 
2.3 26 

I :  Conrecutive measurnmu a1 
Within each subm (Le., la, 2b. 

ferlilkcd &sky; BO: unf&cd barley; B 110 fcrrilircd barley; Ll 

A Frequency dmlribul~on 
(normolmed to median wolue. x )  

" 
L.f 

a d y  the same place. Sur 1-5: Musvrnncnu 
.) musuremenu were close in rime. G R Z W  
U m e .  

M i l  also include alkyl-nilralcs. -nilriles. HNO,, HNO, and PAN (proxyacelylniuale). 
t The absolute valuer of the concentrations of NO, mighl be 0.5 ppbv loo high due Io offset of the NO, mo 

t Periods when 0, was m o v e d  from the  ai^ entering the chamber. 
1 Addition of NO, IO the air entering the chunbu. 
LU =lucerne; E =barley. 

signal. 

Tellus 368 (1984). I 
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~ 

3.6 
3.6 

(Rosswall, personal communication). Thesc com- 
pounds can then be utilized by the denitrifying 
bacteria which will start lo  reduce NOS and,subsc- 
qucntly, NO will be produad more rapidly than 

events both in , 9 8 1 ~ ;  

able lo find a simple 
rate of NO and soil IP 
consideration of for 

watering or the soil. I 

I 1  
r . ~ o n r n m ~ i d ~  

1". Ih, 

Fig. 6. Diurnal variation of NO emission rate on four 
cropping systems. Fertilized barley ( x )  and grass ley 
(0). unfcnilizcd barley (*)and lucerne (0). Dashed line 
is soil surface iemprrturc. 

the soil temperature will predict. This explanation 
is condncnt with the fan  that this phenomenon is 
most obvious in the fertilized soils where the NO; 
content is higher. Meaturcmenls of NO emission in 
Ausualia on grazed pastures did not show any 
temperature dependence (0 to 25°C) (GalbeJly, 
personal communication). This f an  indicates that 
dfiermt proasses arc involved in the produdon 
of NO at the two experimental fields. 

From the slope m Fig. 7 the advation energy 
can be calcvlatcd and is given in Table 4 together 

Table 4. Acffiafion energy and Q,o values for NO 
pmdvnion (d: Fig. 7'). Ql0 Lc the change of 
emission rate between 10 and 20 OC 

Plot 
Aclivation energy 
(W mole-') QW 

Barley (B 220) 83 
Gruilcy (GR200) 83 
Barley (BO) 19 
b a m c  (Lu) 65 

3.5 
2.1 

I - 
3.36 3LO 3LL 340 3.52 

f.10 3 (K -1 ) 

.. . 
= 2.7-3.6) CUI be com 

P N,O produdon in 
the range 77-83 
(McKcnncy ct al., 1980 
found in a field inve 
a grass-sword D e s  
temperature depend c 
during anaerobic conditl 

I Tellus 368 (1984), 1 
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mh Qlo values (changes in emission rate benvecn 
IO and 2OoC). Thcsc values (65-83 kJ mole-’; Qlo 
= 2.7-3.6) can k compared with those found for 
N,O production in anaerobic soil which were in 
the range 77-83 kJ mole-l (Ql0 = 3.1-3.4) 
(McKmcy et al, 1980). and Ql0 = 2.8 which was 
found in a field investigation of N,O emission from 
a grass-sword (Damead et aL, 1979). A strong 
tanpaatwe dependence of NO production in soil 
during anaerobic conditions has aLr0 been observed 
(McKmcy d aL, 1982). 

aftn m v a l  was about one-fifth of the value 
kfrn removal. 

4. The calculption of the dilTusion rate of NO in 
the loll nrggeru that an qldlibrium conant- 
ration is .Ircady reached at a depth of only a few 
centhama. Thc calculations BIC not vcry 
prrciSr and the results vary with the variations 
in compcnMtion point and production rate frmn 
day to day. However, they indicate that only a 
vcry rhdow layer is responsible for NO 
emission. This finding is of importance for the 
intapmation and paramctni2atiw of the flux in 

4.6. The cffel afsoil warm mnlcnt future apaiments. S i a r  conditions may dro -......... 
OEN for the production of N,O, judgiug- fmm 
vcrt id  and conrsd conmuation 1981), although gradients it in the roil (Sciln 

generally believed that a layer of several tens of 
ccnthnarcs is,rc$ponsible for the measured flu 

The many mwurunents of NO emission in the 
Kjetwlingc field have shown that NO emission is 
low& from thoroughly wmed soil This was 
shown by the meaauranents &fore and aRu rain 
events both 1981 and 1982 and artificial __. - - . . .. of N]U rrom me IOU. watering of the soil. However, we have not bem 
able 10 find a rimplc relation h w a n  the emission 
rate of NO and roil moisture content (wiIh due 
consideration of for innance the cITM of tanpa- 
aturc). As an examplc, the mission was normali2ed 

4.8. 
We have also observed an interesting influence of 

vegetation on the emission rate. Fig. 8 shows the 

of w~el,,lion 

with regard 10 temperature (to 2 0 9  and compared 
to soil moisture content (obtained either from 
weight loss or from tensiometers), but no relation 
was found. The following measurements furtber 
indicate that the relation k t w a n  NO emission and I 

soil warn content far from saturation is wry 
complex. After a modest rain which came after a < ! 
period of drought, the NO emission increased for a YE 
period of half a day. After that the NO emission = 
decreased to low values in response 10 vcry heavy E ’ 
rainfall . 

S I  
4.7. Pmduction versus soil dcpth 

There M several indications that the NO ? >  
production occurs in the upprmon layn of the roil 
(the fint few antimcues). These include: 
1. The emission rate responded to rapid changes in 

svtface temprature. For example, there was a 
much Mer relation between NO emission rate 

- 
C z 

1 

0 

and chamber air temperatwe than with soil 

only enough water is added to moisten the upper 

T o r n  ,aD,.c,l~ eo‘ ,~ - 1D x m m w - -  

f.n,l,l.6 ulhR,I,nE 

Dale 5w3 % P I 4  4 1 1  

Fig. 8. Comparison of NO mission rate with and 
without vegetation (barley plano) in the chamber. The 

to approx. 5 m. x-x. value il norm&& IO 20-c 
neeording IO the trmpraturc dcpmdcnrr in Fig. 7. 

Sp 1 
temperature at, say, 10 or I5 cm depth 

2. The NO emission rate decreased. even when 

few centimcves of the soil. 

soil was measured before and after 5 cm of top 
soil was removed The NO emission immediately 

3. In one experiment. the NO emkion from the p~.nu before mCasurCmCntl; from 6&8Onn 

reiius 368 (1984). 1 
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flux of NO from the B 120 plot with and without In order to obtain an apprOximatC estimate of the 
vegetation, and BO with and without vegetation emission for a whole year. we used the measure- 
normalired to the same temperature with the aid of ments 60 far available, wnridmd emission rates 
the temperature depcndcna in Fig. 7. The results during day and night and during periods with 
could be interpreted basically in Duo ways: dilTerent soil Innpcraturrs. 0ssUIIKd zero mission 
(i) that NO is deposited on vegetation; during winter and calculated a weight average value 
(ii) that vegetation to some extent prevents the for the year. We thm anivcd at an cslimated 

venical mixing, and a higher NO concen- emission oi$Oh ke N h r 1  e,-' from fcrlilized gr-3 
tration builds up near or slightly below the soil ky and/O.Z kg N ba-' 0-I h m u a f d i  barley. 1 
surfact which. as we have discussed earlier. will This can be c o m m d  with the ycarlv deuosition . . .  
give a rcductd net emission rate of NO. of nitrogen wmpo&s from thc atmosphere. Wn 

deposition is measured in the am to be about 4 kg 
4.9. Yearly losses to the otmosphere N ha-' a-I (1.7 kg NO;-N ha-I a-', 1.9 kg 

From present knowledge, we cannot give a very NH:-N ha-I 8 - I  and 0.7 kg organic N ha-I a-I). 
accurate estimate of the yearly emission of NO, Dry deposition of parliculnte maner contributes 
from the measured areas. Table 5 summarizes less than 03 kg N ha-I a-' as estimated from 
measurements made during 1982 and in Scptcm- particulate nitrate conmuation, particle size distri- 
ber 1981. Although the lime distribution is not very bution and a dry deposition velocity as a function 
even, we think that they give a fairly good estimate of particle drc. Thew deposition fluxes arc typical 
of temporal variation during the vegetation period. for areas nlT& by the large anthropogenic 
with the highest emission rates in June and emissionsinEurope. 
comparatively low in spring and autumn. As a comparison. the average NO emission from 

t 
Table 5 .  Summary of the meosurements of NO emission (closed system) 
during 1982 

Rmgc of soil 
Number of emission rates tmpraturc 

Plot Month measurcmcnts (ng N m" a-') (range) (OC) 

Earky AV. 5 0.19-1.99 4.9-6.1 
(BO) May 3 1.20-2.23 9.8-11.0 

lune 4 0  0.46-17.0 10.7-25.5 
July 22 0.66-2.08 11.5-28.6 
*LO A 1.0-1.8 18.0 

Lucerne Apr. 26 0.31-5.50 5.0-11.9 
(LU) Mav 2 0.82-1.95 m 

June 14 1.03-4.1 10.7-21.8 
2.9-13.0 
7.3-10.7 

Barley Apr. 28 0.15-5.66 
(B 120) May? 8 0.96438 

June 23 
July 1 
Scpl.. 1 

Grass ley Apr. 6 
(GR200) May? I 

June$ 15 
July 3 
scpl' I 

0.9S52.8 10.6-25.5- " 
3.24 13.9 
0.3-7.0 16-26. , I  

0.1-1.29 
0.45 
1.86-61.6 
1.36-3.19 11.7-14.5 c- 
1.7 21.0 

Measurements pdormcd m 1981 
t Fcruluauon 110 kg NO;-N ha-' 
f Fenilumon 80 kg NO;-N ha-'. 
nm = not measured 
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grazed and ungrnzed pastures in Australia was 3.5 
and 1.6 ng N m-' s-' which cwresponds numeri- 
c d y  to 1.1 and 0.5 kg N ha-' a-I, rcspcclively 
(Galbally and Roy. 1978). 
We can conclude that the losses of NO from 

agricultural soils appear to k of little imponancc 
for the soil nitrogen budgeL On the other h a  the 
emission might k an imponant source of atmos- 
pheric NO,. For example. if our expaimmtal site 
is representative for all Swedm's agri~ultutal land, 
the emission during the growing season is about 
10% of the emission from anthropogenic wm- 
bustion sources wiIhh the counvy. Continuing 
investigations of processes kading to NO and NO, 
emission from arable land (and other sails) are, 
therefore+ of considerable interest both fmm the 
point of view of atmospheric chemistry and for a 
k a e r  understanding of soil nitrogen processe 
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Field Measurements of Emission of Nitric Oxide 
from Fertilized and Unfertilized Forest Soils 
in Sweden 

C. JOHANSSON 
Lkpamnmr of Mermmlorry. Univem'ry of Slockholm Awhmiul, Laboratory. 
S.106 91 Stockholm. Sweden 

(Received: 29 December 1983; in revised form: 2 1  February 1984) 

Abstnn. Appliotion of nitrate fertilizers on w o  t y p s  of forest soils led to a marked increase in the 
NO emission rate indicating a large potentid for NO pmduction in these soils. The largest fluxes on 
the fertilized plotl were up to 60 ng NO-N n P  <' . About 0.35% of the applied nitrogen was lost as 
NO within about 14 days after f e n i h t i o n .  T h e  fluxes from the unfertilized forest soils were in the 
rrnge 0.1 to 0.8 ng NO-N m-2 s-' with a median value of 0.3 ng NO-N m-' s-' . If this value. 
obtained during June and August to September, is representaliye for the growing season (150 days). 
it m r m p n d s  lo  an annual emission of 0.04 kg NO-N ha-'. This is about 30% of the value obtained 
far an unfertilircd agricultural soil. Bccsuse of  the Large ucas occupied by forests in Sweden the flux 
of NO fmm forest s o b  represents a signMcrnt mntribution to the total flux of NO from ails in 
Sweden. 

Eulier observations of equQibrium concentrations for NO have been verified. Thew were found to 
nnge fmm 0.2 to 2 ppbv for an unfertilized foxst soil m d  up to 170 ppbv for a fenilizcd soil. At the 
mal dtc in Sweden where thne  measurements were performed the ambient m n m t n t i o n s  where 
found to be less than this equilibrium concentration. and mnsquently there was generally P net emb- 
don of NO. 

There Itill large uncertaintics about the global flux of NO from aib. Using d u m  measurc- 
ments on three different types of emsysterm md esrimates b a r d  on a qualitative discunion for the 
rCInainin8 land areas, a global natural source for NO of the order of I Tg N a-' was obtained. If 0.35% 
of the total annual production of fertilizer n i t m p n  is I o n  as NO, fertilization of sob may conuldutc 
with 2W to the MlWl flux fmm SOB. 

Key rmdr Nitric oxide. emission. foren SO-, fenilized. unfertilized. 

1. Introduction 

Production of nitric oxide (NO) in soils represents an important source of NO, in the 
lower atmosphere (Galbally and Roy, 1978; Calbally er d, 1980: Logan er d., 1981). 
In order to achieve an estimate of the global flux of NO from the ground, field measure- 
ments on different types of soils are needed. Earlier measurements have been performed 
in different ecosystems: forests (Kim, 1973). pastures (Galbally and Roy, 1978) and 
arable land (Johansson and Granat. 1984). In these measurements NO emissions rangjng 
from leas than 0.1 ng NO-N m-' s-' up t o  70 ng NO-N m-' s-' have been observed. 

Some progress has been made in the investigation of how environmental factors such 
as soil temperature, soil moisture and nitrate content in the soil affect the NO emission 

I 
I 
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in sru (Galbally and Roy, 1978; Johanrson and Gramt, 1984). It has been shown that 
NO emission is higher on grated or fertilized soils than on ungrazed or unfertilized 
soils. Our earlier measurements on arable land (Johanuon and Granat, 1984) have shown 
that for the vegetation period the NO emission was three times higher on the fertilized 
area (200 kg N ha-') than on  the unfertilized area. A rough estimate showed that approxi- 
mately 0.2% of the applied nitrate nitrogen (Ca(N0,h) was lost as NO. 

Recent laboratory studies using gas flow through soil columns, where the NO 10s is 
maximized, have shown that as much as 30 t o  40% of the NO;-N may be lost as NO 
within less than 20 hours under anaerobic conditions (McKenney er ai., 1982; Johansson 
and Galbally, 1984). Earlier laboratory studies report nitrogen losses in the range 1 t o  
53% of the applied nitrogen after the addition of  ammonium or urea fertilizers (Steen 
and Stojanovic. 1971; Bundy and Bremner, 1974; Keeney et a!., 1970; Marshall and 
Debell, 1980). 

This paper presents field measurements of fertilizer-induced NO emission. The flux of 
NO from both unfertilized and from freshly fertilized forest soils was measured at two 
different sites. 

2. Experimental Sites and Method 

Th6measurements were made in two different forests, at Sarentorp, 10 km north of 
Stockholm, and at JSdraHs, 220 km northeast of Stockholm. The characteristics of the 
sites and the concentrations of ammonium ( N S ) ,  nitrate (NO;) and nitrite (NO;) in the 
surface (upper 2 em) of the soil are given in Table 1. 

The site at J i d d s  is a 20- to 25-year-old stand of Scots pine (Pinus sylvenris) at the 
Swedish Coniferous Forest Project site, Invantjamsheden. The ground vegetation is of a 
dry to very dry dwarf shrub type. The soil is an iron podzol on sandy sediments. Further 
characteristics regarding vegetation cover, nutrient status of the soil and climatic data are 
given in Axelson and BrSenhielm (1980). The site at S6rentorp is a rather open park- 

Table 1. Characteristicsofthe two rites 

site Vegetation soil t y p  PH NH: NO; NO; 

(mg N/100 g dry soil) and t e x t m  
(IO on depth) 

Sllrrntorp Smts pine mixed with Grey-brown 4.5 3.0 <0.01 0.015 
Noway  spruce. silver podzolic 
birch and aspen. Under- roil. 
growth ofgraucs and 15% clay. 
herbs 16% silt. 

9% rand 

Jadnis  Smts pine heath 1ronpodx.L 4.0 1.6 <0.01 0.094 
on sand. Undergrowth 2% day. 
of dwarf shrubs and 43% sat, 
k h e N  46% sand 
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like forest dominated by Scots pine mixed with Noway S~NCC, silver birch and a w n .  
The stand is approximately 75-80 years old. Undergrowth consists mainly of grasses. 
some herbs and small shrubs. The ground surface is covered with a carpet of mosses. The 
soil is an intermediate type between podzol and brown earth and could be characterized 
as grey-brown podzolic soil. 

The flux measurements were made using the dumber technique described in 
Johansson and Granat (1984). With this method a chamber is placed over the surface and 
the increase in the concentration of NO during the first few minutes is monitored. The 
emission rate is calculated from the increase in NO concentration right after the chamber 
is installed over the roil. The chamber was an aluminium cylinder with the inside walls 
lined with a teflon film. The air in the chamber was stirred with a stainless steel stirrer 
blade. The volume of the chamber was 110 1 and the cowred area 0.5 m'. An area of 
approximately 25 m' was selected at each site. Within this 8128 six aluminium frames 
were inserted approximately 5 em into the soil. The air inside the box was sealed with 
a rubber collar attached t o  the frames and the chamber. Two plots were fertilized, two 
treated with just water and two plots were untreated. Each plot was 1 m' and contained 
one aluminium frame (each 0.5 m'). At Jaldrah the frames were placed on plots covered 
with Cladonia lichens, and at Shrentorp they covered plots with grasses and mosses. Soil 
surface temperature was measured a few meters beside the flux measurements at about 
2 cm depth. In the first and second fertilization calcium nitrate ( C a p o & )  was applied 
(4.64 g NOj-Nm-'). and in the third sodium nitrate (NaNO,) was applied (1.12g 
NO;-N m-'). The Ca(NO,)I fertilizer contained 14.5% NO;-N and 1% N",-N; thus 
the Ca(NO,), fertilized plots also received 0 3 2  g W.-N m-'. The fertilizers were 
dissolved in water. and 10 I m-' was added. 

Nitric oxide was analyzed with a modified chemiluminescent NO detector. Calibration 
was made using cylinders containing 1.02*0.05 ppmv ( IOd v/v) and 50.5 f 1 .O ppmv NO. 
The sensitivity was fO.10 ppbv (IO-' v/v). The least detectable flux when the chamber 
was allowed t o  cover the soil for IO min was -0.07 ng NO-N m-' 5 - l .  The mechanical 
and chemical analyses of the soil were made at the National Laboratory for Agricultural 
Chemistry, Uppsala, Sweden. Levels of NO; and NO; were determined by an automated 
colorimetric method (Technicon, 1973). In this procedure NO; was first reduced t o  NO; 
with a copper-cadmium reductor column. Ammonium was analyzed using the indophenol 
blue method. 

3. Results and Discussion 
When the chamber was placed on the m e  plot several times in succession and removed 
for short periods (1-2 min) in between, the estimated fate varied slightly with a standard 
deviation of less than 6% of the mean value (Table 11). 

Table 111 gives the results of the emission measurements on the unfertilized plots at 
Sorentorp and JPdrais. The fluxes at the two different sites were similar in magnitude. 
All fluxes were in the range 0.10 to 0.76 ng NO-N m-' i'. and the median value of 
all data (82 measurements on  12 different plots) was 0.29 ng NO-N m-' i' . The m a g  

. . .  -. _- 
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Table 11. Susceuive mCUurements of NO emission o n  the same plot 

Local time soil Surf .CC NO emission A v u y  S u n d u d  dew. 
temperatun 
co (ng NO-N m-' s - 9  

0943 15.8 3.17 

0951 16.0 3.63 

0945 15.5 4.99 

0954 16.1 5.29 

1544 11.4 6.29 
1549 11.4 6.48 
1554 11.4 6.99 
1558 11.4 6.48 
1603 11.4 6.29 
1608 11.4 6.76 
1614 11.5 6.38 
1619 11.5 6.57 
1625 11.5 6.38 
1630 11.5 6.57 

0947 15.6 3.48 1 3.42 0.19 

0949 15.9 5.14 1 5.14 0.12 

6.52 0.21 

nitude of these emissions is smaller than earlier reported measurements on forest soils 
(Kim, 1973) and pastures (Calbally and Roy, 1978). It is about 30% of the value ob- 
tained previously for an unfertilized agricultural soil (lohansson and Cranat, 1984). 
On the freshly fertilized plots the emission increased dramatically, indicating a large 

potential for NO production in these soils. Figures 1 . 2  and 3 show the temporal change 
in NO emission together with soil surface temperature on the three fertilized areas, the 
first at Sorentorp and the second and third at Jsdrah. The duplicate-plots showed very 
similar development of maximum fluxes and subsequent temporal decrease of emission. 
The emissions from the controls (watered plots) were generally in. the range of the 

Table 111. Summary of lhe meuuremmts performed on  the unfertUzed plots at Sorentorp (lune) 
and Jidrrir (August and September) 

Site No. of soil lurfacc Noemission(% NO-N m-' I-') 

murule- temperature 
menu (range. ' C )  R W V  Medhn Standard dev. 

Urentorp 35 11.3-22.5 0.10-0.76 0.35 0.158 
Jadrais 47 9.0-17.3 0.10-0.56 0.23 0.04 b 

Au 82 9.0-22.5 0.09 

a Average value on  5 plots. 
A V C I ~ ~ ~  value on 4 plots. 
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0 Co ore0 no.2 

0 controls (water) 
untreoted areos 

8 n - sail surface temp. r fertilization 
1 

/-- f F' 
/ ..-p /...--.. 

d I /!. ' 
I !I 
I d j  
I : 
I i 
I 
I 

b 

A . 
:p"r . A 8  

.A . . . . , . . , . . . I 
12 16 8 12 16 8 12 16 8 12 16 

h i t  I 

433 
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Fig. 1. Tanponl change of the NO emission rate after aldum nilrste Ierlilkation a1 Sbrcntorp 
(4.64 g NO;-N was applied). 

missions from the untreated plots. Only immediately after the soil was watered in the 
fim experiment did the emission increase slightly; it returned t o  the background values 
in a shon period of  time (cf. Figure I). The NO emission was observed lo increase within 
only 10 min after fertilization. The maximum fluxes were observed after about 20 h. Asis 
shown in Figures I and 3 the NO fluxes were stiU above the control and untreated plots 
when the measurements were interrupted. indicating that the fertilizer-induced NO 
production continued. 

Figures 1 and 2 show a strong dependecy of the NO emission rate on the temperature 
at the soil surface. This is in agreement with what has been found earlier for arable land 
(Johansson and Granat, 1984). On the unfertilized plots, where the emission was much 
lower, the covariation with temperature was not so evident. The soil surface temperature 
ranges were 113-22.5OC and 9-17.3'C at Sorcntorpand Jadrais, respectively. 

The magnitude of fertilizer.induced emission was quite different at the two sites. 
Comparing fluxes at similar ternperaures, the maximum values at Jadrais amounted to 
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.) 

Jddrahs 2 0 NaN03 area no.3 
v NaNO3 area no.& I 1 untreated areas 

fertilization 

1 

I' 

2 t  i 

--- soil surface temp. 
L4 

A ... 4 . , '[,?A, 4 .  A ,  , A A *  ,. 0 ,  f * 
8 12 16 20 ' 8  12 16 20 "8 12 

Sep 14 Sep 15 Sep 16 

Fip. 3. Tcmpord change of the NO emiuion rate after sodium nitrate feniliution at Jadrais (1.12 8 
NO;-N m-' was applied). 

about 40 ng NO-N m-' s-' (Figure 2). whereas the maximum fluxes at Shrentorp were 
only about 6 ng NO-N m-a s-' (Figure I). This difference may be attributed to both 
different soils and different types o f  vegetation covering the roils. 

Emission rates and loss of nitrogen as NO were both lower on the NaNO, fertilized 
plots than on the Ca(NO& fertilized plots at the Same site (Figures 2 and 3. Table VI). 
As the NaNO, fertilized plots received 1.12 g NO;-N and the Ca(N03h fertilized plots 
4.64 g NO;-N, this indicates that the NO production was highly dependent on the 
amount of NO; applied. Comparing the emission rates at equal temperatures (Figures 2 
and 3). the emission rate from the ulcium Ca(N0,h fertilied plots was approximately 
7 tima higher than the emission rate from the NaNO, fertilized plots. 
As has been pointed oul, the Ca(NO,), fertilized plots received 0.32 g NH;-N m-'. 

Earlier laboratoly studies have indicated that the NO production in soils under aerobic 
conditions is independent of the NH; concentration (Johansson and Galbally. 1984). 
In addition, field measurements o n  different plots on an agricultural soil fertilized with 
equal amounts of NH; -N or NO; -N showed higher NO emissions from the N O j  

. __  - 
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Table N. Ammonium. nitrate and nitaiie mncentrations in the swfacc wil at  Shniorp .  
Fertililation wilhCa(NOJ, wm~crfomud June 20 

Date Trubncnt Roi No. NH: NO; NO; 

(mg NllOO g dry roil) 

June 16 Untru tcd  1 23 <0.01 0.017 
2 1 9 <O.Ol 0.015 

4 4.7 <0.01 0.015 
3 1 .8 <0.01 0.01 1 

3 4.0 <0.01 0.019 

June 21 FCYtiliZcd 1 5.5 6.1 0.027 
2 4.5 2.2 0.052 

Watemd 5 2.8 <0.01 0.0 19 

fertiljltd plots. Thus, it seem improbable that the mall amount of NH; present in the 
Ca(NO& fertilizer could have generated such a large difference between the Ca(NO& 
and NaNO, fertilized plots. Although the roil has a low water.retaining capacity, it might 
have been caused by different soil moisturcs, since the NaNOa fertilizer was added after 
a period with two heavy rainfalls (cf. Figun 2). 

The NO; contents of the soils at J2drais and SOrentorp were very low. After the 
addition of Ca(NO& fertilizer, the NO; concentration increased at both sites, although 
the increase was much larger ai &drab (Tables IV and V). The highest NO- concentra- 
tions were observed a1 Jadrais 14 days after Ca(N03), fertilization. At that t h e  the 
obsemd NO fluxes had returned to background values. This seems to indicate that the 
!K Fr%!!x:b:. L? tkis sv: was noi ihe resuit o f N &  decomposition. 

In Figures 4, 5 and 6 the cumulative fluxes are plotted venu t h e .  The loner of 
NO;-N as NO are given in Table VI. The differences in the cumulative f l u e s  from the 

Table V. Ammonium. nitrate and nitriIe conccntrationr in the surfam mil at Jldrnir. Fmilim- 
lion plith CXNO,), was prfonned A w t  30 

Date Trubnrnt Plot No. NH: NO; NO; 

(mg N/100s  dry roil) 

5 0.17 <0.01 0.036 
Watered 3 2.0 <0.01 0.087 

Fenilizcd 1 5.9 26 0.32 
2 15 8.4 0.13 

At%. 31 Untreated 

4 0.49 <0.01 0.06 1 

5 3.0 <O.Ol 0.15 sept. 14 Untreated 
Fertilized 1 6.5 0.21 0.57 

2 1.3 <0.10 0.24 
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Table VI. Cumulative NO fluxes from the fertilized plots. On the WNO,), fertilized plots 4.64 
8 NO;-N was applied; on the NaNO, fertilized plots 1.12 g NO;-N was applied 

Site Fe*CX Plot No. NO emitted (mg N m-')' 

45 houri 75 houn 340 hours 

- Sbrentorp a(NO.1, I 
CacNO.), 2 - 

16.4 (0.35) ' 
12.7 (0.27) 

6.9 (0.15) 
4.9(0.11) 

Jadrdrrir 2 NaNO, 3 0.74 (0.066) - - 
NaNO, 4 0.65 (0.058) - - 

a The fiurcr in parentheses indicate the fertilizer-induced emission of NO in percent of NO;-N 
applied. 

SUrentorp and Jsdrais were 0.48i0.38 ppbv (87 measurements) and O.lOiO.10 ppbv 
(82 measurements), respectively. The average concentrations at S ren to rp  are influenced 
by the city of Stockholm, whereas those observed at Jadrais are more representative of 
NO concentrations at a rural site in Sweden. At Jadrais there was always a net emission 
of NO. The equiliirium concentration was observed t o  be dependent on the emission 
rate. On the fertilized plots, where the emission was much m e r ,  equilibrium concen- 
trations up to 170 ppbv was observed. These results are similar to those observed earlier 
for arable land (Johansson and Granat, 1984). 

4. Speculation on Global NO Fluxes 

SUderlund and Swnsson (1976) estimated the average global flux of NO, from soils from 
a mass balance calculation. The value obtained as a residual source was 21 -89 Tg N 6'. 
(a =annum). Galbally and Roy (1978) estimated the global flux of NO based on their 
meanrrements on paslures in Austria to be of *e order of 10TgNa". Lipsehulz ef al. 
(1981) measured production of NO and NIO by pure cultures of nitrifying bacteria. A 
ratio of about 15 between NO and NIO production was obsemd. Based on this value 
andanenimateoftheglobalsourceofNlO,theyamvedataglobalfluxforNOofl5Na~'. 
These three estimates have been used in papers dealing with the global nitrogen budget 
(Shderlund, 1980; Logan era!., 1981; Ehhalt and Drummond, 1982; Sanhueza. 1982; 
SUderlund and Rosswall. 1982; Crutzen. 1983). 

With more direct field measurements available, it is of interest to attempt a new 
estimate of the global flux of NO. Table VI1 summarizes rneasuremcnts made on three 
different ecosystems together with estimated values for the remaining land area. 

For cultivated land the emissions reported in Johansron and Cranat (1984) on un- 
fertilized agricultural land were used. The measurements on pastures in Australia, by 
Galbally and Roy (1978) were taken as representative for temperate grasslands. 'For 
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~ 

Cuhivrtcdland lohanuonand 16 200 2-86 20 0.03-1.4 03 

T a n p n t e g r p ~  C d b d y m d  2.4 200 28-60 43 0.07-0.14 0.10 
LDdl Roy. 1978 

Tanperate forests. "his papr  26 2w 2-14 5 0.05-0.36 0.13 

Tmpid seasonal Estimated 16 300 1-50 15 0.01-0.80 0.24 
md Rin romts 
S a v m  and Estimated 26 200 1-20 5 0.03-0.52 0.13 
tundra3 

cmt. 1984 

mixed fOIUlh 1&U 

- 
TOtd 86 0.2-3.2 0.9 

temperate forests, mixed forests and taiga the emissions on the unfertilized forest soils 
obtained in this paper were used. To the knowledge ofthe author, there are no measure- 
ments of NO production in tropical soils, deserts, tundras or savannas. Data on nitrifica- 
tion and denitrification are also very scanty. In tropical soils, where nitrification occurs 
at hi@ tempciaturn and where OH is nenerally fairly low, chemical decomposition of 
NO; formed by nitrification might be an important pathway for NO loss (Laudelout. 
et d., 1977). Jikewise for savannas, which consist of aerated, well drained acid soils. 

process for loss of nitrogen (Pereira, 1982). The NO emission rates from these areas 
are assumed to be lower than the emission from cultivated hnd. The release of NO from 
deserts was assumed to be zero. AU the NO fluxes @en in Table VI1 are of course very 
uncertain since they are based on only three snr of measurements which have been 
extrapolated to very large areas. 

The global flux obtained here, 0 2  to 3 Tg N a" and a median value of -1 Tg a-', 
is appreciably lower than earlier estimates. The median value is less than 10% of the 
estimates reported earlier and about 5%of the anthropogenic emission by combustion of 
fossil fuels, which is around 20 Tg N a-' (SMerlund and Swnsson, 1976). According 10 
Table VI1 the global flux from cultivated land represents about 30% of the total release 
of NO from soils. Given the annual production of nitrogen fertilizers, 5 5  fg N (FAO, 
1979), and the maximal estimated loss of fertilizer nitrogen (035%) obtained in this 
paper. the resultant contribution of 0.19 Tg N a-' to the global natural NO flux is about 
20% of the median global flux. With increased demands for land used in agriculture and 
global use of artificial nitrogen fertilizers this source of NO, in the atmosphere is expect- 
ed to increase. 

I 

self-decomposition of NO; and subsequent emission of NO has been suggested as a I 
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Field Measurements of NO and NO2 Emissions 
from Fertilized and Unfertilized Soils 
F. SLEMR and W .  SEILER 
Mor-Pbmk-lmtinrr fir chlmie. S-am 23. D.6500 Moiru. FR. Geman? 

(Rsaired: 1 Dcambcr 1983: in revised form: 23 July 1984) 

A b m c ~  Field meuurcmenu of NO m d  NO, cmiuionl from sob hive been performed in Finthen 
n a r  M a i m  (F.R.G.) m d  in Utren near Scrillc (Spain). T h e  applied method employed a flow box 
coupled with a chemiluminescent NOx detector allowing the detcminriion of minimum flux ntcs of 
1 yg N m-' h-' for NO and 3 ug m-a h" for NO,. 

The NO and NO, nux ntei vera found IO be strongly dependent on mil surface IempenNTCs m d  
shoved rvong daily r-tionr with maximum value1 during the Urly afternoon and minimum *.lues 
during the e u l y  morning. Bcwern the daily variation pmcrns of NO and NO,, there w u  a h e  1% 
of about 2 h which seem to be due to the different physicoshcmid proprt ie i  of NO and NO,. The 
apparent activation encay of NO emision CIIcuhted from the Anhenius equation ranged between 44 
Lad 103 U per moic. The NO and NO, cmisdon rsIcI were posili*cly conchted with sod moisture 
in the upper mil hyer. . 

The meuwcmonu cyriicd out in A u p r t  in Finthcn clcrrly indicate the erublirhmcnx of NO and 
NO, equilibrium mixing ratios which appeucd to k on the Order of 20 ppbv for NO M d  10 ppbr for 
NO,. The sail acted u a net sink for ambientair NO and NO, mixins ratios h m e r  than the equilibrium 
"dues .nd a net s u m  for NO mdNO, mix in~n t io r lowcr  than the equilibrium vducr. ThL khanour  
as well u the obswnrion of equilibrium mixing n t io r  dearly indicxtc that NO Md NO, ye f o m c d  
and dcrmyed  consuncnuy in the soil. 

Average nux "le1 mCUUred on bare unfertilized s o h  w e e  a b u t  10 ur N m-' h-' for NO, m d  
8 #g N m-' h" for NO. The NO and NO, nux n i t s  were L L P l i f i ~ t l ~  reduced on p b l  c o r m d  soil 
plots. Ln same -s, the flux ntef of both gases b c m c  nwri*e i n d i n m i  that the vegcution may 
.ct u a sink for armosphcric NO md NO,. 

AppUution of m i n d  fcrdli2m in- the NO and NO, emission ntn. H i c s t  emission n t c ~  
were obvned for wu f0Uowd by NH.Q. ".NO, md N.NO,. The frrfilbcr IOU rates ranged 
fmm 0.18 for NaNO, Io 5.4% for Y r u  Vqeulion cover mbltlnfvlty reduced the fertilizer IOU nte.  

The l O p l  NOx emission from soil L eltimated 10 k I I Tg N yr". ThL f i n  is an upper limit and 
includes the emirdon of 7 Tr N yr' from mtutd unfertilized soils. 2 Tg N yr-' from fertilized mils 
u well as 2 Tg N yr-' from animal CXCRU Despite iu ipecuhtivc character. Nu crtirmtion indicates 
thlt NO= emision by loll is h P O r M I  for tropospheric chmVUy e w d y  in remote u e u  where 
the NOx production by other sources i s  m m p l n t h l y  mall. 

Key wad& NO, NO,, soil. decomposition, production. glabd buwt,  m i n d  fcrfillrcr. 

- -  

1. Introduction 

Nitrogen oxides play a key role in the atmospheric photochemiswy (Cruoen. 1981). 
Nitrogen monoxide and nitrogen dioxide act as camlysrs m various reaction chains and 
thereby strongly influence the concentration and disuibution of tropospheric 0, and 
OH radicals. Consequently. they have a strong impact on the distribution and abundance 
of many carbon. sulphur and halogen compounds in the atmosphere. Thus, knowledge of 
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the atmospheric cycle of nitrogen oxides is of primary importance for an understanding 
of atmospheric chemistry. 

Nitrogen monoxide and nitrogen dioxide are emitted into the armosphere by a number 
of anthropogenic processes. such as combustion of fossil fuels and biomass burning. In 
addition, NO and NO, are formed by lightning. atmospheric conversion of ammonia. and 
by biological proceues in soils. The global NOx source strength (NO, = NO + NO,) has 
been estimated repeatedly by several authors with figures varying between 20 and 80 Tg 
N yr-' (BBttger et nl.. 1980; Ehhalt and Drummond. 1982; Hahn and Cmtzen, 1982; 
Cmtzen. 1983: Logan, 1983). In all these estimates, the source strength of NO and NO? 
from roil is the most uncertain. 

It is known from laboratow experiments that'NO and NO, are formed by biological 
processes. Nitrogen monoxide has been proved to  be an obligatory intermediate in the 
denitrification proceu (John and Hollocher. 1977; Firestone ef al., 1979). More recently. 
Lipschultz e1 ni. (1981) reported that NO is also produced by roil nitrifying bacteria 
(Nirroromnr europum) and M c K ~ M ~ Y  er ai. (1982) found the NO production from 
anaerobic denitrification in soil to be significant. In addition to the biological NO and 
NO: formation. both gases may also be produced by the chemical decomposition o i  
nitrite (Nelson and Bremner, 1970; Smith and Chalk. 1979. 1980a. 1980b) which is 
known to be an intermediate of denitrification and nitrification payne. 1981; Bremner 
and Blacher. 1981). Although all the% measurements have been performed in the 
laboratory and may not be applicable to natural conditions. they clearly indicate that 
soil may provide a significant source of the global NO and NO, budget. 

Field measurements of the NOx emission processes are very rare. T h e  fmt data were 
published by Makarov (1969) who found a mean NO, emission rate of 0.01 g N m-, 
week-' from a nonfenilized soil over the entire vegetation period. In addition. his experi- 
menu with mineral fertilizers showed that 0.2% of the applied nitrogen was lost as NO, 
to t h e  atmosphere demonstrating that the increased application of mineral fertilizer may 
have an effect on the atmorph+c FCx 5:d;::. KL. <;;7;i iound NU, emislon rates 
of about 0.OZ'g N m-' week-' on the forest soil in July 1971. In contrast. the NO, 
emissions measured in May and June were below t h e  detection limit of his technique. 
The possible emission of NO could not be observed since both authors used wet chemical 
absorption techniques insensitive to NO (Cheng and Bremner. 1965). The only data on 
NO emission were reponed by Calbally arid Roy (1978) who found values on the order 
of 0.1 g N m-' yr-' from nonfenilized grazed and u n w e d  gnsrland. Au these data 
ClemlY show that NOz is acNally formed in soils under natural conditions and is emitted 
in10 the annosphere. However, the present data base on the NOx flux rates at  the soil/ 
armosphere interface is too limited to derive a reliable estimate of the &lob4 NOx emis. 
dons from soils. 
To prwide a better data bas. we have performed field measurements of the NO, 

flux from fertiked and unfenilized soils into the atmosphere. Measurements were 
carried O u t  on two different Vpts of soils in two different climatic zones. NO and NO, 
fluxes Obtained on b a n  and plant covered soils are reponed and discussed. The data 
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FIELD MEASURMfNTS OF NO AND NO, EMISSIONS 3 

show that the production of NOx in soils plays an imponant role in the atmospheric 
NOz cycle. 

2. Methodology 

Measurements of the NO and NOI flux rates at the soillatmosphere interface have been 
performed using the flow box method described in detail by Slemr eral.  (1984). Figure 
1 shows the schematic of the experimental ut-up consisting o f the  flow box, a pump and 
the NOx detector. The flow box (length = 40 cm. width = 225 cm. height = 20 an) was 
set on a stainless steel frame which was inrcned 20 cm deep into the soil to  prevent 
exchange of the enclosed and free armosphere. The interception between the box and 
the frame was sealed with boiled distilled water. The pump provided a constant flow of 
ambient air through the box with flow rates of up to  45 I (STP) min". Pressure dif- 
ferences between the box and the atmosphere causing a convective flux of NO and NO, 
from the soil into the box were avoided by supplying the box with a large inlet opening 
( id .  = 50 mm). The opening was shielded by a glass plate fued about 20 mm in front of 
the inler to  minimize the influence of changing wind speed and direction on the pressure 
'inside the box and consequently a convective NO and NO, flux at the soillatmosphere 
interface. 

The flux P of NO or NO, at the soillatmosphere interface expressed in ug N m-l h-' 
was determined from the m u  balance of the box by 

CALlsRAllON 
MIXTURE 

Fs. 1. Schematic of the exPcNncnW setup used for the murwemcnu of the NO and NO, nux 
nter at the millrrmorphere interface. 
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where V is the mass flow rate Of ambient air through the box in I (STP) h" .A is the soil 
surface area enclosed by the box (about 0.075 ma), N is the atomic weight of nitrogen. 
M is the molar volume. m, is fhe NO or NO, mixing ratio (ppbv) at the inlet of the box 
(ambient air) and m, is the NO or NO, mixing ratio (ppbv) at the outlet of the box. 
The NO and NO, mixing ratios at the inlet and outlet of the box were measured with 
a commercial chemiluminescent detector (Thermo-Electron I4 B) modified according 
to Delany ef nl. (1982). The detection limit of the NOx detector was I00 ppw and the 
accuracy at typical mixing ratios of NO and NO, of less than a few ppbv were in the 
range of 24%. NO, was determined by conversion of NOx into NO by a molybdenum 
convener heated to 4OOOC and subtracting the original NO signal of the air stream. Since 
the molybdenum convener reduces not only NOI but also "0,. PAN. N,O,. alkyl 
nitrites and alkyl nitratesp'iner er ol.. 1974; Delany et&., 1982). the difference between 
the NOz and NO signals may not only be due to NO, but may alsn include other nitrogen 
compounds. There is evidence that the nitrogen compounds listed do not contribute 
significantly to the total odd nitrogen in soil air so that the difference between NO, 
and NO may be almost exclusively due to NO,. Therefore. we will denore,the measured 
difference bewem NOx and NO as NO,. T h e  NOx detector was repeatedly calibrated 
using a standard of I ppmv in N: provided by Meuer Criesheim (Frankfurt, Ccrmany). 

The NOs instrument was installed in a d trailer located next to the experimental 
field and connected with the box using Teflon-tubes (about 5 m long. inside diameter 
= 4  mm). Absorption or deSoQtiOn processes in the tube were not obawed. The lower 
detection limit of the NO and NO, flux rates were determined to be t p g  m-' h" and 
3 pg m-' h-', respectively. The whole system was operated automatically providing 
a data point for the NO and NO2 flux rates once every 6 min. 

The soil moisture was determined by a standard gravimetric method on sampler taken 
from the uppermost 5 m soil layer. The values u c  given in percent of wet weight. Soil 
surface temperatures were measured at  a depth of 10 mm using mercury thenometen 
or thermocouples. In Utrera. the method recommended by Taylor and Jackson (1965) 
w?! ?:?!it! Cc: t!: irii&%ismsni of fix SOLI tempenmre. This method uses a thermo- 
couple attached to the 100 X IO0 mm large. 15 nun thick copper plate covered by a soil 
layer of 10 mm. Soil moisture and tempenlure were both measured in a separate plot 
which was treated the same way as the plou measured. 

Nitrous oxide fluxes were measured concurrently by an automatically Operaling 
semicontinuous closedatatic method described by C o m d  cf ul. (1983). The soil war 
covered for at most I hand subaquently exposed to nrpinl conditions for several hours 
before beginning a new experiment. 

Each experimental station consisted of scvenl plots. The frames surrounding the plots 
wcre inserted into the soil about a week before suning the experiment and remained in 
the sooil during the whole measuring period. Prior to feniliution. the NO and NO, 
fluxes were determined on all plou. and only plou showing comparable fluxes were 
taken for funher measuremenu. Each plot w u  covered by the glass box only during the 
measurement period required ( I ?  min) in order to obcain two comecutive dara points 
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FIELD MEASUREMENTS OF NO AND NO, EMISSIONS 5 

for the NO and NO, flux rates. During the rest of the  time. the plots remained uncovered 
and exposed to narural environmental conditions. 

For determination of the fertilizer loss rates. the  plots were treated with fertilizer 
dissolved in 0 5  I distilled water. The control p l o u  were also irrigated with the same 
amount of distilled water. The amount of mineral fertilizer applied conesponded to an 
application rate of LOO kg N ha-’. The fertilizer loss rates were calculated by 

L=- p F - p c  XlIKl(%) 
R 

where PF and Pc are the flux rates observed at the fertilized and control plot, respective. 
ly. integrated over the entire measuring period and R is the amount of fertilizer nitrogen. 

3. Field Stations 

The measurements were performed in Finthen near Mainz in July and August 1987 and 
at the BASF experimental station in Utrcra near Seville. Spain in September and October 
1982. Relevant derails on the soils sNdied are listed in Table 1. 

Table I. Chlncletisticr of soil 

Locatio” soil lypc pH (0.1 CaCO, om. C She fncuoru (%) 
NKCl) (%wO (%VI) 

C h Y  sit Srnd 
(2 rm) (2-20rrn) (to-2000 urn) 

Finthen. loeu 7.4 2.0 0.8 20 21 5 9  
Main2 

Utrcn. l D M Y Y n d  7.4 - 05 7 4 89 
S W i h  

In Finthen. t h e  experiments were carried out on a meadow which had never been used 
for agricuftud purposes and had always remained unfertilized. The grass was cut twice 
a year. For measurements on bare soil. p u t  of the meadow was ploughed one week 
before starting the experiments, The ploughing depth was about 30 cm. Measurements 
were performed on seven plots with two plou in the meadow and five in the ploughed 
m a .  One of the plots in the meadow was fertilized with M t C l  whereas the other re. 
mained undisturbed, acting as control. Two of t h e  five p lou  with bare soil remained 
unfertilized, the others were fcnilized with NaNO,. “.NO, and “ X I ,  respectively. 
Measuremenu were performed discontinuously between 8 a m .  and 6.pm. During this 
period. 1 to 3 individual flux rates per plot and day were obtained. The experimental 
field in Utrera consisted of nine plots. six of which were used for measurements of NO, 
fluxes and the rest for measurements of the NjO emission rates. Au plots were without 
vegetation cover. From the six plots used for the NOx measurements. one remained 

I 
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unfertilized. two were fenilizcd with ".NO, and three were fertilized with NaNO,. 
NH.Cl and urea. respectively. The N,Omeasurementswere carried QUI on one unfertilized 
plot and on two plots fenilized With NH4N03 and urea. respectively. AU plou were 
fertilized on 9 September and irrigated on 16 and 20 September (precipitation rate of 7 
mm each), on 24 September (3.5 mm) and on 1 October (IO mm). In addition, l O m m  
of rain fell on 15 September. The NO and NOx flux rates were determined 5 to 8 rimes 
per day and plot. The frequency of the measurements on urea treated plots was doubled 
to ensure more detailed information on the NOs flux rate. The data were obtained be. 
tween 6 am.  and 1 1  p m .  thus covering two-thirds of the day and including the periods 
with minimum and maximum daily temperarures of surface soil. 

T h e  experimental station in Uven is used in conjunction with agricultural experi- 
ments with fertilizers and insecticides and the history of each field has been carefully 
recorded for many years. The field selected for our experiments was used for cultivation 
of field beans in 1980 and for say beans in 1981.The soy beans were ploughed under in 
September 1981. Since that time. the field hu not been used for cultivation purposes. 
The field was harrowed on 3 September 1982. one week before mning our experimcnrs. 
In the course of the last two years. the field w a  fertilized several rimes: on I1  November 
1980 with 26 kg N ha-'; on 30 April 1981 with 75 kg N ha-'; on 4 June 1981 with 
65 kg N ha-' (all applied as ".NO,) and on 8 November 1981 with 120 kg P ha", 
and 240 kg N ha-'. Insecticides have not been applied since June I98 I .  

4. Results 
Table I1 summarizes the NO/NO: flux rates measured at 16 individual plou located with- 
in the experimental field in Utrera covering an area of IO m'. Data show s i ~ f i c a n t  

Table 11. NO and NO: nul ~ I C I  it-- .!E+=: ;:::; I; uusr. i icprrmaa 1982 

Soil tempenNce NO nux NO, nux Plat number Loul time 
('0 b g N m - ' h - ' )  b g N m - ' h - ' )  

11.50 35.4 IO 4 
36,4 8 21 
31.0 I1 19 

12.40 40.5 17 1 1  

13.04 45.1 30 28 
14.10 50.5 3 44 
14.22 S0.5 44 62 

1 
2 12.01 
3 12.14 
4 
5 
6 1 2 5 2  
1 
8 
9 
IO 
11 
12 15.32 
13 1 s . u  
14 15.56 
15 16.08 
16 16.20 

12.28 38.6 12 I8 

42.1 18 16 

14.34 52.0 372 817 
15.10 5 3 2  732 1397 

5 3 3  21 23 
53.4 2 1  23 
s3.4 16 25 
5 3 2  22 37 
53.2 14 4 
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F I E U ,  MEASUREMENTS OF NO AND NO, EMISSIONS 7 

spatial variation of the NO/NO, flux rates with values of 8-731 pg NO-N m-' h-l and 
4-1397 gg NO:-N m-' h-'. Measuremenis were carried out on a single day at  different 
times so that pan  of the variations may be due to changes o i  soil remperarure or soil 
moisrure. etc. which have a significant influence on the absolute figure of the individual 
NOINO, flux rates. The extremely high NOlNO, fluxes from plot No. IO and 11. how- 
ever. indicate that 'hot spots' with higher production of NO and NO, and thus high flux 
rates of NO and NO, from the soil into the atmosphere may exist. The observed spatial 
variation of NO and NOz flux.rates may be explained by the soil inhomogeneity. e.&. 
of the distribution of organic soil matter. 

In addition. the NO and NO, fluxes show significant t c m p o d  variations. Typical 
examples are given in Figures 2. 3a and 3 b  for NO and NO, measurements carried out 
in Finrhen and Utrera on nonfenilired soils and in Figures 7a and 7b for NO and NO, 

a0 . , , , , l , , . . , , . , , , , ,  
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€I. 2. Temporal rariabon of the NO md NO, flux n n  m u w e d  in Fmthca on nodenilired soils 
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measurements in Utrera on fertilized soils. In Finthcn. the flux rates ranged between -21 
and 5 1 pg N rn-' h-' for NO and -66 and 33 pg N rn-' h-' for NO,. The corresponding 
figures for unfertilized soils in Utrcra were -8 to 385 pg N m-' h-' for NO and -54 
to 893 pg N m-' h-' for NO1. 
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10 F. SLEMR AND W. SEILER 

day, the NO and NO, mixing ratios in air reached values larger than 40 ppb and the fluxes 
of NO and NO, were -20 and -66 pg N m-' h-' ,respectively, 

In contrast. the soil is always a source of NO and NO, at  very low NO and NO, 
mixing ratios. The compensation point or equilibrium mixing ratios. i t . .  the mixing ratio 
at which the NO and NO? destruction equals the NO and NO, production is in the order 
of 20 ppbv for NO and IO ppbv for NO: under the conditions existing in Finthen during 
August 1982. The absolute values of the equilibrium mixing ratios are dependent on 
several parameters, such as soil temperature. moisture. and organic carbon content and. 
therefore. should show large variations between the individual type of soil and climate. 

The dependency of the size and direction of the NO and NOI fluxes at the soil surface 
on the NO and NO, mixing ratios in ambient air as well as the existence of equilibrium 
NO and NO1 mixing ratios clearly indicate that NO and NO, are produced and destroyed 
concurrently in the soil or at  the soil surface. Consequently, the measured NO and NO, 
flux rates represent net fluxes. Equilibrium mixing ratios have already been reported for 
other trace Bares such as CO. H, and N.0 (Seiler, 1978; Seiler and Conrad. 1981). 

The NO and NO, flux rates showed pronounced daily variations both on unferfilized 
and fertilized p l o s  (see. e.&. Figures 3a. 3b. 4. ba, 6b). The NO flux rates were positively 
correlated with the soil temperature with maximum values at about 7 a m .  The apparent 
activation energy calculated from the Arrhenius equation ranged between 44 and I03 
W per mole. Interestingly. the NO, flux rates from soil did not correlate with soil tem- 
perature but correlate with the solar radiation. Maximum NO, flux rates were observed 
at 1 p m .  at minimum zenirh angle (European summer time) and thus were about 2 h 
ahead of the maximum NO flux rates. This phase shift indicates that NO and NO, are 
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very likely produced by different proceues. Possible NO1 production by chemical con- 
version of NO in the presence of 0, appears to be insignificant in view of the large phase 
shlft (2 h) between the NO and NO, flux rates and the positive correlation between NO. 
flux rates and solar irradiation. This argument is in agrement with the  observation of 
high NO, flux rates in the absence of 0, in the flow box. Thus. we believe that NO, 
is also produced by biological or abiological processes in the soil. Because of the  conela. 
tion between NO, flux rates and irradiation. the processes are active in the uppermost 
roil layers or at the roil surface. The time lag between NO flux rates and irradiation. on 
the other hand, indicates that NO formation occurs a t  depths deeper than 1 cm. It  is 
wonh mentioning that the NIO flux from soil also exhibited a diurnal pattern (Slemr 
er d., 1984) which agrees very well with the NO flux rates but is out of phase if com. 
pared with the NO, flux rates (Figure 4). 

The NO and NO2 flux rates were strongly dependent on the roil moisture. At soil 
moistures below 1%. the NO fluX rates in unfertilized soils (on the order of 8 4 4  pg 
N m-' h-' ) increased by a factor of about I O  after the soil moisture had been increased 
by artificial irrigation to values of about 15% (Figure 3a). Similarly. the amplitude of 
the daily NO flux rate variations increased dramatically after irrigation and declined 
with decreasing soil moisture. After 6 days. the soil moisture reached the 1% level and 
the NO flux rates approached the valuer Initially measured before irrigation. Repeated 
artificial irrigation indicated that the effect of increasing soil moisture on the NO flux 
decreased with increasing number o f  irrigations and was no longer observed after the 
fourth irrigation (Figure 3b). There was generally a delay of approximately one day 
between irrigation and maximum NO flux which may be due to the fact that the soil 
pores in the uppermost soil layers were T ied  with water during irrigation so that the 
diffusivity within the uppermost soil layer and thus the exchange rate between soil and 
atmosphere were reduced. A similar but more pronounced relationshtp was observed 
between the NO2 flux rates and soil moisture. with values of about 20 pg N m-' h-' 
at low soil moistures and up to 900 pg N m-' h" after irrigation. Nitrogen dioxide 
fluxes also appear to respond much more rapidly to  the change of the roil moisture 
than the NO flux which again suppons the assumption that NO and NO2 production 
occur at different depths with the NO, production at the uppermost soil layers. Similar 
dependence of the NO and NO, flux rates on soil moisnrre has also been observed on 
fertilized soils (Figures 6.7). 

The influence ofvegetation on the NO and NO, fluxes from the soil into the atmosphere 
is iUusKated in Figure 5 .  The measurements were carried out in Finthen in August I982 
on a soil plot with bare soil and a soil plot covered by dense grass vegetation. Both plots 
were fertilized with ammonium chloride at a rate of approximately 100 kg N ha-'. 
Measurements on these two plots were performed within time i n t e ~ a l r  of 30 to 40 min 
for which the meteorological conditions can be assumed to be constant. Nevenheless. the 
NO flux rates obtained at these two plots show significant differences with low NO flux 
rates from grass covered soils. Even larger differences are observed for the NO, flux rate. 
In this case. the NO, sometimes showed negative values on plant covered soils which 
means uptake of NO2 and emission rates up to I500 pg N m-' h-' from unvegelated 
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soil. The reduction of NO and NO, fluxes by vegetation may reflect the reduction of 
mean soil temperature from 26.1 to 23.8'C due 10 the shading of the roil surface by 
vegetation. The reduction might also result from the different content of organic soil 
matter and from an actual uptake of NO and particularly NO, at the leaf surface. 

The influence of mineral fertilizer application on the NO and NO, flux rates has been 
studied in Finthen and Uuen. Mewremenu were carried out only on chore plolr which 
showed similar NO and NO, flux rates prior IO feniiization. The rerultr of fenilization 
using W C l  at a rate of 100 kg N ha-' on a planted and unplanted plot in Finthen are 
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shown in Figure 5 .  T h e  NO flux rates from the fenilized plot increased after fertilization 
to maximum values of 1100 pg N m-' h-' on 12 August and then declined approaching 
the initial valuer afrer 16 to 20 days. Similar time patterns with maximum values of 
almost IS00 pg N m-' h-' were observed for the NO, flux rates. In the same period, 
the NO and NO, flux rates from the unfedized plot shown in Figure 2 did not exceed 
5 1  and 33 pg N m-' h-', respectively. The variations ofNO and NO, fluxciare panially 
due to variatiom of the soil temperature and the strong flucnutions ofthe NO and NO, 
mixing ratios in ambient air typical for air masses near a big city. Heavy rainfall on the 
19 August (Figure 2) caused an increase in the NO and NO, flux rates although it was not 
of great significance when compared with the overall variation of the NO and NO, 
flux rates after fertilization. 

Somewhat different results were obtained from the experiments carried out on hot 
dry soil in Utrera. Spain. Under these conditions,. the NO t n d  NOz fluxes increased much 
more rapidly with time. reaching first maximum values 1 to 2 days after fertilization and 
approaching the original values afrer 5 days (see Figures 6 and 7). Moreover, additional 
irrigation without fertilizer caused another increase of the NO and NO, flux rates from 
the soil (Figures 6a. 7a). Surprisingly. the highest flux rates of NO and NO: were found 
after the first repeated irrigation when fenilized with NaNO,. ".NO, and WCI. When 
using urea as fenilizer. the maximum flux rates did not occur until the second irrigation 
(see Figure 7a). After four irrigation cycles - which means after 8 October - the NO and 
NO2 fluxes WIR no longer elevated compand to the unfertilized soils. The delay of the 
NO/NOI maximum for urea fertilization may be explained by the fact that urea must 
first be convened into ammonia NH, (Mulvaney and Bremner, 1981) before nitrification 
can take place. 

The total fluxes of NO and NO, integrated over the entire observation period in 
Finthen and Utrera are summarized in Tables 111 and IV. respectively. Table IV also 
includes the flux rates of N,O measured simultaneously and reponed by Slemr er al. 
(1984). It is obvious from these tables that the NO and NOz flux rates are strongly 
dependent on the type of mineral fenilizer. Relatively low flux rates were observed on 
soil plots fertilized with NaNO, where the NO and NO1 emiuion integrated over the 
observation period in Utrera reached values of 39 and 37 mg N m-', respectively which 

Table 111. Intcpnted NO .nd NO, cmisyion l tmi  munucd in Finthen between 4 and 22 Auyri 1982 - 
Plot F&C, EP(N0) ZPINO,) % applicdfert i l i terniao~louv 

(mi N mJ 

A 
(ms N m") 

NO NO, Tow 

- bare none ~-6a - - 
b u e  none 0.092 - .- - 
bare N.NO, 7.48 0.04 0.07 0.11 

bue ".a 
bare ".NO, 64.15 0 6 3  0.64 1.27 

18.64 152 1.18 2.70 
5ur nooc -623X 
Brul NH.0 6.18 056 0.13 0.69 

- - - 
Y 



14 
F. SLEMR AND W. SEILER 

1500 

‘ I  NO FLUXES ’ ’ 
’ ’ ’ 

UTRERA I SPAIN)  1 

. -- 
Fig. 6.. NO and NO, flux nlcs  rncrrvmd in U v c n  on unfcnilircd mil ~ I O U  and roil ~ I O U  f e e . . *  
With N a O ,  and ”.NO,. AU PloU we= lnificklly irrigated on 16 and 20 Septernbcr Murth a prccipi. 
Ution nrc of 7 mrn H,O. 

FIELD MEASUREMENTS I I 

I :: 

23 2L 25 
SEPTE 

Fig. 6b. Continuation of Figu 
prccipiution m c  of 35 md LO 

a factor of 10 (Table IV). 
type of m i n e d  fenilircr h; 
the integrated NO and NO2 
with the individual rypes < 
differences in soil moisture i 

It is noteworthy that me 
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1 5 0 0 ,  , ,  , I , , , , , , , 
NO, FLUXES 
UTREAA ISF'AlNl 
BARE SOIL 1200 

c_ "0nl"tilil.a 

c_ ,.,,ill*.. r l t n N 0  " 0 )  

CI I.rtilil.0 .im N*.\C, 

- - .. 

'23 21 25 26 2 7 2 8  29 30 1 2 3 L 5 6 7 8 
SEPTEMBER 1982 OCTOBER 8 8 2  

Fa. 6b. Coatinution of Fsurc 6.. All plos  were inigatcd on 24 Scpmbcr m d  1 October with a 
precipitation nrc or 3.5 uld 10 mm H,O. 

a factor of 10 (Table IV). A similar dependence of  the NO and NO2 emission on the 
type of mineral fertilizer has been found in Finthen. Interestingly. the absolute valuer of 
the intepted NO and NO2 emission m e w r e d  in Uvcn and Finthen on soil plots feRilbed 
with the individual rypes of m i n e d  fertilizers agree reasonably well despite the large 
differences in soil moisture and tmpenrure. 

It is noteworthy that measurements of the N1O emission from feniked soils showed 

E-1 7 
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8OOOl , , , , , , , , , I / , , I I  

, , , / I ,  

NO2 FLUXES 
UTRERA (SPAIN1 - 8.ttll.l.a -8,” **‘NO, 

- ?.V,,,,,.d -8,” “*.CI 

,?*a ..*.,lrn.”l, 

- 1.#,,,,1.6 ”ll” “,,a 

23 2L 25 26 27 28 29 30 1 2 3 L 5 6 7 8 
SEPTEMBER 1982 OCTOBER 1982 

Fa. 7b. Continution of F w m  7r 

compared to 155 mg m-’ from the bare soil plot (Table UI). Even more pronounced 
is the difference between the total NOz f l u e s  of 6 and 119 mg NO1-N m-’, respectively. 

The loss rates, of mineral fenilizcr N as NO= (NO + NO1) expressed in percent of 
applied mineral fenilizer N vary between 0.1 1% for NaNO, and 5.4% for urea (see Tables 
u1 and I”). Despite the different climate and soil conditions. the loss rater obtained from 
measuremenu in Finthen and UWcn agree reasonably well and thus may be assumed to 
be representative of global conditions as a first approximation. 

E-1 9 



none *" 14.37 23.26 8.62 

VH,SO, 88.J1 74.54 12.60 

"le, 349.72 . 242.10 16.4: 

- Na.sO, 58.45 37.12 

SH,SO, 101.81 79 .43  
SH,C! 147.66 83.40 - 

5. Discussion 

The measuremenis 23rrici our in Finrlirn and Ctrera slcnrl) demonsirarc Ilia1 soil. both 
fertilized and unierrilized. acrs as 3 source for SO whisil ionfirms rxrlier resU1Is published 
by Galbail? 2nd Roy I 19-31. In addition. i h e  measurernenrs indicate rhar oiher nirrope- 
neous ipecies. most iikel> SO:. inus1 be prouuLcd In the soil uh i ih  are emirred 11110 rhe 
arrnosphere. The tlus rates of both nirropcneoui species arc quire somparable and are 
strongly dependent on tile soil rnuislurc as IVCII as on rhe rcgetxion ;ovzr. M e r c a s  die 
NO nus rates are pusiriwly correlrrzd wirh soil remperaturu ineasured 11 a depth of I D  
mrn. the NO? tlus rates correlate wirh rite irndiarion inrensiry, 

The similar beltxiour oi the SO 2nd S:O flus rates srrongl? ru~qerts rhat S O  is 
produced by biolupical prosesres. most likely during dcnitriiicarion and nirrt i is~r~on. 
This arsumprion is ruppvrtcd by laburaron measurernenrs carried our by Nelson 2nd 
Bremncr 11970). John and Hollocher i1977~. Smith and Chalk (1979. 19805. 1980bj. 
Lipsclrulrz et ai. (1981) and McKenney er u / .  i 19R'> += k x i  :;C iv be one 01 the 

of the SO flus rate and soil remperarure ar 3 depth of IO mm. the producrion ol NO 
may occur predominantly in the upper soil layer. 

NO: tluses presented in this work were calculared as the difference between rhe 
NO, and NO fluxes. The ambiguity ol this ascription caused by the nonselective conver- 
sion of nitrogen species on molybdenum converter has already been mentioned. How. 
ever. there are several reasons to believe that SO: is ihe major compound. First of all. 
high NO: tlux rates were also measured by Makaroverd.  (1963: 1969) and Kim 11973) 
using chemical techniques which were NO1 specific (Cheng and Bremner. 1965). Further. 
more. the NOl fluxes measured in this work. were found IO be dependenr on the dif. 
ference of SO, and NO mixing ratios in ambient air which generally is predominantly 
due to NO? (Kelly er ai.. 1979): Shetier er u/.. 1983). Finally. rlie differences berween 
the NO and NO: nux  parterns discussed bier are compatible wirh the phyticochemical 
properrier of NO,. However. althouph all this evidence sugpesrs rhar NO1 is the pre. 
dominant species responsible ior rhe difference between NO, nnd NO fluxes. the existence 

"-"---I - p ~ u ~ u c r s  0 1  nirrification and denitrifiarion. Because o f  the posiriw corrclarion 

- 
0.14 0.14 - 0.28 
0.64 0.51 
0.77 0.56 
1.3 0.60 1.93 
3.25 1.19 0.18 3 . 6 2  

9.04 ;:;; 
- 
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et"cr. 
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1 . 3 :  -ik 5.61 

1) 

d x  berween 
g o c h e m i c a l  
! s the pre- 
.. :he ?\isrence 

9. 

u i  minur rluses o i  urlier nirrugeneuus specre; ;us11 as. e.&. methyl nirrire csnnur be 
deiinircly elimiiured. 

The pattern u i  SO: tlus r~tes indiuJlrs t h i i  rhc processes responsible fur SO: ?mi> 
jion are lucared in thr: upperniost soil layer or a [  the soil surface. .4Irhuugh NO: ma? also 
be pruduc:d in deeper suil layers. its solubilir! in water wirh subsequent curlversion 10 

'io, and XO; ( L e e  2nd Schwrrz.  1981). irr :ext iv i ty  towards organic soil inalter such 
2; liumic acids rLrr and Schartz. 1981) and irs cificienr absorption by the soil (Prather 
? r  ai.. IQ-? I would eiiecrively preclude its rranspori IO the soil sur ixe.  SO. on rhc 
:onrrAF. is much less soluble in \ m e r  (Steplien and Stephen. 19631 and i s  not abso rbd  
i ~ !  rlie soil as et'fectirely as NO: IWescly cr ai.. 1951: Hill, 1971: Judeikis and Wren. 
IDSO: BSrrger et d.. 1950: Selrmel. 19801. 

The prusess rcsponsible iur the cmissiun o i  NO: irom the soil i; nor kiruwn. The 
current biochemical models of nirriiicatiun xri denirrificarion do nor shuu SO: as 3 

gaseous inremediate ~Foclrl  and Ventraetc. I?:?: Knowles, 1951: Firesreon. 1951: 
Garber and HuIIocI~er. 1%:: Schmidt. 1951) so thar YO: miphr be produced by an 
abioluyicd process. One pussibiliry is the clle:uiid decomposition u i  nirrirr ~Selson and 
Bremner. 1070: Smith and Chalk. 1979. 19SOi. l980bj. by 

1 HSO: - SO +SO: t H:O 

Since nitrile is 211 ublip-tc inlcnlledhre in t h e  nir;iricariuil a i d  der1irriiislriun. Ihc ihemisai 
iormariun u i  SO: inray be a iummun suuriz u i 'S0 :  i n  soils. .Anurher pussiPiliry ior SO: 
fomiatiun is the m r ~ l y r i c  uxidariuo u i  S O  IC SO: prupused by Selsun and Brcmncr. 
( I R i O )  and Prather 2nd \liyanruru I 19741. TI:? csisrcnce u i  these rwu SO: production 
processes would suggest 2 srronp l ink betwecn rhe S O  and NO: emissions whish. how- 
ever. was not ubserwd. This indicxcr 111x1 o t l w  YO: sources in soil. e.!.. by microbill 
rcriviries. may esisr. I t  i s  pussiblc rhar XO: production in microbial srudies iias nut been 
observed because NO: is effectively absorbed in the warer media and theret'are has nor 
been derccred in rhe ~ J S ~ O L I S  phase. 

:. . 
f 

Inrercsrinp is the ubsclvsrion oi  SO'SO: equilibrium values whish indiiare the csis- 
rence oi producrion and destrucrion processes occurring s imulr~neousl~ ill rhe soil or 

i r 
at the soil surface. The absolute value of equilibrium mising rarios is dependent on several 
parameters. such SI soil moisture. soil remperarure. rype of roil. fertilizer. erc. and varies 3.  

2 
i 
L 
p. 
f- 
j.. 

berween less rhan I ppbv and a few ppbr. In some cases. particularly in Finthen in the 
vicinity of large ciries. lhe  ambient NO and SO: mixing rarios exceeded rhe equilibrium 
raiuer so thar dur;ng these r i m e  periods rhr roil acted as a net sink of atmospheric S O  
and NO:. Such siruations ma). only occur in pollured areas so that uprake o i  aunospneric -. - 
NO and NO: on the soil surface may be resr;iired IO heavily populared and induririalized 
areas. NO and NO, uprake by soils has also been reponed by Judeikis and Wren (1975). 
Hill (1971). Prather e r d .  (1973)andPrather and Miyamoro (1974). 

Neglecting rhe results obtained during periods with highly polluted air. the average 
Ilux rates of NO and NO2 measured on bare unienilized soils in Finthen were approxi- 
marely 10 pg ?I m-' h-' for NO, and 8 pp 3 rn-I h-' for NO. In conrnsr. the results 
ubtained on dry hot soils in L'trera rho\\- ehtrernely high NO and X02  tluscs airer the 

1 
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f i t  irrigation which subsequently decreased with further irrigation. finally reaching mean 
values of 10 pg N m-' h-' for NO and for NO, compvable to those found in Finthen. 
This pattern agrees with the observations made by Dommergues (1977) on Moroccan 
soils showing that rain rapidly revived the nitrification activities after a long period of 
dryness. Funhermore. Patten et ul. (1980) reported that drying of soil increased marked- 
ly the capacity of denitrification of nitrate. Therefore. i t  appears that because of the dry 
soil conditions and consequently low microbial activity, niuients may have accumulated 
which then initiates very effective microbial P ~ O C ~ S Y S  shortly after the roil moisture 
exceeds a critical value. 

The NO flux rates agree reasonably well with 22-26 pg N m-I h-' found by CalbaUy 
and Roy (1978) on grassland in Ausualia. In conmst. the NOl flux raws observed in 
our experiments are much lower than the figures of 26-105 pg N m-, h'' u reported 
by Makarov (1969) and 66-150 pg N m-' h-l as reponed by Kim (1979). The different 
values may reflect t h e  natural variability of the NO, emision from different ecosystems. 
Possibly, the higher NO, emksions found by those authors are due IO artifacts caused by 
the applied sampling technique or oxidation of NO to NO, in the closed chamber. 

The strong impact of plant cover on the NO and NO, flux rates may pmially be due 
to the reduced soil temperature and higher soil moisture content causing lower produc- 
tion rates and favouring a tugher uptake of NOl on the moist roil surfaces. In addition. 
NO and NO, might be metabolized by the plants (Rogers and CampbeU, 1979) so that 
parl of the NO and NO, emitted at the roil surface does not pass the plant canopy 
reducing the flux of these gases into the atmosphere. Furthennore. the root system 
providing easily available organic carbon to the roil may influence the microbial activity 
and thus the production and destruction rate of NO and NO, in the soil. 

All experiments clearly demonstrate that the appljcation ofmineral fertilizer enhances 
the flux rates of NO and NO, from the soil into the atmosphere. The NOx flux rates 
suongly depend on the oxidation state of the mineral fertilizer added. Highest flux rates 
were observed from soils fenilircd with ammonium fenilizer su&esting that an oxidation 
process. e.g., nitrifcation. is the likely source nf F$ .::k2: &ri&Gcation secms to be 
iesl important. The fertilber derived NO and NO, flux rates correspond to 10s rates of 
0.04 and 0.07% for NahQ and 3 3  and 1.2% for urea. respectively, and thus exceed 
those found for N10 (see. e.&. Conrad et al., 1983). From production data of individud 
types of fenilirer (FAO, 1982) and auuming the figures observed to  be representative 
for global conditions. the average fertilizer loss rates as NO and NO, are on the order 
of 1.6% for NO and 1.1% for NO,. 

In view of the large demand for a rough estimate of global NO/NO,. the flu ntes 
from these admittedly very limited in-rim mePIURments may be extrapolated to the 
global NOx cycle. The figures calculated for the NO and NO, fluxes from natur;rl and 
fertilized soils are summarized in Table V together with information onNO, production 
by other processes reported by CNQcn (1983) and E M 1  and Dmmmond (1982). 
The estimate of 1.7 Tg NOx-N yr'' derived from the application of mineral fertilizer 
is based on an average loss rate of 1.6% for NO and 1.1% for NO, as weU as a global 
niuogen fertilizer production of 60 Tg N yr-I for 1980.m estimate might be an upper 
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Table V. Estirmtcr of NO, soil wurtc men@ and tou l  emission (in T g  N vr-') 

Thiswork CNUcn (1983) DIN1 and 
Dmmmond (1982) 

(A) from mineral ferbli2en 
(8) from unfertuizcd w b  7 
IC) from u l h l  ~ X C T C U  <l  

Toul sooil wurce strength < 11 1-15 1-10 

Foldl fuel burning 11-20 8-19 
Biomur burniq 10-40 6-16 
W - 8  1-10 2-8 

Tow NOx 1 6 4 5  1 1 4 3  

c 1.7 

limit for fertilizer derived NOz flux since pari of the mineral fertilizer is applied to plant 
covered fields so that pari of the NOx emitted from the roils may be taken up by pianu. 

The figure of 7Tg NOx-N yr-' estimated forthe flux of NOx from naNral unfenilized 
soils is based on the assumption that t h e  NO, flux rates measured on unfenilized bare 
soils in Finthen and Utrera are repreantative only for approximately half of the total 
land surface and that the other M f  does not act as a source of NOx because of vegetation 
cover. The given estimate takes also into account that due to the strong temperature 
dependence, the NOx flux should show significant reasonal variations. As a fust approxi- 
mation, it is assumed that the NOx flux from land ares  north and south of 30' latitude 
does not contribute to the atmospheric NOx cycle for a period of 6 months per year. 
Polar regions are nor considered to be active with respect to the NO and NO: production. 

Additional NOx may be emitted from the roil by the production of animal excreta - 
mainly urea - whose degradation causes an enhanced NOx production as shown by the 
experiment in Utrera using urea fertilizer. The r o d  production of urea by animals ir 
estimated by Bijttger er d. (1980) to be approximately 40 Tg urea N yr-' which may 
result in an NOx flux of about 2 TG NOx-N yr-I. This figure might be overestimated 
since pari of the urea is emitted in vegetated areas which may reduce the NO, emission 
from the roil into the aunosphere. 

Summarizing the individual NOx sources, we obtain an upper limit of the toul NOs 
emision from soils into the atmosphere of about 11 Tg NOx-N yr-'. This figure is 
cerrainly far from defiiite. Additional meamremenu over extended periods of time and 
in other climatic regions M urgently needed to verify the figure given above. It is note- 
worthy. however, that the flux of 11 Tg NO=-N yr-' as estimated in rhis paper a w e s  
reasonably well with theoretical estimates (55 Tg N yr-' given by Ehhalt and Drummond. 
1982) and h rlro within the me of 1-15 Tg N yr-' as reponed by CNrren (1983). 

Compared to the other major sources of NG compiled in Table V, the flux of NOx 
into the armosphere contributes subsmtially to the global NOx cycle. The influence of 
NO, flux from the roil becomes even more important if one takes into account that the 
NOx production by combustion of f o d  fuel representing predominant sources of 
atmospheric NOx is restricted to relatively mall arcas and because of its short residence 
time. NO, wiU not be urnsported over long dinancer. Tbhur. in remote conlinenmi areas. 

a 
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the NO, flux from the soil may be the dominant NOx 10urce and therefore will signif. 
icantly influence the atmospheric chcmiruy. 
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Factors Influencing the Loss of Fertilizer Nitrogen Into the Atmosphere as N,O 
R. CONRAD, W. SEILER AND G. B ~ S E  

.Uax-Pfmk-fmiluIJZw C k m i e .  DdSW Mnih-. Federal Repubiic o / G r m n , v  

In 1979-1981. c x h r n u  w m  carried out a1 fovr field stations near M"% Gemany. 10 dctcrminr the 
IOU of lcriiliUI nitrogen inlo d e  atmorphoc u N,O. Evolulion ntn from the roil into the almosphm 
WCR mearvd by using the cloud chrmkr Icchnique An auxomrtic m p l i g  and malying deem w u  
dcvclopd which allowed fquml determinations of N,O evolu~ion ram lone every 1.5 hounL R.e N,O 
production rata w m  mnrlated 10 the Surfam soil lmpnturs rrmrding to the Arrhmiw equation and 
shoved a diurnal rhylhm with a m ~ l i t u d u  reaching. sometimu I order of magnitude. I t  seem that most of 
thc N:O cmilted inlo the atmosphere is produd in the uppcrmor! mil layer. N,O evolution YU 
stimulated by rain and inneared with inncaring roil moisture contcnt. Application of ferrilim mused a 
dnmrdc increase 01 N,O evolution r a i n  with v d u n  up to loo0 ps N,O-N m-'h-'. The magnitude of 
the fcnilixcr-induced N,O evolution rates YU drpcndmt on ihs 1 ) ~  the ipplirstion lorn and the 
mount of fertilizer wed. The told IOU drcnilivr nitroprn u N,O w u  in the r a n s  010.mI to 0.94%. 
Bawd on thuc f i g u m  as wcll PI on data from the liicniurc. the total -urn l l m g l h  of mineral lenilizecn 
forstmorphcnc N,OirnlcuI~tedroO.O?lo8Tg N,O-Nyr-'. 

I S m O D U C n O S  

nt possible impan of the increased usage of mineral ni- 
:m!m icrdizcrr on the stratospheric ozone layer and on the 
%x: %AS x r r m c d  3 great deal of scicntific and public atten- 
>on. It has been proposcd that fcnilircrdcrived N,O may 
:suit in a n  increase of tropospheric N:O. which in turn may bc 
1: imponant factor in the destruction of the stratospheric 
xonc layer [ C r o r m .  1970. 1981: .UcElro.v el a/.. 1976: Liu cr 
A 197a and in the construction of a 'greenhouse eKect' [ Wang 
n d. 1976: Donnn and Romnnorhnn 19801. An incrcase of thc 
:owspheric N:O mixing ratio by approximately 0.2% per 
!nrwasrecently rcportcd by iVeiss [1981]. whoattributed this 
ncrcuc to the inthropogenic N:0 production by combustion 
,dfossil fuel and application oi mineral fertilizer. As a result of 
hincre~s:d usage of fossil fuel and mineral nitrogen fertilizers. 
1 h h i r  i n r r r ~ ~ e  dchr N2C -:ziy :::i: i: :5: ::z;zp>,cjc i j  
7cdicted. The quantity of this increase can only be obtained if 
* e  know the N,O production that is c a d  by the application 
J( mineral fcnilhcr. This parameter is still subject to great 
b l c .  Data published so far indicate that N:O produnion 
'1's from mincral fenilizcr vary between 6-100 Tg N,O-N 
?" [McElror. et al.. 1977: Hohn and Jungc. 19773 and 0.- 
12 Tg N,O-N yr - '  [Conrad and Seiln. 1980]. This paper 
FWmS new data on the N,O 10s rate caused by application 
'<miner31 fertilizer. and they c o n h  the lower number. 
s:o $us from soil into the atmosphere has traditionally 

a h k d  to denitrification p recusu  [Gnmcia 1973: Dcl- 
: u h r d  Brvnn. 19761. Hence. cartier N,Oloss rates caused by 
C"'h applicaiion were calculated from denitrification rates 
lil the relative amounts of N:0 to the other denitrification 
'OdUCls [Hohn and Junge. 19773. I t  is known. however. that 
?:' is only an intermediate in the denitrification p r o w  
''''hO und Hollochm. 19773 so that only pan  of the N,O is 
'&d into the atmosphere. T h e  rest is reduced in the soil to 
lS 'he end product. The ratio of N:O,'N: as products of 

ht1'i5c~lion depmds on soil environmcntal conditions. e.&. *' 'cdoS potential concentrations of oxidizable carbon 

\: 

L 
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oxygen. nitrate. ctc. [Fochr. 1974: B l o c h n  and Bremnn. 1978: 
Firestone et nl.. 1979. 1980: Trrry nnd Tau. 1980: h t r y  ct nl.. 
1980n. b. 1981; Berlnch a d  Tiedjc. 19811. Under anaerobic 
conditions. N20 may even act as the main electron acceptor for 
denitrification so that these soils may even represent a sink for 
atmcsphcric N,O [Blmher and Brrmnn. 19761. Recently. i t  
has been shown that N,O is also fomcd during nitrate dirrimi- 
lation by nondenitrifying microorganisms [Smith. 1982: Smirh 
and Zimmrrmnn. 19811 and during nitrification by Nitro- 
somoms [Yorhidn and Alcxandn. 1970: Rirchic and Nicholar. 
1972: Bfacluner et al, 1980: Gorcau et 01. 1980: Lipschulr; cr 01, 
19811. The latter pr- was found to bc upccially important 
for N,O evolution from well-aerated soils [ B r r m n n  and Blnck- 
mer. 1978. 1979. 1980. 19811 and lor the IOU of lertilircr ni- 
trogen into the atmosphere as N,O [Conrd and Seilcr. 1980; 
Brrircnhrrk e,'"!.. !?!e: Tc:!?: z.--' Ccru-d, :!?::; bj. A i  ;he 
moment. it is impossible to evaluate the dat ive  contribution of 
these processes to the total NzO evolution from soils into the 
atmosphere. Therefore. it is also impossible to deduce reliable 
N20 loss rates of fenilizer nitrogen from the measurement of 
denitrification or nitrification rates. 

In order to obtain reliable figures for thc feruller-induced 
N:0 emission into the atmosphere. the N,O evolution rates 
my11 be measured dirmly under field conditions. In the last few 
years. field studies have k n  undenaken by a number olinvcr- 
tigatom [.UcKcnnev er 01.. 198On: Rxdcn and Lund. 1980: 
Ryden. 1981: Breitcnbcck cr nl. 1980: B r m r  cr a/., 1 9 8 1 ~  b: 
Cochran et d. 1981: Mosicr and Hutchiwon, 1981: Mosin et 
4.. 1981. 1982: Cowad nnd SeiIer. 1980: Sciln nnd Conrad, 
198Lnl. N,O evolution rates were generally obtained by plac- 
ing sampling devices randomly on farmland treated with min- 
eral fertilizers. Data obtained by this procedure show a high 
variation of the N,O evolution rates. which are explained by 
the spatial variability resulting from inhomogeneous soil con- 
ditions cawed by normal farming practicc. e.~.. plowing. 
sowing, feniliting, irrigatink etc. 

Thne problem are largely solved by restricting the treat- 
ments to those p l a m  where the sampling dcvim arc installed. 
The dam oblainsd at these places are then compared with those 
obtained at untreated controls [Conrod and Sciler. 1980; Sciler 
and Conrd. 19810]. This approach is certainly less close to the 
normal farming management of a field but has the advantage 

, 

a, 
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TABLE 1. Chrrictcrirticr olField Sinions and Soils 

Corn Fractions. %w 

- 
LPS. Main2 Be, field. Larr. 7.1 7.5 0.5 I5 a S1 a 

p l m u  removed brown roil .. 
Finlhm. M a i ~  hlcadow. was L o m  7.4 LO 0.8 20 21 56 3 '.. pnml- . .  
MPI 1. MUN Lam gnu Lmz 73 7.6 2.0 20 20 4s I2 ' .  

d0"W unrpcifird 

"nr+ficd 
MPI 2 Lawn grass L a U  7.3 4. I 2.6 I 5  I5 5 1  10 : :  

that the measured &,O evolution rates can be directly corre- 
lated to the type of treatment. It further allows one to make 
sure that the spatial variability in N,O evolution between the 
expcrimenml soil plots is insignificant lor thc inlerpremtion of 
the results. In addition this approach allows the application of 
an automatic device to the continuous measurement of N,O 
evolution rata. This device provides more data during the 
observation period and giver better inlormation on the tempor- 
al variation of N,O evolution rates and allows the detection of 
diurnal variations and the corrclation to soil temperature and 
soil moisture. This erprimcntal approach has k n  used lor 
determining the loss rates of fertilizer nitrogen into the atmos- 
phere as N,O: l h a e  are reported in this papr .  

EXPERISIESTAL 
The mcasurcments were carried out in 1979-1981 at diflcrcnt 

field stations near Maim Germany. The main characteristics 01 
the field stations as well as the principal physical and chemical 
properties of the soils are summarized in Table 1.  The a r e s  at 
the Landespflanzenwhuuamt (LPS) were used intensively for 
agricultural purparer and managed in rotation by farming 
sugar k t .  white beet. barley, and white bet. During the 
observation period. the field was planted with white beet.rhe 
young plants had k n  removed belore the installation of thc 
sampling devim. so that the soil was actually barren. Measure- 
ments 01 NIO evolution rates at natural agriculturally unued 
areas were camcd out on a meadow (Finthcnl. which was kept 
under natural conditions except for cutting the grass twice a 
year. Additional mcasurements were carried out on areas close 

to the MPI (Max Planck Inslilutel that were covcrcd b, 
lawn or by clover f Tri/oliurn hybridurn). The u p ~ c  

mental site MPI I remained in its original SIatc;  at MPI l,h 
grass cover was removed during the observation phod 
cutting all g r n n  parts short above the soil surface. 

Each field station consisted 01 several soil plots with an - 
of approximately 8W cm'. Each plot was enclosed by a rp. 
iangular stainless steel frame prased into the soil 10 a dcpfbd 
approximately 10 m. Thc physical structure of the soil in& 
the frame was not influenced by this procedure. First 
ments were started at I e z t  1 month after installation of & 
frames. The soil surface temperature was recorded by 
tcmperature p robe  (iron-constatanl inserted into the roil (rp 
proximately 3 IO 5 mm depth1 of the soil plot. The bulk ral 
moisture content (g H20 pcr 100 g moist soil) of the uppcr 
I&cm layer of the soil profile was determined gravimetrimll, 
from soil samples taken at the surrounding arca that had b=a 
treated in the same way as the cxpcrimental soil plou. Datrm 
rainfall were provided by rhc mcrcorological station 01 Ox 
Landcspflanremchuuamt (LPSI. These data are a s u m d  10 k 
reprewntativc lor all field stations located within a d i s m c e h  
than f h n  lrom the LPS station. 
The procedure for discontinuous dctcrminations of the N,O 

crolution rates has  already k n  described in detail by C o d  
and Seilcr [I9801 and Sriler and Conrad [19Slo]. Using Ihh 
technique, the soil plot was covcrcd with a glass box (V - 8 0  
which fit tightly into the stainless s t n l  frame that had ten 
prused into the soil. The glass box was not shadcd knm 
sunlight during the cxptnmcnr. The change 01 soil S U d  

. .  

Fig. I .  %tup ofthrauiomrdciyilcm owing anddosing the individual g l l u  box- i o i  S,Onux mcasurrrnentr 
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,ImFrat~cc inside the glass box was identical 10 that outside. 
jhamng the box generally caused a signifimt d e n e v e  o l  tbc 
,aid: soil surface temperature relativc 10 the outside soil sur- 
~~~ ,cmperaturc. particularly during sunny days. and thus may 
M u ~ t  in untypical soil temperature records. The glass box 
,,nt,ined a v ~ n t  consisting o l  a glass coil (length = 20 cm 

diameter - 3 mm) to ensure quilibration ol  the air pres. 
jyrc inside and ouuidc the box. Gas samples I10 ml) lrom inside 
,he box were takcn by means ol  syringes ai time intervals or 10 
min, ~ l t e r  the observation period oi  I hour, the cover was 
removed. exposing the soil plot to natural conditions. Cener. 
,]I?. one flux rate per plot and day was mcasured in the 
morning (9 to I I A.M.). Occasionally. an additional mesure. 
m2nt was carricd out in thc alternoon ( I  10 3 P.M.: LPS. spring 
IYSUI. 
4 better data base was obtained alter an automatic device. 

i]lurrrated in Figure I and L became available. In this ryrtcm 
up to three soil plots were cqvipped with glass boxes (V = E I1 
which could be scaled on top with removable glass covers 
I ~ i g ~ r c  11. The @arc boxes were closed alternatively lor a 
Fnod of approximately I hour. which is necessary lor the 
dctcrmination of one N,O evolution rate. For the rest o l  the 
time the glass bores remained open to expose the soil surface to 
normal environmental conditions. The time sequence and the 
lrngh of the obscrvation period was given by an miomatic 
timer which switched the removable glass covers. the valvu. the 
pas chromatograph. etc. Figure 2 illustrxcs the How scheme 01 
,he air when the N,O evolution rates were detcrmincd at two 
mil plots. At the beginning o l  the measurcmcnt period. box I is 
doxd and box 2 ir own.  During this time. the air i$ takcn lrom 
box I by mcans 01 a metal bellows pump at a constant flow rate 
010.2 I min-' and is rcycled into ihe glass box. The airsircam 
is passed through a relrigcrator I-7OC) to remove the water 
vapor and subrcqucntly is parsed through thc sampling loop 
I!' = 7 mll o l  thc gas chromatograph. A gar sample is injected 
into h e  gas chromatrograph 1GCI once every 9 min. After 
mciiurcmcnt o l  seven consecutive samples corresponding to a 
tlm: interval ol  63 min. the GC is olibraicd twice hy n y n i i z  
S3 and S4. supplying the GC with a calibration standard. 
Subsequently. the selenoid valve S I  is closed. and 52 is opened. 
During this operation mode. the airsircam passes through the 
Own box 2 so that the sampling loop is supplied with ambient 
dir. Then. bor 1 is opened. and box 1 closed. A new sampling 
2nd analyzing cycle starts with the first sample being injected 9 
mi? sllcr the box has been clowd. The whole system was tested 
rcPularly for possible leakages by comparing the data obtained 

the automatic sampling system to those obtained from 
~mples  taken simultaneously by syringes. 

The air samples were analyzed in a Perkin Elmer F?2 gas 
Chromatograph equipped with a "Ni electron capture detector 
2nd a stainless steel separation column llength 4 m: diameter. 
1-175 mm) filled with Porapac N. The time lor one analpis was 

min. lnterfcrcnces by CO: were avoided by passing the a i r  
umPlc through Natron asktor. which reacts quantitatively 
%'th CO, but does not change the N:O content o l  the sample. 

The N,O evolution rate is calculated by using the s l o p  01 
Ihe temporal N:O increase within the closed box. With N20 
?~i~urements 010.5 10 1Sb precision at the 300 ppbv IeveI. an 
'ncrCase olthe N,O mixing ratio inside the glass box o l  15 to 3 
P?bv N:O. corresponding to N,O evolution rates o f 0 2  to 0.4 
eg N,o-N m-: h". could be determined. The automatic 

allowed the determination oi  one N20 evolution rate 
ereV 1.5 hours. Using two soil plots. a semicontinuous 
ne~uremcnt  ofN:O evolution rates with a resolution time 013 

lor each ploi is possible. 

Ficld expcrimcnts at the stations were camcd out by defined 
traments oi  the soil plots. One ploi was treated as control. 
The other plots were used lor the cxperiments studying the 
dcpcndcncc 01 ihe N,O flux rates on different t y p o  and 
amounts ollenilircrs. on diKereni forms 01 application. and on 
the vegstation cover. The spatial variability in N,O evolution 
rates between the different soil plots was determined during the 
1 to 1 weeks prior to the experiments. The spatial variability 
was insignificant comparcd to thc eKm olfertilization. so that 
we could conduct the experiments without replicates. Lon 
rates o i  applied N iertilizcr as N 2 0  were determined by s u b  
tracting the N,O evolution rates determined lor the control 
plot lrom those determined lor the iertilized plots. both integra- 
ted over thc observation period. The observation period cnded 
aitcr the N,O evoluiion rates observed at the fertilized plots 
had rcachcd the value observed at the control plot. 

Based on a lertilizcr application rate of 100 kg N ha-'. and 
assuming a total observation period o l  I month. the lowest 
detectable N,O loss rate is 0.001 to 0.002% of the applied 
nitropcn. 

RESULTS ASD Discursio~ 

Ficld JMeasurements o/;V:O Evolution Raws 
Results o l  measurcmcnts carried out in 1919-1961 at the 

diKerent field stations near XIainz are shown in Figures 3-7. 
The figures show the temporal change of the N20 evolution 
rates obtained at the individual soil plots during thc observa- 
tion period and include the data on soil surface temperature. 
roil moisture content. and rainlall. 

Prior 10 each crperimcnt. the N:O cvolution of the individ- 
uaL untreated soil plots o l  the experimental station had been 
determined lor 2 Io 3 weeks. The evolution rates o l  thc un- 
renilired individual plots showed similar absolute values and 
similar trends with time. In none of the experiments did the 
values diKcr by more than a factor oi  4. This observation 
contradicts results published by Mmthia et 51. 119801, who 

values dirTering by more than a factor of 100. So far. we have no 
explanation for the diKerent observatiom. However. it is possi- 
ble that the low spatial variability observed at our field stations 
is due to particularly homogeneous soil conditions. 

After application ol  fertilizer 1100 kg ha'll. a dramatic in- 
-IC o l  the N,O evolution rates. with maximum values a p  
proximately 1 to 2 days after lertiiiration (Figures 4-7). was 
observed. An emption was the erperiment carried out at sta- 
tron LPS in ApriPMay 1980 (Figure 3). In this case the maxi- 
mum was delayed by 5 days. mosi probably because 01 the 
spedic  soil conditions during the experiment. with relatively 
low soil temperature and soil moisture content. 
The elevated N,O evolution raies persisted over a period o i  

several days and finally reached the background rates of the 
unfenilizcd control again. T h e  N,O evolution rates oltcn 
showed a second maximum with Iowcr absolute values. when 
the soil moisture was increased by heavy rainfall (Figures 4 and 
5). Further rainlall did not cause any significant changc ofthc 
N,O evolution rate 1c.g. Figure 4). Apparently. at that time. the 
fertilizer was alrcady dcplctcd in the upper soil layers. where 
most ol  ihc N,O m i m d  into the atmosphcrc is produced 
[ L i b  a d  Conrad. 1981aI. In deeper soil layers the iertilizer- 
induced N,O production may still have continued or may even 
have bcen enhanced by the additional nitrogen washed down 
lrom the surlace. The N,O produced in thorc deeper layers. 
however. may not reach the atmosphere because of N20 con- 
sumption reactions in the upper soil layers. This conclusion iS 

. .  <===< Li;L :pz:;2 VGeZh i s  6; ihi- ;::e s r V i Y i i V I ,  m,Ss VI,," 
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. .  
in agreement with long-tcrm measurements by Sei ic  and 
Conrad [l9Slo]. which showed the highcsi N,O mixing ratios 
in dccpcr layers oi ienilircd soil dter the N 2 0  evol~iion r a in  

changing soil tcmpcrnture profile. Wc have to assume t b t  &, 
dilferences in obscrrations reported by B lochr r  CI el. [ 1 9 q  
irom those reported by us or by D m m d  e, 01. 119791 M 
to diKcrcnces in soil conditions. 

Diurnal variations 01 N . 0  evolution rates were okmd' ;  

%& at the surface hnd alrcndy returned IO background rates. .: 

ln/lucncs of Soil Tmperarure on N,O Erolurion 
The N,O evolution raies wcrc dependent on the soil temper- 

atures. Figure 3 shows N:O evoluiion rates obrcrvcd in spring 
when soil tcmperatvres varied conriderably kcausc of the r a p  
idly changing weather situation. Although only two mcasurc- 
ments were carried out p r  day. one clearly recognircs a strong 
positive correlation between the soil tcmpcraturc and the N,O 
evolution rates. Sometimes. the altcrnwn values exceeded the 
morning values by a iactor 01 10 when the soil temperature 
increased lrom 9 to ZO'C. 

The data Obuincd by the automatic icchnique demonstrated 
the cxisicnce oia diurnal rhythm oi the N1O evolution (Figures 
5-7). which coincided with the diurnal variation or the 50il 
surface tcmpcraturc. The maximum rates were generally o b  
served at 3 to 1 P..U. and the minimum rates in the carly 
morning at approximately 6 A.M. There was no time lag be 
tween the maximum and minimum rates oiN,O evolution and 
the maximum and minimum 50ii tcmpcratures measured in 3 IO 

5 mm depth  indicating that most of the emitted N,O was 
produced in the Uppetn1051 soil Iaycrr. Otherwise. N 2 0  evolu- 
tion r a t s  should be behind the measured soil icmperaturrs 
since the temperature maxima and minima o a r  progressively 
later with increasing soil depth. Our observations are in agree- 
mmt  with those rcponed by Denmead [1979] and Denmed er 
01. 119791, who lound similar diurnal variations on a I c n i l i d  
gracs sward. Our rcsulls are not in agreemcnL however. with 
most of the observations recently reported by Blnckrnn CI 01, 
[19SZ]. There authors obrcrved diurnal changes in N1O cvolu- 
tion that were not in phase with the soil temperature measured 
in 2 an dmth but were 2 to 12 hours behind. Thcv concluded 

125 LPS 
k 

unleni lkd  as well as lcrt i lkd soil plots. However. the ampti' 
"-+ 
. .. 

>,.. 
1 .. <% 

... . 
z. .. ,. . .. 
.!. 
,:.I' 

I L 
01  

a 
17 21 25 29 3 7 11 1: 

I P R l L  * I 1  1980 

.. .I 

E-35 



:hat the 
'. [I9821 
arc due 

:xed on 
c ampli- 

1 
I 
I 

I 
I 

_I 

I I 
:xilid 
l p p l l d  
>i *,!<I 

.> . 
a 

:udcr wre  generally higher on l e n i h d  than on unlertilized 
+,I ,,lots. Our measurements indicate that the amplitude of the 
bumal variation was also influenced by the presence 01 a 
,,,,lation cover. The amplitudes were relatively small on the 
jliJ pi01 with dense parr vegetation but increased consider. 
,biy j tcr  lhc parr had been cut IFigum 5 and 6). Sine  the 
smoval olgras had no si@Iificant influence on the amplitude 
,rroil icmperaturc measured in 3 10 5 mm depth. we assume 
;hat most 01 the NIO emitted into the atmosphere must have 
,,+oated from the uppcmosl toil layer. where the solar radi. 
,[ion may have crcated a higher amplitude 01 tempcratun 
~ $ a n p c  aiter the vegctation cover had been removed. Other 
,,pimations could bc the a l l e r d  exchange rate 01 N:O at the 
*,I i r  interlace. the altered soil water status aRccting N,O 
..&ction. as well as tcmpcrature-induced changes in SOIY. 
,,jity of N20 or direct influcnm of vegmtion's metabolism on 
s:o pruduction. 
ne activation energy E. 01 the N,O evolution p r o w  is 

dlculatcd by using the logarilhmic form a l a  modified Arrhe- 
i u s  :quation in which the reaction rate k is replaced by the 
s:O evolution rate c, assuming a zero-order process: 

I '  

E. I I n u -  ---+consst. 
R T  

T h e  malysir 01 the data obtained during the semicontinuous 
xcuur:mcnts 01 rhc N,O evolution rain (Figures 5-7) in lam 
Jmoastmrcd the linear correlation betwcm In P m d  IIT for 
most alrhe days (Table 21. In Figure 9 an cxamplc 01 tile N!O 
:voIution rates and soil temperatures observed on September 4. 
1981. on a soil plot fertilized with NH,CI shows an activation 
mrrgy lor N,O evolution of E. = 76 k1 mol-'. The linear 

w.:, ,>%.$ *-.'I . a. .ol":ll *" ."%1. 
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Fie. 5. N,O evolution rain oburvd  at field miion MPI Z wing 
the moma:ic zamplins and analysis syriem. Thc soil pioii w r e  mv- 
C r d  with p l u  NH.O was npplicd as solution at a m c  01 lm kg N 
ha-'. 

correlation k t w m  In Y and liT has been round lor each olthe 
soil plots independently olthe fertilization or the typc of fertili- 
zer. This result indicates that the diurnal patterns 01 N,O 
evolution were mainly due to the rempraturc-induced changes 
in N,O vroduction rather than 10 the tc--r?!v!?-i~I~ce.l 
changes in solubility 01 N,O in soil water as proposed by 
Elackmff et 01. [1982]. In the lalter case the N20 evolution 
rates should be directly proportional to soil temperature and 
should not lollow the Arrhenius correlation. 

Table 2 summarizes the mean values 01 the activation ener- 
gies determined lor the individual days ujth significant corre- 
lation. Although diKercnt t y p e  offenilixr had been used. the 
mcanvalu~oliheacrivationenergies(61 to76k1 mol-')agret 
reasonably well and are similar to the values 176-83 kJ mol") 
calculated from Qz0 values reported by Denmead er of. 119791. 
The individual activation cnergia. however. show high vari- 
ations indicated by the large standard deviations summarized 
in the last column 01 Table L In fan. the activation energies 
sometimes changed lrom day to day. covering a range between 
20 and 150 U mol". I t  is interesting that this ranee is similar 
to the range olactivation energies (28 to 166 kJ mol-') report- 
ed lor microbial denitrification and nitrificaiion [Fochr and 
Verstrarre. 1977: McKcnncy er af. 198Ob]. Focht and Ver- 
straete renewed reports showing that the activation energy 01 
nitrification and denitrification arc dependent on soil environ- 
menial factors such as pH. oxygen concentration. and nitrogen- 
ous Substrate concentrations. Hensc. it is possible that the high 
variability 01 the activation energies lor N,O evolution ob- 
wrved by us may be due 10 temporal changes olroil conditions 
at the microsites where microbial N20 production occurs. 

It is also possible. however. that the microbial N,O pro- 
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duction activities in the individual soil laycn change with time. 
resulting in a change of their rc1ativccont"bution to the overall 
N:O wolution into the atmosphere. Since the amplitude oi the 
diurnal changes in soil temperature decreases with increasing 
roil depth. the correlation of the Y:O evolution rates with soil 
lemperaturcr measured in increasing soil depths would result in 
incrcasinq activation energies. li we assume a conslant ac- 
tivation cncrqy for the microbial N20 production proctrrn in 
all soil lagen. the observed vanations in the activation cncrgjes 
ior N:O evolution would reRen the vanations in the relative 
contribution of diKerent soil layers to the N,O evolution. ThL 
conclusion is only valid. however. when the changes oimicro- 
bid activity occurred in the upper Icw centimeters of the soil 
profile. sin= otherwise N,O evolution r a i n  would not have 
been in phav with thesoil temperature. 

The strong depcndmcy of the 3:O evolution rates on roil 
temperature clcarly dcmonstrates that reliable N,O loss rates 
caused by mineral lertilircr application can only bc determined 
by repaled measurements per day. E s i i a t e s  of N,O evolu- 
tion rates bawd on single measurcmcnts psr day may diKcr by 
more than 1 order of magnitude irom the actual value. 

Influence a//soi/ ,Hainure on N : 0  Erolvrion 
N:O evolution was influenced by rainfall. This influence can 

bc rccognircd from Figures 4.5. 6. and 7. showing coincidences 
of rain with eicvatcd N20 evolution rates. This is panicularly 
true lor the fenilucd soils. where the increased soil moisture 
content stimulated the N,O production at  times when the rates 
had already decreased toward background values. The cxtcnt 
oi stimulation decreased sucmrively from rainfall to rainfall 
(Figure 4). approaching the conditions observed on unfertilized 
soil plots. 

The inP.xnce or rain is very pronounced after relatively b 
pericds oidryncrr. Under these conditions. even small 

any significant increase of the average soil moisture eontsr,d 
the upper IO cm of the soil profile resulted in a stimuhtbnd 
N20 production. This observation again indicatu that Ibr 
pro-es inducing the cvoluti?m of N:0 into the a m o h  

omq must be located m the uppermost soil layers [Seilm Md c 
198101. 

Figure 9 illustrates the influence of the soil moisture w n b  
on ihc NIO evolution rates at an unfertilized soil p l o ~  ~bi 
figure. the average daily NrO evolution rates are pi- 
against the soil moisture contents determined within the 
IO cm of the soil profile. Each dam point is n o r m a m  1o 
constant average daily soil temperature or 20'C by using & 
Arrhcnius correlation. The data were obtained lrom Q 

measurements a1 the control Plot 01 the field station Mp12 
(compare Figurn 5-7) before and after removal or the Bu 
cover. The soil moisture contcnts ranged bctwuccn 8 and a x  (r 
H,Q pcr 100 g moist soil). Within this range the N,O cvolu& 
rates increased dramatiully with increasing soil moistuTc. ~1~ 
soil moisture contcnt of 3090 the N,O cvolution r a m  w - 3 ~  
IOtimes higher than at a soil moisture content of 10%. 

Similar correlations oi NIO wolution rates with soil mob. 
turc conicnts were obscrved at other unfertilircd control pi& 
At present the data base is too small 10 calculate a quantiuda 
relation bctwuccn the N,O evolution rates and the soil m o k m  
contents. However. our rcsults suppon the observations dr 
positivc conelation bctu'een NIO evoIution. rainfall and sd 
moisture [ D m m e d  rr 01.. 1979: Rvdcn and L u d .  1980; Mads 
adHurchimon.  198I;.Masiereral. 1981: Trrryc td .  19811 

The  eRcn oi rainfall and increased soil moisture on N,O 
evolution may bc due io several causes: The moistening o l d  
may increase the activity ai soil microorganisms [Wilton d 
Grifin. 19751: it may also increase their population de& 
[Lvnd OM' Goko.vr. 19801. These events may be upxiatb 
imponant after long periods of dryness. Thc i n c r d  d, 

of rain (September 7 and IO. 1981. Figure 6 )  that did not 0% 
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Arrhenius 
correlation 
r = -0.99 

2.6 2.L t \. E.,= 76 kJ mol-' 

22 

2 .o 

1.8 

1.6 

: - MPI-2 fertilized \* 

33.0 ~ L . O  x . 2  ~ L . L  x . 6  3 ~ . a  

1 I T  [ O K ]  I la-' 
F:!. 3 .  .Arrh~nius cor rc ta~~vn  of the 1:O ~ ~ o l ~ l i o n  mcs lul and the soil 

wnilcc ~cmpcfat~rc tn. The d m  are uLm imm Figure 6. 

soisturc content may also stimulate the availability 01 du- 
sked  nutri~nts by their transport to other soil sites. The 
xailabiliry of oxidizable orpanic matter. and of nitrate. is im- 
pnant for denilrification: the availability of ammonium is 
impnant lor nitrification. The mobilization olnutrienu by soil 
water may also cause an increased respiration ratc of the hct- 
c:oirophic microbial flora that. in turn may ruuI1 in a rc- 
duction of the oxygen concentration in soil. Furthermore. the 
inncued soil moisture content hinders the diKusion of oxygen 
into :hc soil. so that soil microsites with s s d l  supply of 
Qr?pen may develop. Under these conditions. N,O production 
by dcnitrification as well as by nitrification is stimulated (for 
diyussion. see Seilcr and Conrad [I98 Ib]). 

lldurncr 01 F m i l i x r  Txpc on ,V,O Ecolurion 
During our field experiments. we always obscrved that the 

u:O evolution rates were strongly dependent on the type 01 
31trcjsn fenilizcr. Application of nitrate usually c a d  signifi- 
anti? lower N,O evolution rates than application 01 ammon- 
:urn. although the temporal variations were similar (Figures 3, 
6. and 3. This observation is in agccment with earlier obwrva- 
l'OnS [Conrad and Seiier. 1980: Brrircnbcck cf d- 19801 and 
ihows that nitrification of ammonium is an imponant p r o m  

for N,O production under field conditions. This conclusion is 
consktent w L h  the results of laboratory experiments by B r m -  
n e r d  Blnrhcr[1978.1979.1980.198l]. 

Only in one of our experiments the nitrate-induced N,O loss 
rates were comparable 10 the ammonium-induced N1O loss 
rates (Table 3). This experiment was carried out at the field 
station Finthen on a IOQS soil that had a small air-filled p r o s -  
ily (Table 1) and w a  covered by a dense mass layer, Hen= 
there is the possibility that this particular soil might have 
contained a relatively high number of anaerobic minosiiu 
c a d  by poor soil aeration. favoring the denitrificaiive N,O 
production from nitrate. 

The influen- of the anion of the ammonium fertilizer on 
N,O evolution was tested in an exprimcnt carried out at field 
station MPI 2. One soil plot was treated with ammonium 
chloride and another with ammonium sulfate The experiment 
was then repeated. but the first plot was treated with ammon- 
ium sulfate and the second with ammonium chloride. The N,O 
evolution rates observed a1 the fcnilized soil plots were almost 
identical. showing that ammonium-induced NIO evolution 
rates were not aKecced by the counter anion. This experiment 
a q i n  showed that there was no significant diKercnce in the 
pallern of N 2 0  evoIution between the two soil plou that could 
be attributed 10 spatially nonhomogeneovs soil conditions in 
our experiment. 

Influmcc 01.4ppiicafion Form and Amount 01 
F m i k e r  on N20 Ecolurion 

The N20 evolution rates were strongly dependent on the 
forms of application ofthe fertilucr. This dependency is shown 
in Figure 4. which illustrates the results obtained by experi- 
mentr using ammonium chloride as fertilizer. T h e  ammonium 
salt was applied ( I 1  as aqueous solution poured onto the soil 
surface. (2) iu powdcr distributcd onto the soil surface that had 
becn moistened before fertilization. and (3) as powder worked 
into the upper 10 cm ofthe soil that had k n  moistened before. 
Case II) reprncnrs the form of application used by us for the 
reit of the ex-hmcnt< I n  c i r h  cis? wr ohwrw? 2 r r m y r a l  

variation 01 N:O evolution rates with maximum values 1 days 
alter application. However. the absolute values were sigifi- 
cantly different. with both the highest N,O evolution rates 13) 
and the lowest values lor form 01 application (2). Most interest- 
ingly, a second maximum had k n  observed approximately I O  
days a f ln  fertilization. during a rainy period of several days, 
and consequently increased soil moisture contents. Sur- 
prisingly. however. the second maximum was only observed lor 
application form (I )  and (3). but not for (21 when the fertilizer 
had been distributed as powder onto the soil surface. In this 
case a significant portion of the applied ammonium fertilizer 
was perhapr lost as a result of", volatilization. 

TABLE L Conelation of N : 0  Evolution Ram With b i l  Tcmpmt~lc by the Anhcniur Equation 

TO181 Days With 
Days With S l p f i C m t  Mean Vduc Sundnrd 

Sod Candiumr Scmconimuous Conelaim 01 E.. Deaatwn. 
MPI 1 I981 Record, P < 0.0s W mol-' w mol-' 

Unlcnilizcd 63 37 159%). 76 
~Julr-Octokrl 

~ 

35 

Feni1;ed with NH,CI 38 28 (747.1 61 36 
(July-October1 

IScptcmber-Octokr, 

.Pcmntagc ollolnl days. 

Fcnilkd with KNO, 37 13 (6%) 70 17 
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Fig 9. Influma or the soil moisture wnmi on the N:O e r o l ~ t i ~ n  
ntcs lhs d m  poinu rcpmeni rrerrm daily N.O cvo~ution nlcl 
obvrred at the unrcnilkd coniml ptot or fieid station MPI 2 ( ~ i ~ ~ ~  
5-71. The v d u s  hare brrn nonnalid to a consmt armgc mil 
surface tempmture d2WC by using the Anhcniu conslation. 

The N:O evolution r a m  were also influcnccd by the m o u n t  
of lsrtilizer applied. Application of increasing amounts 01 
NH.CI resulted in increasing X,O evolution r a t u  but the 
change in NrO evolution rates with time was similar for Jll 
fenilizer application rates. A positive correlation between 
amount of fertilizer applied and N:O evolution rates has also 
been reponed by .VcKcnne? er ul. (1978: 1980aJ for NH,NO, 
and by Cuchran cr 01. [I9811 for anhydrous ammonia. 

Most probably. the influence ol  amount and form ol appli- 
cation of lerrilizcr is based on local concentrations or mineral 
nitrogen at soil miCrosiles. Laboratory cspenmcnu did show 
an influence 01 the concentration o l  ammonium on the ni- 
trificative N,O production [Bremncr nnd Blackmm. 1980. 

IO 19Si]. Similar results were reported lor the denitrificative N 
production from nitrate [ B f c h c r  and Brrmnrr. 1978: FL* 
sione et nl.. 1919, 1980: T m y  and Tart. 1980: L t e y  
19EOa'J. Therelorc one should assume that N:O evolution N4 
would be correlated to the concentralion o l  ammonium ni 
or nitrate in the soil. To date. however. field m a u -  
have not revealed any significant correlation between ~ f i  
evolution rates and simultaneously measured nitrate. nitrils& 
ammonium conantrations (Mosirr and Hutchinton [1981];q 
Heinemeyer, pcrsonal communication 1982). We ruggat 

5 the cKm of leniiizer nitrogen on N,O cvolution i s  ex- 
s d  soil microsites in the uppermost soil layer: these s i b u ,  
not analyzed appropriately for their actual conccnvstio, d 
mineral nitrogen when bulk samples olthe upper rrntimetmd 
the soil profile ale takcn lor the analysis. 

Lou Rates oJFmri1i:cr h'irrogcn a N , O  
The previous chapters showed that N,O evolution - 

increase after m i n e d  fcnilizers have k e n  applied so % b 
no doubt that application o l  mineral lertilirers rep-u I 
source of atmospheric N:O. The soum strength and thu 
impan of mineral fertilizers on the global N,O budget can- 
bc calculated if the lop rater of fenilitcr nitrogen as N,o 
relative to the total amount ofapplied fertilizer is know.- 
10s r a t a  are obtained by subtracting the tolal amount P o d  
N:O-N emitted from the unlenilized soil plot from Ibu 
amount P, which has k n  obtained simultaneously from tk 
l e n i l h d  soil plot and dividing this figure by the total mount 
Mol the applied fertilizer nitrogen. i.e.. 

* 

Valuer lor P, and Po are obtained by intcgrating the N,O 
evolution r a t e  observed during a pr iod of 20 to 30 days aftu 
fenilization. The total observation pcriod which is ncrrulryto 
cover all N:0 evolution evmts caused by the lertilizauos i 
dependent on thc typ of soil and the metcorolopid con. 
ditioN. Care was taken that the elcrated N,O emission ratcsd 
the lenilizcd soil plot had returned to the background rats  d 
the unfertilized control plot. Our observations did not pro* 
a reasonable argument for J long-term influence of fcrtilizauon 
on N,O evolution from soils. In none of our experiments dd 
we observe increasing background r a t e  as a result 01 r c p a d  
application o l  mineral fcnilirer. Therelore. we may assume tbu .. 

TABLE 3. l n n v c n r r ~ f f v p o r ~ m i l ~ o n t b c ~ o ~  ~ ~ u o r F c n i l k N i t r o p n u  N,O 

Lou K a t 4  V. of N applied 
Fmilizcr Applied DI Solution 

103 kg N hn-' 

NaNO, NH.C? Field Expcrimmt 

a073 0.053 Finthcn. Sep.,On. 1979 
aois 0.1s3 LPS. Apr.. May 1980 

LPS. Aug 1980 0.216 
0.037 0.025 MPI 1. grass 

Scp.;Oa. 1979 
MPI I. 

Aug 1981 
MPI 1. d 0 Y e r .  

Aug 1981 
MPI r A u g - h  1981 

- K N O , ~ ~ S W . ~  orvmo,. 

0.071 0.376 

ami 0.063 

0.017' 0.070 (0.078lt 

+Value in brackets: INH.1, S0,innud or NH.CI. 
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~ L I r  field mearurcments cartied out over time pcnods up to 33 
jrrr covered the total 10s of f e n i l i r  nitrogcn as N,O from 

Table 3 summa- the N20 loss r a t s  obtained at the 
hfercnt held stations for nitrate and ammonium lertilirer a p  

JS aqueous solution. The N,O loss rates ranged between 
and 0.073% lor nitrate and k t w c m  0.009 and 0.376% for 

,mmoni~m fertilizers. Higher loss rates (0.9435) were only ob- 
gr,& when ammonium fenilircr had been applied as powder 
,"d w o r k 4  into the soil (Figure 5). In ContrasL the 10s rates 

only 0.15% when the ammonium had k n  distributed as 
+cf onto the soil surlao.  The loss rates were not signifi- 

lnflucnced by diRermt amounts (50. 100. and 200 kg N 
hl-l) 01 ammonium lenilizer being applied (Figure 61 T h e  
\ p ~ y ~ s  given in this paper agrcc very well with thore reported 
by ~ l n m e n d  er ol.[1979]. Breitmbeck CI ai. [1980]. Conrad and 
piirr [1980]. Moricr and Hutchinson [1981]. M a s i n  ct al. 
[1981. 19821. McKcnnc? n al. [198(h]. and Rydcn [1981]. who 
found values r a n ~ n g  krwvccn 0.001 and 1.679'0. Higher I O U  

were only reported lor some individual uses. e.& alter 
~rti l iz~tion with anhydrous ammonia [Bremner ct ai. 1981al. 
for manure-treated fields [Rolston <I ai.. 19781. and for heavily 
inigatcd and fertilized land [Ryden and Lund. 19801: t h s c  
r a ~ c ~  howcvcr. d o  not contribute significantly to the overall 
s:O rcles~~c. Therefore. we assume an N:0 loss rate from 
fcnil$:: nitrogm 01 0.01 to 2.0% to be representative olglobal 
conditions. 

.Additional N,O may k formed lrom the lriction of mineral 
lrrtilizcr leached from the field into the groundwater or into 
r v r h c c  lrahwatcr ecosystems. where the lertilizer nitrogcn 
could again induce an N:0 emission into the atmosphere. 
Lpimctcr experiments using "N as 3 tracer indicate that the 
loss of fcrtilizcr nitrogcn by leaching ranges betrccn 0.4 and 
W; [V&mlond Ewrr.  19811. I t  has k n  shown that ground- 
xater and freshwater may be substantially supcrsaturated with 
S:O [h'uplon et 01- 1978: k m o n  ondkmon.  19811. However. 
i t  remains unccnain which lrsction of the observed dissolved 
>.n i.. +: != zz;..ze +c:=zr e: +: u . ~  ;r~-Ecj=E 
during the natural cycle of nitrogen in lreshwatcr emrgtcms 
[Rnorlcs er ai.. 1981: Vincent er 01.. 19811. If we assume that 
the N:O loss rate of the leached f e r t i l i r  nitrogcn corresponds 
to the Falues observed at lertilizcd fields. the total loss rate of 

tising this figure and the annual lertilizer produnion rate of 
.'J Tg N y- '  (value for 1980. UN Statistical Yearbook). the 
total souro  strength of lertilicrderivcd N.0 mounts to 0.005 
10 L2 Tg N:O-N yr-'. This range is considerably lown than 
that or 6 to 100 Tg N,O-N yr-'. obtained from earlier esti- 
matts I.UcE1ro.v et ai- 1977; H d n  and Junge. 1977l. and is also 
brlow a r a n t  m i m a t e  of 1 3  to 3.0 T g  N:O-N y - '  [Wcirc. 
1981]. which is bared on  theoretical calculations and the o k r -  

of an increase ofthc tropospheric N,O miring ratio. 
Following the general assumption of a steady inncase 01 the 

mineral lcnilkcr production up to a value 01 200 Tg N in the 
?car XOl. we have to asume a global production o l l e n i l i r -  
dcrivcd N:O 01 0.02 to 8 Tg N,O-N in the year ?KO. This 

contribute up to approximately IlO% of the global 
mturrl N,O budget. which is approximately 7 to 20 Tg N,O- ' ?r" [Crurrcn. 19831, and therefore. may have some i m p a n  
On stratospheric ozone and on the climate. Howevn. we havc 
lo mphasizc that the figures 01 the fertilier-induad N1O 
mission are still uncertain. particularly because the experi- 
ments have k n  limited to developed and industrialized 

located in the higher latitudes. However. t h n c  is a 

the Soil. 

.- 

rcniiizcr N as N ~ O  would be IOW 0.01 IO J.o.I.. 

t r m d  toward an increasing fraction of the annually p roduod  
mineral fertilircr k i n g  used in h e  developing countries. gens -  
ally l o ~ l c d  in warmer climatic wnu and where NtO loss rates 
havc not k n  determined so far. 
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Nitrous Oxide Emissions from Fertilized and 
Unfertilized Soils in a Subtropical Region 
(Andalusia, Spain) 

F. SLEMR. R. CONRAD and W. SEILER 
Mas-Rmck.lnsrimtj%r Chrmit, S#nrsfrnm 23, D-6JOOblui1u. F.R.C. 

(Received: 9 June 1983; in rNipd form: 2 Deccmber 1983) 

Abstract. Field measurements of N,O c-on rat- w m  b e d  out from August until October 
1981 in a subtropical region m Ewop. Le. in Andaludn, Spain. The measurements were performed by 
using an automatic sampling and d y d s  technique allowing the wmieontinuous determination of 
N,O emission rrteb. The N,O emission rates were poritivcly conelated 10 the soil surface l empn tu re  
and exhibited a diurnal rhythm wiih nuximum rates in the afternoon and minimum rates in the ur ly  
morning with avenge nluea of11 #g N,O-N/m'/h for the pus 1.4 m d E S  #g N,O-N/m'/n for 1 
cultivated land. Application of m u  ma Lmmonium niuate reiuI1ed in elevated N,O emission ntes 
when compared to  Ule unfe&ed control. The IOU of fertilircr-nitrogen a s p @  was 0.1 8% for urea 1 

clunate (Ger- +]ad 0.09% for NH.NO\ which compares V ~ W  well eth &la obtained m a i€l?i$&ate 
many). ' Ihc total soulce strength of fertilizerderived N,O is estimated lo be 0.01-2.2 Tg N,O-N per 
y u r .  The N,O flux from unierwirsd nntunl mils may be as high as 4 5  Tg N,O-N. indicnting thll 
the N,O emission from roils contributes &nifkantly to the global N,O budget. 

Key wor& N,O emission. nitrogen fmili2er. mil, subtropics. nunospheric budget. 

1. Introduction 

Nitrous oxide is an intermediate product of the denitrification and nitrification in soil 
(Bremner and Blackmer, 1978; Bremer and Blackmer. 1981; Schmidt, 1982; Firestone, 
1982). The N,O in roil atmosphere was found to be produced and consumed simulta- 
neously in the uppermost soil layer, multing in a net flux of N 2 0  from soil into tho 
atmosphere (Seiler and Conrad, 1981). The flux rates arc dependent on the chemical 
composition of the soil, wil moisture. oxygen wntent in soil air, and soil temperature 
and thus show high spatial and temporal variations oreitenbeck er al., 1980; Blackmer 
et al., 1982; Bremner era/., 1980; Matthiar et al., 1980; MdCenney er d., 1978; Mosier 
et 01.. 1981; Seiler and Conrad, 1981). 

Application of mineral nitrogen fertilizer results in an enhancement of the N20 pro- 
duction rates in soil and, thus, an increase of the total N 2 0  flux from soil into the atmo- 
sphere. The 10s of fertilizer-nitrogen as N20 ranges between 0.01 and 2.0% of the 
applied mineral nitrogen fertilizer oreitenbeck er a/., 1980; MdCenney et a/., 1978; 
Morier and Hutchinson, 1981; Conrad and Seiler, 1980) and are dependent on the type 
of applied mineral fertilizer. application form, etc. (Conrad et al., 1983). 
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Most of the measurements of NIO emission rates from fertilized and unfertilized soils 
were carried out in countries with temperate climates. Data on NIO flux rates from soils 
into the atmosphere in tropical and subtropical climates are lacking. 

Since the nitrogen cydes in tropical and subtropical ecosystems are qualitatively and 
quantitatively different from those in temperate ecosystems (Clark and Rowal l ,  1981). 
the NIO emission rates may be different from those observed in temperate climates. 
Furthermore, because of the inmasing application rates of mineral nitrogen fertiliren 
in developing countries (FAO, 1982). information on the NzO emission in tropical and 
subtropical regions is of increasing importance for estimating the effect of fertilization on 
the global NzO budget and, thus, on the chemistry and radiative budget of the atmo. 
sphere (Cruttcn, 1970; Lads cf ul., 1981). This paper reports on results from field 
measurements carried out on cultivated land and a grass lawn in a subtropical region of 
Europe, ir. in Andalusia, Spain. 

2. Experimental 

Measurements on cultivated land were carried out from August until October 1982 on 
a cultivated field of the farm station of BASF Espailola near Utrera (37'N. 5.6OW) 
approximately 30 km south of Sevilla, Spain. The soil of the field was reddish-brown 
and consisted of a loamy sand with a pH valuc of  7.4 and a size fraction of 7% for parti- 
cles with 0 < 2 m, 4% for partides with 0 between 2-20 pm and 89% for particles 
with 0 between 20-2 OOO pm. Soybeans were cultivated on the field during spring and 
summer 1981 and were ploughed under in September of the same year. Since then, 
until the measurements in August 1982, the field remained unplanted and did not receive 
any mincrai nirrogen ienii i ir .  

The measurements on the grasseovered area were performed on the lawn of the 
station consisting almost exdusively of Bermuda gray ( O n d o n  ducryh) .  This grass 
lawn was fertilized in spring with ammonium nitrate fertilizer (75 kg N/ha) and irrigated 
using a lawn-sprinlder once every two or three days at a rate of a few millimeters per day. 
The regular inigation was intempted during the period of our experiments. During t h i s  
time, the gray lawn received irregular watering on 18, 20.23 and 25 August (see Figure 

Nitrous oxide measurements were performed on three plots on the cultivated land and 
on two plots on the grass lawn. Each ptot had a surface area of approximately 800 cm'. 
One plot in each experimental area remained unfertilized and was used as a control. The 
remaining two plots on the cultivated land wem fertilized with urea and ammonium 
nitrate, respectively, both analytical grade (Merck, Darmstadt). The plot on the grass 
lawn received a commercial ammonium nitrate fertilizer (Hakaphos Naranja, BASF) 
including 15% P105 and 30% K1O. The application rate was 100 kg N/ha for all cases. 
The fertilizers were applied as aqueous solutions. The amount of water added to the plots 
by this procedure was equivalent to a precipitation of 7 mm. To enable comparison of 
the N'O emission rates obtained from the individual experimental plots, the unfertilized 
plots received the same amount of water without fertilizer. Water equivalent to a precipi- 
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tation of 7 mm was applied for the artificial irrigations of the individual experimental 
plots. 

The NlO emission rates w e n  determined by using the dosed-box technique applying 
the automatic sampling and analysis technique. The applied boxes as well ns the sampling 
technique have already been described by Conrad el 01. (1983). This technique allowed 
the simultaneous determination of NIO emission rates on several roil plots and provided 
six indmdual data points per plot and day on the cultivated field with a total of three 
plots, and eight indMdual data points per plot and day on the grass lawn with a total of 
two plots. The lower detection limit of the NIO emission rates was 0 2  pg N10-NIm’lh. 
The precision was 0.5% at 10 fig N1O-N/ma/h. 

The total l o a L  of applied m i n e d  fertilizer-nitrogen as NlO was calculated by 

r 
I (4 -Eo) d t  

M 
L = O  

where E, = Emission rates of N1O-N measured on the fertilized plots. 
Eo= Emission rates of NP-N measured on the control plot. 
M = Amount of applied mineral fertilizer-nitrogen. 
r = Length of observation period. 

Using this system, loss rates of >0.02% can be determined. 
The soil surface temperature was recorded at  3 to 5 an depths using thermocouples 

(IronIConstantan). The toil moisture content (g water1100 g moist soil) was determined 
p a v i m e t r i d y  in the roil samples taken from the top 5 cm soil layer of a nearby soil 
plot treated in the same way as the experimental plots. 

3. Results 

The temporal variations of the NaO emission rates from cultivated land are illustrated in 
Figurer l a  and l b  together with the temporal variation of the soil surface temperature 
and soil moisture. The toil surface temperature showed pronounad diurnal variations 
with maximum temperatures of 3548°C in the afternoon and minimum temperatuns 
of 18-24OC in the early morning. The soil moisture was extremely low during the whole 
observation period and generally ranged below the 2% indicative for the semiarid climate 
of Andalusia during this particular season. Higher soil moisturk was only observed during 
those periods with artificial irrigation (eg. on 9, 16.20.24 September and 1 October) 
and rain showers on 25 September. During these days, the soil moisture of the upper 5 
cm of the soil layer reached vaiues of about 15% which, however, dropped very rapidly 
within 1 to 2 days to the f o m r  value of < 2%. 

The NIO emission rates measured on the unfertilized field plot showed long-term varia- 
tions with a time-scale of several days superimposed by diurnal variations with maximum 
vdues in the afternoon. The N,O emission rates vaned between 4 and 35 pg N1O-N/m’/h 
with an average value of 15 pg NIO-N/ma/h. This figure is considerably higher than the 
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Fig. la.  N,O emission ntesnfter fertilization with urea or ammonium nitrate. Nitrous oxide cmiuion 
rater were measured betrvccn 7 September and 8 October on m unplanted field. Measurements weie 
anicd  out on unfertilized roils and soils fertilized with urea or ammonium nitrate. The lower part 
shows the temporal Nht ion of roil tempcranuc at 3 to 5 mm depth and the roil moisture of the 
upper 5 m. 

N 2 0  emission rates observed on unfertilized field plots during our experiments in Ger- 
many where the individual figures vaned between I and 15 pg N20-N/m’/h with an over- 
all average of about 4 pg N,O-N/m’/h. The latter values were calculated from data 
summarized in Figure 5-7 of the recently published paper by Conrad era!. (1983). The 
difference of the N 2 0  emission rates observed in Andalusia and Germany may be due to 
the influence of the soil temperature on the N 2 0  emission rate with higher soil tempera- 
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the period between 9 and 15 September when the NaO emission rates increased from 
20 Mg N1O-N/m'/h shortly before the irrigation to maximum Values of 35 pg NlO-N/ 
ma/h on 11 September. The influence of irrigation on the NlO emission decreased with 
an increasing number of irrigations. A similar relationship has been observed by Conrad 

' e t  a/. (1983) on unfertilized noncultivated land where the NzO emission rates increwd 
from about 5 pg N,O-N/m'/h before heavy rain showen to 20 /Jg NIO-N/malh a few 
days later. 

Nitrous oxide emission rates measured on fertilized plots alro showed ttfong diurnal 
variations with maximum values in the afternoon and minimum values in the early 
morning. Very often, the maximum values exceeded the morning values by more than a 
factor of 3-5. The daily amplitudes as well as the daily average of the NaO emission rates 
were found to be dependent on the magnitude and the variation of the soil surface 
temperature. Signilkant positive conelations between NaO emission and roil-surfacc 
temperature were found on 48-57% of the total observation period (see Table I). The 
N,O emission rates were also positively correlated with the soil moisture, with relatively 
low values at roil moistures lower than 5%. 

Most surprisingly, the NIO emission rates measured on the fertilized plots did not 
respond to the application of mineral fertilizers within the fmt week after fertilization. 
During this period, the N20 emission rates were comparable to those obtained on the 
unfertilized plot. A substantial increase of the N1O emission rates was observed on the 
experimental plot fertilized with una  after the fmt irrigation, which was seven days after 
fertilization. Maximum NIO emission rates occurred on 22 September after the second 
irrigation. After the fourth irrigation, the NaO emission rates approached the values 
YY... -%.---.-A ..... -*+).a mf.&limd nlot. 

The temporal pattern of the fertilizcr-iiduced NIO emission is in contrast to the fmd- 
in@ by different groups in temperate climates and higher soil moistures (for summary 
see Conrad cf af., 1983) which always show a very fast response of the NIO emission 
rates on thc application of nitrogen fertilization. Generally, the fertilizer-induced N1O 
emission rates reached their maximum values one to five days later and approached the 
background values 10 to 12 days after fertilization. 

The total loss of mineral fertilizer-nitrogen as NIO is calculated to be 0.18% for urea 
and 0.04% for ammonium nitrate. 

..... ,---. -_ 

Table 1. Activation energy of  N,O emission from unfertilized and fertilized soil of a bue field 
in U f m .  Spain ( 9  September -7  Oclobu. 1982) 

Soil conditions Days with significant Aaivation Energy (kJ mole-')  
(IOOkgNha-') correlation (P < 0.05) 

Range Mean value 

withovt fertilizer 6 (28%) 21-50 36.3 t 10.7 
".NO, 12 (57%) 16-64 4 7 . 2 i  11.3 
UIU 10 (48%) 40-75 5 5 . O t  12.6 

........ _ _ _  F-8 - 

in Figur 

X 
3 

2s - 
'I 
0 
N 

-b 
-2.! 

c 'I 
" a  I- 

0 

Y 
was le 



3 

- 
0 
e 20 
I- 

I 

- - 
Lo:Nu 2$1\ w : 

-SOIL SURFACE TEMPERATURE - 
8 I I I I I I I I I 

e ed from 
&O-N/ r d with 

by Conrad 

early 
lore than a 

surface 

tion. 

s after 

the values 

summary 

ached the 

I 
"OlC") 

3 t  1 0 7  

I - 

'. 

I 

NITROUS OXIDE UIISSION FROM SOILS 165 

The"@ emission rates obtained from measurements on the gnu lawn are summarized 
in Figure 2 together with the soil surfaa temperature. The data obtained on the un- 
fertilifed plots show a large scatter of the individual emission rates and also very low NaO 
flux rates with values of < 2.0 pg NaO-N/rn'/h. Despite the high scatter of the data, it 
YCM that the daytime N P  emission rates were higher than the nocturnal ones. The most 
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the higher soil temperatures in arid climates and/or by the incorporation of plant residues 
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interesting result is the observation of negative fluxes at the soil41 interface indicating 
that the soil of the grass lawn acted both as a source and sink of atmospheric NzO. 

In contrast to the observations on the cultivated field plots. the fenilization of the 
g a s  lawn with ",NO3 resulted in a rapid inmare of the N1O emission rates. Maximum 
rates of 850 pg N1O-N/ml/h were reached about 6 h after fertilization. The background 
values of 1 ug N1O-N/m'/h were approached 2 days after fertilization. Repeated irriga- 
tion of the grass lawn after fertilization with amounts of H1O equivalent to 7 mm rain- 
fall did not result in any significant enhancement of the NIO emission rates. Despite these 
differences, the total loss of mineral fertilizer-nitrogcn as NIO (0.075%) agrees reason- 
ably well with the concspondingfigure(O.@lO%) obtained from the plot on the cultivated 
land. 

4. Discussion 

NIO emission rates measured on fertilized and unfertilized soils are positively correlated 
with the soil surface temperatures indicating that the NlO production pro&sses must be 
located within the upper centimeters of the soil layers. Nitrous oxide production in 
deeper layers would caw a considerable time delay between the NzO emission rates at 
the soilsir interface and the roil surface which, however, have never been observed. 
S i a r  fvdings were already reported for soh in Germany (Conrad ef a/., 1983) and in 
Aut&. (Denmead ef a/., 1979). The only contradictory data were published by Black. 
mer era/.  (1982) who found a phase lag of 2 to 12 h between the maximum NIO emis- 
sion rates and the maximum soil temperature measured in a depth of 2 cm. They, there- 
fore, concluded that the NlO production must have occurred in layers considerably lower 
!!!!e 2 I?n_ 

Using the data obtained on individual days with positive conelations between the NzQ 
emission and soil temperature and applying the Arrhenius equation, the activation energies 
M calculated to be 36-55 !d/mole which arc rignificantly lower than the values of 
60-76 kl/mole obtained from measurements in Germany (Conrad ef a/., 1983). This 
difference may be explained by the possibility that the N1O production in hot soils of 
arid climates may occur at slightly lower depths than in roils of midlatitudes. 

In general, the soils both fertilized and unfertilized acted as a source of atmospheric 
NIO. Exceptions were measurements on a grass lawn where small N10 uptake rates were 
obsemd during nighttime. NIO uptake was also obremd by Ryden (1981) on soils 
covered with perennial ryegrats (Lotiurn perenne) which gives a similar lawn stmcture 
as the Bermuda grass (Cynodon dacrylon) used for our experiments. Small N1O sink 
activities have also been observed by Bremner et a/. (1980) in spring on soils in Iowa 
(USA.) which, however, are of minor importance for the global N1O cyde. 

Average N10 emission rates on unfertilized soils varied between 1 fig N,O-N/m'/h 
on the w.ss lawn and 15 ug NzO-N/m'/h on the cultivated land. The latter fimn is 
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of soybeans into the soil carried out one year before our measurements in Andalusia. 
Assuming the figures of 15 pg Nfl-N/m’/h to be representative for subtropical and 
tropical regions with a total d a c e  m a  of 25 x IO6 km2 (Lieth. 1975), the total NiO 
emission from unfertilized soils of this climatic region may account for 3 Tg N1O-N/yr. 
Correspondingly, the N,O emirdon from soils of temperate climates ( m a  45 x lo6 km’) 
applying an average N1O emission rate of 4 pg N,O-N/m’/h is calculated to be 1.5 Tdyr  
so that the total NiO flux from unfertilized soils may be as high as 45 Tg NiO-Nlyr. 

Fertilization resulted in an inacase of the NiO emission rates reaching maximum 
values of 850 pg N,O-N/m’/h on the grass lawn fertilized with N&N03 and values up 
to 200 pg NIO-N/m’/h on the cultivated land fertilized with urea. In the case of regular- 
ly sprinkled humid soil of the grass lawn, the maximum N1O emission rates were observed 
6 h after fertilization. Two days later, the NIO emission rates reached background values 
indicating that nitrification and/or denitrification of mineral fertilizer nitrogen had 
approached completion. This might be due to either the nitrogen uptake by the grass 
vegetation or by microorganism auociated with rhizosphere or by the leaching of nitrogen 
out of the root zone. The influence of vegetation and rhizosphere on denitrification and. 
thus, on the N1O production, has recently been discussed by Firestone (1982) and 
Knowles (1982). Tiedje (1982) has pointed out that denitrification rates in the rhizo- 
sphere are only high as long as high nitrate concentrations are present. As soon as nitrate 
concentrations are low, the denitrification rates are much lower on vegetated than on un- 
planted soils. This fmding is consistent with our observations of lower NiO emission 
rates at the grass lawn relative to those at the cultivated land under unfertilized condi- 
tions. 

In the m e  of cultivated land, the maximum NiO emission rated did not occur until 
13 days after fertilizationwithum.This time lag may be caused by the low soil moistures 
which were generally lower than 5 %  and thus low denitrification and nitrification activi- 
ties. Another explanation may k the gradual degradation of the applied urea by urea to 
“3 (Mulvaney and Bremner, 1981) that is necessary to initiate nitrification. A similar 
delay of fertilizer induced NiO emission after treatment with urea was observed by 
M o s i e r e r u I . ( I 9 8 I ) a n d ~ b ~ e r u I .  (1982). 

The loss of mineral fertilizer-nitrogen as N1O obtained from the measurements in 
Andalusia varied between 0.04 m d  01)75% for application of ammonium nitrate and 
0.18% for application of urea. The higher loss rites by application of urea may be due 
to the hydrolysis of urea into NH, that increases the alcalinity and cation binding capaci- 
ty of the soil (Boomma and Pritchett, 1979) and thus stimulates nitrification and N1O 
production (Bremner and Bladoner, 1981). Although the climatic conditions in Andalusia 
and Germany are quite different, the loss of mineral fertilizer-nitrogen as NIO measured 
in both regions agree reasonably well with values of 0.04-0.18% for Andalusia and 0.01 - 
038% for Germany (Comd et 01.. 1983). Based on these observations, it might be 
possible that the total loss of mineral fertilizer-nitrogen. as N1O does not strongly depend 
on the climatic conditions. This would mean that the values of 0.01-2% as proposed by 
Conrad er ul. (1983) for different types of mineral fertilizers, different application rates, 
and different forms of application may be representative for global conditions. In this 
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case. the total source strength of fertilizcrderived N@ would be in the range of 0.01s- 
2.2 Tg N,O-Nlyr for present conditions. 

Summing up. we receive a total N,O emixion of 45-7.7 Tg N1O-N/yr from un- 
fertilized and fertilized so&. Because of the limited data basis, the given figure is rather 
p r e l i m i i ,  but indicates that the  soilsmay provide 50% of the N 2 0  source rate presently 
estimated to be 8-15 Tg N,O-N/yr (Schmeltckopf etol.. 1977; J o h t o n  et al., 1979). 
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~ST'XODCCTIOS 

Thc possible impact of the increvcd usage of mineral ni- 
zogcn icrtilhers on the stratospheric ozone layer and on the 
; h t -  S s  attracted a great deal of scientific and public atten- 
am. It has been proposed that fcniluerderived N:0 may 
:."It in iln incrusc of tropospheric N,O. which in turn may be 
m imponant lactor in the datrunion of the stratospheric 
m n e  layer [Crucen. 1970. 1981: McElroy er d- 1976: Liu et 
h 1977 and in the Constmction ofa'-:nhouse eRccl'[Wang 
fld- 1976: Donne and Ramamuhmr 19801. An increase of the 
zopospheric N,O mixing ratio by approximately 0.2% per 
!nrwsrmntlyrcported by Weus[19811. whoattributedthis 
s c ~ c  to the anthropogenic N,O production by combustion 
dlarril fuel and ipplication of mineral fertilizer. As a mull of 
4 incrc?i:d uaqe of fossil fuel and mineral nitrogen fertilizcrs. 
~iurthcr increase of the N:0 mixing ratio in the atmosphere is 
Xcdicted The quantity of this increase can only be obtained if 
Vknow the N:O production that h cmsed by the application 

mineral lenilizer. This parameter is still subject to great 
khtc. Data published Y) far indiutc that N1O production 
Jler lrom mined fmilizer vary  between &IM) Tg N,O-N 
!r.' [.VcEiro.v et 01- 1977: I l d m  ond Junpz 1 9 q  and 0 . W  
12 Tg N:O-N y-' [Conrad ond Scilcr. 19801. This p p e r  
h t s  new data on the N:O IOU rate c a d  by application 
dminenl Icnilizer. and they coniinn the lover numkr.  
s:O .?ux lrom soil into the amosphcrc has m d i t i o d l y  

Y m k d  to denitrification processes [Gmcia  1975; D d .  
:*heend Bryan. 19763. Hen= earlier N,O loss rata c a d  by 
n'lkcr lppliution were calculated from dcnitrification rata 
r' the relative amounu of N,O to the other denitrification 
a*uN [Huhn and Junge. 19773. It is known. however. that 
>:o 1s only an intermediate in the denitrifiution proms 
:J"hm md Hollocher. 19773 so that only pan of the N,O is 
+ b u d  inlo the atmosphm. The r a t  is rcduad in the soil to ': the end product. The ratio of N:ON: Y products of 
hl"lhC:tion depends on soil mnronmental conditions e.& 

r c k s  potential conantrations of oxidizable carbon. 

orygen. nitrate, etc [Fochr. 1974: Blachcr and Brcmnn. 1978; 
Fireszone et al- 1979. 1980: Tew? and Tutr. IPSO: Ltc.v ct 01.. 
198Oa b. 1981: Betloch und Tirdjc. 1981]. Under anaerobic 
conditions. N,O may even act as the main electron acceptor for 
dcnitrifiwtion so that t h e  soils may even repmm: a sink for 
atmmpheric N,O [Blochrr ond Bremner. 19363. Reantly. i t  
h u  been shown that N:O h alro formed durinq nitrate dirrimi- 
lation by nondmitrifying miaoorpnism [Smirk 1982; Smith 
and Zimmrrmon. 19811 and during nitrification by N i t r e  
s o m o ~ u  [Yoshida ond A l e s d m .  1970: Ritchit and Nlchola  
1972: B l o c k  cr 01. 1980: Goreou et ai. 1980: Liprchvlc et d. 
19811. The lattcr procss was found lo be especially important 
for N,O evolution from well-aerated Soils [ B r m n e  and Black- 
mer. 1978. 1979. 1980. 19811 and lor the loss of fertilizer ni- 
troFn into the atmosphere as N20 [Conrad and Sciler. 1980: 
Breircnbeck et d. 1980: Srile and Conrd.  19Sln b]. At the 
momcnL it is impossible to evaluate the relative contribution of 
these proccrrcs to the total N:O CYOIYLion iron soils into the 
a tmmphnr  Therefore. it is also impossible to deduct reliable 
N20 10s ra ta  of fcnilucr nitrogen from the measurement of 
denitribtion or nitrification r a t a  

In order to obtain reliable figuro for the fcnilizcr-indud 
N,O emission into the atmaphere. the N,O evolution rates 
must k measured dirmly under field mnditioru. In the last few 
years. field studis have been undenaken by a number of inva- 
tigaton [.\IcKcrmq er 01.. 1980~ RFden nnd Lund. 1980: 
Rydm 1981: Breircnbeck rr 01. 1980: Bremnrr n 01. 1981a b; 
Cochran e: 4- 1981 ; .Wosier and Hvrchinron 1981 ; Mosie cz 
4.. 1981. 1982; Conrad and Srile. 1980: Scile and Conrad. 
198la]. N:O evolution rata  were generally obtained by plac- 
ing urnpiing den= randomly on farmland treated with min- 
e d  fmilizm Data obtained by this prmdure show a high 
variation of the N:O evolution r a m  which arc explained by 
the spatial variability resulting from inhomoqcncour soil con. 
ditionr u w d  by normal fanning practice. e.& plowing 
sowing lmilinng i m p t i n g  etc 

Thew problem are largely solved by restricting the trcilt- 
m e n s  to those Places where the umpling dcvim arc inslalled 
The data obtained at these p h m  arc then compared with those 
obtained at untrutcd controls [Conrad d Seiler. 1980: Seiler 
ond Conrad. 198101. This approach is certainly la close to the 
normal laming management 01 a field but has the advantage 
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TABLE 1. ChanctckticlolFicld Stximiand Soils 

Corn Fnctionr. ?iw 
- 

MPI 1 . M a i u  Lampnu 7J 7.6 LO 20 20 48 12 ' .  

MPI ? L m Z  7.3 4. I 2 6  IS IS S I  

LoSr 
CloYN " N p d h d  

that the measured N,O evolution rater can be directly corn. 
Iated to the typc of treatment. I t  iurther allows one 10 make 
sure that the spatial variability in N,O cvoluuon belwun h e  
experimental soil plots is insignifiant !or the interprelltion of 
the rnults. In addition, this approach allow the appliauon of 
an automatic devia to the continuous measurement o i  N20 
evolution rates This devicc providu more data during the 
observation pr iod and @ v u  better inlormation on the tempor- 
al variation 01 N,O evolution rates and allows the detection of 
diurnal variations and the correlation to soil temperature and 
soil moisture. This erpenmcnlal approach has been us& lor 
determining the loss rates of fenilizcr nitrogen into the atmos- 
phere as N,O: thuc are rcponcd in this pap r .  

EIPERIM~TAL 
The measurements were m-ed out in 1979-198 1 at diferent 

field sraiions n c u  YYnz Germsnv. The m a i m  characterhie of 

to the MPI Nai Planck lnslilurel that were covered b y ,  
gass lawn or by closer (Trijolium hybridurn). The 
mental site .UP1 I remJincd in is original stale: at MPI 1 
grass cower was removed during the observation period 
cutting all green panr short above the soil surface. 

Each field stauon consisted of several soil plots with UI 
o i  approrimatdy 8M) cm'. Each plot was  enclowd by a m. 
[angular stainless steel frame pressed into the soil 10 L dcplhd 
approrimatcly 10 cm. The physical structure of the soil i d  
the irame WY not inriucnad by this procedure. First IIIC+NR. 
ments were started at least I month alter installation of k 
frames. The soil suriacc tempcrrture was recorded by 
tempcrature probes liron-constntanl inserted into the soil lap 
proximately 3 to 5 mm dcpthl 01 the soil plot. Tat hulk sd 
moisture content lg H,O p r  100 g moist soil) oi  the u p p r  
IO-cm layer oi  the soil profile was determined graVimetw 
from soil samDles taken at the sunoundinc area that had k m  

~~ ~~~~ 

the field stations Y well as the pnnopal vhywaf and chemcal 
propentn 01 the sods arc summanzed In Table 1. The areas at 
tnc L n d u p d ~ n r s h u m m t  lLPSl were wcd intcnswclv lor 
agricultural purposes and managed m rowion by iarrmnq 

l r u l e a  In the same r a y  as thc erpcnmenlal sod plots. Daum 
ntnlall were provldcd by thc mcteorolopal smuon oi  Ibc 
Lmdnprianzemchuuamt ILPSI. These dam arc assumed t o k  
reprcyntatlcc lor dI field stattons IocJtrd wthin a distanceless 

sugar kl. white kef. barley. and white k r  During the 
uhcrratiun psriod. cbhc icid was piantcd with wnitc k r  i n e  
young plants had been removed belore the insLzllation of the 
sampling d e v i m  so that the soil wb( actually b m n .  Measure- 
menu o i  NIO evolution rater at natural. agnntlturally v n d  
a r m  were camcd out on a meadow (Finthen). which was kcpt 
under natural conditions except lor cutting [he g w  twice a 
year. Additions measurements were carried out on areas dose 

. .. than - 4 km irom b e  LPS station. 
tnc procedure lor atsconlmous determinations o i  the N,U 

erolution ratu has already k n  ducribcd in detail by C o d  
Md St i l e  [1980] and Srilrr and Cunrd [19Slo]. Using rbb 
technique. the soil plot was covered with a -& box (V  - 8 9 
which fit tightly into the stainless steel frame that had tun 
pressed into the soil. The ptvr bor was not shaded Gum 
sunlight during the experiment. The change of soil s u r h  
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,rmpcraturc inside the glass baa was identical to that ouuidc. 
jhrding the box generally uwed significant decrease of the 

soil surface lcmpernlurc relative 10 the ouuide soil sur. 
c , ~  tcmpcrature. particularly during sunny days. and thus may 
eoylt in unrypical soil temperature records. The glass box 
un ta i xd  a vent consisting of a glass coil (length - 20 cm. 
bncr diamcm = 3 mml to ensure equilibration o( the air pres- 

inside and outside the box. Gas ramplu I IO mll from inside 
hhc box were t a k a  by means of syringe at time i n r e d  of IO 
mn ~ f t e r  the observation pcriod of 1 hour. the c o w  was 
nmovcd exposing the soil plot IO natural conditions. Gener- 
dlv. one flux rate per plot and day WY measured in the 

Field cxpcrimcnu at the statioru were carried out by defined 
trmrnenu of t t e  soil plou. One plot was treated as control. 
The other plots were usd for the exprimenu studying the 
dependence of the N 2 0  flux rates on difercnt t y p r  and 
mounts offenilLtrs. on diKerent forms of application. and on 
the vegetation cover. The spatial variability in N:O evolution 
rates bctwecn the different soil plou was determined during the 
I to 2 weeks prior to the exprimenu. The spatial variability 
w insignilicanl compared to the cfect of ferrilivtion so that 
we could conduct h e  exprimenu without replicates. Lou 
rata of applied N fenilizer as NtO were determined by s u b  
tractins the N,O evolution rates determined for the control .~ . 

morning 19 to I I AM.1. Ocurionnlly. an additional mcsurc- 
mint was carried out in the afternoon ( I  10 3 P.M.: LPS. spring 
IOfOl. 

A kctier data base was obtained after an automatic device. 
illmrr~ted in Figure I and 1 k a m e  available. I n  this system 
UP to three soil plou were quipped with glass born (V - 8 I) 
which could he scaled on top with removable glvs covers 
!Figure 1L The glyr boxes were closed alternatively for a 
pcriod of approsimately I hour. which is necessary for the 
determinution of one N,O evolution rate. For the r u t  of the 
timc the glass bo= remained opcn to expose the soil surface to 
normal environmental conditions. The time scqucncc and the 
length of the observation period was given by an nutomatic 
riarr\vhich switched the removable dass covers. the valves. the 
ga$ iiramntograph. tic. Figure 2 illustrates the flow scheme of 
the air when the N:O evolution rates werc determined at two 
soil plots. At the beeinnins or the nuxucment prid box I is 

plot from those-determined for the fertilized plots. both integra- 
ted over the obrmation period. The observation period ended 
after the N 2 0  evolution rates observed at the fertilized plots 
h d  mchcd the value observed at the control plor 

Bnwd on a fertilizer application rare of 100 kg N ha-'. and 
arrvming a total observation period of 1 month the lowest 
detectable N,O 10s nte is 0.WI to 0.002% of the applied 
nitrogen. 

RESULTS ASD DISCL'SSIOS 

Field .\.fmurrmenrs o/.V,O Erolurion Rarer 
Resulu of measuremenu c a ~ e d  out in 1979-1991 at the 

different field stations neu blnint are shown in Figures 3-7. 
The figures show the temporal change of the N:O evolution 
ram obtsined at the individual soil plou during the obscrva- 
tion Mod and include the data on soil surface t e m m t u r e  

dosed and box 2 i s  own. During this time the air is taken from 
bar I by means ofa metal kllows pump at a constant flow rate 
010.2 I min-' and is recycled into the glass box. The airstrmm 
L paucd through a rdrigmnator ( -70'0 to remove the watcr 
rapor and subsequently i s  passed through the sampling loop 
11' - 7 mll of the p ~ r  chromatograph. A jas sample i s  injected 
into the gas chromatrograph IC0  once eve? 9 m i n  After 
measurement of seven consecutive sampler. corresponding to a 
Umt Interval of63 min. the GC is calibrated twice by opning 
53 and 5 4  supplying the GC wlth a calibration standard. 
Subsequently. the selenoid valve SI i s  closed. a d  52 is opened. 
During this operation mode the airstream passes through the 
Open box 2 so that the sampling loop i s  supplied with ambient 
air. Then. box 1 is opened and box  1 closed. A new sampling 
znd analyzing cycle staru with the first smple king injected 9 

alter the box has been closed. The whole system was tested 
nalarly for possible leakage by comparing the data obtained 
>la the automatic sampling systcm to those obtained from 
Un;lu taken simultaneously by syringes 

The air rampla were analyzed in a Perkin Elmer F12 gm 

soil moisturc content. and rainfall. 
R ior  Io u c h  cxperirnenr the N,O evolution of the individ- 

ual unmated soil plou of the experimental station had been 
dclennincd for 2 to 3 w e b .  The evolution rates of h e  un- 
fen i lk4  individual plou showed similar absolute valuu and 
similar trends with time. I n  none of the expcrimenu did the 
wlua diKer by more than a factor of 4. Thii observation 
mntradinr results published by Marthiu et d. [1980]. who 
found high spatial variabilities ofthc N,O evolution rata with 
values diRering by more than a factor of 100. So far. we have no 
caplanaiion for the different observatio.u. However. i t  is possi- 
ble that the low spatial variability observed at our field stations 
is due to panicularly homogeneous soil conditions. 

Alter application ofierulizer (100 kg ha"). a dramatic in- 
QCUC of the N:O evolution rater with maximum n l u u  a p  
proximately I to 2 days dler fertilivtion (Figures 4-7). was 
obsewed. An exuption was the experiment carried out at sta- 
tion LPS in ApriL.May 1980 (Figure ll. In this w the maxi- 
mum was delayed by 5 days. most probably beuw of b e  
sacific soil conditions during the eiarimenr with rclauvclv - 

Chrornatomph q w p p d  wth a "NI clenron capture detector 
and a stainless steel separation column tlcngth 4 m: dtameter. 

low sari tempcrawre and so11 nomure contenL 
The clc\rted N.0 evoluuon rates wrsuted over a wnod of 

3.175 mm) filed with Porapac N. The time for one analyric was 
6'rnin. lnterlerenm by CO: were avoided by passing the air 
llmple through Natron astestor which ream quantitatively 
vlrh CO, but d w  not change the N,O content of the sample. 

The N,O evolution rate is calculated by using the slope of 
the temporal N1O increase within the dosed bor. With N20 
meawrements ofOS to I.,i precision at the 300 ppbv IeveL an 
Increw or the N20 mixing ratio inside the g l u  box of IS to 3 
PPbv N,O. corresponding to N:O evolution r a i n  of02  to 0.J 
Up b4:O-Y m-' h-'. could be determined. The automatic 
SYslem allowed the detcrmmation of one N 2 0  evolution rate 
every 1.5 hours. Using two. soil plots. a scmicontinuous 
~ururcmcnrofN:Ocvolution ratn with a resolution timeof3 
hours for sach plot is possible. 

m r d  days and b d l y  ruched the.background RIA of the 
unlmilizcd control again. The N,O evolution ratu oftm 
s h o d  a wmnd maximum uith lower absolute valuer when 
Ihe soil moisture was increased by huvy rainfall (Figures 4 and 
3l Funher rainiall did not causc any significant chanqe of the 
N20 evolution rate 1c.g. Figure 4L Apparently. i f  that time, the 
fcrrilircr was already dcplctd in the upper sail layers. where 
m a t  of the N,O emitted into the atmosphere is producd 
[Sciln and C o d .  19SluI. In deeper soil l a y m  the fenilizcr- 
induad N:O production may still have continued or may even 
hare been enhanced hy the additional nitrogen washed down 
from the surface. The N,O produced in thoie dccpcr layers. 
however. may not reach the itmospherc because of N 2 0  con- 
sumption ructions In the uppcr soil layers. This conclusion is  
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in a p u m e n i  with long-term measurements by Sriln a d  
Conrad [19Sla]. which showed the highest N,O miring ratios 
in deeper layers o l  lenilized soil after the N,O evolution rats 
at the surface had already returned to background ratu. 

lnpucnce of Soil Tqxrarure  on N 2 0  Ecdvri~n 

changing soil temperature profile. W e  have to m u m e  th.t&' 
diRercnm in observations reported by Blaclvnrr et 01. [ig8]' 
from those reportcd by us or by D e m e d  er 41. [I9791 a 
to d i K m m  in soil conditions. 

Diurnal variations ofN,O evolution ratu were obsmed 00 

unfertilized as well as lertilizcd soil plots. Howewr. the amp6 

%!F 
,.: 

The N.0 evolution ratu were deemdent om the roil t t m m -  ~ ~ ~~~ 

aturu. Figure 3 shows N,O evolution ntu obwned in spring 
when roil tcmpcraturu varied considerably tecauw ofthe rap 
idly changing weather situation. Although only two mesure- 
mmts were carried out pcr day. one clearly rccoqnim a strong 
positive corrclntion k twc tn  the soil t n ~ c n t u r e  and the N,O 
evolution rats .  Sometimu. the afternoon values exaedcd the 
morning valus by a factor of 10 whm the roil tmpnature 
incrcared from 9 to W C .  

l-ne dam obtained by the automatic technique dnorutraEd 
the existence ora diurnal rhyhm ofthe N:Ocvolution(Figum 
5-7). which coincided with the diurnal variation ol  the soil 
surface temperature. The maximum rates were g e n d l y  ob. 
sewed at 3 to 4 P.M. and the minimum rates in the a r l y  
morning at approximately 6 A.M. h was no time lag be- 
tween the maximum and minimum ratu of N20 evolution, and 
the maximum and minimum soil trmperaturcr merruml in 3 to 
5 mm depth. indicating that most of the emitted N,O was 
produced in the uppermost soil layers. O t h e d  N,O evolu. 
tion rates should be behind the measured soil tempmt- 
since the temperature maxima and minima mi propesrively 
later with inmasing roil dcpth. Our observations ye in aver- 
mmi  with those reponed by Dcnmcad 119791 and Dcnmcnd er 
d [1979]. who found similar diurnal variations on a lmilized 
p m  sward. Our rKUlls arc not in agermenr however. with 
most o l  the obrewadoru recently rcponed by B l a c k  01. 
119821. T h u e  authors observed diurnal c h m g s  in N,O cvolu- 
don that were not in phase with the soil tempcrature mururcd 
in 2 an depth but were 2 to I?  houls behind Thcv concluded 

i * a 
17 21 25 29 3 7 11 1 
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! >> 
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that most o l  the emitted N:O was produced in soil layers 
signifiuntly low- than 2 cm dcpth and proposed that the 
diurnal N,O emission paticrns should be attributed to diurnal 
changes in the solubility Of N:O in soil water u u w d  by the 

Fig I. N,O evolution nm 0- an r m i l i  and u d d  
lmn,ml, wil plou ~, Ihc 
a .4wu w~Ution 
r p p l i e d m r ~ d ~ t o i h c ~ m o u n ! o l n i ~ ~ l l o b v m d o n r h u d . ) r ~  

,w,ion 
or tw k8 N h.-l. nc mount ord.., 
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w m  gcnerdly higher on fcnilized than on unfertilized 
Jil Our mcYuremenu indiutc that the amplitude of the 
yvml variation WL( idso influenced by the prescna 01 a 
t,Nt2tion COVK. The amplitudes were rehtinly small on the 
%id plot with dew gnu vegcmion. but in- consider. 
,bi? dtcr the gnu bun cut (Figurer 5 and 6). Sina  the 

of p s s  had no rigniliant i n E u e ~  on the amplitude 
j ~ i l  t m p c ~ t u r e  mcasurrd in 3 10 5 mm depth we assume 
.b t  most of the N:O emitted into the atmosphere mwt haw 
Jnginared from the u p p s n n ~ t  soil layer. w h m  the solar mdi- 
,con may have created a higher amplitude of tempenlure 
~ m p c  after the vegetation cowr had been removed. Other 
:&nations wuld be the altered exchange rate of N,O at the 
*d air inrerfacc the altered soil water s t a t u  aKecting N,O 
pduction. Y well as tcmpcnture-induced changa in d u .  
dit? cf N:O or dim influmcw 01 vegetation’s membolisrn on 
3:O production 

The amvation energy E. of the N:0 evolution pr- is 
d d r r e d  by uing the logarithmic form of a modified A n h e  
i u s  quation in which the reaction rate k is replaced by the 
3:O evoluuon rate c. ruuming a m w r d e r  pr-s: 

E.  I I n o -  ---+const. R T  
me xnal-is 01 the data obtained during the smimniinuou 
a a u r m e n r r  of the N:O evolution mtes (Figures 5-7) in ha  
demonstrated the linear correlation k t w m  In c and l/T lor 
nost olthc days (Table ZL In Figure 9 an example of h e  N:O 
solution rata and soil lempc~~lurer obwned On September 4. 
1981. on a soil plot fertilized with hXiH,CI shows an activation 
m r g y  lor N20 evolution of E. - 76 U mol-‘. The linur 
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fib 5. N,O emluiion nlcI o M e d  .I 6dd miion MPI Z d n p  
Ik ~ulomaiic Ympting and anal- s p t m  The roil ptou w m  c o c  
d with ylu. NH.O was applied u sduuon ai a ntc of 100 kp N 
l u - 0 .  

correlation belwccn In D and IiT has been found for each of the 
soil plorr independently olthe fcnilintion or the type of ferrili- 
pr. This mul l  indiates that the diurnal patterns 01 N,O 
evolution were mainly due to Ihe temperature-induced changes 
in N,O production rather than to the tempemcure-induad 
Chmm in solubility of N20 in soil water as proposed by 
B l o c k  ef of. [19SZ]. In the latter QX the N,O evolution 
ratu should k d i d !  proportional to soil temperature and 
should not follow the Arrheniu correlation 

Table 2 summarim the mean values of the activation mer- 
gia determined for the individual days with significant corre- 
lation. Although diKnsnt types of fenilirer had bern used the 
mean values olthe activation energies (61 10 76 kJ mol-‘) agrcc 
reasonably well and are similar to the values (76-83 W mol-’) 
d ~ h t e d  from Q,o values reponed by Dcmcnrl er d. [19?9]. 
The individual activation magies, however. show high vari- 
ations indicated by the l a r p  smdard  deviations summarind 
in the krt  column 01 Table 2 In fw the activation energies 
sometimu changed from day to day, wwring a range ktwccn 
20 and 150 U mol-‘. It is interuting that this r a n k  is similar 
to the range Of activation energies I28 to 166 W mol-‘) rcport- 
ed lor microbial dmitrification and nitrification rFochr and 

.i... . ,,I ,.: \... 
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Fis 6. N:O wolution ram obwrvcd ai field nation &IPI 2 uins 
the automatic umplins and analyL s p i m  A h a  hnishing the cxpm- 
mmis s h o w  in Figure I. the g w  YZI m a v c d  by wiling the r ldkr  
just above the soil surface and keeping it rhan subuqumity. Thm the 
crpcnmcnii show in Figurn 5 WSR rcpnted 

duction acuvirin in the individual soil layers change with time. 
resulting in a change of their relative contribution IO the overall 
N,O evolution into the atmospherc. S i n a  the amplitude ol the 
diurnal changes in soil tempenlure decreases with inmaring 
soil depth rhc e a m l a k n  nC ?ht ?.':C e~=k<=: :::= .;%j 5;;: 

temperatures mruured in i n m v i n g  soil depths would rault in 
increasing activation energies. I f  we assume a C O N ~ ~ I  ac- 
tivation energy lor the microbial N,O production promses in 
all soil layers. the observed variations in the activation enngin 
for N,O evolution would reflea the variations in the relative 
contribution of different soil hyeo to the N,O evolution. Thic 
conclusion It only valid howcm. when the changes of micro- 
bial activity occurred in the upper few m t i m c t m  of the soil 
profile. sina otherwise N,O evolution nicI would not hare 
been in phase with the soil temperature. 

The strong dependen? of the 3:O evolution rata on soil 
temperature dearly demonstrates that reliable 3,O IOU rata 
caused by mineral fertilizer application can only be detnmiacd 
by repeated measurements p r  day. Bitmates of N,O evolu- 
lion ra ta b u d  on single measurements p r  day may diKer by 
more than I order of magnitude from the actual value. 

Inpvrncr oJSoil .Uoisrurc on N,D Eeoluiion 
N20 evolution was influenced by raidall This influena can 

be rtcognucd from Figures 4.5.6. and 1, showing coincidences 
Of rain with elevated N,O evolution rates T?%s is panicuhrly 
true for Ihe fenilkcd roils. where the in- roil mobturc 
content stimulated the N:O production at times when the rain 
had already decreased toward backgound values. n e  uim 
of stimulation demvcd su6~l l ive lv  from rainfall to ~ n f a l l  
(Figure 4). approaching the conditions observed on unfertilized 
roil plots 

b.r The infxnce of rain is vcry pronounad dtn rclativcly 

ow periods of dryness Under t h a t  conditions. even smail un 
ofmin (Scptembcr 7 and IO. 1981. Fieurc 6) that did not ~ 

I d  
any significant increase ol the avenge soil moirtvre con- 
thc u p p r  10 on ofthc soil prorile resulted in a s t i m u i n ~ o a ~  

& NIO production Thb observation again indicata th 
-F+ac 

pmccuer inducing the evoluti'on 01 N:O into the a m  
must be l w t c d  in the upprmost soil layers [Seiln ~d c 

Figure 9 illustrates the influence ol the roil moisture mak 
on  be N:O evolution rates at an unfcnitircd moil p l o ~  la 
figure. the avnage daily N:0 evolution nta are p h  
against the soil moisture contenu determined within the 
IO cm of the soil profile Each daw point is n o r m a l i  lo, 
constant average daily roil tempmature of 20°C by &nl & 
Arrheniu mnelation. The data were obwined from & 
measuremcnU at the control plot ol the field station Mpi 2 
(compare Figvm 5-71 before and after m o v a l  of the 
cover. The soil moisture contenu ranged b c t w m  8 and 22% (r 
H1O p r  IW g moist will. Within this range the N,O e v o l ~ h  
ra ta incrcved dramatically with inmaring Soil moisturr 
roil moisture content of20?. the X,O evolution rat5 w m  )a 
10 "ma hipher than at a soil mouture contenl of 10%. 

lure mntenu w e n  observed at other unferlilhed control pi& 
At present the daw bare u too small to calculate a qun"utiw 
relation beiwrrn the N:O evolution rain and the soil moism 
contents. However. our results support the observatiom d r  
positive correlation b e t w m  N:O cvolution. rainfall and loa 
moisture [Denmead ri d- 1979: R&n -urd Luul. 1980: M& 
MdHurrhinron. l98l:.Vosinrrd- 1981: Tmynd.l981]. 
The cKm ol rainfall and increased soil moisture on N,O 

evolution may be due to several c a w :  The moistening o f d  
may incrcve the activity ol soil micrwrpJnLm [ W i h n  ad 
Griitk 19753: i t  may also increase their population d t r d y  
[ l m d  -4 Gck:y.?. !?a?::. ?e z.=z:z z z y  % G-? 
imponant after long periods of dryness. The i n d  d, 

1981~1. ,-4 

Similar correlations of N,O evolution rates with roil 

F-22 



I-. 

!in the Y- 

suanubtirr 
m o u r n  
ons orr 

cc 

2.6 

-- 2.L 

22 

- " 
z 
i 

: 2.0 
m 
- 1.8 

- 1.6 

1.1 

- - 
> 
C 

Arrhenius 
correlo t ion 
r = -0.99 
Ea= 76 kJ mol-' \ 

fertil ized 
1 Sep 1981 

.8 31.0 31.2 31.1 31.6 31.8 

l/T [ O K 1  x lo-' 

for N,O produnion under field conditions. This mnduion  is 
consistent G;I the rnu lu  of laboratory erpcrimenu by Erem 
ncrond Elnchn[1978.1979.1980.1981]. 

Only in one of our exprimenu the nitrate-indud N20 loss 
rates \yere comparable to the ammonium-induscd N20 loss 
rates (Table 3). This experiment war carried out at the field 
station Finthcn on a loess soil that had a small air-6lled poros- 
ity (Table 1) and was covered by a d e w  grass layer. Hence. 
there b the possibility that this panicuh soil might have 
contained a relatively high number of anaerobic minosites 
caused by poor soil rcration favoring the deniuificauve N,O 
production trom nitrate 

The influenu of the anion of the ammonium fertilizer on 
N20 evolution was tested in an erperimcnt carried out at field 
station MPI L One soil plot war treated with ammonium 
chloride and another with ammonium sulfate. The experiment 
was then repcatcd but the first plot was treated with ammon- 
ium sulfate and the second with ammonium chloridr The N,O 
evolution rates observed at the fertilized soil plou were almost 
identical. showing that ammonium-induad N,O evolution 
rates were not ~ K e c t e d  by the counter anion. This erpriment 
again showed that there was no significant differma in the 
pattern of NIO evolution ktrcen the two soil plou that could 
bc attributed to spatially nonhomogeneous roil conditionr in 

El. 8 ,  .Arrhenius ConCLliiun of the N p  e101~11un miel IYI and the wit our exprimcnr 

InJiurncr of .Applicntion Fwm and Amouu of 
iunasc l e m ~ ~ m u r ~  In. The J11a w uLcn imm Figure 6. 

moisture content may also stimulate the availability of dis- 
ioked nutrimu by their tnnrpon to other soil sites. The 
xdabil ity of oxidizable orgsnic matter. and of nitmic b im- 
pmnt for denitrification: the availability of ammonium is 
inpanant for ni t r ib t ion.  The mobihtion of nutricnu by soil 
rater may also cause an inn& mpint ion rate of the hot- 
nntrophic microbial R o n  thaL in turn may result in a re- 

Fmiliter on :V:O Erolurion 

The N:O evolution ntcr were strongJy dependent on the 
lomu of application of the fmilircr. This d-dmq is shown 
in figure 4. which illustrates the mulu obtained by upcri- 
mmu using mmonium chloride Y feniliiar. The ammonium 
salt WY applied ( 1 )  Y aqumus solution poured onto the soil 
surf- (2) as powder distributed onto the soil surlasc h t  had 

dunion of the oxygen concenrntion in soiL Furthermore, the 
hnesed soil moisture content hmdm the diffusion of oxygen 
into :he roil. so that soil microsits with a small supply of 
0 - y ~  m y  dcvclop. tinder thw conditions. N:O produmion 
by denitrification i ~ (  well as by nitrification is stimulated (for 
k u s s i o n  scc Sder und Conrad [1981b]). 

&encr 01 Ferrilixr Type on .V:O Erolurion 

During our field expcrimcnu. we always observed that the 
Y:O evolution rata w m  strongly dcpndent on the type of 
Xiirogsn feniiircr. Application of niwatc usually caused sipnifi- 
M t I y  l o r n  N,O evolution r a t s  than application of ammon- 
iUm. althoqh the temporal variations were similu (Figurcs 3. 
6. ana 3. This observation is in agmment with earlier obscm- 
bans [Conrad and Seilrr. 1980; Brrirmbrck cr d- 19801 and 
h v s  that n i t ~ u t i o n  of ammonium is an imponant proccu 

bccn moistened before fenilkation and 13) as powder worked 
into the u p p r  10 cm of the soil that had bccn moisuned beforc 
Case ( I )  repmenu the form of application used by us lor the 
rest of the exprimenu. In  each use we o b m e d  a vmporal 
variation of N:0 evolution rates with maximurn values 1 days 
after application. However. the absolute valucr me signifi- 
u n t l y  differenr with both the highest N,O cvolution ram (3) 
and the lowest values for form of application (2). Most intemt- 
ingly. a wmnd maximum had k n  observed approximately 10 
days after fcnilizauon during a rainy period of several days. 
and mnwqumlly innevcd soil moisture conlcnu. Sur- 
prisingly. however. the m n d  maximum was only o b m e d  for 
application forms I L) and 13). but not for 111. when the f m i l i r  
had ban dictributed as powder onto the roil surfact In lhir 
case a significant portion of the applied ammonium fertilizer 
w prhaps l o s t ~ a  result of", volatilization 

TABLE L Com(ltion of N ,O Evolutia Ram Wilh bi Tnnpntum br the Arrhmiur Eowuon 

Toul Dap With 
Days Wilh Signifmnl M a n  V ~ U L  Sundud 

%il Conditiotu Semimntinueus Combtion of E, DCIUtion 
SIP1 Z 1911 Records P < 0.05 w mol" W mol-' 

UnTCnillZCd 63 37 ( 5 9 W  16 35 
IJuly-Oc~obcr~ 

Frnilkd with N H S I  28 174Y.l 61 36 
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Fib 9. In~~ao~ih*wilmolnuremnlrnlontheN,Oevolutioo 
nt- The data pinu fcprcscnt amaage dul! N.0 crdution nlc~ 
obvncd at the unimilizcd mnlml plot of field ruioa MPI 2 IFipum, 
S-71. The  values l u r e  ban normdid to L mmmt .map soil 
surlna I ~ ~ I Y R  0flO'C by uing the Arrbrnivr Forrelatien 

T h e  N,O evolution r a t a  were aL0 influenced by the mount 
of fertilizer applied Applicstion of innearing amounu of 
NH.CI resulted in increasing N1O evolution r a t a  but the 
change in N:O erolution rates with time was rimilnr inr G! 
fertilizer applicstion ntes. A .positive correlation between 

I9Oi]. Similrr rnu1~1 were rcporied for the d c n i t r i h t i ~  N , ~  
production from nitrate [BI .cher  and Brcmnrr. 1978; F~ 
XON et 01. 1979. 1980: Tmy ami T a t .  1980: Irtey 
198(h]. Therefow one should assume that N:O evolution ny 
would be correlated to the wncentration of ammonium . 
or nitrate in the soil. To date. however. field mcau- 
bars not r c d e d  any significant correlation k t m .  ~ , p  
evolution nia and simultanmuly mezsured nitrate. n i h h s  
ammonium concentrations (Mosin Md Hurchinron C1981~p 
Htincms)m. p o n d  communication 19821 We r u g g a  
&e e R m  offmiiizcr nitrogen on N,O evolution is e x m i  
s d  roil miaositcs in the upprmost soil layer: t h e  sib & 
not analvnd appropriately for their actual mnantratim d 
mined nitrogm whcn bulk sanplcs of the u p p r  a n r i m c m d  
the soil proae  arc taken for the analysis. 

Loss Rnru of Fnrili-n Ninogrn a~ N,O 
The previous chapters showed that N:0 evolution a 

maease after mineral fertilizers have k e n  &ppI id  so thm b 
no doubt that appliation of mineral fertilizers rcpr-w 
souroc of atmospheric N,O. The soura  strength and thus tk 
impln of mineral fenilizers on the global N,O budget c a n o e  
be d c u l s e d  if the loss r a m  of fertilhcr nitroqen as N,O 
relative IO the total amount ofspplied fcrtilher is know. T k  
Imr m u  are obtained by subIracling the total amount P o d  
N20-N emitted from the'unfertilkd soil plot from rhr 
amount P, which has been obtained ~imultaneouly from Ibc 
fmiW soil plot and dividing this figure by the total mourn 
M of the ~ppl ied f e n i l i  n i t ropn  Le., 

p ,  - P o  L-- 
.U 

Valuu for P, and Po arc obllincd by integrating the NxO 
evolution ratu observed during a period of 20 10 50 days 
Ied+.i~.=. C.: :=* z~sisiiiiirir +xivi &cin L n w  au 
c o w  dl N,O evolution e m u  caused bv the ferlibOO~L h 

.. 
~. 

.. . 
. .  

.~ 

amount orfcnllizer applied and N:O evolutton rates has u o  
been reponea by VcKrnnc,v ct ul. 11978: 198001 for .VH,NO, 
and bv Cochran t r  01. 11981 I for mnyarous nmmonsa. 

%St probably. the Inducna of amount and fora of appli- 
cation of fertlllrn IS bawd on 1 0 4  conuntrauons of mined 
mtrogen at soil mtcroslla. Labontoy experimcnu did show 
an inlhence of the COnUnMUOn or mmonlum on *e (u- 

uifuatlve NxO producuon [ B m w r  ami B~OC*NI. 1980. 

depnoent on the t y p  of soil an0 the metmrolosid oop 
&nom CYC w u  taken that the elevated N:O emtsston rated 
the fcnilizcC0 soil plot had returnca IO the background nrad 
the unlenihnd wntrol plor Our obrcnntions did not p-" 
a reasonable argument lor s long-term mflucnce of l e y  
on N,O evoluuon from soil+ In none of our eapnmenIS 
we o h e  kcrasing background r a m  L( a raul l  of rcpc.trd 
apphation of r m n d  fcmlinr. Therefore. wc may assume 

TABLE I. Inllm~cofT*poiFrmluoon tbcToW LmrolFrmlun S i w o p  Y 21,O 

L a 5  R.lS x or 21 tpp1rcd 
F d m  Appiicd s Soluuon 

Im k8 N hs- '  

- 

Fvld Expnmmi NlNO, ".CI 

Finthea Sep:On 1979 
LPS. AptJMay 1980 
LPS. Aug 1980 
MPI I. 

MPI 1. gnu. 

MPI 1. dorcr. 

%PSCl.  1979 

Aug 1981 

AYL 1981 

a071 

am7 
0.018 

0.071 

ami 

0.053 
0.153 
0216 
0025 

a376 

O.Ct.5 

i 

. .  -.*  .. . 
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.ryr ecld measurements u n i e d  out Over lime periods up Io 33 
J,!s covered [he i o u l  IOU 01 fertilizer nitrogen as N:O from 

Table 3 s u m m a d  the N20 loss rates oblnined at the 
s f t p n r  field stations lor nitrate and ammonium lcnilirn lp 
piid JS aqueous solution. The N:0 IOU rates ranged beween 
~ 0 0 1  and 0.073?$ for Ntnte  and ktween 0.009 and 0.376% for 
m o n i u m  f e n i l i c n  Higher IOU rates (0.94W were only ob- 
-d when ammonium IeNlirer had been applied as powder 
,,,,j worked into the soil (Figure 5). In convut.  the IOU rates 

only 0.15% when the ammonium had been distributed as 
onto the soil surface. The loss rates m e  not sipifi- 

dn t~y  infiuenccd by diKemt amounts (50. 100. and ?W kg N 
h 3 - l )  01 ammonium fcnilizer being applied (Fipre 61 The 
> 2 ~ ~ c 1  Sven in thu paper agree v e n  well with thow reponed 
by ~ t m ~ ~ a d  et nl. [1979]. Brciicnbcck cr 01. [1980]. Conrad Md 
5,iilr [1980]. Mosin Md Hurchinron [198l]. Mosw ct d. 
[1951.198?1. .UcKcnnc?cr nl. [19800]. and R.vdm[1981]. who 
found valves ranging between 0.WI and 1.67?L. Higher 10s 
mm were only reponed lor some individual CDYI. rg after 
f c n i b t i o n  with anhydrous ammonia [Brcmnn n 01. 198Ial. 
for manure-treated fields [Rokton ti 01.. 19781. and for heavily 
irrigated and fertilized land [Rgdrn and Lund. 19801; thew 
nts howvcver. do not contribute sipnifiunlly to the o v d l  
u,O rei-. Therefore. we assume an N,O loss rate from 
fmilic nitrogen 010.01 to 2 O s i  to be representative olqlobal 
mnditions. 

.Additional N:O may be formed lrom the lraction of mineral 
Imiiizcr leached from the field into the groundwater or into 
surface Iruhwater ecosystm. w h m  [he fcniliocr Nlrogcn 
muld a-@n induce illl N1O &ion into the atmosphm 
Lhrimeter experiments using "N as a tracer indiatt that the 
IOU of l cn i lk r  nitro-- by leaching ranges k l w m  0.4 and 
j.Vi [V6mlmd E u m .  198l].It has been shown that ground- 
u z m  and lruhwater may be substantially supersaturated with 
S:O [Kuplnn ti aL 1978: Lemon and Lemon, 19811. Howenr. 
it :emaim u n c m i n  which Iracxion 01 the observed dissolved 
S:O is  due to seepage l e n i l i r  or due 10 N:O production 
during the natural cycle of nitrogen in Iruhwater e m s ~ t e m s  
[KnowJcx CI el- 1951: Vinrcnt et d. 19811. 11 we assume that 
he N1O loss rate 01 the Iuched lertililcr nitrogen corresponds 
10 the values observed at  fertilized fields. the total IOU rate of 
~milizcr N s N,O would be as low as 0.01 to 4.0%. 

Using this figure and the annual lenilizcr produrnion rate 01 
IS Tg N y- '  (valus for 1980. UN Statistical Yurbaokl the 
l O U l  rourssttrenglh olfertilirnderived N 2 0  amountst0 0.005 
10 L1 Tg X:O-N yr-'. This range is considerably lower than 
Bat of 6 to 100 Tg N,O-N yr-', obtained from culier ati- 
mat~[ .WcElropnol  1977:HahnMdJlungc. 19n].andis& 
k low a recent esrimrte 0113 to 3.0 Tg N,O-N y- '  [Weirs 
19811. which is brwd on theoretical calculations and the obser- 
'Uion olan in- olthe tropospheric N,O miringntio. 

Following the gcnenl assumption of a steady increase 01 the 
mineral lenilizer production up to a value 01 203 Tg N in the 
?a ?OX. we have to a s u m c  a qlobal production of 
k v e d  N,O 010.02 to 8 Tg N,O-N in the year I)o. This 
%auld contribute up  to approximately l I O %  of h e  global 
QauraI N,O budget. which is approximately 7 to 2018 N:O- 

?r-' [Crurzcn 19831, and therelore. may have some impact 
stratospheric ozone and on the climate. However. we have 

lo m p h a s k  that the figures 01 the fcnilizcr-induccd NIO 
mission are still uncenain particularly b u w  the expen. 
M U  have been limited to developed and industrialized 
r'untnes louted in the higher latitudes. Howenr. there is a 

thc Soil. 
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REFERENCES 7 AND 8. ASSOCIATED HAND CALCULATIONS, 
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TECHNICAL R E P O R T S  

Atmospheric Dispersion of Ammonia During Application of Anhydrous Ammonia Fertilizer' 

0. T. DENSMEAD. J .  R. FRENEY. AND J .  R. SIMPSON' 

perrim from line IOU-. 10 pndio XH, ronnnlmliom in the .it .I 
Iht donwind edge of I h i  field. The pndlCII~ns am rompwed (lllh 

Dmmead. 0. T.. J. R. Frmry. and J .  R. Simpron. 1982. Atmoiphcric 
dismrrian of ammonia during application of anhydrous ammonia 
fmilizcr. J.  Environ. Qual. I1:568-572. 

There is oficn a need IO predict the aerial spread of 
hazardous chemicals released during applications of 
pesticides. herbicides. or fcr~ilizers. In many cases the 
malerial is applied in rows or bands by.continuous- 
applicator traverses. One such operation is the injection 
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into t h c  soil of anhydrous ammonia (NH,) fertilizer. 
which rcsu11s in the liberation of NH, gas to the almos- 
phcre. Besides constituting a direct health hazard. NH, 
is involved in thc formation of aerosols affecting health. 
visibility, corrosion. and precipitation processes and 
may contribute to N cnrichment of water bodies 
(Hutchinson and Viets. 1969). In this paper. we report 
on the atmospheric dispersion of NH, gas during the in- 
jection of anhydrous NH, when the operation was pro- 
ceeding at various distances up to 600 m away from the 
measuring point. and present a model for predicting 
NH, concentrations in thc air at the downwind edge of 
the ficld. The model combines the dynamics of the emis- 
sion process with existing micrometeorological theory 
for diffusion from line sources. 

In usual practice. anhydrous NH, is injected in bands 
in the soil at a depth of 10-15 cm. The liquid boils and 
some NH, gas escapes 10 the atmosphere through the 
injection slits and soil cracks. This emission continues at 
a decrcasing rate for some time after the initial injection 
(Denmead et ai.. 1977). 

The emission pattern can thus be expected to have 
characteristics of both a moving. ground-level point- 
source. and a continuous, ground-level line-source. the 

I~~C.IOU~CC of infinitr cximi. oni i i~ng Condnuously at I stud? m e .  
Both haw based their MllyIes on p w c r - b  Profile8 for the rarialian 
of wind r p d  and eddy diffuriritr u i ih height. Yil.. 

Wzl - Y ,  tr/:.)" and 121 

K(z1 = K. (d:,)". 131 

whnru,andK, ~ r r t h r v ~ l u n o f E ~ n d K ~ t ~ r c f c r c n r r h ~ g h t . : , . F o r  
convenience. 2, m y  k YI at unit height above the ground in our 
cuc. at I nn. The o n p i r i d  constmii m and n are related to the ana. 
dynamic roughnerJ of the surface M d  the t h m d  stabilily of ihc 81- 

Throughout the papn we freqvrntly ref- to umosphcric stability. 

i 

mosphnc(Ca1dn. 1919). 

which we haw rpn l i ed  by the Richardron numbn. Ri: I ui = r/z(aT/az + ,)/(awaz)'. 

what 8 is thc accclcnuon due to gravity. Pk the m a  absolute 
lempnat~re. and 7 lhe adiabatic l a w  rate. Sullon (1953) BIM a de- 
scription of the thearnica1 buir of the Richrdron numbn. but in 
short. it provides a m a s  for rptcifying the rclaiivc effects of 
buoyancy M d  wind s h w  on Yemica1 diffusion. A negative Ri denota 
an unrublc atmolphae. which urvally o~un in daylimc xhm I h c  
mtchanicrl turbulmoc of the wind is aumrnted by bYoyMcy form. 
A posiiive Ri. denoting I stable atmorphat. i s  clunctefinir of Ihr 
nighttime. when the ton-ture invmion supprusu mcchlnid wr. 
bulcasc. Condiuonr PIC usually defined u nur-narull when lRil < 

former model accounting for crosswind dispcrsion as- 
sociated with thc initial NH, release and the latter for 
the downwind diffusion from rhe continuous line 

influence on the conccntrations at the downwind edge as 

aboutO.O'. 

Ofthcwind p,~ORIC ncUIhcipound, Funhmorc. ifthc crpmmrn,d 
hewind p,afilc dl be weUalsblirhed ,,,d 

icldlothcilmaiifi~tionrhatn - 1.m. o m < I: hmrr. 

I A i  will be shorn lam. Eq. 121 can provide a very good description 

I,rEcMd 
SOUrCCS. The linC-SOUrCC releases Wil l  have an increasing the rhuring nrar will be COIUWI wilh hdghl (Cddn. 1949). which 

the treatcd area grows: we have therefore chosen t; ex- 
amine the dispersion of NH, in terms of the simpler line- 

W d o ' r  and Sutton'r solution for the mncenintion distribution 
froma ringiriinc-rourrrofrtrmph. p. dongx - 2 - 0 har the form 

source solutions. bearing in mind that the analysis is 
likely 10 be less appropriate for the C a r l Y  Stages of the  in- 
iection oocration. 

METHODS 

2.24 m at I point on the dovnrind edge oflhc field. midway dong thc b' 
track Ofthe amlialor. Wind dircnimr w m a k o  recorded. 

Theoretical 
The equation dcsmbing rrcady-state atmOiphCric diffusion in two 

dimrnrionr is 

111 

" 
T ~ d ~ h t e K .  a low-lnel drag cafficirnt. C:. warrnimated from 

Ihr m near-ncucrd wind profiles lollomng the procedure of Ducan 
and Svinbank (1958). This mcfficieni was then used in ronjunnion 
with thc wind s m d  ai 0.31 m to calculate K.  lor u c h  sampling pr iod 
from the relationship 

K , = C  ..,, : , E  ,_,, '/mu, 
For this lite. C..,, had an IYLT~IC P ~ Y L  010.0127. 

A i  noicd in the inIradunion. NH, Cmission Conlinuu at 1 dcrrcar. 
inp rate for some time after injcction (Denmead LI ai.. 1977). An 
M l l Y I i l  of the early SIP~CI 01 the CaPCrimCnl indicated that emission 
continued for about 2 h. The total nnission was CquivaICn! to 1.2 ks 
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",/ha and the inrtmmcour emission rate. q. FU d e m i t 4  by the 
equation 

.?(I) - q.cXP1-w. 161 

whnr I is time (I). q. i s  Ihc initial m e  ( = 37.0 pg NH, m-' P), and A 
is s ralc C O D I ~ P ~ I  ( = 6.1 x 10- I-'). ' h h r  time ~ 0 n m n 1  of the decay 
w.5 26 min. Panicular valun of and A depend on how strongly 
NHI irabrorbrd bythirDiiandihcnarvrrofihcrrr.pecp.lh fromthe 
sile of injrnion IO the soil surface. They un thus bc expected to vary 
from soil Io soil and with the method of injcnion. 

Since anc l n v e r i ~  of the appiic.4Lor required 1- min. the average 
conccntrationr measured at Ihc downwind edge of thc field during 
each  ampl ling period were innucncrd b? misrims from several u p  
wind sourcei located at diffncnt dir lanm from Ihe edge and mnting 
at various rater. depending on ihtir l ima  of inicnion. To anll?zzc the 
data. wc iherclorc added the s ~ p ~ l l t  ~olurionr gi,cn by Eq. (51 for 

U C h  injcnrd band with Q sn q u a l  IO IhC apProPnalC avcragC ralC for 
ihal band during thesampling period. From Eq. 161. 

Q - qo{expl-Ai,,-W1 - ~ ~ p l - ~ , , - i . ~ ] ~ / A ( l ~ - l , l .  1. 6 I .  5 I , .  

where!. i~th~iimrlf~omthrrianofrh~oPrrnion~alwhichthe band 
w u  injected. I ,  i s  the nan of the rampling period. and I, is Ihc end 01 
the sampling period. In d f c a .  we approumricd the crpcfimcntal 
situation by a rcricr of stead? linc-so~rcs 31 different distances u p  
wind. 
In applying Eq. 151. ii was ncrarsry Io accouni for wind dircnionr 

other thm those normd 10 the edge of the field. since dcvisiimr lrom 
normality innured the effmivc upwind distance 01 the sourcu. T h i s  
adiurcmmi was d e  far each ramplina period by dividina the 
nominal upwind diilmcc of each source by the Corint of the deviation 
in wind direction. 

RESULTS 
Meteorological parameters and NH, concentrations 

during the experiment are listed in Table I. Most of the 
observations were made in slightly unstable atmospheric 
conditions, but t h e  last thrce sampling periods were in 
stable conditions. 
T h e  data in Table 1 illustrate the main features of the 

dispersion process. Concentrations were highest close to 
the ground, where they increased rapidly during the first 
three traverses. As more of the field was treated and the 
emitting sources became more remote, NH, diffused to 
greater heights in the atmosphere and concentration 
gradients lessened; concentrations at lower levels fell 
while those at higher levels increased. These features are 
evident in the NH, concentrations measured while the 
treated width was extended to 120 m. During this 
period, winds were stead?. at 3-4 mls. 

The effect of wind speed on the concentrations at the 
downwind edge is evident in sampling periods 14. IS. 
and 16. In period 15 the wind speed dropped to about 
one-half that in period Id and this resulted in a doubling 
Of NH, concentrations, In period 16 wind speed had 
dropped to about one-third that in period 14. and the 
concemrations were almost four times as high, despite 
the fact that by then most of the effective sources were 
twice as remote from the measuring point. However. an 
additional influence during this period was the develop. 
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ment of a strong inversion and the consequent suppres- 
sion of vertical diffusion (compare Ri and K, values for 
periods 16 and 14). 

The extent to which these observed features arc reprc- 
duced by the model is shown in Fig. 2-4. In Fig. 2 the 
calculaied NH, concentrations at the downwind edge 
arc compared with those measured during sampling 
periods3. 10. 14. and 16. 

As expected. agreement between prediction and 
observation was not good for short treated widths where 
the line-source analogy is less appropriate. This is 
evident in the comparison for period 3 when 18 m had 
been treated. In fact, the model underestimated the con- 
centrations at  all heights when the treated width was 
<30 m. For greater widths, however, agreement im- 
proved markedly. as the comparisons for periods 10, 14. 

speed, and atmospheric stability on the concentrations 
downwind were predicted very well. The same good 
agreement for treated widths > 30 m can be seen in Fig. 

..>.I.L - L - . r r  ..... r ~..:-> 
a11" 1" X S " " .  1115 S 1 1 S L L I  u1 >YUILF ISIIIVLEIIS,,. l,,," 
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3 and 4, which compare predictions and observations of 
NH, concentrations for all the sampling periods. 

DISCUSSION 
The comparisons presented here show that the disper- 

sion of NH, following anhydrous NH, injection can be 
predicted satisfactorily by existing diffusion theory at  
distances of 30 m or more from the source. The theory 
should then be useful for estimating the extent of NH, 
pollution in other field situations. 

Efficiencies of particular applications of anhydrous 
NH,. and the dynamics of emission, can be expected to  
vary with soil conditions and the method and amount of 
applicatio;: Inet~$expcriment, the  to;a;misrion of 
NH, was 2 k /h Other published estimates of NH, e 
I... A__.:_. .L. ?..- _. 
*"I3 """"g ,us 'II,SLLIUII upsraLlvrr ""JL l l " l l l  -. 1 
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kg/ha(Baker et al.. 1959) to as much as 45 kg/ha (Blue 
and Eno. 1954). 

Equation IS] indicates that the concentrations at 
particular heights and distances downwind are directly 
proponional 10 the strength of the emitting source and 
inversely proportional to the wind speed. Assuming the 
same dynamics for NH, emission as we measured (as 
embodied in Eq. (61 and our value for A). the same 
traverse time, and the same roughness characteristics 
and atmospheric stability (implying the same value for 
m and the same ratio between ut and K,), it is a simple 
matter to calculate NH, concentrations for other source 
strengths and other wind speeds. Figure 5 .  for instance, 
shows expected concentrations on the dounwind edge at 
a height of I .5 m for a wind speed at 2 m of 4 m/s. a 
source strength of 5 kg ",/ha. a value of0.225 form,  
and the same ratio between u. and K, as in sampling 
period I .  (A height of 1.S m was selected as a reasonable 
head height.) Two CUNCS arc shown in Fig. 5 :  one for 
injection starting at the downwind edge with the 
applicator traversing crossuind and gradually working 
upwind. the other for injection starting at the upwind 
edge with the applicator again traversing crosswind and 
gradually working downwind. The conccntrations close 
to the downwind edge in the latter case are higher be- 
cause of the greater extent of the upwind sources. 

In both cases the concentrations can be scaled directly 
for different source strengths or wind speeds. For in- 
stance. an emission of IO kglha would result in twice the 
concentrations shown in Fig. 5 at the same wind speed, 
or eight times. i f  the wind speed at 2 m \vas only I m/s. 
To lake an extreme case: if the emission was as high as 
the 4 5  kg/ha reponed by Blue and Eno (1954), the dy- 
namics were the same as used here. and the wind speed 
at 2 m was 1 m/s. concentrations at the downwind edge 

572 ~.Environ. QunLVot. 11. "0.4. 19112 

would exceed 7,000 pg/m' in the early stages of injec- 
tion and would siill be > I .ooO g / m '  when the applica- 
tor was SOOm upwind. 

Air quality standards for NH, are listed by Stern 
(1968) and discussed by the  National Research Council 
(NRC. 1979). Of these, the most stringent is the USSR 
permissible standard, which is a concentration of 200 
pg/m' persisting for 20 min. Conservative as the 
standard may be. it is evident from Fig. 5 that i t  would 
be breached during the injection opnation in light to 
moderate winds if the NH, emission rate was S kg/ha or 
more. Other factors. such as temperature inversions 
that supprcss vertical diffusion, as in sampling period 
16. or reduced lateral dimensions of the treated field. 
which would make for a quicker injection operation and 
a more rapid concentration increase, could lead to con- 
centrations in excess of the standard for even lower 
emission rates. 
As discussed by the NRC (19791, there is a wide range in 

standards for different environments and between coun- 
tries. so that the above cxampla can be no more than 
illustrative of potential health hazards. The underlying 
dispersion theory. however. should prove useful in re- 
lated problems in agriculture where a time-dependent 
decay and/or a line-source analogy are appropriate; for 
instance, in estimating the atmospheric concentrations 
of pesticides or herbicides released from row applica- 
tions. 
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DIVISION S-&FERTILIZER TECHNOLOGY AND USE 

A Direct Field Measurement of Ammonia Emission After Injection of Anhydrous Ammonia' 

0. T. DENMEAD. J .  R. SILt~so1c. AND J .  R. FRENEY? I 

OSSES OF *LtYosII\ 10 the atniosphcrc during application L of anhydrous animonia arc of concern no1 only from the 
ciiinoniic vicwpoinl, but also bccausc of thcir possiblc in- 
wlvcnicnt i n  eutrophication of ncarhy watcr hodics (3) and 
i n  almosphcric chemistry (6). \Vhilc ihcrc havc been nu- 
nitrous lohoralor). and grccnhousc studies on the rctcntion 
of anh>drous ammonia hy soils ( 5 ) .  there havc heen few 
ficld mcwurements of ammonia losses during anhydrous 
:mimnnia q?l icat inn Sn fsr I< \ \ e  k n n ~  thew ha\ he*? 
d y  one prcvious attempt at direct field determinition (I). 
l;>ually, rclenlion. and by infercncc. loss. are mcasurcd b) 
loti1 nitrosen analysis of the soil. The niethod i s  tedious and 
whjccl Io large erron because of sampling problems. 

T h i s  paper descrihcs an a t r ia l  r i inp l inz technique and i l s  
US for thc dircct dclcrmination of ammonia loss to the at- 
tiinsphcrc during injcclion of anhydrous xnnicmia i l t  the 
fidd. Thc mcthod i s  baard on measuring thc acr id irmrpon 
b b f  cniittcd ammonia across the doanwind edge u i  the 
trroicd m a .  In  a field cipcrimcnl. thc loss calculilcd by 
?his method was compared u.ith the loss c~lculatcd hy a con. 
\ c n i i i m l  soil sampling techniquc. Thc expcnment also 
provided informalion on ihe kinetics of ammonia emission. 

METHODS 
Micromeleorologicd 

: 

of ammonia mnccntmlims 2nd wind speeds a! the downu,ind rdpc 
d t h c  firid. Since rcahmrption of Ihc rmiiird ammonia i s  i i lc ly  10 

be nrcligihly small. :his flux of ammonia fnm the field can be 
equaled v i ih  the 1011 fmm thc soil rurlarc. 

The bark of thc aerial flux calculation can be underrimd by 
conridrnnp il prrpcndirulir planc noma1 ta the wind at Ihr down- 
wind ed;r oi thc ficid. Thu n i c  oi tr:m\pon or rmnmnii across a 
unit arc2 o i  ihr. plrnc at hcipht :. due to rmirrion from thr soil. 
wi l l  he Ih; product ,it: IH:). whrrc I ,  i> horizontal wind spccd and c 
i s  the 'dmmoniil conienlrnion in L ~ C E I S  of Ihc background Ic(.cI. 
Thc mmn rate of transpon ovcr a m-riod of time wil l be F. 

Thc inslammcous wind rprcdr and conccnintions. N and c. can 
be rcprewntrd I S  sum5 of means. G and i. arcragcd OVCT the same 
lime pcnod. and dcvialions lrom the meins. U' and c'. IO that 

z=YTc"T. [ I 1  
T h c  first l cm on the ripht hand side of Eq. [I] mpmrcne the trans- 
pon due IO advection: the second. h a t  ~ I I C  10 horizontal diffusion. 
In micromcleomlogical Ircaimcnl) oilhi, kind, i t  i s  usual IO ncglcct 
- thc difivsion term hccaurr of i t s  rclatiw smallness (e.€,. 7 ) .  Thcn 
Q. the iota1 mcan flux of ammonia aiross a fact of unit width in thc 
planc. wil l  hc giwn b? 

w h e ~  7. i s  the hciphl of the air layer affected by the cmirrion. Nole 
that Q i s  also the net ne of emission pcr unit width of soil surface 
+*Ad u: i i l E  cGgF. 

Experimental 

The r\perimmlal silc was in 3 field of 160 ha near Narrabri. 
New Souih \\ales. Thr soii i h  a heavy d a y .  of pH 8.2. law in 
wpanir m m t r  (0.07cX Kl and II r k  iim of inyctinn it was vcw 
mnisl $0 !hat thc dirlurbed wii did nail fa l l  bark readily IO ewer the 
injcclion d i t .  Thtsc faclon could lx rmduziw to largc IOLXS of 
ammoni. 15). 

Thr injrrlor bdr. pulled by a ~raczor. held si% Iml r h d s  at I-m 
sp.~ccs. Each rhmk r m i c d  a dclla-wing fwl which lifird Ihr soil 
and allo\rcd mmmonil m h injected h~rtimnially undrr i t .  Thr in- 
jection tube bifurciicd at thr sh~nk. rcruliing in Ihc plarcmenl of 
IWO bands of ammonia wr drlir.uing and m cffcrtivr hand rpar- 
ing of0.5 rn. The mcan injection depth was 12.4 cm. Ammonia 
was mrccrcd on 31 Ihc rate o i  107 kg h'!ha. 

Thc iayoul of thc crprrimenl i s  shown in Fig. I .  Cup- 
ancmomclrrs (Casrlla) and ammonia traps (2) WCR mounted on 
masisal hcirhtsof0.31.0.74. 1.2~.1nd2.24maboveihcemund 
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wcrc then corrected for wriiltioni in \rind direction by 
dividing each h!. thc cosine of thc deviation of thr nicm 
nind dircction i n  that aalnpling period froin ISO". Thc cor. 
rected emission mtri are ihown in Fig. 3. 

?hat emission conlinued for a time period longer than 
each traverse of the injcction rig i s  evidenced hy the in- 
crease i n  emission rats as thc trejlcd area increased Icnm. 
pare. for inslnnce. ihc rntc ior \ampling pcriod, 2. 3. and 4 
with t h e  for the fir\! period). and the continucd emission in 
sampling pcriods 5 to 7. after injection had ceabed. Thus the 
ammanis Ruxcs calcul~tcd for sampling periods after the 
first contained residuals from previous tra(verscs. and it was 
necessary to cillculate the time dependence of the emission 
in order to arrive at the total ammonia loss. 

probablc dynamics of ammonia cvolvtion following in- 
jection suggest a rate of emission which dcpends on thc 
conca tmion  of ammonia in thc soil air spaces. and which 
consequently decreases .cxponcntially with time. Accord- 
ingly. U'C h a w  adopted a relationship of the type 

Thc character of thc data in Fip. 3 and consideration of the -. 

IS] i d r )  = 9(0) exp (-Ad 

to describe the instantaneous cmission rate from each i n  
jcctcd band. In Eq. [3]. q is the ratc of emission per unit 
length of band. y(o) being the initial ratc. I is time. and A is 
a rate Constant. The mean emission rate 4 over the time T of 
one complete traverse of the injection rig i s  thcn giwn by 

, 

j ' 
i 
! 
.; 

- 4 = O / ~ ) j ' q ( r ) d t  = q ( o ) [ l  -exp(-A~)]/Ar. [41 i . .- . >  
1 If we designate the tra\'cmc number I N  and the rampling ... ! 

prid n. so that ?*,# is the mean emission rate from each 
band injected in the mth travcrsc. in the nth sampling period;- 
it follows that .... 

I 
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- 
@,, = ~ q , , ~  cxp[(nr - ~ l A - 1 .  (11 = 5 ) .  [7a] 

1 - 1  

Using Eq. [5 ] .  [6]. and [7]. we obtained those values of 
q(o)  and A which gave the bcsl least-squares fit to the data 
in Fig. 3. They u'ere 

G(o) = 30.5 gg m-'sec-'. 

and 

x = 6.3 x IO-' scc-' 

The CIINP i n  Fin 3 ;c ,hr ._iccin- - , l ~ , , t - ? d  I.-- *h.--- ...... _.. 
fisurcs. The estimated time constant of the decay is 26 min. 
Sinety-nine pcrcenl of the ammonia emission from one 
band would occur in I22 min. 

To cornplcte thc analysis, the total emission from each in- 
jcctcd band. €, was ohiained by integrating Eq. [3] with 
respect to time: 

E =  1,' q(o)exp(-Ai)dr = &)/A.  181 

For the i ( o )  and i above, b e  estimated total emission per 
band is 0.018 g / m .  which represents a lossof0.96 kgN/ha.  
Thus the estimated rceniion of nitrogen was 106 kg Nlha  
from an application of 107 kg N/ha. 

Soil Sampling 

The amount of ammonia retained p r  unit length ofinjec- 
lion band was also deermined from soil samolineand total 

cause of the large SE. thib good afrcemcnt can only be 
regarded as fonuilous. 

DISCL'SSIOX 
For investifation, of 3mmoni3 losses. and possibly other 

gaseous emissions. the aerial sampling technique described 
here hss distinct advantages i n  terms of labor and accurac) 
over methods based on )oil sampling. In this cnpcriment. 
for instance. the aerial s inpl inp and chemical analyis were 
completcd in 2 hours. whcrcas the soil sampling alone 
required almost 2 days. 
Some indication of the comparative sensitivities of the 

two methods can be obtaincd from sampling p r i o d  7 (Fig. 
3). in which the mean rate of transpon of ammonia across 
the edge of the field was 55 gg N m-l sec" or approxi- 
matciy 6.62 kg Kina over the unotc pcrtod. main errors 
in the aerial method are associated with the atmospheric am- 
monia concentrations and the graphical integration procc- 
durc. For the former. \ \e estimate an uncenainty of approxi- 
mately 10% (see hkthods). The errors in the latter depend 
on how well the profiles of wind speed and ammonia con- 
centration are dcfined: p:nicul3rl?. on how well they en- 
compass the full heifhi of thc affected ail layer. Allowing 
for an enor  of up 10 I O 5  in the procedure. the 1031 ?nor is 
believed to lie bctwecn 10 and 20%. Thus in this example. 

p I , /  

........ . . . .  . . . . . . .  _ _  .- -. . . . .  
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RsUlt obtained by the aerial m p l i n g  technique. but be- 

From soil-dnalyririhe.rrcoveyof-ammonia was 106 kg- ..:::- .:.. ... i_ SMplnlPia .:: . . .  
Nha (SE 15 kg N), which a p e s  exmmeiy well with the m. 3-Meaund (dar) .nd -~YI.IC~ (cum) .mmoni. -en 

"ter. 
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Ihe uncenainly would be 0.004 k f  Nha.  For Ihc soil sam. 
piing. howvcr .  Ihc unccnainly of 2 I 5  Ls Nlha atlached 10 
Ihc estimated luss. which is not inordinatel? largc for the 
lechniquc 1c.f.. 4, Tnblc I]. indicates Ihal such a scnsilivily 
would be quitc unaiiainable, 
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Micronutrient Concentrations in Soil Solution After Ammonium Phosphate Applications' 

J .  J .  ~ ~ O R T V E D T  AND G. OSBORK.' 

ABSTRACT rcrulied in incrcastd pol,-phosphalc conicnts. but iriam- 
monium pyrophosphate. (NH,),HP,O;. still remains thc 
major nononhophosphale compound in bolh solid and fluid 
ammonium polyphosphatcs. Polyphosphatr fenilizerr arc 
waicr soluble and gcncrally are uscd in clcar liquids or sus- 
pensions. 

ammonium phosphate (MAP) for carly gro\r?h r e s p n x  
CTcrman and Engelstad. 1966). R a m  of polgphosphate hy- 
drotysis IO onhophorphalcs are quiic rapid in mosi agricul- 

drolysis of applied pyrophosphaies uithin 2b dzys after soil 
applicaiion; highcsl hydrolysis r a m  werc on acid soils. 
Hashimoto and \Yakcficld (1974) r c p n c d  hydrolysis half. 
lives of 1 Io 13 days in three soils incuhaled at 25-C. TCP 
man (1975) concluded that APP fcnilircrs were usually 
equal IO comparablc onhophozphms as sources of h' for 
crops and of P a f e r  hydrolysis. 

hlincr and Kampralh 1 I 97  I) reponed equal cffcctivcncrs 
of ?ranular supcrphosphair and APP for supplying P IO field 
corn (Zca mays L.) on an acid soil in  Nonh Carolin3. 
Adriano and Murphy (19701 reponed that MAP and APF 
wcre cqually cffcctivc for irrifaicd field corn on nonc3-- 
carcous soils in Kansas adcquatc in availablc Zn. Howcvcr. 
row-applicd MAP was more effective than APP if Zn u% 
limiting; gratcr P uplakc from APP antagonized Zn up&--' 
of corn undcr thcrc soil condiiions and rcsulsd in poem-: ', 
gmwh. Subbarho and Ellis (1975) rcwncd coual effective-? .' i 

Polyphosphales gcncr3ll?. arc considered equal IO mono---- : 
' I 

1 

tural soils. Gilliam and Sample (1968) r c p n c d  50% hy- I 

ncss of granular APP and diammon/um ph 
for corn on a nculnl (pH 6.8) and calcarco 

. . . .  ... _ .  . . in a p w t h  chamber siudy. 
Differential cffcctivcness of ortho- 

fcnili7.m in Some calcareous soils has 

. , . . - - . . . ~. 

Addi.&&Iid& Words: pdyphmph8lc.. by&ol.+, &xntia, 

., . . , .. .. . . .. . . ---J- .?.r.bz.c~-.?..-.i. 
. - - 

. ' '  Idl o*rlic MIIer.--- _--- . .  . . --some'workms to the effects of polyphosphatcs o 
.- . _ . _  :- trim availabaity.Singh~and Danigues (1970) 

. . . .  . ... . .. ... 
. -  . 

HMON~UM plyphosphate (APP) fcnili2cn have rapidly 

conlain about onc-half.of their P in the onhophosphate 
form. and the mmsindcr as ppphosphaics  or lonpcr chain 
molcculcs. Reccnt advances in pipe rcaclor iechnolog! h3vc 

.. .. . .:. 

' '  . ~ ~ ~ i m o f t k S D i l r * n d F m i l i . ~ r R c r u r r h B n n c h . D i v .  
C-v~.TVA~MuvleShorlr~ 35bbO. R e 4 m 9  191uly. 1916. 
I5  Junc 1917. 

- ' A .  gsincd in . p p d a t i t y  in the past 15 ycan.-'lhcy usually - . , . .. . . . . . . . . . . . . . 

'Soil chrmiv and arubiical chcmin. m p c i n i s c ~ ?  
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A CLOSED AMMONIA CYCLE WITHIN A 
PLANT CANOPY 

0. T. D w w ' .  J. R. FRmrrt and J. R. Slh(pS0Nt 
CSIRO. 'Division 01 Enviranmenul Mecharis and tDiviiioa of P h t  Industry, Cankrn ACT- 2601. Auslnlir 

(Accrprrd 31 Ocrobm 1975) 

Sumnu-Ammonia Io- IO the airnosphere from a ~ w l o v c r  pasture were mczrured by a com- 
hind c h n n i o l - m i n ~ m e t e o r o l ~ ~ ~ l  tcchniquc. La- lrom b e  parium when pazed m e  quite con- 
siderable 1-13s N ha-' h- ' l  bur when ungrarcd they were comparativcly small 128 N h..' h-'). 

Measurements within the m a p y  of the ungrazed parlure at marmiry indicated a large picdunion 
01 NH, "car the pound rwloa and aimaa complete abrorplion of it by the plant C O Y ~ L  The mounts 
01 KH, absorbed appeared to be IM large lor rromalal uptake alone. 

This c l o d  NH, cycic h a  impnl.nt sonsqurnocr for lhc field -smml or N> fnntion and 
@scour N loses. 

lhTROOL'CT10N 

Nitrogen balance shuts have shown that considerable 
N is lost from agimltural roils o c h  yrar (Allison 
1973). The relative impomnce of the diRercnt 
mechanisms or loss is ~ o d y  understood but many 
rcswrchen a p e  that volatilizatior of NH, is a 
? x n t i a l l y  imponant pathway. 

There is expcrimenul eV:dmce r l u t  NK1 can be 
lost from IJ rich apicultural systems Dcnmead et 
41. ii974). lor instance. marum3 large 10- nf NH, 
to the atmosphere from a p z e d  alfaifa ~ ~ S I L J ~ C  and 
Willis and Sturgs (1944). Manin a d  Chapman (19511 
and Ndmmik (1973) among others. nave slmm that 
VHl losses o c ~ r  from N fer t i l ld  roils. 

R m l l y ,  we conducted an experiment in which the 
inriuence of -pzing on NH, evolution was s t u d i d  
firing techniques d L V d  in Denmead PI OL (1974) 
we mevurcd substantial loses of NHI from one hall 
of a pastulc which was mzcd, but d e t a e d  only 
small losses from the other. u n g d  hall. The pas- 
ture conrained a considerable proponion of subtn- 
ranun clover and in such a N rich system s ip i f i an t  
NH, losses might be anticipated. even in the un- 
Fazed condition This papx q o m  a funher study 
On NH, &change in the u n g d  pasturr 

UPEIIIMEKIAL 

Sire 

An area of 8 ha near Canbme LCT. AusuaLia 
growing a mixture of Wimmm rygrasr (Lolium 
Widurn Gaud: 6% by dry weigbt) and mb  clover 
(Triloliwn subr~rrmmn L: 33%) was divided in half. 
one half was pazed with 90 sbcep and the other 

At that rime the ungrazed pasture was 70 an hi@. 
ne rub clover leaves formed a fairly dmae lays  
betwen IO and 2Oun from the ground, and mon 
Or the green leaws of thc pass were bcwcm 30 and 
Scm above the ground surface (sa Fig I). 

A mulch of decomposing plant mate%L mostly 
C i O m  k a v a  existed at the soil surfacr The underly- 

half was Id1 ungmed. 

16: 

ing roil was derived from porphyy and the surface 
i aym were slightly acidic IpH 6.0). 

A micrometeorological mast was installed in each 
half to pcrnut simultaneous musurements of NH, 
losses irom each pasture. Eerc we qorf  mainly on 
mcasumncnts in the un-d halt but d e r  to 
mcuu'cments in the gazed hall for com2arison 

Measumnents of tempcraturc net radiation 
npour  pressure 2nd NH, c~nantration were mads 
within the ungrazed pasture at 5. 10.20.31 and 47 an 
above the pound and also at t h E  :cvcL 83. 115. 
and I71 PR in thc air iayer a k w  the pan*wt. They 
were uxd to calmlate the wrtical flu dmsitin of 
NH, and water mpour at diKcrcnt heights within and 
abow the pasture canopy. 

Micrometeorological rechnlqvr 
The baric technique was one that has been uwd 

urcnsively h micrometeorology for mmuring rates 
of gas and vapour exchange above n a t w l  surf- 
e.g evaporation rates or rates of C02 exchange. The 
theory and methodology haw k e n  dcsuiibed in many 
works e.& Dcnmead and Mcllroy (1971). Bne0y. 
where there is an extensivc uniform source or sink 
of a gas at the ground surface and the a m o s p h m  
is furhulcnf. a mdient in the conantration of the 
p s  dewlops in the air near the surface. The magni- 
tude of the concentration padimt dcpmds on both 
the n r m g h  of the sowa or sink and the nmt or 
mixing m h e  annosphere Thir h e r  is dc~mined 
by h d  spcd wind shear and the tempraturc distri- 
bution The relationship between the wnicdl flux den- 
sity and the concentration &mi may bc witten 

F = -K acta; (1) 

as: 

where F is the flux density of the -ps, K is the turbu- 
lent diffisivlty in the air. c is gas conocntration, and 
: is height. 

S i n a  K varies with atmospheric conditions it must 
be measured. or inferred. UI place. In our applicauon 
we have infmed it lrom the mngy balance. The net 
gain of radiant energy. the ne! radiation. is balanced 

I 
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1 

by a loss oi energy as convective heat and latent h u t  
and by a change in heat stored in the ground. Thus 

R = H + LE + G. (?I 
w h m  R is net radiation H is the v m i o l  flux density 
ofwnnctive hcar L is the latent h a t  of vaporization 
of water. E is the vcnical flux dcnsity of water vapour, 
and G is the change m pound heat storage. Following 
equation (I). 

(3) 
where p is the density of air. co is the specific hcat of 
air at w n s m t  pressure and Tis temperature. and 

- 

H = - PC,K 8 T / k  
. .  

LE = - p L K  tqj::. (4 
where q IS s p d c  hurnidlt) Combtnmg equations (21. 
(3). and (4). we have that 

= -pc,K iT-'i:. 15) 
w h m  T. I= T +  4 i c J  is the equivalent temperature. 

Equation (6) provides the practical means for ca 
kting F. since all the variables on the right-hand 
of the equation are physically musureable. In 
application R and G have ban measured with S 
dard instruments (net radiometers and soil hcat 
platesL mpcratures with radiation-shielded 
aced. platinum-resistance thermometers and hu 
tics by wet. and dry-bulb thermometers. T. was 
bisd I m  each of t h r a  hri#tls above Ihc pastu 
five heights within the plant canopy. and the 
concentration, e. was measured at the same he 
by a technique described below. A plot of the 
sponding valves of T. and c yielded CciZT.. 

on the distribution of cvaporarion souras  
wnopy. For this purpose the flux densities 0 
vapour rum calculated by replacing the bs tcrm 
couation 161 with measured \ a k s  of ioiiT- 

In this study. additional inlormarion was rcq 

I I .  ~~~ ~- 
The mai>ra  d c m o m  IDO~C IS J comcniional 

bJwd on 0r0porti0~111> betarcen flux m o  gaa 
While it  has k n  p r o m  b) numerous cxperun 
io gnc  J c o m a  dermptiw, 01 t m f e r  p r m  
[he air la)crs above n a t m i  r u r f a q  we note 
jc:Iatn ineoreucal difficulues M arise m 11s a 
cation wuhm p u t  ar.opia. pnuuisl?. where 
dre wniall) dtstnbutcd s o u r n  and rinks. as 
neld situation d e a m a  klou.  These dficclrics 
becn d i w u u d  reanll) by ieg anJ ,Monieith I 
In pnrral  some atrtori:on o i  .he mnuntn.ia 
dsnts  IT+ be apeaea in tnc ticiniry of inr s 
or sink. bLt until an aitcrnatnc i o m l  de 

it is not pdsible to snimatc what eH;;ts thcw mi 
i,-.,- ^" .._  ̂"" ..__. i I e..- --A:--. . ._^I_._:- ..-.- .... _-..._.... _.-. .Î -L.l" ..... .......,* ' .ai _# 

Figure 1 
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AI  the time of the m u s u m m u  desa 
the a v m p  daytime lows of NH, from t 
ana were 13 p N .ha" h- '  lin agrement wi 
wous measurmm6. Denmcad er nl, 1974) 
from the un-& a m  they were only 2 g 
h-'.  
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Fipurc I shows the avmec NH, conmiration 
prorile betwccn 10.38 and 14.47 h on 12 November 
1974 suprimpoxd on a photograph of the pasture. 
It  is readily ym that the NHI conmuation was 
pint near the pound surface and decreased with 
height above the zound. For u m p l h  at 5 a n  the 
arcrage concentration wa, 135rg N m-'. w h m u  
I rn above the pasture the conmtmtion was less than 
unc tenth of this d u e .  The profile s u g ~ r  a large 
rei- of NH, at the soil surface and this is  borne 
out by The flux Qlmhtions which arc summarized 
m Table 1. It shows \eniQl Eux dcnsitiu of NH, 
in the layer irom 5m to 1 O m  and in the air layer. 
o c t w m  83 and 171 rm abore the p a ~ t w ~ .  The tlu 
density between 5 and IOm. r e p m t s  th: rate of 
produoion of NH, at the pound surfaa while Ih31 
tenvern 83 and 171 m is the net loss f r m  the p a r  
liirc to the atmosphere. The diRcmce ktrm than 
q m t s  !he net upuke of NY, by the vcgctat;on 

Thus there appe;lrrd to k a wr). large prdunion 
oiNH, at the soil surface but almost all of this was 
sorted by the vepetation More detailed flux calala- 
lions iFig 2 )  showed that rhc sorption apparently 
acumd in the layer bctwccn IO and 20- which 
W x  that -pied by the clorn Icavcs. 

Other workers (Hutchinron er uL 197: Poner CI 
d. 19721 have shorn &at plants can absorb NH, 
from the air-tiutchinm n ai. (19721 also found an 
~Ppa.rent strong dcpcndemr of NH, upmke by plant 
lnver on stomatal o p i n g ,  We have compared our 
nts of sorption with those 10 be expected ii uptake 
W r e d  only by dihrion of NH, through the sto- 
mata Fw we calculated appmimatc stomatal dKu- 
uon renstanar from the meatiurcmsnu of mpo- 
Wion from the c lom l c a v n  and the t e m p s r y  and 
humidity oi the air around them. f o l l m g  prw 
Wum commonly employed m studies of eaJ 
mChge  by leaves, e.& Jarvis (19711. The average dif- 
fusive minance of the clover leaves wid from 180 

3 I O s c c  m-', Assuming that the NH, conun- 
liaiion inside the leaves was eRstivcly zero. and that 
the ambient NHI conunuation was the averap of 
the air cononvations at 5. IO and 20cm the ra in 
or", upmk~  that could be awed from stomatal 
difusion were bcnveen I and 38 N ha-' h- '  (on 

163 

I 
10 a y1 

w n f l u  olo-.9NM'h'' 

Fig. L The mean hourly nux of m o n h  at dinermi 
heights within Le  paslure on two conuculin day& 

a ground a m  kasisl These rarer M only about onc- 
tenth of those wc olculalsd from the flux-gradient 
analysis (Tabls 1I Even allowmq lor passibk mors 
in the hucr it scans that rnschanivns of u p v k  ad- 
ditional to nomaul d i h i o n  w m  involved. 

I t  is posibl+ for i r ~ w a  !hat the NH, dissolves 
in water on the leaf su r fam Dnv was p m m t  m 
the bottom pa-u of thc m o p y  u c h  morning and 
diops of water m obvMd on some clo~cr leaves 
as late as 14-30. and Ihc aversgc daylimc rehtivc 
humidity in the air around the leavcr was 80% Sup 
pon for this mechanism of uptake is provided by the 
work of Fowkr and Unswonh (1974) who found that 
-the presence of dcw pram k&awd the ability of 
whcat lam to absorb ztmosphcric SO2. Ammonia 
when dissolved c w l d  take pan m cbemiel rections, 

which could bs mcrabolizal in tht same w a y  aS foliar 
applirntionr of urea (Wittwer and Teubncr. 19S91. 

We found no indication that tht absorbed NH, 
was rubvquently l c l d  from the clowr at night. 
Wind vcloitier thm wclc mall  and thus diRvrivitin 
were lm. Conanlrauar &inns above the plant 
~ n o p y  w m  a h  yay anall (and wnnnlmer 
rewrcdl and wc conclude that night-time losm of 
NH, from the p h i  canopy to 01s aunosphac were 
nc&gible. It thus wmrs reasonable Io assume that 
the NH, absorbed in the daythe was incorporated 
into the plant 

We arc Rill exploring possible environmental. in- 
f l u e n a  on NH, produdon. So far. we haw found 
no obvious relationship krrvcar NHI produnion and 
the temperature ofthe roil surf- or the tempcratm 
or humidity ~~ILII the Limr lays. The data in Table 
I suggest that the loss oi NH, was patest  when 
the evaporation of warn was p tm.  The rclation- 
ship between the w o  is dcsaibxl by the quation 
y = 0.0214~ - S5 (7 = 0.741 wb? y = the flux den- 
sity of NH, and x = the flux density of water vapour 

e.& with hydrogen ions in water. 10 form NH' lous ' 

G-15 
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krween 5 and IOm. The interopt on the y axis 
is not signifiantly different from zero (P < 0.05). This 
suggests that e m  though NHI may bc produud in 
the moist svrlacc roil or liner continuously, NU3 is 
not dsrorkd until evaporation of water wmmcnas. 

It ir obvious that the rnecbanhr of NH, produc- 
tion in the gnml and ungravd paaurcr are very 
diliemi be0lu.x of the continual exattion of dung 
and urine on the gravd area. M o r c o v t r h  rrmo\al 
of the darw d o m  w m  in the grazed area produad 
a more opm vegcmuon horn which NH, could 
crape more easily to the atmosphere. 

The &IS rcponed here suggest that NH, an be 
relcased beneath un8razal panw at high rates but 
beguse of uptake by the vegetation above. the NH, 
is not lost to the atmosphere directly. The existeaa 
of tbis dored NH, cycle in parturp has imponant 
consequmco for the field asssmcnt of N2 hation 
by lcgumer and for conclusions about gdscour N 
lo= that may bc drawn hmn roil N bakna  shau 

AckMvldgmmt5-We i r e  WIefuI for the comptent 
1CChILiEl .IIi-P Of M W  F. J. Mmrc J. M o v r t i s  
and J. W. 8. Smith. 
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2 ~ t ,  as previously assumed, through reduction 
:i fertilizer-derived nitrate by denicrifying 
zicroorganisms. 
;reared with fertilizer N as ammonium sulfate 
ar urea increased with che amounc of N applied. 
3issions of N20 in 25 days were increased 329- 
514% by application of 125 k:, N ha-l as 
arnnonium s h a r e  or Urea and increased 1024- 
:319% by the applicacian of 250 kg N ha-l in 
:hese forms. bur chese applicacions did noc 
xtrkedly increase N 0 emissions after 25 days, 
and the fercilizer-Induced emisaions of N20-N 
abserved in 96 days from plots creaced vith 
ammonium sulfate or urea represented m l y  0.11- 
0.18Z of the fertilizer N applied. Emissions 
oi N20 from plots Crracad vich different emouLCs 
oi N as calcium uitrace did noc increase vich 
:he amount of N applied and were not appre- 
ciably greacer than the emissions Jbserved 
xhen no fercilizer N was added. 

Emissions of N20 from PloCs 

z 

Inrroduccion 

There is concern thac increased nicrogen (N) 
fertilization of soils to aid world food produc- 
tion, may subscancially increase emissions of 
nitrous oxide (N 0) from soils and chereby pose 
a threat co the scracospheric ozone layer pro- 
tecting che biosphere from biologically harmful 
ultraviolec radiation from the sun (see Council 
for Agricultural Science and Technology, 1976; 
Cruczen and Ehhalc, 1977; Liu ec al., 1977; 
YcElroy et al., 1977). Although it has been 
generally assumed chat this threat is from N20 
?rodwed by denitrification of fercilirer- 
derived nicrate in soils under anaerobic condi- 
tions, recenc laboratory scudies (Blackmer and 
Brewer. 1977; Brewer and Blaclcmer, 1978, 
1979a.b) have Drovided evidence chac N-0 is 

2 

released co chi acmosphere during nitrzfication 
of amonium and a-niunrproducing fertilizers 
in soils and that nicrifying microorganisms con- 
tribute significancly to emissions of N20 from 
soils. Because most of the fertilizer N applied 
t o  soils is in the form of ammonium or a m m o n i e  
?reducing fercilirers. there is an urgenc need 
f o r  reliable information concerning.the effects 
of  these nirrifiable forms of fertilizer .Y on 
emissions of N ~ O  from soils. 

Copyright 1980 by che American Geophysical Union. 

GEOPHYSICAL RESEARCH LETTERS 

EFFECTS OF DIFFEF.INT NITROGEN FERTILIZERS ON EMISSION OF NITROUS OXIDE FROM 

C. A. Breitenbeck, A. M. Blackmer, and J. H. Brewer 

Departmenc of Agronomy. Iowa Scare University, Ames, Iowa 50011 

Abscract. Field studies of emissions of ni- 
:-OUS oxide (N20) from a fallow soil creaced with 
jiiierenc forms and amouncs of fercilirer N 

thac N20 emissions from plocs created with 
5 in the form of ammonium sulfate or urea marked- 
:" exceeded those from plocs creaced with the 
s a ~ e  amount of N in the form of calcium nitrare. 
?is jupports evidence from laboratory research 
: i a t  most of the N20 evolved from soils created 
v i r n  ammonium and ammonium-producing fercili- 
:ers is generaced by nicrifying microorganisms 
du:ine oxidarion of ammonium co nitrate and 

Paper number 9L1618. 
0094-8276/80/009L-l618SOl. 00 

H-3 

JANUARY 

SOIL 

1980 

We ?eDO?t here che resulcs of hiahlv reulica- 
ced field experiments shoving chat Zeriilizer- 
induced emissions of  N,O from plocs treaced vich 
nicrifiable form of fircilizer N (ammonium 
sulfate and urea) markedly exceed those from 
plors receiving an equivalenc creacmenc of fer- 
cilizer N as calcium nicrace. 

Experimental 
Y 

The experiments reporced were performed on a 
field at che Iova State University Agronomy 
Research Cencer 10 km souchwesr of Ames. The 
soil in this field vas represencacive of Harps 
soil used excensively for :om and soybean pro- 
duction in north-central Iowa. A composice 
sample of surface (0-15 cm) soil collected at 
12 sires wichin the field had a pH of 8.2 and 
concained 32% sand. 32% clay, 4.9% organic 
carbon. 7.7% calcium cqrbonace. 15 ug ammonium 

8-l and 30 )lg nitrace N g - l .  . To study the effeccs of different nitronen - 
fertilizers on emissions of N20. chree forms of 
.Cercilizer .< (ammonium sulfare, urea and calcium 
nitrate) were auulied at No rates (125 co 250 
kz N ha-l) co 72'plocs. and ii20 s$issions from 
these plocs were compared vich those froa 12 
unfercilired plors. 
by 30 m was rococilled co a depch uf 20 cm and 
divided into 84 plots. Afcer appropriace CredC- 
menc, each ploc =as again rococilled co e. depch 
of 2C cm. Treacmencs ware applied by sprinkling 
che plocs evenly vich 1.5 licers of vacer or 
vlCh 1.5 liters of wacer containing the appro- 
priate form and amouzt of fartilizer N. Each 
of the seven treatments were replicated twice 
in each of six randomized complete blocks [each 
Creacmenc was replicaced 1 2  times to minimize 
error due to spacial variabilicy in emission of 
N20 from Soils (Robbins ec al.. 1979)]. 

Rates of N20 emission from the experimenral 
plots were measured by a chamber Cechnique 
(Elacthias et al., 1979) involvina ulacemenr of 

An area approxieacely 30 m 

an insulated cylindrical metal ciakber over the 
soil &?face for 10 minuces and removal of air 
samples from the chamber ac incervals for N20 
analysis by a gas chromatographic technique that 
permits use of che xenon in air as an internal 
standard (Blacher and Bremner. 1978). 

Soil Cemperature was measured ac a depch of 
7.5 cm belw the soil surface by a mercury 
thermomecer. Soil moisture contenc vas deter- 
mined by gravimetric determination of veight 
loss when soil samples collected 7.5 co 12.5 cm 
below the soil surface were dried at 105-C for 
24 hours. 
oven-dry soil. The field capacity of che soil 
in the experimencal area was decermined as 
described by Peters (1965). Exchanceablp a m -  
nium and nitrare in soil samples (0-15 m) 
caken at various times after application of 
fertilizer N were determined as de- 
Brewer and Keeney (1966). 

It is expressed as a percentage of 

i 



86 Breitenbeck e t  a l . :  Effects of Nitrogen F e r r i l i r e r s  

Table 1. Amounts of N20 Evolved from P lo t s  Treated wich Dif fe ren t  Forms and Amounts of F e r c i l i z e r  
Nicrogen 

Resul t s  and Discussion 

Figure 1 and Table 1 shov c h a t  Creament J f  
p lo t s  v i c h  f e r t i l i z e r  N as ammonium s u l f a t e  or 
urea l ed  t o  marked increases  i n  emissions of N20. 
but chac treatment of p l o t s  w i t h  f e r t i l i z e r  N 
as calcium n i t r a c e  d id  nor lead t o  comparable 
increases  i n  N20 emissions. 
t h a t ,  whereas an  increase  i n  the  r a t e  of . 
app l i ca t ion  of ammonium s u l f a t e  or urea from 
125 LO 250 kg N ha-l l ed  co a marked increase  
in emission of N20. a corresponding increase in 
t h e  amounc of f e r t i l i z e r  N applied as calcium 
n i t r a t e  did noC inc rease  t h e  amount of N20 
evolved. 

1978. 1979a) has s h o w  t h a t  mosc of the  N 0 
evolved from soils f e r t i l i z e d  vich ammonium 
s u l f a t e  Or urea  is generated v i t h i n  2 weeks and 
c h a t  N20 emissions from such s o i l s  a f t e r  about 
3 weeks a r e  not s ign i f i canc ly  grescer  chan N20 
emissions from u n f e r t i l i z e d  soi ls .  
shovs Chat a similar pactern of N20 produccion 
was obsemed i n  our  f i e l d  study of emissions of 
N20 from plocs t r e a t e d  v i c h  ammonium s u l f a t e  o r  
urea. S o i l  ana lyses  indicaced Chat most of che . 
oxidized Co n i t r a t e )  v i t h i n  3 weeks ( l e s s  than 
5% of Chis N could be recovered as amanium N 

oncluslon from labora tory  research (Brewer  

Table 1 a l s o  shovs 

Laboracory research  (Brenmer and Blackmer, 

2 

Figure 1 

LO chese p l o t s  was n i t r i f i e d  ( i . e .  

days).  These observations supporc our 
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Nitrogen f e r c i l i r e r  
added 

As 250 267(1669) 298(1419) 355(605) & l o /  0 . l l J  0.12 J 0.11 

‘Analysis e t  variance showed t h a t  emissions of N20 from t h e  p l o t s  rreaced v i t h  amonium s u l f a t e  or 
&ea were s ign i f i canc ly  higher (P - 0.01) than those  from the p l o t s  created vicii calcium n i t r a t e  
and t h a t  emissions of N20 from t h e  plocs t r e a t e d  with 250 k: N ha-1 as urca .or ammonium 
were s i g n i f i c a n t l y  higher (P - 0.01) than chose from t h e  p lccs  creaced v i t h  12hkg N ha-’ as urea 
or ammnium s u l f a t e .  

u l f a c e  

d[(AmoimC of NzO-N evolved from f e r t i l i z e d  p l o t  - amounc evolved f rom.unfer t i l i zed  pl?r)  * awunc  
f e r r i l i z r r  N added) x 100. 

and Blacimer. 1978, 1979a) chat most of the  N20 
evolved from s o i l s  f e r t i l i z e d  v i t h  armncnium 
s u l f a t e  o r  urea is generated by n i t r i f y i n g  
microorganisms during oxidation of ammonium co 
n i t r a t e  because Figure 1 shows thac mosc of the  
N20 evolved i n  6 weeks from p l o t s  t r e a t e d  with 
armmnium s u l f a t e  or urea vas produced wichin 
t h e  ‘first 3 veeks. 

‘ I n  view of t h e  genera l  assumpcion char most 
.of che N20 evolved from s o i l s  treaced wi th  N 
f e r t i l i z e r s  is produced through-reduction of 
f e r t i l i z e r - d e r i v e d  n i t r a c e  by d e n i t r i f y i n g  
microo~gaoisms under anaerobic conditions.  
a t t e n t i o n  shouLd be d r a m  t o  our f ind ing  t h a c  
app l i ca t ion  of f e r t i l i z e r  N as calcium n i t r a t e  
d i d  not lead to a marked increase  i n  N20 
emiss ions  from the  p l o t s  studied (Ffgure 1 
and Table 1 )  even though r a i n f a l l  dur ing  che 
Study period w a s  considerab1y.above average 
and t h e  moisture content of the  s o i l  i n  t h e  
s tudy  area (see F i g u r e  1) was f requent ly  nea r ,  
and ac Cimes above, f i e l d  capacity (322). This 
f i n d i n g  cannot be a rcr ibuted  ro.I.oss of n i t r a t e  
by leaching  because s o i l  analyses shoved thac 
Che n i t r ace - t r ea t ed  p l o t s  contained s u b s t a n t i a l  

evolve  subscancia l  amounts of N20 dur ing  t h i s  
unusua l ly  wec period mer i t s  emphasis because i t  
has been assumed thac high s o i l  moisture concent 
promotes emission of N20 through reduction of 
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nicrate to N20 by denitrifying microorganisms. 
Our finding that NzO emissions from plocs 

fertilized vith calcium nicrate vere much smaller 
than those from plots fertilized vith ammonium Blackme?, A. H., and J. H. Bremner, Determina- 
sulface or urea is in harmony vith the resulcs a- 
of laboratory studies of che effeccs of ammonium 
sulfate, urea. and potassium nitrate on N20 
emissions from soils at different moisture con- ' oxide: Emission from soils during nitrifi- 
tencs (Bremner and Blackmer, '1978. 1979a). and cation of fertilizer nicrogen. Science, 199, 
ic clearly supports our conclusion chat most of 295-296. 1978. 
the N20 evolved from soils treated vith fertili- 
zer N as amonium sulfate or urea is produced 
by nitrifying microorganisms during oxidation 
of this N to nitrace and not, as previously 
assumed. by anaerobic denitrification of the 
nitrace produced by these microorganisms. 

liable data in studies of the effeccs of N fer- 
tilizers on N20 emissions from soils. it is 
necessary to perform long-term studies because ENV77-23835). 1979b. 

- 
of acmospheric nitrous oxide. e. 
Abstr. p. 146, 1977. 

tion of nitrous oxide in air. yron. Abstr. 
p. 137, 1978. 

- 

Bremner, J. H.. and A. H. Blackmer. Nitrous 

Bremner. J. H., and A. H. Blackmer. Effects of 
acetylene and soil vacer content on emission 
of nitrous oxide from soils. Xature, 280. 
380-381. 1979a. 

Brewer. J. N.. and A. H. Blackmer, Natural and 
fertilizer-induced emissions of nitrous 

Division of Environmencal Biology of the 
National Science foundation (grant no. 

The vork reported shovs that, co obcain re- oxide from soils. Progress report to the 
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Fig. 1. Resulcs of measurements of N20 emission 
rates, soil ce?perature, soil moisture concent. 
and rainfall during the period June 1 - July 14, 
1979. Fertilizer N vas applied on June 2 (250 
kg lha) .  
sents the mean race for 12 replicated plots. 

Each N20 emission race reported repre- 

short-cerm scudies can greatly overestimate 
these effects. This is illustraced by Table 1, 
vhich shova thac, vhereas the fercilizer-induced 
emissions of N20 in 13 da s from che plots 
created vich 250 kg N ha-l as ammonium sulfate 
vere 15.7 times greacer t b n  the emissions of 
N 0 from the unfertilized plots. the corres- 
ponding fertilizer-induced emissions in 96 days 
vere only 0.86 times greater than che emissions 
from the unfercilized plots. 

Hahn and Junge (1977) calculated that, when 
soils are treated vich N fertilizers. the amOunC 
of fertilizer N converted to N20 by soil micro- 
organisms during the first one or tvo veeh after 
fertilization probably represents betveen 3 and 
12% of the fertilizer N added. This seems a 
gross overestimace of the percentabe of fertili- 
zer N converted t o  N20 in soils treadd vith 
ammonium sulface. urea or calcium nitrate be- 
cause Iable l shovs thac the fercilizer-induced 
emissions of NZO-N ve observed,, in 13 veeka after 
application of these fertilizers represenced 
only 0.01-0.18% of the fercilizer N added. It 
should be noced, hovever, that vork in progress 
has shovn chat N,O emissions from soils ferci- 
iiZed vith anhydrous m n i a  markedly exceed 
chose from soils created with ammonium sulfate, 
urea or calcium nicrate (Bremner and Blackmer. 
1979bl.. The fertilizer-induced emissions of 
NZO-N observed in che vork reporced in Table 1. 
are similar to those obseried in recenc labor- 
acxy studies (Bremner and Blackmer, 1978. 
1979a) of the effects of ammonium sulfate, urea 
a d  pocassium nitrate on N o emissions from Iowa 
soils and in a recent fie12 srcdy (XcKenney et 
al.. 1978) of the effeccs of different amounts 
af ammonium nitrace or. N20 emissions from two 
Canadian soils. . .  

2 
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A Simple Chamber Technique for Field Measurement of Emissions of Nitrous Oxide from Soils' 

A. D. MATTHIAS, A . M .  BLACKMER. AND J .  M. BREMNER' 

There is concern that increased nitrogen (N) fertilization 
of soils to aid food production will increase emissions of 
nitrous oxide (N,O) from soils to the atmosphere and 
thereby pose a threat to the stratospheric omne layer 
(CAST, 1976; C ~ t z e n  and Ehhalt, 1977; Liu et al., 
1977; McElroy et al., 1977). To assess this threat, it is 
necessary to have reliable information conarning the 
effects of N fertilizers on NIO emissions from soils. To 
obtain such information. it is essential lo have a satis- 
factory method for field measurement of N,O emissions 
from fertilized and unfertilized soils. 

Several methods have been proposed for mcasure- 
m a t  of rates of N,O emission from soils, including 
micrometeorological (e.& Lemon, 1978). soil profde 
(e.g.. Burford and Stefanson. 1973). and chamber (e.&. 
Burford and Hall, 1977; Rolston and Broadbent, 1977; 
Focht, 1978; McKenney et al., 1978; Ryden et al., 1978; 
Denmead, 1979) methods. Chamber methods have 
gained much greater acceptance than other techniques 
proposed, and most current research on N,O emissions 
from field soils is being performed using chamber tech- 
niques. Recent work (Bremner and Bladtmer, 1978a; S. 
G. Robbins. A. M. Blackmn, and J. M. Bremner. 1979. 
Spatial and diurnal variability in emission of nitrous 
oxide from soils, Agron. Abstr. p. 37) has shown. 
however, that use of chamber techniques is greatly com- 

L J o u d  Paper no. J-9629 of the Iowa A&. and Home Emn. 
&p.Stn..Ames. lA5lXll. Proim2096.Thisworkwasrupponedby 
a grant (ENV77-23835) from the National Science Foundation. Re- 
ceived 4 Aug. 1979. 

'Graduate RcscarCh Assistant. AssisIan1 Profaror. and Professor. 
mpeaively. lkp. of Agmnomy. Iowa State Univ.. Am=. Current 
address of senior author lkp. of Soil Science and Biomnwrology. 
utah State Univ.. Lagan. UT 84322. 

plicated by spatial variability in N,O emissions from 
soils and that emissions of N,O from unfertilized soils 
often are < O S  kg N,O-N ha-' year-'. To overcome 
these problems, it is necessary to have a very sensitive 
chamber technique that is so simple and inexpensive 
that it is suitable for large-scale use and allows simul- 
taneous measurement of N,O emissions at numerous 
sites within the area of soil under study. The purpose of 
this article is to describe a chamber technique that meets 
these requirements and to report the results of studies to 
evaluate this technique. . 

MATERJALS AND METHODS 
The chamber d m l o p d  is illustrated diagrammatidy in Fig. 1. It 

mndnr of an insulated. cylindrical, opn-bottom chamber (diamner. 
88 an: haght. 17 an) fabricated from Ibgauge. galvanucd s h a  
manl. The bottom of lhe chamber circumraik an area of 6.080 an'. 

The chamber is insulated with white Styrofoam* (2 an thick) and is 
fitted with a high density polyurethane foam collar (5 by IO an1 
c o d  with &mil polynhylene Tim. Thh collar is attached to the 
chamber by means of a tight-fitting m d  band lhat encirclts the 
c o b  and chamber. Its purpose is to insure a good seal berwcco the 
chamber and the Mil surfact. When fitted Vith lhic m k .  the effcc- 
tivc height of the chamber is 17 an. 

A windbreak fabricated from &mil polyethylme f h  is Ued 10 
minimize wind-indud movement of air into and out of the chamber. 
This windbreak extends from the fop of the chamber 10 the roil sur- 
fact about 80 an outside the rnelal cham&. It is held 10 the roil 
surfact by meaM of a 0.9-cm link chain placed dong the pcrimner of 
th-urindhmk _._" 

The top of the chamber is fitted with an air  m p l c  pon and a vent 
pon. Both pons w 0.63-cm-O.D. stPinlns-stcel tubes held in ph? 
by Sunrgelok* bulkhead unions. A shon semion of Ty&on* tubing Is 
attached to the air sample port for mnnmion of air sample bottles 10 
this pon. The vent pon is opened during removal of air ~ p l ~  from 
the chamber and is closed by a plastic cdp in the intervals between 
removal of air m p l a .  

Air samples arc mIImed in I-liter glass bottles fitted with glass 
stopcocks (I-mm-diam bore). Before being transponed 10 the field. 
each bottle is ~acupted. filled with purified N,. and then reevacuated 
in Ihe laboratory. A rotawvalve pump 1Sargeni-Welch Dirm Ton 
Model 8810) is uwd to evacuate each m p l e  bottle 10 a pressure Of 
~ 0 . 1  mmHg. 

The pmcedurc for using the chamber described involves placing the 
chamber on the roil surface. actuating a stopwatch timer. and deploy 
ing the windbreak. The chamber is kept on the soil surface for 20 min. 
and the air within the metal chamber is sampled at 5-min intervals by 
attaching an wacuated sample bottle to the sample pon of the 
chamber and opening the stopmck on chis bottle. The air m p l n  re. 
moved from the chamber are analyzed for N,O within 24 hours by a 
gar chromtographic procedure that utilizes the xenon in air as an 

SAMPLL PORl INSUUTION 

N U L  CHAMBER 

FOAM tOLIAR,\ 

AIR SAM PI^ Bonti \ VENT PORl 

. \ \ '~ '. 
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Fig. l-D1.gnmmatic mpmtntntion of chuober. 
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intrmd smdard (Blxkmer and Bremnn. 1977: A. M. Blackmer and 
J ,  M, Brmncr. 1978. Detmnimtion of Nlrous oxide in air. Agron. 
AbPr. P. 137). 

n e  rate of N,O -ion is dculatcd from the equation 

F = ~ ~ / T ) ( v / A ) ( A c / A o  

WhmFis the rate ofN,O -ion (kg Nz0-N ha-' Y e W ' L  k iS a uniU 
Wnvmion factor (0.066) for splcuQtion of NtO emirrion as kg NzO- 
N ha-8 ym-8, Tis the temprature of the air within the chamber (OK), 
v h  me volume of the air within the chamber (cm'). A is the area of 
tbe mil within the chamber (on1). and Ac/& is the rate Of change in 
the concentration of N,O in the air within the chamber ippb (v0Vvol) 
N,O&'I. 

Field testing of tbe Chpmber method daaibcd vu prformed in 
1978 and 1979 at various rites within a 3-ha f d o w  field at the l o w  
S m  Univmity Agronomy R-ch Cater IO Lrm routhwat of 
Am=. The roil in the field dated had a wide range in propcnies 
rcpmcnrativc of the Clarion-NicoUet-WebSn roil d a t i o n  used 
menrively for agrinrltw in the north-central rcsion of Iowa. It did 
not receive any f e n i h r  treatments during 1978 and 1979. Periodic 
adtivation maintained the fidd almost free of v g n u i o n  during the 
teningpriod., 

aaumcy of 
t0.15.C by mean$ of Markwn Model 5750 digid tbemromnnr 
fined with vinyl-tip thcrminor probes. The probes used w m  
smdardkd with a m-ly thermoman. The temperature of air 
within the chamber was mensurd at IO an above ground level by 
m- of a thermistor probe mending through a sealnblc port in the 
chamber. and the temprature of air outride the chamber w&s mas .  
urcd at the same heibt by means of a radiation-shielded probe. The 
temperature of soil inside and outride the chamber was measured at a 
depth o f2  cm below the p u n d  level. 

Soil and air innpniwa w m  damnined to 

RESULTS AND DISCUSSION 
SORPTION OR EMISSION OF NtO BY MATERIALS 
USED TO FABRIWTE CHAMBER 

To check that none of the materials used to construct 
the chamber described either sorbs or emits N,O, we 
sealed the bases of several chambers with &mil poly- 

vent .port) so that the concentration of N,O in the air 
within the chambers was about 500 ppb (vol/vol). and 
removed air samples from each chamber after 1, 5. IS, 
30.45, and 60 min. Analysis of these samples for N,O 
showed that no sorption or emission of N,O occurred 
during this time. 

.,h.,,ml +-;,." :":-...-A L, A :...- .&..-- -L--L--- ,..:. .,.- _...,.-..- ....... ...,... ""..I" .... V ...-IC L1IOIII"CIJ ,",,A L11S 

EFFECT OF SOIL DISTURBANCE 

All chamber techniques thus far proposed for meas- 
uremmt of NIO emissions from soils involve insation of 
the chamber into the soil under study, usually to a depth 
of 5 to 10 cm. The chamber technique described here 
is designed to avoid soil disturbance in this way because 
we have found that insertion of chambers into soil can 
lead to very marked increases in the rates of N,O emis- 
sion observed using chamber techniques. This is illus- 
trated by Table 1. which shows the effect of soil disturb- 
ance on the rate of N,O emission observed at 14 sites on 
a relatively wet (28% moisture) Webster soil. It can be 
seen that, on average. insertion of a metal cylinder into 
this soil to a depth of 5 cm led to a 250% increase in the 
rate of emission of N,O. Smaller increase were ob- 
served when similar experiments were performed on 
soils having relatively low moisture contents. The 
increaser observed as a result of soil disturbance cannot 
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Table I-Effect of moil distur4ance on rate of N,O emission 
from soil at I4 siter.7 

Raw O f  N.0 smiscim 

Sill Before sail dirturbaw Aftlr oil d i s r u r d  

kgN,ONhr5yar-' 
1 6.0 64.7 
2 
3 
4 
5 
6 
7 
8 
9 

10 

5.6 
32.1 
6.5 
17.1 
0.6 
7 5  
1.1 
0.3 
3.5 

7.1 
71.6 
33.1 
35.4 
7.6 
45.2 
8.4 
4.1 
14.8 

be attributed to diurnal variability in N,O emissions (the 
measurements after disturbance were performed 1.5 
hours after the measurements before disturbance) 
because simultaneous replicated measurements at undis- 
turbed sites showed that N,O emissions did not increase 
during the time that the measurements reponed in Table 
I were performed. 

It should be noted that, to prove unequivocally that 
insenion of a chamber into soil markedly affects the 
rate of emission of N,O. we inserted a 57-cm-diam 
metal cylinder into soil to  a depth of 5 cm and immedi- 
ately covered this cylinder with our 88-cm-diam cham- 
ber. In other words, N1O emission was measured from 
an area of soil ca 2.4 times greater than the area within 
themetal cylinder. If it is assumed that 50% of :he emis- 
sion induced by inserting a chamber into soil occurs in 
the inside of the chamber, it is evident from Table 1 that 
insertion of a 57-cm chamber into soil must markedly 
increase the rate of N,O emission measured by such a 
chamber. The error in assessment of N,O emissions 
caused by inserting chambers into soil should increase 
with decrease in the diameter of the chamber used be- 
cause the proportion of soil under a chamber that is dis- 
turbed by insenion of the chamber obviously increases 
with decrease in the diameter of the chamber. 

EFF€CT OF WINDBREAK 

The chamber described is fitted with a windbreak be- 
cause we found that, although the foam collar effected a 
good seal between the chamber and the soil surface on 
calm days, it did not prevent movement of air into or 
out of the chamber on windy days. This became evident 
from plots of the concentration of N , 0  in air within the 
chamber vs. the time the chamber was on the soil. These 
plots showed that, whereas the concentration of N,O in 
air within the chamber increased linearly with time on 
calm days, it did not increase linearly with time 0" 
windy days. This is illustrated by Fig. 2. which shows 



l iME (min) 

Fig. 2-Effm of wiadbralr om nP of N.0 emiraim obracd by 
d o g  c h k r  d&M.  

the effect of the windbreak on a windy day. It is note- 
worthy that tests showed that gusts of wind removed 
N,O from chambers that had been inserted into soil to a 
depth of 5 or IO cm, particularly when the soil under 
study had a low moisture content. 
. Studies under a variety of conditions showed that the 
concentration of NtO in air under the windbreak did not 
increase linearly with time and that strong gusts of wind 
frequently caused a marked decrease in the concentra- 
tion of N,O in the air under the windbreak. The fact 
that we observed a linear increase with time in the con- 
centration of N,O in the air in the chamber wen when 
such decreases occurred is evidence that the foam collar 
adopted effects a good seal between the chamber and 
the soil surface when the chamber is protected from the 
wind by the windbreak. 

When applied to cropped fields, the chamber tech- 
nique described has the advantage that it does not dis- 
turb plant roots. The windbreak easily fits over small 
plants, and the need for the windbreak is eliminated if 
the chamber is placed between rows of tall plants that 
act as a windbreak, 

Several authors (Rolston and Broadbent, 1977; 
Focht, 1978; Matthias et al.. 1978; Denmead, 1979) 
have noted that, when a chamber technique is used to 
measure the rate of emission of N,O from soil, the true 
rate of emission will be underestimated if the concentra- 
tion of N,O in the air within the chamber becomes suf- 
ficiently high to significantly reduce the diffusive flow 
of N,O from the soil. To minimize this problem, we use 
a tall chamber and place it over the soil surface for only 
a short time. Evidence that the problem is not serious 
using the chamber technique described is presented in 
Fig. 3. which shows typical examples of the linear rela- 
tionships observed between the time the chamber is on 
the soil and the concentration of N,O in the air within 
the chamber. 

TIME (mm) 

FIg. S l y p i 4  plou Ulmtnting Ume d t p l l d a q  of NsO conmtn- 
Uon in sir wilhtn c h . m k .  

EmcT OF CHAMBER ON TEMPERATURE OF SOIL 
AND AIR INSIDE CHAMBER 

There is good evidence that the N,O evolved from 
soils is produced by nitrifying microorganisms during 
oxidation of ammonium to nitrate and by denitrifying 
microorganisms during anaerobic reduction of nitrate 
(Alexander. 1977; Bremner and Blackmer. 1978a, 
1978b. 1979). Because temperature has a very marked 
effect on the rates of microbial processes, it is obvious 
that any chamber technique used to measure N,O emis- 
sions from soils should not significantly affect the 
temperature of the soil. Extensive tests showed that the 
chamber described meets this requirement. For 
example, a study was performed to determine the 
perturbation in soil temperature caused by placing a 
chamber over soil for 20 min at 2-hour intervals for 3 
days (26 to 29 June 1978). The temperature perturbation 
observed in 37 tests during this time did not exceed 
1 .O"C and averaged 0.4"C (perturbation = temperature 
of soil at 2 cm below ground level inside chamber minus 
temperature of soil at same depth outside chamber). 
Concurrent measurements in this study of the perturba- 
tion in air temperature under the chamber described 
showed that it did not exceed 2.O"C in any 20-min 
period and averaged 0 . 6 T  (perturbation = 
temperature of air at 10 cm above ground level inside 
chamber minus temperature of air at same height out- 
side chamber). These perturbations in soil and air 
temperatures are insignificant compared with the 21°C 
variation in soil temperature and the 17°C variation in 
air temperature observed outside the chamber during 
!he 3-day study. 

The need to insulate the chamber described was 
demonstrated by studies illustrated by Fig. 4, which 
shows the effects of different chambers (diameter. 88 
cm; height, IS cm) on the temperature of air within 
these chambers when they were placed over soil for 20 
min. It can be seen that the perturbation in the tempera- 
ture of air within the insulated metal chamber was very 
small compared with the perturbations observed with 
the metal and Plexiglas" chambers. 

Inasmuch as several chamber techniques proposed for 
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at ume height ouuide dumber.) 

measurement of N,O emissions from soils require place- 
ment of the chamber over the soil surface for several 
hours, attention should be drawn to the fact that any 
type of chamber significantly affects the temperature of 
the soil and air within it if left in place for more than a 
short time. This is illustrated by Fig. 5 and 6,  which 
show the perturbations in soil and air temperature ob- 
served when different chambers (diameter. 88 cm; 
height, IS cm) were placed over soil and left in place for 
several days. 

EFFECT OF AIR PRESSURE n U C I U A n O N S  

Because studies by Kimbal and Lemon (1971, 1972) 
and Kimball (1973) have suggested that air-pressure 
fluctuations caused by turbulent movement of air over 
the soil surface may affcct gaseous mass flow within 
soil, we studied the possibility that the chamber de- 
scribed may mask these fluctuations and thereby affect 
the rate of emission of N,O from soil. We found, how- 
ever, that the rates of N,O emission observed at vasous 
sites using tne chamber described were not significantly 
affected by air-pressure fluctuations induced by with- 
drawing and reinjecting 300 ml of air at 20-SK: intervals 
during the 20-min period tlie chamber was over the soil. 

We also checked the possibility that the rate of N,O 
emission from soil under the chamber described may be 
affected by withdrawal of air samples at 5-min intervals 
as specified. We found, however, that the concentration 
of NtO in air under chambers allowed to stand over soil 
for 20 min without removal of air samples at 5-min 
intervals was not significantly different from that 
observed after 20 min when air samples were removed at 
5 .  10, and I5 min. Although these tests showed that the 
method used to remove air samples in the procedure de- 
scribed does not induce significant mass flow of N,O 
from soil, we share the concern of Denmead (1979) that 
methods of measuring NtO emissions that involve main- 
tenance of a slight pressure deficit in chambers inserted 
into soil may induce significant mass flow of N,O from 
soil. 

EFFECT OF MIXING AIR WrrmN CHAMBER 

Initially we used a small electric fan to mix the air 
within the chamber described because we suspected that 
failure to mix this air before sampling would lead to un- 

:: IO PLEXIGLAS 
CHAMBER 
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Fig. S-Prmtrbuion in tempcnmrt of wU under different c h m b m  

phced over wU for v r d  dam. (PermrbaUon - tempnttm of 
SOU nt 2 011 below gmaod level imide dumber minus wmmntun 
of wU at y m e  depth outside c h m k r . )  

satisfactory results. The fan used was fitted so that it 
was near the center of the chamber and about 10 cm 
above the soil surface. and it was operated at about 500 
rpm. However, repeated tests during the summer of 
1978 revealed no significant difference between results 
obtained when this fan was operated and when it was 
not operated. 

EVALUATION OF TECHNIQUE9 USED FOR COLLECnON 
AM) N,O ANALYSIS OF AIR SAMPLES 

No loss of vacuum could be detected when the evacu- 
ated bottles used to collect air samples were allowed to 
stand for 24 or 48 hours. Also, tests in which the evacu- 
ated bottles were filled with purified (N,O-free) N, 
showed that no trace of N,O could be detected when the 
contents of these bottles were analyzed after 24 or 48 
hours. 

The gas chromatographic procedure used for N,O 
~ & s i i  iirs iirr imponant advantages tnat it permits use 
of the xenon in air as an internal standard and does not 
require frequent calibration to obtain satisfactory re- 
sults. It allows analysis of > EO air samples for N20 in a 
normal working day, and it enabled us to analyze 

t I 
Mloo I200 woo I200 0000 12M) woo 

27 JUNE 28 JUNE 29 JUNE 
Fig. 6-Pmurb.tio. in ttmptnture of air unde dlffnat  chambers 

phctd OVQ wU for r r e n l  days. (Perturbation - tempenlure of 
air S I  10 cm above ground level imide chamber minu tempnlum 
of air at u m e  height outside chnmber.) 
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Table 2--Rodt. of t r ipl ia te  mu.umneaw of N,O emission 
-tr .t in nim.t 

M U Y r r m B l t  

site 1 2 3 Mean SD 

1 
2 
3 
4 
5 
6 
1 
8 
9 

10 

I- - . ., - . . - 
21.9 20.6 19.9 10.6 a1.2 
IM) 141 134 144 +8.0 
35.4 34.6 3 6 3  35.4 aO.8 ~~ ~ 

16.2 13.0 15.7 16.0 e1.1 
27.5 2.38 24.3 2 5 2  tZO 
16.6 17.5 17.1 16.9 t 1 3  
14.4 116 18.3 16.8 t 2 . l  
4 2 8  31.2 37.2 31.1 -6.8 
26.5 26.0 31.0 21.5 a3.0 

119 1ss 121 125 t8.1 

>24,ooO air samples for N,0 during the past year. The 
standard deviation of the mean of the N,O concentra- 
tion values obtained by this procedure in 60 analyses of 
air from a cylinder of compressed air containing 305 
ppb (vol/vol) N,O was * 1 ppb (vol/vol). 

PRECISION OF TECHNIQUE 

The precision of the technique described was studied 
by oerformine trinlicate measurements of N,O emission 
rates at a varyety’of sites during 1978 and i979. These 
measurements were performed within 2 hours at each 
site to minimize error caused by diurnal variability in 
emissions. Typical data are reported in Table 2. which 
shows the results of triplicate measurements performed 
at 10 sites between IO00 and I200 on 10 June 1979. T h e  
sites selected were within a small area (100 m’) of seem- 
ingly uniform Webster soil. Table 2 shows that the re- 
sults of triplicate measurements at each site were in 
good agreement. It also shows that the variability in 
measurements among sites was much greater than the 
variability in the measurements at each site. It is evi- 
dent, therefore, that the accuracy of an assessment of 
N,O emissions from a given area is much more depend- 
ent upon the number of sites studied within this area 
than on the accuracy of the measurement performed at 
any  site. 

SENSITIVITY OF TECHNIQUE 

The technique described is more sensitive than cham- 
ber techniques previously proposed for measurement of 
N,O emissions from soils, and it permits detection of 
N,O emission r a t s  as low as 0.1 kg N,O-N ha-’ year-’. 
It also permits studies of the ability of soils to act as 
sinks for atmospheric N,O (Le., to remove N,O from 
air), and it enabled us to detect sink activity at several 
sites during a recent SUNCY of the ability of unfertilized 

soils to act as sources or sinks of atmospheric N,O. If  
the soil under study is evolving very small amounts of 
NIO. the sensitivity of the technique described can be in- 
creased by increasing the time the chamber is placed 
over the soil surface. If the soil under study is evolving 
large amounts of NzO. the time the chamber is placed 
over the soil surface can be reduced. 

ADVANTAGIS OF TE4XNIQUE 
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To summarize, besides being simple and precise, the 
technique described has the following advantages: ti) it 
has hiih sensitivity and allows dete&on of very small 
emissions of N,O from unfertilized soils: fii) it does not 
involve significant disturbance of the soG structure or 
the soil environment; (iii) its use is not limited to sites 
where electricity or special eauiDment is available; and 
(iv) the chamber used is inexpensive and easy to fabri- 
cate, transport, and use. and it is well suited for an ex- 
tensive program of research on N,O emissions from 
fertilized and unfertilized soils. 

The key advantage of the technique described is that 
it permits much more extensive monitoring of N,O 
emissions than do other chamber methods proposed. 
For example. it allows two technicians to routinely 
monitor N 2 0  emissions at > 100 sites in a normal work- 
ing day. 
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Nutrients and Associated Ion Concentrations in Irrigation Return Flow from Flooded Rice Fields' 

F. T. TURNER, K. W. BROWN, AND L. E. DEUEL' 

ABSTRACT 
A &yur ndd study of auU*nIand Common ion mocenmtions in 

irrlpstion return now (IW from nooded rice fieids OW rcpllated 
plou wblch m i v c d  eltbu m m m e n d d  or exxearirr fcdilzer nla 
rllh eont i~our  now or intamittent nood irrigation. AU P mad K w d  
40% of the (NH.),SO. nlIrOgen (N) were *pplled preplant and In- 
corpontd. The rcmualng N N gppUed just prior to pelmMeIIdY 
flooding (40%) and at 2-mm panicle stage (20%). The irrigation Md 
plot wmter were a d y d  for N W - N .  NO,:N. NO,'-N. PO.''-P. K'. 
13''. Mp'', Na'. Cr ,  sad SO.'. Highat nitntc-N eooceatnUons oc- 
curred early In the y.9on before the perm~rnt flood period. but dld 
001 c r d  drinking water sun&&. Nllrilc-N coarratntiom In the 
I W  werc low at 111 Uma. Mulmum NH.'-N eonceaintion~ ocolmd 
following N ferUuXr appliationa whlch were not incorponted Into 
the lol l  and penhtcd in the n w d w ~ t e r  for 5 lo 7 d i p .  Tbar peak 
N W - N  concetttntioms exceeded .mplahlt drinkiaa w8ler st.odd.rdr 
conrrntrntion by m factor of 10 or gmter. Concentntionr of PO."-P 
mad K' la the floodwater w u e  dmihr to those in the surimce water 
used for Irrigstion. The m~emmtion of the other common iom in the 
I loodwam did not gmUy uatd those in the irrigation water and si1 
were wiihin roncenrnuom mmpubic ior irinuag sater. Metaw 01 

f d l h r  mppiication had more influence on I W  nurrient concentn- 
tiom than did feil izer nus or Irrigadon manngcment pnnice.  
Under the conditions of thir study. it a p p u n  that only the immonium 
conrrnlnUons may have a delrimenul impact on the quality of IRF 
from flooded rice fields. This potential prohiem could he minimized 
by preventing IW for a period of I week following surfsce applin- 
tiomof (NH.),SO. f e d l i r .  

. 

AdditioMI l n d u  Words water gu~lltg. pollution. runofl. rim 4- 
I"=. 

Turner. F. T.. K. W. Brown, and L. E. Deuel. 1980. Nutrients and 
associated ion concentrations in irrigation return flow from flooded 
rice fields. J. Environ. Qual. 9256-260. 

Water draining from land has the potential for adding 
excessive amounts of sediment. pesticide, salts. or nutri- 
ents to the body of water into which it flows. Such water 
pollution problems have been discussed by Law and 
Skogerboe (E), Ryden et al. (11). and Viets (13). The 

'Contribution no. TA-14939. Texas Agric. Exp. Sin. This work was 
partially funded by EPA Grant no. SBo2W8. Receinued 5 Apr. 1979. 

'Associate Professor. Texas Agric. Exp. Sin. at Beaumont; and 
Asswiate Professor and Rscarch Scientist. Dep. of Soil and Crop 
Sciences. Texas ABM Univ.. CollcgcStation. Tex.. respectively. 
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problem considered in this investigation is restricted to 
nutrient concentrations in the irrigation return flow 
(IRF) from flooded rice fields. Literature on this subject 
is limited. 

Gilmour et al. (6) found the average concentration of 
Ca", Mg", and Na' in runoff following winter (October 
through March) rains on a Crowley silt loam. in 
Arkansas to be 19, 7, and 16 mg liters-', respectively, 
when the runoff was 40.1 cm: when the winter runoff 
was only 1 I .4 cm the average concentrations were 30.9, 
and 26 mg liter-', respectively. The quantity of Gal', 
Mg", and Na' removed was 56. 26, and 57 kg ha-', re- 
spectively, for the greater runoff, and 24. 9, and 7 kg 
ha-' in the lesser runoff. They concluded that removal 
of low-solubility salts by winter runoff is slow but con- 
tinuous; whereas, the rate of removal of highly soluble 
salts is much greater and continues until the salt is dis- 
solved. Surface runoff of salt appears to be more im- 
portant than leaching as a means of salt removal from 
y v ! y  dr4nrrl rice rci!r hrr~cs? S r c w  t! z!. [2> re 
ported that seepage through a Beaumont clay rice soil in 
Texas was a rather insignificant means of water and salt 
loss. However, Bilal et al. ( I ) ,  working with a more 
permeable California rice soil, found significant inor- 
ganic nitrogen (N) loss in floodwater seepage through 
the soil profile and also in the IRF. from flooded rice 
culture. They measured inorganic N in the floodwater 
and soil solution of N-fertilized rice plots. Plots in 
which 112 kg (NH.)SO.-N ha-' was incorporated into 
the dry soil just prior to flooding had NH:-N flood- 
water concentrations of < 2  mg liter-' throughout most 
of the growing season. When the flooded soil was t o p  
dressed with 56 kg (NH,),SO,-N ha-', the NH:-N 
floodwater concentration reached nearly 50 mg liter-', 
but decreased to below 2 mg liter-I within 5 days after 
topdressing. Because of the high seepage (128 to 222 cm) 
and surface runoff (204 to 219 cm) during the 119 days 
that the soil was flooded, the inorganic N loss in runoff 
and seepage for the three water management systems 
used was 18.6, 36.4, and 30.2 kg N ha-', which repre- 
sented 11, 22. and 18% of the applied N fertilizer, re- 
spectively. Nitrogen loss in seepage accounted for 45. 
61. and 70%. respectively. of the total N loss in seepage 
and runoff. The amount of irrigation water that Bilal el 
al. (1) applied to compensate for evapotranspiration. 
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Determination and Isotope-Ratio Analysis of DiEerent Forms of Nitrogen 
in Soils: 3. Exchangeable Ammonium, Nitrate, and Nitrite 

by Extraction-Distillation Rlethodsl 

I J.  11. B n m s m  A S D  D. R. IiEESEl" 

.. . .  . 
ABSTRACT lions of liwl or excluugmble ani~noniuni. However, mort. L i  

hlelhodr of determining exchangeable ammonium, ,,itmfe, and 
nitrite in soils are described. They inrolre extraction or the soil 
samvlr with 2hl KCI (10 ml/g of soilj and analysis or the extrarl by I .I1 KCI at liburntory i e ~ ~ i p r r a t u r c ~ .  :$!id, sinre this 
I) !  stram-distillation methods in which magnesium oxide is used 
:)lr distillation or ammnnium. ball-milled Devarda allor for drfille esr)langmi,lr 3nln1011iuIll n. 3,,1,,1011illnl ,,.llicll is 
:rdurtion o r n i h l e  2nd nitrile 10 ammonium. and aullamic arid rstr:let3,,~r l i ~ 1 3 1  rool,l t e n , i , r r ~ , ( , r ~ ,  t l l c  nletllods 
for dcslruction of nitrile. The distillation methods are rapid, of n11aly3is d e 4 1 4  here, exrhmlgeahlr ninninniuiii in soil? is ;# srrurale. and precise. have high specificity. and are applicable to  
turbid. colored. and unfiltered soil extracts. They give quantita- nrhitrarily dehird as 3ininoniuin rxtrnct31de by 2.11 KCI at 
live recovery of ammonium, nitrate, and ,,itrite added to soil 
ExlraCtS and permit nitrogen isdope-ralio analysis of these forms IiCI lI3.q ImCtical 3dv.lnt3ge.s nlrd 1h:lt the nmount of 
or nitm.ecn in X'Ltracer studies of nitrogen transformations iininiuiiium extracted lrom sd.. 11, ? I 1  liCI is ilirtiticnl to  

tlic miount estractcd by 1.11 i<Cl. 
The olijcctive in the a-urk rqiortcrd to  develop 

methods of determining exchan~~111!~uni116~ nitmte. 

,,;trite in soils s a W l e  is req+red for .- performance of . tlie>e . 3u31yse5 and tile 
iIlvol\.r estraction of 1hr.e forms of nitrogell nn31ysis 6 & 3 C t  can be stored lor zome time before&?&is. .4ddi- 
of the e x t r n ~ t  1iy colorinlrtrir or distill~tioll tec~lniques. ~ 1 , ~  tion31 requirenlents se re  that the nirtliods should Le rapid, 
delerts 01 these met1lod.c have heen discused in a recent slRcific. and I,recise and should permit ~ ~ j t r o ~ ~ n j ~ o W ~ ~ e - r a t i o  
monogmlh (2). and it suffires here to say that mOst oi them - ~ 

hare Ferious limitrttions. For emmple, tile ex*raction >"-tracer studies 01 nitrogen translormations in soils. The 
I'rorrdllres rolnmoltly u.=d for det,.minntion of nitrate or methods descrikd have bePn. found to  iii&t ' t h z  require- 
iiitritc tty rolorimetrie nleth& are not sn~,isfnctors for ments. The): involve extraction of the $oil sai11111e by shaking 
,lctcrnlinniion of est~l1snpe3blc animoniunl, s]lic]l lneaN that it with 2.11 KcI (10 mI/g of soil) lor 1 hr and analysis of the 
:,I irast I r o  c s t r a r t i o ~ ~ s  must be ~~erfornied nnalyses for extract b? steam-distillation inethotl- in  which the form of 
eschanprable ammonium. nitrate, and nitrite are required. nitr0E-I under analysis is convened to, and estimated as, 
Also, sonic of the estraction procedures us& t o  biological ammonium, which is readily oxidized io  uitrogen gas for 
or tion1,iological reartions resulting in ~n inCmsse or derrenFe mass-slECtrOmeter a m y  oi S" (R). T h e  distillstion tech- 
in the amount 01 the  forni of nitrogen under nllnl,.sis or yiel,l niques employed have I w n  descrihd (4j. Thev iiivolre use 
extlact. tvliicll are unstable 311d c a ~ l ~ t  be snfely sf.orcd before of ignited magnesium oxide fur dialillatioii of ammonium, 
analysis. T h e  main defects of the methods g ~ ~ ~ ~ ~ ~ l l ~  used for finekdivided Derarda alloy fur reduction of nitrate and 
deternlination of inorganic forma of nitroFrn in  nitrite to ammonium, and sullmuic wid fur destruction of 
3re tha t  they lack rrnsitivity. are subject to interferellce by nitrite (SHsWaH + "A - S: + H:.SO, + H110). Tlrc? 
organic or inorganic soil constituenw, are innl~lllieable to are  rapid, accurate, &d precise, have high .clwcifieit.y, and are  
turbid or mlored extracts, or are tedious and tillle.~onsuming. applicable to t.urbid, colored: and unfillered ?oil extracts. 

Dcvrlopment of a method for determination of eschangeable 

nrcepled definitions of eschsugesble ammonium and fixed 

workers have found it convenient 10 drfine fix& (nones- 
chan:.cal~lc) sminonium 3sam1noniu11i which i.: not extractable 

dcfillitinll ha? gnilled considcrahle i(ccrl)ta!1ce. i t  seems 1n;ical 
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sicvc. In the analyses rcported in Table 1, total nitrogen 68s 

determined by a scmimicro-Iijcldnhl procedure (I) ,  organic 
e3r101i by thc mcthod of Mebius ( i ) ,  pH by n g I w  clcctrodc 
(roil/wder ratio. 12.5), aud cation-exchange capacity by the 
ammonium ncctatc procedure descr ikd  by Jackson (6). 

METHODS FOR DETERMNATIOS OF 
EXCHANGEABLE A n m o N i u n t  ~-~ ~~ ~~ 

NITRATE, AND NITRITE- -' 
Apparatus 

Svolrr,ii.rillniion a p p o m f u s T b e  sppimtur urrd has been 
d,::vriId (3). I t  ie dcsigncd EO that fl&*ks fitted nit11 stsndnrd- 
t;~pw ( 1 9 . 3 s )  ground-glnsr joints can Ix used ns distillitiou 
cl imnlw~is .  llefure nx, tlbe apparatus should be steamed out lor 
nlwut 10 min to remow traces of ammonia, and the rnte of 
~ t m m  Fwvratiou should be adjusted EO that nbout i .5  ml of 
didil1:ntc arc rollected/min. 

l ~ i ~ ~ ~ i i o i ; ~ ~ ~ ,  ,flods-Thc llaske used are 100-nd I<jvldalrl fltlrlis 
f i t tvd \ ( i l l )  u cirlramm. standard-taper ground-glass juints, and 
g1~1.i.s IlooLs. t l r  neck of t l n  ridr-arm Itring fitted 3titli n ?twdwd- 
tnpcr pnlwtl~yI~~nc stuppur ( 4 ) .  The flmh dimrnsiouz should be 
F U C ~  tlmt. x l ~ e n  the  flasks are connected to  the distillation 
ni ipmtw.  the distance betn.een the t ip of the Eteam inlet tube 
mid tlto I~uiioni oi the Rnrk is approximately 4 mm. 

Reagents 
Pulossim cl,loridc solution, approximately 2.V-Disolve 1,500 

g ai rcnpent-grade KC1 in 6 liters of n-ater and dilute the solution 
to 10 liters. 

Jlog,w..iuar ozidr-Hrat heavy mamerium oride (U.S.P.) 
in an rlectric muffle iurnnrc at GW to i00C for 2 hr. Cwl the 
produet iu n dericrntur rontnining K 0 H  pellel. and store i t  in 
n IiFlitly #topirrPd bottle. 

Horic ariibiiidirolor roluiion-Prrparc as prwiously dcscribed 
(31 

Dcrarda a/io!~-B~ll-niill reagent-grade alloy until the product 
will I I ~ S P  a IWmesh screcn nud n t  lemt i5YG of it r i l l  pass B 

300-mrsh ~crern (4). 
SulJnniir ac;d-Dissnlve 2 g of purified sullamic acid (4) in 100 

ml of ivater. Store the eolution in a refrigerator. 
Su/fwir ocirl-O.005.\' dandard. 
Slanrlonl (oi,iimuiwnl + nitralebS solution-Dissolve 0.236 

F of illnnl~~lliuni rlilfote and 0.361 g of pot3rrium nitrate in wawr, 
dilute l h r  EOluliOn to I,hM ml in a \olumetric flask, nnd m i x  
the rolutiori tlboroughly. I i  pure, d ry  reagenb are used, this 
sclJtioll contline 50 pg of ammonium-lr' and 50 ug of ni t ra tpS/  
nil. Ston, lhr solution in a refrigerator. 

Sfmidonrd (aiiinmniuat + tiitrate + nitde)-.Y solulion-Di.r 
sohe 0.236 g 01 nmmonium sulfate, 0.123 g of sodium nitrite, snd 
0.361 c of potassium nitrate in water, dilute the solution to 1,hM 
nil in a volumetric Rmk, and mix t h e  eolution thoroughly. If 
pure, dry reagents ye used, this solution eontabs 50rg of am- 
monium-?r'.50rpof nitrate-h',aod25rgoiNtrite-N/ml.Storc the 
aolution in a refriyrator. . .  . .  . . . . . . .  . .  

AXALYSIS or Gs~n.4cr IVmm SrrnrrE is PRESEST i 
Antnwniuni-.Y-Add 5 nil of boric acid-indicator solution to 

a 50-ml Erlenmeyer flmk mnrked to indicaw a volume of 30 ml 
and place the f lssk under the condcnser of the stcamdistillation 
apparntus w tha t  tbe end of the condenser is about 4 cm above 
the surfsee of be boric acid. Pipette no aliquot (usually 20 ml) 
of the soil extract iuto n distillation flnsk and add 0.2 g of Argo 
through a dry po\vdcr funnel with a stem renching into the bulb 
of the flask. .4tmeh the Ansk M the distillation mnamtus bv 

. I  
! 

spiral steel springz with loop ends and commcnk 'distillati& 
by closing the  etopcook on the stexm-bypsss cnlx of the distilla- 
tion apparatus. When tlic distillatr wilcl~cs the  30-ml mark 
on the rcwi\w Rock, FIUP thc dirtillition I,?. opening the stop 
rock on b e  steam-bypass tulle, rinw thr end of the eondcnser, 
and determinc ammonium->- in  the distiUate by titmtian with 
0.00S.Y HI,SO. from n 5-ml microbumte graduated nt 0.01-ml 
iiitrrvirls ( 1  of 0.00S.Y H?SO. = 70 116 of ?iH,-S). The 
colw change at the end-point is Iron) Erren to 3 prrnnncnt, 
faint pink. 

(Sitrate + niiriic>.V-..iftrr rcaioul of ammouium-S from 
the ~ a m p l c  as &scribed in tile prrvious section, remove the 
stopper iron1 l l ~  ddcnl-tu oi tlrc flask. add 0.2 g oi Dcrnrdn alloy 
tbroupli n dry pmvdcr funnel wi t l l  a stem r rxhin:  into t l ~ e  flask 
about. 1 em Iwlo\x the bwr of tLc gruUnd joint ou t l i ~  side-arm, 
and immediatel?- replace rhe rtol'prr in the w r k  of the side-arm. 
Then determine thc nmmonin-S liberated by stcam didillalion 
m descrihd in the previous section. 

(Jn~moni~oz~i  -t i i i frnfr  + nilrile-.\~-Follo~v the procedure 
described for determination of amtnonium-S. but add 0.2 g 
nf Devsrdn alloy to the distillntion fl& immediately after 
addition of -\I@ and bcinre wiinwtior)  oi the Bnsk to the dis- 
tillntion apparatus. 

(.lsrnronium i nilm~>S-Follon the procedure described 
for detcrminr~tion of (ammonium + nitmte + nitrite)-S, but  
before addition of 1160 and Devardn alloy, treat t h c  sample 
in the distillation Rn=k with 1 ml of sulfamic ueid solution and 
rnirl the iimk for n f e n  wcondr to destroy nitrite before COD- 
iiecting it to the dirtillation appnratur. 

A'ilrofe-S-Follow the procedure described for determination 
of (nitrate + ni t r i t rbS ,  but prrform the annlysis on n sample 
that h3s been treated air11 sullamic srid to destroy nitrite ns 
n the proredure for detern~iuarion of (ammonium + nitrate>h'. 

ASALY~IS OF EXTRACT \VaEs Smim 1s ABSE~T 

. .  

. ~ ~ n ~ ~ r o n i r ~ ~ t - . ~ ~ - ~ o l l o ~  the procedure described for deter- 
nunntion of ammonium-S in the presence of nitrite. 

.Vifrate-.4~-FoUotr the proredure dee?,ribed for dctennination 
of (nitrate + niiri tebS it, the JIC.WIICP of nitrite. 

( A w m , t i w n  i tiifralebx-Fullo~r tbe procedure described 
for determination of (ammonium + nitrate + nitritr)-S in 
thc  presence of nitrite. 

COSTROL Asn C n m r  .~SALTSES 

Controls should he performed in escb eeries of ai\algses to - 
d o n  for ammonium-S derived froin the  reagents used, and the 
stearn4istillstion procedures should be checked at intervals by 
analyzing 5-ml aliquoo of the  standard (ammonium + nitrate) --,,-ld 
-N and (ammonium + nitrate + nitritebh' nolutions. Both. ..i;b 
solutions are stablc for Beverai months if atorrd in a ref rip em tor^^?.+^^^ 

.. . 
. . . . . . . , 
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Table 2-Ammonium-N extracted by shaking incubaled 60ils 
r i l h  IiCI solulion (IO d j g  01 soil) lor 1 hr 

Table 4-Ammonium-N extracted by shaking incubated soils 
with 2ai IiCI (IO ml!g olsoil) for diKerenl times 

Table 3-Ammonium-h' ertracled by shaking incubaled soils 
u i lh  different rolumes of2nf KCI for 1 hr 

Extraction Procedure 
Do,clopninrc-Since prclimiunry work using soils 2, 5, 6 ,  

nnd i shorwd that nitrate and nitrite added to these soils 
n-ere rcadily cstracted by a short (5- to 10-niin) period of 
slinking with wster or dilute IiCl solution, t.lie problem of 
dercloping an cstraction procedure for determination of ex- 
clmnge:rlJle ammonium, nitrate, and nitrite n-as bsiwlly that 
of finding n satisfactory IiC1 treatment for extraction of 
excliangcablc nmmoniuni. The extraction proceduie recom- 
mended d e v c l o ~ d  from studies using different volumes mid 
concentrations of KCI so1ution aud diKercnt shaking times. 
Tliesc studic rliowd that, when an equilibrium extrnction 
technique is uscd, the amount oi nmmonium extracted from 
soils I)? IiCl solution nt. rmni Icmpcrature is essentially 
masininl if 2.11 IiCI is used aud the sui1 mmple is shaken with 
illis rcagent for 1 Iir using 10 nil of 231 KCl/g of soil. This is 
illustrated by the data in Tables 2, 3, and 4, whichshow tlie 
effects of var+~g the concentration of the hT1 solution used 
for cstrnction. the volume of 2.V I<Cl/g of soil, nnd the time 
of r1i:iliing with 211 KCI on the amount of ammonium 
eatractcd by IiC1 solution from rarious soils. To emure 
srcunte evalustion of these effects, the soils studied were 
incuhtid under waterlogged conditions at 30C for 4 weeks 
and airdried before use so that they would contain an 
appreciable amo-at of eschangable ammonium. It can be 

Table 5-Analys.e~ of filtered and unfiliered soil exlracts by 
steam-dislillelian methods described 

- > I C , l d ?  

I 4 i 
SVil no. Extract. 

I 

#E of s. ?U ",I of CII .I ( . l  

r 9 4 I1 I 13 u Y I 13 4 13 

F 6 I I ?  4 I ?  u 6 4 1" 4 I ?  

1 

I F 5 4 I ?  I I? 
B 4 I ?  I I? 
6 ?BI ? I ?  405 412 
6 205 211 404 4 l ?  

u 
Fl u: 

77 r 70 6 76 G u 70 a i G  6 70 
5 

employed contains tlie equi~alent of 20 meq of Ii/g of soil; 
and that it is not increasdif  the nieq oi K/g of soil exceeds 
lhis value or if tile time of shaking is inrrmsed. The 2.11 KC1 
estraction proredure was adoptpd Iwrmse use of 2JI IiCI 
instead of Id1 IiC1 reduce.? the size of tile aliquot of extract 
required for sitislactoy annlysis by the stesm distillation 
methods described, and analyses of sei-ern1 soils shored that 
the results obtained using 2.11 IiCI for ex?raction had slightly 
higher precision tllan those obtained usin€ 3.11 IiCl or 4.11 KC1. 

mended need not be filtered for analysis by the stenmdis- 
tillation methods described (Table 5 ) .  Noreover. the aliquot 

Fillrolioti-Soil extracts prepared by the p r o d u i e  recorn- . 1 

i of unfiltered estract taken for anal>sis need not be free-of I 

4111 KCI is used, provided that the amount of KCI mlutim ' 

H-17 
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Table &Recoveries of ammonium-N. nilrate-X, and nilrile-h' by methods described 1 

- i 
1 99 .5  91 .o 100.0 100.6 98.8 9%.9 100.1 99.G 100.0 
? 100.5 S I . 5  6.2.6 "9.G w4.s 99.1 100.0 99.9 99.8 
B 99.5 95.1 100.5 100.3 99.6 P5.3 IM.? 99.6 100.2 
I 99.8 79.8 99.6 1 0 0 . 4  99.7 9a.c 89.8 100.1 100.1 
5 99.G 87.4 9Y.1 99.4 100.0 08.4 IW.1 Y 9 . G  300.2 
0 99.8 96.6 100.0 9P.S 99.5 98.5 99.8 99.9 99.9 -. 

100.0 92.7 100.1 99 .0  99.3 93.0 103.0 w.9 99.8 
6 99.6 Si.? 98.9 9P.C Y9.9 97.4 100.0 99.9 99.8 
7 

dV. 99.6 80.G P9.D 100.0 99.8 96.7 lw.o 99.8 100.0 

t i i t rntc ,  and nitrite ndcled to various soils. Recoveries vcrc 
detrrmiiwd b? analyzin: estracts obtained b!. sl~aking 10 6 
of soil with 100 ml of 211 KCI and 10 ml of standard (animon- 
ium + nitrnte + ilitrite)-S solution for 1 Irr, the latter 
solutioir Iring added ininiediately before or after tlic addition 
of 2.11 KCI, ni id  by suhtract.ing tlic ammonium-S, nitrate-S, 
a i d  nitritc-S \-dues obtained in analyses of estracts obtnined 
by sheking 10 g of soil with 100 nll of 2.U IiC1 and 10 ml 
of water for 1 hr. I t  can be seen that the methods described 
@me qosntitative recoveries of ammonium-S, nitrate-?\', and 
nitrile-S ndded to soils after addition of IKI, and that, when 
these lorms of nitrogen w r c  added before addition of KCI, 
their recoveries averaged 90.6, 100.0, and Q6.i'>, rcspectiwly. 
Failure to achieve quantitative recover). of ammonium added 
before ndditior. of KCI is readily explicable on the grounds 
that the soils uvd  had the rapacity to fui ammonium. Work 
in progress indicates that the failure to obhin completely 
qusntitativc recover? of nitrite-3 added before addition of 
KCI is due to chemical deco~nposition of nitrite by soil 
ro~irtitucnts. 

l'able 6 also cho~vs data obhined in studie.? lo dctcrminc 
the recoveries hy rhe ~tcanidistillation proredures described 
of animoniuni, niiratr, and nitrite added to 2.11 IiCI estrncts 
01 soils. Thc estrwt8 wed were prepared by sbaking 10 g 
x i n i i h  01 soila wirh 100 nil of 2.11 IiC1 for 1 hr and filtcrinp 
lhc re-ulting ciisliensions, nnd the recoveries repoiled were 
calrulatd f m n  analyses of 20-nil aliquots of thpsc estracts 
lrfore 311d aitcr addition of 5 ml of standard (ammonium + 
nitrate i nitrite)-S solution. Exchangeable ammonium-K'. 
nitrate-.\', and (nilrate + nitrite)-Ti were determined by the 
procedure recommended for determination of these forms of 
nitrogcn in the presence of nitrite. and niuite-S \vas calculated 
by difference. It can be Seen that the distillation procedures 
described g 3 ~ e  quantitative recowries of ammonium-N, 

bio~o:ici1 or tl~11lbio~o:ira~ rextiolli w h i d i  k a d  tc' Bn increase 
or decrease in the amounts 01 these furms 01 nitrogen. The 
recovery tests reported in Table 6 indiwte that the extraction 
procedure rerommended meets tlii; requiren?ent . and other 
tests performed support this ronclurion. K e  lound. for 
csamplr, 11ix the results 01 soil snalyies by the  nlethods 
described are not nfiectcd if the 2.41 KCl used for estraction is 
trested with toluene to inhibit niicrobisl transfornutions 
01 inorganic lornnls of nitrogen during estraction. X e  also 
tested the possibi1it.y that use of a n~u t ra l  estractant such BS 
2.11 IiCl might lead to chemical decon?positiou of nitrite 
during estraction of acidic soils or to volitilization of ammon- 
ium during estraction of calca~-eous soils, but were unable to 
detect such reactions in recovery studies using soil 3 (pH 4.8) 
and ssmples of soils I ,  2, and 8 treated with CaCO, (10% hy 
weight). Xevertheless, t ie  recommend thnt the extraction 
i~ocedurc recommended be checkpd by recovery tests if it is 
10 LE applied to highly xidic or ralrsreous soils and quantita- 
tive analyses for nitrite and esclnngcal~lc ammonium are 
desired. The  literature on deterniination of nitrite in soils 
shows that the instability of nitrite in acidic media has not 
k e n  fully appreciated and thst .=everal workers have used 
acidic reagents for.estmction of nitrite (2). 

The possibility that analysa of soils for inorganic form 
of nitrogen may be ~ l t ia ted  by enzymatic rmctions during 
prqiaratioii of eslracts for t hee  aiialyses deeryes attention 
because it is no6 well established tlut soils contain a variety 
of enzynies capable of transforming nitrogenous compounds. 
Dashevskiy (5) obtainedmmeeridenre that the determination 
of exchangeable smmonium in roils n u v  lx comldicated bv 
nizymatic hydrolysis of smides during preparation 01 extract.--+ 
for this determination. r e  have been unable to confirm his . : 
findings using unsmended soils, but have been able todetect .' "-"  
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Table 7-EiTeecl of storing Bllered and unfiltered soil exlracls on 
Ihe valnes oblained in their analysis for ammonium. 

nitrale. and nitrile. 

'C 
25 

nnd lor u p  to 4 months if kept in 3 refrigerator at 5C. Table i 
:Iio~s data obtained in a study of the efiert of storing 2.11 KCI 
estracts of Webster soil. 

Steam-Distillation Procedures 

Spc(FL5ly mid inlmfrrencc tcsk-Tests usiug 69 organic 
nitrogen compounds, including amino acids, purine m d  
pyrimidine derivatives, and alkali-labile substances such as 
amidcs and hesosamiues, showed that the steam.distillation 
methods 01 analysia described had high apecificity and that 
only two compounds, namely glucoslmine and galactosamine, 
yieldrd detectable amounts of ammonium under the condi- 
tions of these methods (4). If a soil extrart contained a 
significant amount of glucosamine or gnlnctosamine, inter- 
ference hy these hexosaniines in analyses for ammonium, 
nitrate. and nitrite could be eliminated by use of the methods 
for ainnionium-S, (ammonium + nitrate)-K,aad (ammonium 
+ nitrate + nitrite)-S, and reduction of the time of distilla- 
tion in the method for animonium-X to 2 min (4). Eowe\.er, 
hexommines ai- so labile in alkaline medin thal their presence 
in an estrart. analyzed for ammonium by steam distillation 
with IlgO can readily Le detected hy studying the eiTects 
of vnryiug the nmount of IIgO and the time of distillation (4), 
and such studia shored that herosnmines are either eom- 
pletely absent from liCl estracts of soils or are prescnt in 
such low concentration that they do not release mesurable 
amounts 01 ammonium under the conditions of the h f g 0  
distillation method recommended for ariimonium nnalx&. 

Table 8-Ammonium-N liberated by 61e.m dislillation soil 
extracts r i l h  various rearents 

R...ent 

potassium phosphate bufier (pH S.0) or with CaO was 
identical to the amount relemd by A l s o  distillation. The 
data in Table 6 ako show that the results obtained by the 
IlgO-Devarda alloy distillation method of determining 
(ammonium + nitrate + nitrite)-X were not afiected if the 
period of distillation n'as inrrenced to  G nlin. Other studies 
showed that the results obtained with .soil extracts by the 
methods for determination of nitrate-K, (animonium + 
uitrate)-K, and (nitrate + nitrite)-S uerr similarly unafierted 
if the time of distillation w s  i nc rcad  l o  6 min. The results 
using S3OH for distillatin11 mrrely confirm previous evidence 
t.hat soil estracts contain organic nitrogen rompounds which 
decompose with lnrnintion of ammonium when distilled with 
strong alhl i .  

Studies of the effects of various cations and anions on the 
steam-distilhtioi~ methods of analysis dexrihed have alrendy 
been reported (4), and i t  suffices here to state that extensive 
tests indicate that these methods arc not subject to inter- 
ference by inorganic or organic substances present io soil 
extracts. This conclusion is sup~u,Orted bv the h d h m  that .~ 
these. methods give quantitative recovery of., ammonium,;' 

. 
,. :.~. .. The  -- hding  that .KCI exty..:of s o i l s - d o . n o t ' m n t i c ~ - ~ - n i t r a ~ ;  . .  and .n i t r ikaadd  AOGiil  &&-@able$).-&d&&~ 

amount liberated by distillation with a mildly alkaline noted, howevrr, thnt thc rdurtion of nitratc and nitrite I,>. 
H-19 
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Table 9-Precision ot methods 

1o.n 1 11-12 I ?  1 .o 
? 53-55 54 1.1 
3 OS67 6,; 1.5 
I 53-55 SI 1 .I 
5 w m  G6 1.5 

5.0  1 1 1 - I ?  12 1 . 1  
2 .w1-53 54 1 . 4  
3 6 5 4 7  61; 1 . 1  

' I  53-Y 51 1 . 3  
5 65-G: tic 1.5 

2 . 0  1 I l - l ?  1: 1 . 2  
? 53-53 il I .5 
3 m d i  BG 1 . G  
I %?-54 51 I . 3  
5 G 5 - a  0;  I .? 

I.. .- .. , . . , : I lnulu  01 G annlsru 01 roil G hj- em13 mclhod. 

Drvnrda alloy nnd 3lgO is aflrrtrd by 1111) ~ireseiirr of a11 

apprecinldc roilrentration o i  dissolved phosphate or silicate 
(4), and illst t he  niethods of analysis involving use of Dcvarda 
alloy emnot, tlicrefore lx applied to  soil extracts obtained hy 
t ra t ing  wild with phosphate or ~i l icate  solutions. 

.4 rnrrac!i o ~ d  prrrision-Tl~e s tem-dis t i l l a t io~~ procedures 
dserilml Eire qtiantitative results when applied to  20-ml 
aliqunts ni solutions conhining up to I00 #g/nil of nnimon- 
ium-iY, nitratr-K, and n i t r i t e s  (4). and give quantitative 
recorer? of ammonium-S, nitrate-S, and nitrite-S added to 
soil extracts (Table 6) .  

The Iugh precision of the estrsction-dictillation methods 
of analysis is illustrated by Tablc 9, idiicli sho~vs rcsults 
o l ta iud .b?  tliesc nicthwls in replicate anal?.= of air-dried 
Priniclur soil (< 2 I I I I ~ ) .  The data in Tablc 9 nko show that. 
the rrsults by ll~cse iuet.llods using 2 or 5 6 of soil twrr 
identiltiwl to, and as precise as, those obtained using 10 6 of 
soil. Tsts using soils 1, 3, 4, and 6 showed t ha t  the results 
obtained I,? lhc estmction-distillation methods with field- 
moist, < 2 nini %~mples oi tlicse soils were as precise as those 
obtained nith air-dried samples. 

Apparatus and rroprnL1-Descript.ion of the steani-dist,illa- 
Lion methods has h e n  simplified hy specification that 
distillation &ks fitted with Q side-arm be used. This 
side-mn is not required when the  method of nndysis does not 
involr-e addition of Devarda alloy niter removal of ammonium 
by stesm distillation with AIgO.  

The Ar@ used for distillation of ammonium is ignited to 
remove carbonate and stared in an air-tight container to 

protect i t  from atmos~rheric CO? I~cause  use of JlgO contain. 
ing m r h n a t e  ran I ~ a d  to  liberation of Cot which interfere 
with determination of animoniuni hy titration methods. 

The Devarda allov used for reduction o i  nitrate and nitrite 
must Le ball-milled to obtain a very finely divided product 
bemuse the reactivity of this nlloy increases with decrease in 
its particle s i x ,  and finely divided alloy mud he used 
obtain quantitative reduction of nitrate and nitrite within the 
period of distillation recommended (4). 

of AI@ and Devsrda alloy beeiuse it is not nccessry t o  u x  
aecumtely wei:hed amotintc of t l i c v  reamits. 

Resgent-grade sullnmic a r i d  soniriinies contains an 
apprerinlle quantity of anininniun~. and it usually requires 
pnrifiration ior usr in tlic 111rthadr dr:r.rilrd. Suliamie acicl 
is h>-droIyzed in aqueoiis s0111tio11 wi111 formation of amnion- 
ium bisulfate (SHISO~H + H.0 = SH.HS03, hut this 
reaction is very clow at 5C. and only trace amounts of 
aninioniuni have LRpn detected i n  -ulfaniir acid solutions 
~".epzrrd 3 s  r r roni~nr~~dct l  i11d rul)-cqumtl?. rtored in a 
refri;erator for G 1nunt1i.s. 

Additional iniorniation roarrrning ihe apparatus and 
rmgents used esn be found in previous pipers (3,4). 

- 

Cslihrated glass spoons (9) c:~n Ix cnmployd for addition- 
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L. El. hlwn, University of Georbia College of Apiculture Experi- 

Sxccrsiue cxtnctions vere wade to solvate 2n, h, and 01 in the exchangeable. organic matter, and Fc mi& *act- 

. . .  
ment Stations. rgia tauon. 

i 7r  of eight s m M J t e m  soils. 
YSmg HP2 follacd by extraction w i t h  1 H MgC12, and el-rs asrcciated VTth Fc oxldcs were solvated vith acid lrmmiyl 
oulatc.  The rcsibe has repanted into Fand. s i l t  and clay sire particles and these, a long with h o l e  soil sunplcs e r e  
Cotally dissolved and uy1yzed for Zn, h and Cu. 'Ihc pmpored fractimuticm s c h m  bas s a t i s f a c t m  for mst roils. but 
IS clnridercd to bc pmlmina ry .  The data far the sum of fractions agreed w e l l  with the b h l c  so i l  dam. 
rextmtd soils had s large pmportim of their Ln and cu in the clay f n c t i m  but the coarse-texrured soils had P hi&r 
Wcmt in  the exchangeable d organic mazter fractions. 
matter fractions. Percent Cu was highest in Ihe orpnic matter and c lay fracticm uhen averaging rlx dau for the eight 
soils studied. 

Exchangeable im ,ere extracted w i t h  1 M Wlz, orpanic mat te r  form YCR released 

The fine- 

Fertilizer h was f d  mainly in the exchangeable and ofgmic 

The kinetics of 1( uchaoge Yere i n v e r i w a t e d  OD four horlrOn. of the D0fh.n soil ( P l i n r h i c  PaleudvlC). Ilme swdli. 
Y e r C  Performed on Ca and hl-saXur.ted L=Pics us ing  1, 5 .  ID, 2 5 .  50 ,  75. and 100 uplnl E S O ~ U ~ I O ~ .  equi1ibr.t.d for 0.  
1- 2. 2 1 .  96 .  and 192 hours. Ihe  rare of 1( e x c h m g e  uas re la l ive ly  '1- viLh e q u i l i b r i a  be ing  ruched i n  2 hours w i t h  
E LoWenlratllms O f  2) i b / d  Or le'. and i n  14 hours u i l h  the  100 Y E I d  solution. 
conirol lrd  which could be ascribed t o  the presence of v I m i c u l i t i c  minerals. 
t o  Bronirtd'' . = C i V i t Y  1111 tkrorY and decreased w i t h  xncZr8sing ionic  SLrength. 
baruren horizon' which SuOgesIs chat similar =change rsaciions "era taking p l s c e .  
t o  Preundlich p l a t s .  
for Al-saIurated sysf-. 

A NN Pmcedum f a r  the Contro l  of Ion i c  Concentrations of H C ~ Y Y  e t a l r  and pH i n  Aqueous Systems. 
R. 8. Carey. and D. R. kemcy. Universr ty  of Yisconsin. 

lions f o r  Use i n  adsorption o r  cowlelat ion studies.  A chelat ing cation-exchange r e s i n  i s  employed t o  buf fer  changes i n  
PH and winta in  a constant a c t i v i t y  of heavy-metal ions i n  solution. The r a t i o  of heavy meta ls  t o  Ca on the res in  
establishes the solut ion a c t i v i t y  o f  t he  heavy-netal ions a t  a given s o l u t i o n  Ca concentrat ion and pH. If necessary. 
addi t ional  pH bufferlng can be obtained w i t h  added ta-saturated. weak ac id  cation-exchange res in .  
Wuirrmentr Of the ewrinnt.  t he  resin can be mixed w i t h  the solut ion o r  suspension or one of t h e  c-onents can be 
enclosed i n  a d la l ys l s  bag. Thls r e s i n  system was successfully cmployed i n  determining heavy-metal so rp t i on  On an iron 
oxide and a muck. I t  has also been used to determtne degree of cmnplcxstion o f  heavy metals. The m t h o d  o f f e r s  a 
convenient System fo r  studying the  i n t e r a c t i o n  of s o i l s  and s o i l  caponants w i t h  hemy metals a t  l e v e l s  consistent w i t h  
nom1 soi  1-10] u t i on  concentrations. 

Thie  slow Y UChangL may be d i f fur ion-  
Maorpt ion rare comfficienr' (kal canf0m.d 

small d i f i e r e n c l s  in ks valuca occurred 
P o u s s i u .  sorption Studies  c0nfocm-d 

Sorprion of E increased v i c h  both K LDnCLnCralion and hor izon depth. and was gr..t~r for Ca rhan 

yi. A .  Turner. 

A mthod  has been developed t o  es tab l i sh  and maintain i on i c  heavy metal a c t i v i t i e s  and pH i n  s01utions or suspen- 

Depending on the 

DMQON 5-3 -- SOIL hflCROBIOLCCY AND BlOCHEhflSTRY 

i 

i 

P l o t s  were f u n i g a t d  w i t h  V w a m  and f e r t i l i z e d  w i t h  ZW kg Plha a t  t*o locat ions.  Subplots (treatments) were ~IIOCU- 
1: ' 

~ 

.I.... 

l a ted  w i t h  t iqaspora  naroar i ta .  Glomus mosseat. G. c~ Iedon ius .  C. fasciculatus. and 4. microcarms; p l o t s  v i t h  and without . .  

I H-21 
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NITROUS OXIDE EVOLUTION RATES FROM FERTILIZED SOIL 
EFFECTS OF APPLIED NITROGEN 

D. 1 .  McKENNEY'. K. F. SHUTTLEWORTH'. and W. I.'FINDLAY' 
'Dcpnrrriicnr oj Clrrni;.rrr?. Oniivrsin of It'indwr. Windsor, 0mar;o NYB 3P4 and 
'Rrsc,ort.h Srarimr. A~ric.crllrrrr Canado. Harrow. Om. NOR /GO. Rccriwd 4 Frb. 

1980. arwprcd 19 Mar. /980. 

MCKLNNEI.. D. >.. SHUTTLEuOmTH. K. F. AND FISOLAY. N', I .  1980. Nitrous 
oxidc evolution rates[romler t i l i~daoi l  Effeclsnfapplied nitrogen. Can. J .  Soil. 
Sci. 60: 429-438. 

Nitrous oxide emission from agricultural soil has k e n  measured i n  1u.o relatively 
long-term studies over twn differen1 soil Iypes. Brookston clay and Fox sandy loam. 
located at Woodslee and H a n o u  Ontario. respectively. Ihe clay plolr treated u l l h  
various amounts (0-366 kg N'ha-') of ammonium nitrate. potassium nitrate. or urea 
were routinely monitored for periods u p - v a r l ' l b i l i t y  in rate) n i t h m  
range 10'-10" m o l e c u l r r ~ c m ~ z ~ s ~ '  was o \erved ( I  x IO9 moleculcs~crn"~s-' = 
4.02 = IO-'kg N.ha- ' ,dav- '= 1.68pg N.m-'.h-'). Oversmdyloam. raleswhich 
werc lower and more uniform (10"-10" mo s.cm-?.s-') showed a strong 
correlation with amount of ",NO, applied. OUI 0.251 o applied fertilizer u a s  
released as N 2 0  nithin 80 days follnuing treatmen - . 

On a mesure I'emisrinn dazote nitreux dam le cadre de deux Crudes de longue haleinc 
ponantaurdeux typesdesolsagricoles. soilI'argileBrookstonetleloam sableun Fox. 
situes i Woodslec et Harrow (Ontario) rcspectivement. Les parcelles d'argile 
divcrsemrnt fumeer (0-336 kg de Nlha) au nitrate d'ammonium. au nitrate dc 
potassium ou a I'urec ont 61: reguliircmcnt Ctudiees pendant cenaines p i r i d e s  allant 
jusqu'i I an. On observe une cxtrkrne variabilili des taux d'bmission dans I'ecan de 
IOB- moleculcslslcm. Sur loam sableaux. les iaux d'emisrion. plus faibles et plus 
unifones (IO*- IO" molecules/s/cm) rcvtlent une fnrtc cordatinn avec les apports 
de ",NO,. Environ 0.25% de I'cngrais applique sc degage SOUS forme de N?O dans 
les 80 jours suivant le traitcment. 

\ \e  have recently published repons 1971). Since subsequent chemical reaction 
IMcKenney and Findlay 1978; McKenney et o f  NO and NO, can catalytically destroy 0, 
al. 1978) of our  study showing a strong in the stratosphere there is concern over  
i'orrelation between nitrous oxide (N,O) ~ anthropogenic activities that might alter 
Production and extent of nitrogen fertilizer 
Application on Fox sandy loam. In this paper 
an extension of the tnvestigation involving 
t \ \o  relalively long-term studies is pre- 
vnled.  

Some incentives f o r  interest in  this 
Frohiem are: Nitrous oxide is a product of 
h i t n f i c a i i o n  and other processes in soils. 
These constitute a major source of atrnos- 
pheric N20 (Hahn and Junge 1977) which in 
turn is considered to be the dominant source 
13f htratospheric nitric oxide. NO (Crutzen 

- 

' 
b n .  J.  Sol1 Sci. (0: 429-438 IAUPUrt 191101 

globalN.3 levels. I n  particular. theeffect on 
atmospheric N20 levels resulting from the 
rapidly increasing agricultural use of 
industrially produced N-fertilizer has been 
the subject of a number of reports (Crutzen 
1974: McElroy 1976: McElroy et a l .  1976: 
Crutzen and Ehhalt 1977; Liu et al .  1976. 
1977: Sze and Rice 1976). Estimates of the 
extent of Os depletion. however, show 
considerable disagreement. largely because 
major gaps exist in our understanding of  the 
nitrogen cycle. Without precise quantitative 
knouledge of global sources and s inks of 

429 
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placed in any  predictions. Essential infonna- 

aDDlied N-fertilizcr that is returned t o  the 

224. 336 Lg N.ha- '  and planted to corn .- -. 
studied. In this case. fertilization and 
was 

tion includes k n o u , l e d p  of  the fraction o f  

atmospheric N,O, no confidence can be soil type trealed with ",NO, at 

430 

on l 6  May 1y7y. . .  
atmosphere as N,O in a relatively shon 
period of time. and whether there is a 

agricultural soi ls  or associated lakes and Ienrlh.  The cvlindcrs had shnmrnP,, ..,,.,:_. ! 

Field Chambers  
chamhers "~ c ere 

long-temeffectonN,Oevolution ratesfrom a luminum - cm diam by -?s i 
~~~ ~~ _.._ ".". 

river systems which arc major receptacles 
for large quantities o f  nitrogenous wastes. 
This work is addressed primarily to thc 
former ( shon- t e rm)  prohlem. 

edit &the t;ittim and \\.ere carefull- 
about 5-10 cni intu thc soil by even preum 
applied 109 heavy metal plate placedon topcq& 
cylindcr. Carc \VPI taken t o  minimize distu6,n; 

in addition, more e f f i c i en l  use of nitrore,, the soil. The cylinders were left in pia3 
E~ 

feni l izer  depends on an adequate knowledge 
of  potential losses of soil nitrogen. Dentrifi- 
cation and other  processes of nitrogen 
removal have not been fully evaluaied. 
partly because of difficulties in measuring 
flux of  N,O a n d  Nc under natural field 
conditions.  

throughout the entire stud?. open to' 
atmosphere ekcept during the actual samphny 
pcricd lnimedi~tel) prior to sampling. I 
plrriglass lid. fiticd u i t h  a compression-sraltn; 
neoprene O-ring. wa\ applied. Air samples urn 
drawn inlo the evacuated tubes lhroqh a 
hypodermic needle inserted through a S?N= 
wn in the cover. The necdlr was Left in dr 

'MATERIALS AND METHODS 
Sites 
HARROW. The samplr sites wcrc located on Fox 
sandy loam. a well-drained soil described by J Richardsetal. (1919landcurrentlyclassifiedasa 
Gray Brown Luvisol. The  plots were planted to 
com (Zm m o s  L.) and treated with different 
rates of ",NO,, in the range 0-336 Lg N .  ha-'. 
The fenilizer was broadcasl ( 1  7 May 1978 and 10 
May 1979) and incorporated into the soil. 
Planling twk place on 19 May 1Y78 and 10 May 
197Y. The sample chambers were placed 
mid-row. These plots were pan of a longer-term 
siudy where !he treatments had bccn repeated on 
the same plots annually since 1970. Con- 
sequently the rate informahn must include 
consideration of an) residual cffects from 
previous years. 
WOODSLEE. In thin case the sites were located on 
Brookston clay (Onhic Humic Glcysoll uith poor 

/ natural drainage (Richardscl 31. 1Y4Y). A IO-mZ 
plot \vas cultivated and divided into five 2.m? 
riles. Four of these hitis uerc ireatcd with 
different ratesoffertilizer: KNO,, and ureacachat 
168 and 3361: N'ha-'. respectively. KNO:, was 
applied on I Y  Ort. 1977 and urea U B I  applied on 
I I Apr. 1978. One silc was Icft untreated as a 

control plot. Four chamhrrs ucrc installed in 
each for replicate mrawenwnts .  During Ihe 
pzriod I 4  May-1.7 June 197V. bites of the same 

khamber c o w r  throughout the sampling p c r i o d ~  
urder to minimize pressure fluctuations b c i m m  
the inside and the outside of the chamber. Lou0 
of N,O due to diffuaiun through the nee&.- 
calculated to hc insignificant. A paddle-uhrrl 
fitted through the lid was gently rotated umd 
times before each tamdine.  Air and uil 

J 
i 
; 
; 
i 

. -  
Iemperatures could be measured inside .af 
outside the chamber. 

Sampling 
Gas samples were collected as d r x n h d  : 
prcviousl? (Findlay and McKcnncy l 9 7 Y w  
small (-20 cma) evacuated Pyrex tubcs 6lld 
uith rubber septums. 

For !he long-term studies i t  was consi*d 
advantageous IO monitor as many as I ?  c h m h  
over lhrce different plots 1 four replicates) u ith".J 
reasonably convenient time interval. In mL' 
c a m .  therefore. i l  was necessary lo samplran:: 
three times per chamber at 30-min inlcmal. 

Analytical 
Ana1)ser for N:O ucrc cirricd out in * 
laboratory using a Perkin-E1mr.r 3920  B rr 
chromatograph equipped uith il &'Xi chxsm-, 
capture detector and a porapak 0 siainl~-~*T~ 
column. 3 m x 0.3  cm ( I O  f l  X 

Oprraling icmpzratures of !he deteclilr. mrdr 
br.t\\eencolumn and detector iECDl. 
uere 3.50. 150 and 50°C. rcspcctivcl! IRdr5" 
52netal. 19761. ThccarricrgastY5'; wia ''I 

. 
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with ",NO:, at rates of 0. I 11. 
,ha- '  and planted IO corn u'cn 

this c a w .  fertilization and plantkg 

-v:tkinc.~ f l w v  ratc was 30 cm:'.min-'. The 
:!,n~,ns current was 3.0 x IO-#A. Precise 
,il,;ilic>n I,, the G.C. was accomplished through a 
l,!p,~emic needle into an evacuated I.cma loop 
, , j 2  sa> .rampling valvc. Precisionof 1% or better 
v.l. p , ~ i h l c  using peak height measurements. 

s,il rnwSture wbs determined gravimetrically. 
: . 
i ~ l i b r a l l o n  

: ~ r s  or canopies uere 
:!.linders. - 15 cm diam by -25 nn 

,lindcrs had 3 sharpened cuttint 
>Itom and were carefully &ivco .. ~ 

into the soil by even p r e ~ r ~ - -  
tlc:lv! nle131 plate placedontopoflh 

vaken 10 minimize b~b;.: 

~h~ G.C. was routinely c m  (usually daily) 
_. ...,inu 20- 100 ppm mixtures of N,O in air 
7i.,quiJ Cxhonic Analyzed Calibration mix- 
;..:;:I. Cdihrations were made using aliquots 

cylinders were left in I.. i ,..-P I<> spin the range of N,O levels normally 
cntire rtudy. upen 10 tk z::d3xd - IOpphto>lO'ppb.  Wehavefound 

c.\ccpr during the actual sampling i :. ~:~~d;.nieofinstahilitynitheprima~reference 

Cilibration drift resulting from variations in 44 l:b,ratt?ry temperature (Pierotti et al. 1978) was 
, rhc evacuated tuhes throuph - ount. Possible error caused by 

\ cx t ionb  olmoisture level  (relative humidity1 in 
w r .  Thc needle ~ 3 s  left in k : .;xplc> tGc4dan ct 81. 1978) ni( investigated 
throughout thc rilntpling pcricdin wndards containing known added amounts 

a a e r  vapor. The ECD sensitivity for N,O u'as 
q p r e n t l y  unaffected by the relatively small 
+ r n t i t i t b  of water vapor in field samples. 

,Ambient N1O levels were measured routinely 
A ucre similar to those reponed by others 

ininiizc pressure fluctuations betuccn 
e outride of the chamber. Lor= 
iffusion thrwgh the needlc u m  

:h the lid was gently rotated SCVCRI 

ould be measured inside-&- and Rarmussen 1977). 'For the pcnod July 
IV77-Jul! 1979. ambient levels averaged 335.7 
= 15.6 ppb ( 2  6). This value is higher than the 
% d u e  u e  reponed earlier(303 2 IOppb. Findlay 

1S;'ere collected as JXJ McKenney 1979) when adifferentcalibration 
.!rndard uas  used. 

Several papers (Pierotti et at. 1978: Goldan et 
, lay and hlcKenney 1979) Usin: 
I en<'\ evacuated Pyrex lubes fined 

tunis. i! 1976: Pierotti and Rasmussen 1977) have 
-term studies i t  uas  considcd \!wwd the need for interlaboratory comparisons 
nlonitor as manv as 12 chambm 

.n I6 May 1Y7Y. 

i 

prior ID sampling. , ~ ~ .:;nix& o w  durations of more than 1 yr. 

insertcd through a scptum.. 

insignificant. A paddle-wherl 

cach sampling. Air and soil et al. 1978: Goldan e l  al. 1978; Pierotti 

3 4  d b r a t i o n  standards where absolute accuracv 
I \  hc esrimared. \\hereas this is required for 
2:l:rmining ahsolute troposphcric concentrations 

x IO" molecules cm-%.s-' (Findlay and McKen- 
ncy 1979). 

Reproducibility of measuremenis on a field 
sample taken from a Pyrex sample tube was better 
than I ?  and the reproducibility of successive 
measurements of ambient air draun i n  from 
inside or outside the laboratory over a period 
-2  h was typically 0 . 7 5 .  Reprnducibility of 
successive measurements of standard mixtures 
was similar o r  better. 

Calculation of Rates 
RatesofN,Oenmisbion from soilrinihe field were 
calculated from the slopesileasi rquaresl nilinear 
N,O yield \'enus time plots. As reported 
previously fhlcKrnncy e l  31. 1978: Findlay and 
McKcnney IY7Y). ordinarily samples would be 
taken at IS-min intervals nver a period of 60-75 
min. The linear plots ohtained indicated no 
ohviuus effect of increasing rnncmtration of NIO 
i n  the chamber on the measured rate of N,O 
evolution. Ohviourly the N:O conccntratigrn wil l  
increase within the closed chamber ID a limit. I t  is 
therefore expected that yield-time curves should 
be non-linear. Initially. houever. even for 
relatively high rates of production. approximate 
linearity was observed. No great advantage was 
obtained by using curvilinearanalysir to calculate 
initial rates (Findlay and McKenney 1979). 

RESULTS AND DISCUSSION 
Harrow Site (Fox Sandy Loam) 
Nitrous oxide emission rates were measured 
in the range - 1O'to 6 X molecules N,O 
cm-'.s-'. u h i c h  u'ere comparable to rates 
measured on the same site during the  
summer  of  1977 (McKenney et al .  1978).  
Table I shows  the calculated rates measured 
for the periods 9 June-16 Nov. 1978 and 
9-16 M a y  1979. I t  should be noted that o v e r  

I 

.: S:O and possibly f i r  identifying long-term much Of the early t ime period (9 June-20 
!':ndi. i t  should perhaps be emphasized that rate July 1978).  despite considerable variability. 
7 .  'wmien t s  reported here require only relative there was  clearly a s t rone correlation 
' ~,.t'Rtratlm nlcasurements. Thus ratcs can. i n  between N z O  flux and of nitrogen 
?:.:+It at least. be measured quite accurately. fenilizer (",NO,) treatment, The data can 

be represented by a s imple regression i::n.u:h pcwd precisibn can be obtained in 
~':.u.e. i t  i*extremelydifficult todetermine the equation (Table 2) during the month o r  two . . i j l  ,,i xcurac!. because of experimental and ' 
'-,::*mment4 fx to r s  (Denmead 1979: Mathiar fo i lou inp  fenil ization. 

;. ' : ~  45 k>r more points) corresponded to a . 1977 s tudy ( h < C k n n c y  et al. 1978) where a 
'.', ,luti;>n ,,f -R x 10" molecules.cm-:.s-': L e .  similar correlation u a s o b i a i n e d f o r t h i s t y p e  

.. . I  1 ~ 7 9 ) .  The rcallCr observed i n  yield.lime . These  observations confirm our  earlier 

'i.CI - - . 7,-  uncertainty fsr  rates greater than 15 of soil. In  that case.  lop,,, [Flux (molecules  

I 1-5 
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D;IW 0 I12 224 336 

06-12-7K I . X 4 Z  1.111 .67z 1.76 2 3 . 5 3  1Y.2 4l.4=?5,4 
w - 7 w  I .4.3z I. I3 3 . u r l . Y 4  1.1.312.u 24.8=1L>-~ 

w-1.5-78 i .n?=i .42 . ~ Y = I . ~ z  31.4=29.3  41.8r24.2 
07-1%-78 3.26- I.@ 2.72- 1.23 I U.63 211.4 ?3.4= I O  2 
07-13-7X l.O3=0.20; I .e:n.nJ 1.43=u.33 4.35=4.10 , 

07-20-7X 0.533O.OY. n.7oto.s.1 3.16=3.1? 4.08=0.80 
~.?R=o.zI :  n.6<:n.71 3 hb= 1.80 2 io -n qr 
I .u3= I .20 U . 3 ( 1 ~ 0 . 2 X  7 . Y 2 r 6 . 0 2  2.80rI.:? 
O . N Z O . 5 6  o . n i = n x  2.35=2.v0  3.86=3.X# 

08-21-78 (1.4 I z 0 . 7 0  b.52rlO.b 1.61=2.01 0 . 8 2 ~ 0 ~ ~  : 
OY-07-7X 0.81 31 .36  0.65r0.7Y I ,2230.63 2 .21= l .b5  

4- 
0R-17-78 

oy-IY-78 1.65=0.24 1.5210.42 2.6132. lX 5 . 6 Y 3 4 . l ~  
09-28-78 0.5230.60 0.58=O..IY I .6YrO.5Y 4.1711.02 
10-01-78 I. l 9 f 0 . 5 6  3.5.524.27 ?.ons I .x 3.1411.16 
IO- 1'9-78 I.O5rO.S9 0.01 r0.01 0 . 8 3 ~ 0 . 7 6  3.8br4.77 
10-30-78 0.5330.4Y 1.261 I .08 1.1=0.10 3.?114.19 
11-16-78 1.323 1.01 0.3710.41 l . 6 3 r l . 4 Y  4.7025.03 

Oj-OY-7Y 0.16r0.14 0.41 ro.12 0.53=0.33 0.7120.33 

05-16-7Y n .24ro .10  0.3?r0.25 0.5310.22 I.WrO.53 
05- I I -7Y 0.27r0.10 0.47r0.31 0.3710.16 0.65zn.u -, i 

i . . . 

N.,O cm%~' ) J  = 0.00232 [",NO,, (kg 
N: ha"] + 9.39 over the period 20-24 June 
1977. I t  appears. therefore. that loss of 
fertilizer nitrogen as N,O occurs soon after 
application and may persist for several 
months before emission rates are reduced to 
"background." "eather conditions will 
have an influence. For example. increased 
moisture Ie\,els \vi11 increase rates of N,O 
evolution (Hahn and Junge 1977: Freney et 
al.  1978: Hutchinson and Mosier 1979). 

Figure I shou s a rate versus tinie graph for 
the plot treated u i ih  336 kg N ' ha-'. The data 
plottcd are those measured in the chamber 
nhich s h o w d  the largest emission rates. 
along u i th the data from the control site for 
comparison 

Graphical integration of the curve ob- 
laincd for thc most heavily fertilized site 

~uP..ihcfim~mda~.indicateaHtcRsl . loss6 
i:.O.846. kg .N;ha-C This amnunis t o  only 

0 . 2 S q  of the applied ",NO,,. Lrnm 
measured on the other sites were smaller. 11 
should beemphasized. however. thatdk-' 
here is coarse-textured and was c o n s i d d  
to be well-aerated u'ith a moisture level wdi 
below field capacity ( I 3 q .  McKenneyct .! 
lY78)overmostofthe period(Tab1e 2l.m 
variability observed (Table I 1  ma! h' ttu 
result of changing oxygen levels at mim-  
copic sites in the soil (Hutchinson Jb' 
Mosier 1979: Smith et al. IY78) Ulwx 
denitrification processes are 3ssumiJ-t; 
occur (Russell 1973: Alexander 19." 
There is laboratory evidence. houe\.cr. I.' 

w. 0 cf show that significant production o f .  : 
be obtained by autotrophic nitrificati"" 
(Bremner and Blackmer 1978). Our Cadh7 
field measurements IMcKenney et 31. la7'' 
and those reporled here from over w c L  
acraled sandy loam lend some suppon lott' 
suggcstion (Hutchinson and hlosicr 

: 
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2.8021.12 

0.82ZO.98 
3.8623.20 
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i .4i 3.1421.16 I 

I 
~~ 

3.8624.77 
3.2124.19 
4.7025.03 

0.7120.30 
0.65IO.18 

1 .  siies were smaller. It 
however, that*- 
and was considercd 

I ilh a moisture level well 
35%. McKenney et al. 

(Table 2). The - 
I )  may be thr . 

.r\ypcn levels at micror- 
ii l  (Hutchinson and 

:c\sei are assumed t o  
si?; .4lesander 1977). 

idence. however. t* 
ofN,Ocan 

.uioirophic nitrification 
1 ~ 7 8 ) .  our earlier 

.i;r.nney et ai. 1978' 
re from over ~ ~ 1 1 -  

~ c n d  some support 10thc  : 
I.# and hlosier 197'-J1 : 

c t  al. 1978) whew . , 

i * 
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Regression analysis Y - n + bX.  u herc Y = Lo€,., IN,O flux imdrruln cm-'. s-')l and X - ".NO,. kg Table 2. 
N . ha-'. applied N fenilirer. Ficld S2. Fox sand? loam. Rrrcarch Station. Hanow 

I 

I 
I 
?" 

i 

Y.OO .OnrlZ 0.87 3 I .XI" I I .4 
Y.17 .(I(u?I 0.87 32.44" 8.2 
Y.14 .ON64 0.84 24.1 1.- 8.5 

117-0h-78 9.34 ,002RI 0.75 13.13.. 8. I 
0;- 13-7x 8.Y6 ,00137 0.61 6.W' 5 .4  
01-20-78 8.61 .002Y3 0.78 15.76,. 
01-27-78 8.42 ,00263 0.55 A.40 2.2 
(18-03-78 8.YS .0018I 0.48 . .  i 08 3.6 
08-17-78 8.86 .001LI 0.46 2.73 S.6 
(18-24-78 Y.3R .m5 -0.14 <I 3.0 
(I+ 10-78 8.90 .ooou O.Ab 2.63 2 .8  
w-rv-7x Y.W ,001 I Y  0.34 1.35 1 I . Y  
119-28-78 8.66 .00252 0.78 15.63" 8 .  I 
IO-BL-78 Y.05 ,00153 0.48 3.04 10.6 
IO-IY-78 8.20 ,00167 0.2s <I 11.8 
10-30-78 8.87 .00100 0.38 1.70 10.1 
11-16-78 9.0% .m 0.17 <I 

05-09-79 9.18 ,00238 0.60 6.75' 
(15-1 1-79 9.50 . w o  0.53 3.98 
05- 16-79 9.35 .00191 0.69 9.21. 
*. '* = Significani ai a probability of 0.05 and 0.01, rcrpcctively. 
*Sample collcnion dales. lcnilircd with 0. 112. 224 and 336 kg N .  ha-' an 17 M a y  1978 and 10 May 1979. 
i r  = conrlation coeffirirnt: F = ratio. lrpwrrion mean rquarelreridval m a n  square. 

- 

- 
- 
- 
- 

[hat nitrification processes can contribute observed. Figure 2 shows rates measured on 
ruhstantial amounts of NIO to the aimos- the KNO, site for the period 3 Oct. 1977-20 
phere. Dec. 1978. and illustrates the lypical 

variability observed from chamber to 
\Foodslee Site (Brookston Clay) chamber nithin one 2-m2 area sampled only 
Nitrous oxide emission rates measured over minutes apart. Figure 2 and 3. and Table 3 
Brookston clay generally tended to be one o r  clearly shou  that there is no apparent 
Iw orders of magnitude greater than those correlation beween N 2 0  emission and 
wcr sandy loam. Fluxes ranging from 7 x KNO:, application rate. N 2 0  flux is more 
10'10 1.5 x I O n J  molecules N ,O.c~n-~ . s - '  pronounced during the fall and spring 
w r c  measured over the period 3 Ocl. periods where high moisture levels limit 
IY77-Nov. 1978 on the control. KNO, and aeration. 
wil sites. and for the period I3 May-13 The urea plots (not shown) also showed 
June 1979 on the ",NO,, site. Rate data are similar variability from site to site and from 
\ h o w  in Fig. 2 and 3 and Table 3. I t  is day to day. Again no obvious correlation 
c'idcntthat thedegree of variability is much "a5 seen beween N,O flux and fertilizer 
nmre pronounced over this iype of soil than treatment. 
w r  sandy loam. Variations in rate from day Resuiis obtained from the plots lrealed 

day and site i o  site were often as much as  with ",NO, are s h o w  in Table 3. The 
l " ( j  or more orders of magnitude over clay. extreme variability ohsewed can also be 
''n >and) loam. variability of about one seen in Table 3 uhich shows a regression 
$'rdcr of magnitude \\'as the maximum analysis for data ohtained over the ",NO, 

! : . .  
, 
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0 20 40 60 80 100 120 140 
TIME ldoysl 4 

Fig. I .  N,O emission raws for 140days following ",NO., lcrtilization 17 May 1978 on Fox u"d) 
loam. Harrou. Rcsults shown are from the chamber giving hiphest rates over the site treated with 336 

t 
. -  Le N ' ha-' (01. Control sile data (*I are shown for comparison. . .  

I 

sites. Comparison of Tables 2 and 4 shows 
the marked contrast between results obtained 
from Fox sandy loam and from Brookston 
clay where the same fertilizer was used. The  
precise reason for the difference is not clear. 
The soils are different with respect to 
texture. organic matter and drainage. In 
addition the sandy soil had been fertilized 
since 1970 at the rates indicated so that the 
control plots \\.ere undoubtedly lower in N 

-. . - 
than their clay counterparts. In any c1v i 
there was no apparent correlation ofN,ONc- .A 
with the substantial amounts of feniliro 
nitrogen added to the clay soil. - 

CONCLUSIONS 
The data Dresenled here are not sufficient W 
distinguish between the possible mcchm 
isms of NIO production. The results b. M1 
disagree with the wcll-knou,n hypo'& 

Tablc 3.  Mean N,O emission ratcs 2 0 (3  replirafcrl measured over Bnnkrion clay. Wmdrlcc for Lhl' F m d  " 
M.y-13Junc 1975, . 



l 120 140 

h13y I978 on FOX sandy 
ihc bile trcated with 336 , I 120 140 

h13y I978 on FOX sandy 
ihc bile trcated with 336 , 

awn1 correlaiion of N,Orac 
:lay counterparts.  In any e&- -  

ntial amoun t s  of f e n i l i z e r -  

SCLUSIONS 
ed here are  no1 sufficient IO 

the possible mechan- 
J product ion.  The results do not 

e \vell-kno\vn hypothesis '0 

Fig. 2. NZO emission rates for Woodslee Brookston cla). October-Dcremher 1977 illusvating 
?Pica1 variabilityforthissoil. Rcsulls shornwerrobtainrd from the fourchamberssiluated onthesile 
trcated with KNO, at 336 kg N .  ha-'. 
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Moy Scpt. Oct. Na ; 
u 

Oct . Nov. DccMor. April 
lW7 I 1978 i 

.. 

I Fig. 3. 
1977-1.5 Nov. 1978. KNO,, treatmenl: 0 .  336: 0 ,  168: X .  0 kg N -  ha-’. 

Log averaee NIO emission rates over Brookston clay. N‘wdslee. for the pcriod 3 a,. 

that denitrification may occur in  anaerobic 
microsites in a generally aerobic soil mass 
(Russell 1973: Alexander 1977). If so. these 
data show that N?O evolution from such 
microsites must be quite intense and 
persistent over a relatively long period of 
time. The data also suggest that the number 
of such niicrosites is much greater in clay 
soil where aeration may be niore restricted. 
According to Smithetal. (1978),denitrifica- 
tion rates in some soils are apparently not 
increased by e i t h e r N 0 j  or NO; additions. I t  
is possible that the NcO produced. especially 
in the well-aerated sandy loam. may be from 
nitrification processes as  indicaled earlier 
(Hutchinson and Mosier 1979). 

The relatively large variability in rates of 
N,O evolution. particularly from clay soil. 
illustrates the difficulty involved in asses- 
sing net gl@hal production rates required for 
c3lculation of effects on the ozone layer. 
Rates integrated over relatively long dura- 
tions and under many soil situations are 

required if long-term effects of applird 
fertilizer on N:O evolution are to b 
observed. Our results for sandy loam shor : 
that i t  is possible to obtain reason- 
estimates of fertilizer-derived nitropcn 
returned to the atmosphere as N?O fof 
periods of several months follouing appli;r. 
tion. infomi3tion which is required IO arsrv 
the impact on stratospheric ozone l e d \ .  
Our data which show relatively small l o w  
of fertilizer nitrogen as N 2 0  during thc 
months following fertilization agrec wil t  
those reponed by Hutchinson and hWi:r 
11979). The control site on sandy Ioani id 
not been fertilized with nitrogen since 1YW. 
a period of 9 yr. Consequently. soil nitmFcr 
le\,els on this site uerc considerably hCl~~,* 
those required for adequate plant grotvth. !* 
h’@ emission rates remained measureablc’’ - IO9 niolecules. cm-2. s-1. IVithin 3bwt 
80 days follmving fenilizatlfl~~ 
“background” rates of N,O evolution *CK 
obtainad on all sites. I t  uould apF”. 

- 

.. i 
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d4w. for  the period 3 at. i 

'1 -t - 
- .  1 . .  

icrm effects of applied 

: > I  or sandy loam shou- 
c t o  obtain reasonable , 

d u t i o n  are to -be- 

l 'E 

hich is required to assess 
11, ' heric ozone levels. 
naJlatively small  losses 
II . N,O during the feu  
fcnilization agree with 

o n  sandy loam had 

s- 1 .  Within about 
,w& fertilization. 
o ..O e\,olution U C R  . 
e\. il would appear. 
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nitrification of fertilizer nitrogen. Science 199 
295-296. 
CAST (C3XJ"JL 
SCIEh'CE AND TECHNoLoGY) I9l6. 
of increased nitrogen fixation on stratospheric 
ozonc Rep. No. 53. Department of Agronomy. 

therefore. that short-term (decade or less) 
effects on tropospheric N?O levels f rom 
applied fertilizer m a y  be less serious than 
lh31 suggested by McElroy et al .  (1977). 

between The apparent lack of 
y2° and Ireatmen' On Ic,u-a Slate Universil?, Ames. lo\va 5Wl 1 ,  
Brmxkston c las  in natural field conditions CRUTZEN. p. J. 1 ~ 7 1 .  o ~ , , ~ ~  pr()duction r~IL's 
dw iueeests  that short-term effects on N@ in an ox~~en.h?drofen.nitro~~n almospherr. J .  

~ntiss ion are unlikely io be  very large. Geophys. Res. 76: 731 1-1327. 
Our  data can be used to roughly estimate CRUTZEX. P. J. 1974. Estimair5 of possible 

!tqal N,O production from land surfaces.  variations in total ozonc due tu natural causes and 
Csing a rate of 3 X IO'O molecules. human activities. Ambio 3: 201-210. 
cnl-' s-1. which may beconsideredtypical  CRUTZEN. P. J .  and EHHALT. D. H. 1977. 

i , , r ~ r o o ~ s t o n c l a y ,  and by the Effects of nitrogen fcnilizcrs and combustion on 
 CAS^ ,g16) estimates of bar- rhrstratosphcricazuncla?er. Amhiob: 1 1 1 - 1  17. 

DENMEAD. 0.  T. 1979. Chamhcr systems for icstcd and non-harvested land areas. w e  measuring nitrous oxide emissi~ms from soils in 
<+lain I 3  x IO3 kg N -  yr-' in reasonable he field, sei, J ,  43: 89.95, 
q e e m e n t  u,i th the estimate.  20 x 1 0 9  kg &:INDLt,Y. \y. 1. and McKE"Ey. D, 1,1979. 
5 '  yr-' made b y  Hutchinson and Mosier Direct measurement of nitrous oxide flux from 
i 1979): but considerably less than the global soil. Can. 1. Soil Sci. 59: 413-421,  
cstim3te of 120 X IO3 kp N -  yr-' (McElroy FRENEY. 1. R.. DENMEAD. 0. T. and 
ct 31. 1977). The  implication of this lower SIMPSON. J. R. 1978. Soilasasourcrorsink fur 
value in view of the known burden of atmospheric nitrousoxide. Nature 273: 530.532, 
atmospheric N,O has been discussed by / GOLDEN. P.D.. BUSH. Y .  A, .  FEHSENFELD. 
Hutchinson and Mosier (1979).  W e  concur  F. S C H M E L ~ K O P F ,  C.. ALBRITTON. A, D. L, L.. and CRUTZEN. FERGUSON, P. J.. E, 
with their conclusion that either the E, 1978. Tropospheri~ N1O mixing ratio atmospheric lifetime i s  c o n s i d e r a b b  greater measurements. J .  Ge,>phys. Res. s3: 93s-939, 
$an lO).rasestimatedbyJunge(1974). thus HA". J.  ad JUNGE. c. 1977. AlmoSpheric 
Implying smaller global emissions.  and/or  nitrous oxide: a critical review. Z. Naturforsch. 
that the oceans.  fresh water media or some 3k:  190-214. 
UnknO\Yn source constitute a substantial net HUTCHINSON. G. L. and MOSIER. A.  R .  
wurce of N,O. 1979. Nitrous oxide emissions from an irrigated 

rornfirld. Science 205: 113- I  127 
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JUNGE. C. E. 1974. Residcncc time 3nd 
v3riability of !fopspheric trace gases. Tellus 2 6  
477-178 
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MTERI.iLS &<sD UZTHODS 

rnnonla  f l u x  f rom an a p p l l c a t I o n  of urea t o  a Kentucky b l u e g r a s s  
( ~ p r a t e n s l r  L . )  - c r e e p i n g  r e d  feocue (Feotuca r v b r 8  L . )  s a d .  m w e d  a t  
7 . 5  CB. Y W  measured  b y  t h e  a e r o d y n a m l c  p r o c e d u r e  o u c l l n e d  by BIauchamp e t  
a l .  
t o  J u l y  1 9 ,  and t h e  s e c o n d  dvrlnp the  p e r l o d  August 2 2  LO 27. 

( 1 9 7 8 ) .  Two r x p e r l m e n t s  were c o n d u c t e d .  one d u r i n g  t h e  p a r l o d  July 1 1  

The p r o c e d u r e  c o n s l s t e d  of p l a c l n g  8 m a s t  l o  t h e  C e n t e r  of a 
c l r c u l r r  area (0.405 h a )  on t o  w h l c h  “.;ea h a d  b e e n  b r o a d c a s t  a t  LOO kg N 
ha- l .  
on t h e  mast L O  Obcaln  measurement9 a t  h e i g h t s  o f  10. 50, 100 and 150 cm 
a b o v e  t h e  0011 s u r f a c e .  The &as c o l l e c t o r  f l a s k s  yere SO0 mL g l a s s  t u b e s  
( $ . I  c n  1.d.. 6 4  cm 1008 a n d  t a p e r e d  ac one e n d )  c o n t a l n l n q  a p p r o x i m a t e l y  9 0  
cm3 of 3 mm d l a m  qlass b e a d s  and  7 5  mL I: ( v l v )  H3PIJU solution. Air 
s a m P l l n &  vas performed by c o n t l n u a l l y  d r a w i n g  alr t h r o u g h  a 0.7 mm g l a s s  
r u b e  o r l t l c e  and then t h r o u q h  t h e  g a r  c o l l e c t o r s  on t h e  mast f o r  2-hr 
p e r l o d o  by an e l e c t r o m a q n e t i c  p i s t o n  a:r pump. The a i r  f l o w  r a t e  (10-20 L 
T1n- l )  “1s measured w i t h  a mass f l o w  lndlcacor ( n o d e 1  8 1 4 3 ,  Hatheson  Cas 
P r o d u c t s )  and a ma95 f low c o n t r o l l e r  ( Y o d e l  8 1 6 3 .  rnnqe 0-50 SLPX. H a t h e s o n  
Cas P m d t i c t s ) .  ! lul t !*lre  c a b l e  a n d  3 1 a s r l ~  t u b l n g  connecLed c h e  
JnemometeCs and  gas c ~ l l e c t l n q  flasks 02  Che m a s t  t o  t h e  pumps and  a i r  flow 
s e l s u r e m c n t  J e v l c e s  ln a m o b l l e  l a b o r a t o r y  l o c a c e d  a d j a c e n t  L O  t h e  
e w e r i m e n t r l  a r e a .  
vas d e r e r n l n e d  c o l o r l m e l r l c a l l y  by a Tachnlcon A u t o A n a l y r e r  p r o c e d u r e  h l lv lng  
a S e n s l t i v l t y  O F  11.1 Y Z  N d-’. 
aL e a c h  h e l s h c  d i ic inq  a 2-hr  p e r l o t  vas  c a l c t i l a t e d  as:  

.amonla    as c o l l e c t o r  f l a s k s  a n d  s e n s i t i v e  anemometers were mounted  

The S!I,+-S concentration I n  t h e  W E  c o l l e c t o r  solutlon 

T i e  S S j - i  ~ a n c e n t r a ~ l o n  In che a l r  s a m p l e d  

The v e r t i c a l  flux of  Nil3 from t h e  t u r f  s u r f a c e  vas assumed equal L O  

t h e  : “ r e g r a t e d  P ~ O ~ U C L  o f  u l n d  s p e e d  x a t a o s p h e r l c  N H 3  c o n c e n r r a t l o n  by 
h e l c h c  t o  I50 en.  d l v l d e d  by t h e  radius o f  t h e  a p p l l c a t l o n  a r e a .  
l n c e < r a t l o n  vas  a c c o t n ~ l i s h e t i  by a 2 l a n l a c t s r  e ~ t l m a t e  of  t h e  a r ea  e n c l o s e d  
by rl I ( r a p h l c a 1  ? l o t  o f  h e l q h t  a g a l l S t  t h e  p r o d u c t  of u l n d  s p e e d  x 
atmospheric ! I H ,  concenrraclon.  T h e  l n c e q r a l  below 150 en w a s  m u l c l p l i e d  by 
a consLanL f a c t o r  of 1.38 Co p l v e  t h e  t o t a l  i n t e g r a l  a c c o r d l n g  to t h e  
P r e d i c t e d  model (Wilson e t  al.. 1982.  Beauchamp eC a l . .  1978) .  Background 
m e a s u r e m e n t s  o f  NH3 f l u x  YBCC made f o r  s e v e r a l  2-hr p r r l o d s  p r l o r  LO 
s p r e a d l n s .  t h e  u r e a  and were s u b t r a c t e d  from m e m u r e d  flux values  f o r  t h e  
corferpondlnq experimental p e r i o d .  Decal1 of t h e  t h e o r y  and  pract l ce  of 
a e r o d y n e m l c  p r o c e d u r e s  may be found i n  ULl?lon et al.  (1982) and Denmead 
(1983) .  

RESULTS 

Prevlous s t u d l e a  h a v e  shown s scrons d l u r n a l  s h l f t  In t h e  N H l  flux 
m e a s u r e d  by t h e  a e r o d y n a m i c  p r o c e d u r e  (Beauchamp e t  a l . ,  1978). A s i n l l s r  
S h i f t  was considered likely t o  occur I n  b a c k g r o u n d  r e a d l n p s .  r h e r e f o r e  N H 3  
f l u r e a  w e r e  measured  f o r  several 2-hr p e r i o d s  p r l o r  t o  spreading t h e  uccs 
(Flg. I ) .  E s t l m t e s  of t h e  background flux f o r  e a c h  2-hr p e r i o d  d u r l n g  
24 h r  were o b t a l n e d  f rom a p l o t  of t h e  data. 
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In general YH,-N c o n c e n t r a t i o n  p r o f i l e s  i n c r e a s e d  curvlllnearly 
t ova rd  t h e  $011 s u r f a c e  (Flg. 2 ) .  The d a t a  f o r  July 1 5  i l l u s t r a t e  t h e  
c y p l c a l  p r o f i l e  changes  which were meowred d u r i n g  a 24-hr pe r iod .  b e g i n n i n e  
v i t h  a relatively v e r t i c a l  p r o f i l e  a t  0100 h r .  lncrcas lng  LO h i g h  
c o n c c n t r e r l o n s  near t h e  t u r f  s u r f a c e  near  midday, t h e n  returnlng t o  a 
v e r t l ~ a l  p r o f i l e  a t  0 7 0 0  h r .  

in rhe  J u l y  e r p e r l m n t  t h e  NHI flux e x h i b l r e d  t h e  characteristic 
d i u r n a l  Fluctuarions, r each lnq  a mxlmm value o f  668  g ha-L hr- l  a t  1100 hr 
a f t e r  an e l a p s e d  : l m e  of  I18 hr f a l l o o l n g  u r e a  e p p l l c a t l o n  (Fig .  
x a x l m m  f l u x e s  o f  459 .  488. 226 and 4 1 9  g hn-l h r - l  had  been measured on 
p r e v i o u s  days  and subsequen t  maxlaua values ave raged  2 6 0  g h4-1 hr-I .  
O v r i n g  rhe  August exper lment  a maximum value of 1067 g ha-l  h r - l  was 
attained a t  1300 h r  a f t e r  an e l e p s e d  Elme of o n l y  26 hr f o l l o v l n g  urea 
a p p l l c a t l o n  ( F i g .  b). 
v h l c h  would d l a s c l v e  t h e  urea but  not move l t  l n t o  the  d r y  s o l 1  s u r f a c e .  ~n 
19.7 mm rainfall 6 h r  a f t e r  t h e  marlmum 
Flu*. Y l n t n a l  v a l u e s  over t h e  f l v e  days .  v h l c h  Occur red  between ZZUU and 
0200 h r .  a v e r a j e d  32 g ha'l h r - l .  

experlaent f o r  :he R-dav p e r l o d  YBI 15.06 i ~ & & i m U i n g  I L I X d f c '  

t h l s  h ldh  va lue  a c c u r r e d  8 h r  a f t e r  a 3.4 mm r a i n  

v a l u e  g r e a t l y  reduced f u r t h e r  N H l  

w The a c c u n m l a t e d  t o t a l  v o l a t l l i r n r l  f XH -Y I n  t h e  Ju ly  

w t h L  total ~ ~ l a t l l l ~ a t i ~ n  loss of NII,-N in .e.'* 'Uq, rcprcsentlng 

olsc~ssIoN 

'Jar:ous expe r imen t s  u s i n g  a o l m l l a r  t e c h n l q u e  have  suupes ted  up take  
of XH, by p l a n t s  from t h e  atmosphere (Denmead e t  al., 1976;  P o r t e r  e t  a1. .  
1972; Harper e t  a l . .  1953 b :  Lemon and Van t i o u t t e ,  1 9 8 0 ) .  I n  t h l o  s tudy .  
however. t h e  .<HI c o n c e n t r a c l o n  p r o f l l e r  s u g g e s t e d  near e q u l l l b r l u m  t o  net  
1055 r l t u a t i o n s  Lhrouqhout t h e  day (Fig. 2 ) .  hny l n d i c s c l o n  of p l a n t  uptake 
l n  t h l s  e r p e r h e n t  w a s  probab ly  masked by  t h e  continued relatively h igh  flux 
d e n 9 l t l e s  of greater t h a n  IO0 p. NU - Y  ha-l  h r - l  a f t e r  application Of Urea In 
c o n t r a s t  t o  v a l v e s  o f  50 g NH,-X h j - i  h r - l  for background c o n d l t l o n r .  
Fucl l iermo~e t h e  c l o s e l y  mowed t u r f  c o n t r a s t e d  s h a r p l y  t o  t h e  tall graar 
canoples used  by Denmead e t  a 1  ( 1 9 7 6 ) .  Lemon and Van Hout te  (1980)  and 
Harper e t  al. (1983  a ) .  

Diurnal c y c l i n g  ha9 been demonst ra ted  by o t h e r a  (Denmead e t  a l . ,  
1974;  Beaucham e t  a l . .  1978; Harper e t  a l . .  1983 b ) .  Factors bel ieved  t o  
r e 9 u l t  ln t h e  d l u r n a l  change in f l u x  d e n s l c y  a r e  t h e  d i r e c t  and lntcracr lve  
e f f e c t 9  of t e m m r a r u r e  ( F e w  and Xireel. 1 9 7 4 ) .  v lndspccd  and t u r b u l e n t  
t r a n s p o r t  (Denmead e t  a l . .  1982)  d e r  fo rmar lon  and  e v a p o r a t i o n  (Beauchamp et 
a l . ,  1982) and urease a c t i v l t y  1" t h e  t h a t c h :  rcrivltlts v h l c h  reach  8 

maximum near midday under  a n a t u r a l  envlronaenr.  
a f t e r  Smrlse evaporation of dew increases t h e  NH,-X c o n c e n t r a t i o n  l n  
aolutlon. r a l a i n g  t h e  p a c t i a l  p r c ~ s u r c  g r a d i e n t  and enhancer  t h e  f l u x  o f  "1 
LO t h e  a l r .  Later in t h e  a f t e r n o o n  w i t h  d e c r c a s l n g  a i r  r ~ m p e r a t u r e  and a 
concurrent d e c r e a s e  In water yapour pre9syre d s f l c l t  the evaporation rate 
would decrease. Urease a c t l v i r y  i n c r e a s e s  markedly w i t h  organlc matter 
content ( H c b r l t y  and Haulc. 1971: Torel lo  and Uehner .  1983)  and 
t empera tu re  (Brcmner and Hulvaney.  1978) .  Ulnd speed  and a i r  ru rbu lcncc  
Lncreallt w l t h  rising d a l l y  temperature lncrcaslng t h e  t r a n s p o r t  of HHl from 
the alr-soil-vlant lnrcr f sce ,  t hus  more c s p l d l y  d e p l e t i n g  t h e  conccn t r a t lon  

b r l n g  t h e  morning hours  

c. 

i 
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I r 
I 

F lg .  1. n e  diurorl change in the ne t  a m n i a  flux following an application 
?f urea on July 11. 

Flg. 4. The d i u r n a l  change in the net ammonia flux following an applica~ian 
of urea on Augusc 2 2 .  
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a: t h e  evaporative surface  (Denmead e t  a l . .  1982) .  The d l u r n a l  c y c l e  of 
NH3- i lur  s u g g e s t s  r n e a ~ ~ r e m e n t s  u n d e r  c o n s t a n t  l a b o r a t o r y  c o n d l t l o n s  or 
single d a l l y  measurements  i n  t h e  f i e l d  may gross ly  m i s r e p r e s e n t  NHl 
v ~ 1 a r l l l r a t l o n  from urea. 

.Al thouqh n o  d l r e c :  c o r r c l a t l o n s  beiween mereorological measurements 
I:,,: !;H3 flux "ere o b t a l n c d  I t  1 9  l n t e r e 3 t l n ~  t o  n o t e  t h a t  d u r l n g  t h e  J u l y  1 1  
:, 19 erperlment t h e  m l n l w m  d a l l y  flux ( J u l y  151 o c c u r r e d  u n d e r  condltlons 
3: 7.6  h r  s u n s h i n e .  an average 7 km h r - l  v l n d o p e e d  a t  IO m a n d  a marlnun a l r  
t?mperature o i  10.1 C .  The rnaxlnurn dally NHl flux (July 1 5 )  o c c u r r e d  u n d e r  
: m d l : l o n s  o i  I.: h r  s u x n l n e ,  a n  average 12 km h r - l  Y l n d s p e e d  a n d  a m x l m u m  
a ? r  L e m p e r r t u r e  o i  2 8 . 4  C. In c o n t r a s t  t h e  maxlmum d a l l y  flux of t h e  August 
e x p e r i m e n t  o c c u r r e d  on & u q u s t  2 1  u n d e r  0 . 5  h r  runshlne. an average 11 km . -  . .  

I ,  ! wi*&pc=" a,," e In l r i : "" , .  n i l  L r m p r r a i u r r  "l ;.:.E i. 'iiocrs '"'"y.'is"n. 
: ! L u s I ~ a : e  t h e  cgnplerlty of t h e  r C 1 a t l O n B h l p  o f  environmental condltlono t o  
::Y ~ " 0  1rr 1 l l Z . 3  t l?" .  

%*suremeats by t h e  aerodynamic ?rocedu;e  o i  N H l  v o l a t l l l r a t l o n  from 
. ! r e a  applied L O  qrass :n a :roplcaI I I a S t u r e  rrnqe Erom 9 t o  LO% ( H a r p e r  e t  
?:.. 19S3a) .  I n  c h l s  e w e r t m e n t  t h e  l a s s  ranged from 6.72 where r a i n f a l l  

: i . i rper  e t  .?l. (1983 5 )  .rise r e p o r t e d  t h a t  t h e  d u r a t l o n  of h l q h  [ l u x  
. ! e n s l r l e r  3f W l  i rom u r r a - i e r r : l l z e d  grass  c o l x l d e d  w l c h  t h e  number of 
rql?~le . i s  d a y s  a f t e r  i i r e a  app1lca : Ion .  n e  u s e  o i  urea I n  t u r f  mansqernent. 
:herefore .  would be a c c e n t a b l e  where 1 r r l q a t l o n  Is available or where  
r x ! n f . a L l  n a y  be pred1i:c'. 2 1 t h  a d e g r e e  uf reliability. 

. .. .,ticred w l t h l n  72 h r  L O  !5.lZ v h r r e  rilnfall d l 3  n o t  occur f o r  e l q h t  d a y s .  

The loss o f  observed I n  t h 1 9  e x p e r l m e n t  Is c o n s i s t e n t  w i t h  
: > 5 e c . ~ e : i  differences !- : ; ~ r f  q u a l i : y .  clipping v e i q h t  and tissue n i t r o g e n  
. - m c c o r r a t l u n  w h e r e  u r e ~  and ammonlun " I t r a t e  have  been  compared  on 
:!,~ezrass ( S h e a r d ,  P.2.. i o p u b l l . h e d  d a t a ) .  where I r r l p t l o n  was n o t  "red 
' v i ea  w a s  f o u n d  t o  be I n f e r l o r  co  ammonium n l ~ r a t e ,  b u t  never  by more t h a n  
+)I.. Where l r r l ~ a t l i n  vas used t h e y  were  e q u i v a l e n t .  , .. 
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Determination of Application Losses of Anhydrous Ammonia' 
I _  --tlon L ! 1. H. Baker. Michael Peech, and R. B. hlusgrave- 

oi equipment employed in the application of the ammonia. 
This paper describes a quantitative method for measur- 

in.? directly the application losses of ammonia under field 
rs?p.iitions. In this method the ammonia escaping from the 

,~')"OPSIS. Applicntinn lorrrr of anhydrous ammonia 
fr~,,,, soils PI nplimum moisrurc ronccnt were found io 

nr,cligibly small r h c n  ammonia was applied DI pnc- 
, i ( . , l  I ~ I ,  even at a depth of only 4 inches below ihc 
. U I ~ . ~ ~ ~ .  as revealed by P method described in this papcc. 

THE direct application of anhydrous ammonia to 
! 1 s,>il,, ammonia is injected into the soil as a mixture of 

.~~ Jnd liquid. The proportion of gas to liquid deptnds '::,,,, the tank temperlture. At 70° F., about one.fifth of 
.::.. .~mmonia is vaporized a t  the time of injection into the 
..;I. The remaining liquid ammonia also raporizes rapidly, 
-.,A ~~,nIess the ensuing animonia gas is completely absorbed 

I 
i 
' 

. , , - . . , .  , .'.. soil, appreciable losses of ammonia may occur. An 
... . 01 anhydrous aninlonia at the rate 0- 
.. ::;J, of nitrogen per acre for a IO-inch spacing between 
::?liaor blades corresponds to about 6 liters of ammonia 
.::: >er lineal font of row. 

L;horaiorv studies ot €lie losses of anhydrous ammonia 

. .  

i 
I 

:1utd li, 

>v nith- 

I 

L-liO" in 

I 

. .  

Osa,ri:mih wtibod-Inmediately following the injec. 
tie; of anhydrous ammonia into the soil, 3 pan 9 inchts 
long, s inches wide, and 23% inches deep was inverted and 
pressed firmly into the soil directly over the ammonia band 
which could be readily located by the disturbed soil or the 
crevice left by the applicator blade. An additional amount 
of loose soil was plcked around the edges of the pan. The 
pan was provided with inlet and outlet glass tubes which 
were inserted through rubber stoppers into holes made in 
the op ositc sides of the p3n. The pan was connected to 
an aciBabsorption tower which. i,r~ turn.  was connected to 
a vacuum pump. The acid absorption tower, containing 250 
ml. of 0.05N H,SO,. consisted of a 700 ml. cylinder 
equipped n.irh .I irined  lass ?AS scrubber. A tractor. 
driven tlectric generator was used as a .  power source ior 
the operation of the vacuum pump. Air  was ulled through 

escaping iron1 the soil within r h t  pan was thus swept inro 
the acid absorption tower. As many 3s 20 pans were con- 
necred simultaneousl~ ro r h t  v.icuuni pump by means of 
rubber tubing. thus permitting niasurement of lossts of 
ammonia ironi diticrent sites chosen at rmdom or selected 
to represent different depths and rates 01 application. After 
the desired period of aeration (usually lis hours) the 
amount of ammonia absorbed by the acid in the absorption 
tower nas  determined by titrating the escess acid with 
standardized XaOH. 

The rate of flow of air throush the pan (3 liters per 
minute) was sufficiently high to renew the air within the 
p3n once every 30 seconds without creating a negatire pres- 
sure within the pan, as vas  indicated by a water manome. 
ter connected to the inlet tube. This rate of flow of air was 
found to be effective in weeping out the ammonia gas 
escaping from the soil before any appreciable amount of 
the ammonia could be absorbed by the surface of the soil. 
Preliminary trials shon .ed that about 905 of a measured 
\&me of ammonia cas. introduced slowly into the pan - through the inlet tube, could be reco\Yred in the aosorptlon 
tower. I n e  volume ot ammonia gas introduced into the pan 

amnionia applied to the soil area enclosed by the pan with 
an application rate of 8S pounds N per acre on a 14-inch 
spacing. - 0tiuIiluiit.e rnelhod-In this method a neutral indicator- 
gypsum' suspension (prepared by triturating 1 gram of 
phenol red with 20 ml. of 0.lN NaOH, diluting to 1 
liter -&ith water. adding j00 grams of finely divided 
CaSO;2H20 powder, and adjusting the color of the indi- 
cator to orange) was sprayed on the cross section of the 
ammonia band exposed by making a vertical cut across the 

the pan at the rate of j liters per minute an 1 '  an) ammonia 

in these trials represrnted ,about 1O:i of the amount of J 

band with a spade. In the more compacted soils, the entire 
face of the crevice made by the applicator blade. extendinn 

MATERIALS AND METHODS 
:ippliru/ioa o j  UIIIIIIOII~U-T~~ anhydrous ammonia v a s  

nittercd through a 'Weatherhead Type D Ammotrol and a 
Aonntor to a single John Blue applicator blade. The meter 
\VAS calibrate d by DassinP the ammonia into a known 
vdurne of water ( 5  -callons) for a specihedperiod of time 

- 

..... ~ 



crcvice left hy the applicator blade could he cltuly emir- 
lished by the color ch.inge of the indic.itor as ohscrvtd 
+nst the nhite gypsum bic'kjiround. 

RESULTS A S D  DISCCSSIOX 
Trpical rtsults showin: losses of anhvdrous immonia 

ap'pl~ed to Sassdr3s fine qmdy !cz- 3rd !.!dk i;:i iu4,rl 
at  different rates and depths. as measured by the quantita- 
tive method, nrr presented in uble I .  Thc applicAon 
losses were found to be nqligible even when ~mnicnia  was 
applied a t  fairly high rates to 1 depth of only 4 inches. 
Thc relatively large loss of ammonia ( S y i  of that zpplied) 
observed at one of the sites on hlardin silt loam w3s found 
to be due to \'try shallow application of ammonil as the 
applicator blade \vas raised in going over a large stone. r6 

In order to determinc whether there was any application 
loss of ammonia during the short interval 01 time before 
the test pan was placed in posiuon, one pan was mounted 
immediately behind the applicator blade ro that it was about 
one inch above the soil when ammonia was applied at 2 

depth of 4 inches. A long piece of rubber tubing connected 
the ~ a c u u m  pump to the acid absorption tower which n.as 
mounted on the tractor. Air w3s pulled from the Fin  into 
the acid absorption tower at the r3te of 3 liters er minute, 

cator blade was thus caught in the pan and swept into the 
absorption ton'cr. The pertinent derails of these tests nnd 
tht results are given in table 2. The results show that the 
application losses of ammonia immediately behind the 
arplicator blade are negligibly small. 

Beuuse of its simplitin. and rapidi~y, the qualiutivc pH 
indicator-gypsum spray mcthod can be used to study the 
distribution of applitd ammonia in the soil as affected by 
the rate of application, soil moisture, roil rnction, and 
exchange capacir).. Obviously. the method cannot be used 
10 determine the magnitude of the application losses, but 
can be rev useful in showing whether ap  lintion losses 
OCNI at all by noting the color chan e o f  the indicator 
sprayed on the faces of the crevice l e 8  by the applicator 
blade. 

The results of these tests would indicate that amliotion 

and any ammonia escaping immediatelg bchin B the appli- 

nlirre I is the theorctical minimum depth of application i. i 
inches; S is the spacing bcnvttn rows in inches; A is 5. 
nominal rate of application in pounds h' per icrc: D is 5, 
bulk dtnsity of the soil in g r m s  per cubic centimem; c. 
C is the iinmonii retention cipacity of the soil in mi> 
equivalents per 100 grams of suil. The method for dtlc:. I 
e n i n g  the ammonia retention c a y ; ?  nf rci! 52; i 
described by Sohn and Pee& ( 5 ) .  The inimonia retenrig j 
Capacity is essentially equal to thc eschx~geablr h!drog=. : 
content of tht soil as deternmintd by the B~CI:-triethznoL. 
mine mr-thod. Field observations have shown that the r a d i '  ~ 

distance of diffusion of ammonia in the band in Inox soil: ! 
IS in fairly goad agretment with that givtn by this cp. j 
tion. In compacted soils, however_ the crevice made by d~: ! 

applicator blade is not sealed sufficiently to prevent son. 
' 

upn-ard diffusion of xnmonia through the creyice. Und:: i 
such conditions, the cross section of the ammonia band da- i 
not approach circular symmetry. and the minimum depth& i 
application must well escted that given by the above qui. 
tion in order to prevent the escape of ammonia. 

SUhIhlARY 
A qualitative and a quantitative method for meuurin; 

directly the application losses of anhydrous ammonia undc I 

field conditions are described. In the quantitative mcthd  
the  ammonia escaping from the soil is caught and absorbc2 ! 
in standardized acid. In the qualit3tiv.e method, the cxpasd 1 
cross and longitudinal sections of the ammonia band IIC I 
sprayed nith an indicator-cr~sum susoension. and i 
mo\.ement of ammonia w&i; the an;nionia 'band an: 1 
through the creritt left by the applic~tor blade is deuly ! 

shown by the color chanse oi the indicator. The results P! I t h n e  tests would indicatc that anolication losses of nnhy ! ~~ ~~ 

L '  

drous mmonia from soils at optimum moisture contmt II: 
negligibly small nhcn ammonia is applied at practicd rats- 
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The Influence of Plant Residues on Denitrification Rates in Conventional and Zero Tilled 
Soils' 

ABSTRACT 
A field study was conducted with Ueatments consisting of a lac- 

torial combinntion of N (0 or  100 kg N ha-' as (NH.),SO., S U s W  

(0 or 3000 ka hn-I). and two l ihRe trentmenls. Ground straw wns " - 
mixed with the plow layer of soil in the mnventionnl till (Cr) plols 
nnd chomed sunw was spread over the surface of the zero t i l l  (ZT) .. 
plots. Wheal (Trilicum amivum L.) wns grown as the test crop. 
Gaseous losses of N were mensured using the acetylene inhibilion- 
soil core technique nnd mmpnred with loss estimnles obtained from 
the imbnlsnce in the N budget of "N-Ueared microplots locnted 
within the larger yield plots. When ndequnte inorgnnic N was pres- 
ent, the inmrporntion 01 straw in CT soil or the npplicnlion of straw 
on the surface of  ZT soil approximately doubled the accumulative 
gaseous N Imsm. n e  s m w  apparently increased the supply ofen- 
erpy msterial ivnihble to deniuifyinp oraanisms, and also incrensed 

~ .. . -. 
surface soil moisture cantent (plr(lculnrly during the month o f  June). 
This furlher StimUl8ted dcniuificntion in ZT soil. Unaccounted "N 
on the fertiliier N balance studies agreed closely with cumolative N 
losses using the acetylene inhibition technique. 

Addifionnl I n d a  Words: wheat grnin yield, protein conten6 N 
uptake, soil moisture, minernl N. 

Aulakh. ht.S.. D.A. Rcnnic, and E.A. P3ul. 1984. The rnflucncc of 
plant rcriducr on dcnitnfiwuon ntcs m conventional and zcro ullcd 
soils. Soil Sci. Soc. Am. J .  48 790-794. 

ECENT field studies using the acetylene inhibition R technique have demonstrated that the moisture 
content of surface soil is a singlular environmental 
variable affecting gaseous losses ofN; even rather small 
increases in volumetric soil moisture can be accom- 
panied by very large increases in the rate of denitri- 
fication (3, 4). It was also found that gaseous N losses 
were 2 to 3 times higher from zero till (ZT) than con- 
ventional till (a) soils (4). However, multiple regres- 
sion analyses showed that such factors as moisture, 
temperature, inorganic NOT-N and NH: -N ac- 
counted for only 37 to 66% of the variations in rate 
of denitrification. Soil bulk density also was shown to 
be of importance but no quantitative assessment of 
its significance was possible ( I ,  5). 

Crop residue placement is a significant environ- 
mental difference between (3 and ZT soils. In CT, 
crop residues are frequently worked uniformly into 
the surface soil. while in ZT they are left scattered on 
the surface or as standing stubble. There is reason to 
believe that the difference in crop residue placement 
may inlluence denitrification rates. For instance, the 
addition of a readily decomposable carbon material 
such as manure greatly enhanced denitrification (rel- 
atively high in N) in both laboratory and held studies - ' Contribution from !he Saskatchewan Inst. of Pedology, Saska- 
toon, Canada: Publication no. R338. This pawr was prcscntcd in 
Div. S-I. Soil Scicncc Socicly oTAmcriw Meclings, 14-19 August 
1983. Washington. D.C. Reccived 19 Scpt. 1981. Approved 14 Mar. 
1984. 

Comrnonwcalth Scholar: Professor. Dcp. of Soil Science. Univ. 
of Saskatchewan. Saskatoon. Canada: and Profcssor and Chair. Dep. 
d P l a n i  and Soil Biology. Univ. o f  California. Ocrkclcy. C h  94720. 

M.S. AUWKH, D.A. RENNIE. AND E.A. PAUL' 

(9, 15). Other studies have shown that the additi 
wheat straw to undisturbed soil cores (7) or field 

MATERIALS AND METHODS 

under these tillage treatments since 1978) 

plow layer. The required amount of chopped 
(3-5 cm long) was uniformly spread over the 
the macroplots were covered with steel netting (c 
to minimize straw losses by wind ernsinn. The 
removed after four weeks when the crop was 
lished. To obtain uNform mixing and make the a 
more effective. it was finely ground and mixed w 
layer of CT plots before seeding wheat. Then 
was applied as in ZT plots using the same am0 
in all the plots. 

Four microplots were established in both CI' and 
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Table I-The effect of various Nendstraw treatments on the 
w h a t  arain yield. protein and plant N uptake under 

Grain yield. Grain Total N 
kg ha.' protein. C uptake kg ha-' 

Control 
S V P W  
N... 

Conventional4ll 
1681~8 12.6b 
81 la 10.7a 

1972d 15.9de 
1195411 116.51 
1947d 16.6e 

119101 118.11 

Zeretill 

1466b I2.Ob 
1691c 11.ta 
2009d 15.led 

73.4c 
31.0a 

105.4e 
1117.21 
105.4e 

1116.1l 

62.1b 
66.6b 
96.4d 

120981 116.21 1108.41 

W b b l  11391 1116.31 
N,. + ?Itraw 2400e 1 4 . 9 ~  119.1f 

t s t r s w  = 3000 kg ha.'. 
y N,. = 100 kg ha-'. 
5 values in the same column arc rignifirantly different a t  P li 0.05 luaing . b n c s n ' r  multiple range test) when not followed by the Same latter. 
1 Fiyrea in parenthesis r e p r e n t  values obtained from "Nmicroplols. 

rounded it except that "N-labelled (NH.)$O. (5.4% excess) 

4;; Gaseous N losses were 

disturbed soil cores from each treatment every week. The 
reader is referred to our earlier publication ( I )  for procedures 
used to measure: gaseous N losses with the acetylene inhi- 

"bition technique, soil moisture, and inorganic soil N 
(NO: + NO,-, NH;). The cores were incubated 24 h in 
1100 cm' glass jars with airtight covers fitted with serum 
stoppers. Incubation under shaded conditions in soil outside 
the laboratory closely approximated the temperature within 
the Fnopy of grain crops in the field. Oxygen contents in 
!he jars, monitored at various times with a gas chromato- 

' p p h ,  remained above 19% during most of the incubations, 
;.:but dropped as low as 15% on straw-amended samples with 
::high soil moisture. Rainfall data were recorded at a mete- 
.:: orologiral station on the site. 
; ii At the end of the growing season, 1 ma area from each 
jmaeroplot and all plants within each cylinder were har- 
.'.!Vested, dried at 60 k 1 'C, separated into grain and straw 

"Id weighed. The cylinders including the soil were removed, 
d representative soil samples were taken from the 45 to 

depth. In the laboratory, the cylinders were CUI open 
, a d  the soil was sectioned into 0- to I S ,  15- to 30-, and 30- 
,110 45 cm depths, each of which was weighed and air-dried. 
f!!j'Jts Plus crowns were collected. washed, dried. and 
-.Weit?hed. Soil subsamples, ground to pass a IO-mesh 
..&mm) sieve were extracted with 2M KCI for mineral-N : analysis. Additional 100-mesh samples were digested for to- 
.tal Kjeldahl N analysis. The nonexchangeable NH; (com- 
.manly, known as fixed NH:) in the 0 to 15- and 15- IO 30- 
:.Em sot1 samples was determined (IO). Wheat grain, straw. 
,Y root -I crown fractions were ground to pass a 100-mesh 
' :,Sieve, and assayed for total N. Kjeldahl digestion and dis- 
a t i o n  methods described by Rennie and Paul (13) were 

Soil organic N was calculated by subtracting min- 
'.g N from total Kjeldahl N. Grain protein was eslimaied 

A" 

x percentage of N and expressed on a 13.5% moisture 

RESULTS AND DISCUSSION 
Yield, Protein Content. and Plant N UDtnke 

400 - 
3w- 

2w - 
1 0 0 -  

0 -  

trnrnl i 

-. .. ._ 
JUNE JULY AUGUST SEPT 

Fig. I-Gaseous N losses (N,O-N ), soil moisture, rainfall, (NO; 
+ NO+N nnd ";-N ofmnventiond-tilled Elslow clay lorn 
seeded to wheat with various saaw a d  N beatments. B indicates 
standard devislion wilhin lhree replicates. 

wheat straw into the plow layer resulted in a 50% yield 
reduction, probably due to  immobilization of mineral 
N (Table I). When the N a n d  straw were both applied, 
there was sufficient N for both immobilization and 
plant growth, and the grain yields were equal to  those 
obtained with N alone. 

Grain yield from the ZT control was lower than 
from the CT control plot, but increased significantly 
with applied N. In contrast to the CT field, grain yield 
was increased 16% by the addition of  straw, probably 
because surface placement of the straw provided a thick 
continuous layer of  mulch that conserved a greater 
amount of rain water without immobilizing all avail- 
able mineral N. The highest yield (63% above the con- 
trol) was obtained from the ZT plots where N was 
applied in conjunction with the straw mulch surface. 
Nitrogen uptake by wheat (grain plus straw), followed 
the same pattern as grain yield. 

The addition of straw without N lowered wheat grain 
protein conteiit by 20% in both tillage systems. This 
can be attributed to  immobilization of N in the CT 
plots and simple N dilution frequently associated with 
large yield increases due to  more favorable moisture 
conditions in the Z T  plots. The relatively high protein 
levels achieved with the Nlm and Nlm plus straw treat- 
ments for both cropping systems suggest that available 
N was more than adequate in  these treatments. 

Although the ZT control had a higher soil moisture 
regime than the CT control (Fig. I and 2), its grain 
yield, protein content. and N uptake were all lower. '% the CT field, wheat grain yield was increased by L-4 The high grain yield and N uptake obtained with the 
application of 100 kg N ha-' in conjunction with a &% by the addition of fertilizer N, mixing 3000 kg 
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straw mulch eniphasizes the nced to ensure optimum 
fcrtility in ZT studies; otherwise. the greater moisture 
conserving characteristics of the surface straw mulch 
may not be rcflectcd in greater production (6, I I ) .  The 
yields obtained from "N-microplots were, in general. 
comparable lo those from corresponding macroplots 
(Table I ) ,  thus confirming that realistic ficld condi- 
tions were achicved in the microplots. 

Recovery of Fertilizer N 
As has already been suggested from the total N up- 

take data given in Table I ,  plant u.ptake of fertilizer 
N was not significantly influenced by the incorpora- 
tion of crop residues on the CT plots (Fig. 3); about 
40% ofthe added fertilizer N was taken up by the crop. 
The greater fertilizer N uptake by the crop on the straw 
mulched ZT plots is a reflection of the more favorable 
growing conditions, especially the higher moisture 
level. 

The amount of fenilizer N immobilized (organic N) 
or  present in the inorganic form (extractable mineral 
N plus fixed NHZ) in the 0- to 60-em profile varied. 
rather widely between treatments (Fig. 3). A greater 
amount of fertilizer N was immobilized in the CT soil 
when straw was incorporated. This difference was par- 
tially offset by a lower content of  inorganic N and the 
recovery of fertilizer N from these two CT treatments 
was quite similar. In contrast, while the amounts of 
fertilizer N immobilized in the no-straw treatments 

. 

f - 
1 1 1  
0 z + 
L 
b" 

i 

2ool loo 

OL 

on CT and ZT soils were very similar. much les 
tilizer N was immobilized on the ZT-straw treat 

rated the fertilizer N from surface-placed straw en 
to partially inhibit its immobilization. Only a 

found in the 0- to 30-cm depth (data not pre 
However, management did influence the am 

treatment. 

Gaseous Losses o l  N 

I D IO 
z = o  

I 

Fig. 2-Gsreous N losses (N,O-N), soil moisture, minlull. (NO; 
+ NO;)-N and NII: -N O l  zero-tilled Elstow clay loam sccded 
to wheat with various straw and N trc~tmcnts. 0 indicates stan- 
dard deviation within three rrplicstcs. 

Convsntlonal - t111 ~ e r o - l ~ l l  

Fig. 3-Duluncr sheet ol"N-lubellud lertilircr nitrogun. 0 - 0 
N. I - inorganic N includinR amount or fixed NII; (si 
parcnthcsn). 
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'm control, but the relationship between these two 
yeatments on CT Soil was revened. This is the only 

=used a decrease in denitrification rates compared to 
h e  controls. 

corporation of 3000 kg ground wheat straw immobi- 
lized mineral N rapidly and reduced gaseous N losses [k*+ straw 7.15 f 0 . m  6.65 + 1.41b 22.51 2.24s 20.87 1.32a 
early in the growing season. However, at later stages 

Table2-CumulativagnsaouaN losecs(kg N ha-') measured wilb 
acetylene inhibition technique I A l n  and "N.balancsapproach. 

indication in these data that the addition of straw Canventional.rill Zer*till 

AIT L*N AIT "N Tlenlm~nl 

3.20 t 0 . 4 2 4  - 7.25 f O.48b - 
4.28 j: O.5ln 4.62 f I.OBa 11.88 * 0.43d 11.20 j: 3.78d 

The inorganic N data given in Fig. 1 show that in- e'$$ 3.41 f 0.448 - 9.85 t 0 . 2 3 ~  - 

t Straw = 3000 ka ha.'. 
of &ant growth when levels of mineral N were very 
low in both untreated and straw treated plots (Fig. I), 
a higher rate of N 2 0  emission was recorded from the 
straw treatment possibly, due to a 2 to 4% higher soil 
moisture. The higher soil moisture may have resulted 
from lower water use by the poor crop on this treat- 
ment. Therefore, the cumulative losses of N were sim- 
ilar for both the untreated and straw-treated plots (Ta- 
ble 2). In a one-week incubation study, Craswell (7) 
noted rapid immobilization of lablled NOT and re- 
:;;;;: :;;kTikGtkxj :C,sics -w-:ie11 acidcd si ,aw 
added to small soil cores. Our results confirm this ob- 
servation, but also indicate that in the field the re- 
duced denitrification losses are later offset by higher 
gaseous N losses as water accumulates due to poor 
plant growth. The much higher rates of N 2 0  evolution 
from ZT than CT soil during the month of June pro- 
duced a twofold difference in the total amount of N 
lost from the no-straw treatments and a threefold dif- 
ference for the straw treatments (Table 2). The more 
favorable moisture conditions prevailing on the ZT- 
straw treatments is probably a major contributing fac- 
tor to the higher NzO evolution rates and results in 
rather high accumulative N losses. Higher NOT-N 
levels in the soil on both N I w  treatments also en- 
couraged higher rates of denitrification. 

The data for cumulative gaseous N losses measured 
k t h  acetylene inhibition techniques were in close 
agreement with N unaccounted for in the IJN balance 
studies (Table 2). The IJN technique measures only 
the fate of fertilizer N. The CzHz inhibition method 
should reflect denitrification of both the fertilizer and 
%e soil N. Denitrification activity was at a maximum 
in June shortly after fertilizer N was added and it is 
probably safe to assume that the majority of the NzO 
measured using the acetylene inhibition technique was 
deriyed from this source. Thus it has confirmed our 
d i e r  study (2) that these two different approaches of 
assessing gaseous N losses give quite similar results 
under field conditions. 

was 

CONCLUSIONS 
This study, using the acetylene inhibition technique 

to assess denitrification rates, has shown that the ad- 
dition of wheat straw residues, either as a mulch on 
the surface or fully incorporated, resulted in a dou- 
bling, of the accumulative gaseous N losses over the 
growng season. It is significant that fertilizer N bal- 
ance studies provided an estimate of unaccountable 
I'N which coincided very closely with that obtained 
using the acetylene reduction technique. 

The "N balance approach permitted the measure- 
ment of the distribution of fertilizer N in the plant 
and soil at the end of the growing season. Under the 

L-6 

t N,, = 100 kg Nha-'. 
8 Valuer are significantly differenl a t  P 5 0.05 lusing Duncan's multiple 

range test) when not followed by the same letter. 

conditions prevailing during this field study, immo- 
bilization of the added IJN was significantly higher 
under conventional till than zero till. It can therefore 
be concluded that under conventional till where the 
straw facilitated the fertilizer N immobilization, it also 
increased the supply of energy material available to 

u c r l l ~ r r r ) r r r t y ,  v~ga~ri>rlrs atid iirus denirriiicarion 
rates for the growing season increased sharply. Deni- 
trification would appear to have been increased under 
zefo till primarily because of the more favorable mois- 

.L̂  _I--:-LP.:~.. 

ture conditions. Thus this study has clearly shown that 
the use ofboth the IJN balance studv and the acetvlene .~ 
reduction technique has materially added to our un- 
derstanding of factors influencing denitrification un- 
der field conditions. and the influence of manaeement - 
on these rates. 

Absolute validation of either the acetylene inhibi- 
tion methods or the "N technique is difficul: under 
field conditions. The acetylene method requires ad- 
dition of an external gas and enclosure in some type 
of chamber. Sampling to ensure that all denitrification 
events are recorded could involve an even more in- 
tense program than that camed out in this study. The 
IJN technique involves problems with uniform distri- 
bution of tracer, possible alterations of the size or dis- 
tribution of the potentially denitrifiable N pool, and 
the uncertainties associated with possible leaching or 
volatilization. These losses were minimized in this 
study as the major denitrification events occurred in 
June before there was opportunity for substantial al- 
teration of the soil N pool by mineralization. 

The fact that the two methods gave very similar 
results in a number of different treatments is encour- 
aging but must be considered somewhat coincidental. 
However, it is of interest that the decrease measured 
in "N immobilization coincided with a doubling of 
gaseous N losses as measured by both the "N balance 
and the summation of CzH, inhibition studies con- 
ducted weekly. The acetylene inhibition method makes 
it possible to relate the dynamics of N loss to short- 
term environmental changes such as rainfall evenis, 
soil type management such as ZT or straw incorpo- 
ration and crop development. The "N technique in- 
volves a balance sheet approach that does not distin- 
guish the source of loss but provides an integrated 
measurement of the fate of added N. 
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Populations in No-till and Plowed Soils' 

D. M. LINN AND J. W. DO RAN^ 

SurIace roils fmm long-term tillage comparison experlments at 
six US. locations were characterized for aerobic and anaerobic mi- 
crobial papulations and denitrification potential using an In situ 
acetylene blockage technique. Measurements of soil water content, 
bulk densify, m d  relative differences in pH, NO;-N. water-soluble 
C, and totnl C and N contents between tillage treatments were also 
determined at the time of sampling. Numbers of aerobic and maer- 
obic microorganisms in surface (0-75 mm) no-till soils averaged 1.35 
to 1.41 and 1.27 to 1.31 times greater, respectively. than in rurface- 
plowed soils. Bulk density. volumetric waier content. waler-filled 
pore space, and waler-soluble C and organic C and N vdues were 
similarly greater for surface no-till sails compared to conventionally 
tilled soils. Deeper in the soil (75-300 mm), however, aerobic mi- 
crobial popuhtions were significantly greater in conventionally tilled 
soils. In contrast, below 150 mm, the numben of anaerobic micro- 
orgmisms diITered little bemeen tillage treatments. In no-till soils. 
however, these organisms were found to comprise a greater propor- 
tion of  the lotnl bacterid papulatiun than in convcntionntly tilled 
roils. Me8suremenU of the denitrification potential from soils at 
three locations generally followed Ihe observed diflerenccs in an- 
aerobic microbial populations. Denitrifying activity. after irrigation 
with 15 mm of rater. was substantially greater in surface 0- to 75- 
mrn net i l l  soils than in coonrcntionnlly tilled soils at all l ~ r ~ i i u n s .  
At the 15- to 150-mm soil depth, however. the denltrificstion poten- 
r i d  in conventionally tilled soils was the same or higher thm that 
- ' Convibution from the USDA-ARS. in coopention with thc Ncbr. 
Afic. Exp. Stn.. Lincoln. NE. Published with the approval o f thc 
Dtrcctoras Paper no. 7i60, Iuurnal kr ies. Received 21 Nov. 1983. 
Approvcd 20 Jan. 1984. ' Rcscarch Associate, Univ. o f  Minn.. St. Paul (Tormcrly Rcscarch 
Technologist. Univ. Nebraska-Lincoln). and Soil Scientist. USDA- 
ARS. Lincoln, NE. 

of no-till soils. In surface n d l l  soils, increased numbers o 
obie microorganism and a substantially greater denitritica 
tentid. following irrigation, indicate the presence of less 
conditions in comparison to conventionally tilled soils. This co 
tion appears to result from greater soil bulk densities and/or m 
contents of no-till soils. which act to increase water-filled po 
and the potential for water to act as a barrier lo the diflnsiod 
oxygen tbmugh the soil profile. 

Addirional I n d u  Words: Soil aeration, denitrification, conre ' 
tion tillage, microbial ecology. 

Linn. D. M., and J .  W. Doran. 1984. Aerobic and 
crobial populations in no-till and plowcd soils. Soil 
1. 48794799. 

HE NUMBERS, types, and activities of soil mici T .  organisms are important to the productivit 
soil through their regulatory effect on soil carbon 
and nitrogen (N) levels. Several early studies c 
paring the microbial populations of reduced-tillage 
plowed soils demonstrated that greater number 
aerobic micrwrganisms were often associated wi 
surface 0 to I50 mm of reduced-tillage soils 
et al.. 1948; Gamble et al., 1952; Schaller an 
1954). More recently, Barber and Standell ( I  
Doran (198Ob) found that microbial numbers, 
drogenase activities, and respiration rates in s 
no-till soils were significantly greater than th 
plowed soils. However, at  a soil depth below 50 
mm, these indexes of microbial activity were 

L-7 
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N,O AND CH, FLUXES IN SOIL INFLUENCED BY 
FERTILIZATION AND TRACTOR TRAFFIC 

S. HANSEN." J .  E. MXHLUM* and L. R. BAKKEN' 
'Kvithamar Rcrcarch Station. N-lSM) Stjerdal. 'Nowcgian Ccntrc for Ecological Agricullurc. 

N-6630 Tingvoll and 'Dtpartmcnt of Biotcchnologiwl Sciences. Agricultural Univcrrily of Noway. 
Box 5040. N-1432 As. Noway 

(Aeccpprrd 30 Nouenibrr 1992) 

Summary-The cflectr of lertilization and tractor traffic on N,O cmission and CH, uptake in agricultural 
soil were studied in a field trial with dilTercnt fertilimtion and soil compaction. Thc soil was .a well-drained 
sandy loim and the crop rotation was rich in Icy and Icgumer. T h e  Icrlilization trcatments wcre: 
NPK lcrtilizcr (140 kg NH,NO,.N ha-'): catth slurry (CS) (189 kg lotal N ha-'). CS (81 kg total N 
ha-() ,  and an unfertilized trcatment. The soil was experimentally compacted by two pasws with a tractor. 
whccl by wheel. shortly before fcnilization. Cas fluxes at the soil surface were mcasurcd by the soil covcr 
method. Soil air at a depth of 7-12 cm was sampled through stationary soil air samplers. Concentrations 
of N,O in soil air were more than Y Y C ~  timer higher in compacted. NPK-fertilized roil than in any othcr 
treatments. Maximum Concentrations (I9COpl N,O I - ' )  were obwrved shortly aner pcriodr with heavy 
rain. The accumulated N,O emissions from the NPK-lertilized treatment (4 lune-8 July) corresponded 
to 5.3% of added ",NO,-N in compacted roil. and 3.9% in uncompactcd soil. Fertilization with cattle 
slurry cquivalcnt to 81 kg total N ha-l gave an N,O emission corresponding 10 3.1% of added NH.-N 
in uncompactcd soil. and 2.1% in compacted soil. Increasing lcvcls of cattle slurry ruultcd in a reduction 
in N,O cmiuion per kg NH,-N added. The accumulated CH, uptake (4 J u n e 4  July) in the soil was 9.7 mg 
CH, m-l  in unfertilized and uncompaclcd soil. I1  war reduced by 52% by soil compaction. 50% on average 
by fertilization and 78% by soil compaction and fertilization combincd. Fertilization with ",NO, or 
cattlc slurry rcsultcd in similar cflccts. 

INTRODUCTION k c a u w  of humid climate and partly bccauw of fine 
textured soils and high content of organic material in r;( 2! is an  important s o u r e  of atmospheric N,O, and 

&!Ink for CH, (Mosier et a!., 1991). The emission of 
El0 may be perceived as a leakage Of i n t m x d i a t e  
?Loducts in nitrification and denitrification. These 
Eactions are influenced by oxygen supply, water 
Entent, temperature, soil pH, organic matter, the 
p n c e  of plants (Byrnes, 1990) and the concen- 
q t i o n s  of NH,-N and NO,-N in the soil (Jones a n d  

la, 1983). A well-drained soil acts as a sink for 
spheric CH, due to methane oxidation, by either during [he wventh year of a field experiment with 
Onia oxidizers Or methanotrophs (Bedard and different fertilization and soil compaction trealmenls 

~ e s ,  1989). In arable land agricultural practices (growth wason 1991). The  field experiment was 
h as fertilization and tractor traffic as well as located in Surnadal, N~~~~ 2s a,s,~,. 63000'00" N, 

k a l e  and soil type are likely to influence these gas 8q8'44- E, precipitalion in April, M~~ and june was 
. Numerous studies reviewed by Eichncr (1990) 457 mm, which is 179% of [he normal precipitation. 
great variability in N ,O fluxes from agricultural ~h~ temperature for April. May and  June 

s. Less work has been done o n  CH, flux. Mosicr was 1.79~ 8.4"C). soil tempcrature and 
a'. a CH, Of 2d* and precipitation during the period of measurement are  
g C ha- '  d - '  in  native grassland, fallow and  wheat 

The  cxpcrimcnt had a split-plot factorial design 
In some areas soil compaction is a serious problem. 

action on N 0 emission in a humid climate and 

the soils. The aim 0; this investigation was to study 
the influence of soil compaction through tractor 
traffic and fertilization with ",NO, or cattle slurry 
on CH, and N,O fluxes in an easily compacted 
in a humid climate. 

MATERIALS AND METHODS 

G~~ fluxes and soil air c,,mposition were 

in  Fig, 

Iwo compaction on main rY little work has been reported on thecffcct of soil and fcrtilizalion on plots (2.8 8 m. sample 
arcs 6,s m). F~~ each flux measurement, lwo 
soil covcr chambers were placed a t  random within 
each field plol (minimum spacing I m). Soil air 
was sampled using IWO stationary soil air samplers 
(equilibrium chambers) in each plot. Thus, for each 

lake. In 

Uhor for correrpondcncc. 
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Fig. I .  Soil tcmpcratun (T) at l5.m depth. pmipitation (mm), total porosity and air-filled porosity s 
a pcmntagc of soil volumc. 

treatment. there were four parallel flux and soil air Similar fertilizer and compaction treatments have 11 j 
measurements taken on each day of measurement. 

The fertilization trcatmenw were: NPK fertilizer 
(18% N, 3% P. I S %  K) with 140kg ",NO,-N 
ha-', cattle slurry (CS) equivalent to 189 kg total N 
(1 16 kg NH,-N) ha-', CS equivalent lo 81 kg total N 
(50 kg NH,-N) ha-', and an unfertilized treatment. 
CS was diluted with water up to 200% of the original 
volume and spread by can with a small spreading 
plate. NPK fertilizer was spread by hand. Fertilizers 
were raked into the top 5 cm of the soil immediately 
after application. This loosened the soil in the upper 
surface. Samples of cattle slurry were frozen for later 
analyses following the method described by Honvitz 
(1980). 

The diluted slurry contained €4g dry matter I-'. 
2.8 g Kjeldahl-N I-'. 1.7g NH,-N I-'. 2S mg NO,-N 
I-', 1.Sg water soluble organic C I-' and had a pH 
of 1.6. 

In 1991, soil compaction treatment comprised two 
Pasws of a 4 tonne tractor, wheel by wheel. shortly 
before fertilization. a l a  soil moisture tension equal to 
PF ca 2. The rear wheels were double-settings with 
a total lyre width of 140cm (innation pressure of 
57 kPa). In front there were low pressure lyres with 
a total width of 100cm. 

k e n  carried out every year from 1985 with the 
exception of 1990. when no extra compaction or 
fertilization was applied. 

Tillage treatments (ploughing. two harrowings. 
rolling) and sowing were carried out across the 
experimental plots with tractors similar to those used 
for compaction. Thus, the uncompacted soil was 
to some extent atTected by tractor traffic. 

The experimental field has a slope of <2% and is 
placed on a naturally-drained sandy loam developed 
on fluvial deposits. The soil profile has a contrasting 
character in the subsoil layer (beneath 30-lGQcm), 
with ca 50% by volume containing stones bigger than 
4cm, while the remainder is rich in gravel and coarse 
sand (Table I ) .  

The top soil contained 2.2% organic C. 0.17% 
organic N and had a pH (H,O) of 6.1. Average bulk 
densitics(7-1 I cm depth) were 1.21 gcm-'in uncom- 
pacted soil and 1.30g m-' in compacted soil. 

The erperimcnt was started in 1985. The crop 
rotation was adapted to ecological farming with 
milk production and had a high frequency of ICY 
and legumes. 

The 1991 crop was green fodder with rape 
(Brassica nappus). barley (Hordeum uulgare). peas 

! 

~ 
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N,O and CH. fluxca. fcrtilizaiion and lrilclor 623 

4 4  4 1 4  

umplm behind Ihc dcarminrtion olsoil ICIIU~S &ZOcm and 
2 G 2 S m .  C ~ C Y C ~  ~ m p h  behind the dctcminotion or subsoil. 

(pirum aweme). vetch (Vicia saliva) and Wesler- 
wolth rye-grass (Lolium mulriporum Lam. var. Wesr- 
erwoldimrn aucr.). Crops from 1985 to 1990 were: 
greenfodder. barley, 3yr  ley and oats. The oats 
straw was left on the soil surface during the winter 
and was removed shortly before ploughing in spring 
1991. 
i. The soil porosity and water content were deter- 
mined in undisturbed soil samples taken by means 
of 100cm' cylinders. At each sampling date, three 
samples were taken in both compacted and uncom- 
pacted areas (7-1 I cm depth). Particle density used to 
calculate material and pore volume was determined 
following the method of De Boodt er a/. (1967). 

,Gm memuremenls 

F Gas fluxes wcre measured shortly after snowmelt 
(23. 24 and 26 April), before and after ploughing 
(4 and 7 June) and after compaction and fertilization 
treatments (IO, 12, 13, 14, IS, 17, 18, 19, 22, 24 June; 

.4  and 6 July). 
, . I /  Gas fluxes at the soil surface were measured by soil 
'cover chambers (thin-walled tin cans, 22.5 cm i.d.. 

-.'23cm high) with a reflecting outer surface similar to 
i that described by Bakken er a/. (1987). This ensured 

I '  ,minimal heating by direct sunlight. In order lo pre- 
. :vent bulk flow of air into the soil while pushing the 
'Soil cover chambers into the ground (I cm). three 
: :holes (12mm dia) on the top were kept open. After 
+. 1' placement of the chambers. these holes were closed 
, h t h  butyl rubber stoppers (type 20-63P. Chromacol 
k.Ltd, London). Gas samples were taken through these 
?:stoppers with a two-way blood collection ncedle. The 
:j nndle was pierced through the rubber stoppers and 
:, connected to 12ml evacuated glass vials (N 20-10 

Macherey-Nagcl. Diiren) as outlined by Magnusson 
: (1989). Before sampling. the vials were closed with 
~ the same type of stoppers. covered with a layer of 
' :silicone and evacuated to < I O - '  atm. 

Equilibrium chambers for soil air sampling at 
:?depths of  7-12 cm were installed shortly aner rolling 
:. -the field. The cauilibrium chambcrs were constructed 

. .  

through viton rubber septa a t  the top of the cquili- 
bnum chambers in the same way as for flux measure- 
ments ( N  20-5/4 Machercy-Nagel. Durcn). 

Within 14 days after sampling. the gas samples 
were analysed on a ges chromatograph (Fractovap 
4200. Carlo Erha. Italy) equipped with three detec- 
tors. The storage of gas samples in the same vials and 
rubber stoppers was tested by Sitaula er a/. (1992). 
After 30 days storage they found a recovery Of 97% 
N,O, 100% CH, and 94% CO,. 

Moderate concentrations (<40 pI I-') of N,O 
were measured on an ECD (electron capture detector. 
type ECD40), and higher concentrations on a TCD 
(thermal conductivity detector). CH. was measured 
by FID (flame ionizing detector). and CO, by 
TCD. The column was a 25 m x 0.53 mm Poraplot Q 
(Chrompac. Middelburg. The Netherlands). con. 
nected directly to a 6-port injection valve (type C6W. 
VALCO Instrument Co. Inc.. Houston. U.S.A.) with 
a 0.2 ml sampling loop. The carrier gas (He) flow was 
7 ml min-'. The temperatures of the oven, TCD and 
ECD were 35. 70 and 350"C, respectively. The outline 
of the gas chromatograph system is described by 
Sitaula er a/. (1992). 

N,O and CH, concentralions in the soil cover 
chambers a t  the start of each closure period were 
estimated by the arithmatical mean of air samples 
taken ZOcm above the ground simultaneously with 
samples of flux and soil air. These measurements of 
atmospheric background displayed some variability 
(SD=O.O9pl I" for CH, and 0 . 1 ~ 1  I-' for N 2 0 .  
n = 19). This variability was a combination of real 
variation in gas concentrations and analytical errors. 
The latter was important for ambient concentrations 
of N,O due lo base line instability. Standards with 
higher N,O-concentrations gave reasonable stable 
signals (coefficient of variation = 5 %  for ECD deter- 
mination of a 6.43 pI 1 - 1  standard and only 2-3% for 
TCD determinations of standards >40 pI I - ' ) ,  

Gas samples were taken 3 h after placement of the 
soil cover chambers, except for two measurements 
which were extended to 5h. In  these cases (15 and 
17 June) samples were taken after both 3 and 5 h. 
Flux was estimated by the increased concentration 
during the first 3 h. A comparison of C-3 and ?-5 h 
flux measurements in I5 and 17 June gave an average 
estimated flux of 12.6mg N,O-N m-, d - '  in the 
0-3 h estimate and 13.2 mg N,O-N m-' d" in the 
3-5 h estimate. Thus, there was no evidence of a 
retardation of the fluxes towards the end of  the 5 h 
incubation. 

The area under the flux curves (straight lines 
between data points. Figs 2 and 3) were used to 
estimate the accumulated N,O emission and CH, 
uptake during the period of measurements (4 June-8 
July). 

C- 

of pointed cylinders of stainless steel. with 19.5 cm 
Icngth, 9 mm 0.d. and 4 mm id . ,  and eleven I mm S'alisrico' ana'yses and ca'cu'arions 

holes. The holes wcre countersunk in order to avoid The main effects and interactions of soil 
Clogging by the soil. Gas samples (6 ml) were taken compaction. fertilization and date were tested wilh 
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r.. 
analyses of variance (ANOVA) and the Newman- RFSUI.TS 

Keui's test. The interaction rcplicate-compaction was 
used as an error tcrm to lest the ellcct of compaction. 

N,O r m i ~ ~ i n n  snil oi, concen,mri~,,, 

Studenlized residuals were used to test the normality Fertiliwtion resulted in increased N,O emission 
of the distributions with rcsidu;il plots and procedure and concentration in soil air ( P  < 0.01). Thcre was no 
Univarixtc (SAS Institutc, 1988). Thc concentration significant dill'crence between cattle slurry and NPK 
of CH. in the soil air w i l s  normally distributed fertilization in uncompactcd soils (Fig. 2. Table 2). 
and the CH. flux and the CO: concentrations were In compacted soils the average soil air concentrations 
so close to normal distribution that they were of N,O were seven limes higher in NPK-fertilixd 
trcaled statistically as if  that was the case. Fluxes plots than in plots fertilized with 189 kg N ha-' in 
and soil atmospheric concentrations of N,O were cattle slurry. Very high N?O concentrations in soil air 
log-normally distributed and the data were log- were found in compacted. NPK-fertilized soil after 
transformed with natural logarithms before the heavy rain (Fig. 2). Moreover. high N?O fluxes wen 
statistical analyses were run. In the case of N,O observed from NPK-fertilized trcatmcnts. but in 
fluxes. some ofthe data were negative and a constant compacted soil the N,O flux was lower than might 
number (IO) was added to all numbers before log- have been expected considering the extremely high 
transformation and analyses of variance. N,O concentrations in the soil air (Fig. 2. Table 2). 

The means and standard errors of the mean (SEM) The amounts of cattle slurry added had little erect on 
of log-normally distributed N,O data were calculated NIO flux and soil atmospheric concentration (Fig, 2, 
using Finney's method, described by Parkin ef a/. Table 2). 
(1988). They compared the method of moments. Emissions of i 2 . S  mg N,O-N m-'d-' were found :: 
maximum likelihood and Finney's method to esti- in the measurements taken i n  April ThecP A?!? 2~ il 

mate mean. variance and coefficient of variation of not presented in the tables or figures. 
log-normally distributed data. It was found that The accumulated N,O emission from the NPK- 
Finney's method had least bias when the coefficient fertilized treatment for the period from June 4 to ,c 
of variation of the underlying log-normal frcquency July 8 (Table 2) corresponded to 5.3% of added 
distribution exceeded 100%. which is the case for our ",NO,-N in compacted soil, and 3.9% in uncom- 
N,O data. pacted soil. Fertilization with cattle slurry equivalent :: 

CH. uptake rates were calculated in accordance to 81 kg total N ha-' gave an N,O emission that 
with first-order kinetics. This is in agreement with corresponded to 3.1% of added NH,-N in uncom- ,": 
the observations by Sitaula and Bakken (unpubl.). pacted soil. and 2.7% in compacted soil. Increasing ,.:, 
who found that CH, concentrations in a soil cover levels of cattle slurry resulted in a reduction in ' 
chamber closely followed an exponential function N,O emission pcr kg NH.-N added. Fertilization 
during the first 8 h of incubation. with cattle slurry equivalent to 189 kg total N ha-' 

Since estimates of accumulated N,O emission and gave an N,O emission of 1.9% of added NH,-N 
CH, uptake arc linear functions of the flux data, in uncompacted soil, and 1.4% in compacted soil. 
the standard error could k calculated accordingly. The N,O emissions from unfertilized treatmcntr _, 
based on the estimate variance for each sampling day are subtracted from the total emissions in t h m  :I 
(after Cochran and Cox, 1957. p. 71). estimates. 

In order to compare the fertilization effects on N,O An increase in N 2 0  flux was first observed about 
emission rates with those reported by Eichner (1990). 7 days after fertilization and was found to k most 
the average value for daily fertilizer-derived N,O marked for compacted soils fertilized with NPK 
cmissions in g N,O-N kg-' mineral N added has been fertilizer (Fig. 2). Plots treated with cattle slurry gave 
calculated (Table 2). This is calculated as the average lower N,O fluxes and later increases than ",NO,- 
daily N,O emission in fertilized treatments minus fertilized plots. This was particularly obvious for : 

average daily NIO emission in the unferiilized treat- compacted soils fertilized with a high level of cattle 
mcnt. dividcd by the amount of mineral N in the slurry. in which maximum N,O emissions were 
fertilizer. observed at the end of the examination pcriod. 

In order to investigate treatmcnt effects on The N,O concentrations in soil air varied through- ; 

N z O  diffusion, the ratio between measured flux out the growing season (Fig. 2) with a temporal !;. 
and the measured concentration gradient (Cs-C,. pattern depcnding on the fertilizer type (P <0.01). :, 
CS = N,O-concentration at soil depths of 7-I2cm. The NIO concentration in soil air started to increase ,; 

C, = N,O-concentration 20cm above soil surface) I days after fertilization, in both NPK and cattle +; 
was calculated for each treatment. The ratio was slurry fertilization. In unfertilized soil there was no 
lognormally distributed and treatment means and ,, marked increase in N,O concentration in soil air 
SEM were calculated according 10 Finney's method throughout the investigation period. As for the N,O 
(Parkin ef ai., 1988). Logtransformed data were used flux, the seasonal variation in the soil air concen- 
in analyses of variancc and the Newman-Keul's test. tration was significantly affected by soil compaction 
TO avoid negative flux valucs. the calculations were (P < 0.01). fertilization (P ~ 0 . 0 1 )  and the intcr- 
based on observations from IS June to 8 July. action between soil compaction and fertilization 
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There was a good correlation between N I O  con- 
antrat ion in the soil air and N,O flux ( r  = 0.67. 
P < 0.01). The closest correlation was found in 
NPK-fertilized. uncompacted soil, where 50% of the 
variation in N,O flux could bc explained by the 
variation in N,O concentration in soil air (Table 3). 
In compaclcd soil fertilized with 189 kg N in cattle 
slurry, the flux and soil air concentrations were not 

1 In these , 

d about 
most 

ith NPK 

N,O and CH. fluxes. krtiliwlion and traclor 625 

NPK and unlertilized Cattle slurry 

'Y gave 
4 NO,- & US for 

Fig. 2. N,O and CO, concentrations in soil air (7-12cm deep) and N,O fluxes with difiercnt soil 
compaction. OIIIC slurry (CS) and NPK fertilizalion. Vertical lines arc means i SEM (n = 4). Arrows at 

Ihc lop indicate hcavy rainfall (>40 mm d-'). 
of cattle , 

significantly correlated. The N,O emission was either 
weakly correlated o r  not correlated with concen- 
trations ofC0,  in soil air, but N,O concentrations in 
soil air  were more :trongly cor:e!ated with CO, 
concentrations (Table 3). The air-filled porosity was 
negatively correlated with both N,O parameters in 
the uncompacted soil. in contrast to compacted soil 
where no significant correlation was found. 

Periods wilh heavy rain, resulling in lowered air- 
filled porosity. increased CO? and N,O concen- 
trations and N,O fluxes. Peak values for N I O  fluxes 
were observed about 2 days after heavy rainfall 
(Figs I and 2). /L M-7 
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NPK and unfertilized Cattle slurry 

Fig. 3. CH. fluxes and concentrations in soil air (7-1 2 cm deep) with different soil compaction. wttlc slurry 
(CS) and NPK lertiliration. Same rymbclt as in Fig. 2 .  

Theoretically, an incubation period lasting as long 
as 3 h could cause retarded N,O emissions as a result 
of a reduction in the concentration gradient from soil 
to chamber air. In >90% of the cases the N,O 
concentration at  7-12 cm in soil air was more than 
eight times higher than that measured in the soil 
cover chambers after a 3 h closure (Table 4). Under 
such circumstances the N,O concentration gradient 
was not reduced by more than 1243% during the 
3 h. Hence, the flux is unlikely to be more seriously 
aKected. 

CH, uptake ond concenrration in mi /  air 

The accumulated CH. uptake by soil, for 
the period 4 June-8 July, ranged from I s o  10mg 
CH, m-I (Table 2). Both fertilization (P  <0.01) 
and soil compaction ( P  = 0.06) reduced CH, uptake. 
Estimates of total CH. uptake based on straight l ina 
between measured fluxes (Fig. 3) are presented in 
Table 2. The CH, uptake was reduced by 52% by soil 
compaction. 50% by fertilization and 78% by the 
combination of soil compaction and fertilization. 

Tablc 2. CH. and N,O-Aux in the *rid 4 lune-8 July. bawd on m r a r u d  flu% during the fin, 1 h or 
insubslion: svsngc Y~IYCI lor each treatment f SE and ratio b e w m  N,O mil l ion and   on cent ration 

gndirnl from soil Io atmosphere 

Accvmulal~d flux Fcrtilirct dcrived 
flux g N,@N d - '  

R.liO.1 Treatment CH4 lm8 m-'). N,O (mg N m-') k g - '  min-Nt 
U"C"l""lFl4 ~ 

512 i 162' 1.1  38 f I)' 
158 f 36' 0.8 48 * 9. 
252 f 37' 1.2 18 i 10' 

9.7 i 0.6b 6 2 f 1 2 '  J 7 f I 5 .  

1.1i0.6' 268 i 44' 0.6 I 9  * 7'. 
2 1 7 i 4 1 '  I .o 49 t 2)' 

5 7 f 1 0 .  21 *I' 

NPK. 140 kg N h9-'5 
CS. 189 kg N hs- 
CS. 81 kg N ha- '  
Unfcrtilizcd 

NPK. 140 kg N ha-' 3.0 f 0.4' 
CS. I89 kg N ha-l  

2.4 f 0.7' CS. 81 kg N ha-'  
Unlenilizcd 6.8 i 0.5' 

6.2 f 0.6. 
5.6 f 0.4' 
6 . 4 i 0 . 6 '  

Compacled 
1 3 6 t  112' 1.6 I Z f 4 '  

*Within each column. ligurcs which arc not significmlly diKcant. share the mmc lktier (Ncwmm-Keul'r 
test. m - 0 051 
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Table 3,  Cornlalion between N,O emission. N,O and CO, conantralion in mil air and aiMil1ed POrOlilY 
(Pcr"0" COIIII.li0" FaAcirns)i 

N,Osmiuiont  SoibN,O 
Air.filled Air-filled .... 

Treolmcnu Soil-N,O Soil-CO, prosily Soil-CO, prolilY 

Uneomprclrd 
NPK. 140 kg N h;-'5 0.71.** 0.46.. -0.48.. 0.78..* -0.65". 
CS. 189 kg N ha- 0.19.'. 0.15- -0.45'* O.IP..* -0.77". 
CS. S I  kg N ha-' 0.J4.- 0.33- -0.49.. 0.72... -0.77.'. 
Unfrriilired 0.44.- 0.14- -0.32" 0.76..* -0.57". 

Compacted 
NPK. 140 kg N ha-'  0.M." 0.48.. -0.22" 0.41. 0 

CS. 81 k8  N ha- O.S8*.. 0 -0.14' O.Y.*' 0 
Unrrr!ilized O.M)... 0.S6." 0.22' 0.63"' 0 

CS. 189x8 N ha;' 0.23" -0.IJ.. -0.14- 0.21" 0 

*Significant at S% IcvcI; ..iigqihuni at I% IcvcI: '*.Signifianl at 0.1% IwcI. 
?Numbers or o ~ r v a l i o n l  behind e c h  cornlation c a f i i m t  are JSX. 
fN,Osmission -InN,Ocmiui~n:loil-N~O-InN,Oconccnlrstion7-12on inmilair.Soil-CO, *CO, 

5NPK - NPK fcnilircr: CS - cattle duny. 
concmtmion 7-12- in soil air; air-filled prosily - % air of mil volume 7-1 I m in mil. 

Non.significan1. 

Chamber conanlralion Rellliw 
f-qvency in % of soil air concentration 

0.01 0.33 
0.5-2,s 0.41 
2.4--12.5 0.18 

12.562.s 0.06 
62.5-125 0.02 

* i  

I , .  
?,, I 

@ There was no significant difference between fertiliz- t. ation with ",NO, or that with cattle slurry. Neither 
G did the amount of cattle slurry added affect the 
$; CH, uptake significantly. There was no interaction 
! between fertilizers and soil compaction with respect 1; to CH, uptake. 
f'a d: Both CH, uptake and CH, Concentration in soil air 
:> varied throughout the growing season (P c O.Ol), but 

,? 

In the CS 81 treatment, compacted soil had lower 
fluxes and much higher concentrations than those 
in uncompacted soil (Fig. 3). 

Favourable conditions for N,O production are 
unfavourable for CH, oxidation and a negative corre- 
lation between these two processes was expected. 
No clear correlation between CHI uptake or CH, 
concentration in soil air and N,O emission or concen- 
tration in soil i ir  was found, however (Table 5). The 
CH, concentration in soil air was negatively corre- 
lated with CO, concentration in soil air (Table 5) ,  but 
there was no correlation between C02 concentration 
in soil air and CH, uptake in the soil. 

DISCUSSION 

N,O emirJion nnd mil nir roncenlrnlion 

Our estimated N,O emissions (corresponding to 
I-5% of added mineral N, Fig. 2. Table 2) are large 
compared with results reponed in the review by 

Y. there was no significant correlation between these 
two parameters. 

.:: . In three of the fertilizer treatments (NPK, CS 189 
', and unfertilized), CH, concentrations and fluxes 

were lower in compacted than in uncompacted soil, 

Eichner (1990) where N,O emissions corresponding 
to 0.01-1.7%, or 4.4-174.5mg daily N,O-N kg" 
added ",NO,-N arc reported. The large N,O 
emissions found in our study can probably be ex- 
plained by the extremely high precipitation together 

, 
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with soil conditions that prcclude eficicnt draining of 
the topsoil. As a result of abrupt textural change 
between the top layer and the gravelly subsoil. there 
is poor capillary contact to deeper soil layers and the 
soil moisture tension has to reach a relatively low 
level (pF 1.5-2) before draining to the gravel layer 
can begin. Thus the water will not drain out during 
long periods o f  rain and the water content in the soil 
will remain high. From I 5  to 22 June there was 
I07 mm rain and the soil was already wet in advance 
of this rain (water-filled pore space (WFPS) in  com- 
pacted soil was 81 and 73% in uncompacted soil]. 
Throughout this rainy period the water-filled pore 
space increased further and air-filled porosity in the 
soil decreased (Fig. I ) .  Even in uncompacted soil, 
air-filled porosity decreased lo c 10%. 

Because o f  the high water content in the soil and 
the weak structure in this sandy loam, the soil 
structure i s  easily deteriorated by soil compaction. 
Thus the tractor traffic on the compacted soils has 
probably caused greater damage on the soil structure 
and more anaerobic conditions than similar com- 
paction would do in most areas with similar agricul- 
tural practises. We observed that soil compaction 
resulted in reduced air-filled porosity (Fig. I )  and 
increased CO, concentration in soil air (Fig. 2). 
In addition, Hansen (unpubl. data) demonstrated 
a decreased number o f  earthworms as a result of 
the compaction. T h e  low air-filled porosity and high 
COl concentrations in compacted soil indicate 
retarded diffusion through the upper soil layer. 
The CO, concentralions were particularly high in 
the treatments fertilized with 140 kg ",NO,-N or 
189 kg N in cattle slurry (Fig. 2). The same treatments 
had a very low N,O emission: N,O gradient ratio 
vablc 2). 

As reviewed by Davidson (1991). denitrification 
becomes increasingly important as a source of N,O 
when WFPS exceeds 60%. In our experiment the 
mcan WFPS ( I O  June4 July) was 82% in compacted 
soils. Fertilization with NO,-N in compacted soil 
would therefore easily cause N,O release by denitrifi- 
cation. The high peaks in N,O concentration in 
soil air that were found when soil compaction and 
NH4NOI fertilization were combined (Fig. 2) are 
probably due to high denitrification rates. N,O emis- 
sion caused by nitrification has probably played a 
minor role in our investigation because of the high 
moisture content in the soil. According to Davidson 
(1991). 3&70% WFPS is  an optimal range for nitrifi- 
cation; in  our study WFPS varied between 68 and 
93%. 

Considering the high WFPS values in our soil, a 
significant fraction o f  the N lost through denitrifica- 
tion will probably end up as N, (Davidson. 1991). 
Thus. measured N, 0-emissions (Table 2) probably 
Constilute Only a portion of nitrogen loss caused by 
denitrification. In a previous study in the same cxper- 
imenlal field Hansen and Bakkcn (unpubl. data) 
estimated that nitrogen loss by denitrification during 

the first 2 weeks after fertilization with 126kg 
",NO,-N ha-' was increased by about 50 kg N 
ha- '  as a result o f  compaction. Nitrogen losses 
caused by denitrification are also reported elsewhere 
and the potential losses are largc. von Rheinbaben 
(1990) refers to denitrification estimalcs by the "N 
balance and acelylene inhibition methods ranging 
from 0 to 77% of total fertilizer N. With the help 
o f  the acetylene method. Colbourn er a/. (1984) 
found a denitrification potential o f  32O-390g N ha-' 
d- '  kg-' applied NO,-N in  field and laboratory 
experiments. 

In compacted soil fertilized with cattle slurry the 
denitrification rate i s  likely to increase throughout the 
growth period. T h i s  is indicated by increasing N,O 
emissions towards the end of the examination period 
in these treatments (Fig. 2). Organic material and 
NO,-N from nitrification of NH,-N in the cattle 
slurry are available, and at the same time the air 
content in the compacted soil is very low. In  uncom- 

autumn is  much less. The plants grow better. more 
NO, is taken up by the crop and more oxygen is  
available. 

Source of error in the N,O emission esrimares 

The use of an average value for atmospheric N,O 
concentration as a starting concentration for each 
cylinder (time zero) creates some uncertainty in flux 
estimates. The variability of atmospheric background 
was quite large; the SD being 0.1 pI 1.'. An error 
o f  0.1 pI I - '  in estimated N,O accumulation during 
a 3 h incubation period i s  equivalent to a flux error 
o f  O.2mg N,O-N m-* d-'. This i s  equivalent to 
7mg N,O-N m-, for the whole 35-day period of 
our measurements, which probably represents the 
maximum error due to the uncertainty in the initial 
concentrations. This uncertainly i s  equivalent lo 
12-13% of the total estimated emission in unfertilized 
trcatmcnts and ~ 4 %  in the fertilized ones. 

As most measurements in the present investigation 
were carried out around noon, diurnal variation 
and temperature increase could theoretically cause 
erroneously high N,O emissions (Denmead er a/.* 
1979; Ryden era/ . ,  1978). The total N,O flux valucs 
are probably not seriously affected. This is  because 
of the reflecting surface of the soil cover chambers 
(Bakken er d.. 1987). and because most of thc 
measured N,O release took place in periods with 
cloudy weather (Blackmer er a/.,  1982). 

CH, uprake and concenrrarian in soil air 

Our estimates ofCH, uptake in agricultural roil are 
in the same order of magnitude as the estimates Of 

Mosier er a/. (1991). The decrease in CH, uptake 
caused by rertilization is probably an effect of nitro- 
gen (Fig. 2, Table 2). This is  in agreement with the 
findings o f  Mosier et 01. (1991). Sleudler er a/. (1989) 
and has been attributed to concentration of NHj: 
NH; in the soil (Bedard and Knowles. 1989). NHj 
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and CH, apparently compete for the same active site 
on the monooxygcnases. the enzymes catalyzing the 
first oxidation step of CH, and NH: in methano- 
uophs and nitrifiers (Bcdard and Knowlcs. 1989). 
Jones and Morita (1983) found that a concentration 
level of NH,-N or NO,-N of lop1 I - '  increased thc 
CH, oxidation by ammonia oxidizers (Nirrosonronas 
ruropea. Nirrosococcus oceonus). Increasing concen- 
trations o f  NH,-N above this level (50 and 100 pI I-') 
decreased CH, oxidation. but CH, oxidation was 
not influenced by a similar increase in NO,-N 
concentration. 

In our study the mineral N concentrations in the 
soil were not determined during the growing season 
1991. but earlier observations of NH.-N concen- 
trations in the same field experiment showed a range 
of NH,-N concentration in the soil from 2 to 15pg 
g-' dry wt (three measurements yearly in 5 previous 
years, unpubl.). Fertilization seemed to increase 
the amount of NH,-N in the soil only slightly 
(average increase =0.5 pg  g-'  dry wt, max registered 
increase = 6.4 p g  g- '  dry wt). We neither know the 
reactions of nitrifiers in this range, nor how methano- 
trophs would respond t o  increasing NH,-N concen- 
trations, but the slight differences in concentrations 
of NH,-N suggest that the inhibiting effect of fertil- 
,@tion on CH, uptake cannot only be due to the 
NH,-N concentration in the soil. On the other hand 

.. a bulk measurement of NH,-N in the soil might be 
5:' very different from the NH, actually available in the 
..' active site of the monooxygenases in nitrifiers and 
:. methanotrophs. Measured nitrification would be a 

much better measurement of ammonia available for 
nitrifiers and methanotrophs. Mosier er a/. (1991) :: suggested that i t  is the N turnover rate (mineraliz- 

. i .  ation and nitrification) rather than the mineral N 
content that influences the CH, oxidation. 

The reduction in CH, uptake caused by soil com- 
paction (Fig. 2. Table 2) i s  probably attributable 10 
retarded diffusion. This explanation i s  supported by 
the fact that soil compaction reduced the soil air 
concentralion as well as the flux. The only exception 
to this pattern was CS 81 kg  N ha-'. 

The lack o f  correlation between CH, uptake and 
: N,O emission (Table 5) i s  in contrast to the results of 
I Mosier er a/ .  (1991). who found that N,O emissions 

from the soils were inversely related to CH. uptake. 
,. We had a very high moisture content and conse- 
: quently low air-filled porosity during the whole 

period of measurement. Our results would probably 
have k e n  direrent if we had measured flux over a 

To summarize. soil compaction and fertilization 
had an effect on both N,O and CH, flux. The 
accumulated N,O emission from the NPK-fertilized 
treatment corresponded to 5.3% of added ".NO,- 
N in compacted soil. and 3.9% in uncompacted soil. 
Fertilization with cattle slurry equivalent to 81 kg 
total N ha-' gave an N,O emission corresponding 
lo 3.1% ofaddcd NH,-N in uncompacled soil. and 

: large range o f  soil moisture contents. 1 
,. 

. 

2.7% in compacted soil. Fertilization with cattle 
slurry equivalent to 189 kg total N ha-', gave a N,O 
emission of 1.9% of added NH,-N in uncompacted 
soil, and 1.4% in compacted soil. lncrcasing levels o f  
cattle slurry resulted in a reduction in N,O emission 
per k g  NH,-N added. The CH, uptake in the soil, 
ranging from I IO IOmg CHI m-l, was reduced by 
52% by soil compaction, 50% on average by fertiliza- 
tion and 78% by a combination o f  soil compaction 
and fertilization. Fertilization with ",NO, or cattle 
slurry had a similar erect on CH, uptake. 
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KO Versus NrO Emissions From an ":-Amended Bermuda Grass Pasture 
G. L. HUTCHINSON 

Agriculrural Rcxcorch Srrvicc, US. Drporimrni of Agrirolrurr. Fori Collins. Colorado 

E. A. BRAMS 

Coopcraiivc Agricolrurol Rcseorch Cenler. Prairie View ABM Llniwrriry. Prairie View. liror 

We used an enclosure technique to monitor soil NO and NIO emissions during early summer 
regrowth of Bermuda grass 1Cynodon dacrylon) on sandy loam in a humid, subtropical region of 
southern Texas. The evolution of both gases was substantially higher from plots harvested at the 
beginning ofthe experiment and fertilized 3 days later with 52 kg N ha-' as (NH,)rSO than from plots 
sot hwestcd orfenilized. Emission of NO. but not N?O. was stimulated by clipping aid removing the 
yrass. probably because eliminating the shading provided by the dense grass canopy changed these 
plots from cooler to warmer than unharvested plots. thereby stimulating the activity of soil 
microorganisms responsible for NO production. Neither gas flux was significantly atfected by 
application of N u ~ e - t x x !  rainfall dissolved and moved thcsurfacc-applied fenilizcr into the soil. 
Immediately thereafter. emissions of NO and N20 increased dramatically to peaks of 160 and I2 g N 
ha-' d- ' ,  respectively. and then declined at rates that closely paralleled the nitrification rate of added 
NH;. indicating that the gases resulted from the activity of nitrifying microorganjsms. rather than 
dcnitrifien. Nitric oxide emissions during the 9-week measurement period averaged 7.2 times greater 
than NlO emissions and accounted for 3.2% of the added N. The data indicate that humid. subtropical 
ps lands .  which not only have large geographical extent but also have been subject to intense 
anthropogenic disturbance. contribute significantly 10 the global atmospheric NO, budget. 

' 

, 

INTROOUC~ION tion o f  NO, results in substantial redistribution of  N both 

Numerous anicles in both the popular and technical prcss 
tcllcct increasing public and scientific concern regarding not 
only the prospect for global climate change. but also addi- 
Iuml potential health and environmental effects of  changing 
Ania~pheric trace gas concentrations. Gaseous N oxides. 
S . 4  and NO, (NO + NO,). are directly or indirectly 
tn\ulvcd in "$;?enhouse warming." as well as the produc- 
Inin 2nd iu;l,unption of  atmospheric oxidants (e$.. ozone 
Mrl hydroxyl radical) and the photochemical formation of 
nitric acid. which i s  (he fastest growing component Of acidic 
rlcwrition (Logan. 19831. Because microbial processes in 
~l i s  one of the principal sources o f  atmospheric N oxides, 
'1 kvomes important to determine the magnitude of this 
WUrce and. if appropriate. to develop control tcchnologier, 
w h  as alternative soil management practices or improved 
lcnilizer formulations and application techniques. 

During rh.? last decade. numerous measurements of soil 
s:o emibriuns have enhanced understanding of the factors 
ionmlling this process and of the importance of  soil emis- 

compared to other sources o f  this gas [McElroy and 
u;l/r?. 1986: Sahrawar and Keeney. 1986: Eichner. 1990; 
."ur-m and Vilourek. 19901. This paper focuses instead on 
'Or exchange between soillplant systems and the atmo- 
' p h .  for which relatively few measurements have been 
?de. and compares the magnitude of  soil NO, exchange 
'Ith that of N,O. In addition to i ts  important impacts on the 
chcmistr), of the atmosphere. it has been suggested that soil 
so evolution comprises a significant fraction of the unac- 
counted N losses typically observed i n  soil N balance sheets. 
*d that the emission, transport. and subsequent redeposi- 

copYrisht 1992 by the American Geophysical Union. 

within and among natural and agricultural ecosystems (E. J. 
Williams et al.. NO, and NzO emissions from soils. submit- 
ted to Global Biogeochemical Cycles. 1992: hereinafter 
referred to as submittcd manuscript. 1992). 

Short-term soil emission o f  NO. (usually grcatcr than 90% 
NO) has recently been measured from several different 
ecosystem types under a variety of soil and climatic condi- 
tions around the world (E. I. Williams e l  al.. submitted 
manuscript. 1992. Table I). Conspicuously absent from the 
literature. however. are comprchensive longer-term studies 
that yield tenable estimates of  total annual NO evolution 
from any particular site. Further extrapolating existing data 
to assess the overall contribution of soil NO emissions to the 
global atmospheric NO, budget i s  also confounded by the 
apparent existence o f  mulriple biotic and abiotic sources of 
the gas. For example. elevatcd NO emission rates are 
sometimes associated with very wet or waterlogged soils and 
are stimulated by addition of  NO,. indicating that the 
source of NO i s  denitrification [Johansson and Granar, 1984; 
Koplan er a / . .  1988). In drier situations, however, NO 
emissions apparently arise primarily from chemoautotrophic 
nitrification [Anderson and Levine. 1987; Torroso and 
Hurchinson, 19901. which i s  subject to an entirely different 
set of controllers. Because NO and N20 are produced by the 
same microbial processcs. there may exist a relationship 
between their evolution rates from soil that would pdt. 
using the extensive data base of  N20 emission measure- 
ments to forecast NO emissions at similar sites. but the 
paucity of simultaneous field measurements of the two gaJ 
emission rates precludcs describing any such relationship. 

To  overcome some of these limitations of the existing data 
base of soil N oxide emission measurements. we measured 
NO and N,O emissions from a Bermuda grass (Cynodan 
darrylon) pasture in a humid, subtropical region of southern 
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Texas. This typical subtropical grassland Site was chosen 
because of i ts  similarity to tropical grasslands that are 
believed to be one of the more imponant biogenic sources of 
atmospheric N oxides. and because subtropical ecosystems 
not only have large geographical extent but also have typi- 
cally been subject to intense anthropogenic disturbance. 
Specific objectives of the research were to determine rhe 
effect on the pasture's N O  and N20 emission rates of  (I) 
selected environmental parameters, (2)  various cultural 
practices such as harvest and fenilization. and (3) changes in 
soil inorganic N pool sizes ;md transformation rates. 

METHODS AND MATERIALS 

Two mamement schlmes were imposed on 10 m x 30 m 
rectanguldr plots in an established 30-ha Bermuda grass 
pasture on well-drained. very uniform Kenney sandy loam (a 
member of the loamy, siliceous. thermic. Grossarenic paleu- 
dnfs). Selected soil and climatic parameters are listed in 
Table I. The two treatments, namely. minimum cultural 
management (spring harvest followed by a single annual 
maintenance application oi N ana F ieniiizersj ana intensive 
cultural management (harvest and fenilization repeated on a 
9.week cycle throughout the growing seasonrwere r e d i -  
cated four times in a completely randomized block design. 
l h e  source of fenilizer N was (NH,hSO,: the amaunt 
applied on each fenilization date (which always followed 
hWVest BY > days) Was In at recommended for maximum 
p-1 ion based on soil tests performed by the 
Texas AIVM University Soil Testing Laboratory at College - .  - 
statton.  exa as. 

The data reponed here were taken during the second of 
four 9-week harv m i l i z a t i o n  cycles dUrinR the L989 
$rowing season and immediately followed the early sDrinK 
cycle during which plots under both management s c ~ s  - 
were treated identically. Measurements commenced May 
22. the day before harvest. and continued through July 26. 
Plots under intensive cultural management received 52 kg N 
ha-'  on May 30. The scheduled frequency of NO and N,O 
flux measurements was highest immediately following har- 
vest and fenilization because these management inputs were 
expected to cause highest soil N transformation rates and 

TABLE I, Selected Soil and Climatic Data for the Experimental 
Sire 

Pardmeter Value 

Sail I L t S  cml . . .. , . . . . .. ., 
pH ( I : I  water) 
Cation exchange capacity. cmol kg-' 
Bulk densify. g cm-' 
Infiltration rare. cm h- '  
Organic matter. g kg-' 
Sand P kz-' 
Silt. g"ki-' 
Clay (predominantly kaolinite). g kg-' 
Water retention. g kg-l 

OkPa sucrion 
30-kPa suction 

Climare 
Mean annual rainfall. cm 
Mean annual air temperature. 'C 

Maximum 
Minimum 

6. I 
4.8 
1.6 

20 
17 

I30 
90 

250 
70 

IO2 

no 

26.7 
13.0 . . .. .. . 

Growing season. days 304 

therefore highest N oxide emission rates. Precipitation uat 
measured and recorded daily at a meteorological 5ia,,op 

located about 100 m outside the field plots. 
The N>O fluxes for this period are a subset of a full !ear., 

measurements reponed elsewhere (G .  L. Hurchinson et al., 
Microbial. environmental. and management controls on ni. 
trous oxide emission from a Bermuda grabs pasture. submit. 
ted to Soil Science of America Journal. 1992: hereinafter 
referred to as submitted manuscript. 1992) and are repeated 
here I o  facilitate comparing them with N O  fluxes from [he 
pasture. which were measured during only one 9.ueet 
cycle. To begin each measurement o f  N20 flux. a vented, 
cylindrical soil cover (30 cm diameter .% 30 cm high) 
mounted atop a permanently installed ring (30 cm diameler 
x 7.5 cm high) driven 5 cm into the soil. and the two 
sealed together by  overlapping the seam between them with 
an external large rubber band. The enclosures (about 1 s . ~  
total volume) were COnStNCted  from rigid polyvinyl chloride 
pipe using design criteria suggested by Hir rch inm and 
Mosier [1981]. then insulated with polyurethane foam and 
covered with reflective aluminized polyester film to mini. 
mize internal heating by solar radiation. The enclosure, 
caused no significant perturbation of  air or soil temperature, 
over relatively shon deployment periods [Hurchinson and 
Livings1on. 19921. 

Accumulation ofN,O beneath each'enclosure after 10 and 
20 min was determined by drawing 30-mL air sampln 
through the covers' sampling pons using W-mL polypropy- 
lene syringes fitted with nylon stopcocks. The sampling rate 

.was slow enough to avoid imposing significant negative 
pressure on the covered soil. The N20 concentration at the 
time o f  each cover's installation was assumed the same as 
that of an ambient air sample collected at the field site. All 
samples were collected between 1100 and I200 L T  and 
transported to the laboratory in an insulated container for 
analysis within I? hours by gas chromatography using eleo 
Iron capture defection [Mosier and Mock.  19801. The non- 
linear equation proposed by Hurchinson and Mosier [I9811 
was adopted to calculate the flux when the data met criteria 
established by Anrhony and Hurchinson [19901. 

Nitric oxide flux from the soil areas defined by the 
permanent rings described earlier was measured using a Soil 
cover similar to that described above. but modified 10 
recirculate air from beneath the enclosure through a SCintrer 
LMA-3 Luminox Monitor. (Trade names and company 
names are included as a matter of convenience to the reader. 
and such inclusion does not constitute any preferential 
endorsement by rhe US. Department of Agriculture d 
products named over similar products available on Ihe 
market.) Because the instrument i s  sensitive only 10 NO!, 
the 1.4 L min- '  sample air stream passed first throughr 
CrO, convener to oxidize NO to NO,. then through Ihr 

analyzer. and finally through a scrubber to remove remainia 
NO. NO,. and water vapor before returning to the enc1* 
sure. Concentration data were recorded once per minute. 

Because NO emitted by soil is  rapidly oxidized by ambi$ ,; 
ozone to NO,. which i s  strongly sorbed by both soil 
plant surfaces. no readings were taken during the first m' . 
after cover installation to allow time for ambient Ozone 
NO2 captured beneath the enclosure to be deslroYcd - 
sorbed. Periodic checks confirmed that the conCent~tionsd ' 
both gases declined to near zero within this period. whit 
also interpreted as evidence that net soil emission of '' i 
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*J, negligible. After correcting for the dilution caused by 
rrlurning NO,-free air. the flux of NO was computed from 

rJIe of accumulation (estimated by linear regression) 
Nlucen 2 and 6 min following installation of the cover on 
tJih permanent ring. Consistently strong correlations be- 

!h: ,+ierved concentrations and time IR- was greater 
,hro ,i.yn :r all but four of 88 cases) was interpreted as 
;,,mpe.iling evldence that mixing within the enclosure was 
 le. The additional complexity associated with air 
rriirculation was required Io avoid introducing ambient NO. 
50:. or ozone during the sampling period without creating 
(he need to carry cylinders of compressed zero air into the 
nuid. AI[ NO flux measurements were completed between 
irOO and 1600 LT. 

E:lch day that gas fluxes were determined. we recorded 
Ihe Il,llpilti af soil waterlleniperature sensors (model MC- 
II~I,~. S j i l x s t .  Inc.. Evanston. Illinois) buried at 2- and 
I I I . ~ ~  depths in each plot. collected duplicate soil samples 
iturn 0- to 2- and 2- to IO-cm depths in each plot. and 
\uhyampled duplicate polyethylene bags of soil that had been 
huned at 2. and IO-cm depths in each plot on the day of 
fcnilization. Soil in the buried bags was a subsample of the 
11. tu 2- and 2- to IO-cm samples taken the day prior to 
knilization and was amended with sufficient N to simulate 
m h  plot's fertilization rate: the bags buried at both depths 
rccc i \ i L l  i:;.ztical amendments. On days 19. 33. and 48 
hlluuing harvest. the remaining soil in each buried bag was 
rupliced with a fresh sample to ensure that the N transfor- 
m:ition data they yielded were measured at inorganic N 
ioncentrations similar to those in bulk soil outside the bags. 
\I1 boil samples were immediately frozen until they could be 
cxirxted for analysis. 

'Tu determine soil NH;. NO;, and NO; pool sizes and 
tr:insformarion rates. inorganic soil N was extracted from 
the frozen soil samples by shaking with I M KCI (1:s soil to 
*oIulim -i: iol on a wrist action shaker for I hour. The 
\u\pcnvuns were filtered through glass fiber filters [Sparrow, 

.%fasink. 1987) and analyzed using modified Technicon 
h h m i a l  Method 786-86T for NH; analysis and modified 
Tcchnicon Industrial Method 818-87T for NO; .and NO; 
,InalySes on a Technicon TRAACS 800 continuous flow 
JnalYtical system (Technicon Industrial Systems. Bran + 
Luebbe Analyzing Technologies. Elmsford. New York). 

RESULTS AND DISCUSSION 
Rates o l  NO and N20 evolution from the field plots under 

both minimum and intensive cultural management are pre- 
w e d  in Figure l a  along with soil NH; and NO; concen- 
Inlions (Figures Ib and I C )  and soil temperatures and water 

(Figure l e )  at both sampling depths. Soil tempera- 
ture data are included only to show that there were no 
sNnificant long-term temperature trends that might accounl 
lor observed changes in the soil's inorganic N concentra- 
lions or N oxjde emission rates. Rainfall during the experi- 
mental peri?d i s  presented in Figure Id. The NO; concen- 
trations Of  both bulk soil samples and buried bag subsamples 

exceeded 0.05 mg N kg- '  and are not presented. 

EL7m of Harvest 

Soil emission of NO. but not N ~ O .  was apparently stim- 
ulated bY Clipping and removing the grass from plots under 
vltensiVC Cultural management (Figure la) .  The near dou- 

bling in NO evolution rate from the day preceding to day 
following harvest was statistically significant I P < 0.05) and 
was reinforced by an additional 11% increase over the next 
3 days (Figure 2) .  Nitric oxide emissions then remained 
-ha ' d ' t '-3 times the 
emission rate of unharvested plots) until at least the eleventh 

. -  

day after harvest. Before the next scheduled sei  of measure- 
ments on day IS. rainfall washed the (NH,I:SO, (surface- 
applied on day 5 )  into the soil. causing the effect of harvest 
to be obscured by the much larger response to fertilization, 

I t  i s  possible that the enhancement of NO evolution by 
harvest resulted from microbial transformation of N con. 
tained in exudates from the cut grass stems or in detritus that 
fell to the soil surface during harvest. Indirect suppon for 
this hypothesis was provided by Bleakle? and Tiedje [1982]. 
who found that NlO was evolved from bruised or lacerated 
excised plant tops after several hours aerobic incubation in 
sealed bottles under light: the amount of NO evolved was 
not determined. Apparently. the damaged tissue stimulated 
growth of N20-producing microorganisms commonly isc- 
lated from plants (e.&. Serratia sp.). Bleakley and Tiedje 
[I9821 also presented evidence that Serratia sp. produce 
N@. but not NO. from labeled NO; + NO:. but because 
the data were obtained in anaerobic culture. they do not rule 
out the possibility of aerobic N O  production by these 
organisms. Nevenheless. i t  i s  unlikely that this potential 
source of N O  would persist more than a day or two in the 
hot. dry weather that prevailed following harvest. 

A second potential explanation for elevated NO emissions 
during this period is that harvest eliminated foliar NO uptake 
and metabolism by the grass canopy: however. reponed NO 
deposition velocities are too low to account for the large 
difference in measured net emission rates of harvested 
versus UnharveSled plots [McRae and Rasrrll. 19841. Also 
unlikely is an explanation based on work by Klepper [19791. 
who proposed that the NO, evolved from herbicide-treated 
soybean (Glycine m a r )  leaves resulted from reaction of 
accumulated NO; with other unidentified plant metabolites. 
We know of no reason to suspect that clipping the pass 
stimulated NO; accumulation in either the dead or live plant 
material that remained on the plots. 

We believe that the enhancement of NO emissions by 
harvest was more likely related to the increase in soil 
temperature that accompanied eliminating the shading pro- 
vided by the dense grass canopy on intensively managed 
plots. Figure 2 shows that after harvest. these plots changed 
from cooler 10 warmer than unharvested plots. which would 
be expected to stimulate the activity of soil microorganisms 
responsible for NO production. probably chemoautotrophic 
nitrifying bacteria [Hutchinson et 01.. 19921. Other authors 
[Slernr and Seiler. 1984; Williams et a/.. 19881 have reported 
that N O  emission from aerobic soil i s  extremely sensitive to 
changes in temperature. Although the temperature dSer- 
ence between plots under the two treatments disappeared 
with the onset of a lengthy period of cloudy weather on day 
5 following harvest. elevated NO emissions from the plots 
under intensive cultural management continued. probably 
because nitrifier activity continued unabated. as evidenced 
by the continually increasing NO; concentrations shown in 
Figure I b .  The most probable source of substrate NH; 
during the early postharvest period was mineralization of 
organic N in response to the abrupt r ise in soil temperalure. 
but after day 5. slow diffusive movement of surface-applied 
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(NH&SO, into the soil probably contributed and may have 
dominated. As a result. only the daIa measured on days 1 

the unconfounded effect of harvest. 

EJecr of Fcrfilizofion 

stimulated by application of 52 kg N ha-' as (NHI)ISO~ a d  4 in Figures I and 2 should be interpreted as soil emission of N ~ O  and especially NO were stmndy 
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Fig. 2. NO emission rate and loil temperature at 2-cm depth 
during the period prior to and immediately following harvest of a 
Bermuda grass pasture subject to minimum lmin) or intensive (in[) 
c u l t u n l  management. Data poinIs represenl the means of measure. 
mcnir from four replicate plots. 

(Figure l o ) .  Although the fertilizer was applied on day S 
following harvest. its cffect on N oxide evolution was small 
until the first rainfall (Figure 14 dissolved and moved the 
rurface.applied fertilizer into the soil. Presence of the 
(NH,)?SO, is also not fully reflected in the data in Figures 
Ib or IC until after rainfall. because most of the fenilizer 
granules were apparently included in the surface litter that 

Possible explanations for this observation include (I) move- 
ment by rainwater of applied (NH,)zSO, from fertilized to 
unfertilized plots. either by surface Row or lateral subsurface 
Row. both of which seem extremely unlikely in soil with such 
a high infiltration rate (Table 1). (2) deposition on the surface 
litter of a ponion of the gaseous NH, that was probably 
volatilized from adjacent intensively managed plots over the 
previous 9 days, and (3) the burst of mineralization/ 
nitrification activity that typically occurs immediately after 
wetting very dry soil [Davidson. 1992: Hutchinson et 01.. 

19921. The second alternative was proposed to be a signifi- 
cant pathway for N redistribution by Sincloir and Von 
Hourre (19SZJ and was measured (albeit on a larger scale) by 
Hurchinmn and Viers [l%9]. However, the total inorganic N 
content of unfertilized soil in the bags buried at 2-cm depth 
in these plots increased over the first IO days by an amount 
nearly double the aforementioned rise in NH; concentration 
of bulk soil. Because the buried bags were isolated from 
atmospheric "3. we concluded that mineralization, fol- 
lowed by nitrification. was responsible for the increases in 
their total inorganic N contents, and was probably also 
responsible for the rain-induced increase in NH: concen- 
tration of plots under minimum cultural management mea- 
sured on day IS. 

The nitrification rate of f e n i l i t r  NH: is shown in Figure 
3. These data were computed from changes in the NOT + 
NO; concentrations of soil in the buried bags and represent 
mean rates of nitrification from one sampling date to the 
next. so they were plotted midway between the two dates. 
Because (NH,)*SO, was thoroughly mixed with soil placed 
in the bags buried in intensively managed plots on the day of 
fertilization. its nitrification was not subject to the same 
9-day delay as fertilizer applied to the surface of the same 
plots. Nitrification rates at 2- and l k m  depths rose for 

k s  purposely brushed aside prior to soil sampling. 
So<: Y.d:.!omics. The rain on day 14 moved a substantial 

0.05). where the NH; concentration increased from 5.7 to 
I S  mg N kg-'. compared to an increase from I O  to 26 mg N 
kg- I  in the surface layer (P < 0.005). Ammonium concen- 
tntions then decreased to prefertilization levels Over a I -  to 
!-week period in the lower soil layer and a 3- to 4-week 
~ r i o d  in the surface layer. Rapid accumulation of NO; in 
both soil layers during the early pan  of this period confirms 5 v min(10m) 
th3l microbially mediated nitrification was at least partially 
resPdnii?l: for the observed reduction in NH; concentra. 
tion. The sharp reduction in NO; concentration at both 
mp l ing  depths between days 19 and 33 was probably due 
both to root uptake and to leaching during the large precip 
Ifation event on day 20. Soil NO; concentration in plots 
under minimum cultural management remained consistently 
Y C r Y  low at both sampling depths. On day I5 the difference 
fn tofd inorganic N (NHf  + NO; + NO;) contents of the 

f n c t i u n  oi the fertilizer into the 2- to I&cm soil layer ( P  C to - 

-- 
lq 
' M 

' 

. 
rn in1 (2cm) 
* in1 (IOcm) 

2 

. 
S 
2 , . 

E . 
t; 
2 

.- 

u 
. -  ~. I .  

IOP 10 cm of plots under minimum versus intensive CUltUd 
management accounted for only about one-half of the a p  
plied feniiiztr. suggesting that a significant fraction may 

been iost by NH, volatilization during the 9 days that 
fenilizer granules laid on the soil surface exposed 10 the hot. 

fonditions that prevailed during this period [Nelson, 

Note that the NH; concentration of the surface layer of 
wenilized plots also increased significantly ( P  < 0.005) 
fouo"'h the rain on day 14 (from 4 3  to 8.3 mg N kg-'). 

198-1. 

I 
0 to 20 x) 40 $4 60 10 

Days After Harvest 
Fig. 3. Nitrification rates memred  in soil samples faken from 

& to 2. and 2- to I k m  depths and then buried in polyethylene bags 
at 2. and lOem depths. respectively. in a Bermuda m s  wlure  
subjecl lo minimum (min) or intensive (in0 cultural rnnnapemenl. 
Data points represent the mean change in roil NO; + NO; 
concenlration in duplicate bags buried at cach depth in each of fhe 
four replicafe plots and arc plotted a1 the midpoint of the period over 
which the chanee was determined ( n  = e). 



about i days to peaks of 9.0 and 4.8 mg N kg-' d - ' .  
respectively. following which they decreased rapidly at first. 
then more slowly as the process neared completion after 3 4  
weeks. Continual increases in the total inorganic N concen. 
trations of the buried bags reflect the soil's nontrivial capac. 
ity for N mineralization: mean mineralization rates com. 
puted irom the data for bags buried 2 cm beneath the surface 
of plots under minimum and intensive cultural management 
were 0.5 and 0.9 mg N kg-' d - ' .  respectively. and for bags 
buried at the IO-cm depth. 0.3 and 0.6 mg N kg- l  d - ' ,  
respectively. 

Soii ,A' oxide emissions. The response of soil NO emis- 
sions to fenilization followed by rainfall was both large and 
rapid (Figure I ) .  After only I day, the emission rate from 
plots under intensive cultural management had increased to 
I60 g S ha-' d- ' .  nearly an order of magnitude greater than 
the rare measured prior to rainfall. Thereafter, NO evolution 
declined slowly over a 3- to 4-week period to the levels 
observed before harvest and fertilization. The unexpectedly 
large increase in  NO emission from Dlols under minimum 
cultural management on day I 5  had much shorter duration. 
Peak emissions of 58 g N ha-' d - '  had decreased by day 19 
to the level measured prior to the precipitation event that 
triggered enhanced NO evolution. I t  i s  likely not fortuitous 
that the increase in soil NH; concentration induced by the 
same event (described earlier) was also much smaller than 
the coincident increase in intensively managed plots. 

The statistically significant (P C 0.05) increase in NO 
e v ~ l ~ t i o n  from intensively managed plots to 36 g N ha-' d - '  
on the final sampling day of the experimental period proba- 
bly resulted from the same phenomenon responsible for 
enhanced emissions from unfertilized plots on day IS .  i.e.. a 
burst of mineralizationlnitrification activity induced by the 
0.08-cm rain shower that fell on very dry soil just prior to 
sampling. Although the shower was small and did not cause 
a measurable increase in soil NH; or NO; concentration. 
even smaller precipitation amounts have been shown to have 
this consequence. For example. Williams and Fehsenfeld 
[I9911 measured an immediate IO-fold increase in the NO 
emission rate of very dry native shortgrass prairie in Colo- 
rado following precipitation less than 0.03 cm. Emission of 
NO from plots under minimum cultural management also 
responded to the small rain shower [hat occurred prior to 
sampling on day 62. but with the smaller magnitude expected 
of a soilplant system under greater N stress. 

Emission of N,O from intensively managed plots followed 
a pattern similar to that of NO. but on a much smaller scale. 
For example. the peak emission rate on day 15 following 
harvestwasonly l 2 g N  ha'ld-',comparedto 160gN ha-' 
d- '  for NO. The evolution of N 2 0  from plots under mini- 
mum cultural management was frequently not significantly 
different from zero (P < 0.0s). G. L. Hutchinson et al. 
(submitted manuscript. 1992) gave a detailed description of 
the N?O emission rates of plots under both treatments. 

Temporal variation in the N oxide emission rates shown in 
Figure l a  was strikingly similar to that of the nitrification 
rates plotted in Figure 3. after allowing for the offset in time 
between nitrification of the fertilizer in buried bags versus 
that applied to the surface of the same plots. Comparison of 
Figure l a  with Figure I b  suggests an equally strong rela- 
tionship between the soil's N oxide emission rates and its 
NH; concentration at &2 cm. probably because of the 
dependence of the emission rates on nitrifier activity 

[Hurchinson et a / . .  199?]. which i s  in turn a function prima. 

rily of soil NH; levels. Based on measurements at several 
sites in Pennsylvania. Williams e1 a / .  [I9881 reported that [he 
correlation of NO emissions with soil NO, concentration 
was much stronger than i ts  correlation with soil NH; 
concentration. but the opposite was true at this site I R :  = 
0.69 for NH; at 0-2 cm. and 0.34 for NO; at the same 
depth). One possible reason for these opposing observailuns 
i s  that denitrification was the source of at least pan of the 
NO measured by Williams er a / .  [19881. while oxygen 
diffusion rates in  the well-drained sandy loam studied here 
were probably never restricted enough to support denitrifi. 
cation activity. An alternative explanation that does not 
require assumption of a denitrification source i s  that in 
comparisons across widely divergent ecosystem types. N 
oxide emissions may be related to NO; concentration 
simply because this ion generally accumulates where N 
availability exceeds C availability IO soil microorganisms. a 
condition that also favors a leaky N cy<!< !H!!!s 
Davidson. 19921. 

Spatial variability in the NO emission rates reponed in 
Figure l a  was substantially smaller than for N,O. For 
example. the coefficient of variation (CV) for NO emissions 
from plots under intensive cultural management averaged 
40%. and for N20. 117%. High CVs for soil N 2 0  evolution 
have been reponed by many other authors [e.g., Folorunso 
and Rolsron. 19841. particularly when the source o f  N 1 0  i s  
denitrification. Because the source o f  both the NO and N 2 0  
at our site was probably nitrification, an oxidative process 
that typically exhibits smaller spatial variability. we suspect 
that the threefold difference in CVs reflects the greater 
imponance of sampling and analytical errors for N,O. which 
had a much lower ratio of mean flux to minimum detectable 
flux than was the case for NO. 

The ratio of NO to N,O emission rates over the II 
sampling days averaged 6.7 2 2.9 (standard error (SEI) for 
plots under minimum cultural management and 7.7 2 ?.I 
(SE) for plot5 under intensive cultural management. These 
values are similar to ratios observed in other studies where 
nitrification was the predominant source o f  both gases 
[Slemr and Seiler. 1984; Davidson. 19921 but somewhat 
larger than ratios observed where denitrification was a 
significant source. For example. Kaplan er a / .  [I9881 re. 
ported that soil NO evolution was only about 3 times greater 
than N,O evolution from a tropical rain forest where deni- 
trification undoubtedly contributed to N oxide production. 
and Anderson and Levine [I9871 found that annual NO and 
N,O emissions from a Virginia corn (Zea mays) field dflered 
by less than a factor of 2. The latter authors also reported 
that N,O evolution exhibited much greater variability and 
was generally detectable only when soil water conten[ 
approached or exceeded field capacity. indicating that the 
principal source of N 2 0  was denitrification. Water content 
of the well-drained sandy loam at our site (Figure l e )  never 
exceeded that at 30 kPa soil water suction (Table I ) .  thus 
supporting our contention that both gases resulted from the 
activity of nitrifying microorganisms. which have been 
shown in several laborarory incubation studies to exhibit 
larger NO:N,O production ratios than denitrifiers [Lip 
schulrr era/ . .  1981: Anderson and Levine. 1986; Hurchinson 
et a / . .  19881. 
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TABLE 2.  Total and Fenilizer-Derived NO and NIO Emissions During the 9.Weck Expcrimcnlal 
Period 

Mananemcnt Parameter and Units NO N>O 

Intensive Total emissions. kn N ha-' 2.37 iO.I?l 0.35 (0.011 
Minimum Total emissions. kg N ha-' - 0.69 io.zir 0.15 10.03) 

1.68 (0.391 0.20 (0.03) 
Intensive Fenilizcrderived emissions (IC of applied) 3.22 (0.74) 0.19 (0.06) 

- - Intensive Fenilizcr-derived emissions. kg N ha-' - 

Values in parentheses are the SE of each mean. 

SUMMARY AND PERSPECWE 

soil emission o f  NO, but not N20.  was slightly enhanced 
by clipping and removing the grass from plots under inten- 
) i y c  cc:iural management. probably because eliminating the 
yh;i,jir;; Grovided by the dense grass canopy changed these 
ploi~ from cooler to wanner than unharvested plots, thereby 
slimulating the activity of soil microorganisms responsible 
for NO production. The evolution of  both gases, but espe- 
cially NO, was strongly enhanced by application of  52 kg N 
ha-' as (NH&SO,. Because N oxide emission rates p a d -  
lcled the nitrification rate of  applied NH;, and because soil 
wptcr content never exceeded field capacity. we believe that 
halh gases resulted from the activity o f  nitrifying microor- 
pnii.::'. rather than denitrifiers. This conclusion i s  consis- 
tent u l i i  data recently reported by Torroso and Hurchinson 
I19901 and was confirmed by Hurchinson e r a / .  [ 19921 during 
laboratory incubation of  soil from the field plots described 
here. They reported that high NO emission rates induced by 
soil amendment with ",NO3 were virtually eliminated by 
nitrapyrin [2-chloro-6-~trichloromethyl~-pyridinel. a potent. 
specific inhibitor o f  chemoautotrophic nitrification. There 
was no evidence that denitrification contributed to the NO or 
N:O emissions measured in their study. even when the soil 
w w  ;:::'.:>xed at high water content (IO kPa soil water 

Emission of N O  from the well-drained sandy loam at our 
research site exceeded that of N 2 0  by a large factor. 
suggesting that recent efforts to characterize gaseous N 
losses from various ecosystem types may be incomplete. and 
in some cases substantially inaccurate. unless N O  emission 
measurements were included. However, the N O : N 2 0  emis- 
sions ratio we measured (mean over all plots 7 . 2  t 1.7 SE) 
exhibited considerable variability as a function of  N supply 
and ic. :;.aarently strongly dependent on whether nitrification 
Or denitrification represents the principal source of  the 
gases. Al l  this uncertainty precludes (except in unusually 
well-defined situations) combining measured N O : N 2 0  emis- 

ratios with the cxi- extensive data base of  N,O 
e ~ i ~ ~ i o ~ m e a s u r e m e n t s  to forecast N O  evolution at similar 
sites. 

The area beneath each emissions curve in Figure l a  was 
lnlegraied l o  provide estimates of total NO and N 2 0  evolu- 
Iton during the 9-week exp.erimenml period (Table 2). Data in 

t a b  iqdicate that 0.69 and 2.37 kg N ha-' were lost as 
No from plots under minimum and intensive cultural man- 
agement. respectively. The difference amounted to 3.2% of 
Ihe kg N ha-' applied as ( N H & S 0 4 .  nearly an order of 

greater than the fraction of  applied fertilizer lost 
&s N20. Such large fractional conversion of  fertilizer N to 

has PRviously,been observed only by Slemr and Seiler 
[''&I for urea applied to bare loamy sand in Spain (5.4% 

~ u c i t ~ n : .  

conversion). by Shepherd er a / .  119911 for ",NO, applic 
to bare fine sandy loam in Canada (I I% conversion). and by 
Torroso er a / .  119861 for (NH,):SO, added to sandy loam in 
an aerobic laboratory soil incubation study (10% conver- 
sion). 
G. L. Hutchinson et al. (submitted manuscript. 1992) 

reported that total N 2 0  evolution during this 9-week exper- 
imental period represented 26% and 29% of  annual N:O 
emissions from the plots under minimum and intensive 
cultural management, respectively. I f  the same were true for 
NO. annual evolution of the gas from plots under the two 
management schemes would total about 3 and 8 kg N ha-'. 
respectively. Emissions of  this magnitude would place hu- 
mid. subtropical grasslands among the'largest biogenic NO 
sources, suggesting that they contribute significantly to the 
global atmospheric NO, budget. 
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Soil Emissions of Nitric Oxide and Sitrous Oxide from So-till Corn 

Frank C .  Thornton' Jnd Ralph 1. Valente 

ABSTRACT 
t d l i i e d  awiculturd soils can be a significant source ot  emission\ 

,,I V I  and S,O into the atmosphere. This study was ronducied tu 
,icwrtnine the influence ot  N rate on the emissions of there parer in 
., w.till corn IZto mays L.1 crop grown in wcslern Tenner=. The 
,,,nuenre et N rate was -sed for P 210-d period on replicated plots 
rctcisinc 0. 140. and 252 kg N h a - '  ION. 140s. and 25211 ar ammo- 
lliuni nitrate I A N ) .  PloU were located on a Routon silt loam Ifinc-silty. 
3 1 ~ i ~ e d .  thermic Typic Ochraqualt) at the We11 Tcnncsee Agricultural 
t \p.rimcnl Station in Jackson. TN. Gas flutes were  mearurrd by 
. i w c  chamber bores locald an plou. The measwcment technique 

auiomitrd and replicate chamber estimate were made right l i m a  
,idol! tor Ihc entire study priod. Fertilizer application significantly 
.8Kwtrd both NO and NIO emission rata.  The cumulative N20-S loot 
lrllm !he rrrtilizrr IrmtmenU was trom IO to 20-told that or NO. 
11" m 31cal bash. the 140N treatmnt emitted 4.13 kg S 0 - S  and 
0.19 kg ha- '  o t  NO-N where- lhc 252N treatment emitted 6.56 kg 
\:l)-S and 0.50 kg h a - '  NO-N. Sail parameters of water-filled pore 
.puce IWFPS). NOi and NH;. were correlated with NO emissions 
ihui only sail NOi was correlsled with h;O flux. Our data. and more 
rrcmt d i l l  in the l i l~ r~ ture .  suggest that NIO r m k i a n r  from tmilimd 
.oil ma? be conriderably higher than previously thought. Emissions 
,,r X:O were  2.6 to 3.0% at  the lrniliirr amounts applied. Thew 
htther cmissions may. in parl. explain Wmc of the rearan for the 
.hvrltlll in the global N20 budget. 

ITROGEN OXIDES (NIO, NO, and NO?) are important N trace gases in terms o f  the atmospheric chemistry 
,+both the stratosphere and troposphere. As a greenhouse 
;a. N:O tends to warm the lower atmosphere and the 
urth's surface by i ts absorption and re-emission o f  radia- 
lion in the atmosphere (Bouwman, 1990). Nitric oxide 
ISO, = NO + NO?) is imponant in  controlling tropo- 
.phere ozone levels through its reaction with volatile 
Llrganic compounds in the atmosphere. Tropospheric 
svone i s  a pollutant that negatively impacts forest and 
i m p  growth. as well as human health. Despite effons 
10 control NO. emissions, tropospheric ozone concentra- 
r i m s  have continued to increase during the past decade 
I Uational Research Council, 1992). 

Prior to industrialization. the main source o f  these 
missions into the atmosphere was biological activity 
related to the soil processes of  nitrification and denitrifi- 
LJtion. A number o f  key factors such as soil moisture. 
C content. and soil aeration affect emission processes 
i.4ulakh. 1992). The magnitude o f  these emissions how- 
c w r .  i s  also dependent on soil levels o f  NH; and 
UOi.  and with the advent o f  modern agriculture and 
the incredsed use o f  mineral fertilizers there has been 
m increase in soil emissions of  these gases. Agnculh~rc 
i s  presently estimated to contribute from 65 to 80% of 
the total anthropogenic N z 0 .  or  up to 2 T g  N?O-N yearly 
(International Panel on ClimaLe Change. 1990: Iserman. 
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1994). Cropland i s  also thought to be a major emitter 
of NO. Davidson's (1991) analysis. albeit made from a 
limited data base. suggests that 30% o f  the 20 Tg o f  the 
total NO budget i s  attributable to soil emissions from 
agricultural activity. 

Although only a few studies have been performed to 
determine the influence o f  N fertilizer application on the 
simultaneous emissions o f  N!O and NO. they consistently 
demonstrate that fertilization increases emissions o f  ni- 
trogen oxides (see Williams et al.. 1992). The estimates 
of  global emissions span a wide range and indicate that 
the NO/N?O ratios o f  emissions vary widely among 
studies. For example, Galbally et al. (1987) reported 
that <0.002% of applied urea was lost as NO, whereas 
Hutchinson and Brams (1992) reponed thar 3.2% o f  A N  
applied to a bermudagrass (Cynodon dacclon [L.] Pers.) 
pasture was lost as NO after 9 wk. Typically, soil efflux 
o f  NO and NzO does not result in substantial N losses 
compared with the amount of fenilizer applied. but these 
emissions are important in atmospheric chemical reac- 
tions in both the troposphere and stratosphere (see Wil- 
liams et al.. 1992). Shepherd et al. (1991) observed very 
large losses where I I % o f  fertilizer N was lost as NO 
and 5 %  was lost as N!O over 5 mo. The wide divergence 
in the estimates o f  NO and NIO emitted from soils i s  a 
result of both the large temporal and spatial variability 
associated with the ecological processes that control the 
emissions o f  these gases as well as differences associated 
with the measurements and the measurement methodolo- 
gies used. Environmental factors such as precipitation 
events can also significantly change efflux patterns by 
changing soil redox potential or affecting soil gas diffu- 
sivity and microbial activity (e.g., nitrification and deni- 
trification) and subsequent N gas pr.oduction and efflux 
(Valente and Thornton. 1993). Coefficients of variation 
associated with emissions estimates for these gases are 
typically between IM) and 300% (Williams et al.. 1992: 
Valente and Thornton. 1993: Valente et al.. 1995). T o  
some extent. this variation i s  due to the fact that discrete 
point estimates o f  gaseous emissions have been used to 
calculate flux. It is only recently that quasi-continuous 

-_ poTest imates ot soil trace gas efflux are not adequate 
to assess seasonal or annual losses of  NO and N:O 
because continuous measurements are needed (Aulakh. 
1992). 

To address the need for daily flux measurements IO 
estimate NO and N!O emissions from fertilized soils, 
we continuously measured NO and N?O emissions over 
3 ?IO-d period from no-till corn fertilized at three N 
rdtes. In addition to gaseous emissions. we monitored 

4bhrc$iiltisnc: AN. ~inrnuniuni niiraic. WFPS. axcr.lilled pirr yuir.  
ICP. ~nduwrc l?  couplud pl;l%mn emirr im\  qxr i rn*ct~p!  
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s o i l  chemical and physical properties in  an 3tv:rnpr io 
understand mechanisms that controlled Ihess eiAu\c, 

MATERIAL A S D  hIETHODS 
Site 

Emib>ions estimates were made at the N e i l  T<nne:,s: ,A<-  
ricultural Experiment Station inJackion. TSt?! ' . : - 'C.  .Si:% 
W )  from 27 Apr. through 30 No". 1993. The ~ i l  i s  3 RouiL-n 
5111 loamderived from loess deposits 2 to 5 m thick. d\e:h)in: 
Coa5tal Plain sediments. Table I l i s ts  selected pmynic?  o i  
the >oil. The field used for this experiment ha, k e n  in ncv i l l  
corn for the pasr 4 yr. The long-term climatic data i W ) r  
average) for the site indicate that mean annual rainiall i i  

1320 mm. with a mean annual temperature of l - ' C .  3nd 
approximately 193 frost-free days during the 2yrou in: ,ea:on 
(Springer and Elder. 1980). 

A randomized complete block design u n h  ihree ? rate, 
and three replications was used to assess S f 3 s  tau\ The 
three fertility treatmentswere ON, 140N. and 252s 3pplied h 
AN on 26 Apr. 1993. Corn (Pioneer 3 9 5  113s pl3nred :I 
Apr. 1993 in 76 rm r?=s 2! 30- :22?, % The :-. I.IIC? 

were those recommended dryland corn for this d l .  140 k: 
N ha-' .  and the 252 k g  N ha-' rate was the uppr-end .X r3te 
for corn grown on this soil under irrigation orrigation ~ 3 s  
not used in our experiment). Four measurement plots u:rc 
randomly established within each treatment X b l ~ k  ~ombin3. 
lion for a total of 36 measurement.locations. .Ai the .tan oi 
the experiment on 2 1  Apr. 1993. two o f  the iGur s,mplins 
locations within each treatment in Block I xerc u d  to mikc 
measurements of NO and N?O. The follouing g ~ c c k  the t n ~ '  
locations that were 1101 chosen in Week I were 2 . d  i? m i k  
measurements. The following week the ,am< p:Lwdcr? \XJ. 
used for the second experimental block IO locat-: - x i p i e  IKA. 
lions. This procedure was repeated. stanin! !n \VecL. I ;or 
the third replicate block. after which the same ieleiiicn st- 
quence was repeated among blocks until the end $ 1  the e\?:!. 
ment (30 Nov.  1993). Thus. each chamber rcplii3te \xirhii J 

measurement plot for a treatment was sampled s e r !  I i rlv 
approximately I wk (n  = 56) and each block i i i l  .~m;!:l 
five time (two consecutive weeks at a tinici rnr~wg:,~ut 13: 
experiment. 

To  minimize soil disturbance associated \I irh !i? r?!;c.it:,~n 
o f  the measurement chambers throughout the :\iyrixi:nt. ih?  
s i x  frames used 10 make measurements (see b e l w  , \\er? p i x ? ?  
in the ground I wk before the measurements (bere mid? T'il: 
enabledquick placement ofchambersonto iramc. itith mintrnd 
soil disturbance. 

1 h i - ?  
sections o f  row in the middle o f  each plot. Plot. \I e:: h u .  :d 

Table 1. Sail chanctcristin of the 0- to l h n i  la!er 101 3 Rouron 

Tcrture. 5 

Yield estimates were obtained by harvestin< 

silt loam prior to the start of the esprrimmt. 

Sand :r 
Si l t  .. -. 

'. .-, 

b! hand and gram vteldb are erpressrd on 3 10% 
basic 

Cas Measurements 
\leasurements of NO and N:O emissions made 3 static.chamber technique 35 previously described by v YN 

ale- 
Y W  

3nd Thornton (19931. Briefly. aluminum chambers (L ,, 
by H = 76.2 by45.1by20.3cm)openedandclosrdpncu-,, 

I 
call! over an aluminum frame driven into the 
depth o f  20 cm. Mult ipon sequencing of chamkr  a,r umph 
allowed withdrawal Of air samples from different cham&- I 
3-min intervals. In contrast to the method descrikd by Valcnc 
and Thornton (1993) the Teco Model 46 N:0 gas c ~ ~ ~ c I ~ ~ &  
instrument (Therm0 Environmental Instruments. Franklta, 
MA1 was placed upstream of the Teco Model 42  re^ 1o 
determine NO. The pump of the Teco Model 46 was b y y r d  
and the Teco Model 42 pump was used to withdraw un,p* 
air from chambers. This was done to reduce rhr lmnllll -I -..... ",,1 ", 
sample withdrawn from chambers since the Model q w,lhdrcw 
on& 0.7 L min- '  rather than the I L min- '  for the T~~~ M , * ~  
46. -It 3-min intervals. NO and N.0 measurement% wcw 
performed an4 !hc ekzziz: ::;i & &pusitinn rate caicuiatd 
from the change in gas concentrations during the nieasurenlcrn 
period. The calculation of NO emux rate was identical 111 t k  

described by Valente and Thornton (1993) in which a f i rs tnrkr  
differential equation of the form 

n a s  used to calculate a gross emissions rate; wherc 1, is a 
ionst3nt emission rate term. k: i s  a loss term due to depB\itiatn 
within the chamber. and [NO! is NO concentration. Eniisrion 
estimates for NIO were calculated using a linear mwlel. ThC 
l o w r  l imit o f  sensitivity for NO-N emissions was O.O(l! ng 
S m' 5 . '  and the lower limit for N 2 0  was 0.02 ng N 111: \ ' 
.At the end of the measurement period. all six chamber, U P ~ C  

opened and remained open for 2 h until the next niea~urcttim 
c ! c k  began. This sequence. of automated chamber cI,i\urc 
m d  the attendant sampling of NO and N1O concentration* with 
time vithin chambers. was repeated every 3 h. 24 h a day. 
throughout the experiment. A Campbell Scientific M d d  CR7 
dat3 logger (Campbell Scientific. Logan. UT) wab u r d  (18 

ionrrol the openine and closing of chambers and cnllcct 2nd 
\tor< data gathered during each measurement cycle. 

\Veekly calibration checks were made for both NIO and 
SO analyzers. Certified gases (Scott Specialty G u o .  
Plumsteadville. PA1 o f  NO (19.24 pL L-') and N:O (80.6 
UL L - ' l  uereuiedtomakemultipointcalibrations. Ca.Hiciunt* 
~?idetermination for standard curves for both gases wasclInrl\. 
tentl! 0.995 or greater throughout the study. Several tlnlC\ 
durinp the study. line los\ tests were performed by inlrducinF 
%mdard gases directly into the \ample lines o f  chambers. GJ\ 
IOCI throuehout the 40-m \ample lines averaged approximatcl? 
55 and w s  considered negligible fnr the calculations of elnlv 
m n r  rues. These finding are consistent with a previour IC't 

d t h e  ,),ten1 (Thornton and Valente. 1992. unpublished 

Ancillary Measurements 
ScvI temperature at 5- and 15-cm depths was continuourl? 

tiioniwred by medns of  a thernlcrouple during the SIudY 
Gri\  iiirctric water wntcnt dcterniinations. based on Oven-*? 
.,III I IU5'C). h r  the 0- t o  I j - c t r i  depth were made WeCkl). 
.4 \oil tiic>isture retention curve wilb determined using triPl,lcatc 
unJi.turbed \<iil c u r c ~  ior 0.03. 0.06 and 0. I MP3. tenslonr: 
t c n ~ ~ ~ ~ n . ~ ~ i 0 . 1 . O . j . ; l n d  1 ~ 5  MPA u ~ . r c d e t e r m i n e d ~ n d l s t u r ~ ~  
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.itiitples. The weekly determinations of gravimetric s o i l  ntuis- 
lure were used todetermine WFPS from the relationship where: 

Grav.H:O x Bulk Density 
Total Porosity 

WFPS = 

(Bulk Density) 
2.65 

where porosity = I - 

Runfall was recorded using a tipping bucket rain gauy (Clirna- 
ironics. Bohemia. N Y ) .  Soil samples were also collected 
weekly from the top 15-cm layer for chemical analysis of 
NO; and NH;. Soils were. extracted with 2 M KCI and 
NO; and NH; determined by titration. Cation determinations 
were made using Mehlich 3 profedures (Mehlich. 1984) fol- 
lowed by ICP determinations. 

Statistical Analysis 

Gas flux data were analyzed using the general linear models 
procedure in the Statistical Analysis Systems for personal 
computers (SAS Institute. 1993). Differences among trearment 
means were evaluated using a Bonferroni r-test. Mean emission 
rates for NO and N?O were calculated for each treatment from 
the entire 2 IO-d experimental period. Correlation coefficients 
between soil parameters and trace gas etliux were estimated 
for the combined N treatments and the daily average etliux 
values forNOandN?Oforthedaysonwhichthesoil parameters 
were measured. A 0.05 probability level was used to determine 
significant differences. 

RESULTS AND DISCUSSION 
Fertilizer application significantly affected emissions 

o f  both N?O and NO (Table 2. Fig. 1-3). Emissions o f  
N'O were more episodic in nature than NO. which was 
emitted at a somewhat uniform rate during the course 
of the study. The 105s of fenilizer N during the study 
period was significantly influenced by N application rate 
for both N:O (F = 73.5. P = O.ooO1) and NO (F  = 
184.1. P = O.ooO1) The efflux of N?O was 4.23 kg of 
N from the 140N treatment and 6.56 kg N in the 252N 
treatment (Table 2). Average emissions rates with no N 
application (control plots) were 10.4 and 3.5 ng N m' 
5 - l  for N20 and NO, respectively. resulting in a loss of 
1.98 kg NIO-N and 0.63 kg NO-N during the 210-d 
study. Emission rates o f  NO from the fenilized treatments 
were considerably lower than we measured in past studies 

am soil in 

middle Tennessee that had received 100 kg N ha.'. we 
previously reponed a midsummer rate of 24 ng NO-N 
m' s - '  (Valente and Thornton. 1993). In a separate study 
on a red clay soil in Alabama. a cotton (Gussxpium 
hirsurum L . )  crop receiving I I2 kg N ha-l had an average 
emission rate of 17 ng NO-N m? SKI (Valente et 31.. 
1995) or an emission rate that was approximately five 
times higher than the present study. Williams et al. 
(1988) reponed an even higher mean NO emission rate 
o f  94 ng N m' 5.' for corn in Pennsylvania. Our results 
are more similar to those reponed by Anderson and 
Levine (1987). who reported an average soil NO efflux 
rate o f  approximately 6.5 ng NO-N m' 5.' for plots 
receiving 163 kg N ha-l .  However, in  as much as varia- 
tion in emission rates across a single sire i s  typically 
threefold (Davidson. 1991). i t  i s  not unreasonable to ; 
expect that variation among sites would have a variation 
that i s  IO-fold due to differences in soil texture and / 
attendant water-holding capacity (i.e.. WFPS). timing 
and uptake o f  soil N. and cultural practices such as 
fenilizer type and placement that may affect emissions., 

Except for  a few instances of significant denitrification 

160 I r i  

Erniobn n t c  N 10s 

kg N ha.' B 01 applied N 

N .o 
10.4 (14.9)t 1.98(-) t  
28.1 (91.8) 6.21 (4.21)- 
18.4 (112.7) 8.54 (6.56)- 

- 

E 
3.5 (4.6) 0.63 ( - 1  
4.5 (5.3) 0.81 (0.19)- 
6.4 (6.5) 1 . l 1 l 0 . 5 0 ~ ~  pig. 1. Data fur il 210-d period for nu-till corn mecei\inE 0 S kg hr - ' :  

la1 NO ernision rate m d  rainfall. (b) N:O cmissiun rille. and (cl 
.wil YO<. NH:. and water-filled pore spare (WFPS1 for the 0- Iu 

+ * I n n  rate and rrandrrd deviation. n = 2105. 
t Tuut N IOU was calculalcd. N loss mributablr I 

indicatcd in psrrnlhcwr 15-cm depth. 
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Fig. I .  Dais for a 1104 priod for no-till corn receiving 140 ti kg 
ha-':  (8) NO emission rate and rainfall. (bl N,O emission mte. 
and (c) soil NO;. .W;. and watrr4illcd pore space (H'FPS) for 
the 0- to 1 S . m  depth. 

activity later in the season, most of the N2O emission 
occurred during the first month of the study. The typical. 
usually immediate. increase in NrO emissions following 
N application (Breitenbeck et ai.. 1980; Duxbury et al..  
1982) was evident in this study (Fig. 1-3). The  N loss 
of N?O from nonfenilized soil was considerably higher 
than that cited by Eichner (1990). who reponed an aver- 
age emission of 0.8 kg N ha- '  y r - '  for nonfenilized 
soils. The amount of fedizer-derived N?O emissions 
in the present study is approximately sevenfold the aver- 
age loss of 0.44 kg N ha-l reported for AN in the review 
by Eichner (19%). The substantially higher values in 
our study. compared with the average given by Eichner 
(1990). may be related to a number of factors including 
soil type. rainfall, timing of fertilizer application. and 
management practices. which can  strongly influence 
emissions on a site-specific basis. These differences may 
also result from using average daily emission rates that 
are calculated from discrete point samples that a r e  often- 
t m e s  only made once a week. Annual estimates require 
methods that use both long-term and highly time-resolved 
determinations of Rux (Loftfield et al.. 1992) and this 

Fig. 3. Data for a 2 1 0 4  priod far no-till corn rexiving 252 N kg 
ha-': (a) NO rmi%ion rate and rainfall. lbl NIO emission TOW. 
and (0 soil 3Oi .  Mi:. and water-filled pore rprc  ~HTPS) for 
the 0-15 cm depth. 

1 

I 
I 

study attempts to address this need by having replicated 
measurements every several hours over 7 mo. 

Soil emissions of NO and NzO were not affected by 
harvesting. We found no increase in emissions after the 
9 September harvest. W e  had speculated that increased 
C supply due to harvest residue would promote denitrifi- 
cation; however. soil moisture was very low and appar- 
ently little denitrification occurred. Hutchinson and 
Brams (1992) reponed a stimulation in  soil NO emission, 
but not N2O. after harvesting bermudagrass and specu- 
lated that increased soil temperature increased soil efiiux 
of NO. 

More recent studies of N2O and NO emissions from 
soils, not available at the time of Eichner's (1990) review. 
show higher emissions than she reponed. Hutchinson .c 
and Brams (1992) reported that NO emissions during a 
9-wk study resulted in a 2.37 kg N ha- '  loss while N@ 
accounted for 0.35 kg N ha- ' .  Recent studies by Bronson 'r 
et al. (1992) on convenrially tilled corn over a 2-yr 
period measured N 2 0  losses of 3.2 and I .6 kg N.  similar 
to this study. Studies in Canada (Shepherd et al.. 1991) 
and in Sweden (Hansen et al.. 1993) measured losses 
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l a b l e  3 .  Correlation rwffificienis for SO and S.:O soil emissions 

SiO cmisiion w e  

rules uith <oil S and moisture at Jackson. TS. 

NO emission rate 

Water-filled pore rpace 0.14 (NSlt 0.32 (O.oOo11 
0.1s (0.031 0.39 CO.OaW1 
0.11 INS1 0.30 (0.101 

- 1  Parenlhrlical values are the probability l c v c l ~  arwxialcd v i th  the correla- 
tion: SS mdicares stmsticd nonrignificancc. 

I u p  to 5.3% o f  the applied A N  as N 2 0 .  I n  the Canadian 
wdieh. 1 1 %  o f  the fertilizer N applied was lost as N O  
and efflux rates as high as 74 ng NO-N m' 5'' were 
reponed (Shepherd et al.. 1991). Although we measured 
NO efflux rates as high as 143 ng NO-N m' s - '  in our 
study. >95 % o f  all N O  measurements. or 7584 separate 
meusurements. indicated the N O  emission rate was below 
14 ng N m' s - '  Recent studies indicate greater loss rates 
of N via N:O efflux from sod. but our study. to the best 
of our knowledge, has some of the highest N2O emissions 
rates reponed. Values calculated from the work of Eichner 
indicate an average emission rate o f  34 ng N20-N 
m ' s - ' .  but Clayton et al. (1994) reported values as high 
as 1766 ng N m? SKI.  Emission values for N20 as high 
as 994 ng N m' s - '  were measured in our study for the 
2 5 2 N  treatment. 

Table 3 shows the correlation coefficients of NO and 
N 2 0  efflux with soil WFPS, soil NO; and NH;. These 
parameters have been reported to strongly influence trace 
gas emissions from soil (Davidson, 19911. During the 
first 55 d o f  the study (through 30 June). WFPS averaged 
85% among the three treatments, the same time frame 
in which most o f  the N20 was emitted from the soil. The 
high values for WFPS are reflected in the above-average 
rainid1 tor this period; precipitation was 20% above 
normal. or 50 mm in excess o f  the 30-yr average iNa- 
tional Oceanic and Atmospheric Administration. 1993). 
Denitrification becomes increasingly imponant as WFPS 
exceed 60% (Davidson. 1991) and our data support this 
observation. With decreasing rainfall in  July. WFPS was 
typically <60% (the lowest value recorded was 14% on 
5 August: see Fig. 1-3) and denitrification became less 
important as a factor in N loss. Precipitation for June 
through August was 50% below normal. or 192 m m  
below the 30-yr average (National Oceanic and Atmo- 
spheric Administration. 1993). This moisture deficit se- 
verely limited grain fill ing and.yields for all treatments: 
yields for the ON. 140N. and 2 5 2 N  treatments were 
2.62. 6.22. and 6.56 Mg ha". respectively. 

Soil NO; and NH; concentrations were correlated 
with N.0 emissions but only soil NO? was significantly 
linked to NO emissions (Table 3). The literature reports 
l ) f  correlations between soil parameters such as NO;. 
NH;. and WFPS and emissions o f  NO and N ? O  are 
contiicting iWill iamset al.. 1992). Our resultsare similar 
10 those uf orher researchers (Aulakh et al., 1992; Bron- 
son and Mosier. 1993) who have reponed weak or no 
relationship between gaseous efflux 3nd soil chemical 
and phy\ical properties. Slemr and Seiler ( 1991) contend 
th;it although ample data exist showing that NO and 
N:O emirhion rate5 are dependent on so11 chemical and 
phyhical properties. i t  IS usually just one variable that 
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Fig. 4. Relationship between YOINLO emission rate ratio snd soil 
water-filled pore space (WFPS) during the study period. 

dominantly influences the emission rate. These research- 
ers further maintained that this masking of variables at 
a particular point in time. location. or study is. in part. 
responsible for the oftentimes conflicting reports in the 
literature concerning the importance o f  a particular vari- 
able in influencing trace gas emissions. Several research- 
ers have speculated that C availability. and factors con- 
trolling C supply to microbial populations. may be more 
important in regulating denitrification than has custom- 
arily been thought. and most studies dealing with trace 
gas emissions have not dealt with this important aspect 
o f  trace gas efflux (Groffman and Tiedje. 199 I : Wheatley 
and Williams. 1989). 

Although individual soil properties were poorly corre- 
lated with N gas emissions, WFPS did a reasonable job 
(R' = 0.57) of predicting the NO/N>O ratio (Fig. 4). 
These data support recent work (Davidson. 1993; Riley 
and Vitousek, 1994) indicating that this ratio is low when 
the soil i s  wet. typically in the spring. as in our study. 
and N.0 emissions from denitrification dominate. Con- 
versely, ratios increase as the soil becomes drier and 
nitrification and N O  efflux become more important. 

SUMMARY 
-1 

as N.0 was far greater than loss as NO: N loss v ia N:O 
was I O  to 20-fold more than that o f  NO for the study- 
Nitrous oxide fluxes were positively correlated to WFPS. 
NO;, and NH; but only soil NOi  values were correlated 
to N O  flux. The ratio o f  N0IN:O emissions was reason- 
ably well correlated ( R :  = 0.57) with WFPS and supports 
the conceptual hole-in-rhe-pipe model o f  Firestone and 
Davidson (1989). I n  their model the sum o f  N O  + N:O 
emissions i s  related to the N applied. whereas the relative 
proponion of NO vs. N I O  i s  linked with WFPS. Thi';? 
experiment suggests that the magnitude of fenilizer- 
derived emissions estimated by Eichner ( 1990) from A N  I 
may be low. This contention is also supponed by recent I 

studies (Ha%en-e!.al.. 1993; Sheph.-?&L4:. 1991) that 
also indicate much higher emissions r;ltes and~subsequenl- 
N fLom applied A s u s i n g  an averqe emission rate of 
40 nig N'O-N from each kilogram ofapplicd N. Eichner 

This experiment demonstrated that loss of  fertilizer N , 1 

I 
L 

--. . .. 



( 19901 estimated that M.4 Gg NIO-N was associated 

year 1988. Using the mean efflux value of the two 
fert i l izer rates in our experiment to extrapolate. we would ,, man icd Mtcmhl~,loglcaI prduction 
estimate that approximately 455 Gg NIO-N would be 
released from AN- fen i l i zed  soil annually. Admittedly, 
r.xtrapolation o i  emissions data from one location for 
I y r  on a f ine-textured soil l i ke  the one used in this study 
i s  fraught with problems: however. this higher estimate 
in N:O release may be of  imponance in l ight of the fact 
that elobal N.0 budeets cannot account for some 7 to 

n i t rou~ oxide c m w o n s  irom ien l imd pra,,landh clorad 
shrrnbcrq. J. Ceophy,. Res. 99:I6L9Yfq-lbb0J 

tsrrevriill ecory,temr. P. ? 1 5 - 3 5 .  In J E. Raecr\ and W.B. &%it. 
r.anrumpttao of green. 

j. howe gaseh. Am SI*-. Mtcrubiol.. Washington. DC. 
Davidwn. E . A .  1993. Soil water conieni and the ratio of nit,ous 

R,S, 

the applicatton O f  16" Tg AN worldHtde for the 
Davilfwn. E.A. 1991. F l u ~ ~ r  01 ~ilrous <,ride and nltrlc oxide from &/ 
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oxide to nitric oxide emitted irom \oll. p. 369.386, 

~ ~~ .. ~ 

8 Tgof emissions. ltys also probable that the techniques 
used in this experiment and those of Loftfield et al. 
f 1992) better characterize temporal emissions patterns. 
which can affect budget estimates for a given biome. 
However. there are st i l l  a number of  key areas yet to 
be adequately addressed in attempting to resolve emission 
estimates on a global basis. Several ofthose requirements 
are mentioned in the recent modeling effon of Yienger 
and L e v y  (1995). who point to the need to (i) better 
character ize agr icu l tu ra l  emissinnc fmrr! E:::;: x i  
nonnern China  and ( i i )  better estimate emissions from 
tropical grasslands. 

The present work also demonstrates an improved sam- 
pling technique to allow for quasi-continuous sampling 
of bo th  N2O and NO gas efflux from ecosystems. We 
are currently modifying this system to accommodate 
greater replicate sampling t o  improve our estimates of 
soil efflux for future study sites. 
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Determination of Microbial Biomass and Nitrogen Mineralization 
fotlowing Rewetting of Dried Soil I 

A. J .  Franzluebbers,' R .  L. Haney, F. M .  Hons. and D. A.  Zuberer I 
ABSTRACT 

~ . , ~ i i t x r  soil testing p r a e d v r a  that are rapid and p m i v  arc needed 
,, a,,a~w.te agricultural surface soib for UHir potmlinl to minenlize 

.,,,I s. Our objcetiva were to determine Ihr optimum preincubation 
mer revetting of dried soil for enhating soil microbial bionuu 

, \ w i i  md to i&ntify a quick. rciiabk bioehemU predictor of soil 
,,linwalization potential. Biochemical detrrminationr of SMB were 

,rlvllcd on a W a v m d  rllry clay imm (Bne. mired. thennic Fluventic 6 .Iwhreptl having five levrb soil organic C (SOC) as a result of 
I . , , , ~ . I ~ T ~  management. Dnerminationr d (I) kld-moin soil and 
,,, 4 i  that  I- air dried. rrwrtted. sod @Mhatcd for 0.2, 1. 
. h. 10. and 15 d. Biochemical delcrminatiom included arginim 

.WI ,,PI 5 mineralization. andSMBC uringthechiomfonnfumigation- 
~ n d m t i m  ICm method. Reincubation priods of I and IS d prior 
,, rzalliFation gave atimsta Or SMBC wing CFI mOSI rimihr Io 

,Idermined on field-moist soil. Arginine ~monification and SIR 
Ilrivriiiinitiom on dried soil were highly variable. nuking longer 
,rrismbilian priodr ntcrrury. Carbon minedhtion during all 
,rrm~uhation periods was highly corrrlatcd to (i) ShiBC using CFI 
Ivlrrwinrd on fieldmoist and dried soil with all prcineubatlon priodr 
am1 (iii net N minerdimtion during 21 d for the Wawood mil. as 

,,I1 ,A\ for S C V C ~  additional soil wries each having Bvr to eight lev& 
S t l l ' .  The C O A  evolved during the k t  d a y  after rewetting of P Irird w i l  is recommended for rapid estimation of SMBC and potential 

I 

E .,,,,,,llsiiicition, substrate-induced rapintion (SIR). cumulative C 

t 
I 

\ rainrrrlization becaw of i s  simplicity .nd prrcirioo. 

IIE IMPORTANCE of  soil microorganisms to soil fenil- cr 11y is recognized, but rapid, accurate soil testing 
'rilccdures that reflect potential C and N mineralization 
I.nc no1 been routinely adopted (Keeney. 1982). A valid 
mdcx of soil N availability that is simple, rapid, and 
rvroducible may preclude the use of a biological method 
c*  lie its importance. because of the long time period t rcwred p' IO estimate the relatively small amount of miner- 

, d ~ f c d  N due to microbial activity. Incubations lasting I 
' I '  2 wl; for determination of mineral N accumulation 

'nc boil testing programs. 

B 

considered too time-consuming for adoption by rou- 

'\ 1 I'rrn7.lucbbcrr. USDA-ARS Southern Piedmont Conrewarion Rc- 
. . ' . 1 1 1  Ccmer. I420 E ~ p c r ~ m c n t  Statton Rd.. Waikinrville. GA 30677: 
,'',I H I.. Hancy. F.M. Honr. and D.A.  Zubercr, Oep, of Soil and Crop 

The N-supplying potential of agricultural soils has 
been related to SMB and its activity (Carter and Rennie, 
1982; Doran. 1987: Franzluebbers et al.. 1994a). Mea- 
surement of SMB is sensitive to changes in the active 
fraction of SOM (Powlson et al.. 1987; Anderson and 
Domsch. 1989) and therefore. should provide insight 
into the potential of soils to mineralize N. The most 
commonly used method for estimating SMB is CFI. 
although field-moist soil and a I O d  incubation are needed 
(Jenkinson and Ladd, 1981; Nannipieri et al.. 1990; 
Parkinson and Coleman, 1991). which limit its adoption 
by soil testing programs. Several rapid methods for 
estimating SMBand its activity (Le., C and N mineraliza- 
tion) have been developed during the past few decades 
including SIR (Anderson and Domsch. 1978) and AA 
(Alef and Kleiner. 1986). which require only I to 6 
h of incubation. but as  described. also require use of 
field-moist soil. 

Soil testing protocol normally requires that dried soil 
be used because samples collected by producers and soil 
testing services are shipped to the soil testing facility. 
which may take several days. thereby altering the bio- 
chemical status if kept moist. We hypothesized thatdried. 
rewetted. and preincubated soil could be used to obtain 
an estimate of SMB. The optimum preincubation period 
for estimating SMB and mineralizable N. therefore. 
needs to be established. 

Our objectives were to: (i) evaluate the feasibility of 
using dried and preincubated soil for measurement of 
AA. SIR. cumulative C and net N mineralization. and 
SMBC using CFI and ( i i )  determine the optimum time 
of preincubation for these biochemical estimates. 

MATERIALS AND M E T H O D S  
Five soil samples with SMBC levels ranging from 219 to 

I260 mg k5-l soil (Table I ) were collccted shonly after planting 
wheat (Trfricurn acssrivurn L.1 in November 1991 from a long- 
term field experiment established on a Weswood silty clay 
loam in 1982 (Table 2). Fifteen soil cores (19 nun diam.) per 
4 by I ? . ?  m plot were collected and cornposited from three 
replications of the treaments listed in Table I .  Field-moist 

Abbreviations: A A .  arginine rmmonihcatm: BSR. basal soil respiration: 
CFI. chloroform fumiga~ion-incubrllon: SIR. substrate-induced rcrpira- 
tion: ShtE. mil microbial biomass: SMBC. soil microbial biamarrcsrbon: 
SOC. m I  organic carbon: SOM. soil organic matter. 
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(;, Benckiser . R. Eilts . A. Linn . H.-J. Lorch 
E. Siimer ’ A. Weiske . E Wenzhofer 

N20 emissions from different cropping systems and from aerated, 
nitrifying and denitrifying tanks of a municipal waste water treatment plant 

Kcccwed: 13 June 1995 

, \ l ~ r a c t  Nitrous oxide emissions. nitrate. water-soluble waste water matment plant. The trapped NZO in the soil 
dw and biological O2 demand (BOD5) were quantified b o d y  down to a depth of 90 crn demonstrates that agricul- 
,I) different cropping systems fenilized with varying tural production systems seem to contain a considerable 
:miounts of nitrogen (clayey loam. pool of N20 which may be reduced to NZ on iu way to - IUY?). in an aerated tank (March the atmosphere. which may be transported to other envir- 
:,lid in the nitrificationdenitfication unit (March to July onments or which may be released at sometime in the fu- 
1994) of a municipal waste water treatment plant. In addi- ture. 
iiim. the N20 present in the soil body at different depths 
\\:I\ determined (February to July 1994). N20 was emined 

I se . Cropping systems 
. Activated sludge . Nitrification 

n Carbon availability . Available 

~ : i r i e  water treatment plant reieased mean amounts of 9.1. 
- 1  6 :ind 1.8 g N20-N m-2, respectively. during the sam- 
I,+’; ?mods. 

Tiis N20 emission were significantly positively corre- 
1:iled with nitrate concennations in the field plots which 
rccsived no N fenilizgr and with the nitrogen content of 
the asraied sludge tank that received almost exclusively N 
111 the form of N&*. Available carbon. in contrast. was 

ation between the erpined N 2 0  
ih)!! lo nitrate ratio indicates that the lower the carbon to 
::#:i.i:c ratio the higher the amount of N20 released. In- 
LicJ*ing N20 emissions seem to occur at electron donor- 
Iglaceptor ratios (CH.O or BOD,-to-nitrate ratios) below 
511 in [he cropping systems and below 120&1400 in the 

1)cdiued IO Professor J.C.G. Oilow 
ihc Nc3\iun o f  his 64th birthday 

:~:‘.iwr (:SI . R. Eilrs . A. Linn . H.- I .  Loch . E. Somcr I .. 
I 

.r? F. Wenzhofer 
I.:~!#I\:Ic h r  ,Applied Mjcrobiology. Jurius-Licbig Univenily. 
\~!iihcnbrrgwasse 3. D.35390 Giesscn. Gemany 

In soils and waste water, even if well aerated. anaerobic 
energy-conserving processes can occur inside aggregates 
and sewage flocculates in the sequence NOT. MnO? and 
FeZ03 respiration followed by SO:- and COz reduction 
(Ottow and Glathe 1973). Much work has been done to 
clarify the effect of the variables, water-soluble carbon 
(CH.O), BOD,. nitrate concentration (NO:). moisture con- 
tent: temperature and oxygen panial pressure on the onset 
of anaerobic nitrate respiration (Benckiser et al. 1987: Ot- 
tow 1992: Ottow and Benckiser 1994: Siimer et al. 1996). 
Despite these endeavors. the role of the above parameters 
on the denitrification process remains unclear because of 
the high spatial and temporal variability in soil and waste 
water systems diffusional constraints and the numerous 
feedbacks of the process itself in the different environ- 
ments ((Benckiser 1994; Siimer et al. 1995). Products of 
anaerobic energy-conserving processes are. in addition to 
C02 .  Nz. Mn”. Fe” and H2S. the greenhouse gases CH,. 
NO and NzO. Nitrous oxides are well-documented gaseous 
products of the lithotrophic ammonia-oxidizers (Blackmer 
et al. 1980: Tonoso and Hutchinson 1990; Hwper et al. 
1990: Manikainen and de Boer 1993: Siimer et 31. 1996) 
and the heterotrophic denirriften (Abou-Seada and Ottow 
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1985: Myrold and Tiedje 1985: Benckiser and Simannata 
1994). The main and so far known N20-forming processes 
are summarized in Fig. I. "Nitrification-denitrification" 
and heterotrophic denitrification appear to be the dominant 
processes. Essential prerequisites for both energy-conser- 
ving processes are nitrate. nitrite and available carbon. In 
natural and agricultural used soils. nitrification and denitri- 
fication contribute to the N-availability o f  plants: and in 
waste water. which might be considered a model for soil 
solutions rich in organics and N. both processes are in- 
creasingly being used to avoid eutrophication by N-species 
in the "receiving" water. As side effects o f  soil and waste 
water management. increasing NZO emissions are being re- 
poned (Simarmata et al. 1993; Lorch 1993: Wicht and Be- 
ier 1995). N20. which has a mean resistance time of 132 
years in the troposphere combined with a considerable 
ozone-destroying capacity in  the stratosphere. has a 260 
times preater greenhouse effect potential than C 0 2  (Papen 
and Seiler 1994). Consequenily. this tnce gas should not 
be underestimated as a potential hazard on a long-term 
scale. Unfonunately. local and global estimates of  the 
quanlity of N Z O  from various terrestrial ecosystems. 
oceans. waste water treatment systems and combustion are 
warce. i f  not totally lacking (Ottow and Benckirer 1994). 

This paper compares the N20 emissions from various 
cropping systems and municipal waste water treatmeni 
plant units (activated sludge. nitritication. denitrilication 
tank\l in order to ascrnain to what extent the N?O re- 
leases depend on nitrate (end product d nilritication) and 
c:irhw iiviiiliihility (prerequisite 01 hewrotrophic denitriti- 

cation). Another objective of this paper was to e s t i m  
the amounts of N:O st i l l  stored in the soil body in OrdS 
to obtain information on the fate o f  NzO during diffusim 
from its place o f  production to the atmosphere. 

Materials and methods 

Expcnmentd design 2nd Geld manaprmenr 
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, , : . i i i i i .  respectively. The Trrjeliorn c~ t rnpewe  rotation was cut 
.,,_ ,; .;twmg ihc p w n g  sea\on id lowed by mulching each time. 

i;:(,wt .r.ining with the S>O-flur measurements ~n October 1991. 
.:,~. ..\pciiincnuI sice w3s ploughed 125 cm deep). levelled by ro~ar). 
:..,,,,ll~ 2nd \own with winter rye 120 September 19911. Phosphorus 
,,,,I : ~ ~ > i : n u u m  were applied an 10 March and the fin1 nitrogen was 
,l,l,~d on 20 March 1992. Herbicides (Slaranc. 0.8 I ha-'. and 
, , , , , ,wr?.  3 .g ha-'. Dow Elanco. Germany) WCR spread on 7 April 
. , l , [  i h ~ .  w u n d  N split application tmk place on 2 1  April. The fungi- ::,: C,)rhcl 10.75 I ha-'. BASF. Germany) and Ihc growth regulator 
l:.:,.:l C (2.0 I had. BASF. Germany) were applied together with the 
..,,,.I \ .piit nn 5 May. The KIO surfacc flux measurements were car- 
. . .. . lwc imore frequently over the winter months II October 1991 to 
: \I.,! IYY?). D u i n g  the penod I December 1991 10 I March 1992 

:,,; .,,#I tcmperaiure war below 5°C. Consequently. the N20 surface 
,I,,, ~n>c~uremenli  were carried out mostly during October. Novem- 

\larch. April and May at iemperaturer betwccn 5' and 15°C. 
ril< .oil humidity varied between 20% and 25% (wlw)  during this 
,'.""d. 

1 1 , , . ~  \ w w r  rrpnrmcnr plonr 

1,). , , I  \NU N:O measurements in an aerated fluid-bed reactor. and a 
.: :::ii::~tiun-deniirificarion lank. were carried out at the municipal 
.I.,.ii. n i t e r  treatment plant o f  G iekn .  Germany (Fig. 2) .  In this plant 
hi, \\:,\le water from about 150000 inhabitants is purified daily. One- 
,illrrl of the waste water. with a mean BOD, of 170 (10-510) mg 1.'. 
('OD o i  196 132-756) mg I-', NH4'-N of 33 (5.7-52) mg 1.' and 
\ O : G S  of 2.5 (0.3-13.8) mg I-' (%mer et al. 1996). pasxs through 
., .ireen. a grit chamber (1170 m') and a redimenlation lank 
.:ii$il in', 45 min. to remove the coarse particles). a trickling filter 
iillcd with come and porous lava stones for biofilm development 
,illnil; irrigation with waste water (3900 m'. 50 Mn) and a aeration 
,.,::; , 1 7 0  m', I20 mi". for BOD, degradation and NO;-formation) 
..: .;: it i s  discharged to a sccondar); xdimcnlation tank (2980 In'. 

~ v ~ ~ I .  3 polishing pond (I1 000 m , a type of lake in which the 
~,t,4~,gically treated waste water is ameliorated during longer pcnods 

ir~idencel and the "recciving" watcr. The other twc-thirds or 
'1110(1 m' day-' pass the screen. the grit chamber (1170 m') and the 
~rlihcntarinn tank (1760 m'. 45 min). bur then goes through an 
.m:wrobc tank 14000 m', 70 minl and nitrifying and denitrifying 
mi\ , IhOOO m'. 140 min) before the clarified waste water i s  dis- 
. I~. , rpd into the secondary scdimcntation lank (13450 m'. I 8  mml. 

,V,rmrrr oxidt Jlrrr rnmrwerneni.y and >V2O q ~ ~ ~ , m j c u w n  v w d e  !lie 
roil body 

The in t i t "  h'?O lluxes 10 the atmosphere in the cropping systems were 
determined as described by Schwrz ti al. 1 IY941, but without flushing 
the soil with CIH2. Briclly. open chambers 150 m x l O  cmxl5 cm. four 
in p a n l l e l ~  equipped with 3 sharpened steel base and a removenble l id 
were inrencd about 5 cm deep into the soil bctwccn the plant rows. The 
plants under the boxer were removed. Bciore each N:O-iampling per- 
iod of 4 h day.' the lid was made air tight and the open chambers con- 
tinuously flushed with an air stream (20 I h - l i  using a vxuum pump 
(Vacubnnd M2. Germany, and flow metcrs IPlaton. Germanyl. After 
each NlO measuremeni ihc lids were removed 10 avoid the dcvelop- 
men1 of a different micmlimate under the cover borer. The N1O R- 

leased into the air stream was collected on three 0.5-nm molecular 
sieve traps (19 cm in length. 2.5 cm in diameter: ca. 35-g 2-mm pel- 
lets: Mcrck. Germany). 

T h e  devclopmcnr o f  a method lo quantify the N20 retained by the 
soil body has b a n  described in deed by Weiskc et al. (1995). 
Briefly. soil samples from the cropping systcm K 2  and M3 down to 
90 crn depth were taken in the field (February-July 19941 with an au- 
ger (three parallel samples pcr vcatmentl. and divided into subsam- 
ples (0-30 cm. 3 M  cm. 60-90 cm). To avoid major degassing o f  
N20. ponions of the parallel soil samples were tranrfcrred straight 
from the auger into IW-ml Erlenmeyer flasks tabout 4 0 4 4  g fresh 
soil). The Erlenmeyer flasks were immcdiatcly c loxd  and made air 
tight wi th  a rubber septum seal (Vcncrett. France1 and stored in a 
cooling box (ca. 4°C) 10 keep the microbial activity at a low level 
during the transfer to the laboratoly (ca. I 5  minl. On reaching the la- 
boratory the flasks were healed in a water bath to 8 0 T  over a priod 
of  80 min. Using this pmccdure. NIO formation during incubation 
was completely suppressed (pasteurization) and a tolal release of the 
N.0 mapped in the soil body was achieved IW iske  el al. 1995). 

The in situ NIO emissions from the aerated fluid-bed reactor and 
h e  nirrificationdenivlfication tank of the waste water purification 
plant in G i e k n  were quantified with floating self-consrmcted open 
PVC coven (dimensions 60x40~20 cm. six in parallel) as recently de. 
scribed by  Kdmcr et al. (1993) and slightly modified by Slrmer e l  21. 

(1995). For sampling dates rec Slrmer et al. 11995) and Linn et 31. 
(1995). The atmosphere of the coven was rranrponed continuously 

I i:. 1 Sihemauc diagram of 

. #  ~ w i i c n .  Germany. and the 
\:I I - inc~ru ing  tires 

. ...Ns water treatment plant 

- -. 1 g r i t  c h a m b e r  secondary  
t r i ck l i ng  (i l ler sed imenta t ion  

-- 
aerat ion  tank  ,!a& Polishing J Pond .! - 

i,,, sedtmen ta l i on  tank  ,- 

i - 
secondary  ' 

denilrification/nitri(icaliOn sed imenta t ion  A 
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h\ .I mcnihmnr. pump i i i r  rtreim of 90 I h - ' l  over rilica gel and SO- 

dium h?drolitde trip, 110 remove ihe H:O and CO:. iehpecitvely~ into 
cc,lum\ u i  0.j.nm mdccular sieve filled w!ih 2-mm pellrtr r M e ~ ~ k .  
German!. to absorb !he ?J,O quantitalivelyi. To obtain a homupe. 
neous a r  ctream. twn uniformly perforated PVC plates [wi th huleh. 
tach 0.3 c m  in d ime ic r t  were fixed perpendicularly to the I I~ weam 
inbide the chambers. At each sampling the chimberr ~ r r e  flukhrd lor 
? h. To cornpensale the irequcnily changing air fluxes by ihe waste 
water aeratton device. ihe total il!r stream of YO I h-' was wbdivtded 
into a ?O-I-h-' weam l fo r  N20 collcctionl and a 7l)-I.h-' h y p w  1 x 0  
a\oid uncontrolled lifting up of lhe chamkrs). Both air streams were 
controlled by flow meica 1Plaion. Germany). 

The N:O released from the different cropping systems as wel l  as 
i n m  the different units of the waste wxer  treatment plant. absorbed 
un the molecular sieve. was desorbed in evacuaied Erlenmeyer llasks 
i a .  I I i n  volume containing 150 mi waicr (Bcnckiser et al. 1995). 
Gas ponions of the atmosphere of the Erlenmeyer flasks either used 
to desorb N:O from the molecular sieve or to release $:O from the 
soil holuiiun were analysed gar chromatognphically. A gas chromato- 
gaph equipped with an electron capture detector IECD: Sigma 300. 
Perkin Elmer. Germany: Ponpak Q column 7 in. I70 mesh: N? car- 
rier gas: detecior 3M)'C: injector 150'C: column S O T :  flow 
30 ml min-ll was employed to quantify the N?O. The amount of N?O 
dissolved in the water was calculated according to Moraghan and 
Burcsh 11977). The N20 concentration in the surrounding air was de- 
termined in separate units and riihimrtnl h- ehr -rcz~:-%!:. 
N20 surface fluxes were calculated as mill ignms N20 per metre per 
hour. 

Awnlyrical procedure 

Soil samples (ten sampler per treatmenil were collected with an auger 
l l L30cml .  combined. mixed and freed from roois and organic re- 
mains by passing through a 2-mm sieve and stored a i  A T .  NO 1 was 
eriracted following the procedure of Scharpf and Wehrmann 11976). 
Twenty grams of fresh soil w m  shaken wiih 100 ml eriracring solu- 
tion ( I  IV NaCl to 0.1 N CaCI,) for I h and filtered IS95 112. Schlei- 
rher and Schull. Germany). The filtrate was nnalyred for NO,- by "I- 
traviolei absorption ill 210 nm. Water-soluble carbon l C H , ~ l  was de. 
rcrmined following the pmccdurc of Burford and Bremhrr 119751. 
Twenty grams of air-died jo i l  was shaken with 10 ml dirtilled water 
ior 30 min at 130 U min-l. which 10 mi of a 1 ,M Sa:SO, solution 
war added and by  shaking poured through a tiller 1591 112. Schle- 
sher and Schull. Germany]. From ihe l i l ln ie :m aliquot or 20 ml war 
transferred inio IlK)-ml Erlcnmcycr llaskh and the water ev:lponted at 
80°C. Then j ml 2 N K?Cr?O, and Y ml concentmied HISOJ were 
added and allowed to oxidize for YO min at 13U"C. Aiier cooling 
down to room tempentun. the sampler were tilled with di,tilled 
waier t o  the 50.ml marker. centifuged for 15 min i?oO L' mi".'. 
Heneus. Germany) 2nd the reduced Cr" ions anllywd photometi- 
cAIy  at 578 nm Itli lachi. Gcrmany). 

Simultaneously to each N20 mearuremeni wJhie uiter \ample\ 
were taken from a depth of &20 cm. NO1- wa, deiemilncd i n  Iln- 
ml w x t e  waier samples by estnciinn with ItK) nil of 2 11.1 .V '$2 
and 0.01 N CaCI: solution for I h and maly*ir oi the t i l t n t e  by ultril- 
violel :bhwrpiion at 210 nm INavone IYWl. Ths h i o l o g d  oxygen 
dcmand after 5 day5 of incubation tBOD.1 * i t >  dctcrmmcd rii:inome- 

1 
tncally with 3 &TU BOD-3nd?ser l\lnfel I IX)? .  Ccrmxny, or 

ken close to the N!O-melrunng w e s ~  The unfiltered =asre yll 
a Sapromnt BOD a n a l y w  i iypc B I?. Vniih. Germmyt in w,,plcr 

samples i150-250 mli were incubxed over j d y  dt ?0'C I" 
bath and the 0: demand 1.' wax recorded directl!. u.4g 

Simple 2nd multiple regressions for rvaluaiing the roll 
water panmeleers which mighr influencr the mwobial  S:O 
were camed oui with ihc SPSS for Window Release 5.0! 

Results 

Figure 3 compares the nitrate contents at the 
pling sites with the N,O surface fluxes. N,O was 
by a l l  the cropping systems studied and the domestic 
waste water treatment plant units. The cropping systems 
zleased mean arnoun6 of 0.08. 0.14. 0.22 

fying and denitrifying tanks released mean amounis of 1.0, 
19.5 and 0.5 mg N z 0  m-' h-' (Fig. 3E-G). respectively 
The highest NzO fluxes in the cropping systems occurre 
in the plorq fen i l i r e r l  w/!h ! I n  kg !! h2-I y ~ x - '  z:< .kik- 
maize in the rotation (Fig. 3C). In the waste water treat. 
ment plant the highest N'O releases occurred in the nihfi. 
cation tank (Fig. 3F). As frequently observed wifh field 
data. the correlations between soil or waste water n i n e  
and N20 emissions were relatively poor. A positive come. 

for the field site which received no mineral nitrogen fenili. 4 lation significant at the 95% probability level was foun 

zation (Fig. 3 D) and in the aerated tank which receives ni- 
trogen almost exclusively in organic form or as NH,'. Tne 
correlation coefficients for the cropping systems (Fig. 3A-  
D). in particular. but also for the waste water treatment 
plant (Fig. 3 E-G) suggest that decreasing N-fertilization 
or N-inputs improves the positive relationship. 

Figure 4 compares the water-soluble or available car- 
bon contents at the N1O-smpling sites with the N 2 0  sur- 
face tluxes. In contrast IO nitrate (Fie. 3 )  (he correlation 
coefficients were generally negative. The cropping system 
with vicia /aha in the rotation and fenilized wifh 
80 kg N ha.' year.' showed a significant negative c o d a -  
lion (Fig. 4A). T h i s  significant correlation. supponed by 
the others. obviously show that with increasing amounu 
of available carbon the N,O emissions are lowered. 

The water-soluble carbon- or BOD:-to-nirraie ratios a[ 
the N,O-sampling sites are compared with the N2O SUP 

face tluxes in Fig. 5. A signiticant negative correlation i s  
shown by the croppin: hysiem fenilized with 110 kg 
ha.' year-' and Vici<i /dw t n  the rotation (Fig. 3 BI and by 
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0.13 mg N 2 0  m-2 h-' (Fig. 3A-D) and the aerated. 
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[he aerated tank (Fig. SE). From Fig. 5 8 .  E as well as 
tentatively from the other investigated cropping and waste 
$\Jter systems. i t  can be concluded that the wider the car- 
'.,?-tn-nirrate ratio the lower the N20 fluxes. This sug- 
:.'~t\ that [he cropping and waste water treatment systems 
idn be potential N1O sinks if organic carbon availability i s  

high compared to nitrate. Water-soluble carbon-to-nitrate 
ratios above 60 in the cropping systems and BODS-to-ni. 
trate ratios above 600-800 in the waste water Ireatmenl 
systems generally correspond to decreasing N 2 0  emis. 
sions. 
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Table I shows the amounts of  N?O trapped during Feh. 
ru:IT1/ to July I994 i n  the soil bodies of  the cropping sy*- 
l r i t i s  M3 I80 kg N ha-' year-') and K 2  (no N-ieniliza. 
lion) down 10 LI depth o f  YO an. Despite an unknoun 
illiiounl 01' N?O which might he l o s t  [(I the xlitio\phere 
during the Iransfer of the soil s i~~nplcs irolt1 the ;tufer IO 

the Erlenmeysr tlasks. the iollowin: conclusions can be 
d r w n  irom Table I. Firs[. both croppin: systems Cover 
.tzniriantl! diiierent aniount. o i  Y:O in their soil bodies. 
Th? r<t;lined N 2 0  iiinoui11\ o f  [he v u i x i 1  M 3 itre about 
time. hishsr that1 rh (w  iroiu the ur i i i i i t  K 2 .  Secondly. In 
h>th Lrupptng s y w i ~ i ~  the Iitshr.>t m i o u n t h  (11' NZO In 
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(;:. 3.4-C Nilmur oxide sur- 
, , ,Lh' 11u\e1 from different crop- 
I',t,f , y m n s  and the acrated. ni- 
, r , ~ ! ~ n g  and denitrifying tanks of 
,I,<, nxtc water treatment plan1 
,,, Ci&n. Germany. in cornpar% 
~,,I 1 0  ihc water-soluble carton 
.,, !hilnfic.d oxygen demand 
iii ~I).i.io-nitnte ratio. For le- 
::.'~! ~ c c  Fig. 3 
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111e 0- to 30-cm soil layer. Third. in the deeper zoil layers 
' 'l'-hn cm and 60-90 mi) the amounts of N1O are slill 
. ' +.!crahle. This NIO formation seems 10 be restricted 10 
b ' l ~ : i l l ~ ' l  periods during the cropping season. 

D ~ ~ ~ ~ ~ G ~ ~  

The data presented show that the N>O en l i4ons  from 
soils and waste waters seem 10 depend predontin;tntly on 
the carbon-to-nitrate ratio. In some of the cropping and 
waste water systems studied i t  was even found that N?O 



release was highly affected by the availability of both car- 
bon and nitrate. The various N:O-iorming processes 
(Fig. I )  can occur simultaneously in soil nggregates and 
sewage sludge flocculates. even i f  the soils and waste 
water are well aerated. Most of these ?I,O-forming pro- 
cesses need available carbon as the electron donator and 
nitrate or nitrite as the electron acceptor. In the presence 
of oxygen. the availability o f  carbon and nitrate i s  gener- 
ally improved. In reverse. oxygen diffuses more slowly 
than nitrate into the inner parts of the soil aggregates or 
sewage flocculates. Consequently. instead nf 02, nifrate 
and nitrite are preferentially used as e--acceptors for en- 
ergy conservation and N20 may be formed. N,O can now 
diffuse into the atmosphere o f  i s  dissimilated into N2 by 
acting as the e--acceptor. Depending on the nitrate-to-car- 
bon ratio more or less N, wi l l  be released during denitrifi- 
cation. I n  this context. i t  is not surprising that the NzO re- 
lease from the well-aerated nitrification tank is about 40 
times higher than from the un-aerated denitrification tank. 
2hizpic <Fig>. 3- jE i  as weii as muitipie correiations k- 
tween the spatially and temporally highly variable in situ 
N 2 0  emissions and factors such as water-soluble carbon 
(CH:0). BOD,. NOT. NO: concentrations and pol. tem- 
perature and p H  showed that in the aerated tank N20 in- 
creased with NO; and NO; concentration as well as with 
the pH. but remained nearly unaffected by changes in PO?. 
temperacure and CH.0 or BOD5 (Sumer et al. 1995. 1996). 
Nitrite and nitrate has been identified as one of the proxi- 
mal controls in the denitrification of nitrifiers (Blackmer et 
al. 1980: Bock et al. 1988: Tonoso and Hutchinson 1990: 
Robenson and Kuenen 1991: Hooper et 31. 1990: Mosier 
and Schimel 1993: Sumer et al. 1996) and in the hetero- 
trophic denitrification process (Tiedje 1988: Benckiser 
1994: Ottow and Benckiser 1994). In well-aerated topsoils 
and waste water treatment systems N,0 emission should 
be ascribed essentially to nitrification-denitrification rather 
than heterotrophic denitrification. At reduced oxygen pres- 
sue the ammonium and nitrite oxidizers of the genera Ni- 
rrosornonas and Nifrobacrer are able to use organic com- 
pounds and/or NH; for supplying reduction equivalents. 
With nitrite and/or nitrate as electron acceptors in order to 
continue their energy conservation (Korner et  al. 1993: Sii- 
mer et al. 1995; Bock et 81. 1995). 

NH;+NO;-N:+2HzO DGo = -360kJmol- '  (I) 

This alternative strategy of nitrifiers o f  coniinuing ATP 
synthesis by using part of their own end products o f  aero- 
bic metabolism at reduced oxygen supply may Inake a 
considerable to temporary contribution to the N,O emis- 
sions from topsoils or wasie water tanks. If more sophisti- 
cated biological waste water purification plants are in- 
stalled world wide in the next 10-30 years. nitrate pollu- 
tion and eutrophication of our waters wi l l  be reduced but 
iis a side effect the global contribution of w:iste water puri- 
t icxion plants to the atmospheric N20 budget might be in- 
creased. At present the NzO concentr3tion in the atmo- 
sphere is increasing by i).?-O.3% annually (Papen and Sr i -  
ler 19911, An annual incrcase of 0 . 3 %  correspond5 to ;in 

additional amount of 3.5 Tf N:O-S ! e l r e '  on 3 

scale. The amounts of N?O released irnni terrestrial e c ~  
systems (agricultural soils. grassland and iorests) on a 
bal scale have been budget at ca. 5 Tg :I-' and from G ~ ~ .  
many in the ranee of 0.075 Tg year-' IDavidson 199~ ;  
Dritter Bericht der Enquete-Kommision lYY4). The aerated 
tank and the nitrification-denitrific~tion units (Fig. 2 )  re. 
lease about O.Wl% N or 0.04% N. respectively. i f  x 2 0 . ~  
i s  expressed as a percentage o f  the total amount o i  N re. 
ceived (Figs. 3-5E-G: Linn et al. 1995: Sumer et a], 
1995. 1996). German waste u'ater treatment plants receive 
N-inputs from 1 6 1 ~ 1 0 ~  inhabitant-equi\.alents. Based on 
the above N20 percentage and the inhabitant-equi\,alentl, 
and considering that a l l  German %3ste (mer  treatment 
plants are equipped with N-elimination units (Fig. 2 ) .  the 
N2O emission wi l l  increase from about 7 \lg N?O yea" 
(roughly estimated from the data of the aerated tank: s". 
mer et al. 1995a) to about 350 Mg N1O year-' (.roughly 
estimated from the data of the nitrification-denitrificatio" 
tank: Linn et al. 1995). Compared to the estimates of total 
German anthropogenic NzO emissions (206-276 Gg N20 
year-'). these amounts of NzO. should be considered insig- 
nificant. In view of the characteristics of NZO that i t  is 
trapped in considerable amounts .in the soil (Table I; 
Weiske et al. 1995) and waste water (Linn et al. 1995) as 
well as being characterized by an atmospheric lifetime of 
about 100-200 years and a relatively high potential for IR 
adsorption, this trace gas should not be underestimated 
(Sumer et al. 1996). Our measurements of trapped N,0 
are based on soil samples taken with an auger (Table I). 
Compared with the amounts of dissolved S:O. determined 
in  soil solutions drawn up in 3 southeastem hardwood for- 
est (USA) using high-flow porous cups (0.07qa. 
8 pg N20-N I-': Davidson and Swank 19901. the amountr 
of N20 trapped in the soil body (76 mp S:O-N If in the 
K2 plots. which received no mineral N-fertilizer. 
74.6 mg N20 I-' in the M3 plots. \\hich received 
80 kg ha-' year-') are approximately 10:-IOJ times high- 
er. The quantities of  N 2 0  trapped in the soil seem to de- 
pend on fertilization. seasonal constraint5 :ind soil depth. 
Subsoils have a potential for N:O production which 
should be not neglected (Lehn-Reiser et 31. 1991). In 
phreatic aerobic aquifers. nitrate enriched h! diposal of hu- 
man and animal wastes. the N:O conceiitrations are up 10 
3 orders of magnitude higher than the c.oiicentrations ex- 
pected as a result of equilibrium with the ;iiinosphere (RO- 

nen et al. 1988). This N,0 .  which ma! be entrapped in 
soil aggregates (Kemper et 31. 19x51. di\\olved in the soil 
water (Minami 19871 or sorbed on clay i ~ i ~ i i e r a l s  2nd Or- 
ganic substances (Hazzard et al. I Y X I :  Chalamet 1990) 
may dissimilated to N2 ;ind/or r e l e n d  mnewhere 21 

some future time into the i~iinosph~rc. potc.iitia11y incres- 
ing the hazardous greenhouse effect. 
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!!, ; ,i mi. ~ g ~ u l t u n l  Erwriment.d Station. University of  G i e k n l  
. ,: : ) , ) , I  IC,; K \liehe1 and H. Simon t Waste Watcr Treatment Plant. 

<', , ._. I . , I  tlv thcir wppon with [he field measurcmenrn. T h i s  mvertiga- 
.,,:, \\.,. .uppond by a research grant from [he "Okologische Zu- 
... . . , , . ~ , ~ ~ ~ h u n y ' '  Project of the German Fedenl Statc of Hesrcn to 

: O I ! , ~  whom wc would like to thank for his generosity and 
....,,, I ih.ti uc received from him during our time in his research .. . :  

. .  

References 

\:.,,,, < c d a  \1NI. Oitow JCC 119851 Effcct of increasing oxygen 
.,~wr.titrxion on total denitrification and nitrous oxide release 
[,,,II~ wil by different bacteria. Biol Fcnil Soils 1:31-38 

~ ; , . , , ~ h ~ w  C 11994) Relationships between field-measured deniuifica- 
, 111~ ,  IOISCS. C 0 2  formation and diffusional constrains. Soil Biol 
i h d w m  ?6:89 1-899 

I;,.,\{I.O G. S immata  T 11994) Environmental impact of fcniliring 
..., I. h! using sewage and animal wastes. Fen Res 37:l-22 

!:, . .:I G. Syring KM. Gaus G. Haidcr K. Saucrbcck D (19871 De- 
,:.,~iion losscs from an lnccptisol field treated with mineral 

' . : : I I I ~  or sewage sludge. 2 Pnanzcncrnachr Bodenkd 150241- 
..> 

i ; . ~ ~ . b c r  C. L o c h  HI. Onow JCG (19951 Quantification of total dc- 
>ii i i i l icxion losxs from undisturbed field soils by thc aceiylene 
iiiliihilian iechniquc. In: Alef K. Nannipieri P (cds) Methods in 
.Ippi~cd microbiology and biochcmisvy. Academic h s s .  London. 
1\11 473478 

lil.,. 'h~~wr AM. Bremncr JM. Schmidt EL (19801 F'rcduction o f  ni- 
/a1~w mide by ammonium-oxidizing chcmoautomphic m i c m r -  

! i  ' . WJerer PA, Freitag A (1988) Growth of Nimbaclcr in the 

I, .... i.. Schmidt I,  Stlvcn R. Zan D (1995) N imgcn  loss caused by 
.imiri iying .V;rmrornonar cells using ammonium or hydrogen s 
id~i ' lmn donon and nitrite as clcctron acccpton. Arch Microbiol 
I I,.:: 16-20 

11~hh,#J JR. Brcmncr JM (19751 Relationship betwcen the deniuifica- 
IAW upacitier of so!Is and total water-solublc readily dccomposa- 
!'IC \otI organic mailer. Soil Biol Biochcm 7:389-394 

, I:.d.mw .A I19901 Source and sink mechanisms relatcd to deniuifica- 
.',VI 8iiexuremeni. Miltlgn Drsch Bodenkdl Gescllsch W65-72 

..,#I E.4 11991) Fluxes of nitrous oxide from tcmsuial ecosys- 
hi Rogers JE. Whiiman WB (edsl Microbial production 

..uiiumptian of greenhousc gases: methanc. nitrous oxides 
. , : ) t !  h:!lomethancs. Am Soc Microbiol. Washington. Dc. pp 219- 

1 ~ ~ : I I L ' I  Bcricht der Enquere-Kommission 119941 Schutz dcr Erdarmo- 
v l w e .  Econmica Verlng. DS 12l8.350. Sachgcbict 2129. pp 71-88 

Ih,,.d JH. Gorga JC. Gaughcy WS (1985) Determmaiion o f  mer- 
l l l i ' l ~c  molecule environments bv infnrcd s~cctroscoov. I1 Multiolc 

~, 

mi in soil. Appl Envimn Micmbiol 40:10W-1061 

of dissolved oxygen. Water Rcs 22245-250 

~ . .  .. 

. I  

~ I I U ~  lor niimus oridc in proteins. lipids and brain lissue. Arch 
ih>dhem Btophyr 240:747-756 
:x: A B .  .Arcicro DM. DiSpirito AA. Fuchs 1. Johnson M. LaQu- 

r. \lunJfrom G. McTavirh H (1990) Pmduclion of nilrile and 
b lhc ammonia-oxidizing nitrificrr. In: Gresnhoff PM. Roih 

' 1  

h i  

becken der Klarmlagr CieBcn i n  AbhlnggAclI \ o n  den shcmb\ch. 
physikalirchen Ab~.nsierelgcnrchaitren. VDLCF.4 Schniir 3Y: 
595-598 

Lorch H-J (1993) Mikrobiolagirche Chmkrensiemny und StotYum- 
satz dcr einzclncn Reinigungsstuien venchiedener beluttetcr .Ab- 
warrencichanlagcn im landlichen Raum. Habilitalionrschriit. Jus- 
cur-Liebig University G i e k n  

Manikaincn PI. De Boer W I19931 Nitrous oxide prduction and ni- 
trification in an acidic soil from a Duich coniferous forest. Sail 
Biol Biochcm 25:343-347 

Minami K 11987) Emission of nttrous oxide t.N20i dissolved m d n i -  
nagc water from agroecosyslcmr. I Agr Res Quat 71:22-27 

Moraghan JG. Burcrh RJ (1977) Corrccuan for dissolved nitrous 
oxide in  nitrogen studies. Soil Sci Soc Am J 41:1?01-1203 

Mosier AR. Schimcl DS (19931 Nitrification and denitrification. In: 
Knowlcs R. Blackbum TH (edsl Nitrogen isorope techniques. 
Academic Press. London. pp 181-208 

Myrold DD. Ticdje JM (1985) Establishment of denitrification cnpa. 
city in soil: Effecu of carbon. nitrate and moisture canienr. Soil 
B i d  Biochcm 17319422 

Navone R (19641 Proposed method for nitratc in poiable waters. J 
Am Water Works A s r a  56781-783 

Ottow JCG (1992) Dcniuifikauon. cine kalkulierbarc GraDe in dcr 
StickrloRbilanr yon BMen? Wasxr und Boden 9578-581 

Otlow JCG. Glathe H (19731 Pcdahcmic und Pedomikrobiologic hy- 
dromorphcr Baden: Mcrkmalc. Voraurserrungcn und Unachcn der 
Eisenreduktion. Chem Erde 32:144 

Ottow JCG. Benckiser G (1994) Effect of ecological conditions on to- 
tal deniuificaiion and NIO release from soils. Nova Acta Lcopol- 
dina 288:25 1-262 

Papcn H. Scilcr W (1994) Treibhauseffect. der Beimg der Land- 
w imhaf t .  h i s  Natunv Biol 43:17-21 

Roknson LA. Kuencn JG (1991) Physiology of  nitrifying and dcni- 
lrifying bacteria. In: Rogers JE. Whiteman WP (e&) Microbial 
production and consumption of greenhousc gases: Methanc. n i m -  
gcn oxides and halomcthancs. A m  Soc Microbiol. Washington 
DC. pp 189-199 

Ronen D. Mag*= M. Almon E (1988) Contaminated aquifiers are a 
forgotten componenl of the global N,O budget. Nature (London) 
33557-59 

Scharpf HC. Wehmann J (1976) Die Bcdeurung des Mincralstick- 
Stoffvonatcs dcs Bodcns zu Vegctaiionsbcginn fur die Bemersung 
der N-Diingung zu Winterwcilcn. Landwinsch Fonch 32: 1132-1 I4 

Schwarr J. Kapp M. Benckiser G. Oiiow JCG (19931 Evaluation of 
denitrification losscs by the acetylene inhibiiion technique in a 
permancnt ryegrass field (Lolium perrnnr fenilizcd with animal 
rlvny or ammonium nitrate. B i d  Fend Sails 18:327-333 

Simarmata T. Bcnckiser G. Otlow JCC (1993) Effect of  an increasing 
carbon:nitrate-N ratio on the reliability of acctylcne in blocking 
the N,O-reducrasc activity of denitrifying bactcria in soil. B i d  
Fenil Sails 15:107-112 

Sumcr E. Wcirke A.  Bcnckiscr C.  Ottow JCC 119951 Influence of en- 
vironmental condiiions on the amount of N20 released from acii- 
vated sludge in a domestic Wil l ie  watcr treatment plant. Experen. 
tiil 5 W 1 9 4 2 2  

Sumcr E. Benckiscr G. Oilow JCG 119961 Lachgas (N:O)-Freiret- 
rung >us Belcbungrbccken von KlSranlagcn i n  Abhongigkeii YO" 

den Abwasrereigcnrchafien. In: Lemmer H. Criebe T. Flemming 
HC l r d r )  Mikrobicllc Okolagie der Abwasers. Spnnger. Bcrlio 
Heidclbcrg New York. pp 193-21Y 

Tiedjc JM I IY8R) Ecology of dcnitnficaiion and dirrimilxor). nitrate 
reduction to ammonium. In: Zchndcr AJB led! Biology of anarro- 
hie microorgmirmr. John Wiley and Sons. New York. pp 179- 
213 

Tonoso AC. Huchinron CL 11990) Contribution of autotrophic and 
hctcmirophic niir i l ien to soil NO and K20 emissions. Appl Envir- 
on Microbid 56:179V-IROS 

W e A e  A. Bcnckiser C.  Ottnw JCG I IVY51 QumiliLleNng bun ge- 
lbstem Lachgar 1N:O) m Abwarrrr. Biiden und Kmnpo\i. VDLU. 
FA Schrifrr 39:6234?6 

Wiuhi H. Beicr M ( 19Y5) N2O-En!irrianrn :tu\ niirilirierenden und 
Jcniirilizicrcnden Kl;lranlagcn. Kiirrur Ahwa\\er 42:41)5-l I3 



MID WEST RESEARCH INSTITUTE 

Project/Acct. No. &* -04 Dote/Time 4/97 Phone Contact 0 
:Iize ANI, AP-42 Meeting Notes 0 

&PCCWIP 49 Fmrr<to- %for &f c * / a h o m s  Work Sheet 23- . .  Project Title 6 %  

Signature * I& ktwcxa Verified by 
(signature/date) Page - of - 

---- ..... ..--- ...-..--.. .. 

'I . . . .  

i &I ..... * . . ~  .--. ... 
............. .A. -.- - .-- 
_I- ........................ / , . ' I  

. . . .  .;LA---- 

,..~ --..,,.. ... _-__, 
. ,  , ,  

. . . . . . .  ....... 
.......... -___-_..... . 

, ,  , 

I 
I 
a 
I 
P 
I 
I I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
11 


