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ABSTRACT 

M. Sc. J.N. Meier Rmew!tie 
Resourœs 

LignoHulfonate (LS). a by-product of the pulp and paper industry, may have the potentiaI 

to increase fertilizer N availability by acting as a urease and nitrification inhibitor. Four 

consecutive laboratory studies were conducted to evaluate the behavior ofLS in agriculturaI 

soils. 'fhe effects of various types and rates of L8 on soil respiration and soil N dynamics 

werc dctermined. Effects of LS in combination with fertilizers on microbiaI activity and N 

dynamics wcre me:lsured. Due to the high water soiubility ofL8 a leaching column study 

was conductcd to dctermine the potentialleaching of L8. 

Higher rates (20% w/w) of L8 initiaIly inhibited microbial activity. GeneraIly L8 was 

relatively resistant to degradation by soil microorganisms and smaIl proportions of added 

L8-C «2.1 %) were leached from the soil columns, but leaching v. as a function of soil and 

moislure regime. Recovery of added mineral L8-N from soil treated with L8 was low 

«41 %). Mineral N recovered from L8 plus fertilizer amended soil was higher than recovery 

from corresponding fertilizer treatments. Lignosulfonate reduced urea hydrolysis and the 

proportion of added N volatilized as NHa-N from a LS plus urea treatment. The mineraI 

N pool from L8 plus fertilizer treated soils had significantly ]I)wer N03-N concentrations 

than corrcsponding fertilizer treatments. Nitrification inhibition was believed to have been 

due to high fertilizer concentrations. At reduced urea and LS concentrations. LS decreased 

NO:,-N l'ccovel'y in one of four soil types. However, reduced recovery may not have been 

from nitrification inhibition but possibly from denitrification or chemical reactions between 

N and phenolics from L8. 
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RESUME 

M. Sc. J.N. Meier Ressources 
Renouvelables 

Le lignosulfonate (LS), un sous produit des pâtes et papiers, pourrait ameliorer lu 

disponibilité d'azote minéral en inhibant l'action de l'uréase et des enzyml~8 nitrificateurs. 

Quatres études ont été conduites afin d'évaluer le comportement du LS dans les sols 

agricoles. L'effet de différentes taux d'application et de différentcs variétés de LS sur la 

respiration microbienne et la concentration d'azote dans le solon ét.é mesuré. L'efTet de LS 

en combinant avec l'engrais sur l'activité microbienne et la dynamique d'azote et le potentiel 

de lessivage du LS dans le sols ont été mesuré. 

Le taux élevés (20% mlm) du LS a inhibé l'activité microbienne. En générale, très pcu de 

LS a été decomposé ou lessivé en dépit de sa solubilité éléve. Du montant d'azote appliqué 

par le LS, seulement 41% pouvait être récupéré par l'extraction (lN Kel). L'extraction 

d'azote provenant d'engrais minéraux a augmenté avec le traitement de LS. Le LS a réduit 

l'hydrolyse d'urée et la proportion d'azote volatilizé comme NHa du traitement combinant 

urée et LS. Les fractions d'azote minéral des traitements combinant le LS avec plusieurs 

engrais ont toutes diminué leur teneur en NO:!, Cet peut-être les taux d'cngrais elcvé qui 

est la cause de cet effet. Dans des traitements avec les taux réduit, LS on diminué la 

proportion de N03 récupéré dans un des quatre sols. Cet effet est peut-être due à la 

dénitrification ou la mobilisation par le LS du NOa plutôt qu'à l'inhibition des enzymes 

nitrificateurs. 
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INTRODUCTION 

This thesis is part of a comprehensive program concerned with evaluating lignosulfonate 

(LS) as an amendment to improve phosphorus (P) and nitrogen (N) fertilizer efficiency in 

corn (Zea mays L.) production, and is specifie to studying LS-w'ea interactions. 

Increased areas planted to corn and requirements for higher corn yields in eostern 

Canada have resulted in increasing use offertilizer N. Larger N inputs, however, have not 

been associated with increased fertilizer efficiency. Research has indicated thut 

approximately 30 to 50% of applied N fertilizer is not recovered in the harveated crop. 

Consequently, economic returns are reduced and the potentia} for N pollution increused. 

These problems could be alleviated if efficiency of fertilizer N could be improved. 

Loss offertilizer N occurs predominantly from NHa-N volatilization, NO!)-N leaching and 

denitrification. Management techniques have included the use of urease and nitrification 

inhibitors. Maintenance of N as urea through the action of urease inhibitors decrenscH the 

amount of NH4-N subject to volatile loss whereas maintenance of N as NH.-N by 

nitrification inhibitors reduces the NOa-N levels subject to leaching and denitrification los8. 

While numerous compounds have been patented or recommended as inhibitors their use has 

not always proved cost effective. 

Polyphenolic materials are among the vast array of compounds proposoo as inhibitors. 

Lignosulfonate (LS), a by-product from the pulp and paper industry, is a p!:enyl propane 

derivative with similar characteristics to soil organic matter. Ita availibility and low cost 

enhance its potcntial use as a urease and/or nitrification inhibitor. 

This thesis is comprised of five chapters consisting of a literature review and four 

individuallaboratory experiments. 
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Chaptar l, the Literature Review, introduces the problems associated with fertilizer N 

applications in agricultural systems, describes some common management practices 

cmployed 10 improve N fertilizer efficiency and introduces LS as a product with potential 

10 increase N efficiency. Chapter II, Effects of Lignosulfonate (LS) on C and N Dynamics 

in a Clay Soil, examines the decomposition offive types ofLS at three different application 

rales and their effects on soil ammonium (NH.) and nitrate (NOa) nitrogen. Chapter III, 

Effects of I .. ignosulfonate-Fertilizer Mixtures on Soil Respiration and N Dynamics, evaluates 

the decomposition of LS in combination with urea and diammonium phosphate fertilizers 

as weil as the effect ofLS on NHa-N volatilization and soil NH4-N and NOa-N. Chapter IV, 

Leaching of Lignosulfonate from Soil Columns and Lignosulfonate Effects on Nitrate 

Leaching from Urea Fertilizer, examinr.s the mobility of LS within soil colllmns and LS 

effcctu on NO,I-N leaching from urea fertilizer. Finally Chapter V, Evaluation of 

Lignosulfonate a.'i a Nitrification Inhibitor, compares the efl'ectiveness ofLS as an inhibitor 
<1 

t of nitrification with urea fertilizer to a weIl known inhibi10r in four contrasting soil types. 

Ovcrall conclusions for the thesis are included in the section entitled General Conclusions. 
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FERTILlZER NITROGEN 

High yielding crops of modern agriculture often demand N in excess of soil supply and 

sustained growth requires the input of fertilizer N on an annual basis. Most frequently 

uscd N fertilizers are applied in the NH" + or NH4 + producing forms, such as urea (Bronson 

et al 1991; McCarty and Bremner 1990a; Bremner and Bundy 1974). The benefits received 

from these N fcrtdizers in increased crop yields and quality, however, are not without 

problcms. When the natural capa city of a crop system to cycle fertilizer N is exceeded, the 

rcsult may be losses ofN to NHa volatilization, leaching or denitrification (Sahrawat 1980a). 

Su ch losses decrease the cost-effectiveness of agricultural fertilization as weIl as 

contribute to environmental hazards. Accumulation of N03" in ground or surface waters 

could result in contamination of drinking water (Walters and MaIzer 1990a) and 

atmospheric losses ofN20 could contribute to depletion of the ozone layer (Firestone 1982). 

Research, therefore, has been conducted to determine the factors that lead to 1088 of N 

from the soil/plant system as well as management methods to decrease loss. Particular 

attention has been paid to voltailization of NH3-N, leaching of N03-N and derutrification. 

NH!I-N Volatilization 

Soil pH is a significant factor affecting NH3-N volatilization due to the concentration of 

Ht ions important in the NH" + - NH3 equilibrium in soils. Losses increase drastically when 

pH is above 7 (Nelson 1982) and NH,,-N containing fertilizers are particularly prone to NHa-

N volatilization when applied to calcareous soils (Ellington 1986). Urea is at greatest risk 

to NHa-N volatilization because of its rapid hydrolysis to NH/ and bicarbonate ions 

(Bayrakli 1990; Gould et al. 1986). The latter raises soil pH and consequently promotes 

NHa-N volatilization. Ammonia losses increase with temperature primarily because of an 

4 
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increase in the equilibrium constant (Nelson 1982), which results in a greater proportion 

of ammoniacal N accumulation as NHa(aq). Moisture content of the soil is also a significant 

factor influencing NHa-N volatilization mainly because NHs-N loss is a function of soil 

moi sture loss (Nelson 1982). Cation exchange capacity of solls plays a large role in NHa-N 

volatilization (Whitehead and Raistrick 1990; Stevens et al. 1989; Reynolds and Wolf 1987) 

and soils with high clay and/or organic matter content adsorb the cationic NH .. -N, reducing 

losses to NHa-N volatilization. 

Research has indicated that 4-70% ofurea-N applied to soHs is lost through volatilization 

as NHa (De Datta et al. 1991; Bayrakli 1990; Whitehead and Raistrick 19!10; Mulvaney and 

Bremner 1981). Attention, therefore, has been focused on methods to decl'ease NH:J-N 

volatilization from urea and other N fertilizers. Incorporation of fertilizer N into the soil 

(Fillery et al. 1984; Nelson 1982; Mikkelsen et al. 1978) increases the diffusion distance 

between fertilizer and air, however such modifications are no\, always effective (Hendrickson 
(.Ir, 

'<l.t 
et al. 1987) or practical (eg. in orchards). Amendment of urea with coatings (je. resins, 

waxes, silica, S) or chemical additives (ie. acidifying agents, urease inhibitors) to reduce 

ammoniacal N concentrations or soil microsite pH are other possible means of decreasing 

ammonia loss (Gould et al. 1986; Buresh 1987). Coated urea can decrease the dissolution 

rate of the fertilizer (Gould et al. 1986; Gullett et al. 1987; Matocha 1976) hence slowing the 

rate of NH4-N released. Sulfur-coated urea has been shown to be an effective N source in 

rice production (Buresh 1987; Flinn et al. 1934; Katyal et al. 1975). Research on acidifying 

agents has included H2S04 (Fenn et al. 1986), HaBOa (Al-Kanani et al. 1990; Bayrakli 1990), 

urea-phosphates (mixtures ofurea and phosphoric aeid; Bremner and Douglas 1971 ; Stumpe 

et al. 1984), urea nitricphosphate (Christianson 1989), solube Ca and Mg (Fenn et al. 1986; 
• 1 

1981; Fenn and Miyamoto 1981) and phosphogypsum (Bayrakli 1990). While thesc products 

have been shown to reduce NHa-N volatilization, they may not always be efficient or 
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practical. For instance, urea phosphates are corrosive and require special handling 

precautions, urea nitricphosphate is not as effective on calcareous solls and phosphogypsum 

may have potential gypsum disposaI problems (Christianson 1989). Management 

techniques that reduce urease activity apply only to urea or urea containing fertilizers and 

are aimed at slowing the rapid urea hydrolysis process so as to decrease NH.-N production 
. , 

and allow surface applied urea to migrate into the soil and hence reduce potential NHa-N 

volatilization losses. A vast array of classes of compounds have been proposed as urease 

inhibitors (Sahrawat 1980b) and a number ofreviews on research have been written (Ladd 

and Jackson 1982; Schmidt 1982; Sahrawat 1980b). The literature on urease inhibitors is 

far too volurninous to discuss in detail and is not the objectivl~ of this review. Only some 

of the more common inhibitors will therefore be elaborated on. Numerous sulfur (S) 

compounds have been studied as possible urease inhibitors. Mahli and Nyborg (1979) 

monitored the effects ofurea in combination with thiourea (Bayrakli 1990), thioacetamide, 

phosphorus pentasulfide and calcium sulfide and demonstrated that aIl reduced urea 

hydrolysis by 58-29% and, that thiourea and thioacetamide were the most effective. Recent 

attention has been directed at ammoniUID thiosulfate (ATS), primarily because of its 

usefulness as a S source (Al-Kanani et al. 1990; Graziano 1990; McCarty et al. 1990; 

Bremner et al. 1986; Goos 1985). Results, however, are inconclusive. Some studies indicate 

that low levels of ATS «1000 ug/g soil) reduce urea hydrolysis (Al-Kanani et al. 1990; Goos 

1985) while other results suggest the contrary (Bremner et al. 1986). McCarty et al. (1990) 

reported delaycd urea hydrolysis only when ATS was applied at rates as high as 2500 to 

5000 ug/g soil, which resulted in effects on corn and wheat seed germination. Differences 

may involve ATS-soil interacbons which WIll require studying. Graziano (1990) and Fox 

und Piekielek (1987), however, have suggested increased fertilizer efficiency with the 

addition of ATS to corn plots. 

-r 
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Hydrocarbons and phenolic compounds such as hydroquinone, a variety ofbenzoquinone 

compounds (Mulvaney and Bremner 1978), and phenylphosphorodiamidate (PPD; Watson 

1990; Beyrouty et al. 1988; Hendrickson et al. 1987), 2-4 dinitrophenol (Bayrakli 1990) and 

naturally occuring polyphenols (Fernando and Roberts 1976) have been shown to efTectively 

inhibit urease activity. The efficiency ofthese compounds, however, was a function of the 

compound itself and soil properties. Higher soil organic matter contents tended to decrease 

the effectiveness ofbenzoquinone and hydroquinione (Mulvaney and Bremner 1978), while 

the addition of organic residues with PPD increased its efficiency (Hendrickson et al. 1987). 

The former may have been adsorbed onto colloidal surfaces, as described by Greaves and 

Malcolmes (1980), whereas added organic residues (Hendrickson et al. 1987) may produce 

organic acids during decomposition and may have indirectly increased PPD efficiency. The 

investigations by Watson (1990) indicated that PPD effectiveness varied with soil type, 

ranging from 0 - 90% inhibition, and was primarily a function of soil pH. Calcareous soils 

are less responsive to PPD (Beyrouty et al. 1988; Hendrickson et al. 1987). 

Although various urease inhibitors have have been shown to reduce NHa-N volatilization 

there is still a lack of data with relation to crop growth. 

Leaching and denitrificatiol1 

Ammonium in NH.-based fertilizers is relatively immobile in the soil, but, it is rapidly 

converted to NOa-N by the biologically controlled nitrification process (Bronson et al. 1991). . 1 

Nitrification is a two step process controlled by two specialized groups of bacteria: oxidation 

of NH4 to N02 by ammonia oxidizing bacteria and the subsequent oxidation of N02 to NOa 

by nitrite oxidizing bacteria (Schmidt 1982). The latter portion of the process is more rapid 

than the former and thus, N03-N levels usually dominate in natural systems {Schmidt 

1982). Nitrate, an anionic species, is highly mobile in the soil system and is thus, subject 
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to leaching. Chemical and physical factors affect the rate of NIl, -N oxidation. First among 

the ecological influences is acidity. GeneraIly, nitrification is drastically reduced at a pH 
• 1 

below 5, which may be associated with Al toxicity (Schmidt 1982; Alexander 1965). Oxygen 

is a requirement for aIl species involved in nitrification and hence soil aeration is essential 

(Schmidt 1982). Factors such as soil structure and moisture content determine O2 supply. 

Temperatures below 5°C and above 40°C inhibit nitrifying bacteria and hence markedly 

decrease the nitrification process. 

Denitrification is the biological reduction ofNOa-N to N20-N and N2 gas (Firestone 1982). 

Denitrification is a funetion of a complex system of factors involving O2 , moisture, organic 

C, pH and temperature (Christiansen et al. 1990; Grundmann et al. 1988; Stevenson 1982). 

Enzyme activity, specifie to denitrification, requires an absence of O2 (Mahli et al. 1990; 

Grundmann et al. 1988; Firestone 1982). Soil moisture, therefore, is significant from the 

stand point of its efTects on soil aeration, and fertilizer N loss to dentirification is of great 

ï . concern in flooded soils such as those used in rice production (Mahli et al. 1990). Organic 

materials stimulate denitrification because they aet as electron donors as weIl as create 

anaerobic microsites (Parsons et al. 1991; Grundmann et al. 1988; Parkin 1987; Aulakh et 

al. 1984a). 

Management practices to decrease leaching losses ofNOs-N might include intereropping 

schemes, soil erosion control and the incorporation of organic C to promote microbial 

immobilization (Keeney 1982). Techniques such as tilling have been shown to decrease 

dentrification osses (Aulakh et al. 1984b) probably due to increased soil aeration and 

decl'eased bulk density (Grundmann et al. 1988). Tilling may become increasingly 

important with the addition of organic residues, primarily due to higher moisture contents 

associated with zero-till environments (Aulakh et al. 1984a). The reduction of 
• 1 

denitrification rates in agricultural systems may, however, contribute to increased NOs-N 
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leaehing (Grundmann et al. 1988). As a consequence, management techniques thnt reduce 

nitrification are advantageous relative to those that reduee denitrification. 

Practices aimed at reducing nitrification primarily involve the addition of nitrification 

inhibitors. A wide range of compounds and materials have been proposed a8 nitrification 

inhibitors (Sahrawat 1980b). The objective of this review is not to report a11 compounds 

proposed as nitrification inhibitors, but to discuss sorne of the rescarch of the more common 

inhibitors. 

Compounds such as 2-ethynylpyridine (McCarty and Bremner 1990a), 3-methylpyrazole-

1-carboxamide (MeCarty and Bremner 1990h), 2-ehloro-6-(trichloromethyl)pyridinc 

(nitrapyrin; Walters and Malzer 1990a, b; Sodma et al. 1990; Magalhaes and Chalk 1987; 

Guthrie and Bomke 1980; Bremner and Bundy 1974) and dicyandiamide (DCD; Bronson et 

al. 1991; Norman et al. 1989; Yadvinder-Singh and Beauchamp 1989; Ashworth and 

Rodgera1981) have been shown to block the nitrification process and consequently, reduce 

leaching and gaseous losses of fertilizer N. Nitrapyrin is commercially available (Hauck 

1980) and has received the Most attention in recent years (Bronson et al. 1991). Magalhaes 

and Chalk (1987) and Bremner and Bundy (1974) have, however, demonstrnted that 

nitrapyrin can stimulate NHa-N volatilization due to the accumulation ofNH,,-N associatcd 

with inhibition of nitrification. Although Many compounds effectively retard the 

nitrification process, the effects on crop yields and N uptake can he inconsistent. Norman 

et al. (1989) reported that DCn resulted in greater N uptake in riee in comparison to urea 

alone, while Walters and Malzer (1990a) demonstrated a reduction in corn growth with the 

application ofnitrapyrin. The nitrapyrin, however, increased rcsidual N concentrations in 

the year following inhihitor addition and consequently enhanced fertilizer N uptake (Malzer 

and Walters 1990a). Investigations of nitrapyrin by Sodma et al. (1990) concluded the 

contrary, and reported no effect after application and reduced corn growth in the second 
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sccding. Growth reductions May be related to toxic concentrations of NH,,-N or N02-N that 

accumulate from inhibition of nitrification (Sodma et al. 1990), and May he a function ofsoil 

type. Other studies have reported that Dcn and nitrapyrin did not increase yields in wheat 

and corn sufficiently to warrant reduced fertilizer requirements (Bronson et al. 1991; 

Guthric and Bomke 1980; Hendrickson et al. 1978). 

A numbcr of S compounds, such as methyl mercaptan, dimethyl sulfide, dimethyl 

disulfide, corbon disulfide, hydrogen sulfide (Bremner and Bundy 1974), and thiosulfate 

(Janzen and Bettany 1986a) have been shown to inhibit nitrification. Carbon disulfide 

was the Most effective S compound with the exception of thiosulfate, and was aIso more ., 

potent than nitrapyrin (Bremner and Bundy 1974). Maddux et al. (1985), however, found 

that carbon disulfide was not effective, perhaps suggesting the importance of soil type. 

Soils have the capacity to adsorb volatile S compounds, hence soil type May determine the 

dcgree of sorption (Guthrie and Bomke 1980). Thiosulfate was shown to inhibit the 

( oxidation of N02 to N03 , which eould result in toxie accumulations of N02-N (Janzen and 

Bettany 1986a). Research on S eompounds, however, receives attention because of their 

potentinl to nllevinte S deficiencies in crops (Janzen and Bettany 1986b). 

Phenolic materials have also been shown to inhibit nitrification in agricultural systems 

(Azhar et al. 1986; Snhrawat 1980b). The inhibition by polyphenols has, however, been 

controvcrsial (Sivapalan 1985) and researeh predominantly performed in Forest eeosystems. 

Rice and Pancholy (1972 and 1973), Baldwin et al. (1983), OIson and Reiners (1983) and 

Lodhi and Killingbeck (1980) suggested that phenolic materials were responsible for 

in hi bition of nitrification in forest floors. Research conducted on a number of plant extracts 

by Johnson and Edwards (1979) and Montes and Christensen (1979), however, suggested 

no inhibition. 

The mechanisms by which phenolic eompounds inhibit urease aetivity and nitrification 

( 
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are complex and are not the objective of this thesis. In agricultural systems, however. it 

has been suggested that phenolic materials may bind with the enzyme urease (Al-Kanani 

et al. 1990) and form complex structures by adsorbing nitroso and nitro groups produced 

during nitrification (Azhar et al. 1986). 

LIGNOSULFONATE AND POTENTIAL FOR IMPROVED 
FERTILIZER N EFFICIENCY 

The sulfite pulping process, of the pulp and paper industry, extracts lignin from wol' ' 

by digestion with sulfurous acid (Browning 1963). To prevent undue degra~, .tion of 

cellulose a hydroxide, commonly ammonium (NH4), calcium (Ca) or sodium (Na), is added 

to neutralize the acid and forms bisulfite (Glennie 1971). The lignin dissolves as 

lignosulfonate (L8) and, various forms of recovered L8 are available depending on the '1 

neutralizing base. The exact nature of the L8 molecule is unknown, but the molecule's 

basic building unitis a phenyl propane derivative similar to that oflignin (Reference Guide, 

Daishowa Chemicals). The macromolecule is thought to be made up of thesc units in 

branched, polyaromatic chains (Reference Guide, Daishowa Chemicals). 

Lignosulfonate is similar to soil organic matter in its surface negative charge and 

colloidal properties (Hoyt and Goheen 1971), but is water soluble due to the presence of 

sulfonate groups (Reference Guide, Daishowa Chemicals). Lignosulfonfate is a strong 

chelating agent (Browning 1975) and has been used as a carrier for micronutrient 

fertilizers. Results have indicated that L8 in combination with Fe and Zn have increa8cd 

their availability to crops (8ajwan and Lindsay 1988; Cihacek 1984; 8ingh et al. 1986). 

Lignosulfonate may also have the potential to increase the efficiency of macromolccular 

fertilizers because ofits colloidal properties and phenolic nature. Lignosulfonate is expectcd 
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to adsorb urease and nitrification inhibitors and therefore offers potential as a urea 

fertilizer carrier capable of controlling these reactions in soil. If LS can significantly 

enhancc inhibitor effects, increased inhibitor and fertilizer efficiency is anticipated. In 

addition, phenolic compounds, as previously diSCUBSed, have been shown to directly inhibit 

both urease activity and nitrification in soils. 

It is expected that LS, either in combination with commercially available inhibitors or 

alono, might reduce gaseons (NHa-N, N20 and N2) and leaching (NOa-N) losses from 

fertilizer N due ta inhibition effects. In comparisoll to other urease and nitrification 

inhibitors, LS is particularly attractive because of its availability and low cost. 

LIGNOSULFONATE AND POTENTIAL FOR IMPROVEn 
FERTILIZER P EFFICIENCY 

Lignosulfonate is also expected to improve the effectiveness ofP fertilizers. The recovery 

of fcrtilizer P by crops is often low due to soil reactions that occur following fertilization 

with P. Reactions involved include P precipitation by soil components such as Ca, Fe and 

Al hydrous oxides (Solis and Torrent 1989; Raynes 1984) and P adsorption by soil surfaces 

(Haynes 1984). 

Organic materials have been shown to compete with phosphate ions for adsorption sites 

on soil colloids (Meek et al. 1979). The application of crop residues reduced phosphate 

adsorption by the soil (Mnkeni and MacKenzie 1985), increased P availability, and 

subscquently enhanced P uptake by crops (Mnkeni and MacKenzie 1988). 

The similarity of LS to soil organic matter and its capacity for chelatation with cations 

and adsorption to soil surfaces are expected to make LS effective in reducing Pretention 

in soils. 
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CHAPfER D. EFFECTS OF LIGNOSULFONATE ON C AND N 
DYNAMICS IN A CLAY SOn.. 
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ABSTRACT 

Lignosulfonate (LS) may have the potentinl to improve fertilizer nitrogen (N) retention 

in soHs and phosphorus (P) solubility. Potential agricultural applications ofLS requires an 

understanding ofLS behaviour in soil. A laboratory study was conducted using five types 

of LS (NH4, Ca, Ca desugared, Na and K) added to a heavy clay soil (Dalhousie, Orthic 

Humic Gleysol) at three rates (5, 10, & 20 % w/w). Microbial activity was monitored as 

CO2 evolution throughout the study and extractable N and C were measured nt the end of 

the incubation. High application rates initially inhibited and decreased maximum CO2 

evolution. A smaIl proportion «17%) of the added LS-C was evolved as COli' indicating that 

LS does not decompose readily. Up to 1.8% of the LS-C retained in the soil was extractable 

in lN RCI suggesting that LS, after a period of incubation, may be relatively immobile in 

a soil profile. Ammonium-LS treated soils had lower LS-N recovery than the other LS's 

suggesting chemical reactions of NOs-N with phenolic constituents of NH4LS. 
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INTRODUCTION 
( 

Lignosulfonate (L8), a macromolecular lignin derivative, is a by-product of the acid 

sulfite pulping process. In this process, the pulping agent is a bisulfite with an excess of 

free Bulfurous acid. A hydrClxide base, commonly calcium (Ca), sodium (Na) or ammonium 

(NH4), is added to neutralize the stronger sulfonic acid, forming bisulfite, to prevent undue 

degradation of cellulose (Glennie 1971). Various types of L8 are therefore availahle, 

depcnding on the neutralizing base. Lignosulfonate is similar to soil organic matter in its 

surface charge and colloidal properties (Hoyt and Goheen 1971) but is highly soluble in 

wawr due to the presence of sulfonate groups (Reference Guide, Daishowa Chemicals). 

Lignosulfonate has been used as a micronutrient carrier because of its capacity to chelate 

mctals (Browning 1975). Lignosulfonate applied in combination with Fe and Zn increased 

their availability to crops, correcting Fe chlorosis ID grain sorgham (Cihacek 1984) and 

resulting in improved Zn uptake by rice (Sajwan a'ld Lindsay 1988) and beans (8ingh et al. 

1986). Chelation of metals in soil may increase the availability of fertilizer P by reducing 

precipitation reactions, hence L8 may also have the potential to increase the efficiency of 

macronutrient fertilizers. There is, however, a lack of information regarding the possible 

interaction hetween L8 and macronutrients. . , 
This study was part of a research project concerned with improving N and P fertilizer 

efficiency in corn production. The primary goal of the program was to utilize L8 as a means 

of controlling fertilizer reactions and t.ransformations in the soil. Xie et al. (1991) 

demonstrated that L8 reduced fertilizer Pretention in soil through the competition for 

adsorption sites between L8 and added P. The potential use of L8 as a fertilizer component 

requires an understanding of its hehaviour in soil. 

8tudies on the decomposition of L8 in soil have not been reported. 8inee L8 is a lignin 

( 
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derivative it may behave like lignin and be relatively resistant to enzymatic degradation 

(Azam et al. 1984; Janzen and Kucey 1988). The lignin content, therefore, may be the rate 

regulating factor in the decomposition ofLS. In contrast to lignin, however,lignosulfonate 

is highly water soluble and may therefore be more easily degraded. Biodegradation 

research has shown that the lignin in LS is bioalterable and can he substantially 

biodegraded in pure microbial cultures (Glanser et al. 1981; Ludquist et al. 1977). 

Nitrogen supply is an important factor in crop production and therefore the effect of L8 

on soil N transformations is of interest. Because of its high C:N ratio, LS is expected to 

immobilize N after addition to soil. If, however, LS is resistant to microbial degradation 

the immobilization effect may be minimal. 

The objectives of this study were to determine the effects of various types and rates of 

L8 on microbial activity and on soil C in a soil microsite, in laboratory incubated soils. A 

second objective was to evaluate soil N changes a microsite after incubation with LS. 

MATERIALS AND METHOnS 

A surface sample (0-20 cm) of Dalhousie clay (Orthic Humic Gleysol) was air dried and 

passed through a 2 mm sieve, and 100 g samples weighed into 590 ml jars. The soil had 

the following properties: organic C content of 38.8 gIkg, clay content of 410 g/kg, cation 

exchange capacity of 26 cmolelkg, and a pH of 5.7. Five types of lignosulfonate (Table 1) 

at three rates (5%, 10%, and 20% w/w) were uniformly mixed through the soils. The 

application rates were selected to represent concentrations that IIÛ.ght be round in a 

microsite adjacent to a fertilizer granule or band and were based on preliminary studics 

(RJ. Xie, personal communication) which indicated that LS pellets (0.3 -004 g) diffused a 

limited distance into the adjacent soil producing concentrations of 5 - 15%. 
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Table 1. Chemica1 properties oflignosulfonates (LS). 

NH4LSz CaLSY Ca(ds)LSY NaLSz KLSz 

lignin(%) 65.0 n.a. n.a. 65.0 60.0 

sugars (%) 17.0 20.0 4.7 10.0 10.0 

sulfur (%) 6.0 5.8 5.3 6.0 6.0 

nitrogen - total (%) 4.0 0.0 0.0 2.2 2.4 
NH4 (%) 2.64 0.0 0.0 0.15 0.52 

N03 (%) 0.04 0.0 0.0 0.0 0.0 
carbon (%) 40.1 49.2 45.1 52.5 46.7 

pH 4.5 3.6 5.7 8.0 8.0 

(ds) Desugared. 
z,Y Reeeived from Temfibre Ine, Temiscaming, Que., Canada and 
Daishowa Chemicals, Que. Canada, respectively. 
n.a. Not available. 
note: forms of 18 de pend on the neutralizing base. 
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The treatment mixture in each jar was maintained at 80% field capacity throughout the 

incubation by weekly additions of deionized water. Carbon dioxide evolution was used as 

an indication of microbial activity. Vials containing 25 mIs of 2M NaOH solution were 

suspe,lded ab ove the soil mixtures to absorb CO2• Jars were scaled and incubated in 

completely randomized arrangements at 24°C for 40 days. Sodium hydroxide solutions were 

replaced at intervals of 2-3 days. except for the last two dates which were replaced once a 

week, and absorbed CO2 measured by titrating with lM Hel, using phenophthalein 8S an 

indicator after adding lM BaC~ to precipitate carbonates (Anderson 1982). After the 

incubation soil mixtures were oven dried (75°C) and ground to pass a 2 mm sieve. 

Subsamples were shaken with lM KCI for 60 minutes and suspensions filtered using 12 

Whatman filter papers. Filtrates were decolorizcd by shaking with C black (1.33:1 C 

black:filtrate ratio) for 30 minutes. Filtrates were centrifuged for 20 minutes and filtered 

through #42 Whatman filter papers. Ammonium-N and NO:l-N concentrations were 

" measw'ed by using standard colorimetrie autoanalyzer techniques (Keeney and Nelson 

1982). 

Organic C in the lM KCI extracts was dctcrmined using a modified Walkley Black 

method (Nelson and Sommers 1982). 

Soil conductivity was measured in 1:5 soil to water suspensions. 

Statistical Analysis 

The generallinear models procedure was followed for the analysis or variance in vol ving 

treatment combinations composed of five types of LS and threc rates. The method of 

polynomial contrasts (Gomez and Gomez 1984) was used to determine the relationships 

among LS rates for total CO2 evolved, extractable C and soil mineraI N. Mineralization 

and nitrification data were sorted by LS and rates were compared with the control UBing 
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single degree-of-freedom contrasts. Alpha was set at 0.01 to reduce experimentwise error. 

Ali statistical analyses were done using SAS (1984). 

RESULTS AND DISCUSSION 

Incubation system 

The major constraint of any closed incubation system is maintenance of aeration. In this 

study incubation containers were opened for atmospheric exchange at intervals ranging 

from two to three days except at the end of the study when periods were approximately 

seven days. This aeration regime proved insufficient to maintain an adequate O2 supply 

at the unexpectedly high levels of CO2 evolution obtained in LS treatments, and anaerobic . 1 

conditions (> 70% of O2 consumed) are suspected to have developed at severa! dates in aIl 

treatments. The duration of anaerobic conditions, calculated from CO2 evolution rates and 

headspace volume assuming standard temperature and pressure and air O2 content of22%, 

varied among LS's and among LS addition rates. Addition of 5, 10 and 20% LS resulted in 

anacrobic conditions during 4-8%, 3-28% and 10-47% of the incubation periods respectively. 

AIl treatments became anaerobic on the date of maximum CO2 evolution and 10 and 20% 

LS tl'catments were anaerohic toward the end of the experiment when aeration intervals 

wecc longer. 

Fluctuations in soil aeration can he expected to affect both C and N dynamics in soil. 

The main effect on microbial respiration would be a delay in CO2 evolution due to the 

product.ion of other C compounds by fermentation. These compounds would be easily 

degruded in the presence of O2 so that the effect in our study would have been to change 

the pattern of CO2 evolution. Since each incubation container would have become aerobic 

evel'y few days, the overall effect is expected to have been small. The greatest effect of 
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anaerobic conditions on N dynamics would have been the stimulation of denitrification and 

concomitant 10ss of N from the system. A N budget calculated for NH.LS treatments, the 

worst-case treatment because of the high NH4-N concentration, at the end of the incubation 

indicated that 18, 14 and 12% of added N was lost from the 5, 10 and 20% treatments 

respectively, probably through denitrification. 

CO2 Evolution and Organic C 

The pattern of CO2 evolution was similar for aU LS types, but differed among LS 

addition rates (Fig. 1 and 2, (a) to (d». Patterns of evolution for the other LS types are . 1 

shown in appendix figures 2.1, 2.2 and 2.3. In particular, patterns in LS types in which the 

duration of anaerobic periods was minor (eg. NaLS, Fig. 2) were siu!.ilar to those in LS types 

in which anaerobic periods were significant (eg. NH4LS, Fig. 1) suggesting that fluctuating 

availability of O2 did not distort the overall trend in CO2 evolution. The control hod 

relatively low and constant CO2 evolution over the 40 doy incubation. The slight incrcose 

in CO2 evolution evident in the control at the beginning of the incubation (Fig. 1 and 2 (0)) 

wos probably a result of rewetting the soil and stimulation of microbial activity <Stevenson 

1956). 

Lignosulfonate application ratcls of 5% and 10% immediately stimulated microbial 

activity and produced a distinct peak in CO2 evolution within the first cight days of the 

incubation (Fig. 1 and 2, (b) and (c». Increasing the LS rate from 5 to 20% decreased 

maximum CO2 cvolution and del&yed the period of maximum evolution (Fig. 1 .md 2, (b) to 

(d». This trend did not appcar to be a function of an 02limited system as the sarne pattern 

was evident in the N~t.J .reatments. The 20% rate inhibited microbial activity relative to 

the control within the first four to eight days of the incubation. 

Microbial activity, in the 5 and 10% applications, may have been stimulated initially by 
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the sugar content (Table 1) of the LB. Total CO2 evolved as percent of LS added was 

sirnilar to the Bugar content of LS in aIl treatrnents except for Ca(ds)LS. At the high LS 

rates however, sorne inhibitory process appeared to override sugar stimulation ofmicrobial 

activity. The inhibition diminished with time, perhaps as the inhibitory substance was 

degradcd or shifts in the composition of the microflora occurred. The cause of the inhibition 

effect ie unknown. The treatments had high electrical conductivities (8.1 to 30.9 mS/cm), 

suggesting that high salt contents may have inhibited microhial activity. Conductivity 

levels of 4 mS/cm have been shown to inhibit nitrification (Malhi and McGill1982). The 

inhibition effect decreased with time, however, whereas salinity would have remained 

constant suggesting that salinity did not induce the inhibition effect. Phenolic compounds, 

derivcd from lignin in the LS, may have caused the inhibition because they have been 

shown to inhibit microbial activity (Rice and Pancholy 1972; 1973; Baldwin et al. 1983; 

Olsen and Reiners 1983) and are slowly degraded by microorganisms. 

The diffusion of LS away from a fertilizer pellet or band would decrease its concentration 

as it moved into the soil at the perimeter of the microsite. Results indicate that microbial 

activity would be greatest in this perimeter area (low concentrations of LS) and that LS 

concentrations in the center of the band would inhibit biological activity. If fertilizer N 

were to be banded with LS, decreased N transformation rates might he expected in the 

center of the band whereas increased microbial immobilization might occur at the diffusion 

front. 

Total C evolved as CO2 from LS treatments was significantly higher (p<O.OOOl) than 

that evolved frorn the control (Table 2) indicating that LS stimulated CO2 evolution. The 

proportion of added LS-C evolved as CO2 during the incubation decreased with LS addition 

rate (Table 2) and CO2 evolution was quadratically related to LS addition rate (Table 2), 

except for NaLS, again indicating that the high LS rate inhibited microbial activity relative 
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"" Table 2. C input and recovery after the 40 day incubation. Carbon recovered 
' . ., 

expressed as the absolutc amount of C recovered as CO2 and organic forms for 
each treatment and percent of added LS recovered. 

Treatments C C Recovered 
Input 

CO2 evolved extractable org C 

(mg/g) (mg/g) (%) (mg/g) (%) 

control 0.9 0.9 

NH4LS 5% 20.7 4.1Q 15.4 1.0Q 0.7 

10% 41.5 7.0Q 14.6 1.6Q 1.7 

20% 83.0 7.5Q 8.0 2.0Q 1.4 

CaLS 5% 25.5 5.2Q 17.0 1.1Q 0.8 

10% 50.9 8.4Q 14.8 1.6Q 1.4 

20% 101.9 3.9Q 3.0 1.9Q 1.1 

Ca(ds)LS 5% 23.3 3.4Q 10.9 1.1Q 1.1 

.. .,. 10% 46.7 4.4Q 7.6 1.7Q 1.8 
.t,..: 

20% 93.4 3.1Q 2.3 1.9Q 1.1 

NaLS 5% 27.2 2.5NS 6.0 1.3Q 1.5 

10% 54.3 3.1NS 4.0 1.8Q 1.7 

20% 108.7 3.4Ns 2.3 2.0Q 1.0 
• 1 

KLS 5% 24.2 2.7Q• 7.7 1.2Q 1.2 

10% 48.3 4.1Q• 6.7 1.7Q 1.6 

20% 96.7 3.8Q• 3.0 1.9Q 1.0 

(ds) Desugared. 
NS. ~'. Q Denote not related, quadratically related at p<0.05 
an quadratically related at p<0.01, respectively. 
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to lower application rates. In aIl treatments. however. only a smaH proportion of added C 

was evolved as CO2 (Table 2; (%C02». This result is consistent with the expectatiliu ~at 

LS would be resistant to decomposition, presumably because of its high lignin content. 

A very small proportion of the LS retained in the soil was extractable in IN KCL (Table 

2; (C». This suggests that after 40 days LS would be relatively immobile within the soil . 1 

system, and that LS-fertilizer interactions would be Iimited to the band area. 

Nitrogcn 

Small proportions «32%) of added LS mineraI N were recovered (Table 3) and mineraI 

N levels in the Ca and Ca(ds)LS treatments were significantly lower than the control soil 

(Table 3). 

Estimates ofbiomass N, calculated from total CO2 evolution and by assuming a microbial 

utilization efficiency of 0.5 and a microbial CIN of 5, ranged from 500 to 1680 ug N/g soil. 

These calculated values are approximations because microbial utilization efficiency and CIN 

ratio May vary from 0.2 • 0.6 and 5 • 15 respectively (McGill et al. 1981), but suggest that 

the N deficit, except in the NH4LS treatment.s, could have been caused by incorporation of 

N into microbial cells. Lowest mineraI N recovery was in the NaLS treatments whereas the 

great.est recovery was in the KLS (5 and 10% rates, Table 3). Dominance of mineraI N by 

NH,\ (Table 4) may suggest different remineralization rates. prohably a function of the LS-C 

to mineraI N ratios (KLS<N aLS). The addition of K+, a strongly adsorbed cation. with N 

fertilizers has been shown to release clay fixed NH4-N (Nommik and Vahtras 1982) which 

May have resulted in increased minerai N recovery in the KLS treatments. The cause of 

low mineraI N recovery in the NH4LS treatments is unknown. The dominance of minerai 

N by NH4 (TobIe 4) suggests that periodic anaerobic conditions may have resulted in 

denitrification of NOs·N from the minerai N pool. High salinity and NH.-N concentration, 
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Table 3. Mineral LS-N (NH4 + N03) added and mineraI LS-N recovered nt the end of the incubation. 

.. N Input N Recovered 

-' Treatment \ 

(ug/g) (ug/g) (%) 

Control 81 
(4) 

NH4LS 5% 1390 269NS 13 
(78) 

10% 2770 5U" 15 
(62) 

20% 5550 879" 14 
(85) 

CaLS 5% 0 12" n.a. 
(3) • 1 

10% 0 10" n.a. 
(2) 

20% 0 13" n.a. 
(2) 

Ca(ds)LS 5% 0 18" n.a. 
(3) 

10% 0 9" l'.a. 
(2) 

20% 0 17"' n.a. 
(3) 

NaLS 5% 79 60Ns -27 
(8) 

10% 157 14" -43 
(3) 

20% 314 16" -21 
(3) 

KLS 5% 272 168" 32 
(17) 

10% 544 196" 21 
(13) 

20% 1090 4gNB -3 
(10) 

NB, •• Control not significantly different (p>0.05) and significantly different nt p<O.Ol from the rute, 
respectively. 
( ) Standard errors of mt!'lns (n=4). 
n.a. Not applicable. 

" ~, 

., 
33 

J 
~ 

'" ~~ 

l 



t 

{ 

f 

Table 4. Forrn of N accumulated (NH4-N vs NOa-N) in each treatment after the 40 
day incubation. Accumulation expressed as NH4-N minus NOa-N. 

LS rate 

0% 5% 10% 

uWg 

Control -78.4 (4.0) 

NH4LS 166.7NS (57.2) 419.4" (57.8) 

CaLS 10.4·· (3.3) 9.4·· (1.7) 

CaLS (ds) 1.8·· (3.7) 6.3·· (1.4) 

NaLS -19.5·· (5.2) 5.90
• (1.5) 

KLS 65.4" (10.6) 192.0·· (13.3) 

Positive values indicate dominance of N by mineraI NH4. 
Nil control not significantly different from the rate . 
•• control significantly difTerent from the rate at p<O.Ol. 
( ) standard errors of means (n=4). 
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764.1·· (82.4) 

10.9·· (2.7) 

10.80
• (2.6) 

10.6·· (2.7) 

32.9·· (10.3) 



however, are suspected to have inhibited nitrification (Mahli and McGill 1982; Jones and 

Hedlin 1970). Consequent NH .. -N accumulation may have caused chemical reactions of 

NHa-N with phenolic components of LS (McClaugherty and Berg 1987). Mahli and McGill 

(1982), Smith and ChaIk (1980) and Jones and Hedlin (1970) have reported that high NB.-

N and salt content inhibit Nitrobacter to a greater extent than Nitrosomonas and 

consequently an accumulation of N02-N May have occurred in our study. Chemical 

reactions between N02-N and phenolic constituents of soil organic matter have been shown 

to bring about deficits in mineraI N and concomitant surpluses of non biomass organic N 

(Azhar et al. 1986a; 1986b; Smith and Chalk 1980). Concentrations of reactive phenolic 

groups would have been very high in the LS treatments and thus mineraI N deficits May 

have occurred because of N02-N reactions with the lignin component ofLS. Higher NH4-N 

levels in the NH4LS, relative to other LS's, May have promoted reactions with LS phenolic 

materials (Nelson 1982). Low pH might have also increased these reactions as well 8S 

gaseous loss of N as N2 and N20 (Bremner and Fuhr 1966). 

• 1 

CONCLUSIONS 

High rates ofLS initially inhibited microbial activity in soil. The small amount of C that 

was evolved as CO2, indicated that LS in and around the band is resistant to decomposition 

and therefor(~ remains present to participate in fertilizer-soil reactions. A small proportion 

of the LS-C was extractable in IN KCI after 40 days, suggesting that Most of the LS W8S 

strongly adsorbed to soil surfaces and thus supports the view that LS will coat 80ilsurfaces 

and reduce P fixation. Mineral N added with NH"LS is subject to loss, probably through 

chemical reaction between N02-N and phenolic groups of LS. The significance of such 
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reactioDS would be a build up of non biomas8 organic N and a decrease in N03-N levels . 
l subjcct to leaching. Whether 8uch reactions will occur with added fertilizer N and whether 

chemically immobilized N can be remineralized requires further study. 

{ 
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Connecting Section 

{ 

The first study was preliminary and addressed basic questions conceming LS behavior 

in a soil microsite. The study demonstrated that various forms of L8 (NH4, Ca, Ca-ds, Na 
• 1 

and K) were not readily degraded and that higher concentrations inhibited microbial 

activity. The inhibitory effect ofLS on biological activity at higher concentrations suggested 

that LS banded together with urea may decrease N transformations. 

Nitrogen deficits in the NH4L8 treatment coupled with low estimates ofN immobilization 

suggestcd possible chemical reactions between NH3-N and/or N02-N and ph.enolic 

constituents of LS. 

The following experiment was conducted to monitor the efl'ects NH4LS-fertilizer mixtures 

on microbial activity and N transformations in soil microsites. 

Since the effect of aIl LS types on microbial activity was similar NH"LS was chosen for 

future studies because of its N content. 

( • 1 

40 



!' 

CHAPTER nI. EFFECTS OF LIGNOSULFONATE-FERTILIZER APPLICATIONS 
ON SOIL RESPIRATION AND N DYNAMICS 
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ABSTRACT 

Lignosulfonate (LS) may have the potential to improve conventional nitrogen (N) 

fcrtilizcr efficiency by inhibiting urease activity and nitrification as well as red.ucing NH3-N 

volatilization by acting as an acidifying agent. On the other hand, added L8 may stimulate 

microbial activity, hastening urea hydrolysis and nitrification. 

A laboratory study was conducted using a silty clay loam incubated wth ammonium 

lignosulfonate (LS) (2.67 % w/w) in combination with diammoniumphosphate (DAP), urea 

(U) and U+DAP. The experiment monitored CO2 evolution and NHa-N volatilization for 

69 days and extractable soil N periodically for 38 days. 

Addition of LS initially increased CO2 evolution, possibly supported by the sugar content 

(17%) of L8, but only a smaH proportion (10-22%) of the LS-C was evolved as CO2• The 

proportion of added N volatilized from the LS+U treatment (25%) waslower than in the 

U treatment (31%). Lignosulfonate decreased urea hydrolysis slightly. A larger proportion 

of added inorganic N was recovered in the LS+fertilizer treatments, indicating that L8 may 

increase fertilizer N availability. Lignosulfonate treatments accumulated N in the form of 

N1I4, suggesting that L8 may inhibit nitrification. 
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INTRODUCTION 

Lignosulfonate (LB), a soluble lignin derivative. is produced during the sulfite pulping 

process. It is a complex molecule carrying negatively charged sulfonate, hydroxyl. phenolic 

and carboxyl groups, which make it water soluble (Reference Guide, Daishowa Chemicals). 

Research has indicated that LS may have beneficial applications in agriculture due to 

its capacity to chelate micronutrient fertilizers. Lignosulfonate applied in combination with 

micronutrients appears to enhance crop micronutrient availability and uptake (Sf\jwan and 

Lindsay 1988; Bingh et al. 1986; Raese et al. 1986). Little work, however, has examined the . 1 

interaction of LB with macronutrient fertilizers. 

Potential NHa-N and NOa-N losses from N fertilizers have encouraged research on uresse 

and nitrification inhibitors. Maintenance of added N as urea. by the activity of ureasc 

inhibitors, reduces the concentration ofNH4-N subject to volatile loss whereas maintenance 

of N as NH4 reduces the concentration of NOa-N subject to leaching. The phenolic nature 

of the LS suggested that it may possess some activity as a urease or nitrification inhibitor. 

Previous work (Chapter II) has indicated that NOa-N concentrations in LS bands werc 

reduced, possibly as a result of denitrification or chernical reactions between transicnt N02-

N produced during nitrification and lignin constituents of LB (Azhar et al. 1986a; 1986b). 

The objectives ofthis study were to evaluate the cffects of LS on microbial activity (C02 

evolution), NHa-N volatilization and soil N dynamics in a fertilizer microsite containg ures 

and diammonium phosphate. 
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MATERIALS AND METHODS 

A surface sample (0-15 cm) of an Ormstown silty clay loam (Orthic Humic Gleysol) was 

air dried, passed through a 2 mm seive and 100 g weighed into 590 ml incubation 

containers. 

Eight treatments were applied; unamended (control), ammonium lignosulfonate (LS; 

Ternfibre Inc., Temiscaming, Que.), urea (U), diammonium phosphate (DAP), U+DAP, 

LS+U, LS+DAP and, LS+U+DAP (Table 1). Formulations were based on the addition of 

constant LS and constant urea-N and (urea+DAP)-N, with urea beingthe primary N source. 

Fertilizer-LS preparations were weIl mixed and pressed into pellets using an automatic 

pellet press. Magnesium stearate (0.5%) was added to facilitate pelleting. 

The ex periment was conducted to provide information about LS-fertilizer interactions 
. , 

that might occur in and around a fertilizer band. For this study pellets were placed in a 

,.f .. band across the incubation container (7.5 cm dia.) 1 cm helow the soilsurface. Application 

rates (Table 1) were equivalent to 84 kg urea-Nlha in the field assuming 75 cm row spacing. 

The main limitation of this system "Has that diffusion into a large volume of soil was not 

possible. Hence, concentrations of mobil~ f~rtilizer components or derivatives (eg. NOa-N) 

would probably have been higher in the incubated soil than in a field band situation. Jars 

werc maintained at 80% (w/w) of field capactity. 

Two series of containers were prepared, one (Series 1) for measurement of CO2 evolution 

and NH;I-N volatilization and the other (Series 2) for destructive sampling and analysis of 

soil N fractions. In Series l, treatments were replicated four times and incubation was for 

69 days at 240 C. Vials containing 25 mIs of2M NaOH absorbed evolved CO2• Excess NaOH 

was back titrated with IN HCI to a phenolphthalein endpoint (Anderson 1982). Vials 

containing 25 mIs of 4% HaHOa absorbed volatilized NHa-N. The NHa-N was determined 
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Table 1. Treatment concentrations per 100 g soil. .. ' 
Treatment L8 U DAP 

(g) 

Control 0.0 0.0 0.0 

LS 2.67 0.0 0.0 

U 0.0 1.01 0.0 

LS+U 2.67 1.01 0.0 

DAP 0.0 0.0 0.59 

LS+DAP 2.67 0.0 0.59 

U+DAP 0.0 0.74 0.59 

LS+U+DAP 2.67 0.74 0.59 
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by titrating the HaBOa with O.05M II:tS04 using a Mettler DL-20 Automatic Titrator (Fenn 

and Kissel 1974). Solutions in the vials were replaced and analyzed every two to three 

days. In Series 2, treatments were replicated three times and incubation containers 

aeratcd every 2 days. Destructive soil samples were taken at 2, 4, 7, Il, 17, 26, 33, and 38 

d. Samplcs were oven dried (750 C), ground to pass a 1 mm sieve and subsamples extracted 

in IN KCI eontaining phenylmercurie acetate (5 ppm) to inhibit microbial transformations 

of N. Ammonium-N, NOa-N and V-N were analyzed using standard colorimetrie auto-

analyzer techniques (Keeney and Nelson 1982; Bremner 1982). Soil pH was measured 

using Il 1:1 soil to O.OlM CaCt..! suspension. 

StatisticaI Analyses 

Analysis of variance and contrasts were used to compare treatments (SAS Institute Ine., 

1984). Control values were subtracted from a11 samples. The amount ofNH4-N and NOa-N 

added with the LS was subtracted from the corresponding soil NH4-N and NOa-N values 

before statistical analysis. Tukey's test was used to compare dates within treatments for 

inorganic N recovered «NH4+NOa+NHa+U)-N) because of its control of experimentwise 

error. 

. , 
RESULTS AND DISCUSSION 

COz Evolution 

The CO2 evolved in the control was low and constant throughout the 69 day incubation 

«0.05 mg/g soiVday, Appendix J.'ig. 3.1). In aIl treatments, CO2 evolution reaehed a 

maximum rate within the first five days of the incubation and then decreased to a low and 

constant level (Fig. 1). Patterns of evolution for the other treatments are in appendix 

.( 
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figures 3.1,3.2 and 3.3. Lignosulfonate treatments had higher levels ofC02 evolution than 

treatmcnts without LS (Fig. 1), indicating that LS within a fertilizer band would initially 

stimuJate microbial activity. The highest CO2 evolution occurred in the LS+U+DAP 

treatment (0.45 mg/g soil/day), probably because N or P were not limiting and the . 1 

microorganisms were able to use LS-C more efficiently. Steady state CO2 evolution was 

rcached arter 14 days in the LS and LS+DAP treatments but after 25 days in the LS+U and 

the LS+U+DAP treatments. 

H igh initial levels of microbial activity in LS containing treatments were probably 

supported by the sugars (17%) contained in the LS (Reference Guide, Daishowa Chemicals). 

The cause of prolonged stimulation in the LS+U and LS+U+DAP treatments is unknown, 

but may have been the result of the larger amount of added N which may have allowed 

grcater utilization of LS-C. Alternatively, urea has been shown to dissolve native soil 

organic matter (Foster et al. 1980; 1985), which may have promoted microbial activity. 

Over the incubation period, only 10.4% to 22.2% of added LS-C was evolved as CO2 

(Appendix Table 3.1) in the LS treatments indicating that LS is resistant to microbial 

dcgradation and hence is retained in the soil. 

Urca 

U rea remained in the soillonger in the LS+U treatment than in the U treatment (Table 

2), indicating a decrease in urea hydrolysis in the presence of LS. Research has indicated 

that humic substances, which may be similar to phenolics in LS, inhibit the urease enzyme 

(Al-I\anani et al. 1990; Tomar and MacKenzie 1984; Pflug and Zeichmann 1981). 

Lignosulfonate did not affect or increased urea hydrolysis when applied with U+DAP. Urea 

hydrolysis was faster with the addition of DAP (Table 2) and therefore the application of 

LS muy not have been as effective in reducing hydrolysis. Higher microbial activity 
• 1 
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Table 2. Urea N accumulated in the treatments (minus the control) over the 38 day incubation. 

Treatment 

U 

LS+U 

U+DAP 

LS+U+DAP 

2 

4040·· 
(68) 

4550 
(135) 

2580NS 

(20) 

2660 
(99) 

4 

2030NS 

(87) 

1880 
(8) 

1200·· 
(24) 

700 
(90) 

7 

160NS 

(35) 

220 
(57) 

ONS 

o 

Day 

Il 

(ug/g) 

O· 

130 
(65) 

ONS 

20 
(13) 

17 

ONS 

50 
(24) 

ONS 

20 
(13) 

26 

ONS 

0 

ONS 

20 
(14) 

NS, .,.. Fertilizer treatment llot significantly different (p>0.05), significantly 

33 

ONS 

0 

ONS 

o 

38 

ONS 

0 

ONS 

20 
(13) 

different at p<0.05 and p<0.01, respectively, from the corresponding LS+fertilizer treatment 
(within date). 
( ) Standard errors of means (n=3). 
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associatl,>d with the LS+U+DAP treatment may have stimulated urease production. 

NHa-N Volatilization 

Hcluti vcly low and constant amounts «0.17 ug/g soiVday) of NHa-N were volatilized from 

the control and LS only treatment (Appendix Fig. 3.4). In aIl other treatments, NH3-N 

volatilization reached a maximum rate during the first 7 days of the incubation (Fig. 2 A 

and B). Patterns of volatilization for the other treatments are in appendix figures 3.4 and 

3.5. These results are consistent with other studies of NHa-N 10ss following urea 

fertilization, that have shown maximum volatilization rates to occur up to the first 6 

(Stevens et al. 1989) and 12 days (Bayrakli 1990) of incubation. Volatilization rate declined 

slowly following the maximum in the U, LS+U, U+DAP and the LS+U+DAP treatments 

( .... ig. 2 A and B) but decreased rapidly in the DAP and LS+DAP treatments reaching steady 

st..'ltc in <15 days (Appendix Fig. 3.5). During the first 7 days of the incubation the LS+U 

(Fig 2 A) and the LS+U+DAP (Fig. 2 B) treatments volatilized significantly more NHa-N 

than U or U+DAP, respectively, suggesting that LS in the fertilizer band would initially 

promotc NI-I.1-N loss. Subsequently, however, less NH3-N W8S volatilized (p<O.Ol) from the 

LS+U œig. 2 (A» treatment than the U treatment. Less NH3-N was volatilized from the 

LS+U+DAP treatment than U+DAP only on the 17lh day (Fig. 2 (B». The LS+DAP 

t,J'cat.mcnt dld not. differ in NH3-N volatilization from the DAP treatment throughout the 

incubation (appendix Fig. 3.5). 

Aftt", 69 days, there was no significant di1Terence in the absolute amount ofN volatilized 

betwcen the fCltilizer and LS+fertIlizer treatments (Table 3), indicating that LS did not 

J'NIUCt' Nllj-N volatilization from urea fertilizer. But expressed on a basis orthe proportion 

of addt'd N volatilized, significantly less NH3-N was volatilized from the LS+U treatment 

thnn from the U treatment (Table 3). Previous studies have demonstrated that NH3-N 10ss 
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Fig. 2. NHa-N (mwg soil/day) volatilized during the 69 day incubation in the (A) LS+U and U 
treatments, (B) LS+U+DAP and U+DAP treatments. Letters, a to e, indicate no significant 
difference (p>.05), significant dift'erence at p<.05 and p<.Ol, respectively, between the two 
treatments wthin date. 
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1'able 3. Nitrogen input, NH3-N volatilized (minus control) and, percent of N 
input volatilized during the 69 day incubation. 

Treatment 

LS 

U 

LS+U 

DAP 

LS+DAP 

U+DAP 

LS+U+DAP 

N Input? 

(mg) 

70 

475 

545 

124 

194 

475 

545 

z Includes NH .. -N added with LS . 

NHa Volatilized 

(mg) 

0.09 (.01) 

146NS (11.3) 

135 (5.7) 

0.44NS (0.19) 

0.21 (0.05) 

103NS (2.3) 

101 (2.9) 

(% of input) 

0.13 

30.9* 

24.8 

0.3SNS 

0.11 

21.8NS 

18.5 

NH, " •• Fertilizer treatment not significantly different (p>O.05), Significantly 
differcnt at p<0.05 and p<O.Ol, respectively, from corresponding LS+fertilizer 
treatment. 
( ) Standard errors of means (n=4). 
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increases with increases in pH (Al-Kanani et al. 1990; Sullivan and Havlin 1988; Nelson 

1982; Bundy and Bremner 1974; Watkins et al. 1972). Lignosulfonate significantly lowered 

the pH in the LS+U treatment but elevated or did not change the pH in the LS+U+DAP 

treatment (Table 4), 8uggesting that L8 efTects on pH may have c8used the observed 

decrease in the proportion of N volatiled. Lignosulfonate is a colloidal material with net 

negative surface charges (Reference Guide, Daishowa Chemicals) and its application to soil 

would be expected to increase the soil cation exchange capacity and hence, may have 

decreased NHa-N volatilization by adsorbing more NH4-N (Nelson 1982). Inhibition of 

urease activity by L8, as pr~viously discussed, may have contributed to reducing the 

proportion of N volatilized as NHa-N. 

Mineralization \Immobilization 

Recovery ofN as urea, NH4, NOa and volatile NHa decreased in ail treatments, except for 

LS+DAP, between days 2 and 7 (Table 5). This reduction in recovery coincided with the 

peak in CO2 evolution, suggesting that the decrease May have been duc to microbial 

immobilization. The subsequent increase in recovery in aIl treatments, except LS+U, 

suggests that a proportion of the immobilized N was remineralized after the 11lh day. 

Recovery of N was low in treatments with fertilizer alone, particulary in the DAP 

treatment (Table 5). Estimates _of microbial biomass-N in U and DAP treatmcnts, 

calculated from the total CO2 evolution and assuming microbial utilization efficlency of 0.5 

and microbial CIN of 5, only ranged from 3.4 to 3.7% of added N. In these treatments a 

portion of this N deficit may have been a result of NH~ fixation by clay minerais. Chen 

(1991) demonstrated that out of fertilizer applications of 0.84 mg urea-N/g and 0.42 mg 

NH4CI-N/gtothe Ormstown soil 0.19 mgurea-N/g(23%) and 0.14 mgNH"CI-N/g (34%) were 

clay fixed. The requirement of urea hydrolysis before NH4-N fixation may have lowered 
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Table 4. Soil pH, in 0.01 M CaC12, dunng the 38 day Incubation. 

Treatment Day 

2 4 7 11 17 26 33 38 

Control 5.28- 5.36- 5.49- 5.63- 5.56- 5.50- 5.45!\S 5.48!\"5 
(0.01) (0.01) (0.01) (0.02) (0.01) (0.02) (0.02) (0.02) 

LS 5.40 5.00 5.26 5.46 5.50 5.41 5.41 5.31 
(0.04) (0.01) (0.05) (O.OU (0.03) (0.01) (il.OU (0.04) 

U 7.29- 8.00- 7.46- 7.51- 7.76- 7.60- 7.48- 7.55!\"5 
(0.20) (0.01) (0.03) (0.0) (0.01) (0.01) (0.01) (0.01) 

LS+U 6.89 7.33 7.08 7.33 7.67 7.48 7.30 7.32 
(0.02) (0.01) (0.02) (0.01) (0.01) (0.0) (0.01) (0.02) 

DAP 5.89- 5.87- 5.92- 6.04- 6.07" 5.94- 5.77~'S 5.52sS 
(0.02) (0.02) (0.0) (0.01) (0.01) (0.0) (0.06) (0.01) 

L8+DAP 5.52 5.66 5.79 5.S4 5.94 5.83 5.81 5.82 
(0.02) (O.OI) (O.OI) (0.03) (O.OI) (0.0) (0.01) (0.46) 

U+DAP 6.5SIIo'5 7.1S- 6.63NS 6.66- 7.02- 6.81- 6.62:\'5 6.74~'5 

(0.03) (0.03) (0.01) (0.02) (0.0) (0.02) (0.01) (0.02) 

L8+U+DAP 6.59 6.67 6.63 6.85 7.33 7.08 6.69 6.76 
(0.01) (0.04) (0.01) (0.02) (0.01) (0.0) (0.01) (0.01) 

NB, .. Fertilizer tl'eatment not significantly different (p>O.05) and significantly different at 
p<O.Ol) from the corresponmng LS+fertilizer treatment (within date),respectively. 
( ) Standard errors of means (n=6). 
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Table 5. Nitrogen recovered (NH.+NOa+U+NHa) in each treatment (minus the control) over the 38 day incubation. 

Treatment N InputZ Day 

2 4 7 11 17 26 33 38 

(mgll00g) (%) 

LS 71 40.60 21.0b -0.7d 5.7cd 27.3b 16.4bc 17.4bc 19.9b 

U 475 -87.& -61.4b -27.8e -32.5de ··45.4cd -47.5bcd -48.4bc -49.0bc 

LS+U 546 113.60 52. Ob 52.9b 54.0b 62.0b 63.7ab 63.7ab 63.5ab 

DAP 124 -36.00 -23.3bc -14.2c -19.7c -31.9ab -40.4a -40.00 -40.8a 

LS+DAP 195 86.1a 90.30 86.20 101.Oa 107.40 102.90 112.90 112.Oa 

U+DAP 475 ~'S76.3a sS57.1b -32.0f -42.6e -51.8cd -51.9cd -49.9d -M.2bc 

LS.U.DAP 546 96.00 63.5cd 52.2e 58.6de 72.1b 71.9b 69.2bc 71.5bc 

z Inc1udes NH.-N plus N03-N from LS. 
Numbers in femlizer treatments preceded by ~'S, - are not significantly different (p>0.05) and significantly ditTerent at p<O.Ol, respectlvely from 
the correspondmg LS+fertJllzer treatment ( within date). 
Numbers followed by the same letters are not significantly different (p>O.05) between dates, aœording ta Tukey's test. 
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NH4-N fixation within the first few days in the U treatment in comparison to the DAP 

treatment. 

Recovery ofN was low in the LS treatment throughout the 38 days (Table 5) suggesting 

immobilization. Estimates ofmicrobial N indicated that about 30% of the added LS-NH .. -N 

was incorporated into microbial biomass. This suggests that a large proportion of the N 1088 

was not related to biological processes and May have been chemical in nature. Phenolic 

groups in lignin, similar to those in LS, have been shown to react chemically with NHa-N 

(Nommik and Vahtras 1982; Stevenson 1982; Berg 1986; McClaugherty and Berg 1987) and . 1 

with N02-N (Azhar et al. 1986a; 1986b) and such reactions may have removed inorganic N 

from the recovered pools. This phenomenon appeared to have been reduced with the 

addition of a N source. Recoveries above 100% in the LS+DAP treatment late in the 

incubation May indicate the mineralization of organic N added with the LS, however, dates 

within the LS+DAP treatment were not different suggesting that recoveries were probably 

not above 100%. 

Lurger proportions of added N were recovered in LS-fertilizer treatments throughout the 

incubation (Table 5). Differences in recovery appear to relate largely to the amount of 

'Uineral NIl4-N in LS treatments (Table 6). Lower total NHa-N volatilization in LB 

treatments would have resulted in higher concentrations of NH.-N but the reduction in 

volatilization was not sufficient to account for the substantial increase in Nli.-N 

concentration in LS treatments (Table 6). For instance, LS decreased NH3-N volatilization 

in the LS+U treatment compared to the U treatment by approximately 50 ug/g on day 11 

(J.'ig. 2 A) far lower than the 600 ug/g increase in NH4-N in the LS+U treatment on that 

dutc (Ta bic 6). The level of NH4-N recovered within the first two days of the incubation 

(Table 6) is approximately 50% higher in LS treatments. The mechanisms that May have 

clluscd this effect are unknown but several mechanislDS are possible. Lignosulfonate may 

56 

• 1 



t t " .. 

Table 6. Ammonium N accumulated in the treatments over the 38 day incubation. Control and NH4-N added 
with the LS subtracted. 

Treatment Day 

2 4 7 11 17 26 33 38 

(ug/g) 

U 260" 1010~;s 1060" 1140" 1480" 1370" 1330" 1300" 
(4) (30) (43) (21) (4) (31) (14) (8) 

LS+U 1130 970 1820 1800 2140 2090 2010 1930 
(94) (795) (30) (55) (67) (76) (65) (154) 

DAP 520·· 370" 260" 340" 490" 540·· 520" 490" 
(28) (12) (9) (15) (36) (12) (9) (12) 

LS+DAP 1050 1160 1090 1410 1550 1480 1700 1680 
(92) (83) (42) (142) (53) (131) (156) (110) 

U+DAP 1170- 16201\"5 1440· 1730- 2030· 1900- 1750· 1920· 
(31) (10) (19) (19) (29) (53) (32) (9) 

LS+U+DAP 2030 2160 2050 2200 2820 2690 2490 2550 
(30) (51) (22) (43) (60) (97) (28) (63) 

NS, *, ** Fertilizer treatment not significantly different (p>0.05), significantly 
different at p<0.05 and p<0.01, respeetively, from the corresponding LS+fertilizer 
treatment (\\ithin date). 
( ) Standard errors of means (n=3). 
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have become fixed onto soil particles and sufficiently coated clay mineraIs to black clay 

fixation of fertilizer NH4"N and thus increased N availability, especially within the first two 

days of the incubation. 

'fh(lsC data suggest that LB may enhance N recovery from a fertilizer band, thus 

incrcasing plant available N later in the growing season. As mentioned, the design ofthis 

study restricted diffusion of fertilizer materials and therefore, it. is uncerta'n if the higher 

NH1"N concentrations would remain in the band under field conditions. Lignosulfonate 

appcars ta be relatively immobile in soil (Chapter II) and therefore, it is possible that NH." 

N may become fixed onto the LB and thus be retained within the fertilizer band. 

Nitrification 

Ali treatments had lower levels ofNOa"N than the control (Table 7). High N application 

rates are suspccted to have inhibited the nitrification process (Magalhaes and Chalk.1987) 

and, Malhi and McGill (1982) have demonstrated that the maximum tolerable NH.-N 

concentrat.ions for nitrification in soil is in the range of 400-800 mg/Kg, weIl below levels 

observed in sorne of the treatments. However, treatment effects caused by LS were 

apparent. In comparison ta the corresponding treatments without LB, significantly less N 

accumulated in the form of NOa (Table 7). Lignosulfonate alone also decreased the 

production ofN03-N in comparison to the control (p<O.Ol). The accumulation ofNH.-N and 

decrease in NOa"N levels with time in L8 treatments suggests that nitrification was 

inhibitcd. Phenolic '.!ompounds can also inhibit nitrification (Baldwin et al. 1983; OIson and 

Reiners 1983; Riec and Pancholy 1973) and such compounds derived from the L8 may have 

added to the inhibitory effect. Inhihitory effects of phenolics or other processes (ie. salinity 

or NH4-N) cannot he determined from the results of this study. 

Incrcased NH4-N recovery in L8+fertilizer treatments, as previously discussed, May 
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Table 7. Nitrate N accumulated in the treatments over the 38 day period. Control and NOa-N added 
with the LS subtracted. 

Treatment Day 

2 4 7 11 17 26 33 38 

(ug/g) 

U -53- -72- -87"" -109" -130- -146" -166- -166"" 
(0.5) (0.4) (0.5) (0.4) (0.3) (0.4) (0.1) (0.2) 

LS+U -70 -94 -108 -107 -150 -16b -182 -182 
(0.4) (2.3) (0.1) (0.3) (0.3) (0.0) (0.1) (0.6) 

DAP -56" -74- -84" -95" -84- -33- -8
00 20" 

(0.5) (0.1) (004) (0.5) (8.4) (2.0) (1.3) (3.4) 

LS+DAP -68 -89 -102 -124 -144 -159 -177 -175 
(0.1) (0.4) (0.2) (0.2) (0.1) (0.3) (0.5) (0.9) 

U+DAP -52" -70" -83- -104- -127" -144- -164- -163-
(6.5) (1.1) (0.4) (0.4) (0.5) (1.1) (0.5) (0.4) 

LS+U+DAP -68 -91 -108 -129 -150 -167 -186 -186 
(0.3) (0.2) (0.0) (0.1) (0.5) (0.2) (0.6) (0.5) 

., *. Fertilizer treatment significantly dift'erent at p<0.05 and p<O.01, 
respectively, from the corresponding LS+fertilizer treatment (within date). 
( ) Standard errors of means (n=3). 
Negative values represent treatments with NOa-N concentrations lower than the control. 
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thcrefore have been a result of nitrification inhibition . 
• 
t The NH,,-N accumulation associated with nitrification inhibitors often promotes NH3-N 

volatilization (Bundy and Bremner 1974), but this effeet was not observed in this study, 

possibly due to higher amounts ofNH.-N on exchange sites. Consequently, LS may be an 

advantageous inhibitor wh en banded with urea. 

CONCLUSIONS 

Increased microbial activity within the fertilizer band was assoeiated with LS 

treatments. Urea hydrolysis was redueed by addition ofLS but the effeet was probably too 

small to be of agronomie importance. Lignosulfonate, however, does hold promise as a 

fertilizer amendment as it significantly reduced the proportion of added N volatilized as 

NH:1-N, increased NH4-N levels and deereased nitrification. Lignosullonate may increase 

fcrtilizcr N availibility and therefore field studies are required to determine whether LS will 

improve erop yields. 
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Connecting Section 

'l'he prevlOUS studies demonstrated that L8 either alone or in combination with fertilizer 

wus not easily degraded, implying that a large proportion of added L8-C was retained in 

the Hoi!. Initial calculations for the first experiment indicated that a large proportion of 

uuùed LS-C was extractable in lM KCI, suggesting that L8 would be mobile within the soil 

system and may therefore pose a threat to groundwater quality. A leaching column system 

was }wt up to monitor the lcaching of L8. 

The calculations in the first study however, subsequently proved to be erroneous and 

recalClllation of the extractable L8-C indicated that a very small proportion of L8-C was 

actllully cxtractable in lM KCL, suggesting that L8 would not be mobile within a soil 

profile. The third study was therefore, implemented under an erroneous assumption. 

'l'hl' lcuching study was, however, not fully Wlwarranted. Extractable C in the first 

study had becn measured at the end of a 40 day incubation. This period would have 

allowed for rnicrobial alteration of L8 as weIl as soil-L8 reactions, possibly rendering L8 

less mobile. Thus, the third study provided valuable information on L8 leaching 

immcdiately following application . 
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CHAPTER W. LEACHING OF LIGNOSULFONATE FROM SOIL COLUMNS 
AND LIGNOSULFONATE EFFECTS ON NITRATE 

LEACHING FROM UREA FERTILIZER 
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ABSTRACT 
( 

Lignosulfonate (LS) has shown potential as an additive to increase the efficiency of urea 

fertilizcr but, because of its high solubility, may move with percolating water through the 

Boil and thus pose a groundwater contamination risk. Movement of LS through columns 

oftwo contrasting soHs (silty clay loam and heavy clay) under three moiature regimea (0.51, 

0.90 and 1.80 cm ~O/wk) was examined ta determine the potential for LS to move through 

the soil. Lcaching from LS treatments removed 0.15% - 2.1% of the added L8-C depending 

on watcr rcgime and soil. In both soils, significantly more C was leached from the high 

moisturc regime than in the low moisture regime. Lignosulfonate-C leached through the 

Dalhousie soil in greater quantities than in the Ormstown soil (0.14% - 2.1% and 0.16% -

1.25%, rcspectively), Buggesting that the mobility ofLS may be dependent on soil type. 

Lcaching from U treatments removed 0.02% - 15.38% of the added N as NOa depending 

{ on soil type and moi sture regime. Increasing moisture regime significantly increased NOa-N 

lcaching. Treatments containing LS decreased leachate NOa-N, soil NOa-N and increased 

soil NH4-N compared to treatments without L8, suggesting that L8 may decrease 

nitrification of natjve soil NH4-N. Lignosulfonate, however, did not decrease NOs-N 

leaching from urea fertilizer. 

. , 
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INTRODUCTION 

Lignosulfonate (LS), a waste product from the sulfite pulping process, has the potentinl 

to be used in agricultural systems as a micronutrient (Sajwnn and Lindsay 1988; Singh et 

al. 1986; Cihacek 1984) and macronutrient (Xie et al. 1991) carrier. Ligno8ulfonllte, 

however, is highly soluble in water (Reference Guide, Daishowa Chemicals) and may 

therefore be mobile within a soil profile and pose a thrcat to groundwnter qun1ity. 

The primary objective of the study was to determine the potential for LS to lcach 

through a simulated plow layer in laboratory columns and to determine the efTect of soil 

type and moisture regime on LS leaching. Previous experiments (Chapters II and III) 

indicated that LS may disrupt and/or inhibit nitrification, possibly by rcacting with 

transient N02-N, and therefore, a secondary objective was to determine whethcr LS addcd 

with urea fertilizer would reduce leaching of NO:J-N through the soil column. Nitrate from 

agricultural sources is a major groundwater pollutant and the concem ta protect 

groundwater quality is growing (Martinez and Guiraud 1990; Owens 1990). The purposc 

of the experiment was not to elucidate mcchanisms, but to determine potential behaviornl 

differences with respect to moi sture regimes and soil. 

MATERIALS AND METHODS 

A free drainage system (system drained by gravit y ) was ch os en because of inexpcnsive 

installation and easy maintenance. The leaching column setup consisted of a polypropylcne 

container 12 X 9 cm in dimension, with a series of 4 mm (dia.) holes on the bottom to allow 

for drainage, above a polypropelene collection vessel. 

Surface sampI es (0 - 20 cm) oftwo contrasting soHs, an Ormstown silty clay loam (Orthic 

l' 
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Humic Gleysol) and a Dalhousie heavy clay (Orthic Humic G1eysol), were air dried and 

l ground to pass a 2 mm sieve. A total of 970 g of each sail was placed into leaching columns 

by layers to ensure uniform bulk densities within and between columns. 

Twelve treatment combinations were used; control (C). ammonium lignosulfonate (LS; 

Temfibre Inc., Temiscarning, Que.), urea (U) and LS+U at three moisture rates (0.51, 0.90 

and 1.80 cm H20/week). The higa moisture treatment was based on the average weekly 

rainfall data for the growing season (May to August inclusive) for the Ste. Anne de Bellevue 

areu, Quebec (Canadian Climate Normals). Rainfall events were meant ta simulate field 

conditions in a microenvironment within the plow layer after a heavy rain. Water was . 1 

applicd once a week for three months. The intention was to approximate uncropped field 

Iysimeter conditions (Bergstrom 1990) as opposed to conventional laboratory leaching 

techniques. Laboratory leaching techniques are widely used to simulate short term 

readions and transport of ions through soil columns (Phillips et al. 1988; Shaviv et al. 

{ .. 1986}, whereas Iysimeter studies are conducted under field conditions and allow for a more 

natural situation with more microbial interaction. 

Lcaching columns were sealed, preventing any evaporation losses. Lignosulfonate and 

urea wcre applied in pellets, 2 cm in diameter by 1 cm height. Lignosulfonate and urea 

application rates were equivalent to 2.5 g LS/container and 0.45 g N/container, respectively. 

Prior to LS and U application, soil in the leaching columns was saturated with water and 

allowcd to drain for three days to approximate field capacity. Fertilizer pellets were then 

placed at a 2.9 cm depth. The treatments were incubated for one week prior to the first 

'rainfall' addition. The lellchate was collected and the volume measured weekly for the 

duration of the experiment. Phenylmercuric acetate (PMA, 5 ppm) was added to each 

lenchate container to inhibit em.) me activity in the leachate. 

r 
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Leachate Organic C, NH.·N and ~,Os-N 

The leachate was analyzed for organic C using a modificd Walkley-Black procedure 

(Nelson and Sommers 1982). The leachate was analyzed for NH .. -N and NOs-N using a 

Tecator steam distillation system (Bremner and Mulvaney 1982; I\jeltec Steam Distillation 

Manual). Values were multiplied by the corre&ponding volumes of ùrainage water to 

determine total fluxes. 

Mer 3 months, the soil columns were sampled in 5 depths (2, 2,2,3 cm and remninder). 

Soil samples were oven dried (750 C) and ground to pass through a 1 mm aieve. Soil 

subsamples were extracted with lM KCI-PMA and analyzed for NH .. -N and NO:1-N using 

standard colorimetrie auto-analyzer procedures (Keeney and Nelson 1982). 

Statisti~al Analysis 

For aIl variables measured, data had a non-normal distribution, with heterogencou8 

variances. A logarithmic transformation was applied prior to statistcal analyais. A four-

way factorial model (LS, V, moisture and soil) was used to analyze for main cffects and 

interactions, Interactions obtained Wl're statistically significant but had low F values and 

were suspected to have been induced by strong main effects with high F values (M. Fanou8, 

personal communication). Since main efTects F values were high relative to interaction 

effect F values the interactions were considered relatively unimportant and consequently, 

the data was reanalyzed and interpreted as ifthere were no significant interactions. Thus, 

data was sorted by treatment (C, LS, U AND LS+V) to test for soil and moisture main 

effects and interactions. Moisture main effects and interactions wel'e tested using 

polynomials. For discussion purposes, the original four-way ANDV A wiï be refered to 88 
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the Mam ANOVA whereas the data reanalyzed by sorting by treatment will be refered to 

as the Simplified ANOVA. Results are reported as means and 95% confidence limits 

calculated on the transformed data and retransformed to the linear scale. AlI statistical 

analYRis was done using the SAS system (1984). 

RESULTS AND DISCUSSION 

Lcuching Column Function 

In a gravitational drainage system, the soil at the bottom of the column must become 

saturated bcfore water can drain out of the column (Bergstrom 1990). This resistance 

ariRes from a surface tension at the soil-air boundary at the bottom of the column and can 

modify soil-water conditions throughout the soil column. This problem may have been 

important in this study, because of the shallow depth of the soil column, and may have 

resulted in imperfect drainage. At the end of the 3 month incubation. both soils were . 1 

approxiamtely 6% above field capacity. Consequently, the column did not realistically 

simulatc field conditions of saturation and drainage during and following rainfall events. 

The continually wet soil would have represented a 'worst case' condition in terms of 

leaching ofLS-C through the column and the results are thus conservative. Soilsaturation, 

and concomitant anaerobic conditions would also have increased denitrification, and thereby 

reduccd nitrate accumulation and leaching, particll1arly in treatments with added C 

(Parsons ct al. 1991; Christensen et al. 1990; Parkin 1987). 

Totul Leachutc C 

1'otol amounts of added C leached from the soil columns ranged from 0.15 to 2.1% of 

addcd LS-C (Table 1) depending on soil type and water regime as indicated by soil and 
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<$0-.. Table 1. Means of totalleachate C (n=4), lower and upper 95% confidence limits and, 
percent of added LS-C leached after the three month incubation in the Ormstown and 
Dalhousie soils in the three moi sture regimes (0.51, 0.90 and 1.80 cm H3O/wk). 

Ormstown Dalhousie 

Treatment mg % mg % 

C 1z 4.3 n.a. 4.2 n.a. 
(3.1,5.7) (3.7,4.6) 

C2 6.4 n.a. 5.8 n.a. 
(3.8,9.9) (5.1,6.5) 

C3 9.2 n.a. 6.2 n.a. 
(5.5,14.1) (4.2,8.6) 

LS 1 5.9 0.2 10.9 0.7 
(3.4,9.3) (5.6.18.9) 

LS 2 10.2 0.4 23.0 1.7 
(5.4,17.5) (20.4,25.5) 

LS 3 21.8 1.2 27.2 2.1 
(10.9,38.6) (21.6,32.9) 

JO 

VI 3.6 3.3 
(1.6,6.9) (1.9,5.2) 

V2 5.2 5.4 
(2.3,10.3) (1.9,12.8) 

V3 7.9 12.1 
(5.0,11.6) (6.6,21.3) 

LS+U 1 8.4 0.4 10.8 0.7 
(2.9,20.4) (4.6,22.0) 

LS+U 2 15.6 0.9 20.6 1.5 . , 
(8.6,25.7) (17.5,23.7) 

LS+U 3 19.2 1.0 7.7 0.1 
(9.7,34.0) (5.2,10.7) 

n.a. Not applicable. 
-- Not deterrnined. 
( ) Lower and upper 95% confidence limits, respectively. 

z 1,2,3 Moisture regimes 0.51, 0.90 and, 1.80 cm H20/wk, respectively. 

,,-
~ 71 



.r 
,1 
" • 

r 

• 1 

moisture effects obtained in the simplified ANOVA (Table 2). A main ANOVA (Appendix 

Table 4.20.) demonstrated that two 3-way interactions ofLS by V by soil (F=5.34) and LS 

by V by moisture (F=3.80) were statistically significant at the 0.05 level, suggesting that 

the amount of C leached was also a function of LS and U application. The three-way 

interactions, however, were believed to have been induced by a strong LS main effect 

(F=158.53), and as a result interactions were considered not important. Lignosulfonate 

treatrnents leached more C (LS effect (p<O.OI), Appendix Table 4.20) and behaved 

differently in the two soHs (Table 1). Lignosulfonate applied alone leached significantly 

more C in the Dalhousie soil than the Ormstown (Table 1), indirectly indicating a LS by soil 

interaction and suggesting that the mobility of LS may be dependent on soil type. The 

Dalhousie is a heavy clay soil and may be more prone to developing larger, irregular pore 

cavities which would have facilitated C leaching. The lack of a soil by moisture interaction 

(Table 2) indicated that the leachillg of added C with moisture regime followed the sarne 

trend in both soil types, and increased from low to high (Table 1), quadratically (p<O.05) in 

the LS+'J treatment and linearly (p<O.OI) in the remaining treatments (Table 2). This 

suggests that the potential for groundwater contamination with LS would be higher in 

regions with more humid climates or under management practices that promote water 

movcment through soil. A very small percentage «2.1%) of added LS-C, however, was 

lcached from the high moisture regime. 

Soil C, non transformed C data and C leached per week are presented in appendix tables 

4.1 to 4.7. 
• 1 

Total Leachate NOs-N and Soil NOs-N 

'fhe percentage of added V-N leached as NOa-N was low (Table 3). A greater proportion 

of NOa-N was retained in the soil (Table 4), indicating that nitrification was active in the 
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Table 2. Table of probabilities from simplified ANOVA of leachate C, NH.·N 
~: and NOa-N and soil NH4-N and NOa·N . 

• 
Effect Control UY LSY LS+U 

Leachate C 

SOIL 0.07 0.51 0.01 0.36 

MOISrrz O.OlL O.OlL O.OlL O.OlQ• 

SOIL*MOIST 0.26 0.49 0.20 0.68 

Leachate NH4·N 

SOIL 0.03 0.78 0.18 0.01 

MOIST 0.25 0.77 0.04 •. 0.68 

SOIL*MOIST 0.78 0.44 0.12 0.17 

Leachate N03-N 

SOIL 0.63 0.19 0.63 0.04 

MOIST O.OlL 0.03L 0.01 O.OlQ• 

SOIL*MOIST 0.32 0.86 0.01Q1 , •• 2 0.61 

Soil NH.j"N 

SOIL 0.03 0.78 0.18 0.01 

MOI ST 0.25 0.77 0.04Q• 0.68 

SOIL*MOIST 0.78 0.44 0.12 0.17 

Soil N03-N 

SOIL 0.05 0.07 0.01 0.34 

MOIST 0.44 O.OlL 0.34 O.OlQ 

SOIL*MOIST 0.22 0.10 0.62 0.05NH1 'Q2 

n.a. Not applicable. 
NB' L. Q Not related (p>0.05), linearly and quadratically related at p<O.Ol, respeclively. 
L'I Q' Linearly and quadratically related at p<0.05, respectively. 
Jo 2 Ormstown and Dalhousie soil, respectively. 
Z MOIST den otes moi sture regime. 
y LS, U denote lignosulfonate and urea treatments, respectively. 

• 1 
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" l Table 3. Means of total leachate N03·N (n=4), lower and upper 95% confidence limits and 
percent of added N leached as NOa·N aft.er the three month incubat.ion in the Ormstown and 
Dalhousie soila in the three moi sture regimes (0.51, 0.90 and 1.80 cm H2O/wk). 

Ormstown Dalhousie 

Treatment mg % mg % 

C lZ 0.5 n.a. 0.2 n.a. 
(0.2, 1.0) (0.1,0.6) 

C2 0.5 n.a. 0.5 n.a. • 1 

(0.3,0.8) (0.1,2.8) 

C3 3.0 n.a. 3.9 n.a. 
(1.9,4.4) (2.2,6.3) 

LS 1 0.4 0.0 0.2 0.0 
(0.1,1.4) (0.1,0.3) 

LS2 2.8 2.3 0.9 0.4 
(0.9,7.4) (0.3,2.0) 

LS 3 0.8 0.0 3.7 0.0 
(0.3,1.8) (l.6,7.5) 

:( 
\ 

U1 5.9 1.2 16.5 3.6 
(0.9,105.5) (1.9,98.0) 

U2 9.9 2.1 21.1 4.6 
(1.9,38.5) (1.6,184.7) 

U3 51.0 10.7 70.8 15.0 
(29.6,80.3) (43.6,105.9) 

LS .. U J 0.9 0.1 5.2 0.9 
(0.1,9.2) (0.1,113.3) 

LS+U 2 1.1 0.1 1.7 0.2 
(0.1,7.5) (1.1,2.3) 

LS+U 3 20.3 3.2 85.2 14.8 
(3.2,94.4) (54.0,124.5) 

n.a. Not applicable. 
( ) Lowcr and upper 95% confidence limits, respectively. 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, rcspectively. 

{ 
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Table 4. Means of soil NOa-N (n=4), lower and upper 95% confidence limits and percent of N 

l added recovered as N03-N ailer the three mon th incubation in the Ormstown and Dalhousie 
soils in the three moisture regimes (0.51,0.90 and 1.80 cm H2O/wk). 

Ormstown Dalhousie 

Treatment mg % mg % 

C 1z 5 (3,9) n.a. 9 (3,24) n.a. 

C2 11 (1,69) n.a. 12 (3,33) n.a. 

C3 4 (2,7) n.a. 17 (8,31) n.u. 

LS 1 6 (5,7) 1 27 (9,65) 17 

LS 2 6 (4,7) 0 15 (3,49) 3 

LS 3 5 (3,8) 1 15 (6,33) 0 

U1 180 (66,418) 39 213 (151,283) 44 

U2 163 (99,246) 34 80 (62,100) 15 

U3 73 (54,93) 15 45 (18,99) 6 

.. 

... LS+U 1 93 (31,235) 16 190 (97,334) 33 

LS+U2 43 (9,156) 6 14 (3,49) 0 
, 1 

LS+U3 61 (22,140) 10 38 (31,44) 4 

n.a. Not applicable. 
( ) Lower and upper 95% confidence limits, respectively. 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
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soils and NOa-N leaching was ineffective. Leaching of NCs-N varied with treatment, soil 

type t.nd moisture regime (Table 2). A 3-way interaction ofLS by U by moisturc (F=7.14). 

was evident in the main ~l'lOVA (Appendix Table 4.20. >. indicating thut the elTect of wlItcr 

regime was modified by LS and U application. The interaction. !lOwever. was not b('liev('d 

to have been important because of a strong U main effect (F=135.54). A LS cfTect (p<O.OO, 

Appendix Table 4.20) indicated that less NO;J-N was leached from LS containing treatments 

(Table 3). An interaction bet"men LS and U (Appendix Table 4.20) had a low F value 

(11.65) and was believed to have been unimportant because of a strong U main effoct (F 

value 135.54). The lack of interaction suggests that LS did not significanUy reduce NO:c-N 

leaching from the U fertilizer. The simplified ANOV A (Table 2) indicated that the leaching 

ofNOa-N from the LS treatment was not dependent on soil whereas in the LS+U treatment 

more NO;J-N was leached from the Dalhousie soil. This May suggest that NO:,-N leaching 

from urea fertilizer in combination with LS is dependent on soil type. The ~implilied 

ANOVA (Table 2) indicated that NO;J-N leaching increased linearly (p<O.Ol) with moiHturc 

regime in the C, and U treatments and quadratically (p<0.05) in the LS+U t.reutment., 

respectively (Table 3). There was a soil by moi sture interaction (Table 2) in the 1.S 

treatment indicating that the amount of N03-N leached increascd quadratically (p<O.OI) 

and linearly (p<O.Ol) in the Ormstown and Dalhousie soils, respcctively ('rable 3). 'l'he 

increased NOa-N leaching with increased moisture rates is consisLcnt with other studies 

that found that NOa-N leaching from N fertilizers increased with high levcls of irrigliLion 

(Owens 1990) and that most NOa-N was removed during the wintcr and spring pcriods 

when percolate volumes were greatest (Stevenson and Neilsan 1990). 

The amount of NOa-N retained in the soil varied with treatrncnt, soil and moilltul'C 

(Table 2). The main ANOVA indicated that LS interactcd wit.h moisturc œ value 6.05, 

Appendi~ Table 4.21), the interaction was believcd to have been important as it. did not 
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appcar to have been indul:ed by strong L8 and moi sture effects (F values 4.34 and 9.42, 

rcspcctivcly), Buggesting that the amount of NOa-N retained in LS treatments varied with 

moisturc rcgimc. A L8 effcct (p<O.Ol, Appendix Table 4.21) demonstrated that !ess soil 

NO:(N was recovered in LS containing treatments (Table 4). Lower leachate NOa-N and 

soil NO I-N recovered in treatmems containing LS may suggest that L8 reduced nitrification 

or bccausc of the C supply increased denitrification (Aulakh and Rennie 1987). 

Significantly more soil NOa-N was recovered in th€:' LS treatment in the Dalhousie soil 

than in the Ormstown soil (Table 2 and 4), but, the leaching data for the L8 treatment 

(Table 3), indirJied that both soHs leached similar amounts of NOa-N. When LS was in 

combination with U, the amount of soil NOa-N recovered was similar in both soilE. (Table 

2) and more NO:tN was leached from the Dalhousie soil (Table 2 and 3). This may indicate 

thai the DalhOUSie soil had a higher nitrification capa city than the Ormstown soil, but the 

renson for reduced NOa-N leaching from the LS treatment : 11 the Dalhousie soil is unknown. 

Non transformed NOa-N data and NOa-N leached per week are presented in appendix 

tables 4.8 to 4.13. 

Totu} Lcachatc NH.-N and Soil NH.-N 

OIllya smaU percentage of added N was leached out as NH4-N. as would be expected for 

a cationic species (Table 5), and NH4 -N leaching was a function of treatment, soil and 

moisture (Table 2). The main ANOVA (appendix Table 4.21.) indicated a L8 by U by 

moi8turc interaction (F=3.18), however, it was suspected to have been induced by strong U 

and 1ll0lsturC main effects (F=33.23 and 61.29, respectively), and thus considered not 

important. The simplificd ANOVA (Table 2) demonstrated that more NH4-N was leached 

from the the Dalhousie soil in the C and L8+U treatments than in the Ormstown soil (Table 

4), suggcsting that NH,,-N leaching wa.J a function of soil and treatment. Moisture regime 
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Table 5. Means of total 1eachate NH(-N (n=4), lower and upper 95% confidence Iimits Ilnd 
percent of added N leached as NH4-N aner the three month incubaion in the Ormstown nnd .. Dalhousie soils in the three moi sture regimes (0.51,0.90 and 1.80 cm 112O/wk) . 

Ormstown Dalhousie 

Treatment mg % mg % 

C lZ or, . ~ n.a. 0.7 n.n . 
(0.1,0.3) (0.5,0.9) 

C2 0.7 n.a. 1.3 n.n. 
(0.3,1.5) (0.3,4.6) 

C3 0.6 n.a. 2.6 n.a. 
(0.2,1.4) (0.9,5.9) 

LS 1 0.2 0.0 0.7 0.0 
(0.1,0.6) (0.3,1.5) 

LS 2 0.6 0.0 1.8 0.6 
(0.1,2.6) (0.9,3.3) 

LS 3 1.9 1.3 3.3 0.7 
(0.7,4.2) (1.6,5.9) 

Ul 0.5 0.1 1.0 0.1 
(0.3,0.8) (0.7,1.3) 

U2 0.7 0.0 2.7 0.3 
(0.3,1.3) (0.9,6.9) 

U3 3.2 0.6 7.1 1.0 
(1.6,5.6) (3.8,12.0) 

LS+U1 0.9 0.1 1.3 0.1 
(0.5,1.3) (0.4,3.2) 

LS+U2 1.1 0.1 2.1 0.1 
(0.6,2.1) (1.1,3.7) 

LS+U3 2.7 0.4 5.0 0.4 
(1.3,5.0) (2.5,8.9) 

n.a. Not applicable. 
() Lower and upper 95% confidence limits, respectively. 

z 1, 2, 3 Moisture regirnes 0.51, 0.90 and 1.80 cm H 20/wk, respcctively. 
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hacl an cffect only in the L8 t.reatment, (Table 2) in which NH,,-N leaching increased 

linearly (p<O.Ol), and may have heen due to increased L8 leaching. 

AH expectcd, a larger proportion ofNH,,-N was retained in the soil (Table 6) than lost in ., 

lcachutc. A LS cffect (p<O.Ol, Appendix Table 4.21) indicated that in LS containing 

treatments more NH4-N accumulated in the soil. This NH4-N accumulation may Buggest 

that L8 inhibited nitrification rather than stimulated denitrification. Significantly more 

NII1-N from the LS+U trcatment was retained in the Ormstown compared to the Dalhousie 

soil (Table 2 and 6). This NH,,-N accumulation, coupled with the lower leachate NOa-N 

levels, suggcsts that there was less nitrifying activity in the Ormstown soil than in the 

Dalhousie soil. 

Non transforrncd NH,,-N data and NH,,-N leached per week are presented in appendix 

tables -1.14 to 4.19. 
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'~ Table 6. Means of soil NH4-N (n=4), lower and upper 95% confidence limits and percent of 
! added N recovered as NH4-N in the soil columns aner the three month incubation in the 

Ormstown and Dalhousie Soils in the three moi sture regimes (0.51. 0.90 and 1.80 cm H:zO/wk). 

Ormstown Dalhousie 

Treatment mg % mg % 

Cl 93 (81,105) n.a. 59 (52,65) n.a. 

C2 115 (57,205) n.a. 93 (25,281) n.n. 

C3 101 (78,126) n.a. 64 (48,82) n.a. 

LS 1 110 (56,193) 17 129 (72,208) 70 

L82 85 (63,109) 0 78 (64,92) 0 

L83 181 (88,331) 80 100 (50,180) 36 

U1 163 (98,249) 16 88 (62,118) 6 

U2 208 (112,348) 21 119 (19,560) 6 

U3 154 (114,198) 11 87 (73,101) 5 

L8+U 1 249 (156,499) 37 126 (49,276) 12 

L8+U2 482 (192,1039) 67 70 (55,85) 0 

L8+U 3 304 (119,668) 37 89 (76,103) 5 

n.a. Not applicable. 
( ) Lower and upper 95% confidence limits, respectively. 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
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CONCLUSIONS 

Small proportions of added L8-C leached indicate that L8 application to soil is unlikely 

ta pose a thrcat to groundwater quality. Leaching 108S, however, was higher in the heavy 

clay than ln the clay loam soil and losses were higher in wetter soils. Leaching loss of LS 

applicd in the early spring may therefore, be greatest if heavy rains occur. An 

accumulation of soil NH4 -N relative to NOa-N in LS containing treatments suggests that LS 

may dccreasc nitrification. Llgnosulfonate did not, however, decrease NOa-N leaching from 

the urea treatments, suggest.ing that LS may have little agronomie value for this use. 
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Connecting Section 

The second study suggested that LS may inhibit the production of NOa-N. That study, 

however, examined the effects of LS on N transformations in microsites. Sulinity and high 

NH4-N concentrations associated with fertilizer band applications may, therefore, have been 

directly responsible for inhlbiting nitrification. 

In the following experiment. LS and N fertilizer concentrations were significnntly 

reduced. The effect of LS on nitrification of fertilizer NH.-N was evaluated . 
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CHAPTER V. EVALUATION OF LIGNOSULFONATE AS A 
NITRIFICATION INHIBITOR 
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ABSTRACT 

Lignosulfonate (LS), a phenolic by-product From the suIfit,: pulping process, muy huv(' 

the potential to inhibit nitrification. A previous study (Chaptcr 110 has indicated thllt L8 

may decrease NOa-N production. A laboratory mcubution study was conductcd ta compare 

the effectiveness of LS and dicyandiamidc (Dem as nitrification inhibitors. Sumples from 

four contrasting soils were incubated with six treatment .. : control, ammonium lignosulfonale 

(LS), urea (U), LS+U, U+Dicyandiamide (U+mh) and LS+U+inh. Lignosulfonate, lJ /lnd 

Dcn were applied at 3360 Kg/ha, 621 Kg N/ha and 15 Kg/ha, rcspcctively. }<'crblizcr /lnd 

chemicals for each treatment were mixed and applied In powder form. Dicyundillmide 

decreased NOa-N r~covery in the Chicot and Ormstown soils by :31 ta 95%. Bowcver, dcgree 

of reduction was dependent on time. Lignosulfonate dccrcascd NO:.-N production ln the 

U+inh treatment by 73% in the St Rosalie sail nt at wcek six, whcreus DCn alonc did not 

decrease nitrification in the U+inh treatmcnt. Lignosulfonate, howevcr, did not incrcu8e 

NH4-N recovery, suggesting that L8 may have enhanced dcnitrification or reactlOnli wlth 
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INTRODUCTION 

Ammonium or l'TH" producing fertilizers, such as urea, are often inefficient N sources for 

crops bCCI.!UHC of rapid biological oxidation of NH1 to N03, which is subject to 108s by 

Icachmg and dentrification <Fkonson et al. 1991; McCarty and Bremner 1990a; Magalhaes 

und Chalk 1987) Growing concern about pollution of ground and surface waters has 

cncouragcd research on nitrification inhibitors Many inhibitors have been patented, but, 

mo:-.t of theHc compounds are not effective (McCarty and Bremner 1990b). Previous 

Incuhation studics (Chapters II and III) have indl~ated that lignosulfonate (LS), a lignin 

derivailve (Reference Cwcle, Daishowa Cemicals) and waste product from the pulp and 

pap(Or induslr'y, may have the pot~ntial to decrease nitrification of fertilizer N, possibly by 

bindmg wlth NII:\·N (Stevenson 1982) or N02-N (Azhar et al. 1986). 

This study was conducted to evaluate the effectiveness of LS as a nitrification inhibitor 

und tu compare lt to a commercially available inhibitor, dicyandiamide (DeD), in four 

contnlHting soiIs :1icyandiamide was chosen for its N content (67%) and because it is not 

strongly adsorbed onto organic matter (Ashworth and Rodgers 1981). 

MATERIALS AND METHODS 

SUI'facc samples of four contrm,ting soils (Table 1) were air dried, passed through a 2 mm 

sicve and weighed in 100 g sarnples mto 590 ml incubation containers. Soils were 

preincubatcd at 80% field capacity for four weeks to permit equilibration of chemical and 

mit'robiologieal prccesses. Six treatments were applied, unamended (control), ammonium 

lignosulfonatp (LS, l'emfibre Ine., Temiscaming, Que.), urea (U), LS+U, U+dicyandiamide 

(U+inh) and LS+U+inh. Nitrification inhibitor dicyandiamide (DeD) was applied at a rate 
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Table 1. Characteristics of the Chicot, Dalhousie, Ormstown and St. Rosalie soils. 

Series Sub Group TextureZ pH Org C Clay 

(glKg) (g/Kg) 

Chicot Dystric SCL 5.8 10.2 390 
Brunisol 

Dalhousie Humic HC 5.7 38.8 410 
Gleysol 

Ormstown Humic SiCL 5.6 18.8 320 
Gleysol 

St. Rosalie Humic C 5.2 19.1 500 
Gleysol 

Z SCL, HC, SiCL and C Denote: Sandy clay loam, heavy clay, silty clay loam and clay, 
respectively. 
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of 15 Kg/ha following McCarty and Bremner (1990a) and Ashworth and Rodgers (1981). 

Lignosulfonate and U were added at rates equivalent to 3360 Kglha and 621 Kg Nlha, 

respectively. The Urate was applied at three times the field rate and the LS applied at 

2.6:1 LS to U, the ~ame ratio that appeared to inhibit nitrification in a previous study 

(Chapter III). Treatments were mixed and added in powder form to a localized site in the . 1 

soil. Incubation containers were sealed and incubated in completely randomized 

arrangements at 24 0 C for four and six weeks. Containers were kept at 80% field capacity 

and werc aerated every 2 days to allow for atmospheric exchange and to reduce inhibitory 

effeds on NOa-N production associated with volatile NHa accumulation. At four and six 

weeks l'lOils were dried and passed through a 2 mm sieve. Subsamples were shaken in lM 

KCl for 60 minutes and suspensions filtered using #2 Whatman filter papers. Filtrates 

were analyzed for NH4-N and NOa-N concentrations by using the Kjeltec Steam Distillation 

Unit (Kecncy and Nelson 1982; Kjeltec System 1002 Distilling Unit Manual). 

Statistical Analysis 

The experimental design was a three-way unbalanced factorial model cOllsisting of 

treatmcnt, soil and date. The experimental results were analyzed for each soil and date by 

analysis of variance with contrasts using the generallinear models procedure (GLM) of SAS 

(SAS Institute Inc.1984). 

RESULTS AND DISCUSSION 

Int.eract.ion between treatment, soil and date significantly affected NOa-N levels and a 

t.rent.ment by soil interaction significantly affected NH4-N levels (Table 2). Interpretation 

orthe thl'ce-way interaction for N03-N was complicated, and therefore data were analyzed 
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Table 2. Table of probabilities from ANOVA for NH4-N and NOa-N. 

Source NH4"N 

TREATz ** 

SOILY ** 

DATEx ** 

TREAT*SOIL * 

TREAT*DATE NS 

SOIL*DATE NS 

TREAT*SOIL*DATE NS 

Z Treatment (C, LS, U, LS+U, U+inh, LS+U+inh). 
y Soil (Chicot, Dalhousie, Ormstown, St. Rosalie). 
x Date (four and six weeks). 

NOa"N 

** 

** 

** 

** 

NS 

** 

** 

NS, *, ** Not significant (p>O.05), significant at p<0.05 and p<O.Ol, respcctively . 
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by soil and date scperately. Variance among dates for NH4-N was not homogeneous and 

( 
therc{èJr(J could not be poolcd. For convenience, data were also analyzed by soil and date. 

Trcatment and soil interactions are inferred from the results of treatment contrasts 

within soHs. Only contrasts directly pertaining to DCD and LS effects on nitrification were 

det.ermincd. An inhibitor effeet of DCD was apparent in aIl soils except in St. Rosalie 

(Tables 3 - 6, contrast 6). Dicyandiamide was effective in reducing NOa-N levels, but the 

degree of reduction varied among treatments, soHs and sampling dates. In the Chicot soil, 

DCD in combination with U or LS+U decreasetl NOa-N recovery by 35 and 31%, 

rcspcctivcly, at week four (Table 3, contrasts 4 and 5), whereas in the Ormstown soil DCD 

reducecl NOa-N recovery by 66% with U at week six and and by 95% with L8+U at week 

four (Table 5, contrasts '1 ,.nd 5). Ammonium-N recovery. however. was not increased by 

DCD in the Ormstown soil (1 able 5, contrasts 4 and 5), suggesting that DCD may not have ., 

decrcascd nitrification. Dityandiamide in combination with U or L8+U had no effect on 

( NO:,-N l'ecovcry in the Dalhousie soil (Table 4, contrasts 4 and 5). A laek ofinhibitor effect 

with U or L8+U in the St. Rosalie and Dalhousie soHs (Table 2) may be due to the higher 

clay and organic matter contents which might have adsorbed some of the DCD (Keeney 

1980) and hence rcduced its effieiency. Percent decreases in NOa-N production by DCD in 

the Chicot and Ormstown soils #ere similar to results obtained by Rodgers (1983). 

Urea hydrolysis has been shown to be complete by one and two weeks in a silty clay loam 

and clay soil, respectively, (Rodgers 1983) and may suggest that maximum DCD efficiency 

in our study may have occurred prior to the four and six week sampling dates. A L8 effect 

was apparent in aIl soils except for Chicot (Tables 3 - 6, contrast 3). Effects ofLS on NH4-N 

and NOa-N recovery were not consistent with respect to soil, date or treatment. The L8 

effect in the Ormstown soil demonstrated an increase in NH4-N recovery at week four 

(Table 5, contrast :1). Although the reason for the increase is unknown, Chen (1991) has 

( 
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). Table 3. Recovery of added NZ as NH4,N and NOa,N aner four and six weeks of incubationn in 
the Chicot soil and treatment contrasts. 

Week 4 Week6 

NH4-N NOa,N NH4-N NO:"N 

Treatment (%) (%) 

Tl LSY 9.5 102.8 -1.2 100.1 
(5.5) (8.6) (2.3) (6.9) 

T2 UX ,0.7 82.2 1.1 86.0 
(0.3) (2.1) (0.4) (1.6) 

Ta LS+U 4.6 74.5 1.5 84.0 
(1.8) (4.3) (.07) (0.9) 

T4 U+INHw 13.7 53.1 6.7 76.4 
(2.5) (4.7) (1.6) (2.2) 

T5 LS+U+INH 18.0 51.6 8.3 71.1 
(1.3) (0.9) (1.5) (3.7) 

Contrast 

1 T2vsTs NS NS NS NS 

2 T4vsTIj NS NS NS NS 

3 T2+T4vsTa+TIj NS NS NS NS 

4 T2vsT4 ** .'" * NS 

5 TavsTIj * * * NS 

6 T2+TavsT4+T5 ** *'* ** * 
7 TavsT4 NS * * NS 

Z Includes 4.02 mg (NH4 + NOa)-N added with LS. 
y Lignosulfonate. 
x Urea. 
W Urea plus dicyandiamide. 
( ) Standard errors of meal'\s (n=4). 
NS, *, ** Not significant (p>0.05) and significant at p<0.05 and p<O.Ol, respectively. 
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\ Table 4. Rccovery of added NI. as NH4-N and N03-N after four and six weeks of incubation in 
the Dalhousie soil and treatment contrasts. 

Week4 Week6 

NH4-N NOa-N NH4-N NOs-N 

Treatmcnt (%) (%) 

'1\ LSY 14.2 27.5 8.0 -2.0 
(2.6) (4.9) (2.8) (8.1) 

T2 UX 7.0 45.3 2.6 47.5 
(0.6) (1.5) (0.5) (0.5) 

'1':1 LS+U 12.0 38.6 7.5 40.2 
(0.4) (1.6) (0.3) (1.2) 

T4 U+INHw 14.0 34.9 6.5 41.4 
(0.8) (1.5) (0.4) (3.7) 

'l'r, LS+U+INH 16.7 30.1 10.4 38.9 
(1.0) (0.9) (0.5) (1.1) 

Contrast 

1 T2vsTa * NS * NS 

" 
2 T4vsTr; NS NS NS NS 

3 T2+T4vsTa+Tr, * NS * NS 

4 'l':.!vsT4 ** NS NS NS 

5 T:,vsTr; NS NS NS NS 

6 T2+TavsT4+Tr, ** * * NS 

7 TavsT4 NS NS NS NS 

z Includes 4.02 mg (NH4 + NOa)-N from LS. 
y Lignoslllfonate. 
x Urea. 
W Uren plus dicyandiamide. 
( ) Standard errors of means (n=4). 
NS, *, ** Not significant (p>0.05), significant at p<0.05 and p<O.OI, respectively_ 
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.l Table 5. Recovery of added NZ as NH4-N and NOa-N ufter four and six weE:'ks of incubation in 
the Ormstown soil and treatment contrasts. 

Week4 Week 6 

NH4-N NOa-N NH(-N NO:,-N 

Treatment (%) (%) 

Tl LSY 6.4 -11.6 10.7 2.7 
(1. 7) (3.0) (8.9) (5.0) 

T2 UX 13.9 8.6 12.2 18.6 
(0.5) (0.8) (0.6) (l.4) 

T3 LS+U 16.0 9.6 14.5 11.8 
(0.2) (0.8) (0.4) (l.4) 

T4 U+INHw 16.1 4.0 14.0 6.3 
(0.5) (1.2) (1.0) (0.5) 

T5 LS+U+INH 19.8 0.49 18.2 6.2 
(1.7) (0.9) (0.6) (0.6) 

Contrast 

1 T2vsTa NS NS NS NS 

2 T4vsTs NS NS NS NS 

3 T2+T4vsT3+Ts * NS NS NS 

4 T2vsT4 NS NS NS ** 
5 T3vsTs NS ** NS NS 

6 T2+T3vsT4+T6 * ** NS ** 
7 T3vsT4 NS NS NS NS 

z Includes 4.02 mg (NH4 + NOa)-N from LS. 
y Lignosulfonate. 
x Urea. 
W Urea plus dicyandiamide. 
( ) Standard errors of means (n=4). 
NS, *, ** Not significant (p>0.05), significant at p<0.05 and p<O.Ol, respectively. 
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,\ 'fable! 6. Rccovcry of added N.t. as NH1-N and NOa-N after four and six weeks of incubation in "4-

the St. Rosalie soil and trcatment contrasts. 

Week4 Week 6 

NH4-N NOa-N NH.-N NOa-N 

Treatment (%) (%) 

'1'1 LSv 40.6 -40.4 35.2 25.1 
(9.4) (6.9) (7.0) (3.9) 

T2 UX 49.6 2.5 42.8 19.0 
(3.5) (0.8) (2.6) (1.5) 

1':1 LS+U 56.7 -2.3 48.4 11.7 
(2.3) (0.9) (1.7) (0.9) 

l' • U+INHw 44.2 -2.11 52.0 16.6 
(1.5) (1.5) (2.2) (4.0) 

'fr; LS+U+INH 49.7 -4.3 52.1 4.5 
(2.5) (0.7) (1.1) (0.6) 

Contrust 

1 T2vs'fa NS NS NS NS 

2 'f4vs'fr. NS NS NS * ~ 

, 
3 'f2+'f.vsTJ+T5 NS NS NS ** 
4 T2vsT. NS NS NS NS 

5 Tavs'l'/i NS NS NS NS 

6 T2+TavsT.+Tr; NS NS NS NS 

7 'r:svs'f. NS NS NS NS 

z Includcs 4.02 mg (NB. T NOa)-N from LS. 
v Lignosulfonate. 

i x Uren. 
W Uren plus dicynndiamide. 
( ) Standard errors of means (n=4). 
NS, *, ** Not significant (p>0.05), significant at p<0.05 and p<O.OI, respectively. 

95 



demonstrated that out of a fertilizer application of 0.84 mg urea-N/g soil to Ormstown soil , 
l 0.19 mg urea-N/g soil (23%) was clay fixed. Lignosulfonate applied to the Ormstown soil 

may have become adsorbed onto soil partit.' ~s and as a result blocked somu clay fixation 

sites. 

In the Dalhousie soil, LS in combination with U significantly increased NH4-N recovery 

on both dates, but it had no effect on N03-N recovery (Table 4, contrast 1). Ure a additions 

to the Dalhousie soil may have had similar effects as in the Ormstown soil. Lignosulfonate 

may have become adsorhed onto soil particles and thus may have reduced clay fixation of . 1 

urea NH,,-N. A significant. increase in NH1-N recovery did not occur wh en LS was applied 

with DeD (Table 4, contrast 2). Although the reason for this is unknown, DCD may have 

become adsorbed onto the LS (Keeney 1980) reducing the amount of LS that may have 

become adsorbed onto soil partic1es. Consequently, LS may not have blocked clay fixution 

sites. 

The St. Rosalie clay soil has also been shown to fix 0.25 mg urea-N/g soil from a 0.84 mg 

urea-N/g soil application (30% of added N clay fixed) (Chen 1991), however, LS did not. 

increase NH4-N recovery. The type of clay mineraI and its fixing capacity may have an 

influence on the effects ofLS increasing NH4-N recovery. Greater concentrations orLS muy 

therefore be necessary in the St. Rosalie soil to achieve similar result.s. Whatcver the 

mechanism, this data suggests that LS may have the potential to increase urea NII~-N 

availauility in certain soil types. Lignosulfonate in combination with Den in the St. Rosalie 

soil decreased N03-N recovery by 73% at week six (Table 6, contra st 2), suggesting thut it 

may enhance DCn efficiency in a certain soHs. Recovery of NH4-N was not incrc8sed and 

therefore LS may not have reduced nitrification. Lignosulfonate may have increased 

denitrification because of its C content (Aulakh and Rennie 1987) or increased chcmical 

fixation of NH3-N (Stevenson 1982) and/or N02-N (Azhar et al. 1986) with its phenolic 
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consiiiucntR . . 
\ 

CONCLUSIONS 

Dicyandiamide reduced NOa"N recovery in the Chicot and Ormstown soils. The addition 

of LS wiih DCn decreased NOa"N recovery in the St. Rosalie sail. However, reduced 

rccovcry may not have been a result of nitrification inhibition. Lignosulfonate probably has 

litilc effect as a nitrification inhibitor. Lignosulfonate did increase NH4"N recovery in two 

soHs and iherefore May enhance NH4"N availability of urea fertilizers. 
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GENERAL CONCLUSIONS 

Results demonstrated that L8 did not decompose readily and that L8 would rcmnin in 

the soil to react with fertilizer-soil components. 8mall quantities of L8 werc cxt.rnctuhlt' in 

lM KCI suggesting that L8 was relatively immobilc within the soil system and thcl'efol'e 

its effects on nutrient reactions or transformations would be hnuted to the band men. 

Small proportions of L8 leached from soil columns supporting the findings that LS i8 

relatively immobile within a soil system and suggests that L8 application to soil il:! unlikely 

to pose a threat to groundwater quality. 

Higher rates ofLS inhibited microbial activity and suggested that 1..8 when banded with 

urea might decrease N transformations. 

Incubation of L8 in combination with urea fertilizer reduced urea hydrolysis in a band, 

however, probably not sufficently for agronomie value. Within a fertilizer band LS 

increased mineraI N recovery, reduced nitrification and the proportion of aclded N 

volatilized as NH3-N from L8 plus urea fertilizer. Nitrification inhibition WUIl belicved to 

have been caused by high fertilizer concentrations. 

Vnder reduced fertilizer concentrations, L8 dccrcascd nitrificatIOn in one of four Hoils 

and increased recovery ofNH1-N in two offour soils used. tignosulfonatc hacl reduced NO:.­

N levels wh en added in combination with DCD in the St. Rosalie soil out a lack of NI f4-N 

accumulation indicates that reduced NO;j-N recovery may not have becn a rC/:;ult of 

nitrification inhibition. This suggests that the strong nitrificatIOn inhibition apparent ln 

the second experiment (Chapter Ill) most likely occw'red because of hll~h N'V and Hait 

contents associated with fertilizer band concentrations. LignoBulfonate Increalled recovcry 
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of fcrtihzcr N and may, thereforc, have the potential ta enhance fertilizer N efficiency. 

[<'lCld studics arc necessary to determine if L8 has agricultural importance as a fertilizer 

additlve to improve N fertilizer availability. 
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, rrable 2.1. Soil NH4-N after 40 day incubation in the Dalhousie soil. 
... 

'rrcatment Replicates 

1 2 3 4 

(mg/g soil) 

Control 0.001 0.001 0.002 0.001 

NHLS:t. 4 5% 0.375 0.133 0.144 

10% 0.412 0.392 0.388 0.669 

20% 0.923 0.933 0.897 0.532 

CaLSY 5% 0.007 0.017 0.019 0.002 

10% 0.007 0.009 0.007 0.016 
• 1 

20% 0.008 0.006 0.020 0.014 

Ca(ds)LSx 5% 0.008 0.010 0.010 0.011 

10% 0.009 0.007 0.006 -0.005 

20% 0.012 0.010 0.009 0.024 

NaLSw 5% 0.017 0.024 0.017 0.024 

10% 0.008 0.011 0.009 

20% 0.011 0.011 0.017 

KLSv 5% 0.160 0.096 0.101 0.109 

10% 0.230 0.182 0.158 0.205 

20% 0.051 0.039 0.050 -0.005 

:t. Ammonium lignosulfonate. 
y Calcium lignosulfonate. 
x Dcsugared calcium lignosulfonate. 
W Sodium lignosulfonate. 
v Potassium lignosulfonate. 
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" Table 2.2. Soil NOa-N after 40 day incubation in the Dalhousie soil. 

Treatment Replicates 

1 2 3 4 

(mg/g soil) 

Control 0.0673 0.0782 0.0852 0.0887 

NH4LSz 5% 0.0635 0.0394 -0.0014 0.0501 

10% 0.0010 0.0551 0.0683 0.0581 

20% 0.0626 0.0560 0.0581 0.0527 

CaLSY 5% 0.0007 0.0012 0.0010 0.0004 

10% 0.0005 0.0004 0.0002 0.0004 

20% 0.0014 0.0011 0.0008 0.0005 

Ca(ds)LSx 5% 0.0156 0.0014 0.0012 0.0138 

10% 0.0013 0.0015 0.0007 -0.0015 

20% 0.0023 0.0023 0.0037 0.0044 

NaLSw 5% 0.0194 0.0538 0.0356 0.0510 

10% 0.0051 0.0035 -0.0015 0.0029 

20% 0.0034 0.0026 -0.0016 0.0023 

KLSv 5% 0.0614 0.0286 0.0584 0.0561 

10% 0.0021 0.0007 0.0023 0.0021 

20% 0.0025 0.0017 0.0023 0.0020 

z Ammonium lignosulfonate. 
y Calcium lignosulfonate. 
x Desugared calcium lignosulfonate. 
W Sodium lignosulfonate. 
v Potassium lignosulfonate. 
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'fable 2.3. Soil pH, in 0.01 M CaCI2 , after 40 day incubation in the 
Dalhousie soil. Control (0% L8) was 5.06 (.01). 

LS rate 

5% 10% 20% 

NH LSz 
4 5.34 (.02) 5.21 (.06) 4.76 (.005) 

CaLSY 5.56 (.01) 4.28 (.01) 4.24 (.01) 

CaLS(ds)x 6.61 (.01) 7.01 (.03) 6.94 (.04) 

NaLSw 6.35 (.22) 7.02 (.01) 7.39 (.02) 

KLSv 6.04 (.04) 6.31 (.01) 6.31 (.02) 

Z Ammonium lignosulfonate. 
y Calcium lignosulfonate. 
x Desugared calcium lignosulfonate. 
W Sodium lignosulfonate. 
v Potassium lignosulfonate. 
( ) Standard errors of me ans (n=4). 

104 

. , 



Fig.2.1. 

Fig.2.2. 

Fig.2.3. 

Appendix 1: Figures 

Carbon evolved as CO2 (mg/g soiVday) in (A) control, (B) 5% CaLS, (C) 10% 
CaLS and (D) 20% CaLS treatments. Bars indicate upper 95% confidence 
limits. 

Carbon evolved as COz (mg/g soiVday) in (A) control, (B) 5% Ca(ds}LS, (C) 
10% Ca(ds)LS and (D) 20% Ca(ds)LS treatments. Bars indicate upper 95% 
confidence limits. 

Carbon evolved as CO2 (mglg soiVday) in (A) control, (B) 5% KLS, (C) 10% 
KLS and (0) 20% KLS treatments. Bars indicate upper 95% confidence 
limits. 
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Table 3.1. Carbon input, total C evolved as CO2 (minus control) and percent of 
added Cr. evolved as CO2 during the 69 day incubation. 

Treatment 

LS+U 

LS+DAP 

U+DAP 

C Input 

(mg) 

1070.7 

202.0 

1070.7 

1070.7 

202.0 

1070.7 

CO2 Evolved Added CZ Evolved 

(nng) (~) 

140.6 13.1 
(6.3) 

123.9·· 61.3·· 
(8.7) 

263.6 13.0 
(10.2) 

4.9·· 
(3.2) 

116.6 
~4.7) 

101.5·· 
(2.9) 

339.7 
(53.3) 

10.4 

22.2 

r. In LS treatments, CO2 evolved from corresponding fertilizer treatments was 
subtraded. 
y Ammonium lignosulfonate. 
x Urea. 
W Diammonium phosphate. 
** Significant difference at p<O.Ol between ferilizer treatment and 
corresponding LS+fertilizer treatnnent (within date). 
( ) Standard errors of means (n=4). 
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" Table 3.2. Soil NH •• N during 38 day IOcublition in the OnnHtown ~()i1. 

i 
Trelilment Rcp DIIY 

2 4 7 11 17 26 :13 :114 

(mg/g MOI\) 

Control 1 009 0.24 O.aH 0.49 0.15 019 0.17 016 

2 0.11 0.25 0.3tl 0.3a O.tH 0.17 O.11i 0.19 

3 0.15 025 0.47 0.28 0.21 O.2H 0.22 0.20 

l.sz 1 0.42 0.51 047 050 0.52 0.47 O.4K O.4K 

2 0.48 0.47 0.55 0.52 053 049 o 41i 0.414 

3 0.50 0.44 0.45 05:1 0.45 O.4U 0.41i () 49 

UV 1 o.:m 1.33 1 :i7 1.48 166 1.52 1.64 1.48 

2 0.38 1.22 148 1.48 1.05 1.05 1.52 1.51 

3 0.38 1.22 1.55 1.55 1.(i5 1.5U 148 1.48 

I.s+U 1 1.83 2.7H 2.90 2.97 3.14 2.90 290 :i.20 

2 2.20 3.05 302 2.93 2.147 2.9U a.05 2.72 

3 1.87 2.93 2.75 a.08 :1.20 2.78 2/i8 

DAI)X 1 0.68 0.59 0.65 0.70 0.59 0.74 0.72 () (16 

2 0.57 0.62 069 0.74 0-li4 078 0.68 0.'i6 

-. 3 0.66 0.64 0.67 0.68 0.74 0.74 0.69 0.71 

1.s+DAP 1 1.79 2.31 2.11 2.:n 2.44 222 2.26 2.77 

2 1.76 1.96 2.28 2.27 2.51) 2.28 261 2.:12 

3 2.12 2.11 2.26 2.84 2.:14 2.7:1 2,f}2 2Ji5 

U+DAP 1 1.22 185 1.81 2.05 2.21i 198 1.87 2.11 

2 1.35 185 1.84 2.11 2.21 2.14 193 :lOti 

3 1.29 189 1.8!) 2.h 2.13 2.:W 2.00 2.11 

Œ+U+DAP 1 2.85 3.00 3.21 3.21 ::1 fi4 :1.38 3.3!) 3.1i4 

2 2.94 3.15 3.12 3.27 :cl 87 3.77 3.45 a.52 

3 2.82 3.21 :i.18 3.3!) :1 lia :i.70 :i.:i:J 3.:10 

z Ammonium lignosulfonate. 
y Urca. 
x Dlammonium phosphate. 

1]0 

... 
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Tablc a:l HOll N03,N du/ing 38 dlly incubalion JO the OrmsLown 8011. 

( 
Trclllmcnl Hep Day 

2 4 7 11 17 26 33 38 

(mg!g soiJ) 

Cunlrul 0.065 0.092 0.102 0.134 0.146 0.176 0.190 0.186 

2 0069 0.081 0099 0.118 0152 0154 0.175 0.167 

a 0.070 0.094 0]08 0.123 0.140 0.158 0.184 0.192 

'B' 0.010 O.Ol:i 0.014 0.015 0.018 0.021 0.022 0.023 

2 0010 0.012 0.013 0.015 0.018 0.020 0.021 0.025 

3 0.011 0.013 0.013 0.016 0.018 0.020 0.025 0.026 

UV 0.014 0.017 0015 0016 0.017 0.016 0.017 0.015 

2 0.015 0016 0.015 0.015 0.016 0.017 0.017 0.016 

a 0.016 0017 0.017 0.016 0.016 0.016 0.017 0.016 

'S+U 0.010 0.009 0.007 0.007 0.009 0.008 0.012 0.009 

2 0.009 0008 0.007 0.007 0.008 0.008 0.012 0.011 

3 0.008 0.006 0.008 0.007 0.008 0.012 0.012 

nA'lX 0.013 0.015 0.019 0.029 0.042 0.130 0.172 0.208 

2 0011 0015 0.020 0.031 0.077 0.134 0.176 0.194 

( 3 0.013 0015 0.020 0.029 0.067 0.126 0.177 0.202 

'.B+J>AP 0.011 0.012 0.012 0.012 0.0]3 0.016 0.016 0.020 

2 0.011 0011 0.013 0.012 0.013 0.016 O.ot8 0.017 

3 0.011 0.011 0.012 0.011 0.014 0.015 0.017 0.017 

lJ+DAP 0.000 0.022 0019 0.020 0.020 0,1)16 0.020 0.017 

2 0.025 0.017 0.020 0.020 0.019 0.020 O.ot8 O.ot9 

3 0.022 0.019 0.020 0.022 O.ot8 0.020 0.021 0.019 

IS+U+J>AP 0.012 0009 0.007 0.007 0.009 0.006 0.007 0.008 

2 0010 0.009 0007 0.007 0.008 0.007 0.009 0.007 

3 0.011 0.008 0.007 0.007 0.007 0.007 0.009 0.006 

1. Amll1uinllllll Iignusullhnlllc. 
y LJrclI. 
x J>mllllllonilllll phosphlllc. 
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Fig.3.1. 

Fig.3.2. 

Fig.3.3. 

Fig.3.4. 

Fig.3.5. 

Appendix II: Figures 

Carbon evolved as CO2 (mglg soil/day) during the 69 day incubation in the 
C and L8 treatments. Bars indicate upper 95% confidence limits. 

Carbon evolved as CO2 (mglg soil/day) during the 69 day incubat.ion in the 
L8+DAP and DAP treatments. Bars indicate upper 95% confidence limits. 

Carbon evolved as CO2 (mglg soil/day) during the 69 day incubation in the 
LS+U+DAP and U+DAP treatments. Bars indicatc upper 95% confidence 
limits. 

Ammonia-N (mg/g soi1Jday) volatilized during the 69 day incubation in the 
C and L8 treatments. Letters a to c indicate no significant difTerence 
(p>.05), significant difference at p<.05 and p<.Ol, rcspectively, betwecn the 
two treatments within date. 

Ammonia-N (mglg soi1Jday) volatilized during the 69 day incubation in the 
LS+DAP and DAP treatments. Letters a to c indicute no significunt 
difference (p>.05), significant difference at p<.05 and p<.Ol, respectively, 
between the two treatments within date. 
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Table 4.1. Soil C (means (n=4) of antilog data), lower and upper 95% 
confidence Iimits and percent of added L8-C retained in the soil 
columns aftcr the threc month incubation. 

'l'rcatmentY Ormstown Dalhousie 

(g) (g) 

C 1:'. 17.7 25.4 
(15.3,20.0) (23.8,26.7) 

C2 16.6 27.4 
(13.5,19.7) (25.0,29.6) 

ca 16.9 32.4 
(14.4,19.2) (30.7,33.8) 

L81 18.3 27.1 
(16.9,19.5) (22.6,31.7) 

LS2 17.2 32.5 
(16.2,18.0) (29.9,34.9) 

LS3 17.0 33.6 
(15.1,18.8) (31.0,35.8) 

Ul 17.5 26.0 
(17.2,17.8) (23.5,28.4) 

U2 17.9 31.9 
(14.0,22.0) (31.0,32.6) 

ua 17.4 30.8 
(15.8,18.8) (25.5,36.1) 

LS-fU 1 18.4 25.5 
(17.6,19.2) (20.7,30.3) 

L8+U 2 16.6 33.6 
(16.4,16.8) (29.1,37.9) 

L8+U 3 17.7 31.9 
(17.0,18.2) (29.7,33.8) 

( ) Lower and upper 95% confidence limits, respectively. 

y C, L8, Ù den ote control, ammonium lignosulfonate and urea, respectively. 
~ 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H2)/wk, 
rcspel'lively. 
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Table 4.2. Total C leached (non transformed data) from the Ormstown 
soil during the twelve week incubation. 

& 

TreatmentY Repli cate s 

1 2 3 4 

(mg) 

lZ C 4.21 3.42 4.45 5.59 

L8 6.39 8.53 5.88 3.83 

U 6.95 2.29 3.50 3.00 

L8+U 8.31 3.53 10.04 16.7 

2 C 5.66 4.42 7.45 9.04 

L8 6.35 13.52 8.79 14.58 

U 7.01 3.86 8.87 3.10 

L8+U 19.10 21.23 15.64 9.39 

3 C 6.58 7.69 12.91 11.00 

L8 26.98 13.13 18.71 33.87 

U 10.22 9.59 7.09 5.66 

L8+U 14.75 23.01 12.75 31.49 
• 1 

Z 1,2,3 Moisture regimes 0.51, 0.90 and 1.80 cm H 2)/wk, respectively. 
y C, L8, U denote control, ammonium lignosulfonate and urea, respectively . 

• 
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Table 4.3. Total C leached (non transformed data) from the Dalhousie 
soil during the twelve week incubation . .. 
TreatmcntY Replicates 

1 2 3 4 

(mg) 

1~ C 4.42 3.84 4.46 4.07 

L8 10.45 14.97 6.25 14.25 

U 3.24 2.37 2,92 5.23 

L8+U 21.77 6.35 9.48 10.45 

2 C 5.39 5.91 5.57 6.43 

L8 22.40 25.42 23.23 21.32 

U 4.08 7.52 10.64 2.58 

L8+U 20.76 22.57 17.89 21.58 

3 C 6.90 4.54 7.96 5.97 

L8 25.21 23.89 27.56 32.85 

.- U 14.13 18.96 8.27 9.73 
i . L8+U 20.55 13.R9 23.78 16.06 

z 1,2,3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, L8, U den ote control, ammonium lignosulfonate and urea, respectively. 

{ 
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Table 4.4.A. Carbon leached per week from the Ormstown soil during the 
first six weeks of the incubation . 

.Il 

TreatmentY Week 

1 2 3 4 5 6 

(mg) 

1z C 1.56 0.00 0.20 0.11 0.09 0.43 
(0.68) (0.02) (0.06) (0.16) (0.31) 

LS 0.90 0.02 0.22 0.13 0.14 0.46 
(0.25) (0.03) (0.13) (0.07) (0.14) (0.21) 

U 0.58 0.00 0.42 0.42 0.25 0.29 
(0.13) (0.12) (0.52) (0.24) (0.13) 

LS+U 0.84 0.00 0.27 0.33 0.31 1.05 
(0.14) (0.12) (0.17) (0.22) (0.43) 

2 C 2.71 0.00 0.50 0.23 1.14 0.67 
(3.67) (0.49) (0.18) (1.26) (0.25) 

LS 1.36 0.03 0.19 0.12 1.05 1.39 
(0.77) (0.04) (0.13) (0.08) (1.01) (0.87) 

U 0.49 0.05 0.52 0.47 0.88 2.07 
(0.21) (0.05) (0.27) (0.44) (0.86) (1.30) 

LS+U 0.86 0.00 0.66 0.69 0.39 1.91 
(0.53) (0.90) (0.19) (0.31) (0.48) 

3 C 0.55 0.39 2.21 1.66 1.01 3.96 
(0.54) (0.41) (1.10) (1.16) (1.29) (l.39) 

LS 0.49 0.11 1.79 2.78 1.11 4.49 
(0.19) (0.15) (1.34) (1.44) (1.21) (1.26) , 1 

U 0.56 0.40 ] .45 1.67 0.54 2.86 
(0.26) (0.69) (1.10) (1.48) (0.93) (0.94) 

LS+U 0.52 0.84 1.23 1.69 1.35 3.63 
(0.26) (0.65) (1.12) (1.71) (2.11) (3.08) 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosufonate and urea, respectively. 
() Standard deviations of means (n=4). 
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Table 4.4.B. Carbon leached per week from the Ormstown soil during the 

t last six weeks of the incubation. 

TreatmentY Week 

7 8 9 10 Il 12 

(mg) 

11- e 0.25 0.68 0.88 0.87 0.99 0.18 
(0.41) (0.26) (0.13) (0.83) (0.52) (0.16) 

LS 0.23 0.83 0.49 0.53 0.75 0.02 
(0.31) (0.92) (0.13) (0.31) (0.37) (0.04) 

U 0.36 0.16 0.67 0.57 0.61 0.24 
(0.63) (0.14) (0.56) (0.39) (0.63) (0.24) 

LS+U 0.33 1.07 1.14 1.45 1.84 0.67 
(0.39) (1.03) (0.60) (1.09) (0.97) (0.70) 

, 1 

2 C 0.00 0.29 0.68 1.23 1.38 0.25 
(0.22) (0.47) (0.40) (0.73) (0.28) 

LS 0.09 1.08 0.74 0.70 1.60 0.19 
(0.13) (1.72) (0.37) (0.74) (0.77) (0.20) 

.. U 1.07 1.48 1.76 1.40 2.44 0.42 
~ (1.12) (1.48) (0.78) (0.94) (1.27) (0.42) ~ 

LS+U 0.36 0.90 1.47 1.25 1.14 0.36 
(0.39) (0.92) (0.22) (1.29) (1.18) (0.41) 

3 e 1.17 1.20 1.93 1.80 0.03 0.08 
(1.04) (0.83) (0.56) (1.69) (0.03) (0.14) 

LS 2.08 1.10 1.81 2.00 0.00 0.32 
(2.81) (1.14) (0.82) (0.98) (0.34) 

U 0.85 0.98 1.52 1.39 0.35 0.05 
(0.63) (0.96) (0.48) (0.95) (0.36) (0.06) 

LS+U 0.22 1.42 1.36 0.73 0.07 0.07 
(0.21) (1.63) (0.73) (0.42) (0.13) (0.07) 

~ 1,2,3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 
( ) StandaI'd deviations of means (n=4). 
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Table 4.5.B. Carbon leached per week from the Dalhousie soil during the 
( Jast six weeks of the incubation. 

• 1 

TrcatmentY Week 

7 8 9 10 Il 12 

(mg) 

1~ C 0.73 0.70 0.70 1.06 0.59 0.40 
(0.55) (0.45) (0.18) (0.68) (0.46) (0.28) 

LS 0.66 0.81 0.59 1.13 0.58 0.39 
(0.80) (0.29) (0.39) (0.72) (0.94) (0.50) 

U 0.68 0.60 0.66 1.57 0.68 0.29 
(0.70) (0,41) (0.86) (1.43) (0.68) (0.29) 

LS+U 1.12 0.71 0.27 0.44 0.21 0.25 
(0.73) (0.20) (0.29) (0.31) (0.22) (0.41) 

2 C 1.25 0.98 0.63 1.22 1.19 0.31 
(0.68) (0,46) (0.70) (1.05) (1.80) (0.54) 

LS 0.99 0.52 0.59 0.70 0.80 0.02 
(0.59) (0.53) (0.61) 

'" 
(0.64) (0.86) (0.03) 

1 
U 1.08 1.77 0.87 0.98 0.40 0.23 l 

~ 

(0.91) (1.28) (0.66) (0.81) (0.40) (0.40) 

LS+U 0.96 0.70 0.67 1.08 0.10 1.06 
(1.07) (0.76) (0.66) (0.78) (0.17) (1.06) 

3 C 1.95 0.81 0.46 0.78 0.46 0.66 
(1.54) (1.31) (0.46) (0.49) (0.64) (1.15) 

LS 2.09 4.82 0.51 0.86 1.35 0.01 
(0.97) (2.42) (0.53) (0.84) (2.11) (0.03) 

U 1.40 0.74 0.39 0.74 0.16 0.13 
(0.83) (0.76) (0.40) (0.44) (0.28) (0.14) 

LS+U 0.64 0.53 0.36 0.32 0.70 0.30 
(0.13) (0.53) (0.08) (0.15) (0.70) (0.30) 

'1. l, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. • 1 

( ) Standard deviations of means (n=4). 
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Table 4.6. Soil C (non transformed data) in the Ormstown soil after the 12 
week incubation . .. 
TreatmentY Replicates 

1 2 3 4 

(mg) 

1z C 4.21 3.42 4.45 5.59 

LS 6.39 8.53 5.88 3.83 

U 6.95 2.29 3.50 3.00 

LS+U 8.31 3.53 10.04 16.73 

2 C 5.66 4.42 7.45 9.04 

LS 6.35 13.52 8.79 14.58 

U 7.01 3.86 8.87 3.10 

LS+U 19.10 21.23 15.64 9.39 

3 C 6.58 7.69 12.91 11.00 

LS 26.98 13.13 18.71 33.87 

U 10.22 9.59 7.09 5.66 

LS+U 14.75 23.01 12.75 31.49 

z 1,2,3 Moisture regimes 0.51,0.90 and 1.80 cm H:.P/wk, respectively. 
y C, L8, U denote control, ammonium lignosulfonate and urea, respectively. 
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, 'fable 4.7. Soil C (non-transformed data) in the Dalhousie soil after the 12 week t, 

incubation. • 1 

'frcatmentY Replicates 

1 2 3 4 

(mg) 

1z C 4.42 3.84 4.46 4.07 

LS 10.45 14.97 6.25 14.25 

U 3.24 2.37 2.92 5.23 

LS+U 21.77 6.35 9.48 10.45 

2 C 5.39 5.91 5.57 6.43 

LS 22.40 25.42 23.23 21.32 

U 4.08 7.52 10.64 2.58 

LS+U 20.76 22.57 17.89 21.58 

3 C 6.90 4.54 7.96 5.97 

LS 25.21 23.89 27.56 32.85 

U 14.13 18.96 8.27 9.73 

LS+U 20.55 13.89 23.78 16.06 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
v C, LS, U denote control, alrmonium lignosulfonate and urea, respectively. 

• 1 
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Table 4.8. Total NOa-N leached (non-transformed data) form the Ormstown soil 
0& 

during the 12 week incubation. 

TreatmentY Replicates 

1 2 3 4 

(mg) 

1z C 0.96 0.62 0.31 0.37 

LS 1.18 0.11 0.35 0.41 

U 0.37 13.76 4.61 51.73 

LS+U 0.57 10.81 0.44 0.27 

2 C 0.59 DAO 0.68 0.30 

LS 2.11 1.24 5.99 4.05 

U 3.95 31.08 16.25 4.78 

LS+U 0.41 0.52 0.82 8.45 

3 C 3.80 2.69 3.77 2.15 

LS 0.92 1.52 0.75 0.36 

U 43.€6 56.03 76.98 35.87 

LS+U 49.08 34.34 25.26 4.02 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 
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Table 4.9. Total N03-N leached (non-transformed data) from the Dalhousie soil 

'l 
during the 12 week incubation. 

TreatmentY Replicates 

1 2 3 4 

(mg) 

]z C 0.13 0.38 0.47 0.17 

LS 0.29 0.17 0.13 0.12 

U 36.34 25.51 33.15 2.40 

LS+U 0.21 15.79 33.43 6.57 

2 C 0.63 2.62 0.17 0.21 

LS 0.52 1.39 0.55 1.54 

U 60.25 29.62 2.09 53.56 

LS+U 1.28 2.27 1.57 1.79 

3 C 3.89 2.48 4.40 5.68 

LS 4.60 1.69 4.96 4.70 

U 76.23 90.35 78.68 46.26 
~ 

LS+U 114.19 78.32 97.22 60.48 

~ 1, 2,3 Moisture regimes 0.51,0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 

• 1 

{ 
128 



,~ 
Table 4.10.A. Nitrate-N leached per week From the Ol'mstown soil during 
the fil'st six weeks of the incubation . .. 
TreatmentY Week 

1 2 3 4 5 6 

(mg) 

1z C 0.05 0.08 0.03 0.03 0.18 0.03 
(0.04) (0.04) (0.02) (0.03) (0.12) (0.06) 

L8 0.01 0.05 0.06 0.05 0.14 0.05 
(0.02) (0.02) (0.07) (0.07) (0.13) (0.04) 

U 0.04 0.10 0.46 0.69 1.18 0.19 
(0.04) (0.09) (0.48) (1.13) (1.81) (0.17) 

L8+U 0.10 0.02 0.03 0.06 0.04 0.08 
(0.02) (0.02) (0.06) (0.10) (0.02) (0.10) 

2 C 0.11 0.10 006 0.07 0.03 0.01 
(0.01) (0.08) (0.06) (0.06) (0.02) (0.01) 

L8 0.47 0.07 0.50 0.62 0.53 0.47 
(0.32) (0.09) (0.51) (0.44) (DAO) (0.35) 

U 0.23 0.05 0.32 0.38 0.76 0.95 
(0.09) (0.02) (0.32) (0.30) (0.60) (0.97) 

L8+U 0.15 0.03 0.11 0.04 0.04 0.05 
(0.06) (0.01) (0.14) (0.03) (0.05) (0.05) 

3 C 0.19 0.52 0.67 0.47 0.27 0.29 
(0.02) (0.46) (0.60) (0.35) (0.20) (0.17) 

L8 0.18 0.06 0.07 0.13 0.03 0.08 
(0.01) (0.04) (0.09) (0.16) (0.04) (0.08) 

U 0.50 1.83 2.66 4.59 4.83 5.15 
(0.17) (1.06) (2.43) (4.61) (4.10) (2.71) 

L8+U 0.12 0.41 2.72 3.20 2.67 3.38 
(0.19) (0.42) (3.06) (3.75) (2.73) (2.67) 

z 1, 2, 3 Moisture regime 0.51, 0.90 and 1.80 cm H 2)/wk, respectively. 
y C, L8, U denote control, ammonium lignosulfonate and urea, respectively. 
( ) Standard deviations of means (n=4). 
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Table 4.1O.B. Nitrate-N leached per week from the Ormstown soil 
during the last six weeks of the incubation. 

Trea tmen t y Week 

7 8 9 10 Il 12 

(mg) 

1~ C 0.02 0.02 0.00 0.07 0.01 0.04 
(0.02) (0.02) (0.05) (0.01) (0.02) 

L8 0.02 0.02 0.00 0.06 0.02 0.00 
(0.04) (0.03) (0.03) (0.02) 

U 2.65 1.53 3.38 2.86 1.91 2.61 
(3.99) (1.62) (3.58) (2.95) (1.65) (4.50) 

L8+U 0.09 0.34 0.51 0.67 0.7J 0.35 
(0.13) (0.57) (0.89) (1.04) (1.05) (0.55) 

2 C 0.00 0.00 0.00 0.05 0.05 0.01 
(0.01) (0.02) (0.01) 

L8 0.27 0.19 0.00 0.06 0.11 0.04 
(0.21) (0.13) (0.03) (0.04) (0.03) 

( U 1.52 1.51 1.66 1.88 2.51 2.24 
(1.75) (1.61) (1.60) (1.65) (1.87) (1.32) 

L8+U 0.09 0.21 0.28 0.29 0.70 0.54 
(0.15) (0.36) (0.48) (0.50) (0.95) (0.92) • 1 

3 C 0.18 0.14 0.07 0.06 0.15 0.08 
(0.07) (0.06) (0.04) (0.03) (0.01) (0.04) 

LS 0.05 0.02 0.02 0.01 0.21 0.02 
(0.06) (0.03) (0.01) (0.02) (0.20) (0.02) 1 , 

1 , 
U 5.92 7.09 3.18 6.45 6.32 4.60 i . 

j 

(2.83) (3.17) (1.42) (2.26) (1.69) (1.67) j 
~ 

LS+U 3.17 2.54 2.50 2.62 2.71 2.11 ~ 
(2.20) (1.64) (1.42) (1.45) (1.86) (1.98) 

~ l, 2, 3 Moisture regim.) 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 

"1 ( ) Standard deviations of means (n=4). , 
g 
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Table 4.11.A. Nitrate-N leached per week from the Dalhousie soil during the 
first six weeks fo the incubation . .. 
TreatmentY Week 

1 2 3 4 5 6 

(mg) 

1z C 0.02 0.03 0.04 0.03 0.02 0.02 
(0.04) (0.01) (0.02) (0.01) (0.02) (0.02) 

L8 0.03 0.02 0.02 0.02 0.01 0.03 
(0.05) (0.01) (0.02) (0.01) (0.01) (0.02) 

U 0.20 0.12 0.37 1.15 1.72 2.93 
(0.13) (0.03) (0.30) (0.71) ( 1.17) (2.18) 

L8+U 0.12 0.12 0.27 0.40 0.74 1.10 
(0.05) (0.18) (0.32) (0.42) (1.12) (1.40) 

2 C 0.38 0.17 0.13 0.05 0.01 0.01 
(0.43) (0.27) (0.17) (0.04) (0.01) (0.01) 

L8 0.15 0.10 0.09 0.04 0.05 0.08 
(0.16) (0.08) (0.06) (0.03) (0.02) (0.06) 

U 0.37 1.23 3.84 3.03 2.57 1.26 
(0.44) (0.84) (2.63) (2.47) (2.08) (1.01) 

L8+U 0.68 0.19 0.09 0.17 0.06 0.04 
(0.32) (0.14) (0.05) (0.05) (0.03) (0.01) 

3 C 2.17 0.96 0.16 0.21 0.02 0.04 
(0.40) (0.43) (0.17) (0.07) (0.03) (0.05) 

L8 1.51 0.69 0.42 0.20 0.10 0.06 
(0.50) (0.35) (0.10) (0.07) (0.08) (0.07) 

U 2.45 6.58 3.03 10.62 4.52 5.62 
(1.03) (3.67) (2.06) 9.52) (2.70) (2.99) 

L8+U 1.85 6.86 8.25 9.74 12.63 8.80 
(0.91) (1.60) (3.01) (3.31) (3.98) (1.89) 

z 1, 2, 3 Moisture regimes 0.51,0.90 and 1.80 cm H20/wk, rcspectively. 
y C, LS, U denote control, ammonium lignosulfonate and urca, respectivcly. 
() Standard deviations of means (n=4) . 
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Table 4.11.B. Nitrate-N leached per week from the Dalhousie soil during the 

i. la st six weeks of the incubation. 

TreatmentY Week 

7 8 9 10 Il 12 

(mg) 

1z C 0.00 0.00 0.00 0.01 0.12 0.00 
(0.01) (0.11) 

LS 0.00 0.01 0.00 0.01 0.05 0.00 
(0.01) (0.00) (0.02) 

U 2.01 3.71 0.98 3.57 5.83 1.76 
(1.23) (3.01) (1.10) (2.55) (3.17) (1.31) 

LS+U 1.72 2.09 2.13 2.29 1.87 1.13 
(1.99) (2.08) (1.34) (2.71) (1.62) (0.79) 

2 C 0.02 0.00 0.04 0.02 0.06 0.01 
(0.01) (0.03) (0.03) (0.02) (0.01) 

LS 0.02 0.01 0.38 0.02 0.05 0.01 
(0.01) (0.01) (0.20) (0.01) (0.07) (0.01) 

. U 5.41 4.73 4.23 2.57 4.72 2.40 
1 (4.59) (3.86) (4.08) (1.56) (3.16) (1.73) 
" 

LS+U 0.03 0.02 0.13 0.02 0.21 0.08 
(0.01) (0.02) (0.09) (0.04) (0.05) (0.04) 

3 C 0.07 0.00 0.10 0.11 0.19 0.07 
(0.07) (0.01) (0.10) (0.10) (0.15) (0.07) 

LS 0.08 0.00 0.18 0.12 0.33 0.27 
(0.13) (0.01) (0.05) (0.17) (0.20) (0.19) 

U 9.35 8.19 9.16 4.80 4.46 4.10 
(4.97) (2.77) (0.98) (2.11) (2.37) (2.81) 

LS+U 11.23 6.90 10.06 5.49 3.67 2.05 
(3.87) (0.86) (2.89) (3.60) (2.04) (0.52) 

z 1,2,3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 
( ) Standard deviations of means (n=4). 
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Table 4.12. Soil N03-N (non-transformed data) in the Ormstown soil after the 

·1' 
12 week incubation. 

TreatmentY Replicates 

1 2 3 4 

(mg) 

1z C 3.66 4.80 4.51 8.92 

LS 5.59 6.54 5.79 

U 130.19 164.91 112.67 436.55 

LS+U 44.45 215.11 11.36 71.49 

2 C 5.21 9.05 76.064 4.15 

LS 5.20 4.71 6.30 6.76 

U 183.25 207.68 114.30 

LS+U 26.69 30.07 25.01 175.60 

3 C 6.17 3.15 2.83 

LS 3.17 7.73 4.04 5.68 

U 71.05 86.09 57.48 80.69 

LS+U 88.47 112.15 46.36 29.65 

z 1,2,3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, L8, U denote control, ammonium lignosulfonate and urea, respcctively. 
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Table 4.13. Soil N03-N (non-transformed data) in the Dalhousie sail arter the 
12 week incubation. 

TreatmentY Replicates 

1 2 3 4 

(mg) 

11. C 4.99 17.54 16.09 5.57 

LS 42.41 10.37 35.35 32.87 

U 278.69 209.32 209.15 167.67 

LS+U 174.80 143.65 347.31 150.96 

2 C 4.23 Il.18 17.76 22.63 

LS 7.61 51.35 13.40 8.68 

U 79.37 64.58 92.42 87.23 • 1 

LS+U 17.70 6.84 6.65 45.27 

3 C 26.23 14.96 20.63 9.46 

LS 28.25 17.07 7.23 16.25 

U 25.77 51.12 34.18 94.92 

LS+U 37.98 33.29 42.79 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 
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, 
Table 4.14. Total NH4-N leached (non-transformed data) from the Ormstown 

.l; 
soil during the 12 week incubation . 

TreatmentY Replicates 

1 2 3 4 

(mg) 

1z C 0.25 0.29 0,15 

LS 0.18 0.58 0.11 0.24 

U 0.63 0.43 0.41 0.72 

LS+U 0.89 0.57 0.97 1.21 

2 C 0.64 0.60 0.46 1.55 

LS 0.47 0.48 2.54 0.17 

U 1.21 0.43 0.88 0.51 

LS+U 1.07 1.95 1.24 0.68 

3 C 0.36 1.14 0.38 0.99 

LS 2.46 0.83 2.14 3.00 

U 5.09 3.28 1.89 3.31 

LS+U 3.90 1.68 1.97 3.98 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectivcly. 
y C, L8, U denote control, ammonium lignosulfonate and urea, respectively. 
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Table 4.15. Total NH4-N leached (non-transformed data) from the Dalhousie soil 

t during the 12 week incubation. 

TreatmentY Replicates 

1 2 3 4 

(mg) 

1z C 0.92 0.56 0.72 0.63 

L8 0.57 1.04 0.32 1.08 

U 0.75 1.07 1.01 1.17 

L8+U 2.29 0.71 0.71 2.25 

2 C 1.58 0.34 2.67 1.92 

L8 2.12 1.63 3.00 1.11 

U 2.32 1.78 7.29 1.67 

L8+U 3.68 1.33 1.98 2.05 

3 C 3.22 4.14 3.06 1.05 

L8 1.98 3.55 2.96 5.57 

,( U 5.56 6.55 5.64 12.41 • 1 

~ 

L8+U 4.41 5.67 3.05 8.24 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 
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~ 
Table 4.16.A. Ammonium-N leached per week from the Ormstown soil during 

~ 
the first six weeks of the incubation. 

TreatmentY Week 

1 2 3 4 5 6 

(mg) 

1z C 0.07 0.02 0.03 0.01 0.01 0.02 
(0.04) (0.03) (0.0l) (0.01) (0.01) (0.01) 

LS 0.04 0.02 0.01 0.00 0.02 0.00 
(0.02) (0.02) (0.02) (0.01) (0.01) 

U 0.06 0.14 0.03 0.00 0.04 0.00 
(0.03) (0.14) (0.02) (0.02) 

LS+U 0.01 0.04 0.02 0.01 0.03 0.03 
(0.01) (0.02) (0.01) (0.0l) (0.02) (0.02) 

2 C 0.02 0.05 0.05 0.01 0.01 0.03 
(0.02) (0.04) (0.03) (0.0l) (0.02) (0.03) 

LS 0.08 0.75 0.00 0.00 0.00 0.00 
(0.04) (0.97) (0.01) 

U 0.03 0.15 0.04 0.01 0.02 0.04 
(0.04) (0.19) (0.02) (O.OD (0.01) (0.02) 

LS+U 0.04 0.07 0.03 0.05 0.07 0.10 
(0.00) (0.05) (0.02) (0.03) (0.06) (0.02) 

3 C 0.07 0.05 0.07 0.05 0.05 0.09 
(0.03) (0.03) (0.05) (0.05) (0.05) (0.04) 

LS 0.03 0.13 0.17 0.19 0.17 0.23 
(0.02) (0.06) (0.10) (0.10) (0.09) (0.09) 

U 0.69 0.19 0.26 0.22 0.21 0.33 
(0.45) (0.10) (0.05) (0.03) (0.06) (0.11) 

LS+U 0.47 0.17 0.24 0.25 0.21 0.32 
(0.58) (0.03) (0.13) (0.04) (0.03) (0.16) 

z 1,2, 3 Moisture regime 0.51, 0.90 and 1.80 cm H:Plwk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, rcspcctivcly. 
( ) Standard deviations of means (n=4). 
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Table 4. 16.B. Ammonium-N leached from the Ormstown soil during the last 

~ six weeks of the incubation. -\.. 

TreatmentY Week 

7 8 9 10 Il 12 

(mg) 

1z C 0.00 0.00 0.03 0.06 0.00 0.00 
(0.01) (0.01) • 1 

LS 0.02 0.00 0.04 0.05 0.02 0.03 
(0.03) (0.03) (0.03) (0.02) (0.06) 

U 0.02 0.02 0.11 0.09 0.01 0.00 
(0.02) (0.04) (0.03) (0.04) (0.01) 

LS+U 0.03 0.05 0.16 0.16 0.18 0.18 
(0.03) (0.04) (0.05) (0.07) (0.09) (0.04) 

2 C 0.05 0.05 0.13 0.14 0.09 0.18 
(0.03) (0.04) (0.08) (0.09) (0.07) (0.05) 

LS 0.02 0.01 0.02 0.00 0.00 0.01 
(0.02) (0.01) (0.02) (0.02) 

! U 0.04 0.05 0.11 0.09 0.01 0.16 
(0.04) (0.03) (0.04) (0.07) (0.02) (0.18) " 

LS+U 0.10 0.11 0.14 0.14 0.20 0.20 
(0.03) (0.05) (0.06) (0.08) (0.12) (0.11) 

3 C 0.05 0.05 0.07 0.03 0.03 0.08 
(0.03) (0.05) (0.05) (0.04) (0.04) (0.05) 

LS 0.18 0.21 0.22 0.22 0.12 0.22 
(0.11) (0.11) (0.11) (0.14) (0.13) (0.15) 

U 0.29 0.28 0.31 0.23 0.19 0.17 
(0.09) (0.11) (0.12) (0.12) (0.13) (0.13) 

LS+U 0.17 0.17 0.18 0.19 0.20 0.29 
(0.04) (0.03) (0.07) (0.13) (0.22) (0.35) 

;'; 1, 2, 3 Moisture regime 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 
( ) Standard deviations of means (n=4). 
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f 
Table 4.17.A. Ammonium-N leached per week from the Dalhousie soil duril1g 

.. the first six weeks of the incubation . 

TreatmentY Week 

1 2 3 4 5 6 

(mg) 

1z C 0.03 0.04 0.06 0.04 0.08 0.10 
(0.02) (0.03) (0.03) (0.01) (0.02) (0.01) 

LS 0.06 0.03 0.04 0.07 0.05 0.07 
(0.01) (0.01) (0.05) (0.03) (0.04) (0.04) 

U 0.03 0.04 0.03 0.04 0.03 0.03 
(0.01) (0.01) (0.01) (0.03) (0.02) (0.04) 

LS+U 0.07 0.05 0.08 0.10 0.08 0.13 
(0.05) (0.01) (0.04) (0.03) (0.04) (0.10) 

2 C 0.06 0.06 0.08 0.08 0.08 0.09 
(0.02) (0.04) (0.07) (0.03) (0.05) (0.06) 

LS 0.11 0.20 0.20 0.16 0.19 0.18 
(0.03) (0.06) (0.07) (0.08) (0.07) (0.09) 

U 0.13 0.13 0.21 0.30 0.29 0.24 
(0.05) (0.03) (0.03) (0.12) (0.09) (0.12) 

LS+U 0.13 0.19 0.16 0.17 0.21 0.18 
(0.07) (0.05) (0.10) (0.06) (0.12) (0.06) 

3 C 0.19 0.27 0.23 0.18 0.11 0.21 
(0.05) (0.10) (0.27) (0.07) (0.09) (0.08) 

LS 0.26 0.30 0.28 0.32 0.28 0.35 
(0.11) (0.17) (0.15) (0.13) (0.08) (0.08) 

U 0.19 0.67 0.56 1.03 1.14 1.16 
(0.05) (0.13) (0.21) (0.41) (0.50) 0.25) 

LS+U 0.32 0.56 0.60 0.63 0.54 0.60 
(0.06) (0.13) (0.12) (0.12) (0.16) (0.25) 

z 1, 2,3 Moisture regime 0.51, 0.90 and 1.80 cm H 20/wk, rcspectivcly. 
y C, L8, U denote control, ammonium lignosulfonate and urca, respcctive1y. 
() Standard deviations of means (n=4). 
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'fable 4.17.B. Ammonium-N leached per week fl'om the Dalhousie soil during 

\ the last six weeks of the incubation. 

'frca trncnt y Week 

7 8 9 10 Il 12 

(mg) 

1~ C 0.03 0.07 0.07 0.05 0.05 0.08 
(0.02) (0.04) (0.02) (0.02) (0.04) (0.02) 

LS 0.06 0.07 0.06 0.07 0.08 0.09 
(0.03) (0.01) (0.05) (0.04) (0.05) (0.03) 

U 0.11 0.15 0.13 0.11 0.20 0.08 
(0.06) (0.04) (0.07) (0.05) (0.06) (0.07) 

LS+U 0.11 0.15 0.35 0.07 0.17 0.11 
(0.09) (0.16) (0.27) (0.05) (0.09) (0.06) 

2 C 0.12 0.13 0.38 0.11 0.18 0.25 
(0.07) (0.08) (0.15) (0.09) (0.09) (0.12) 

LS 0.15 0.13 0.15 0.14 0.14 0.19 • 1 

(0.09) (0.06) (0.02) (0.06) (0.10) (0.13) 

( U 0.25 0.20 0.43 0.24 0.39 0.45 
(0.17) (0.13) (0.34) (0.25) (0.49) (0.58) 

LS+U 0.16 0.14 0.40 0.19 0.06 0.27 
(0.06) (0.03) (0.15) (0.08) (0.09) (0.09) 

3 C 0.22 0.17 0.60 0.20 0.20 0.29 
(0.09) (0.09) (0.31) (0.08) (0.12) (0.14) 

LS 0.32 0.22 0.57 0.22 0.11 0.28 
(0.11) (0.15) (0.13) (0.15) (0.13) (0.24) 

U 1.09 0.37 0.64 0.25 0.13 0.29 
(1.18) (0.24) (0.23) (0.12) (0.11) (0.13) 

LS+U 0.56 0.49 0.70 0.16 0.02 0.24 
(0.37) (0.27) (0.37) (0.18) (0.04) (0.11) 

t: 1, 2, 3 Moisture regimes 0.51, 0.90, and 1.80 cm H 20/wk, respectively. 
y C, LS, U denote control, ammonium lignosulfonate and urea, respectively. 
() Standard deviations of means (n=4). 
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... Table 4.18. Soil NH4-N (non-transformed data) in the Ormstown soil 
after the 12 week incubation. 

TreatmentY Replicates 

1 2 3 4 

(mg) 

1z C 83.26 94.84 101.81 95.09 

L8 76.08 193.86 111.47 89.74 

U 205.53 128.04 220.18 122.69 

L8+U 316.09 205,38 235.71 488.89 

2 C 110.87 108.87 72.00 199.75 

L8 78.98 105.45 73.03 

U 314.61 142.59 200.80 

L8+U 877.07 429.66 606.06 236.23 

3 C 102.85 85.09 119.17 

L8 260.77 101.20 167.88 245.43 

U 174.92 117.35 163.15 168.12 

L8+U 218.76 207.70 268.54 704.84 

z 1, 2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, LS, U denote control, anunonium lignosulfonate and urea, respectively . 
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Table 4.19. Soil NH4-N (non-transformed data) in the Dalhousie soil after the t ] 2 weck incubation. 

'freatmentY Replicates 

1 2 3 4 

(mg) 

1~ C 60.46 54.95 56.73 64.48 

L8 121.21 98.94 107.29 213.71 

U 78.06 81.50 77.65 121.37 

LS+U 291.46 89.37 86.23 111.69 

2 C 77.01 43.26 78.18 287.76 

L8 83.90 79.04 85.43 65.58 

U 69.3] 68.44 641.86 65.87 

L8+U 73.91 79.04 72.22 56.43 

3 C 61.44 83.51 58.77 56.94 

L8 92.23 70.26 83.77 185.24 
( U 79.56 91.58 79.18 98.36 

L8+U 79.80 91.85 98.11 

~ 1,2, 3 Moisture regimes 0.51, 0.90 and 1.80 cm H20/wk, respectively. 
y C, L8, U denote control, ammonium lignosulfonate and urea, respectively. 
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.. 

Table 4.20. Table of probabilities for totalleachate C, N0:l·N and NH4-N (from 
Main ANOVA). 

Source 

LSz 

UY 

SOILx 

MOISTw 

LS*U 

LS*SOIL 

LS*MOIST 

U""SOIL 

U*MOIST 

SOIL*MOIST 

LS*U*SOIL 

LS*U*MOIST 

U*SOIL*MOIST 

LS*SOIL*MOIST 

LS*U*SOIL*MOIST 
Z Ammonium lignosulfonate. 
y Urea. 

C 

"'* 

NS 

** 

** 

NS 

* 

NS 

NS 

NS 

NS 

* 

* 

NS 

NS 

NS 

x Soil (Dalhousie and Ormstown). 
w Moisture (0.51, 0.90 and 1.80 cm H:.Plwk). 

N0:l.N NH4·N 

** NS 

** ** 

NS ** 

** ** 

** NS 

NS NS 

NS NS 

* NS 

* NS 

NS NS 

NS NS 

** * 

NS NS 

NS NS 

NS NS 

NS, *, ** Not significant (p>0.05), significant at p<O.05 and p<O.Ol, respectivcly . 
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l 
Table 4.21. Table ofprobabilities for soil C, N03-N and NH4-N in the leaching 
columns aller the three month incubation (from Main ANOVA). 

Source 

LSz 

UV 

SOILA 

MOISrrw 

LS-+-U 

LS*SOIL 

LS:tMOIS1' 

U*SOIL 

U*MOIST 

SOIL*MOIBT 

LS:tU:tSOIL 

LS+U*MOIST 

u=+ SOIL*MOIST 

LS ~SOIL*MOIST 

LS*U*SOIL*MOIST 

Z Ammonium lignosulfonate. 
y Ureu. 

C 

** 

NS 

** 

** 

NS 

NS 

NS 

NS 

NS 

** 

NS 

NS 

NS 

NS 

NS 

x Soil (Dalhousie and Ormstown). 
w Moisture (0.51, 0.90 and 1.80 cm H20/wk). 

N03-N NH4-N 

* ** 

** ** 

* ** 

** NS 

** NS 

NS NS 

** NB 

** ** 

** NB 

* NS 

NS * 

NS NB 

NS NS 

NS NB 

NS NB 

NS, *, :ti- not significant (p>0.05), significant at p<O.05 and p<O.Ol, respectively. 
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~ 

Table 5.1. Ammonium and nitrate nitrogen at four and six weeks in the '- Chicot soil. 

Treatmentl. Rep Week4 Week 6 

NH4·N NOa·N NH4-N NOa-N 

(uWg) (uglg) 

Control 1 1.81 49.38 3.27 53.74 

2 6.24 49.67 3.73 52.57 

3 8.23 41.63 3.43 53.37 

4 3.93 53.60 

LS 1 4.85 88.71 5.08 93.40 

2 10.86 82.24 4.62 94.79 

3 15.25 101.42 1.37 101.18 

4 4.6~ 88.25 0.91 85.47 

U 1 5.77 267.75 3.03 281.94 

2 1.85 261.29 7.23 296.17 

3 2.77 292.47 7.00 278.44 • 1 

'" i 4 2.31 274.22 8.32 299.71 
" .. 

LS+U 1 13.50 294.41 3.70 324.42 

2 7.85 305.87 4.90 311.80 

3 38.58 236.10 15.40 322.07 

4 18.02 295.25 9.33 312.04 

U+INII 1 24.95 206.53 14.70 270.74 

2 37.42 222.24 16.80 261.87 

3 63.76 152.01 19.13 274.94 

4 43.89 195.91 37.10 243.67 

LS~ U+INH 1 61.0 203.30 15.55 290.20 

2 55.44 210.00 40.83 251.60 

3 55.44 210.69 26.37 308.54 

4 74.85 219.47 35.23 256.97 
;. CS. 0, Înh den ote ammomum hgnosulfonate, urea and dÎcyandmmlJe, respectively. 
Note: tl'entnl('nts incubnted in 99.43 g oven dry soil. 
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Table 5.2. Ammonium and nitrate nitrogen at four and six weeks in 
the Dalhousie soil. 

TreatmentZ Rep Week4 Week 6 

NH4-N NOa-N NII4-N NO;l-N 

(uglg) (ug/g) 

Control 1 3.89 118.04 8.38 164.69 

2 4.35 139.08 5.08 136.53 

3 4.16 139.07 0.46 130.07 

4 1.83 131.76 4.62 152.01 

LS 1 6.24 142.54 11.20 1"3.27 

2 12.12 139.77 4.62 135.15 

3 9.15 141.11 7.39 153.86 

4 10.40 150.40 8.78 147.62 

U 1 25.87 246.96 10.87 277.51 

2 18.94 248.81 13.27 284.11 

3 21.48 254.36 15.71 277.69 

4 26.80 268.68 8.61 281.58 

LS+U 1 43.66 250.43 28.54 267.09 

2 46.44 255.75 32.11 287.62 

3 39.57 248.89 28.65 272.38 

4 41.12 274.45 27.30 278.60 

U+INH 1 45.74 223.63 24.73 252.70 

2 43.20 231.02 24.02 251.40 

3 48.28 223.63 23.79 248.81 

4 35.81 244.88 19.21 299.67 

LS+U+INH 1 59.37 228.02 42.47 266.93 

2 54.52 227.79 39.73 270.76 

3 67.46 223.17 33.63 267.42 

4 49.44 239.80 38.35 283.g3 
z ts, 0, mh denote ammOnIum hgnosulfonate, urea and dlcyandÎamlde, rCHpect.vely. 
Note: treatments incubated in 96.31 g of oven dry soi!. 
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Table 5.3. Ammonium and nitrate nitrogen at four and six weeks in the 

( Ormstown soil. 

Treatmene Rep Week4 Week6 

NH4-N NOa-N NH4-N NOa"N 

(ug!g) (uglg) 

Control 1 23.10 80.16 11.67 80.27 • 1 

2 14.09 67.69 3.73 84.23 

3 16.10 69.53 Il.32 80.86 

4 11.32 70.00 7.23 79.80 

LS 1 17.27 64.40 10.73 80.97 

2 17.50 64.40 25.43 79.10 

3 20.33 69.54 10.19 79.97 

4 20.33 69.54 5.60 89.60 

U 1 55.53 102.43 41.07 135.80 

2 59.93 99.28 39.35 122.61 

3 52.50 91.23 45.52 145.95 

( 4 55.36 92.65 47.60 132.77 

LS+U 1 68.38 94.95 53.67 124.37 

2 67.23 104.19 58.45 122.21 

3 67.92 104.19 52.67 104.42 

4 71.17 109.9 59.60 128.68 

U+INII 1 65.15 78.55 55.36 99.51 

2 65.15 84.32 42.63 98.72 

3 59.~7 93.80 52.27 95.90 , 

l 4 58.45 76.70 43.04 103.53 j 
LS+U+INH 1 98.45 71.17 70.47 100.57 

~ 2 83.40 82.01 70.00 96.13 

3 68.61 64.92 61.45 102.57 

4 73.20 75.72 69.77 106.87 
I·IS, n, iuh denote ammonium lignosulfonate, urea and dicyandiamide, respectively. 
Note: treatments incubated in 95.63 g oven dry soil. 
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Table 5.4. Ammonium and nitrate nitrogen at four and six weeks in the 
St. Rosalie soil. 

TreatmentZ Rep Week4 Week6 

NH4-N NOa-N NH..-N NO:l-N 

(ug!g) (uglg) 

Control 1 55.91 101.42 59.27 109.27 

2 60.76 108.81 42.74 120.20 

3 63.07 121.98 47.37 106.24 

4 50.13 88.48 45.50 113.00 

LS l 69.54 77.85 63.47 119.30 

2 64.92 88.48 58.67 128.51 

3 84.70 94.27 59.73 122.57 

4 81.32 89.87 74.16 122.05 

U 1 17.41 107.97 175.47 158.97 

2 19.57 114.36 167.07 179.97 

3 22.78 119.21 157.50 174.37 

4 21.66 108.89 199.03 159.67 

LS+U 1 27.38 107.06 210.00 144.74 

2 24.76 94.03 213.27 159.20 

3 24.36 97.34 197.09 155.47 

4 23.12 91.37 228.71 147.00 

U+INH 1 19.53 105.34 195.53 198.64 

2 18.27 84.21 222.47 134.06 

3 19.76 106.98 186.'13 162.02 

4 17.53 99.22 203.47 149.64 

LS+U+INH 1 21.05 96.72 220.50 131.83 

2 20.88 93.45 224.32 129.14 

3 24.87 85.90 237.41 121.42 

4 23.47 86.36 217.23 126.93 
z LS, 0, inh denote ammonium lignosulfonate, urea anr dicyandiamide, respectivcly. 
Note: treatments incubated in 92.52 g oven dried soil. 
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