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ABSTRACT 

Flyaa, Colieen Philomena. M.Sc., The University of Manitoba, May, 1997. 

The Fate o f  Nitrate in Soi1 Treated with Bol  Manure. Major Profasor; C. M. Cho. 

Hog production is becoming an increasingly important component of agriculture in 

Manitoba The investigation of the fate of manure nitrogen after the application of hog 

manure was composed of three main components; a field study, a laboratory study and a 

mathematical modei. The field study examined N0,'distributions in the soi1 profile to a 

depth of 3 m on an Emerson siity clay loam and a Poppieton loamy sand. The effects of 

precipitation and irrigation wereconsidered in the analysis and interpretation of NO,' 

distribution. 

Nitrate levels were highest at the surface and decreased with depth. The addition 

of water, through irrigation or precipitation, resulted in leachhg or disappearance of NO, 

through denitrification. Nitrate levels that exceeded the Canadian drinkùig water 

guidelines were found in the groundwater at the Poppleton site, suggesting that caution 

should be exercised in the application of N containing fertilizers and hog manure on 

sandy soils. Manitoba guidelines for manure applications need to be refined and caution 

should be exercised, particularly on coarse textured soils. 

In the laboratory study, nitrate disappearance rates in the Emerson and Poppleton 

soils were exarnined as denitrification is one of the most significant ways that NO,' is lost 

iv a 



from the soi1 system. Denitrification intensities of the two mils in saturated anaerobic 

environrnents were examined with respect to depth, temperature and matment. 

Resuits fiom the laboratory study indicated that the disappearance rates of NO; 

were a function of temperahue and soii depth. The rate was shown to be highest at the 

higher temperature. However, under constant temperature, the NO,- disappearance rate 

was highest at the surface and decreased with soi1 depth. The magnitudes of the rates for 

N disappearance of surface samples were similar between the Emerson and the Poppieton 

soils, with slightiy higher values for the Emerson soil. However, as the soil depth 

increased, the NO; disappearance rate decreased with a much greater rate in the 

Poppleton sand than with the Emerson silty clay Loam. 

The mode1 incorporated field values such as moisture contents and bulk densities 

and laboratory determined NO; disappearance rates, to estimate the aerobic-anaerobic 

boundary and hence NO; stabi1i.t~ in the profile under various conditions. Transient state 

oxygen concentration distributions were also calculated in order to determine the effect 

that a rainfall event would have on the stability of NO,'. 

nie depth of the aerobic boundary and the oxygen consumption rates of 

microorganisms at the boundary were found to be important in controlling the stability of 

NO,-. In general, oxygen penetrated to a greater depth in the sand profile than the silty 

clay loam profile, except when the moistue content of the sand was extremely high. 

Imgated profiles, which were higher in moisture contents had shallower aerobic 

boundaries as opposed to non-imgated profiles. 
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CHAI'TER 1 

INTRODUCTION 

Farmers in Manitoba currently apply manure to fields as both a means of disposai 

and as a fertilizer. Intensifieci hog operations that are increasing in number throughout 

Manitoba wiil increase the amount of rnanure that will be produced in the province and 

therefore more information on how to deal with increased quatltities of manure will have 

to be considered. Land application of animal maure is generally the rnost economical 

and environmentally acceptable means of disposal while dowing the reuse of nutrients 

present in the manure. Hog manure is an excellent fertilizer which poses environmental 

nsks only when mismaaaged. In fact when manure is properly used, it not only provides 

nutrients to the crop, but im~roves soil tilth and increases soil organic matter. However, 

if manure is applied in excess, some of its components such as N, P, soluble salts and 

micro-nutrients can pollute soil and water lowering crop performance and in severe cases 

lowering soi1 productivity. Health of Uifant children and livestock may be adversely 

impacted by consuming groundwater bigh in nitrate. Thus, one of the problems that 

agriculture in Manitoba currently faces, is the disposal of an increasing amount of animal 

manure while maintaining crop yields as well as soil and water quality. 

The main objective of this study was to examine the fate of nitrate in the soi1 and 

groundwater afier the application of hog manure. To achieve both agriculiural and 

environmental sustainability, studies such as this can help refine manure management 

guidelines ensuring that manure loading rates optimize nutnent use and minimize 



potential groundwater contamination. ln order to determùie appropnate application rates, 

it is necessary to examuie the potential fates of the manure nitrogen UicIuduig: crop 

uptake, immobilization, rnobillzation, ammonia volatilkation, nitrification, nitrate 

leaching and denitrification, 

In order to carry out the objective, the study consisted of three main components; 

a field study, a Iaboratory study, and the use of a mathematical model. The field portion 

of the expriment examined the distribution of NOi in the soil profile after the 

application of hog manure on an Emerson silty clay loam and a Poppleton loamy saad. 

Two irrigation events which simulated 4 cm of precipitation were also initiated at two 

different times in the summer in order to see how NO,' distribution in the profile was 

affected. The Iaboratory portion of the study examined the denitrification intensity of 

both the sand and the clay with respect to depth, treatment and temperature. Four 

different depths, to a depth of 120 cm and temperatures of 7S°C and 15OC were 

examined in the laboratory. The final component of the study involveci utilinng a 

mathematicai model which incorporated values fiom both the field study and the 

laboratory study in order to detemine the steady state oxygen distribution profile based 

on a mass balance equation at various soil temperatures and moisture contents. The 

steady state oxygen distribution profile would indicate the stability of NO, in both the 

Emerson silty clay loam and the Poppleton sand profile. Transient state oxygen 

concentration distributions fiorn one rnoisture content to another were also caiculated in 

the model in order to determine the effect that a rainfàll event would have on the stabiiity 

of NO,' in the soi1 profile. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Manitoba Pork Production 

Since the mid-1980's thgre has been a restructuring of the iivestock industry in 

Manitoba and the most remarkable change in the livestock industry has occurred in the 

swine indu*. The basic sow herd has doubled and the number of frnished animals has 

more than doubled (Dickson 1996). Canada tanks 13Ih in the world for hog production 

and it is the fourth larges exporter of pork products. in fact in 1993, Manitoba accounted 

for 25 % of Canada's hog production. The fm value of the hog Iivestock production 

was 50 million in 197 1 and in 1993 it was close to 300 million (Manitoba Pork 1994)- 

Data in Table 2.1 illustrates that fiom 1988-1994 the number of hogs in Manitoba have 

increased nom 1 .O7 x 1 O6 hogs to 1 -6 1 x 1 O6 hogs (Manitoba Agriculture 1 994). 

Manitoba's hog production has doubled over the past 12 years and it is expected to 

double again by the year 2000 (Manitoba Pork 1994), resulting in larger hog operations 

on srnaller landbases, 

Continued increases in hog production will need to address the problems of 

increased quantities of manure so that producers may maintain a healthy and sustainable 

agricultural system. In particular, land application of manure as a fertilizer, the 

composition of manure, NO,- distributions in the soi1 profile and the various fates of 



maure nitrogen as a result of the application of hog manure will have to be examined in 

Ta bIe 2.1 Trends in Livcstock Population2. 

Livestock Numbersl 

Total Cattle 1115 1075 1 IO9 1167 1238 1340 

Total Hogs IO71 1221 1287 1434 1440 1618 

1 Numbers of animals are in thousands 
2 Modified fkorn, (Manitoba Agriculture 1994) 

2.2 Land Application of Manure as a Fertilizer 

Agricuiturai speciaiization has resulted in larger livestock operations on smaller 

landbases ieading to the production of excessive quantities of manure nitrogen which 

exceed the needs of the associated landbase. Therefore, many livestock producers have 

considered manure a liability rather than a resource (Sommerfeldt et al. 1 98 8; Smith and 

Charnben 1993) as storage and transportation of manure is very expensive (Wilkinson 

1979; Freeze and Sommerfeldt 1985). The "break-even hauling distance" or the costs 

associated with ~ransportation versus the reduction in costs for inorganic fertilizers was 

determined to be 1 5 km (Freeze and Sommerfetdt 1 985). However, Wilkinson ( 1979) 

concluded that in many situations replacement fertilizer value of manure cm exceed 

waste management cos& which can in tum change manure fiom a waste to a resource. 

The main merits of utilizing manure on agrïcultural land as a fertilizer include: the 

plant nutrient value of the manure (Berna1 and Roig 1993% Campbell et al. 1986; 



Kirchmann and Witter 1992) which could supplement and thus cut the cost of inorganic 

fertilizer (Haynes 1984; Sutton 1994), the improvement soil physical properties 

(Sommerfeldt and Chang 1985, 1987), increased soi1 orgaaic matter (Oubetz et al. L975; 

Khaleel et al. 1 98 1 ; Sweeten and Mathers 1985; Donnaar et al. 1 988; SommerfeIdt et al. 

1 98 8) and improvement of crop yield (Dubetz et ai. 1975; Campbell et al. 1 986; Freeze 

and Sommerfeldt 1985; Jokela 1992). Manure has aiso proven invaluable in restoration 

of severely eroded soils (Dormaar and Sommerfeldt 1986; Dorrnaar et al. 1988). in fact 

the improved physicochemical properties that occur on some manure treated soils may 

be as  important ifnot more important than the actual nutrient composition of the rnanure. 

However, when using hog manure as a fertilizer, negative influences on soil 

characteristics or contamination of groundwater must also be considered. It has been 

shown that excessive application rates result in the contamination of soiland groundwater 

(Power and Shepers 1989; Reneâu et al. 1990; Racz 1993; Eghball and Power 1994; 

Chang et al. 199 1 ; Chang and Entz 1996). Determining application rates which match 

crop nutrient requirements are diEcult to predict due to the heterogeneous nature of the 

manure and the contribution of avaïlable N fiom the organic fiaction of the manure. Thus 

the fate of manure N is even iess predictable than iwrganic fertilizers. Some studies have 

shown that manure treated soils can yield Iower (Hoyt and Rice 1 977; Beauchamp 1983) 

or about the same as soils treated with commercial fertilizer (Mathers and Stewart 1974; 

Dormaar et al. 1988; Mackay et al. 1989; Motavalli et al. 1989). 

The specific nutrient content and therefore fertilizer value of manure is difficult to 

predict. Burton ( 1 996) estimated that approximately 18 million tons of rnanure are 

produced annually by Manitoba's livestock population. The fertilizer value of the 



manure for ai1 types of animais produced annually in Manitoba for nitrogen, phosphorous 

and potassium was then estimated at 126 x 1 06, 20 x 1 O6 and 45 x 10' kg yr-' . 
respectively (Burton 1996). However if only hogs were considered the nitrogen, 

phosphorus and potassium values wouid be estimated at 18 x I 0: 2 . 9 ~  1 O6 and 5 . 7 ~  1 O7 kg 

yi' respectively (Burton 1996). These esthates are based upon 1993 census data 

reported in the Manitoba Agriculture Yearbook (Manitoba Agriculture 1993). The 

numbers of animals reported in this ceosus were used to calculate total manure output, 

organic nitmgen output, total phosphorus output and total potassium output using 

"typicai" daily production values cited by the American Society of Agriculturai 

Engineers (ASAE 1993). From the estimated fertilizer values based on dl of the animal 

maure types, Ewanek (1 996) estirnated that, using 1995 fa11 fertilizer prices, the annual 

value of manure produced in Manitoba was in the order of 13 1 million dollars. The 

estimated mual  value of fertilkr applied to Manitoba's fields is about 286 million 

dollars (Ewanek 1996). Therefore it is obvious that, manure is a potentially valuable 

resource which could supplement Manitoba famier' s inorganic fertilizer and improve soi1 

qualities when used properly. 

2.3 Nutrient Content of Manure 

The composition of the rnanure can Vary depending on the animals age. the feed 

type and the manure management system (including animal housing, handling, storage 

and method and timing of application) (Haynes 1984; Burton and Beauchamp 1986; 

Berna1 et al. 1993; Smith and Chambers 1993). On average 70-75 % of the ingested N is 

excreted in animal maure (Baldwin 1982). When considering the fertilizer value of hog 

manure the most important nutrient characteristics include nitrogen and phosphorous, 



however hog maure also contains minerals such as potassium, sulfur and various other 

micronutnents. The ultimate fate of these nutrients depends to a large degree on the 

quantities of nutrients in manure and how these nutrients react within the soil 

environment, 

23.1 Nitrogen 

Nitrogen is of major importance as a nutrient because it intluences crop yield and 

protein content. The nutrient aaalysis of rnanure N is nomaily in the range of 2-8 % 

nitrogen on a dry matter b a i s  (Haynes 1984) and exists in one of two foms; organic N 

and inorganic N. The form determines how readiiy the nitrogen is available for crop 

uptake. The inorganic form of nitmgen in manure consists predorninantly of ammonium 

nitrogen as well as very smalI quantities of nitrate nitrogen depending on whether the 

rnanure has been stored under aerobic or anaerobic conditions prïor to land application. 

The portion of N present as ammoniacal N in manure varies fiom L O % in solid 

"farmyard" manure to 50-75 % in liquid cattle maoure and liquid poultry manure 

(Beauchamp 1 983) and 50-70 % in hog manure (Kirchmann and Witter 1992). The 

remainder of the N in manure occurs as organic N which is composed of proteins and 

other organic compounds and is not available to the crop until it is mineralized. The rate 

at which this occun varies depending on soil conditions and not al1 of the organic N will 

become available in the first year of application. 

Nitrogen in manure is also of great importance due to the potential environmental 

impacts which it c m  cause. Nitrogen in the ammoniacal form is subject to volatilization 

(Beauchamp 1 98 3; O' Halloran 1 993) and hence air pollution whereas ni trogen in the 

NO,' form is subject to leaching to gmundwater (Chang and Entz 1996). Another 



consideration is that under reducing conditions NO; can be denitrified. One of the 

products, -0, contributes to possible global warming and depletion of ozone in the 

stratosphere (Cmtzen and Enhalt 1977; Kinzig and SocoIow 1994). 

23.2 Phosphorus 

Phosphorus in hog manure exists in both a readily available (ïnorganic) form and 

a non readily available (organic) form (Bernd et al. 1993). The organic phosphorus can 

undergo mineraiization via soil bacteria to convert the hction to an inorganic form. The 

amount of  P in manures nonndy range f i m  0.2-0.9 % on a dry matter basis (Haynes 

1984). Inorganic phosphorus is generaiiy w t  mobile in the soil. in Manitoba where 

agricultural soiIs are predorninantiy calcareous, the calcium and magnesium in the soi1 

react with phosphorus rendering it immobile. However, phosphorus may be one of the 

more important elements limiting long-terrn manure application (McCalla 1974; Miller 

1 992) because after phosphorus saturates the fixing capacity of the soil, it can become 

mobile and contaminate ground and surface waters. Although applications of manure are 

usudly based on rates that meet crop N requirements, studies have shown that this 

practice can result in the overapplication of P and K causing nutrient imbalances in the 

soil (Shapley et al. 1994. Sutton 1994). 

2.3.3 Potassium 

Potassium in manure is water soluble and immediately available for crop 

production (Berna1 et al. 1993). Manure anatysis normally shows that the arnount of K 

on a dry matter basis ranges from 1-4% (Haynes 1984). Although in the majority of 

cases potassium levels in manure do not pose a major problem, Berna1 et al. (1 993) stated 

that potassium leaching is possible in sandy soils with low cation exchange capacities. 

8 



2.3.4 Micronutrients and Salts 

Manure contains rnicronutrients such as iron (Fe), copper (Cu). manganese (Mn), 

zinc (Zn), bomn (B), and chioride (CI). Overapplication or  Long term application of 

manure may result in elevated levels of micronutrients in the soii and this couid have a 

negative impact on the environment. Bemd et al. (1993) determined that copper toxicity 

could occur after repeated applications of hog manure. However, Bemal et al. (1993) 

also determined that micronutrients such as Fe, Mn, Cu and Zn fiom pjg slurries were 

usually Ïmmobilized in calcareous soiis and this was attributed to the high pH and the 

srnall amount of organic matter in both the slurries and the soils tested. Micronutrients in 

manure have aiso been shown to improve soi1 quality upon application by correcting soif 

zinc deficiencies (McCalla 1974; Haynes 1984). 

Salts such as sodium and potassium are present in manures and these can cause a 

pro b lem when high application iates of manure are used (McCalla 1974; Sweeten and 

Mathers 1985; Power and Shepers, 1989; Chang et al. 1990). 

2.4 Nitrate Distributions in the Soi1 Profile 

Although problems of NO, accumulation and leachuig fiom animal manures 

should not occur in Manitoba due to the large landbase available for utilization of 

manures (Dickson 1 W6), .some studies (Ewanek 1 995) have iliustrated that potentid 

problems due to overapplication do exist. In 1992, 1993, and 1994, Manitoba Agriculture 

surveyed 84 fields which received manure on a regular basis. Forty six of the fields had 

NO,- levels in excess of 160 kg ha-' in the top 1.2 m of the profile and this was considered 

too high. In 26 of the fields. NO, had moved below 1.2 m. Thus, these results indicated 



that nitrates had built up in the soil and moved down the profile raising concem about the 

potentia1 threat for groundwater contamination fiom current management practices. 

Chang et al. (1 990; 199 1) aiso found that manure applications greatly affected the 

NO; content of the soils and groundwater on both imgated and non-imgated land that 

were continuously cropped to barley in Southern Aiberta. Manure was applied to 

imgated land at 0,60,120 and 180 Mg hg' and to non-irrigated land at 0,30,60, and 90 

Mg ha-'. Nitrate concentrations increased in the soil profile with increases king the 

greatest at .the 30-60 cm and 60-90 cm depths for non-imgated and irrigated land 

respectively. Monitoring of shallow groundwater during 1 99 1 under imgated-manured 

plots showed excessively high NO; concentrations. Under non-irrigated plots, there was 

no accumulation of NOiin the groundwater. However, it was concluded that because the 

soif above the groundwater had-high levels of NO,; a season of high precipitation could 

cause contamination of the grouhdwater fiom the downward movement of NO,- 

In 1996. Chang and Entz iflustrateci again that long terni annuai application of 

cattle manure at the maximum recommended level of 60 Mg ha-' was not advised because 

of potentiai so il and water contlimination problems. Under non-imgated conditions, a 

significant accumulation of NO, occurred in the root zone which posed as a potential 

threat to groundwater during years of high precipitation. Under imgated conditions NO; 

moved deeper in the soil profile and this was an even greater potential hazard because if 

excess precipitation occurred it could cause Leaching beyond the 150 cm depth. 

Cooper et al. ( L 984) conducted a study to investigate the concentration and 

distribution of the various nitrogenous components present in the soil profile amended 

with elevated rates of cattle and poultry manure. It was determined that the prïmary 



inorganic N component in the soil profile was NO,' and its zone of maximum 

accumulation was between 2 and 2.5 m. In most cases the nitrate levels in the upper soil 

profile were high and then decreased to Iow or nil arnounts in the Iower layers (Meek et 

al. L 974; Mills and Zwarich 1982). Soii nitrate profües however, are dependent on a 

variety of cornplex factors which affect the fate of nitrogen in the soil. 

Meek et al. (1974) showed that NO, concentration in the soi1 solution of manlrred 

soils increased in the protiIe at the 20-40 cm depth, but the concentrations of NO,- in 

manured and non-amended soils at the 140 cm depth were similar. They concluded that 

the lack of NO; at the lower d e p h  was the result of a suitable envimnment for 

denitrification due to the presence of significant amounts of soluble organic carbon at the 

80 cm depth dong with the restricted oxygen movement to these depths. They also found 

that fiequent irrigation's on fields that received high manure application rates resuited in 

reducing conditions and hence a loss of nitrates from the soil profile during the season. 

Xie and MacKenzie ( 1986) studied the effect of applying fiesh cow manure, 

composted cow manure, liquid hog rnanure and urea to soils at rates ofO-240 kg N ha-' 

and found soi1 NO,- levels were significantiy increased whereas soi1 NI&' levels were 

only temporarily increaswl. Highest NO,- levels were noted 30 and 60 days d e r  N 

application due to delayed nitrification and hog manure applications resulted in the 

greatest NO,' concentrations in the soil. Evans et al. ( 1 977) found that soils that had 

received applications of Iiquid beef manure were consistently higher in NO, 

concentrations than soil with solid beef manure, liquid hog manure or inorganic fertilizer. 

The depths to which NO, penetrates depends on the rate of application and 

environmental conditions. Mathers and Stewart (1974) reported that applying beef 



manure at 1 12 and 224 tons ha-' for 3 successive years resulted in an accumulation of 

NO,- to a depth of 360 cm and increased electricai conductivity in the top 30 cm of soif- 

Murphy and Smith (1967) aiso found that the application of beef feedlot manure at about 

300 tons ha-' (dry weight) for 2 successive years resuited in increased NO; concentrations 

which extended down to 200 cm. In contrast, Sutton et al. (1974) found no accumulation 

of NH; and NO; on a silty clay loam after 2 yeacs of applying Iiquid hog manure at rates 

of 134 tons ha". However, Sutton et ai. (1 974) did h d  NO, to a depth of 122 cm after 

the first year of application to a sandy loam soil. Thus it is evident that soil texture 

greatly influences the movement of NO,' in the soi1 profile. Gillam et al. (1978) aiso 

demonstrated that there is a generai relationship between soil texture and denitrification 

which influences the stability of NO, in the profile. It was s h o w  that soils with heavy 

textured subsoils reduced NO,'. 

Somrnerfeldt et al. (1 972) concluded that manure application for 40 years at a 

rate of 70 tons ha-' did not cause an undesirable build up of N, P or soluble saits however 

this was attributed to a unique combination of soi1 and climatic conditions in southem 

Alberta which limited soil and water pollution. in summary, the distribution of NO,- in 

the soil profile after the application of manure N is variable and is a result of one or more 

O füie various fates manure N undergoes. 

2.5 Fate of Nitrogen After the Application of Aog Manure. 

If used efficiently, there are many benefits to land application of hog manure. 

However, before it cm be determined how much manure can be safely applied to the soil. 

it is necessary to understand the fate of manure nitrogen in the soil and groundwater. 

There are many possible fates of manure nitrogen including: crop uptake, immobilization. 



minerakation, ammonia vo latilization, nitrïfïcation, d a c e  runo ff, NO,' leaching and 

denitrification. Mer nutrïents leave the rooting depth the two main processes in which 

nitrogen is Iost fiom the system include deniaification and leaching. 

2.5.1 Crop Uptake 

Most of the nitrogen requirements of plants are taken up by the roots in the form 

of minera1 nitrogen as ammonium and nitrate. Plant uptake of nitrogen can account for 

100 kg ha-' yf' or approximately 5 % of the totai soi1 N for hi&-yield arable crops 

(Killharn 1994). Nutrient uptake values wiIi Vary with soi1 and cihatic conditions as 

well as crop type. Plant nutrïents removed by crops in kg ha-' (in both seed and straw) 

can range fiom values as low as 73 and 75 kg ha-' for flax and wheat to values as high as 

3 19 and 325 kg ha-' for fababeans and forages respectively (Western Canada Fertilizer 

Association 1992). When nitrogen is applied in excess, plants can accumulate excessive 

arnounts of NO,; which cm be toxic to humans and animais if ingested (Stewart et ai. 

1963; Murphy and Smith 1967; Beegle and Lanyon 1994). 

The effect of manures on crop production has been found to be dependent not 

only on type of crops cultivated, but also on properties of soils on which manures were 

applied. Berna1 et al. (1 993) determined maximum crop nutrient uptakes of 4 1 %, 40% 

and 9 1 % for N, P. and K, respectively , with a small addition of pig slurry in the first year 

afier application. Motavalli et ai. (1989) estimated that the N, P, K utilization by corn 

from injected dairy manure in the fist year after application ranged from 12-63, 12-89, 

and 24- 1 53 % of the manure applied, respectively. 

Due to the high concentrations of NO,' accumulating deep in some soi1 profiles. 

studies have been conducted to 'determine the effectiveness of alfalfa in removing NO, 



from the soil and groundwater (Mathers et al. 1975; Muk et al. L 976; McGill 199 1 ; 

Peterson et ai. 199 I ; Entz et al. L 993a). It was generaiIy concluded that alfalfa was 

effective in removing NO,' due to it's deep rooting system but the depth and magnitude to 

which this occurred varied. AIfalfa roots can penetrate to depths of more than 6 m in 

well-drained soils and the zone of water extraction is roughly proportional to root 

distribution (Mathers et al. 1975). Entz et al. (1 993 b) found that dfalfa effectively 

extracted deep-ieached soü nitrogen, to a depth of 1.2 m in the year of establishment and 

1 -8 m in year two. Brunger (1 993) reported that some a l f i a  varieties can remove up to 

3 92 kg N ha-'. 

2.5.2 Mineralization and Immobiiization 

An understanding of the mineralization and immobilization processes aids in 

understanding the fate of inanure N in soils and this is essential to sustainable utilization 

of rnanure in crop production. Minerakation refers to the soil processes by which 

organic nitrogen is converted to mineral nitrogen. Immobilization is the opposite of 

mineralization, being the conversion of soi1 minerai nitrogen into organic foms. The two 

processes are mutually dependent and operate simultaneously in the soil. The amount of 

available mineral nitrogen (usually as ammonium and nitrate) found in soil will Iargely 

depend on the difference between rates of immobilization and mineralization (KiIlha.cn 

1994). 

The availability of the organic N fraction of manure in the first year after 

application could range fiom 0-64 % depending on the source, N content. stage of 

decomposition and various factors involved in the management of the rnanure. Shepers 

and Mosier (1 99 1 ) listed decay constants for various manures (Table 2.2). It is evident 



that the majority of N in hog ,manure is released in the fÏrst year with much smaller 

amounts of N minecaiized in subsequent years. 

However, even though the data of Shepers and Moisier (1 99 1) indicated that most 

of the N in hog manure was available in the first year, the addition of pig slurry may 

increase the irnmo bilization of N. Flowers and Arnold (1 983) and Bernai and Kirchmano 

(1 992) found that addition of pig siurries to soil in the laboratory resulted in a temporary 

immobiiization of N followed by a slow linear mineralization. Kirchmm and Lundvall 

(1 993) concluded that fatty acids in slurry act as an easily decomposable C source for 

microorganisms and this in turn caused immobilization of N. Bernal and Roig (1 993 b) 

reported that some researchers found that the mineraiization of the organic nitrogen in pig 

sluny is very slow and that much of it is not available to the crop in the shoa term 

although it contributes overall to the nutritional pool in the soil. Lindeman and Cardenas 

(1984) and Paul and c eau champ (1996) concluded that the net mineralization rates on 

sludge or manure amended soils did not increase due to the fact that mineralization was 

offset by the increased denitrification potential of manured soils. 



Tabk 2.2 Nitrogen content and annuaI decy coastanb for various animal 
manures' 

Manure Source N in inanure Decay constants - 
yr f i er  application 

Poultry 
Hem, fiesh 
Broiiers and 
turkeys, fresh 
Broilers and 
turkeys, aged 
c o v e ~ d  . 
Swine 
Dairy 
Fresh 
Liquid manure 
tank 
Anaerobic lagoon 
Beef feeders 
Fresh 
Stockpiled or dry 2.5 0.40 0.25 0.06 0.03 
1 From Schepers and Mosier (1 99 1) 

2.5.3 Volatilization 

More thao half of the total N in hog manure is ammonium N and thus, a large 

portion of the N is at risk of king lost by volatilkation (O'Halloran 1993 ; Sommer and 

Ersboll L 994). Ammonia volatilization fiom animal manures is a major mechanism for N 

loss fiom soil-plant-animal systems (Adriano et al. 1 974; Lauer et ai. 1 976; Alkanani et 

al. 1 992; O ' Hailoran 1 993; Sutton 1 994). Consequently , losses of NH, by volatilization 

may significantly reduce the value of the manure for crop production. Volatilization of 

ammonia is usually highest under hot, dry, windy conditions in alkaline soils (Killham 

1994). Pain and Thompson (1 989) estimated that the amount of ammonium N lost 



Berna1 et al. (1993) reported iosses in the range of 24-74%. Hoffet ai. (1981) found 82.5 

% of the applied NH,'-N was Iost during an 8 day sampling period when fksh swine 

manure was surface applied Lauer et ai. (1976) found that the 85 % of the total MI,'-N 

was volatilized during spreaduig of daky manure. 

In order to maximize the utiiization of N in rnanure applied to cropland, 

management techniques to minimize NH, volatilization in the field and in storage have 

been used. Losses of NH, were greatly reduced if the manure is injected or incorporated 

into the soi1 (Thompson et al. 1987; Smith and Chambers 1993). Jarvis and Pain (1 990) 

reported that siurry dry matter content and soil moisture conditions were the most 

important factors affecting ammonia volatilization foilowiog field applications, aithough 

management factors (application rate, method of storage and crop cover) and 

environmentai conditions (wind speed, temperature and rainfdl) also intluenced losses. 

2.5.4 Nitrification 

Nitrification is an agronomically important process because it is the microbial 

formation of NO, which is the major means whereby plants assimilate nitrogen (Schmidt 

1982). If NO,+ is not used by crops or immobilized by microflora, it is susceptible to loss 

€rom the soil by leaching. Nitrification has ofien been defined as a series of reactions 

resulting in the production of NOi or NO; (Groffman 1989). However. more recently. 

the definition of nitrification has been extended to include the "biological oxidation of 

any reduced form of nitrogen to a more oxidized form" (Killham 1994). It is important 

to realize that nitrification is a necessary prelude to denitrification which Ieads to N 

disappearance fiom the soil. Biological denitrification c m  not occur unless there is an 

initial oxidation of reduced nitrogen. However, once nitrite, nitrate, or other 



intermediates appear, the denitrifying bacteria have suitable substrates to secve as electron 

acceptors in respiration (Wam 1994). 

Nitrite and nitrate are usuaiiy the oniy nitrification products found in the soii. 

Nitrification is performed by autotrophic and heterotrophic microorgaaisms, however it is 

generally accepted that the domuiant form of nitrification in most soils is autotrophic with 

the two main autotrophic genera including Nihosornollcls and Nitrobacter (Schmidt 1982; 

Killharn 1994). Niirosomonous are ammonium oxidizers while nitrobacter are nitrite 

oxidizers (KiUham 1994). Populations of Nirrosomonar and Nitrobacter in most soiis are 

quite smaii. Populations in excess of 10' g-' of soi1 are rare in udertiiized soils, however 

when the soil is treated with manure or ammonium fertiiizer, the nitrifier populations may 

reach values in excess of 1 o6 and 10'g-[ (Schmidt 1982). 

Nitrification takes place in vimially al1 soils where NH4+ is present and conditions 

are favorable with respect to temperature* moisture9 pH and aeration (Schmidt 1982; 

Williams et al. 1992). At the field sale  nitrification is strongly controlled by NH,' 

supply either from fertilizer or fiom mineralization of organic compounds (Grofhan 

1 989). In a review paper, Schmidt (1 982) summarized the work of Mahendrappa et ai. 

( 1966) which stated that the optimum temperature for nitrification varies widely among 

soils with optimum values as low as 20-2S°C to values as high as 40°C. Cold wet soils 

are essentially inactive with respect to nitrification until the soil warms to approximately 

4 or SOC (Anderson and Boswell 1964; Schmidt 1982). The majority of observations on 

pH indicate that nitrification can occur at a pH as low as 4 but it has also been reported in 

the ranges of 4 to 6 and 6 to 8 (Schmidt 1982). Decreased oxygen levels c m  also be 



limiting to nitrification and factors which contnbute to decreased oxygen include high 

soi 1 temperattues, hi& soil moishue and increased oxidizable organic matter (Schmidt 

1982). 

Moisture content effects the soi1 n i m g  population (Goodroad and Keeny 

1 984; Grof ian  1 989) and the greatest nitrifying activity has been noted at about half to 

two-thirds of the soil's moisture-holding capacity (Alexander 1965; Williams et al. 1992). 

It was also determined that nitrate was not formed in air dry soil nor is it produced at very 

low moisme levels. However, nitrate hasbeen noticed to be produced rapidly in the wet 

period following a prolonged drought or in the rainy season following a long dry speli 

(Birch 19%; Alexander 1965). The effect of moderately high moisture levels @F 1 .O- 

2.0) enhances nitrincation in most soils so long as aeration is adequate (Schmidt 1982). 

2.5.5 Nitra* Leaching 

Nitrate Ieaching is yet axiother potentiai fate of manure nitrogen. Aithough 

agriculture is not the only source of NO; contamination of groundwater, NO; at levels 

above 10 mg N L-'. have often been associated with agricultural activities (Kimble et al. 

1 972; Westernan et al. 1987; Knox and Moody 199 1 ; Jones and Schwab 1993). Nitrate 

leaching is of great environmental concern as elevated concentrations of NO,- in drinking 

water can have adverse effects on human and animal health. Nitrate-nitrogen 

concentrations in dnnking water that exceeded 10 mg N L-' have been linked to the 

incidence of methemoglobinernia (blue baby syndrome) (Hedlin 1971 ; Strebel et al. 

1 989) and increased carcinogenic effects fiom nitrosamine compounds (Selenka 1 9 85).  

High concentrations of NO,- in surface waters, such as estuaries, streams, and lakes, may 

increase the rate of eutrophication (Sadeghi and Kunishi 199 1). 



Nitrate leaching tends to uicrease significantly with increased application tates of 

available N, either as manure or commercial fertilizer, to Ievels exceeding that required 

by the crop. [t should be noted that although NO; leaching is usuaily the main concern 

when manure is applied in excess of crop requirements, nitrogen in pig slurry can aiso be 

leached through soi1 in the fom of ammonium (Pandey et ai. 1992). Hog and pouitry 

manures have a large proportion of nitrogen in readily available forms, increasing the risk 

of NO; leaching as compared to other manures which have most of the nitrogen tied up 

in organic +fbrms (Shepherd 1991). 

Some studies have shown that manured soiis have higher arnounts of NO, in their 

profiles (Murphey and Smith 1967; Mathers and Stewart 1974; Evans et al. 1977), and 

thus there is a greater nsk of NOJeaching on manured soiis. Miller and Mackenzie 

( 1 978) applied 150 kg N ha " as ammonium nitrate, hog manure and cattle manure and 

they found NO,' levels were higher on the manured soils the year after application. 

Other studies found that manured soils result in Iess NO, leaching to the 

groundwater than soils fertilized with inorganic fertilizers when applied at recomrnended 

rates (Kimble et al. 1972; Burton 1994b; Xie and MacKenzie 1986; Jokela 1992). It was 

found that some manured soils had less NO,- in their profiles and thus less leaching 

because of the increased denitrifkation potential of these soils (Kimble et al. 1972; Paul 

and Beauchamp 1996). Straw and other organic material in manure has the potential to 

immobilize inorganic nitrogen and/or enhance denitrification (Burton 1 994b). Meek et 

al. (1974) concluded that fiequent imgations with high manure rates on a fine textured 

soi1 resulted in reducing conditions and the movement of soIubIe organic carbon to the 

lower profile, resulting in the loss of NO, from the soi1 profile as a result of increased 



denitrification. Discrepancies in the effect of manure application on the arnount of NO,- 

in the profile relate, in part, to extent of surface and subsurface denitritication. The 

magnitude of denihification depends on many factors includïng manure type, soil type, 

time of application, depth to groundwater and denitrification potential for different soil 

types. It is also important to realize that while many studies have reported increased NO; 

near the soil surface, conditions favorable to denitrification lower in the proNe may resuit 

in disappearance of this NO,- 

Soils differ in their NO; leaching potentids and soi1 properties related to water 

movement play a major role ùi influencing this (Khakural and Robert 1993). Coarse 

texhired soils experience comparatively more NO; leaching than fme textured soils 

(Hedlin 1971; Strebeletal. 1989; ManitobaAgriculture 1995). NO,, ananion, is 

readily transported through the soil with water and thus, leachùig losses occur when there 

is both a high soil NOi content and water movement. Increased water through tainfail or 

precipitation results in a greater potential of groundwater contamination (Chang and Entz 

1996) by increased NO; leaching. Campbell et ai. (1983) reported that on the Canadian 

prairies considerable arnounts of NO,' leached beyond the rooting zone of cereal crops in 

years of above average precipitation and also in some relatively dry years with heavy 

spring rains. Muir et al. (1976) also reported that leaching of NO, to the water table was 

apparent in rnost irrigated soils located in low lying positions and in sandy soils. 

Soil nitrate data from a.study done by King et al. (1985) suggested that the 

application of medium to high rates oFswine manure would result in pollution of 

groundwater with NO,-. Evans et al. (1977) concluded that applying hog manure for two 

successive years at a rate of 636 tons ha-' (wet weight) resulted in the rapid movement of 



NO,' below the rooting depth and thus these rates were considered too high for continued 

annual application. In fact NO; leaching was detemhed to be high even when 

recommended manure application rates of 60 Mg ha*' were applied to a clay loam soi1 in 

Alberta (Chang and Entz 1996)- 

Nitrate leaching .cari lead to the contamination of ground water and many have 

examined the fate and persistace of NO; in groundwater (Power and Schepers 1989; 

Gillham 199 1; Knox and Moody 199 1; Burkart and Kolpin 1993; Spalding and Exner 

1993; Chapelle et al. 1995). Partridge and Racz (1972) suggested that NO,- in 

groundwater could undergo denitrification. Strebel et al. (1989) confirmed that 

denitrification can play an important role in the loss of NO; fiom groundwater. Similady 

an investigation of vertical nitrate gradients in a shallow unconfhed aquifer in North 

Dakota dso showed that denitrification was occurring in an aquifer (Patch and 

Padrnanabhan 1 994). 

2.5.6 Denitrification 

Denitrification plays an important mie in determinhg the fate of manure nitrogen. 

Aulakh et al. (1 992) summarized that denitrification losses were usually in the range of 

12 to 20 % of the available N added, however values in excess of 30 % had also been 

reported. Firestone (1982) reported N losses due to denitrification ranging fiom O to 70 

% of the added N. Annual emissions of 1 to 16 kg N,O ha-' in dry regions with low 

rainfall were reported by McKeeney et al. (1980). Moiser et ai. (1982) observed that N,O 

emissions accounted for 0.4 to 1.5 % of the 150 kg of fertilizer N applied per hectare. 

Tlius it is evident that large variations in the amounts ofdenitrification can occur 

(Firestone 1982) and this variation can occur even within small areas in the same field 



(Burton and Beauchamp 1985). Variations of denitrikation in a field have been iargely 

amibuted to spatial variability in soii water (Biggar 1978). 

Both biological (e~lzymatic) and chemicai (non-biological or non-enzymatic) 

denitrification occurs in soils. chernodenitrification the generation of N gas is 

catalyzed by abiotic agents, but this process may ody be of importance in acidic or 

fiozen soils (Christimon and Cho 1983). in contrast to biologieal denitrification, 

chernodenitrification involves decomposition of NO;, which can occur in an aerobic 

environment in the absence of microbes and it can ais0 occur in well-draincd acid soils 

(Broadbent and Clark 1965). There have been many detailed reviews on denitrification 

(Wijier and Delwiche 1954; Nommik 1956; Bremner and Shaw 1958; Broadbent and 

Clark 1 965; Knowles 1 982; Payne 1 98 1 ; Beauchamp et al. 1 989; Aulakh et al. 1 992). 

Biological denitrification was de- by the Soi1 Science Society of America as 

the dissimilatory reduction of NO,' or NO; to gaseous N either as N, or N,O (Reneau et 

al. 1990). Denitrification has aiso been defined as a form ofanaerobic bacterid 

respiration during which nitrogen oxides, principaLiy nitrate and nitrite are reduced 

sequentidly through NO and N20 to N, (Aulakh et al. 1992). The commonly accepted 

reductive pathway for denitrification is as follows: 

Oxidation no: (+5) (+3) (+a (+O (0) 
NO; + NOi + NO + NIO + N2 
Nitrate Nitrite Nitric Nitrous Dinitrogen 

oxide oxide 

The bacteria responsible for denitrification are facultative anaerobes and these 

bacteria have the ability to use both oxygen and oxides of nitrogen as electron acceptors 

provided sufficient energy sources are available. In the absence of molecular oxygen, 



nitrogen oxides serve as termin& electron accepton (Firestone 1982). Table 2.3 

sumarizes a list of the known denitriQing bacteria (Beauchamp et al. 1989). Some 

denitrïSing bacteriai strains possess the complete pathway for denitrification whereas 

others may oniy be capable ofcataiyzhg one or several seps of the pathway. Bollag et 

al. ( 1973) observed that-some bacteria are not capable of reducing NO; and NO; to N,O 

without the production of N,. 

There has been much~discussion and disagreement on the definite sequence of 

products that occur in the denitrification pathway. Aithough it is generaily accepted that 

N20 and N, are the major products with their proportions differing depending on the 

environmentai factors, there are d i  some questions about N,O being a precurçor to N, 

and the d e  of NO as an intermediate (Firestone 1982). Almost al1 denitrifying 

organisms are capable of cornpletely reducing N oxides to N, but a v&ety of 

environmental parameters, such-as acidity, nitrate availability, and C availability c m  

result in the accumulation of N O ,  NO or N,O as end products (Firestone 1982). 

There are many factors that influence the denitrification process such as 

temperature, pH, water content, oxygen and redox potential, concentration of nitrogen 

oxide, and the organic carbon supply. Thus, these factors will be examined in detail 

along with the specific effects of manure on the denitrifying process. 



Table 23 Knoun denitrifying bacte ria'. 

Omanism Reference - 
Agro bacterium Payne, 198 1 
Alcaligenes eutropha 
Azospirillurn 
Bacillus 
Chromo bacterium 
Cytophaga sp. 
Flavo bacterium 
Hyphomicrobium 
Neisseria 
Paracoccus denitrüicans 

Propionibacteriurn 
Pseudomonas denitrificans 
ATCC 13867 
Pseudomonas perfectomarinus 
Pseudomonas sp. G59 
Pseudomonas spp. 

Rhizobium 
Rhodopseudomonas 
Spiriilum 
Thio bacillus denitrificm 

Thiornicrospira denitrificans 
Unidentified soi1 isolate " 

Pfitzner and Schlegel, 1 973 
Payne, 198 1 
Payne, 1981 
Payne, 198 1 
Adkins and ffiowles, 1984 
Payne, 198 1 
Payne, 198 1 
Payne, 198 1 
Verhoeven et ai. 1954; Bovell, 1 967; 
Cader et ai. 1980 
Payne, 198 1 
N i s h u r a  et ai, 1980 

Balderston et al. 1976 
Aida et al. 1986 
Maque et al. 1973; Garcia et al. 1977; 
Auling et al- 1978 
Payne, 198 1 
Payne, 1981 
Payne, 198 1 
Ishaque and Aleem, 1973; Aiminuddin 
and Nichoias, 1974% 1974b 
Timmer-Ten Hoor 1975,1974, 1977 
Trevors and Beauchamp, 1985 

Vibrio Payne, 198 1 
1 Data from (Beauchamp et al. 1989). 

2.5.6.1 Temperature. Much research has been performed on the rate of denitrification 

under a wide range of temperatures (Nommik 1956; Bremner and Shaw 1 958; Bailey and 

Beauchamp 1973a; Stanford et al. 1975b; Cho and Mills 1979; Knowles 1982). 

Denitrification rates, like many other biological processes, increase with increasing 

temperature until an optimum is reached above which it decreases (Aulakh et al. 1992). 

The effect of temperature on biochemical rate processes is exponential and adheres within 

limits to the classical Arrhenius equation, 



where K is the rate constant, A is a constant, Ea is the activation energy per mole, R is the 

universal gas constant (8.3 1 I  mole *')-and T is the temperature in Kelvin. 

Denitrification was found to be temperature-dependent in the range of 10-35°C 

(Nomrnik 1956; Bailey and Beauchamp 1973; Knowles 1982). Nommik (1 950 ,  

Bremner and Shaw (1 958) and Keeney et ai. (1979) found that the rate of denitrifkation 

increased rapidly with a rise in temperature from 2OC to 2S°C however, the optimum 

temperature for biologicai nitrate reduction in soi1 was 60-75°C and that above this 

temperature, the rate decreased rapidly (Kaowies 1982; Aulakh et ai. 1992). It has been 

speculated that the hi& optimum temperature for denitrification could be caused by the 

activity of thermophilic organisms such as the species Bacillus (Focht and Chang 1975), 

biological reactions (Knowles 1982) or the combination of the two (Keeney et al. 1 979). 

Denitrification rates at 2OC have been reported as zero in some but not ai i  soils 

(Bremner and Shaw 1958; Knowles 1982). Stdord et al. (1 975b) found denitrification 

rates minimal between O and SOC, increasing ten fold between 5 and 1 0°C. Cho and 

Mills ( 1 979) and Bailey and Beauchamp ( 1 973 a) reported that denitrification ceased 

below 2.8OC and SOC, respectively. Even though denitrification is limited at lower 

temperatures, some speculate that the denihification processes can occur at 0°C (Smid 

and Beauchamp 1976; Aulakh et al. 1992). Temperatures below zero are reported to 

increase chemical denitrification of nitrite as a result of increased NO; concentration 

(Cliristianson and Cho 1983). 



The Q,, value (ratio of the rates observed at IO0C difference (e.g. KJKT-,,)), is 

commoniy used to describe the effect of temperature on biologicai processes. Focht and 

Chang (1 975) reported that the Q,, value for denitrification in soil was in the range of 5 to 

1 6 for temperatures beiow 12 to 15OC. However others have stated a Q,, value of about 2 

in the range of IO-35°C (Stanford et al 1975b; Adakh et ai. 1992). Bremner and Shaw 

(1 958) found that the change in the rate constant was proportionaiiy greater between 2 

and 10°C than with an equal increment at higher temperatwes. 

The relative proportions of products that resdt fiom denitrification are also 

affected by temperature. It has been reportedlhat relatively more N20 is produced at 

lower temperatures but more molecular nitrogen is produced at higher temperatures 

(Bremner and Shaw 1958; Sahrawat and Keeny 1986; Aulakh et al. 1992). 

2.5.6.2 pH. The rate of denitrification is af5ected by the pH of the soil, with the 

optimum pH for denitdication being near neutrality and this declines with acidic or 

alkaline pH's (Firestone 1.982). Optimal, pH ranges of 6.0 to 8.0 have been reported by 

Bremner and Shaw (1 958) and Aulakh et al. (1992), while ranges between 7.0 to 8.0 were 

reported by Nommik (1956) and ffiowles (1982). Wijler and Delwiche (1954), and 

Bremner and Shaw (1958) found that the rate of denitrification increased linearly fiom 

pH 4, plateaued between pH 7 and 8 and then declined. However. denitrification 

occurred even at a pH of 9.5. It was also found that neutrai to alkaiine pH ranges not 

only affected faster rates of denitrification, but also resulted in the complete reduction of 

N to N2. 



Bremwr and Shaw (1958) detemiined that significant amounts of denitrikation 

will not occur if the pH of the soil is less than 5. However Wijler and Delwiche (1954) 

reported that denitrification was retarded beiow a pH of 6, but even at a pH of 4.9 more 

than 70 % of the nitrate was lost within 2 weeks. Despite the fact that denitrification is 

favored at slightîy alkaline pH, denitrification was reported to occur at pH's as low as 3.5 

and was-found to account for signifiant N losses in naturally acid soils (Aulakh et al. 

1992). Davidson et al. (1989) aiso found that denitriQing organisms were not highly 

sensitive to acidity. 

The proportion of N') and N, produced were found to be pH dependent (Wijler 

and Delwiche 1954; FYestone 1982; A d a b  et al. 1992). Above neutral, nitrous oxide 

was readily reduced to nitrogen whereas below pH 7, the reduction of N,O was strongly 

inhibited. Below pH 6, the formation of ninic oxide became more prominent and the rate 

of denitrification decreased (Wijler and Delwiche 1954; Aulakh et al. 1992). 

2.5.6.3 Soi1 Aeration and Water Many studies illustrate that aeration as  influenced by 

soil water content is a major factor which drives denitrification (Lin .  and Doran 1984; 

AuIakh et al. 1 992; Davidson, b992; Hutchinson et ai. 1 993). The rate of denitrification 

is inversely related to the oxygen concentration (Allison et al. 1960; ffiowles 1982), as 

denitrification occurs only when the supply of oxygen required by the soi1 

microorganisms is restricted. The level of oxygen is controlled by the relative rates of 

supply and conswnption. Oxygen flow in soil is hindered primarily by slow difision 

through water (Groffman and Tiedje 1989; Cho et al. 1996). Thus at high moisture 

contents. the supply of oxygen is dramatically reduced and this Ieads to a greater degree 

of anaerobisis for a given biological demand. Fluctuations in soi1 moisture content have a 



dramatic effect on the stability of nitrate because of the controlling efTect of soil moisture 

on the supply of oxygen diffushg through the soil (Pilot and Patrick 1972). 

Microbiai activity depends on soil water content and microbial activity is 

maximum at a water content where the lirnituig effects of substrate diffusion and oxygen 

supply are equal (Skopp et al. 1990). Knowles (1982), Linn and D o m  (1984) and Doran 

et al. (1 990) reported that the critical rnoisture level for denitdication in the soil was 

about 60 % of the water holding capacity of the soil. Above this critical moistme level, 

denitrifica$on was found to increase ntpidly with increases in moisture content, however 

below this moisture content practically no denitrifkation occurred. Bailey and 

Beauchamp (1 973 b) sirnilady found that increased soii moisture content increased NO; 

reduction and that beiow the permanent wilting point, the lack of moisture was directly 

responsible for decreased amomts of denitrification. However, denitrification has also 

been reported under aerobic conditions and it was speculated that NO, loss that was 

occurring under aerobic conditions was due to denitdication that was occurruig in small 

anaerobic pockets wi-thin soil aggregates (Smith 1980; Myrold and Tiedje 1985; Hojberg 

et al. 1994). 

Several studies (Macrae et ai- 1968; Aulakh et al. 1982; Sexstone et ai. 1985) 

reported that nitrate disappeared rapidly in al1 soils d e r  flooding and this was due to the 

depietion of soi1 oxygen and the retarded diffusion of oxygen into the soil. Under 

flooded soils. NO,' will be the preferred electron acceptor and NIO will not be reduced 

until NO,' is removed from the system (Cho and Sakdinan 1978). Gillam et al. (1 978) 

concluded that any soil characteristic that irnpeded water flow through the soi1 will be 

positively linked to denitrification. 



2.5.6.4 Concentration of Nitrate or Nitrite. There have been various opinions on the 

role of  nitrate and how it affects denitrification. Although the presence of an oxidized 

fonn of nitrogen such as nitrate is obviously necessary for denitrification to occur, the 

kinetics of  the relationship behvem nitrate concentration and denitrification are largely 

unresolved Broadbent and Clark (1965) reported that severat researchers found that 

denitrification rate is independent of nitrate concentration over a wide range. Wijler and 

Delwiche ( 1 958) stated that nitrate concentration had Little effect on the rate of  

denitrification indicating that kineticaily it was a zero order process. 

Others (Reddy et al. 1978; Stanford et ai. 1975) descnbed NO,' disappearance as a 

ksi-order reaction indicatïng that the reaction was linearly dependent on NO,' 

concentration- However, it shouid also be noted that Reddy et al. ( 1 978) found that the 

NO, disappearance rate followed a zero-order reaction when the soi1 water content was 

lowered. Further studies concluded that the use of Michaelis-Menten type kinetics to 

describe the rate of nitrate disappearance (Kohl et al. 1976; Focht and Chang 1975) was 

the most appropnate. Patrick and Reddy (1 976) illustrated that where oxygen was absent 

or limiting, nitrification either did not occur or occurred at a lower rate resulting in a 

reduced arnount of nitrate available for the denitrification pmcess. 

Cho and Sakdinan (1978) reported that hi& concentrations OPNO, and NO,' have 

been known to inhibit the reduction of N20 to N, due to the cornpetition between NO,' 

and N,O as electron accepton (Cho and Mills 1979). 

2.5.6.5 Organic Carbon Supply Various forms of organic carbon are used by 

denitrifying organisrns as electron donors for energy and for synthesis of cellular 

constituents (Davidson et al. 1989). Carbon availabiliiy appears to limit denitrification in 



many agriculturai soils (Beauchamp et al. 1 989). Thus denitrification is strongl y 

dependent on the availability of organïc compounds such as root exudates, green and 

animal manures, crop residues and soi1 organic matter (Adakh et al. 1992). The rate of 

denitrification increases with organic matter content (Wijler and Delwiche 1954; 

Beauchamp et ai. 1989) .and organic substrate supply in soils is one of the most important 

factors limiting the denitrification process in soils (Knowles 1982; Beauchamp et ai. 

1989). Bremner and Shaw (1958) iiiustrated that the rate of denitrification in soii 

depends largely on the type of organic materiai present. However, most denitrifiers can 

use a wide array of organic compounds (Knowles 1982). 

Beauchamp et al. (1 989) summarized the work of Bremner and Shaw (1 958) 

whic h illustrated that several readily decomposable organic matenais such as sodium 

citrate, sucrose, mannitol and glucose induced rapid denitrification. Other carbon sources 

that have been reported to increase the deniûifcation process include cellulose and lignin 

(Bowman et al. 1974) or pIant residues such as straw and alfalfa (decantanzaro and 

Beauchamp 1 98S), root debris and exudates (Woldendorp 1962; Bailey et al. 1 976; 

Wheatly et al. 1991) and animal manures (Beauchamp et al- 1989). 

There have been many studes which showed significant amounts of 

denitrification in manured soiIs (Oken et al. t 970; KimbIe et al. 1972; Guenzi et al. 1978; 

Cooper et al. 1984; Parkin 1987; Beauchamp et al. 1989). Researchers attributed the 

increased denitrification potential in manured soils to an increased supply of water- 

soluble carbon (Burf'ord and Bremner 1975; Stanford et al. 197Sa). Paul and Beauchamp 

( 1989) found that denitrification rates in manure amended soils were closely related to the 

presence of volatile fatty acids (including acetate, propionate, and butyrate) and water- 



soluble C in manures. Manure inmitses denihification by providing an energy source for 

the denitrïfyuig bacteria (Sherwood 1980; Beauchamp et al. 1989; Thompson 1989). 

Addition of manure to soil may aiso promote denitrification by creating an anaerobic 

environment (Beauchamp et al. 1989). Denitrification in manure-amended soil depends 

on the source of manure.and extent of decomposition of the manure (Paul and 

Beauchamp 1989). Sherwood (1 980) concluded that the carbon in pig slurry is readily 

available to the denitr@ng bacteria in the soil. 

Guenzi et al. (1978) ihstrated that gaseous loss of N by denitrification codd 

occur &er large arnounts of manure are applied to fields and this denitrification process 

could be enhanced m e r  by periods of wet weather and warm temperatures. Guenzi et 

al. (1 978) also pointed out that the addition of cattie maure to the soil increased 

microsites which had sufocient reducing conditions for denitrification whiie other sites 

were conducive to the oxidative process of nitrification. Thus it is evident that the fate of 

manure N in the soi1 can Vary greatly within the landscape due to heterogeneity. Parkin 

(1 987) introduced the concept of organic 'hot-spots', in which the intensity of rnicrobial 

respiration creates an oxygen demand that exceeds the diffusive suppiy for a limited time. 

In agriculturai ecosystems where livestock manure is used there is a tendency for 'hot 

spots' to form. 'Hot spots' fiom maures were show to sustain denitrification 

(Thompson et al. 1987, Thompson 1989), since manure provides a high concentration of 

available carbon (Beauchamp et al. 1989) and NO, fiom the nitrification of the NH,' in 

the manure (Terry et al. 1 98 1 ). 



CHAPTER 3 

MATERIALS AEiD METHODS 

3.1 Effect of Hog Manure on the Distribution of NOrN in Soii and Grouadwater 

Large livestock operations are replacing traditional smail farms redting in very 

large quantities of m a n m  on a srna11 landbase. Manure and fertilizer guidelines state that 

nitrogen should not be applied at rates greater than which the crop c m  utilue (Manitoba 

Agriculture 1995). Due to the high nitrogen and phosphorus contents of hog manure, and 

due to the fact that the amount of manure that is being handled on individuai famis is 

increasing, it is extremely important that studies be conducted to examine the effects of 

manure upon nutrient distribution in the soil. 

The main objective of this study was to determine the fate of  nitrogen corn hog 

rnanure on a sand and a clay textureci soil. A field study using farm application 

techniques was conducted and NO,- distributions in the soil profile to a depth of three 

meten were determined on an Emerson silty clay loam and a Poppleton sand. Nitrate 

content of the groundwater at the Poppleton sand site was also exarnined to detemine if 

NO,' entered the groundwater. The effects of precipitation and imgation on NO,' 

distribution were also studied, . 



3.1.1 Site Descriptions and Site Histories 

Two field sites were selected in September 1994. The first site was located east of 

Niverville, Manitoba (E25-%4E), on a Gleyed Rego Black Emerson Series (silty clay 

loam), and the other site was located south of Steinbach, Manitoba (SW3-6-6E), on a 

Gleyed Dark Grey Poppieton Series (loamy sand). 

Hog manure had k e n  applied to the Niverville site every fourth year for a number 

of years, the last application king in 1990. horganic fertilizer was also used dong with 

the manu= in the cropping history however no inorganic fertilizer was applied to field 

plot in 1995. The landscape was flat to unduiating. The crop rotation fiom 1990 to L 994 

included sugarbeets, whef wheat, barley, sugarbeets and in 1995 it was cropped to 

wheat. 

Application of manure to the Steinbach site occurred every two years, and the last 

application was in 1992. Againlnorganic fertilizer was dso being used in conjunction 

with manure as a nutrient source although no inorganic fertilizer was applied to the field 

plot in 1995. The landscape ofthe site was flat to undulating. The crop rotation fiom 

1993-1 994 included corn and canola, and in 1995 corn was grown on the site. 

3.1.2 Soil Description - Chernical and Physical Properties 

Emerson Silty Clay Loam 

Several physical and chemical characteristics for the Emerson soi1 are 

summarized in Table 3.1. Soil organic matter content was detemined by wet oxidation 

in a potassium dichromate conc. H2S0, solution as descnbed by Yeomans and Bremner 

( 1 988). Field capacity was detemined for the 0-1 5, i 5-30, 30-60 and 100- 120 cm depths 

as described by Cassel and Nielsen (i986). The average bulk densities for the Emerson 



soi1 were detemiined usïng a bulk density auger under field conditions at approximately 

15 cm intervals to a depth of 100 cm. Soi1 pH was measured on a soil water (1 : 1) slurry 

using a Fisher mode1 520 digital pWion meter equipped with a combination 

glass/calomel electrode. Conductivity was also measured on a soil water slurry (1 : 1) with 

an Onon conductivity meter. The pipette method of particle size anaiysis was performed 

for the 0-15,30-60 and 100-120 cm depths as described by Gee et al. (1986). 

The organic matter content of the Emerson soi1 was highest at the 0-15 cm depth 

(6.3 3%) and decreased with depth to a value of 0.75% at the 100- 120 cm depth. Field 

capacity was also highest at the surface (37%) and decreased to 3 1 % at the 100- 120 cm 

depth. Buik densities increased with depth and values ranged from 1.00 at the sudace to 

1.32 at the 100-120 cm depth- Values for pH varïed ftom 7.5 to 7.7 and conductivity 

values ranged fiom 1 -26 dS m-' on the surface to 1 -02 dS m-' at 1 00- 1 20 cm. The 

Emerson soil exhibited soi1 text td  quaiities of a silty clay loam in the 0-1 5 and 100-120 

cm depths. However, at intemediate depths, particle size analysis revealed soil texturai 

qualities of a silt. 

Table 3.1 Characteristics of the Emerson Soil (Gleyed Rego Black Series)*. 

Soil Orgsnic Field Bulk pH Conductivity Sand Silt Clay Soi1 
Depth Matter Capacity Density Texture 

0- 15 633 37 1 .O0 7.5 1 -26 4.8 64.9 3 1.8 SiCl 
1 5-30 2-7 1 37 - 1 -27 7.6 1.17 - - - - 
30-45 2-52 37 1 .O3 7.6 1 -28 2.8 87.3 10.0 Si 
45-60 2.52 37 130 7.4 1 -29 2-8 87.3 10.0 Si 
60-75 - 1.23 7.5 2.12 - - - - 
75-90 - - 1.3 1 7.6 1 -6 1 - - - - 

100- 120 0.75 3 1 1.32 7.7 1.01 0.7 66.8 32.6 SiCl 

* AH measured values represent the average of at least three replicates. 



Poppleton Sand 

Physical and chernical characteristics of the Poppleton soil are sumrnarized in 

Table 3 -2. The Poppleton series comists of irnperfectly dmined soils developed on 

moderately to strongly caicareous, coarse textured deltaic deposits. These coarse texhired 

deposits oveday fme textured lacumiw deposits. (Manitoba Soi1 Survey 1953). Thin 

pebbly to gravely lenses occurred at 50 and 1 O0 cm. 

The organic matter content of the Poppleton sand decreased markediy with depth 

and overall values were much Lower than those for the Emerson silty clay loam. The 0-15 

cm depth had an organic matter content of 2.72 %, the 30-60 cm depth had oniy 0.08 % 

and no organic matter was detected at the 100- 120 cm depth. Field capacities (% by 

weight) ranged from 19 % for the surface soil to 10 % at the 100-120 cm depth. Bulk 

densities ranged fiom 1 .O6 for slnface soils to 1.88 at the 100-1 20 cm depth. Dramatic 

changes in soil texture occurred-due to the presence of gravel and smdl Stones at both the 

50 cm and 100 cm depths. Thus some of the hi& bulk density values were due to the 

presence of gravel lenses in the soil profile. Buik density values that meanired above 

1.69 (marked with an asterisk in Table 3.2) were considered too high for use in the 

mode1 and values above this were assigned bulk densities of 1.69. VaIues for pH ranged 

from 7.2 at the 0- 1 5 cm depth to 8.1 at the 1 00 cm depth. Conductivity values ranged 

frorn 0.16 dS m-' at the 0-1 5 cm depth to 0.2 1 dS m" at the 100 cm depth. Particle size 

analysis revealed that the soil was a sand. 



Table 3.2 Characteristics o f  the Poppleton Soil (Gleyeâ Dark Grey Series)+. 

Soit Organic Field Bulk pH Conductivity Sand Siit Clay Soit 
Depth Matter Capacity Density Texture 

0-15 2-72 19 % 1 .O6 7 2  0. 16 87.0 7.0 6.t LS 
15-30 1 25 14 % 1.52 7.7 0-18 
30-45 0.08 8 % 1,88* 7.9 028 87-2 5.9 7.0 S 
45-60 0.08 8% 1.96* 7.9 026 872 5-9 7.0 S 
60-75 - - 1 -69 8.1 030 - - - - 
75-90 - - 1.67 8- 1 0-19 - - - - 

1 00- 120 O 10 % L89* 8-1 0.22 94-1 4.6 t -4 S 

* Al1 measured values represent the average of at lest three repiicates. 

Plot design was identical for the two sites and consisted of a randomized cornpiete 

block design with 3 treatments, replicated three times. The treatments were randomized 

within the blocks. Each experimental site was 20 by 65.7 m and each plot was 20 m by 

7.3 m (Figure 3.1). The treatments included: a control (no manure), and two rates of 

application identified as rate 1 ahd rate 2. The amount of manure added for the rate 1 and 

rate 2 treatments for each site is given in Table 3.3. 

An irrigation treamient was conducted at both sites to snidy the effects of large 

raidail events on the distribution of NO; in the soi1 profile and how this would differ at 

different times of year. Two separate applications of 4 cm of water were added to a 2 m x 

2 m area of replicate three (rate'2 treatment) on July 7 and September 14. The water was 

added with a garden hose fiom a plastic tank in the back of a half ton truck. The area that 

was imgated was enclosed with a wooden frame to prevent water moff during the 

application of water. Soil samples were taken 5 days d e r  the 4 cm of water was applied 

and then every 2 to 3 weeks for the duration of the summer on the regular sampling days. 



RATE 2 

RATE I 

Block 3 

BIock 2 

Block 1 

Figure 3.1 Plot Design for the Emerson and Poppleton Sites. 

3.1.4 Manure application 

Manure was surface applied to the Poppleton and Emerson soils on October 19"', 

1994 and November 23", 1994; respectively. Wet field conditions did not permit an 

earlier application on the Emerson soil. 

The volume and solid content of the manure added to each plot was measured. 

Inorganic N (NO,- and NH,') in the manure was extracted using 2 M KCI and the 

concentration of NO, and NH,' measured ( Bremner and Hauck 1982). Total N content 

of manure was detennined by the Kjeldahl method (McGill and Figeiredo 1993). Both of 

these determinations were b ~ e d  on three replicates and the manure source was taken 

from the one tank load that it took to spread the manure on the field at the time of 



application. Nutrient contents are s h o m  in Table 3.3 and were used dong with the values 

of volume applied and solid content of the rnanure to calculate rates of totai N applied. 

Table 33 Cbaracteristica b d  amount of rnanure applied. 

Manure Characteristics Emerson Soi1 Poppleton Soi1 
Source Feeder Hogs Sows and weanlings 
Storage Facüity Encloseci underground Open outdoor lagoon 

cernent pit 
Solid Content 10 % 1 % 
Volume added 15 x 1@L 20 x 1 0 ' ~  
Rate of application 37 x lo3 L 34 x lo3 L ha' 
NO,-N content 0.1 pg NO;& nondetectable 
NHt-N content 3.86 x l d  pg NHC-N g' 1 -00 x 1 O' pg NH,+-N g-' 
Total N 4.0 x 103 j . ~  g-' 1.1 101 pg g-l 
Rate I 143 kg N ha" 37 kg N ha-' 
Rate 2 286 kg N ha'' 75 kg N ha-'. 

3.1.5 Soil and Groundwater Sampiing 

Soil Sampüng 

Soil samples fiom each replicate were taken in the fields before manure 

application and analyzed for NO; Soil samples which examined soil moisture and soi1 

NO,' values were taken every t ~ o  to three weeks from May to September in 1995. Both 

soi1 moisture and NO; values were anaiyzed for each replicate and the average of the 

three replicates was illustrated in the resuits, except for the irrigated treatment which was 

compnsed of a single replicate. May soil samples were taken by hand using a Dutch 

auger to a depth of 120 cm at 15 cm intervals. Samples were taken to a depth o f  300 cm 

durùig June to September with a Giddings drill at 15 cm intervals to a depth of 120 cm 

and then samples were taken fiom the following increments 120 to 1 50 cm, 150 to 200 

cm, 200 to 250 cm and 250 to 300 cm. Sampling dates in 1995 for the Emerson site 



were: May 15, May 30, June 13, July 1 1, August 2, August 23, and September L 8. 

Sampling dates for the Poppleton site were: May 1 1, May 25, June 13, July 1 1, August 3, 

August 24, and September 18. Soil samples were placed in plastic bags to prevent water 

loss and frozen immediately until maiysis could be completed. Storage time ranged from 

2 weeks to 4 months- 

Groundwater Sampling 

Two wells made of PVC pipe were instailed in May 1995 on the first replicate of 

the control plot of the Poppleton sand to a depth of 1.5 meters. A hole in the soi1 profile 

was made with the Giddings drill and then the pipe was inserted into the hole. The PVC 

pipe was 10 cm in diameter, had 6 smail holes drilled in the side of the tube near the 

bottom, and a cap was placed on the bottom of the pipe. Due to the deeper depth to the 

aquifer in the Emerson silty clay loam, a well was not installed. 

3.1.6 Precipitation Data 

Daily precipitation values for the period May to September were obtained from 

Environment Canada weather stations located close to the field sites. The weather station 

near the Poppleton sand site (#5022780) was located at 49 32' 96 47' or (2-7-5E). The 

weather station near the Emerson silty clay loam site (#5022043) was located at 49 39' 97 

07' or (1 7-8-48]. The rainfdl events were plotted and examined with respect to NO,' 

distributions in the soi1 profile. It should be noted that although the weather stations were 

very close to the plots, some precipitation events may not be as accurately represented as 

they would have been if rain gauges were located at the field sites and checked daily as 

precipitation values can vaq with distance, 



3.1.7 Anaiysis of Soi1 and Water Simples 

Water content of the soiis was detetmined gravimeûicaiiy afker drying at 103OC. 

Extraction of the soil samples were done by adding 15 mL of 2 M KCl to field moist soil 

in a 50 mL centrifuge tube and'then this was shakea for 45 minutes on a shaker (Maynard 

and Kalra 1993). Foliowing this, suspensions were nltered, the extracts were stored in a 

refiigerator at L OC, and then samples were analyzed for NO,-N on an autoanaiyzer as 

described in Bremner and Hauck (1982). Every twellth soil sample was anafyzed twice 

and two standard soils were analyzed every 25' sample with each batch ofextractions as 

a measure of quality controlquaiity assurance. 

Amounts of nitrate were expressed both on a soil (dry wt) and solution basis. The 

main difference in nitrate expressed on a soii. or solution basis is that soil moisture 

content is taken into account when expressing NO; on a solution basis. Expression of 

NO,' on a soi1 solution basis gives a more accurate picture of the NO, distribution when 

transport is the main focus of the study. 

Water samples taken fiom each well were auaiyzed for NO; using the procedures 

outiined above. Groundwater results presented represent the average NO, content of the 

two site weUs. 

3.1.8 Statistical Analysis 

Wilcoxon's Signed Rank Test, a non-pafametric test, was used to determine 

significant differences in NO, distribution among treatrnents at each depth throughout the 

soil profile. The Wilcoxon's method was chosen because it assumes that the soil system 

is a continuous systern. In other words each soil increment sarnpled can not be assumed 



to be independent of the other increments above or beIow it when exarnining NO,- 

disû-i bution. The interactions that were compared uskg Wilcoxon's non-paratnetnc test 

inchded the following pairs: control vs. rate 1, control vs. rate 2, rate L vs. rate 2 and rate 

2 vs. rate 2 imgation. Statisticaiiy sigdicimt findings according to Wilcoxon's test were 

stated at the 5 % level in the r d t s  and discussion section and a sumrnary table of the 

fiodings are shown in the appendices 

Mer close examination of the field data ushg Wilcoxon's statistics, an analysis 

of variance, ANOVA was also conducted on the nrst two profde depths to examine if the 

application of manure significantiy Sected the NO,' levels in the surface soils. The 

effect of treatment and depth were examined. The difference between the control, rate 1 

and rate 2 were examined- for 0- 15 cm depth and the 15-3 0 cm depth. The imgated 

treatment could not be statisticdly compared with other treatments using an ANOVA as 

the irrigated treatment consisted of ody one replicate. Sigoincant anova tables are 

illustrated in the appendices. ANOVA's were aiso perfonned on the total amount of NO,' 

in the profile to a depth of three meters. Coefficients of variation for the NO; field 

distributions are aiso shown in the appendices. 



3.2 Rate of Denitrification of Soi1 With and Without Manure 

Denitrification is one of the most important ways in which NOi is Lost fiom the 

soil system (Firestone 1 982). In ocder to O btain information regarding the denitrifkation 

potentiai within the soi1 profile, a laboratory sttidy on nitrate disappearance rates was 

conducted- 

Soi1 profile samples were taken fkom the non-rnanured plots at depths of 0- 15, 15- 

3 0,30-60 and 100- 120 cm. Samples were air-dned, and ground to pass through a 2-mm 

sieve. Samples of 12.5 g of soil were placed hto incubation vessels (Figure 3 -2) 

designed by Cho and Sakdinan (1978). The incubation containers were approximately 42 

ml in capacity, had a tapered standard 24/40 joint, a high vacuum stopcock and a tapered 

standard 10/18 cone joint. Soi1 sarnples were incubated with 25 ml of 25 mg NO, L-' as 

KNO,. The 25 ml solution was suficient to ensure that water covered the entire soi1 

surface. Oxygen was evacuated from the container and argon gas was added to achieve 

an intemal pressure of 88 kPa as described by Cho and Sakdinan (1978). 

The incubation vessels were then placed horizontally on a shaker and incubated 

with shaking at temperatures of 7.5 or 15OC. Sixteen samples were incubated for each 

depth and temperature for various time periods up to 15 days. After incubation the 

samples were removed fiom the shaker and extracted with 15 ml of 2 M KCl in a 50 ml 

centrifuge bottle with shaking for 45 minutes. Sarnples were centrifuged for 10 minutes 

and the liquid was stored in the refi-igerator at I°C prior to anaiysis 



* Figure 3.2 Laboratory incubation vesse1 



Samples stored for perÏods longer than three weeks were fiozen. Samples were analyzed 

for NO,-N content on the auto-anaiyzer using flow injection analysis (Bremner and 

Hauck 1982). 

To detennine if manure application affiected the denitrification rate of the surface 

soil, soil samples fiom the 0-1 5 cm depth of the rate 1 and rate 2 treatments were taken in 

June 1995. Denitrification potentid was assessed as described for the non-manured soils 

except that samples were incubated on a shaker at 1 SOC for 1,2,3,4,5,6.7, and 7.5 

days for the PoppIeton sand and 1, 1.5,2,2.5,3,3.5,4, and 4.5 days for the Emerson cfay 

loam soil. Decreases in the concentration of NOi were plotted against time in order to 

obtain the specific rate of nitrate disappearance for both manured and non-manured soils. 



3 3  Simulation of the Steady %te Oxygen Distribution and Aerobic-Anaerobic 

Boundrties in the Soi1 Profile to Predict the Stability of NO; 

The stability of NO; in the soil profile under various conditions has received 

considerable attention (Christeasen et ai. 1990; Cho et al. 1996). In order to determine 

the fate and transport of NO; in the soil environment, it is essential to detemine it's 

stability. If NO, is stable in the soi1 pronle, the potential for NO; to move to lower soi1 

depths and. groundwater is hi&. In contrast, if NO; is unstable in the profile and 

undergoes denitrification, the nsk for leaching is reduced but the emission of N,O gas 

from the soil poses another environmentai problem as N20 is a green house gas which 

contributes to the depletion af the ozone Iayer and an increase in the potential for global 

warming (Cnitzen and Enhait 1977; KUizig and Socolow 1994). 

Stability of NO,' and the presence of O, in the soi1 atmosphere are inversely 

related. Under aerobic conditions, NO,' is produced fkom the Md'-N fonn and is 

generaily stable. Under anaerobic conditions, NO; becomes a terminal electron acceptor 

and is reduced to NO,; N20 and N2. It has been reported that denitrification can occur 

even under aerobic conditions (Allison et al- 1960; Broadbent and Clark 1965; Knowles 

1 982). Some workers (Smith 1 980; Myrold and Tiedje 1985; Hoj berg et al. 1 994) stated 

tliat the reason denitdication was being reported under aerobic conditions was because 

denitrification was occumng in anaerobic pockets within soil aggregates. I t  had been 

speculated that the macro-pore space between the rnacro aggregates rnay be aerobic while 

the micropores within a soil aggregate may be anaerobic. Consequently. the NO,' in the 

interior of the soi1 aggregate could be denitrified. There is. however, no known 
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c'threshold" concentration of O2 for initiation of denitrification in soil. Even though the 

"threshold" concentration of Oz for the denitrification is not known, the distribution 

pattern of Oz in soii, if it can be either predicted or observed would be a very vaiuable 

means to predict the stability of NO; within a soil. The oxygen concentration of the soil 

decreases with increasing soil depth and it depends on the soi1 conditions to detennine 

when and if an anaerobic boundary is formed- 

A mathematicai model, based on a rnass balance equation, which incorporated 

values for soil temperatures, moisture contents and nitrate disappearance rates was used 

to determine the distribution of oxygen in the profile at steady state (Cho et al. 1996). 

The distribution of oxygen in the soil profile, after a change in water content, was also 

calculated in order to determine the effect of a rainfd event on the stabiiity of NO,- in 

the soil profile. 

Cho et al. (1996), described the transport of 4 in the soil as: 

where c is the concentration of O2 in air-filled porosity, 4, is the fractional value of air- 

filled porosity, Do is the difision coefficient of O, in the air-filied porosity, and x and t 

are distance and time, respectively. The oxygen consurnption rate, 4 . was defined on a 

unit volume of soil. In orderto solve equation [3.1], 4,. Do, and 4 as Functions of 

independent variables, x and t have to be known. The moisture content and bulk density 

are needed to obtain 4, (air filled porosity) and D (difiional coefficient of oxygen) 

distribution information. 4 is known to be a function of soil depth and temperature. 



Since the transport of oxygen occurs through the air filled porosity, the total porosity and 

soil moisture content have to be known in order to estimate the air-filled porosity. 

The model required the distribution patterns of microbial activity expressed in 

tenns of oxygen consumption rate per unit volume of soil. Since the rate is a fünction of 

soil depth and soi1 temperature, the dependency of the rate upon these two independent 

values had to be obtained. Cho et al. (1979) iltustrated that the microbiai respiratory 

activity distribution, measured as CO, production rate, was not constant throughout 

various soi1 profiles. The magnitude was generaiiy high at the soil surface and then 

decreased with depth. Burford and Bremner (1975) and Beauchamp et al. (1989) reported 

that the denitrification capacity in soils under anaerobic conditions was controlled largely 

by the supply of readily decomposable organic matter. Temperature also greatly affects 

microbial activity in a soil profile. Since soil temperature distributions were not 

measured in the field, an average seasonal temperature distribution model was used to 

estimate the temperature distribution at various times of the year. The seasonal soil 

temperature profile was estimated by the relation (Carslaw and Jaeger 1959; and Cho et 

al. 1979): 

T = T* + A*exp(-x/d)sin(Tt - x/d + 9) [3 -21 

where T* = 5S°C, A* = 12.S°C, d = 140 cm, T = 0.5236 month-'. <p = -1 -964 and t is time 

expressed in numencal month and x is depth in cm. However, since temperatures were 

stightly above average in the summer of 1995 the magnitude of A* was slightly modified 

to At = 1 5S°C as opposed to 12S°C. The temperature distribution of the soil profile 

was a function of time and depth (x). Only the angdar frequency (T) and shifi in 



phase(<p) were adjusted using time of the year, t = O at January I .  The effects of 

temperature distribution were examined between the months of May and September for 

both sites. 

Soi1 moisture and buik density distribution data from the Emerson silty clay loam 

and the Poppleton sand field studies were utilized in the mode!. Soi1 moisture contents 

were measured as previously described. Average bulk dem-ty values were taken in four 

replicates in the fall. Measuring soil moisture contents and bu& densities enabled an 

estimation.of the air filied porosity of the soi1 at field conditions. 

Ovgen consumption rates, +, of soil at various depths were not determined. 

Insteaâ, the distribution was derived fiom experimentaiiy observable nitrate 

disappearance rates at 15OC that were determined in the laboratory under saturated 

conditions. .The measured NO; disappearance rates of soil profile samples (as described 

in laboratory studies) were plotted against the soil depth in a semi-log manner. For the 

Emerson silty clay loam the following equation was obtained: 

RI, = 7.438 exp(-0-0258~) [3 -31 

where RI, is the nitrate disappearance rate for a unit weight of soil at 15°C. and the 

coefficient, 7.438, is the nitrate disappearance rate expressed in pg g*' day" at the soi1 

surface at 1 SOC. The magnitude corresponds to 3 -7 x 10" v o l  g-' min-'. 

Since the standard temperature chosen to describe the temperature effect was 

based on 20°C, the experimentally obtained values at 15OC were corrected to 20°C, using 

a Q,,=2.68, which was obtained in the laboratory. The maximum NO,- disappearance rate 

of the surface soil at 20°C becarne 4.9 x  IO^ pmol g-' min-' 



In order to obtain the oxygen coasumption rate, the nitrate disappearance rate was 

rndtiplied by the value of 2. L , the ratio of OCR to nitrate disappearance rate (Cho 1982). 

The nmchuxn (surfiace) vahe of OCR became 1 x pmol O, g-' m i d  at 20°C for the 

Emerson profile. 

The oxygen consumption rate at 20°C for the Poppleton sand was derived 

sunilady using the laboratory data It wax 

R,, = 1.4 x L o - ~  exp(-O.l3x) [3 -41 

Qls=  2.1 x R,, c3 -51 

where RI, is the nitrate disappearance rate for a unit weight of soil at 15OC, the coefficient 

1.4 x W3 is the nitrate disappearance rate expressed in pg gg' a' at the soil d a c e  at 

1 SOC, 44, is the OCR at lS°C, and 2.1 is the ratio of OCR to nitrate disappearance rate. 

Appropriate temperature and OCR to nitrate disappearance rate corrections were 

made in order to obtain the OCR at 20°C. The O, consumption rate for the Poppleton 

series codd be expressed as: 

&, = 3 x 1 o5 exp(-O. 1 .3~)  13-01 

where 41~, is the OCR at 20°C. The oxygen consumption rate of a particular soil depth 

with temperature, T, will be: 

4 = A~, (T-B)~~P( -w  r3.71 

where A is the temperature dependent rate of OCR and B is the threshold temperature of 

respiration. In this mode1 calculation, B was chosen to be 1°C, and A was 0.0526 C-' 

The coefficient k is hereafter called the depth coefficient- 



Since the seasonai temperature distribution wi-thin the soi1 was also a function of 

soi1 depth, Eq [3.2], was substituted into Eq [3.71, and the resulting equation was then 

substituted into Eq [3.1]. 

The equations used were: 

The oxygen consumption values for the Emerson and Poppleton profiles dong 

with the exponential k value were used in the model to detemüne the steady state 

distribution of oxygen. Negative vaiues of 4 were discarded and the transient equation 

was numericaily solved until steady state values of c were obtained. Thus, the measured 

field values which described the physical condition of the two profiles and the laboratory 

values which iliustrated the optimum amount of nitrate disappearance in a sahuated 

condition can be used to predict the steady state oxygen concentration profile. 

An additional factor that was considered in the model was the examination of 

what would happen to the stability of NO,' in the soi1 profiles after a rainfall event. A 

water balance model for pre- and post-rainfall pronles was calculated using a similar 

pattern reported by Salvucci and Entekhabi (1994). Moisture redistribution af3er the 

rainfall event was canied out for both sites. At the Emerson silty clay loam site large 

rainfall events of6 cm occurred at the end of August and in the begiming of September. 

Thus, the rainfall distribution cdculation for the Emerson silty clay loam used an initial 



moishrre content of the imgated plots in the field in August and September and the £inal 

rainfaiI distribution was determined to have had 6 cm of rain added to the initiai 

concentration. Bulk density of the soi1 pronle in the field was also considered. Moishue 

distribution after 6 cm of min was calculated assumuig the 6 cm rainfall had penetrated to 

a certain depth with a fixed d a c e  moisture content The new moisture distribution was 

assumed to follow an exponentidly decreashg pattern fiom the surface to a certain depth 

where the moishue content was unafEected by the r a i n f i  event. The total amount of 

increases in the moisture fiom d a c e  to depth was equivaient to the amount of mhfall. 

The newly caiculated moisture distribution was then used in the model, to detennine the 

oxygen profile and to observe how the addition of water changed the 0, distribution fiom 

the previous steady state. This was then reiated back to the stability of NO; in the 

profile. 

Moisture redistribution in the Poppleton sand after a rainfdi event was also 

calculated using the same method as demibed above. The majority of rain at the 

Poppleton site occurred in the end of August and the largest raiddl event measured close 

to 8 cm of min. Therefore 8 cm of min and the August soi1 conditions of soi1 moisture 

were used in the model. Thus, soii rnoisture and buk density values fiom the field dong 

with the calculated final moishue contents were used to determine the change in oxygen 

concentration with the.  Tirne zero corresponded to the soi1 moisture content before the 

rainfall event and the change in oxygen concentration was examined up until day 5. 



CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Effect of Hog Manure on the Distribution of NO; in Soi1 and Groundwater 

4.1.1 Precipitation 

Precipitation values h m  May to September for the Emerson and Poppleton sites 

in 1995 are illustrated in Figures 4.1 and 4.2, respectively. Precipitation events at the 

Emerson site (Figure 4.1) during May, lune, July and the eariy part of August were 

iafrequent, srna11 and below average (Environment Canada 1995). Precipitation in May, 

June and Juiy was 54 mm, 14 mm and 34 mm respectively as compared to the average 

precipitation values of 6 1 mm, 93 mm and 74 mm, respectively. After mid August, 

precipitation values were higher than average and were 100 and 75 for August and 

September as compared to averages of 62 and 52 mm, respectively. Rainfd events of 62 

and 52 mm were recorded for Sept 5 and Sept 18, respectively. There was also an 

appreciable arnount of precipitation before the last sampling date (September 18, 1995) 

that occurred in a relatively short period of tirne. 
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Precipitation rates in May, lune, Jdy and August were 55 mm, 42 mm, 94 mm, 

and L 34 mm, respeetively, at the Poppleton site (Figure 4.2). Precipitation at the 

Poppleton site was below average for May and June but above average in July, August 

and September (Environment Canada 1995). Rainfd events of 28,25, and 12 mm 

occurred on Juiy 5,7, and 18 respectively. The biggest rainfall event occurred on August 

18" and totaled 82 mm. The majority of precipitation for the month of September 

occurred before September 5. The precipitation events were graphed daily so that the 

effect of precipitation on the movement or leaching of NO; codd be compared with the 

NO; distributions in the soi1 profiles. 

4.1.2 Soil Moisture 

Soil moisture distributions between the irrigated and non-imgated soil profiles 

were compared and expresseci on a volumetnc basis. Soil moistme profiles for both the 

imgated and non-irrigated treatments of the Emerson site from the months of July to 

September illustrated a similar pattern. Soil moishire was approxirnately 30 % at the 

surface, decreased to about 20 % at 40 cm, and then graddy  increased with depth to 

values of about 40 % at the 300 cm depth (Figures 4.3-4.5). The addition of 4 cm of 

water to the imgated profile did not produce rneasurabie or consistent differences in soil 

moisture content when measured 5 days after irrigation. The lack of detectable 

differences between treatrnents couid be due to the sampling time or the inherent spatial 

variability in soil moisture. 
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Figure 4.3 Volumetric water content of the Emerson profite on 
July 11,1995 
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Figure 4.4 Volumctric ruter content of the Emerson profile on 
August 23,1995 
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Figure 4.5 Volumetrie wnter content of the Emerson profile on 
Septcmber 18,1935 



The distribution of soil moistue in the Poppleton sand was similar in pattern to 

that of the Emerson soil during July to September, except t&at the moisture contents in 

the surfiace layers were lower in magnitude (Figure 4.6-4.8). The soil m o i m e  content 

was relatively low at the surface (approximately10-20 %) and then it graduaiiy increased 

with depth to values of 38 to 48 % at the 300 cm depth. Again the Iack of detectable 

differences between the imgated and the non-imgated treatrnents was likely due to the 

t k  of samphg and soil variability. 

4.13 Soii -Temperature 

Soü temperatures were not measured at the two field sites. The average 

temperature distribution of Manitoba soils was used to help explah and discuss the trends 

seen in the NO,' distribution throughout the profile. Typical temperature distributions 

with depth from May to September are show in Figure 4.9. The data indicates that the 

surface soil was near 10°C and was about 3°C at 150 cm in May. As the season 

progressed the surface temperature increased to a high of 18°C on August 24. However, 

the rise in temperature of the subnvface soil was rathet slow. During September, the 

temperature of the surface soil started to decrease while subsoil temperatures continued to 

increase. The subsoil temperatures in September were warmer than those in July or 

August. 
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Figure 4.6 Volumetrie wnter content of the Poppleton profile on 
Ju1y 11,1995 
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Figure 4.7 Volurnctric wnter content of the Poppleton profile on 
August 21,1995 
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Figure 4.8 Volumetrie water content of  the Poppleton profile on 
Scpternber lS, 1995 
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Figiirc 4.9 Average soi1 tempci-nture profiles of Mnnito ba soi1 
at several times of the yeni- (as estirnated by Carslnw and Jneger 
1959;CIio et al. 1979) 



4.1.4 Nitrate Distribution of the Emerson Süty Clay Loam 

The patterns of NO; distribution in the soii profiles, based on the average of three 

replicates, were similar when expressed on either a soi1 basis or a solution basis with the 

exception that the values expressed on a solution basis were aiways higher (Figures 4.1 O- 

4.14). The concentration of NO; at the Emerson site in May and June was high in the - 

surface soils, decreased rapidly with depth to a depth of about 35 cm, then remained 

relatively constant with depth (Figures 4.10 and 4.1 1). Treatment had little or no effect 

on the distribution pattern of NOi in the soil except in the months of August and 

September. The concentration of NO, was high at the surface and then decreased rapidly 

with depth to about 50 cm inJuly, August and September. However, in contrast to the 

distribution pattern for NO; o b w e d  in May and lune, an accumulation or bulge of N O i  

at a depth of 50 to 200 cm was observed for July and August The NO; concentration at 

the bdge was found to be significantiy higher for the rate 2 irrigated treatment than for 

the non-imgated treatrnents. Statistically significant reductions in NO,' concentrations 

were noticed in the end of the summer. A significant disappearance of NO,' in the 50 cm 

region in August for the rate 2 treatment and a reduction at the 50- 100 cm region for the 

rate 2 imgated treatment in September were obsenred. 

A statistically significant difference in NO; distribution was also observed 

between the control and rate 1 in August with the NO3- N concentration in the control 

being lower than that of rate 1 especially at the soil sudace. In September a large 

statistical difference was noted in the distribution of NO,- between rate I and rate 2 as the 

concentration of NO,- in rate 2 was generaily lower than that of rate 1. This difference 

could be attributed to increases in the amount of available carbon associated with the rate 
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Figure 4.10 Distribution of NO,-N in the Emerson profile on Mn? 30,1995 
as affected by differcnt treatments 
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Figure 4.11 Distribution of KO,X in the Emerson profile on June 13,1995 
as nffccted by different trentments 
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Figure 4.12 Distribution of NO,-N in the Emerson profile o n  July 11,1995 
as affectcd by diffcrcnt treatmcn ts  
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Fipurc 4.13 Distribution of NO,N in thc Emerson profile on August 23,1995 
as affectcd by differen t trentments 
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Figure 4.14 Distribution of l\'O,-N in the Emerson profile on September 18,1995 
as affected by differcnt trentnicnts 



2 treated soi1 and the highly favorable denitrifying conditions that occurred in the falt. In 

a review on the effects of carbon on denitrification, Beauchamp et ai. (1989) stressed the 

importance of carbon on denitrification. 

The general NO; distribution patterns of the Emerson clay (high at the soi1 

surface and lower with depth) ais0 showed accumulation and disappearance patterns in 

the profile depending on the conditions. In July the irrigation of 4 cm of water had an 

effect on the NO; distribution. tt showed high nitrate Levels at the d a c e  followed by a 

decrease in the concentration around 50 cm and then it increased with depth, showing a 

maximum near the 100- 150 cm depth. The presence of a bulge of NO,' near 100-1 50 cm 

could be due to leaching of NO,-N fiom the d a c e  layen or due to the possibility that 

the addition of water to a previously dry profile wouid have increased the potentiai for 

nitrification (Birch 1958; Aulakh et al. 1983). [ncreasing soi1 temperature and moisture 

that occurred during July and August probably enhanced microbiai activity and 

nitrification in the surface soil resulting in the production of NO; which then moved to 

depths of 100-1 50 cm with the irrîgation water and various rainfdl events. Soi1 

temperatures in July at the 50 and 200 cm depths would be about 15 and 6°C. 

respectively and the soi1 moisture for the imgated plot in July at the same depth was 

about 38-40 % as opposed to 30 % in the non-imgated profile. Alexander (1965) and 

Williams et al. (1 992) suggested that for nitrification to proceed at an optimum rate. 

moisture content of the soil should be between half and two thirds of it's rnoisture 

holding capacity. Nitrification rates have also been reported to increase over the range of 

2 to 40°C (Kowalenko and Carneron 1978). The possibiiity of increased NO,-N 

concentrations in the soil profile from the imgation water was ruled out as the total N and 



NO,-N levels in the irrigation water were very srnail measuring 0.56 and < 0.04 mg L" 

respectively (City of Winnipeg 1995). 

The reduction in NO; concentration at the 50 cm depth (Figure 4.13) observed for 

the rate 2 and the rate 2 irrigated treatment rnay have been due to denitrifkation. When 

precipitation values for the August 23 sarnpling date were examined, it was found that 

there was a large amount of min which occurred prior to this sarnpling date. It was 

speculated that the minfâi-i event prior to the sampling date may have caused the low NO,* 

content at the 50 cm depth as pfecipitation resulted in a higher moisture content and 

temporarily decreased oxygen content in the fïrst 50 cm of the Emerson profile making an 

anaerobic zone which intensined the denitrification process at this intemediate depth. 

Under similar moisture conditions, the same intensity of denitrification did not occur 

bellow the 50 cm depth, and this was probably due to lower soil temperatures which 

limited microbial activity, and hence Iimited the rate of denitrification. 

According to van Kessel et al. (1 993), soil water content is the most dominant 

factor controlling deni tri fication activity , fol10 wed by the concentration of NH,' and NO, 

and totai soil respiration. There have been many studies (Smith and Tiedje 1979a; 

Mosier et al. 1982; Sexstone et al- 1985 ; Aulakh et al. 1992) that illustrated that an 

increase in soil moisture due to rainfail or irrigation resulted in a dramatic increase in 

gaseous nitrogen fluxes within hours which suggested that levels of d e n i w i n g  

organisms present in agricultural soils are suffi~cient to respond quickly to changes in 

aeration. Smith and Tiedje (1979a) also reported that most nitrogen is lost from soils 

during brief penods b e g i ~ i n g  a few hours after rainfali or irrigation. The NO,- 

concentration in the Emerson soil profile in September was significantly different for the 
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imgated treatment and non-irrigated rate 2 treatment Thus, it is possible that increased 

moisture in the imgated soi1, increased denitnncation. 

In September, the rate 2 imgated treatment seemed to promote the disappearance 

of NO, fiom the 50- 100 cm region through denitrification. in con- the same manure 

treatment with the addition of 4 cm of water in did not promote denitrification in Juiy; 

Ïnstead the NO,' moved down the profile and accumuiated at the 50 to 200 cm depth- 

Conditions that occurred in September, including warmer s u b d a c e  temperahues and 

increased soi1 moishire were probably the reason for the diffirent fates of NO,- 

The high levels of NO,' in the surface soils during May to July could be partidly 

due to increased nitrification. In Juiy, the rate 2 imgated treatment had a noticeably 

higher NO,' concentration in the surface soils (60 pg g-') than other treatments (1 0-30 pg 

g )  Increased nitrification and mineralization in M y  for the irrigated treatment, was 

probably due to the increased water content coupled with wamier temperahires. It is also 

possible that during June and July when the soi1 conditions were very dry that some NO, 

may have mcved up the profile via capiilary rise with evaporating water. The upward 

movement of NO,; whicb is usually c o h e d  to the upper 30 to 45 cm of a soi1 in dry 

penods, was observed by Wetselaar (1 96 1). A decrease in NO, concentration in the 30 

to 45 cm region was seen at the Emerson site. 

The arnounts of nitrate-nitrogen per hectare to a depth of 300 cm were calculated 

on the Emerson silty clay loarn for al1 treatrnents (Table 4.1). 



Table 4.1 Nitrate-nitrogen for the Emerson silty clay loam at various times of  1995 
(Kg ha-' to 300cm). 

Treatment June 13 Juiy 11 August 23 September 18 

NO,-N (Kg ha" to 300cm) 

Control ,146 238 264 143 

Rate 1 306 276 363 228 

Rate 2 229 262 298 112 

Imgated - - 582 513 45 

Rate 2 

Plots treated with mauure usually contained higher amounts of NO,- than plots 

without maure. Plots treated with the high rates of manure contained Iess nitrate than 

plots treated with the low rate of manure. The lower amounts of NO,- in the plots treated 

with the high rate of manure may have been due to a greater rate of denitrification 

associated with an increased organic C content of the rate 2 treatment. Denitrïfiying 

organisms use organic C compounds as electron doners for energy and for synthesis of 

cellular constituents and thus denitrification is strongly dependent on the availability of 

organic compounds such as manures (Beauchamp et al. 1989; Aulakh et al. 1 992). 

Burford and Bremner (1975) concluded that denitrification in soils under anaerobic 

conditions is controlled largely by the supply of readily decomposable organic mater. In 

fact the production of nitrous oxide which is an intermediate in the denitrifying process 

was also shown to increase in manured soils which would also indicate the importance of 



manure enhancing the denitrification process (Burford and Brernner 1975; Christensen 

1 985). Many researchers (Olsen et al. 1 970; GuenP et al. 1 979; and Cooper et al. 1 984; 

Beauchamp et ai. 1989) have speculated that increased denitrification caa occur on 

manured soils. 

Irrigation when the soil was relatively dry to begïn with increased the amounts of 

nitrate in the soi1 profiie dirring Juiy and August (Table 4.1) and this was most likely a 

result of greater nitnncation and mineralkation rates. Nitnncation rates were probably 

increased by the higher moistwe contents of surface soils on the imgated plots. 

However, decreases in the total amount of NO, observed in the soil profiles in September 

were probably a result of denitrification. Subsurface soil temperatures were warmer and 

soil moishue was higher due to increased precipitation in September as opposed to 

previous months. increased temperature and water content can facilitate greater rates of 

denitrification (Knowles t 982). 

Differences in the total amounts of NO,-N in the 0-3 m depths among treatments 

were not statisticaily significant at the 0.05 P level. Signincant differences were probably 

not observed due to a great deal of field variability among replicates. Variabüity in 

replicates could have been due to the heterogeneity of the manure, the unevenness of the 

manure application, the nature of the soil and differing microbial activity as a resuIt of 

varying moisture. Also, rnanure has been applied once every four years for the last 20 

years to this site and the control had high background Ievels of NO,- which masked the 

effects of the manure applied to this study. Coeficients of variation for NO,' 

distributions with depth also exhibited high variability due to heterogeneity of the manure 

and soil system. 



A two way ANOVA was carried out on the data for the Emerson silty clay loam 

to see if there was any eEect of the application of the manure on the concentration of 

NO,' in the surface soii (0-1 5 and 15-30 cm). The main effects of depth (0-1 5 cm vs 15- 

30 cm) were examined as wel  as treatments (control, rate 1 and rate 2) and their 

interaction. Significant ciifferences in NO; content between the top two layers occurred 

only on May 30, June 13 and July I 1. In most cases, NO; content of the top two depths 

were not simcantly different. The lack of signifiuuice was probably due to rainfall 

events which r e d y  moved nitrate from surfiace layers (0- 1 5 cm) to lower depths (1 5-30) 

negating any merences which may be expected due to mineralization and 

denitrification. The treatment effect on the d a c e  soil of the Emerson clay loam proved 

to be significant o d y  in the month of Jdy. 

4.1.5 Nitrate Distribution of the Poppleton Sand 

The patterns of NO,' distribution in the soi1 profile of the Poppleton sand were 

sirnilar to those of the Emerson clay ioarn, however, the nitrate concentrations of the sand 

were slightly lower on average (Figure 4.1 5-41 9). The change in NO; concentration 

from the surface soil to the lower soil depths was less dramatic for the Popppleton site 

than for the Emerson site. 

The concentration of NOi in the Poppleton sand in May was high in the surface 

soil, decreased rapidly with depth to a depth of about 25 cm and then remained relatively 

constant with depth. In June, July, and September, NO, concentration expressed on a 

soil basis was high at the surface, decreased rapidly within the first 50 cm, and then 

increased fiom 100 to 300 cm. However, with NO,- concentrations expressed on a 
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Figure 4.15 Distribution of NO,-N in the Poppleton profile on May 25,1991 
as nffected by diffcrent treatrnents 
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Figure 4.16 Distribution of K0,-N in thc Poppleton profile on June 13,1995 
as nffected bj* different trentmcnts. 
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Figure 4.17 Distribution of NO,-N in the Poppleton profile on July 11,1995 
ns nffecteù by different trentmcnts. 
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Figure 4.18 Distribution of NOJV in the Poppleton profilc on August 24,1995 
as nffected by different trentmcnts. 
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Figure 4.19 Distribution of NO,-K in the Poppleton profile on September 18,1995 
as affecteci by different trentnrents. 



solution basis, NO3' concentrations at depths of 1 00 and 300 cm were similar to those at 

50 to 100 cm. Thus, since no concentration gradient existed in solution, there would be 

no net movement of NO, to iower depths in the Poppleton sand via di f i i o n .  

The rise in NO; concer&ation with depth seen when expressed on a soil basis, 

which was not seen when expressed on a solution basis is an important observation and is 

paaicularly evident for data presented in Figure 4.17. The concentration of NO,' 

expressed on a soil basis in the control plot fiom 150 cm to 300 cm increased with depth. 

In contra$ NO, concentration remained around 30 pg NO; g-' for al1 depths when 

expressed on a solution basis. This discrepancy is soleiy due to changes in moisture 

content which increased with soii depth. This example illustrates the importance of 

expressing the NO, on a solution bais to test if transport via diffusion is possible. Even 

though there was no concentration gradient of NO; in soi1 solution, the leaching of nitrate 

m u t  have o c c m d  previously since the NO; levels were about 45 pg NO,-N g-' at 

depths of 100 to 300 cm. 

The NO, distribution pattern in August was similar for al1 treatments. 

Concentration of nitrate, expressed on a soil basis was low at the surface and increased 

with depth. This could be attributed to the heavy rainfall event îhat occurred on Auguçt 

19" 1995 which probably leached a considerable portion of NOi  from the surface to 

deeper depths. The probability-of leaching occuming is supported by the distribution 

pattem of NO3- in the soi1 solution. The concentration of NO,- in soil solution below IO0 

cm was almost uniform and were higher than those observed in July (Figure 4.17). The 

presence of high concentrations of NO,- in surface soils (solution basis). not O bserved 



when expressed on a soi1 basis, may be due to evaporation of soi1 moisture at the surface 

after the rainfali event or due to increased mineralization at the surface. 

Statistical anaiysis of the data obtained for lune, July, and September, revealed a 

statisticaily significant difference in NO; distribution between the irrigated and non- 

imgated profile. There was a matked reduction in NO; content at the 20 to 140 cm 

region for the rate 2 irrigated treatment in M y  (Figure 4.17). The decrease in NO,' 

content was either due to Ieaching or denitdication. However, since an accumulation of 

NO; below 1.5 meters, was not observeci, denitrification was most likely responsible for 

the loss. Normaily it would be assumed thaidenitrincation would occur less fiequently 

on a sand as cornpared to a fine texhrred clay. However, this depends largely on the soi1 

conditions. Pnor to sarnphg of the Poppleton sand on July 1 1, there was an appreciable 

amount of precipitation and the surface soi1 had a high moisture content. The increased 

rnoishire content decreased the oxygen content of the sand which created an anaerobic 

zone in the profile favorable for denitrification. It has also been show that rather 

shallow groundwater tables may induce or enhance the denitrification processes in soil 

resdting in a loss of nitrate (Strebel et al. 1989). Another statistically significant 

difference for data obtained in July was between the control and rate I treatment. The 

control had very low concentrations of NO,' at the begiming of the year whereas the rate 

1 treatment consistently had higher concentrations throughout the profile. Nitrate 

concentrations of the soil solution for the surface soil was about 130 pg NO,-N g" for the 

control and 280 pg NO+ g-' for treatment 1 (Figure 4.17) Irrigation on the Poppleton 

sand had no measunble effect on NO; distribution in September (Figure 4.19). Rainfall 



events probably masked expected differences. It is aiso possible that the sarnpling 

interval after the application of water was too long to illustrate effects of imgation on the 

sand. A significant difference between the rate I and rate 2 treatments was determined 

for the Poppleton sand in ~e~t&nber. Concentrations of NOi for the rate 2 treatrnents 

were higher than for the rate 1 at the lower profile depths. In general there were fewer 

statisticai diffierences among treatments for the Poppleton sand than for the Emerson silty 

clay loam. 

The total quantities of nitrogen per hectare to a depth of 3 meters were calculated 

for the Poppleton sand (Table 42). 

Table 4.2 Nitratcnitrogen in-the Poppleton sandy barn at various times of 1995 
(Kg ha-' to 300 cm). 

Treatment June 13 July 11 August 24 . September 18 

NO,-N in 1 ha-300cm 

Con trol 248 117 254 228 

Rate 1 259 145 264 243 

Rate 2 242 136 274 303 

lrrigated - - 70 282 323 

Rate 2 

Plots treated with the high rates of manure sliowed Iower quantities of nitrate than 

plots without or with low rates of manure in June and July. Again. increased organic 

carbon may have increased losses via denitrification- Irrigation greatly decreased the 

amount of NO,- present in the profile in July most likely due to denitrification. However. 



irrigation did not seem to have an effect on the amount of nitrate in the profile in 

September- S tatistical analysis of the data for the entire profile showed no significant 

differences among amouiits of nitrate in the control, rate 1 and rate 2 treatments at the 

0.05 P level. Coefficients of variion for N0;disüibutions with depth aiso exhibited 

high varïability due to heterogeneity of the soil profile which had two grave1 lenses. 

A two way ANOVA was perfomed on the data for the Poppleton sand to test if 

the amounts of NO, in the d a c e  soil was affected by the manure treatments. The main 

effects of depth (0-1 5 cm vs LW0 cm) were examined as well as treatments (control, rate 

I and rate 2) and their interaction. Except for Augusf dePth was found to be significant 

for ail of the samphg days as nitrate content on surface Iayers was significantly greater 

than the lower depths. Treatme-nt in the surface two layers had no significant effect at any 

time. 

The NO, concentration in the well water throughout the growing season is 

illustrated in Figure 4.20. The concentration of NO,- in the groundwater was about 45 pg 

NO, -N L-' during May to early August and about 20 pg NO,-N L-' at the end of August. 

The NO,-N concentration in the groundwater was very high and it exceeded the 

maximum allowable concentration of 10 pg NO,-N L"(CCREM 1987). The high NO+ 

levels seen fiom the well water samples were M e r  supported and emphasized when the 

NO,-N concentrations on a soil solution b a i s  were examined as they were also around 45 

pg NO, -N L-' until August. The decrease of NO, concentration in August was probably 

due to denitrification. Sub-soi1 temperatures and soil moisiure contents were higher in 

Augtist than in the spring and thus conditions were more favorable for denitrification in 



August than earlier in the growing season The high levels o f  NO, in the groundwater 

indicate that NO,- has leached to the groundwater from previous manure and fertilizer 

appiications. It is generally . known that NO,' leaching is of greater concern in coarse 

tex- soils as opposed to fine textuied soils (Hedlïn 1971; Buiton 1994a;). Chang et 

al. (1996) and Ewanek (1996) have also showed that NO; leached to groundwater fiom 

m u r e  applications. 

4.1.6 Review of Data in Relation to Current Guidelines 

One of the goals of this -&dy was to help devise guidelines to as& farmers in 

determining sustainable rates for manure application. The current 1995 guidelines for 

hog producers States that the producer should not apply more nitrogen than the crop can 

utilùe (Manitoba Agriculture 1995). Uptake of N by crops generally Vary fiom about 78 

to 1 12 kg N ha-'(Manitoba Agriculture 1995). Manitoba agriculture curkntly 

recommends the following in the mauure management guidelines: If NO,-N levels in the 

top 120 cm are 160 kg ha-', the values are considered too high, and no manure should be 

applied. If the nitrogen concentration below 120 cm are greater than 22.3 kg ha-' per 30 

cm depth, nitrates have moved or leached down the soi1 profile (Manitoba Agriculture 

1995)- The data obtained for the Emerson silty clay loam and the Poppleton sand were 

examined with respect to the current Manitoba guidelines. Quantities of NO+ pet 

hectare in the top 120 cm were calculated (Table 4.3). Nitrate content of the Emerson 

clay loam, irrespective of treatment was higher than the Poppleton sand with some values 

being higher than the recommended maximum Ievel of 160 kg N ha" in the top 120 cm- 

t t  should be noted that dthough levels of nitrate in the top 120 cm were high, nitrate 

concentration (on a soi1 basis) at depths below 120 cm were 





relatively low (about 5 pg g-'1- This is close to the guideline limit proposed by Manitoba 

Agriculture. In con- some nitrate concentrations of the soil solution at depths greater 

than 120 cm exceeded 10 pg ,ml-' N. Tmis if this solution moved to the groundwater, the 

groundwater would exceed the safe limit for water for domestic use (IO jqg ml-' N). 

Whether or  not conta&@ation of groundwater wouid occur wouid depend on whether or 

not sufficient deaitrification wouid occur below depths of 120 cm to reduce nitrate 

concentrations to less than 10 pg ml-' N. in September however, none of the Emerson 

clay Ioam treatrnents exceeded the maximum recommended Ievel on a soil or solution 

basis. Increased fdl denitrification was probably responsible for the decrease in NO,'. 

Table 4 3  Amounts of NO,* in the soü profile (Kg N h i '  to 120 cm). 

Emerson clay loam Poppleton sand 

Date Control Rate 1 Rate 2 Irrigated Control Rate 1 Rate 2 Irrigated 

NO,-N (kg ha-' 120 cm) 

May 1 1/10 274.9 288.1 271.3 M* 88.4 108-6 80.8 M* 

May 30/25 181.0 144.5 210.7 NIS 99-9 81.9 74.6 M* 

June 13 97.5 183.0 178.7 NI* 68-9 1 15.9 84.2 M* 

July 1 1 1 14.2 122.6 126.6 340.3 29.1 59.6 30.5 26. I 

August 312 227.8 76.8 101-8 195-2 92.8 104.3 83.0 90 -2 

August 24/23 1 16- 1 236.5 18 1-3 256-5 42-4 69.8 91 .O 73. I 

* NI: not irrigated 



The levels of NO; in the Poppleton sand were not above Manitoba's 

recommended maximum of i60 kg ha-' (Table 43). This wouid lead one to believe that 

on the Poppleton sand there p s  no problem with respect to NO; Ieveis in the soil and 

that more nitrogen could safely be applied to the site. However, the NO, -N concentration 

in the groundwater w& about 45 pg NO,-N L-' and greatly exceeded the Canadian 

drinkuig water guidelùies. Nitrate-nitmgen expressed on a soil solution basis (Figures 

4.10-4.19) dso illustrated the concentration of NOi was about 45 pg NO,-N L-' in the 

soi1 solution. Drainage of soii wata h m  the O to L20 cm depth to the groundwater 

would thus result in concentrations weU above the 10 pg NO,-N L-' limit The nitrate 

concentrations were especially high at the lower depths. It is obvious fkom the 

groundwater and soil solution anaiysis that addition of more nitrogen (in commercial or 

organic form) to this site should be done with extreme caution as Leaching is occurring 

and NO,' is accumulating in the groundwater. 

It is important to realize that soil moisture is a very important factor to consider 

when determining the NO, distribution in soil profiles. Soil moisture varies with soil 

texture and thus the concentration of NO,' expressed on a soil basis will also Vary with 

moisture, however the NO, concentration expressed on a soii solution basis will not vary 

and it will be a more constant rneasw. [t should also be noted that the interpetive 

guidelines for Manitoba used to determine acceptable NO,' levels have to be viewed and 

used with caution and common sense. When determining acceptable NO, levels in soi1 

profiles it is strongly advisable to sample to depths greater than 120 cm to get a more 

compiete picture of the NO,- distribution and to determine if NO,' is leaching in the 

system. In order to determine if there is a potential long term problem, sampling shodd 



be taken to at least 300 cm in ordet to obtain information on NO,- distri but ion within and 

below the root zone. Soii texture shouid also be inchded in the guidelines as the fate, 

distribution and movement of NO; on a sand and a clay wilI Vary dramaticaily. 

Field studies to determine the fate of nitrogen from hog manure is important and 

essentid to sustainable agriculture. The study reported herein did not quanti& the losses 

of NO; fkom the system- The study was also of short duration and thus long-term trends 

could not be examined. The data, however, showed the distribution patterns of NO,- in a 

sand and'a clay profile and Uustrated some of the potential fates of the NO; such as 

Ieaching and denitrification. It aiso iiiustrated that manure application rates should be 

different for a sand or a clay textured soii. in general, at both sites, the application of hog 

manure resulted in NO,' levels that were highest at the surface and decreased with depth. 

It became evident that the addition of water through irrigation or precipitation, resulted in 

the movement or disappearmce of NO,- It was also observed that caution should be 

exercised when applying hog manure or other N containhg fertilizen on a sand as the 

groundwater at the Poppleton sandy site was contaminated with NO,-- 



4.2 Rates of Denitrification of Soil with and Without Manure 

4.2.1 Emerson Silty Clay Lpam 

Nitrate concentrations remaïning in soil suspensions incubated at 1 SOC under 

anaerobic conditions w&e examined as a function of time and depth. It was detennined 

that the concentration afNO; was a function of both time and soil depth (Figure 4.21)- 

Nitrate concentrations decreased rapidly with tirne for surface soils- Conversely, under 

the same 'anaerobic conditions, NO; content decreased very gradually with time for soils 

at the 100 to 120 cm depth. Nitrate concentrations in sarnples taken at the 1 5 to 30 cm 

and 30 to 60 cm depth decreased at rates between those observed for the surface depth 

and depths of 100 to120 cm. 

Linear regression, of concentration of nitrate vs the  was caicuiated to determine 

the rate NO, disappearance (b), expressed in pg NO3-N g-ld-' (Figure 4.2 1). The nitrate 

disappearance rate was highest for the surface soiI, (6.4 1 pg NO3-N g-Id-') and lowest for 

the 100 to 120 cm depth (0.38 pg NO3-N g-'cf'). Normally, it is expected that microbial 

activity will be highest at the surface and decrease with depth in an exponential marner. 

However, in the Emerson silty clay loain profile, even though activity was the highest at 

the surface and lowest at the lower depth, it was noticed that the measured NO,- 

disappearance rate was greater in the 30 to 60 cm sample than in the 15 to 30 cm sarnple. 

The reasons for this discrepancy are unknown. The coefficient of variation, 6, ranged 

from 0.95 to 0.48. The Iowest value of 0.48 was obtained for the 100 to 120 cm depth 



sarnple. The extremely low value of ? for the 100 to 120 cm depth sample, was partly 

due to 

4.2.2 

the very low rate of nitrate disappearance and short duration of incubation. 

Poppleton Sand - 

Nitrate disappearance &tes for the Poppleton sand showed a similar pattern to that 

observed with the Emerson silty clay loam (Figure 422). The rate of disappearance was 

fastest for the 0-15 cm sample and decreased with ïncreasing soil depth. The nitrate 

disappearance rate for the surface sample was about 5.75 pg NO,-N g"d-' and then 

decreased very rapidly with soi1 depth to a low of 0.2 1 pg NO,-N g'ld-' for the 100- 120 

cm depth. Cho and Sakdinan (1978) aiso found that the denitrification intensity 

decreased with soil depth. McCarty and Bremaer (1 993) indicated that a slow rate of 

denihification in Iowa subsoils was not due to a lack of denitriQing microorganisms, but 

rather to a lack of organic C that can be utilized by these microorganisms for reduction of 

NO,. As was observed withthe Emerson clay loam, whenever the rate was large, the 

coefficient of variation, 9, was large. As soil depth increased, the rate decreased and the 

magnitude of? decreased as well. The nitrate disappearance rates, were also determined 

at 7S°C and are show dong with those at 15°C at a11 depths in Table 4.4. 
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Figure 4.22 Nitrate-nitrogen concentration at various ümes of incubation for the 
Poppleton soi! at 15OC 



Table 4.4 Nitrate-Nitrogen disappuirance rates of the Emerson clay loam and 
Poppleton sand profiles aï 7S°C and lS°C. 

Emerson Clay Loam Poppleton Sand 

Soi1 Depth 7J°C lS°C 7.S°C lS°C 

Nitrate disappearance rates at 7.S°C were about one-haK of those at 1 SOC. The Emerson 

clay loam exhibiteci slightiy higher rates of NO,* disappearance in the 0-15 cm depth than 

the Poppleton sand at both temperatures; the difference was probably due to the greater 

organic matter content of the Emerson soi1 (6.33% vs 2.72 %). However, as soi1 depth 

increased, the nitrate disappearance rate decreased at a much faster rate in the Poppleton 

sand than in the Emerson clay loam. The magnitude of the rate at the 30-60 cm depth of 

the Poppleton sand was nearly one tenth of that observed with the Emerson clay loam. 

In order to obtain the NO; disappearance rate as a function of soi1 depth, a semi- 

log plot of the rate against soi1 depth was used. The results obtained with the Emerson 

clay loam at 7S°C (Fig. 4.23) and lS°C (Fig. 4.24) showed that the rate could be 

reasonably expressed as a semi-log linear finction of soi1 depth, 

The regression equations were: 



and these c m  be expressed as: 

R,, = 3.69exp(-0.0273~) 

R,, = 7,44exp(-0,0258~) [4.2.4] 

In the above equations, R,, and RI, represent nitrate disappearance rates at 7.S°C and 

1 SOC, respectiveIy, whereas x is soil depth in cm. 

The intercepts, 3.69 and 7.44, correspond to the nitrate disappearance rate for the 

soil surface at 7S°C and lS°C, respectively. The depth dependent coefficients, -0.0273 

and -0.0258 for 7.S°C and 15OC, respectively, are vimially the sarne, indicating that depth 

dependency of a soi1 profile was independent of temperature. The inverse of the depth 

dependent coefficients, 36.6 cm and 38.7 cm for 7S°C and lS°C, respectively, 

correspond to the decrease in nitrate disappearance rate by Ile for the Emerson clay loarn. 

The ratio between the two nitrate disappearance rates for 7.5 and lS°C was 2.0 1. 

Under ambient temperatures, Q ,,, the ratio of rates at a temperature differeace of 1 O°C, is 

generally 2 for many biologicai processes. In this observation, Q,, was 2.68, slightly 

higher than the value nomaily observed. 

Coefficients of variation, for the Poppleton sand were less than those of the 

Emerson soil and were 0.82 and 0.67 for 7.5 and lS°C, respectively (Fig 4.25 and Fig. 

4.26). 
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Figure 4.23 Semi-log plot of the nitrate disappearance rate of the 
Emerson profile samples as a function of sail dapth at 7.CC 
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Figure 4.25 Semi-log plot of the nitrate disappearance rate of the 

Poppleton profile samples as a function of soi1 depth at 7.S°C 
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Figure 4.26 Semi-log plot of the nitrate disappearance rate of the 

Poppleton profile samples as a function of soi1 depth at 1 5 ' ~  



The semi-tog linear mode1 did not descnbe the Poppleton relationship well. 

Thus, a different mathematical manipulation was w d  to more accurately describe the 

biological activity distnbutio~ of the Poppleton profile (Figures 4.27428)- 

It was assumed that the Poppleton distribution could be expressed as R = A + 

Bexp(-kx), where R is the rate, A, B, k are coefficients and x is soil depth. The data point 

at the 100 to 120 cm depth, represented by A in the equation, was assumed to be constant 

because there was very littie reduaion in NO; at this depth. Thus, the value for A was 

subtracted.fiom the other data points and the resultïng values were plotted in a semi-log 

marner. The regression equations obcained were: 

y = 1.6667 - O-0868~ ? = 0.99 at 7S°C [4.2.5] 

y = 2.8735 - O. L30x ? = 0-99 at 15°C [4-2-63 

Consequentiy the rate of NO; disappearance could be expressed as a hction of soi1 

depth as: 

R,, = 0.082 + 5.296expt-0.0868~) [4.2.7] 

R,, = 0.202 + 1 7.70exp(-0.13~) [4.2.8] 

In the above equations R,5 and R,, represent nitrate disappearance rate at 7.5 and 

1 SOC, respectively. The ? obtained for these equations (Figure 4-27 and Figure 4.28) at 

7S°C and 1 5°C were much higher than those obtained for when the data was initially 

examined. The depth dependent coeff7cients for the rnodified Poppleton profile, 0.0868 

and 0.13 varied more than those observed for the Emerson protile. 

The nitrate disappearance rates extrapolated to the soil surface were 5-30 and 

1 7.70 for 7S°C and 1 SOC, respectively. 
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Figure 4.27 Modified Semi-log plot of the nitrate disappearance rate of 

Poppleton profile samples as a function of soit depth at 7.5OC 
the 
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Figure 4.28 Modified Semi-log plot of the nitrate disappearance rate of 

the Poppleton profile samples as a fonction of soi1 depth at 15OC 



The ratio of the rates was 3.34. Under ambient temperahires, the Q,, which is the rate 

between a temperature difference of 10°C (Q,, = k,,,, / k,), is generally 2. However, 

since ordinary temperatures are near 300 K (27OC), many biologicai reactions will vary in 

rate by a factor of 2 or 3 over a temperature range of 10°C (Bray et al. 1957). In the 

Poppleton soil, the ratio based on the Q,, expression wouid be 4.45, which is slightiy 

higher than normal, but within the range reported for denitrification (Focht and Chang 

1975). 

J u h  as the Poppleton semi-log linear was modifieci, MiIls and Zwarich (1 982) also 

resolved theù denitrification intensity into two semi-log iïnear equations when they found 

it codd not be described by one semi-iog Iinear for sewage treated soil. 

4.23 Nitrate Disappearance Rates of Manured Surf'ace Soi1 

The NO, concentration remaining in the nispension of surface soils from the rate 

1 and rate 2 manured treatments for both sites were piotted as a function of time at 1 SOC. 

Again the concentration of NO, decreased with time (Figures 4.29,4.30,4.3 1 and 4-32). 





Time (days) 
Figure 4.30 Concentration of NO3-N in the surface samples of the 

rate 2 rnanured Emerson soi1 incubated at 15'C 



Time (days) 

Figure 4.31 Concentration of NO,-N in the surface samples of the 

rate 1 manured Poppleton soi1 incubated at 15OC 





Denitrification rates in soils are usually increased when soils are manured if C or 

N is limiting denitrification (Olsen et al. 1970; Kimble et ai. 1972; Guenzi et al. 1978; 

Cooper et al. 1984; Parkin L 987; Beauchamp et al 1989). However, in this study the NO, 

disappeatance rates, in Table 4.5 and 4.6, for both the Emerson site and the Poppleton 

site, were similar regatdiess of maure treatment Coefficients for a and b and 8 for 

Iïnear equations (y = a + bx) related NO; disappearance with tirne. 

Table 4.5 Linear correlation equation, y = a + bx, to express the decrease in 
NO3-N concentration when incubated under anaerobic conditions for 
conttol .and manured sudace samples of the Emerson elay loam at lS°C. 

Treatment Initial NO,-N NO,-N fl 
content Disappearance 

Rate 

Rate 1 146.27 -5-3 1 0.90 

Rate 2 1 3 6.24 -6.58 0.88 



Table 4.6 Linear correlation equation, y = a + bx, to express the decrease in 
NO,-N concentration when incubated under anaerobic conditions for manured 
surface samples o f  the Poppleton sand at lS°C. 

Treatment initial NO,-N NOrN 6 
content Disappearance 

Ra te 

Control 60.8 -5.75 0-93 

Rate 2 88-41 -6.32 0.94 

Denitrifcation rates may not have increased due to manure treatments in our 

study because of previous manure applications masking effects of the single application 

studied. The Emerson soil had been manured every 4 years during the past 24 years and 

thus organic carbon may not have limited denitrif~cation even in the untreated soil. 

Similarly the Poppleton sand had received manure every two years over the last 10 years. 

The chemicai and physical properties of the soils which have received many applications 

of manures are greatly altered (Sommerfeldt and Chang 1985, 1987) and this in tum may 

have affected the rate of NO,' disappearance. It is also possible that there may not have 

been enough soluble C available to increase the denitrification rates on the manured soils. 



4.3 Simulation of the Steady State Oxygem Distribution and Aerobic-Anaerobic 

Boundaries in the Soi1 Profile to Predict the StabiIity of NO; 

43.1 Seasona l steadystrte oxygen disttibution 

Steady state distributions of oxygen in the two soi1 profiles under different 

moisture contents and temperatures were determined. The effect o f  temperature upon the 

aerobic-anaerobic boundary within the soil profile and the stability of NO,' were 

examined m g  the distribution patterns of temperature for the months of May to 

September with and without irrigation. Typicd temperature distributions of Manitoba 

soils were s h o w  previously in Figure 4.9. Surface soil was near 1 O°C in May and then 

decreased with depth to 3 O C  at 150 cm. As the season progressed, the stdace 

temperature rose to a maximum of 18°C. However, the rise in temperature of the sub-soi1 

was radier slow. During September, the surface soi1 temperature started to decrease 

rather quickly whereas subsoil temperatures continueci to increase. 

The depth of the aerobic zone was estimated using the caiculated seasonai 

temperature profile, the moisture and bulk density values fiom the field and estimated 

oxygen consumption rates using laboratory rneasured nitrate disappearance rates. The 

silty clay soil had a maximum surface oxygen consumption rate of 0.001 pmol ml-'min-' 

at 20°C and a depth coefficient, k, of 0.0258 cm-'. The Poppleton sand had a maximum 

surface oxygen consumption rate of 0.003 pmol ml-'min-' and a depth coefficient, k, of 

O. 13 cm-'. Oxygen consumption rates in the field could not be rneasured with depth thus, 

interpretation of NO,' stability was based on the calculation of the oxygen profile. 



43.1.1 Emerson Süty Clay Loam The oxygen content in the soil decreased with 

increasing soil depth and an anaerobic zone was usually encountered. The degree of 

anaerobiosis within the soil profile is one of the most important factors that determines 

the stability of NOi and hence it's fate. Nitrate withùi the aerobic layer of the profile 

would be relatively stable, however, just below the aerobic-anaerobic interface, NO; 

wodd be subject to denitrincation. The mode1 used in this study determines where the 

aerobic-anaerobic interface occurs nom parameters measured in the field and laboratory 

and hence predicts the stability of NO;- The biological activity of the soil, expressed as 

the oxygen consumption rate, at the aerobic-auaerobic boundary, was also calculated 

(Table 4.7). 

Table 4.7 Depth of Aerobic-Anaerobic boundaries and the Oxygen Consamption 
Rate (OCR) at the Boundaries. 

Date Emerson Clay Loam Poppleton Sand 
Boundary OCR Boundary OCR 

May 191 1 
June 13 
July I l  
Juiy 11 
(irrigated) 
August 
23/24 
Augus t 
23/24 
(i rriga ted) 
September 
18 
Septem ber 
18 
(irrigated) 

pmol ml''min'' 

7.99 x 104 
9.27 x 10'~ 
1.59 x 10'~ 
7-15 x 10" 

3.76 x IO4 

6.22 x 104 

1-06 x 10" 

2.8 x 10" 

pmol ml"min" 
- 

3 .O4 x 1 O-" 
3.09 x IO-'" 
1.19 x IO-'' 

5-48 x 1 0 " ~  

1.86 x 10"' 

3-51 x IO-'; 

3 .O 1 s 1 O-" 



The shailowest boundary for the Emerson soi1 was at 102 cm and occurred in 

May. The boundaries varieci h m  as shdlow as 102 cm in May to as deep as 272 cm in 

July. The very deep aerobic boundary on July 1 1 was likely due to Low soi1 moishire 

contents due to Iack of precipitation (Figure 4.1). Low soi1 water cûntent w d d  resi in 

more soil pores filled wi.h air as opposed to water and this in tum would allow oxygen to 

penetratedeeper in the profile and the NOi would be more stable in the profile. For non- 

irrigated treatments on the Emerson soii the depth to the aerobic zone was 272 cm by July 

and then decreased to 166 cm in August. Precipitation in August was 99.5 mm and this 

undoubtedly caused a decrease in the depth to the anaerobic boundary. The decrease in 

depth to the maerobic boundary would favor more denitrincation higher up in the soil 

profile. Increases in soi1 moisture are known to decrease NO, stability and increase 

denitrification (Wijler and Dlewiche 1954; MaCrae et al. 1968; Bailey and Beauchamp 

1973 b; Aulakh et al. 1982; Doran et al. 1990). Apart nom the increased rnoisture 

content, there was also an increase in the subsdace soil temperatures at the aerobic- 

anaerobic boundary from May (3. L°C) to August (8.4OC) (Figure 4.9). Cho et al. (1996) 

found that the magnitude of denitrification was srnailest in the spring and Iargest in 

September because of the fact that in September subsurface temperatures were warmer. 

In this study the calculated aerobic boundary was slightly deeper in September than 

August. This was probably attributable to the higher amounts precipitation that occurred 

in August as opposed to September. 

Imgation of the Emerson soil increased the soil moisture content enough to 

reduce the depth to the aerobic-anaerobic boundary. Irrigation reduced boundaries from 

272 to 148 cm and from 226 to 194 cm in July and September respectively. Thus. the 



addition of water, made the soil more anaembic ami enhanced the disappearance of NO;. 

It was also noticed that although there was no irrigation in August, the Ungated plot still 

had slightly higher moisture contents than the non-inigated plot The aerobic boundary 

for the icrigated and non-imgated plots were 168 cm and 226 cm respectively. The 

addition of water was a dominant and controlluig factor that atfected the stabiiïty of NO, 

in the profile. 

The rate of oxygen consumption by microorganisms aiso affects the stability of 

NO< in @ profile. Oxygen consumption rates (OCR) and nitrate disappearance rates 

(NDR) nonnaily decrease with depth nom the aerobic boundary due to decreases in soil 

temperatures and decreases in micmbial activity. Cho et al. (1996) illustrated that the 

depth of the aerobic zone was important in controihg the magnitude of denitnfication 

since the microbial activity generally decreased with depth. It was concluded that when 

the depth to the aerobic-anaerobic boundary was deep and the microbial activity was low, 

denitnfication was aiso slow. For example, the oxygen consumption rate in May at the 

102 cm depth was very Iow (7.99 x lod pmol ml'lrnin-'). The corresponding NDR was 

about one haif the OCR. It was noted, however, that both the OCR and the NDR were 

still quite small below the 102 cm boundary and thus denitrification would be very srnail. 

Low oxygen consumption rates at the aerobic boundary are one of the main reasons that 

quantities of NO; still remain below the boundary levei. For example. there was some 

NO, at the L 94 cm boundary in the soi1 on June 13 (Figure 4.1 1). It is possible that the 

concentration of NO,' in this region may have been due to continued influx of NO,- ffom 

upper depths andlor the relatively slow rate of denitrifcation as indicated by the low 



oxygen consumption rate (927 x 10-'pmol ml''min-') at the boundary. This was seen 

again in Iuiy when the field study indicated that there was stiii some NO; present at the 

calculated aerobic-anaerobic boundary of 272 cm- This could be due to the low rainfall 

or the low OCR and NDR as a result of low tempera-, low Ievels of substrate and low 

microbial activities (Figure 4.12). 

4.3.1.2 Poppleton Sand The Poppleton sand was very heterogeneous in nature mainly 

due to the presence of two grave1 lenses in the profile. These grave1 Iepses gave rise to 

discrepancjes between bulk densities and measured soil moisture values which posed 

problems when using the mode1 to predict NO; stabiiity and aerobic-anaerobic 

boundaries. Thus in order to-obtain contùiuous moisture distributions, bulk densities 

determined to be greater than 1.69 were disregarded and assigned a value of 1.69. 

The aerobic-anaerobic boundary was below the 300 cm depth in May. The 

shailowest boundary, excluding irrigation treatments, occurred in September and was at a 

depth of 1 70 cm. The decreased boundary in September was due to warmer subsoil 

temperatures coupled with incréased soil moisture. hcreases in water content and 

temperature favor instability of NO, (Knowles 1982; Aulakh et al. 1992; Cho et al. 

1996). Depth to the boundary was greatest in the spring and generally decreased during 

the growing season and early fall. 

Imgation in July at the Poppleton site did not affect the depth to the aerobic- 

anaerobic boundary. However, in September, depth to the boundary was less for the 

imgated plots than for the non-inigated plots. Moisture contents of the irrigated and non- 

imgated profiles in July were similar thus differences in depths to the boundary were not 



observed- Again, similar to the Emerson soil, the decreased aerobic boundary seen in 

September was due to greater soil temperatures and increased soii moisture. It is aiso 

possible that more rain in the end of the summer moved the NO; M e r  down the 

profile. 

The oxygen coosumption rates at the aerobic bomdary of the Poppleton sand 

were very smaU and even slower than those observed at the Emerson clay loam. Oxygen 

consumption rates for the Emerson clay loam were usually in the magnitude of 10~ -  1 O-' 

pnol ml"&' whereas the oxygen consumption rates in the Poppleton sand were IO-"- 

10"O pmol ml-'min-'. These fmdings were not surprishg because it was expected that the 

oxygen consumption rates on the sand would be smaller since the sand had a low organic 

matter content (Table 3.1 and Table 3 2). Oxygen consumption rates on the sand were 

smailest in the s p ~ g  and increased in the fail when the subsurface temperatures 

increased. As previously seen in the clay, the presence of nitrate below the aerobic 

boundary in the sand was aiso predicted by the model and illustrated in the field. Again, 

the presence of nitrate at depth was probably attributed to low microbiai activity due to 

lower temperatures and less substrate causing low OCR's and hence iower nitrate 

disappearance rates. Low oxygen consumption rates would result in a very slow decrease 

in NO,' concentrations whereas high oxygen consumption rates would result in greater 

NO, disappearance rates- 

In surnmary, the boundaries determined by the model were similar to those seen 

in the field and it explained the field distributions of NO; well. The examination of 

oxygen consumption rates at the aerobic boundary also explained some of the NO,- 



distribution patterns seen in the field. The non-imgated Poppleton profiles in May, lune, 

and Augun had deeper aerobic .bundaries than the Emerson silty clay loam. The deeper 

boundaries obtained for the Poppleton sand were expected as sands have large and 

continuous pores which facilitate rapid air and water movernent In con- clays have 

very small pore spaces which result in slower transport of air and water. However, it was 

noticed that the Poppleton sand had a shallower boundary than the Emerson clay on July 

1 1 and September 18 because the soii moisture content in the sand was very high (29-35 

%). The iqcreased moisture content couid be attributed to the water table moving up in 

the soi1 prome. 

4.3.2 Soi1 Moisture Redistribution 

43.2.1 Emerson Siity Clay Loam In order to more specifïcally detemùne the effect of 

additional water or rainfall on the aerobic-anaerobic boundary and thus the stability of 

NO,' in the soi1 profîle with t h e ,  a redistribution of O, fiom one moisture content to 

another was modeled. Initiai moisture values were based on the soi1 moisture contents of 

the imgated plots as measured in the field. Final moisture values were calculated 

assuming 6 cm of precipitation occurred (an amount chosen to closely simulate a 6 cm 

rainfdl event that occurred in the summer of 1995) on the Emerson silty clay loam. 

Moisture redistribution within the profile to a depth of three meters was determined 

assuming the fiesh rainfall was redistributed in the surface zone, with the surface 

moisture starting at 42 % which then decreased exponentially with depth, similar to the 

data show by Salvucci and Entekhabi (1994). Oxygen redistribution events were 

calculated for the months of September and August as this was when most of the min 

occurred in the summer of 1995. In this model, the post-rainfâil event is wetter than the 



pre-rainfdl event However the major differences in the moisture distribution occurred in 

the top part of the soil profiie. According to the model, the greatest change in moisture 

distribution occurred above the 135 cm depth in August and above the 105 cm depth in 

September for the Emerson clay loam. Below the 13 5 and 105 cm depths the moi- 

distribution for the pst rainfai1 event was assumed to be the saine as for the pre-rainfall 

event The non-steady state oxygen concentration profiies for August and September 

were pfotted against soi1 depth and are s h o w  in Figure 4 3 3  and Figure 4.34. The top 

line on the graph represents the steady-state oxygen distribution before the 6 cm rainfd 

event and each corresponding line mpresents days 1-5 d e r  the rainfall event. The 

concentration of oxygen decreased at about the 50-60 cm region after the initial tainfil 

event. This pattern was observd in both August and September, however, oxygen 

concentrations decreased to a greater extent in August than in September. If the model 

had been run for 10 days as opposed to 5 days it is likely that the oxygen concentration 

would have reached zero at the 50-60 cm region. The 5060 cm region not only had an 

increased amount of soil moishue and decreased oxygen contents, but it also had a 

relatively high amount of microbial activity due to wam temperatures and the presence 

of suEcient substrate for denitrification, 



Soil Depth (cm) 

Figure 4.31 Calculnted redistribution of O2 aftcr 6 cm of rninfnll on the Emerson 
soi1 on Scp tcmber 18,1935. 
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Figure 4-33 Cnlciilated redistribution of O, nftet- G cm of riiinfall on the Enierson 
soi1 on August 23,1995. 



The model calculation of oxygen concentration afler the rainfdl event showed 

trends sllnilar to those obsexved for NO,' distribution in the field in August (Figure 4.13). 

Trends observed for NO; concentrations in the field in August decreaied to zero in the 

imgated plot at the 50 cm depth after a rainfdl event In September a similar pattern was 

demonstrated as NO, also decreased to non-detectable levels in the 50- 100 cm region 

Even though the mode1 predicted a decrease in oxygen concentration at the 50-1 00 cm 

depth, the model did not predict zero values of O, concentration. Discrepancies in the 

amount of oxygen that disappeared at this depth was likely due to differences in moisture 

contents and the time period that was used in the model to calculate the oxygen 

concentrations. It is ais0 possible that carbon availability may have dtered the subsurface 

OCR rate. The important aspect to focus on is the pattern of oxygen depletion at various 

zones in the ,sod profile as oxygen concentration in the profile is the most important 

factor affecthg NO,' stability. Data fiom the field study showed that a rainfall event 

affected the distribution and stability of NO, in the soil profile. The min created an 

intense area of denitrification at an intermediate depth. The predictions offered by this 

model, ushg similar conditions, confhmed that a rainfall event greatly affects the oxygen 

status of the soil profile, the stability of nitrate and thus nitrate distributions in soils- 

4.3.2.2 Poppleton Sand In order to detemine the effect of the addition of water or a 

rainfall event on the aerobic boundary and stability of NOi in the soil profile with tirne, a 

caIculation of the distribution of O, after the tainfaII event was also performed for the 

Poppleton sand. However, due to the heterogeneous mixture of the Poppleton profile 

which included two grave1 lenses that occurred at 50 cm and at 100 cm a moisture 

redistribution calculation on diis site could not be performed. The grave1 lenses caused 



problems when measuring bulk density and this in turn Hected the moishue content 

values in the rnodel. Since moisture contents affect oxygen distribution and NO, 

stability, predicting the stability of NO; after the rnoisture redistribution event on the 

sand proved unsuccessfùl. 



CE-APTER 5 

SUMMAFtY AND CONCLUSIONS 

The basic objective of this project was to determine the fate of &te in clay 

(Emerson) and sandy (Poppleton) soils treated with hog maaure. A field shidy, laboratory 

study and mathematical mode1 were used to investigate the distribution of nitrate in the 

soil, and the fafe of nitrate, particulariy the losses via denitrification in the soi1 profile. 

Application of hog manure to field plots affecteci the distniution ofNûf in the soil and 

groundwater. At both sites nitrate concentrations were highest in sufiace soils and 

decreased with depth. Water, added by irrigation or precipitation, resulted in the 

do wnward movement a d o r  disappearance of NO3- (which was attributed to 

denitrification). High NO; levels in groundwater suggest caution should be exercised in 

the application of N containing fertilizers including hog manure on coarse textured soils. 

Denitrification was shown to occur in JuIy on the sand. However, it was under conditions 

of high soil temperatures and extremely high moisture contents. These conditions would 

probably not occur frequently enough to denit* ali the NO3- pnor to Ieachg to the 

groundwater. The application of hog manure to the Emerson soil resulted in excessive 

Ievels of NO3- in the 0-120 cm depth- However nitrate concentrations below this depth 

were smail, particularly in the fall. The low concentration of nitrate at depths below 120 



cm were attributed to losses via deriitrification and this deaitrifidon ïntensity increased in 

the fd due to wanner subsurface temperatures and increased soi1 moisture content. 

Laboratory studïes were conducteci to determine the oxygen consumption rates 

and nitrate disappearance rates under anaerobic conditions at depths to 120 CIIL This 

study was conduaed to obtain information on the denhîflcation intensity of the soü 

profles. The disappearance of Na- under merobic conditions was a fûnction of soil 

temperature and depth. The NDR was higher at lS°C than at 7S°C and decreased with 

soi1 depth. The Emerson silty clay loarn had slightly higher NDR's than the Poppleton 

sand at the soil surface. The MIR of the Poppleton sand decreased very rapidly with 

depth and was much lower than the NDR for the Emerson profile at depths of O to 120 

cm. Denitrification potential was not increased by the application of manures. Both sites 

had received manure on a regular basis for a number of years. Thus the control and 

treated soils were probably similar in physical properties, tiith, and amount of available 

carbon which may have accounted for the similar rates of denitrification arnong the 

treatments. 

The nitrate disappearance rates detennined in the laboratory study were used in the 

model to predict the stability of NO3- in the soil. The stability of nitrate, as predicted by 

the model, matched data obsemed in the field. Thus the model muld be used to predict 

the stabiiity of N03' and hence the fate of NOi under different situations. The depth to 

the aerobic-anaerobic boundary was found to be a controüing factor in the stabiiity of 

N01-. irrigated plots which had higher moisture contents than non-irrigated plots had 

shallower aerobic boundaïes than non-irrigated values and hence NO; was less stable in 

the imgated plots. The model also iharated that the oxygen consumption rates of the 



microorganisms at the aerobic boundary affecteci the stabiiity ofN03- Low oxygen 

consumption rates, due to deaeased temperatures and subante at a deep aerobic 

boundq, resulted in slow decreases of Na' at tbat depth as NO3- would be more stable. 

Oxygen consumption rates for the sand were lower than those for the clay. The oxygen 

consumption rates for the sand were lowest in the sprïng and inaeased in the faii whereas 

the oxygen consumption rates of the clay were more consistent over time. 

The model was used to illustrate the efféct of irrigation andlor a raidid event on 

the rnoisture redistribution and thus oxygen concentrations with depth over time. 

Increased water content decreased NO3- stabihty. The mode1 showed that a rainfàil event 

would affect rnoisture distribution and oxygen concentration in the soil, and an anaerobic 

zone fonned at an intermediate depth where nitrate was not stable. Nitrate at this 

intemediate depth was subject to intense denitrification and this was not only due to 

increased rnoisture content but ît was aiso enhanced due to the increased microbial activity 

as a result of w m e r  temperatures and higher levels of substrate at this intermediate depth 

as compared to a deeper depth. Thus it is evident that rainfall events can have a profound 

affect on denitdication. The abiiity to predict the stability of NOf with a model has 

important implications for determining the fate of manure N which would in tun help 

develop more accurate manure application rates in the h r e  and prevent contamination 

problems. 

Lt is evident from this study that the current Manitoba guidelines for manure and 

fertilizer applications need to be rehed and that caution should be exercised particularly 

for manure application to coarse textured soils. When the concentration of NO& was 

examined up to the 120 cm depth in the guidelines as suggested, the sandy soi1 appeared 



to be within the regdation (cl60 kg N ha-' to 12Oan) even though both the groundwater 

and the soii solution measurements be1ow this depth were in excess of the Cariadian 

drinking water guidelines of 10 pg NO3-N L-'. Frorn the excessively high levels found on 

the sand (45 pg NO3-N c'), it is apparent that NO3* has been leaching and acaimdating 

with depth. Therefore it is evident that maure application rates in the guidehes shouid 

take soil texture into account and manure rates shouid be less on a coasse textured soil as 

opposed to a fine texturecl soil. Tbis point fùrther stresses that the assessrnent of Na' 

d i s u i i o n  in the soil profile and transport of Na- to groundwater requires samphg to 

depths of at least 3 meters to see ifNo< is movhg down past the rooting depth. It is aiso 

important to express concentrations of NO< on a soi1 solution basis to obtain a more 

accurate picture of the transport of N a -  hthe soii and groundwater. 

The study reported herein did not obtain sufEcient idormation on the fate of 

various rates of manure N in soiis to make recommendations on sustainable rates of 

manure application on various soils. Specific application rates whîch result in increased 

crop yield while rninimizing the potential for ground water contamination stiU need to be 

addressed. The study did determine some of the fates of rnanure N in soils. However, a 

complete understanding of the fate of manure nitrogen is still required. Data obtained in 

the field study were only of one year duration and residual effects of nitrogen fiom 

previous years could not be excluded totally fiom the interpretation of the results. Nitrate 

distribution is aiso greatly affected by climatic factors such as temperature and rainfall and 

studies over a period of several years are needed. Another factor that this investigation 

illustrated was that denitrification rates increased in the fall. Future work should be 

conducted to determine denitrification potentials of soils in the winter. In the future, 



effects of other manure constituents particularly phosphorus, salts and micronutrients 

shouid ais0 be examineci 



CHAPTER 6 

CONTRIBUTION TO KNOWLEDGE 

This project illustrated that a mathematical mode1 developed using laboratory and 

field data codd be used to pedkt the stability of NO; in soil profiles reasonably well. 

~enitrifïcation rates were determïned to be a function of temperature, soil depth and 

moisture content It was also found that the depth of the aerobic-anaerobic boundary 

dong with oxygen consumption rates at these boundaries were important controlling 

factors in predicting the stability of NO; in the soil profile. Determining the stabiiity of 

NO, is Unportant to understand of the fate of manure N. A better knowledge of the fate 

of N is needed so that producers cm maximize crop yields yet minimize soi1 and 

groundwater contamination. 

Nitrate levels found in the Poppleton site which exceeded the Canadian drinking 

water guideiines illustrate that application rates and t h e  of application of hog manure or 

other N containhg fertilizes on coarse textured soils should be stnctly controlled. In the 

clay soil, it was evident that below 120 cm the concentration of NO,' was quite small, 

especially in the fall, indicating that nitrate could be readily denitrified in the Emerson 

soil profile limiting the leaching of nitrate Le. nitrate probably denitrified before it 

Ieached below rooting depth. 



Large raidal1 events or irrigation resuked in either an increased downward 

movement of NO,' or a disappearance of NO,- through denitrification. It was also 

observed that there was increased denitrification in the fdl and studies on denitrification 

in late fa11 and winter in soils have to be conducted to more fX1y understand the fate of 

nitrate in manured soils. 
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APPENDICES 



1 Signifiant differences found ushg Wiicoron's test 

Sampling Dates Emerson Silty Clay Loam Poppleton Sand 

July 11, 1995 Rate 2 vs irrigation Rate 2 vs Irrigation 

Control vs Rate 1 

August 2, 1995 Rate 2 vs Irrigation 

Control vs Rate 1 

August 23, 1995 Rate 2 vs Irrigation 

September 18 Rate 2 vs Irrigation Rate 1 vs Rate 2 

Rate 1 vs Rate 2 

II a Emerson ANOVA of depth vs. treatment on May 30 

Source SS df MS F P 
.-*------..---.-*-------------.--.---- -- 
Main - 
E ffects 

Depth 4404.85 1 4404.85 10.87 -0064 ** 

558.5% 2 279-29 0-69 -5209 IIS 

Treatment 

Interaction 

Depth x 809.3 1 2 404.66 1-0 -3972 ns 
Treatment 
Error 4864.35 12 
Total 1 063 7.09 17 





II d Poppleton ANOVA of depth vs. ti.tatment on May 11 

Source SS df MS F P 

Main - 
Effects - 

Depth 289.12 1 289- 12 

Treatment 64-87 2 32-44 

Interaction 

Depth x 47.18 2 23 -59 1 .O4 -3820 ns 
Treatment 
Error 271.16 12 22.60 
Total 672.33 17 

U e Poppleton ANOVA of depth vs. tnntmeat on May 25 

. . -. - - - - - -- 

Source SS df MS F P 
- 
Main - 
Effects ' 

Depth 88 1.58 

24.92 
Treatment 

In teraction 

Depth x 63 -39 2 3 1.70 -4 1 -6697 ns 
Treatment 
E rro r 9 17.40 12 76.45 
Total 1887.30 17 



CI f Poppleton ANOVA of depth vs. tiwtmeat on June 13 

Source SS d f MS F P 

Depth 3 10-25 1 3 10-25 5,026 -0446 * 

254.1 1 2 127.05 2-06 - 1704 11s 

Treatment 

Interaction 

Depth x 66.26 2 33.13 0-54 -598 1 ns 
Treatment 
Error 740, 74 12 61.73 
Total 1371.37 17 - .. 

II g Poppleton ANOVA of deptb vs. treitment on July 11 

Source SS d f MS F P 

Main - 
Effects 

Depth 

103-26 2 5 1 -63 2-62 -1139 ns 
Treatment 

In teraction 

Depth x 53 -54 2 26.77 1.36 -294 1 ns 
Treatment 
Error 236.64 12 19.72 
Total - 585.26 17 -*LC 



KI h Poppleton ANOVA of depth vs. treatmtnt on Scptcmbcr 18 

Source SS df M S  F P 

Depth 45-82 i 45-82 5-69 -0344 * 

6-35 2 3-18 0-39 -6824 11s 

Treatment 

Lnteractioa 

Depth x 5.34 2 2-67 0-33 -7239 ns 
Treatment 
Error 96.57 12 8-05 
To ta1 154.08 17 

iII a Emerson field coeflicients o f  variation on May 30 

Control Rate 1 Rate 2 
Depth cv cv cv cv cv cv 

soi1 solution soi1 solution soi1 solution 
0-7 5 47.2 5 1.1 22-8 23 -4 70-0 66.7 
15-30 83 .O 87.4 32-7 37-5 68 -7 67-9 
30-45 94.2 97.6 37-4 41-4 10.9 18.0 
45-60 64.4 69.8 4 1-5 3 7-8 76.3 76.9 
60-75 84.9 87.4 44-8 45 -4 1 13.2 113.8 
75-90 90.7 85.6 60.2 59.3 52.9 53.8 
90-1 05 51.8 53.4 3 8 -4 41.1 57.5 56.5 
105-120 49.3 44.5 36.7 35-6 32.6 36.2 



III b Emerson field coeflicients of variation on June 13 

Control Rate i Rate 2 
Oepth cv 

solution 
71 .,7 
41.8 
38.2 
5 5 s  
54-3 
79-6 
46.4 
1 15.2 
90-6 
66.4 
173 -2 
36.2 

- 

cv 
solution 

50.8 
80-8 
100-5 
129.7 
95.3 
84-8 
62-5 
104-4 
19.6 

123 -0 
100.1 
1 73 -2 

CV 

solution 
117-1 
48.6 
68.1 
40.1 
173 -2 
86.1 
54.8 
40.6 
100.6 
154.6 
86.6 
8 1-4 

III c Emerson field coe~cients o f  variation on July 11 

Control 
Depth 

0-1 5 
1 5-30 
30-45 
45-60 
60-75 
75-90 

90-1 O5 
1 05-1 20 
120-1 50 
150-200 
200-250 
250-300 

Rate 1 Rate 2 
cv cv cv cv cv 

solution 
14.4 
36.6 
21-0 
25.8 
90.5 
69.6 
105.8 
13 5.8 
74.9 
1 15.9 
70.2 
63.1 

solution 
21-7 
44.3 
3 1.2 
58.1 
67.3 
40.9 
50.6 
81.2 
65.7 
70.3 
9.2 
17.0 

solution 
15.9 
53.1 
50.2 
76-1 
88.2 
9.6 
35.5 
46.5 
62.2 
44.9 
43 -3 
27.5 



Ili d Emerson Tidd coelliéients of vuiit ion on August 23 
-. 

Control Rate 1 Rate 2 
Depth cv cv cv cv cv cv 

solution 
7-8 

65.2 
123-0 
107.9 
134-9 
116-1 
112.2 
110-8 
81-7 
49.7 
40.8 

solution 
88.2 
1 14-4 
121.1 
90.4 
47.9 
122.0 
53 -4 
80.4 
95-7 
57.9 
51.4 

solution 
91. i 
61-6 
44.6 
32.2 
79.2 
57-9 
107.8 
36.9 
30.7 
45.9 
61-1 

III e Emerson field coetïîcients of variation on September 18 

. . . . . .. - - - - - -- - - - - - - - - -- - - -- - - 
Control ~ a t e  1 Rate 2 

Depth cv cv cv cv cv cv 
solution 

56.0 
96.3 
74.1 
L22.4 
96.3 
113.0 
114.6 
70.6 
52.8 
38.7 
33.3 

solution 
42.5 
55.5 
87.2 
66.8 
8 1.5 
144.9 
132.0 
114-8 
153.1 
75 -2 
76.8 

solution 
26-6 
55.3 
60.3 
173.2 
67.0 
74.8 
173.2 
88.1 
24.9 
141.6 
136.2 



III f Poppleton field coefEcients o f  variation on May 25 

-- Y L 

Control Rate 1 Rate 2 
Depth cv cv cv cv cv cv 

soi1 solution soi1 solution soi1 solution 
0-1 5 51 -7 33.5 92-2 72- 1 32.3 30.3 
1 5-30 65.6 85-9 75-8 84.5 57.4 30.5 
30-45 64.5 88-1 91.1 99.4 62.1 55-6 
45-60 146.4 123-1 17-5 31 -6 44.7 32.9 
60-75 57.2 76-1 55.6 83.2 55.5 63-2 
75-90 89.7 91 -2 11.8 42-7 26.9 41 -9 
90-1 05 108.1 91-1 49-6 65-8 35.5 20.0 
105-120 90.1 87.0 80-0 59-1 74.5 

III g ~ o ~ ~ l e t o n  field coefficients of variation on June 13 

Controf - Rate 1 Rate 2 .. 

Depth cv cv cv cv cv cv 
solution 

78.5 
40.3 
99.2 
53.3 
35.2 
96.0 
134.1 
87.6 
67.5 
54.6 
38.4 

solution 
75-3 
73 -9 
67.5 
67.1 
91.3 
67.6 
84.5 
111.1 
40.1 
19.5 
50.0 

solution 
8-7 
50.4 
69.1 
44.3 
89-7 
140.1 
38.8 
58.3 
46.4 
46.6 
25.1 



ï ï I  h Poppleton fidd coefficients of variation on Sdy 11 
- .___--. LIY 

Control Rate 1 Rate 2 
Depth cv cv cv cv cv cv 

soi1 solution soi1 solution soi1 solution 
0-15 . 79-0 93-5 61 -7 101.5 58-6 60-1 
1 5-30 1 17-6 13 1'-5 89-0 73 -7 173.2 173 -2 
30-45 0.0 0.0 173.2 173.2 100.4 96.9 
45-60 0.0 0-0 126.2 1 19-1 80.7 78.2 
60-75 142.2 ' 147-4 165.6 164.8 99.5 103 -3 
75-90 64.7 50-4 1433 141.1 95.3 81-5 
90-1 O5 173-2 173 -2 107.9 97.2 118-7 104-7 
105-120 125.5 138-6 87.2 95.5 46.2 3 7-4 
120-150 113.2 114-8 91.2 9 1-9 55.6 69-5 
150-200 43.0 61-7 124-5 126.4 47.3 50.1 
200-250. 1 1 5.1 102.5 44-8 35.0 87.8 92-0 
250-300 69.0 60.9 59.3 - 51-7 28-8 3 5.2 

IIl i Poppleton tïdd coefficients of variation on August 24 

Control Rate 1 Rate 2 
Depth cv cv cv cv cv cv 

solution 
50.1 
173-2 
89.1 
104-7 
57.5 
53 -4 
145 -3 
46.5 
10.6 
55.0 
L 2-8 
29.2 

solution 
17.6 
106.3 
1142 
17-7 
72.6 
12.5 
62.7 
41.6 
25.4 
25.5 
22.1 
62-6 

solution 
67.5 
133-1 
54.6 
24.9 
46-8 
37.1 
28.4 
43 -9 
68.0 
23 -2 
53 -5 
8 8.5 



iII j Poppleton field coe~cients of variation on September 18 

Contrai Rate 1 Rate 2 
Depth cv cv cv cv cv cv 

soi1 solution soi1 solution soi1 solution 
0-15 - 70-1 69-7 4 1-8 33.6 15-1 31-7 
1 5-30 28.8 16.3 70-5 48.4 62.2 50.5 
3045 121.5 112.7 87.4 106-7 73 -8 63-2 
45-60 27.0 36-8 91-7 80-2 50-9 32.5 
60-75 75.5 80.8 43 -9 44.8 40.9 42.3 
75-90 69-6 71 -4 24.2 50.1 73 -8 75-0 
90-1 05 8 -0 7.7 60.9 49.6 4.2 3.4 
105-120 43.3 38-4 35-6 34.3 19.4 3 1.4 
120-150 92-0 88.9 12-2 12.7 6-9 16.1 
150-200 51.1 40.2 44.2 59.5 11.1 16.5 
200-250. 18-9 17-3 10-6 24-8 28-2 132 
250-300 32.7 38.8 53 -3 44.5 19-6 20.9 




