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ABSTRACT 

Application of manure has been used to increase the nitrogen status of many arid 

and semi-arid agricultural soils, however, organic nitrogen contained in animal manures 

must be mineralized prior to utilization by crops. Nitrogen mineralization is, like other 

biological processes, affected by soil water status. This can be due to the direct influence 

of soil moisture and/or salt interactions on the nitrogen dynamics. It is critical to 

understand the interactive effects of salt and water on nitrogen in soils amended with 

organic fertilizer. Such knowledge may be used for improving and quantifying nitrogen 

use efficiency. Objectives of this study were (i) to examine the relative and interactive 

influences of soil osmotic and matric water potentials on nitrogen transformations in 

manure-amended and non-manured soils, (ii) to determine the extent of nitrogen 

mineralization over a range of soil water potentials, and (iii) to study the effect of manure 

addition on nitrogen dynamics in an agricultural desert soil. Gila fine sandy loam soil 

was treated by addition of varying amounts of distilled water, NaCl, and dairy manure 

and incubated at depth of 20 cm in 0.025 mm thickness Ziploc® bags. Ammonium 

nitrogen, nitrate nitrogen, gravimetric soil moisture content, and total soil water potential 

were measured weekly for 16 weeks. Our study showed a decrease in the amount of 

inorganic N released from both the non-manured and manure-amended soils at total soil 

water potentials of approximately -55 bars or less. Maximal amounts of inorganic-N 

were released at potentials of -23 to -3.5 bars. There was an accumulation in the amounts 

of NH4-N released at potentials of -55 bars or less, presumably because of a reduction in 

net nitrification. The manure caused nitrogen immobilization especially during the early 
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part of our study. Immobilization also occurred in non-manured soil, but this generally 

lasted only a few weeks. Immobilization was prolonged in soils with lower water 

potentials. Net N mineralization in the manure-amended soils was higher than in the 

non-manured soils when soil moisture content was at field capacity. 
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1. INTRODUCTION 

More than one-third of the earth's land mass is comprised of arid and semiarid 

regions. The majority of these regions may be affected by salt problems, partially the 

result of irrigation practices (Bohn et al. 1979). Nitrogen is limiting in most arid region 

soils and the influence of salts on its transformation needs to be evaluated (Yobterik and 

Timmer, 1994). hi fact, there is a need for extensive research in soils of such 

environments to make the most efficient use of the available resources and to prevent an 

intemational food and energy crisis (Frankenberger and Bingham, 1982). These soils are 

very productive only if irrigation is made available and a balanced supply of nutrients is 

maintained (El-Shinnawi et al., 1994). Improper management of irrigation water, 

however, has caused the deterioration of many agricultural soils. Poor drainage and/or 

the utiHzation of brackish water for irrigation has, partially, led to the accumulation of 

soluble salts, which lowers the osmotic potential of the soil solution to the extent that it 

can reduce crop yields of crops (Maas and Hoffman, 1977). 

The combination of soil moisture content and soluble salt level determines the 

water potential of the soil medium. Soil water potential (primarily matric, and 

osmotic, ^s) is a critical factor where soil microbial activities are of concern (Sindhu and 

Cornfield, 1967; Harris. 1981). Soil microbes are intimately involved in the 

transformation of nitrogen compounds in the soil system. They are central to the nitrogen 

cycle in the soil-plant-atmosphere system which is vital and very important to plant 

nutrition (Wild, 1988). 
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Ammonification and nitrification, collectively defined as mineralization (Pilbeam 

et al., 1993), are two important biological processes with special significance where 

inorganic and/or organic fertilization are practiced (Badia, 2000a and b). Accurate 

evaluation of N mineralization becomes increasingly important due to the following 

reasons: (i) mineralization is essential for the provision of inorganic N for plant growth, 

(ii) both ammonium (NH4^) and nitrate (NO3") are the available forms for plants and are 

produced via mineralization, (iii) many underground water supplies have been reported to 

be contaminated by NO3', and (iv) many agricultural producers stress efficient N use. 

More than half of the N applied in the world as fertilizer does not get utilized by crops 

(Rao and Batra, 1983). A better understanding of soil N mineralization in systems where 

organic fertilizers are applied is essential for quantifying and improving nitrogen use 

efficiency (Dwyer et al., 1993). 

Factors that influence the rate of N mineralization are many and complex (Ryan et 

al., 1972). Among the main factors that govern mineralization are temperature, soil 

matric potential, soil pH, and the amount of organic matter added to the soil (Stevenson 

and Cole, 1999). As matric potential decreases, both ammonification and nitrification 

rates decrease. Nitrification rates decrease more rapidly as the soil dries (Reichman et 

al., 1966; Campbell and Biederbeck, 1972; Pilbeam et al., 1993). Ammonification has 

been shown to continue even at water potentials below the permanent wilting point 

(Robinson, 1957; Miller and Johnson, 1964). In contrast, nitrification is restrained under 

both conditions of soil moisture deficit and saturation, where nitrification is inhibited by 

reduced O2 diffusion into the soil (Ohte et al., 1997). 
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Studies have shown that both ammonification and nitrification can also be 

affected by salinity (Ryan et al., 1972; Schmidt and Belser, 1982; El-Shinnawi et al., 

1994). Mineralization of organic N has been reported to decrease with increasing salinity 

(Greaves, 1916; Sindhu and Cornfield, 1967; Westerman and Tucker, 1974; Heilman, 

1975; Laura, 1977; Bandyopadhyay and Bandyopadhyay, 1983; McClung and 

Frankenberger, 1985). Like matric potential, salinity has been reported to have more 

influence in decreasing the rate of nitrification than ammonification (Laura, 1976; 

McClung and Frankenberger, 1985; Tewatia et al, 1992; El-Shinnawi et al., 1994). 

Ammonification rates may actually be increased by the presence of soluble salts. Singh 

et al. (1969) and Agarwal et al. (1971) noted increased N ammonification in soils treated 

with various chloride salts. Laura (1977) suggested the salt effects, to a certain extent, 

were associated with displacement of "fixed" NH4"^ by the cation of the salts, rather than 

being biological in nature. Broadbent and Nakashima (1971) reasoned the increased 

ammonification was due in part to the increased solubilization of organic N in the 

presence of salts. Pathak and Rao (1998), however, argued that ammonification in salt-

affected soils is due to biological rather than chemical mechanisms. 

Most previous studies have emphasized the independent effects of salt or soil 

moisture on N mineralization, and little research has been done on the interactive effects 

of salts and moisture on N mineralization. Furthermore, most microbial-solute 

interaction studies have been interpreted in terms of matric potential only (Harris, 1981). 

Also, a majority of these studies have been conducted on or after short laboratory 

incubations of the soil samples rather than in situ experiments that may better represent 
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the normal soil enviro:nment. With the accumulation of NO3" in ground and surface 

water, and the need for higher efficiency use of N fertilizers in arid lands, the need for 

more knowledge on the interaction of moisture and salinity on N mineralization is 

evident. 

The main objectives of this study were (i) to examine the interactive influences of 

soil matric and osmotic potentials, moisture, and sodium chloride (NaCl) salt contents on 

N mineralization in soils amended with cow manure, (ii) to determine the extent of 

nitrogen mineralization over a range of soil water potentials, and (iii) to study the effect 

of manure addition on nitrogen dynamics in an agricultural desert soil. 
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2. THE INTERNAL NITROGEN CYCLE IN SOIL 

In many agricultural soils N is the most limiting nutrient for plant growth. 

Nitrogen is a primary component of the proteinaceous components of plant tissue 

(Alexander, 1977). In agricultural systems, the need to understand the N cycle is of 

paramount importance if maximum use of both fertilizer-derived N and the soil's own N 

reserves are to be achieved (Killham, 1994). Nitrogen atoms in soil exist in various 

oxidation states and their shift from one state into another is commonly mediated by soil 

microorganisms (Paul and Clark, 1996). Some nitrogen transfomiations, however, may 

take place via chemical reactions. Ammonia (NH3) and nitrite (NO2'), for instance, can 

undergo chemical reactions to different forms of N gas, e.g. NO, N2, and N2O, after being 

produced by microbial transformations of nitrogenous material (Stevenson and Cole, 

1999). 

The nitrogen cycle can be simply defined as the movement of N from the 

atmosphere through the plants into the soil, biota, and water, before it is returned to the 

atmosphere in a gaseous form (Tan, 1994). The concept of the N cycle was first 

proposed by Lohnis (1913) after the identification of the states of nitrogen in soils and the 

role of microorganisms in moving N from one form into another. His cycle consisted of 

nitrogen gas (N2) as the central element of the cycle and protein, amide, NH3, NO2", and 

NO3" as the recognized forms of soil N. More recently, the biochemical cycling of N in 

ecosystems has been divided into an external and an internal N cycle (Hart et al., 1994). 

The external N cycle is comprised of the processes by which N-forms are added or 

removed from the soil ecosystem including: N2 fixation, N fertilization, dry and wet N 
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deposition, N leaching, denitrification, and NH3 volatilization (Stevenson and Cole, 

1999). The internal cycle, on the other hand, is the part of the overall N cycle consisting 

of the conversion of one form to another between the soil-plant ecosystem pools and may 

include: N assimilation by crops, turnover of litter fall and root turnover of N into soil, N 

immobilization, N mineralization, and nitrification (Jansson and Persson, 1982; 

Stevenson, 1982; Hart et al., 1994). 

Some consider the internal N cycle to be more significant than the external one 

due to the higher flux rates of the former. Paul and Clark (1996) estimated the sum of all 

input and output N flux rates involved in the external cycle to be 6.0 x lO'"^ g N yr"', 

whereas net mineralization and N assimilation by crops rates were more than 7 times this 

amount (4.0 x lO'^ g N yr"'). Moreover, it is important to understand the factors 

controlling the rates of the internal N cycle because of the effects they have on 

agricultural ecosystems, as well as on environmental quahty (MacDuff and White, 1985; 

Hart et al., 1994). 

Among the key features of the internal N cycle are the biological transformations 

between organic and inorganic forms of N through ammonification, nitrification and 

immobilization (Stevenson and Cole, 1999). Ammonification is the conversion of 

organic N to NH4'^, while nitrification is the conversion of NH4^ to NO3". Both 

ammonification and nitrification of organic matter may collectively be defined as 

mineralization. Immobilization, on the other hand, is the transformation of inorganic N 

to organic via microbial activities. An overview of the internal N cycle is presented in 

Figure 1. As organic N in the form of plant or animal residues decays in soil, the 
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inorganic fraction of N is incorporated and assimilated into and by the microbial biomass 

(Alexander, 1977). Nitrogen in excess of the microbial requirements is ammonified and 

released as NH/ (Stevenson and Cole, 1999), and may be nitrified into NO3", taken up by 

the plant, immobilized, or lost from the root zone via volatilization and/or leaching 

(Norton, 2000). Nitrate may also be lost through denitrification (reduction to gaseous N2 

or N2O) under anaerobic soil environments (Focht and Verstraete, 1977). An 

understanding of the dynamics of N mineralization, as a part of the internal cycle, is 

important to the prudent management of the N cycle in agricultural ecosystems (MacDuff 

and White, 1985). 

Organic N 

Microbial 

Biomass N 

NH4+-N Nitrif cation NO,--N 

Plant N 

Figure 1. Schematic diagram of the major nitrogen transformations in the 

Soil environment [After Norton 2000)]. 
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3. AMMONIFICATION 

In many agricultural systems, especially unfertilized ones, ammonification is a 

major factor controlling N availability to plants (Binkley and Hart, 1989; Mengel, 1996). 

Ammonification is a sequence of enzymatic biological degradation of organic N 

compounds such as proteins, amino sugars, and nucleic acids into NH3 and NH4^ 

(Alexander, 1977). This process is performed by diverse groups and a tremendous 

number of aerobic and anaerobic heterotrophic soil microorganisms (Jasson and Persson, 

1982; El-Shinnawi et al., 1993). Most of the enzymes that are involved in carrying out 

ammonification are microbial in origin including amidases, amidohydrolases, chitinases, 

kinases, proteinases, and peptidases (Norton, 2000). The latter two are among the most 

abundant enzymes in soils since proteins and peptides are the major sources of 

mineralizable N (Mengel, 1996). Moreover, proteins are readily attacked by many soil 

organisms (Pare et al., 1998). Note that each of the above enzymes act on a specific class 

of organic compound, and may function endocellularly, in dead autolysing cells, free in 

soil solution, and/or when adsorbed to soil colloids (Ladd and Jackson, 1982). 

The prime constituents of organic N in soils are proteins, nucleic acids, chitins 

and peptidoglycans, and amino sugars (Coyne, 1999). Substrates containing these 

compounds may originate from decay of various plant and animal residues, urine of 

grazing animals, and applied fertilizer (Ladd and Jackson, 1982). At initial stages of 

ammonification, most of these substrates are macromolecular in nature (proteins, nucleic 

acids, aminopolysaccharides), and are degraded into simpler N-containing biochemicals 

(amino acids, purine and pyrimidine bases, amino sugars) as ammonification takes place 
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(Dalzell et al, 1987; Stevenson and Cole, 1999). The simpler compounds are usually 

assimilated by microbial cells and subsequently transformed into NH4'^ (Paul and Clark, 

1996; Maier et al., 2000). 

The degradation of proteins and peptides, amino sugars, and nucleic acids is the 

major source of NH4^ formation via ammonification (Paul and Clark, 1996). The 

microbial breakdown of proteins and peptides involves an initial hydrolysis of their bonds 

by proteinases and peptidases to form amino acids (Zaman et al., 1999; Stevenson and 

Cole, 1999). Amino acids can also be produced through the cleavage of C-N bonds by 

soil microorganisms (Ladd and Jackson, 1982). The amino acids formed are further 

metabolized by amidohydrolase enzymatic groups to form NH4^ (Paul and Clark, 1996; 

Coyne, 1999). 

Amino sugar polymers, which are derived mainly from bacterial and fungal cell 

walls, constitute a major source of N during ammonification (Parsons, 1981). Most of 

the soil amino sugars are provided by chitin, peptidoglycans, teichoic acids, glycosamine, 

and other components of bacterial cell walls (Stevenson, 1982; Hopkins, 1996). The 

polymers of amino sugars should first be hydrolyzed by glycosidases to 

aminomonosaccharides, which are deaminated to produce NH4'^ (Ladd and Jackson, 

1982; Norton, 2000). 

Nucleic acids, easily degraded compounds in soil, are among the few constituents 

of living cells that do not accumulate in soil organic matter (Greaves and Wilson, 1970), 

and are second only to proteins in importance as N-substrates (Coyne, 1999). The 

transformation of the N of nucleic acids to NH4"^ also requires a large variety of enzymes 
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(Stevenson and Cole, 1999). Nucleic acid is initially depolymerized to 

mononucleotidedes by nucleases, which are then dephosphorylated to nucleosides (Ladd 

and Jackson, 1982). The nucleosides then undergo several other hydrolysis reactions and 

are subsequently converted to NH4^ and NH3 (Alexander, 1977). 

Urea may also contribute significantly to the total organic N ammonified in soil, 

especially in regions where N fertilizer or manure is applied (Bremner, 1995). The 

hydrolysis of urea is catalyzed by urease to yield NH4"^ (Zaman et al., 1999; Coyne, 

1999). Once NH4^ is released into the soil solution it may accumulate, or be nitrified, 

immobilized, or fixed by soil clay minerals (Nommik and Vahtras 1982; Paul and Clark, 

1996), 
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4. NITRIFICATION 

Nitrification is a biological oxidation of a reduced form of N (NH3 or NH4^) into 

NO2' or NO3" (Focht and Verstraete, 1977). This transformation was first established by 

Winogradsky, who also identified Nitrosomonas and Nitrobacter as bacteria involved in 

the nitrification process (Schmidt, 1982). Nitrification generally has been associated with 

chemoautotrophic bacteria although heterotrophic nitrification can also occur (Tate, 

1980; Van Neil et al., 1993; Maier et al., 2000). Chemoautotrophic nitrification is 

associated with gram-negative bacteria comprising the family Nitrobacteriaceae, 

generally aerobes that obtain their C from CO2 or carbonates (EL-Shinnawi et al., 1993; 

Paul and Clark, 1996; Coyne, 1999). Most of the C for cell synthesis, however, 

originates from bicarbonates (HCO3") contained in soil water (Stevenson and Cole, 1999). 

In autotrophic nitrification, the conversion of N takes place in two steps; the 

transformation of NH3 or NH4^ into NO2' by oxidizing bacteria such as Nitrosomonas, 

and the oxidation of NO2' into NO3' by Nitrobacter (Watson et al., 1989; Paul and Clark, 

1996). The oxidation of NO2' proceeds at a more rapid rate, which makes it less 

prevalent in soils than NO3' (Stevenson and Cole, 1999). The oxidation of NH4'^ and/or 

NO2" into NO3' is an exothermic reaction that provides the energy required by nitrifiers 

for biosynthesis of cell components or fixation of CO2 (Alexander, 1977). The NO2' 

oxidizers obtain less energy from their substrate than do NH4^ oxidizers, which leads the 

former to metabolize relatively more NO2' in order to maintain an equivalent amount of 

growth; therefore the oxidation of NO2' in soil is quite rapid (Coyne, 1999). In addition, 

Bartlett (1981) found evidence for the possibility of non-microbial conversion of NO2' to 
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NOj", which may also explain the lack of accumulation of NO2' ions in soils. Hence, 

NO3" is usually the dominant form of plant-available N in many arid and semi-arid 

regions (Kaboneka et al., 1997; Liang and MacKenzie, 1994). Nitrate usually remains in 

soil solution making it relatively free to move with water flow. The nitrification process 

has been shown to produce byproducts of N gases such as NO and N2O. These gases are 

easily lost from soil agroecosystems into the atmosphere (Klemedtsson et al., 1988; Paul 

and Clark, 1996). 

Heterotrophic nitrification has been reported by many workers (Quastel et al., 

1952; Verstraete and Alexander, 1973; Schmidt, 1982; Yokoyama et al., 1992a and b). A 

number of bacteria, actinomycetes, algae, and fungi have been identified as mediators of 

heterotrophic nitrification in soils (Schmidt, 1982; Killham, 1986; Prosser, 1989). 

Heterotrophic nitrifiers can produce NO3" from both inorganic and organic sources of N 

(Norton, 2000). Paul and Clark (1989) and Prosser (1989) proposed pathways for 

organic and inorganic heterotrophic nitrification in which the reactions are not ATP-

coupled and therefore no energy is produced. The ecological significance of 

heterotrophic nitrification has not been well established and only recently has been taken 

seriously (Paul and Clark, 1996; Stevenson and Cole, 1999). However, Yokoyama et al. 

(1992a and b) and Stroo et al. (1986) emphasized the advantages of heterotrophic 

nitrification by salt-tolerant fungi in harsh soil conditions such as those encountered in 

saline soils. Moreover, acid forest soils are now beheved to produce most of their NO3" 

via heterotrophic nitrification (Lang and Jagnow, 1986; Paul and Clark, 1996). 
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5. IMMOBILIZATION 

Some of the NH/ and NO3' ions produced via minerahzation are rapidly utilized 

by heterotrophic microflora and bounded within their cells and tissues, or immobilized 

(AlHson, 1973; Stevenson and Cole, 1999). Assimilation of inorganic N by plants is 

usually excluded from the definition of immobilization (Jansson and Persson, 1982). 

Nitrogen immobilization is a biological transformation of inorganic forms of N (NH/, 

NO2', and NO3') into organic compounds (Alexander, 1977; Jansson and Persson, 1982). 

The lower oxidation state of NH/ makes it the preferred form to be assimilated by many 

soil microbes (Alexander, 1977; Norton, 2000). 

The process of NH4'^ and NO3' immobilization, which is of agronomic interest due 

to its influence on N availability to crops, also may occur through many enzymatic and 

abiotic pathways (Alexander, 1977; Norton, 2000). Two major enzymatic pathways 

accomplish immobilization of NH/: assimilation of NH/ directly into glutamate by the 

enzyme glutamate dehydrogenase and a two-step assimilation of NH4^ into glutamate 

performed by the glutamine synthetase and glutamate synthase enzymes (Ahmad and 

Helleburt, 1991). The first pathway is common under relatively high NH4"^ 

concentrations (>0.5 mg NH4'^ kg"^ soil; Neidhardt et al., 1990) while the two-step 

pathway operates at lower concentrations (<0.1 mg NH4^kg"' soil; Coyne, 1999). The N 

incorporated as glutamate undergoes transamination reactions to form keto acids that 

ultimately are transformed into amino acids (Paul and Clark, 1996; Norton, 2000). 

Soil microbes immobilize NO3' by reducing it into NO2' and then into NH4^ using 

assimilatory NO3" and NO2" reductase enzymes respectively (Merrick and Edwards, 
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1995). These N reductase enzymes are synthesized only when soil N is limiting or when 

NO3" is present (Marzluf, 1997). Addition of NH4^ into the system, however, inhibits the 

synthesis and the activities of the assimilating reductase enzymes (Rice and Tiedje, 

1989). Once NO3' is reduced to NH4^, it is probably assimilated by undergoing the two-

step assimilation mechanism rather than the direct one (Betlach et al., 1981). 
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6. NITROGEN AVAILABILITY 

Mineralization and immobilization are twin and opposing processes that occur 

simultaneously during the decomposition of organic residue (Alexander, 1977). The C:N 

ratio is one of the key factors that determines whether mineralization or immobilization 

will take place during decomposition of plant or animal residues (Nordmeyer and 

Richter, 1985; El-Shinnawi et al., 1993; Janssen, 1996). Research has demonstrated that 

residues with C;N ratios greater than 30, equivalent to N contents of about 1.5 % or less, 

will usually cause net immobilization by microorganisms (Alexander, 1977; Vigil and 

Kissel, 1991; Tisdale et al., 1993; El-Shinnawi et al., 1993; Stevenson and Cole, 1999). 

If residues have a C:N ratio of higher than 30, there is not enough N available in the 

residue to convert the entire C into biomass (Paul and Clark, 1996). hi order to cope with 

the deficit, the microorganisms immobilize available inorganic N from the surrounding 

soil environment (Coyne, 1999). On the other hand, residues with C:N ratios below 20, 

or N contents greater than 2.5 %, increase the tendency for mineralization to occur 

(Stevenson and Cole, 1999). There is enough N in the residue for microorganisms to 

convert the C into biomass and surplus N is released into the soil (Blackmer, 2000). 

Predicting whether mineralization is likely to happen based on the C;N ratio is a simple 

technique but not always reliable (Alexander, 1977). There are situations where the C:N 

rule does not work. For instance, residues that have wide C:N ratios (50:1) and contain 

appreciable amounts of hgnin may still undergo mineralization (Paul and Clark, 1996). 

This is attributed to the lower solubility and digestibility of lignin by most 

microorganisms (Coyne, 1999). It has been noted that rates of decay of plant debris by 
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soil microbes are proportional to their content of lignin, and that the quantity of lignin is 

of more importance in determining the decomposition velocity than the C:N ratio 

(Alexander, 1977; Paustian et al., 1992). Moreover, soil microbes differ in terms of the 

amount of N required for every gram of C to be converted into biomass (Coyne, 1999). 

Soil bacteria usually have C:N ratio of 5:1 to 8:1, while fungi have a wide range of C:N 

ratios of 4.5:1 to 15:1 (Paul and Clark, 1996; Stevenson and Cole, 1999; Coyne, 1999). It 

is more likely for soil bacteria to induce immobihzation due to their relatively higher N 

assimilation requirements (Paul and Clark, 1996; Senapati and Behera, 2000). Also worth 

noting is the fact that anaerobic mineralization can take place even under wider C:N ratio 

than one would expect due to the low N requirement by the anaerobic bacteria (Haynes, 

1986). 
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7. FIELD TECHNIQUES FOR NITROGEN AVAILABILITY ASSESSMENT 

Nitrogen often limits growth and productivity on agricultural lands (Stevenson, 

1982). Nitrogen is said to be available when it is present in forms that allow utilization 

by crops growing in the soil (Bundy and Meisinger, 1994). Alternatively, N availability 

may refer to as the conversion of N from unavailable to available forms within the root 

zone (Scarsbrook, 1965). Nitrate is the most available and preferred form of N by many 

plants despite the preference of NH4^ by some plant species (Thelin and Beaumont, 1934; 

Blackmer, 2000). However, it is the proportion of ammonium-nitrogen relative to nitrate 

which is critical for normal growth by many plants (Barker and Mills, 1980). Certain 

organic N compounds such as urea and amino acids may also contribute to the total N 

available to plants; however, their contribution is minimal (Bundy and Meisinger, 1994). 

Techniques for assessing N availability have received the attention of many 

workers due to the need for higher N use efficiency in crop production and to minimize 

loss of N from crop fields to the environment (Vitousek et al., 1982; Nordmeyer and 

Richter, 1985; Praven-Kumar and Agarwal, 1988; Ma et al., 1999; Badia, 2000a and b). 

Many methods have been proposed to assess N availability and/or N transformations in 

agricultural ecosystems (Binkely and Hart, 1989). These methods vary from laboratory 

incubations to in situ measurements. The laboratory approach, which is one of the most 

common methods of assessing N availability, involves manipulation of soil samples 

under controlled laboratory conditions (Agarwal et al., 1971; Tyler et al., 1974; Laura, 

1976; Malhi and McGill, 1982; Roseberg et al., 1986; Nugroho and Kuwatsuka, 1992; 

EL-Shinnawi et al, 1993; Quemada and Cabrera, 1997). The technique basically involves 



32 

incubating a mixed and sieved soil sample under a range of soil moisture, salinity, and/or 

temperature conditions, depending on the objectives of the study, for a period of several 

days to a month (Stanford and Epstein, 1974; McClung and Frankenberger, 1985; 

Kladivko and Keeney, 1987; Pilbeam et al., 1993; Low et al, 1997; Inubushi et al., 

1999). This method is appropriate for determining the quality of substrates in terms of N 

availabihty and tends to have small variations between replicates, but soil handling, 

mixing, and the artifacts caused by artificial environmental conditions may obscure 

important information on N turnover (MacDuff and White, 1985; Adams and Attiwill, 

1986; Binkley and Harl;, 1989). Moreover, the laboratory incubation technique does not 

reflect the on-site environmental variations in environment and may overestimate site 

processes (Binkley and Matson, 1983; Adams and Attiwill, 1986; Knoepp and Swank, 

1995). For example, Adams and Attiwill, (1986) observed much higher rates of N 

mineralization in laboratory-incubated soils compared to in situ incubated soils. In 

another study, Binkley and Hart (1989) showed the mineralization rate of laboratory-

incubated soils to be twice that of field incubated samples. Higher and optimum 

temperatures used with laboratory incubations may partially explain the higher 

mineralization rates measured with this method (Carlyle and Malcolm, 1986; Knoepp and 

Swank, 1995). 

Currently, there is more emphasis on the use of field or in situ soil incubations in 

preference to the laboratory method due to the insensitivity of the latter method to site 

soil conditions (Adams and Attiwill, 1986; Hart and Firestone, 1989). Among the most 

common field techniques used are the buried-bag method (Eno, 1960; Boone, 1992), the 
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ion exchange resin (lER) bag method (Hart and Firestone, 1989), the resin core method 

(DiStefano and Gholz, 1986), and the covered core technique (Adams and Attiwill, 1986; 

Binkley and Hart, 1989). These methods, however, are lacking in agreement and no one 

method has proved useful for all sites (Hart and Firestone, 1989). Some of the lack of 

agreement among these methods is due to their differences in sensitivity to environmental 

factors that affect soil N transformations, and the differences in the components of the N 

cycle assessed by each method (Raison et al., 1987; Binkley and Hart, 1989). Soil 

moisture fluctuations and the differences in losses of NO3' among these methods may be 

responsible for much of the disagreement (Hart and Firestone, 1989; Subler et al., 1995). 

Hence, there is a need for caution when comparing N transformation data derived from 

different methods (Knoepp and Swank, 1995). 

The buried bag technique is widely used in-situ measure of N transformation, and 

relies on the incubation of soil samples within sealed polyethylene bags buried in the 

ground (Eno, 1960). This technique eliminates leaching and much of the sampling error 

usually inherent in studies involving comparative analyses of field soils (Bartlett, 1965). 

Nevertheless, by incor|;)oration of management and plant factors, this method can provide 

realistic predictions on nitrogen minerahzation potentials in soils (Smith et al., 1977). 

The polyethylene bags must allow gas exchange, yet preserve soil moisture levels 

during the incubation period (Hart and Firestone, 1989). Bags of 0.015 to 0.032 mm 

thickness have been found to work well with this method (Gordon et al., 1987). Bags of 

0.025 mm are capable in transmitting high rates of O? and CO2 (Eno, 1960). A film of 

3 3 ? 0.025 thick will transmit approximately 550 cm of O2 and 2,900 cm of CO2 per 645 cm 
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in a day (Renfrew and Polythene, 1957). Bartlett (1965), after studying this method 

extensively, provided convincing evidence on the ability of samples confined in 

polyethylene to be in close equilibrium with the outside soil with respect to aeration. 

Gordon et al. (1987) concluded from laboratory evidence that CO2 levels in 0.015 to 

0.032 mm thickness polyethylene bags were well within the normal range for soils (0.42 

to 0.89 as temperature was increased from 5 to 25 °C) as those determined by Gary and 

Holder (1982) and Stolzy et al. (1981). Some have recommended placing the bags in a 

hardware cloth or a fme-mesh sack to prevent scratches or puncture by insects or while 

handling (Boone, 1992). hisecticides may also be spread around the samples to avoid 

insect damage (Eno, 1960). The buried bag method is sensitive to in situ soil temperature 

and aeration, but it caimot respond to field moisture fluctuations during the incubation 

period (Binkley and Hart, 1989). However, moisture fluctuations may be a critical factor 

in enhancing mineralization and N availability (Birch, 1958; Sahrawat, 1980; Pilbeam et 

al., 1993). Drying prior to a wet period may increase N mineralization by killing 

microbial biomass and making available previously protected non-biomass soil organic 

matter (Bottner, 1985; Fisher et al., 1987). Westermann and Grothers (1980) 

recommended a correction for the in situ soil water changes in the root zone, since the 

soil water content in the bags is constant. Moreover, evidence suggests that N build up 

inside the bag may alter nitrification rates (DiStefano and Gholz, 1986; Raison et al., 

1987). Despite these shortcomings this method can provide realistic quantitative 

estimates of net mineralization and nitrification for surface soils (Adams and Attiwill, 

1986; Hartet al, 1994). 
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The ion exchange resin (lER) bag technique involves placing a known weight of 

mixed cation and anion exchange resins into net bags, which are incubated in the soil for 

one month to one year and extracted thereafter with a salt solution to determine the 

concentrations of NO3' and NH4"^ ions adsorbed (Binkley and Matson, 1983; Hart and 

Firestone, 1989). Studies have shown that there is a strong relationship between 

mineralization rate and amounts of ions adsorbed by the resin (Binkley and Hart, 1989). 

Among the drawbacks of this method, however, are physical differences in media 

between the resin and the soil media, which can be problematic because of differences in 

water retention characteristics, and the difficulties of analyzing the resin extracts (Binkley 

and Hart, 1989). Moreover, this method cannot be used to examine mineralization and 

immobilization transformations independently and cannot provide N flux estimates (Zou 

etal., 1992). 

The resin core method, developed by DiStefano and Gholz (1986), has been 

introduced to overcome the limitations of the above two methods (Powers, 1990). This 

method is potentially superior to the buried-bag method by allowing moisture fluctuation 

within the incubated sample and by preventing NH4'^ and NO3" accumulation, which is 

thought to have feedback effects on mineralization and immobilization (Binkley and 

Hart, 1989; Powers 1990). The resin core method consists of an intact soil core 

sandwiched between two ion exchange resin bags, and placed in a polyvinyl chloride 

(PVC) tube (Hart and Firestone, 1989). The top resin bag is used to trap the incoming 

NO3' and NH4^ ions, while the bottom one collects leached ions (DiStefano and Gholz, 

1986). After the incubation period, the soil and the bottom bag are extracted with KCl 
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for NH4"^ and NO3' analysis, and the top bag is discarded (Binkley and Hart, 1989). This 

method may fail to track changes in bulk soil moisture due to hydraulic discontinuity, and 

it may be limited to relatively coarse-textured soils or sites with high precipitation rates. 

Hart and Firestone (1989) provided data showing that the resin core method failed to 

track changes in bulk soil moisture. Their data also showed that, generally, the soil inside 

the resin-capped PVC tube had higher moisture content than the bulk soil. Furthermore, 

with this method the texture of the resin used must be similar to texture of the incubated 

soil, which is not an easy task to accomplish (Hart and Firestone, 1989; Binkley and Hart, 

1989). Additionally, the use of this method is laborious. The increased effort with this 

method may be significant for studies where a large number of replicates are needed 

(Hart and Firestone, 1989; Hart et al., 1994). 

The covered core method consists of PVC or metal tubes capped with Dsych 

dishes to prevent significance loss of NO3' from the incubated soil material (Adams and 

Attiwill, 1986 Raison et al, 1987). This method is simpler than many of the above 

methods, however, not many have applied this method and therefore more research is 

needed to determine its effectiveness (Binkley and Hart, 1989). 

There have been numerous studies comparing methods (Binkley and Matson, 

1983; Adams and Attiwill, 1986; Raison et al., 1987; Binkley et al., 1986; Hart and 

Firestone, 1989; Fyles et al., 1990; Binkley et al., 1992; Zou et al., 1992; Subler et al., 

1995; Kiioepp and Swank, 1995). Binkley and Hart (1989), after an extensive review on 

strengths and weaknesses of most these methods, recommended further investigation to 

determine the appropriateness of each method depending on the research interests. 
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Ultimately, none of these methods has been able to consistently provide accurate 

estimates of field nitrogen transformation rates in all situations, and it is inappropriate to 

claim the accuracy of one method is greater than that of another (Raison et al., 1987; Hart 

and Firestone, 1989; Hart et al, 1994). 
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8. NITROGEN TRANSFORMATION AS INFLUENCED BY SOIL MOISTURE 

The relationship between moisture and N in soil has been investigated by many 

workers (Parker and Larson, 1962; Stanford and Epstein, 1974; Pilbeam et al., 1993; 

Quemada and Cabrera, 1997; Sierra, 1997; Maithani et al., 1998; Sierra and Marban, 

2000). The effect of moisture on N is a function of chemical, physical, and biological 

processes (Schnitzer and Khan, 1978). Under field conditions, soil moisture affects N 

transformations by determining the amount of water available for microbial activities, 

and in this case it is most appropriate to express soil moisture in terms of water potential 

(Miller and Johnson, 1964; Alexander, 1977; Orchard and Cook, 1983; Sierra, 1997). 

According to Harris (1981) and Brown (1990), soil water potential reflects water 

distribution for microbial locomotion, solute diffusion, substrate supply, and removal of 

metabolic byproducts, which therefore may affect the biochemical transformations of N. 

Water may also influence N transformation by controlling the concentration of O2 

diffusing within the soil matrix and therefore affecting the biochemical processes of N 

transformation via soil microbes (Campbell and Biederbeck, 1972; Slavnina and 

Pashneva, 1976; Sierra, 1997). Studies also suggest that extracellular enzymes involved 

in N transformation may be regulated by the amount of moisture in soil (Brown, 1990; 

Zaman et al., 1999). 

Various workers have established that N mineralization increases with increasing 

matric potential in the range of-0.5 to -0.1 bar (Miller and Johnson 1964; Reichman et 

al., 1966; Sabey 1969; Stanford and Epstein 1974; Cavalli and Rodriguez 1975; Zaman et 

al. 1999). Others reported that N mineralization was maximal at a matric water potential 
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of -0.3 bar (Campbell and Biederbeck, 1972; Stanford and Epstein 1974; Malhi and 

McGill, 1982; MacDuff and White, 1985; Cabrera and Kissel, 1988; Sierra, 1997). Low 

rates of N mineralization have been reported under extremely low or high soil matric 

water potentials (Parker and Larson, 1962; Stanford and Epstein, 1974; Sihag and Singh, 

1999). Under high matric water potential or saturated soil environment, water limits 

activity and growth of aerobic soil microbes by limiting gaseous exchange (Tietema et al. 

1992; Zaman et al., 1999), however, local anaerobic conditions may also favor anaerobic 

processes such denitrification (Stanford and Epstein, 1974; Sommers et al., 1981; Aulakh 

et al. 1991; Tietema et al. 1992; Quemada and Cabrera, 1997). Under low matric water 

potentials (e.g. Tm -15 bar), biochemical transformations including N mineralization may 

be inhibited (Tietema et al. 1992). Moreover, enzyme and microbial activities may be 

depressed under limited soil moisture (Wild, 1988). Zaman et al. (1999) reported that a 

decrease in matric water potential from -0.1 to -0.8 bar caused a decrease in enzyme 

activities and microbial biomass and was accompanied by lower N mineralization rates in 

a dairy effluent amended soil. Low soil water content may also increase the 

concentration of in the soil solution which is beheved to be toxic to soil nitrifiers 

(Singh and Beauchamp, 1988). Mahli and McGill (1982) presented data showing a 

depression in nitrification at 300 f.ig N g"' of NH4^ in soils incubated at 20 °C and having 

a matric water potential of -0.33 bar. 

Ammonification is operative under a much wider water potential range than 

nitrification. In addition, nitrification takes place at a slower rate at both high and low 

water tensions relative to ammonification (Robinson 1957; Justice and Smith, 1962; 
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Miller and Johnson, 1964; Sprent, 1987). Nugroho and Kuwatsuka (1992) reported the 

occurrence of ammonification under flooded conditions whereas nitrification was 

completely inhibited. Since the ammonifying microbial populations include aerobes and 

anaerobes, ammonification should be expected to take place at moderate or at very high 

moisture levels (El-Shinnawi et al., 1993). Nitrification, on the other hand, is performed 

strictly by aerobic autotrophic nitrifying bacteria, limiting the transformation of NH4^ 

into NO3' in wet soil at saturation conditions (Alexander, 1977). In addition, the Km for 

O2 is higher for autotrophic nitrifiers (0.3 to 1.0 mg U') than for heterotrophic 

microorganisms (0.03 mg U'), and nitrifiers are outcompeted by the latter for O2 under 

saturated environments (Focht and Verstraete, 1977; Berg and Rosswall, 1989; Prosser, 

1989). Ammonification, unlike nitrification, can proceed at relatively faster rates under 

low soil matric potentials of-15 to -50 bar (Robinson, 1957; Millers and Johnson, 1964). 

Autotrophic nitrifying bacteria are amongst the soil microbes most sensitive to water 

stress (Dubey, 1968; Killham, 1990). The cell wall of gram-negative bacteria, e.g. 

nitrifiers, is made of stmcturally weak lipid polymers, giving them little resistance to low 

water potentials (Focht and Martin, 1979; Maier et al., 2000). 
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9. SALINITY AND TRANSFORMATIONS OF SOIL NITROGEN 

Salt in soils is widespread in the landscapes of semi-arid and arid regions of the 

world (Pathak and Rao, 1998). There are several studies of biological activity, such that 

of N transformation, in naturally occurring saline soils or in soils amended with salts 

(Gupta and Bajpai, 1974; McCormick and Wolf, 1980; Poloneriko et al. 1986; McClung 

and Frankenbereger, 1987; Yokoyama et al. 1992ab). This subject, however, is complex 

and unpredictable because of the many possible interactions that may occur among the 

ions, microbes, soil particles, and other parameters that control the soil environment 

(Harris, 1981; Papendick and Campbell, 1981). 

The effect of salinity or osmotic potential on microbial activity has been evaluated 

based on CO2 evolution and N transformations (Yokoyama et al. 1992a and b). In early 

studies, salts were shown to alter the physicochemical properties of the soil to such an 

extent that activities and types of soil microbes were modified; this in turn can enhance or 

degrade the productivity of agricultural lands (Greaves, 1916). There generally is a 

negative correlation between ECe with microbial biomass and microbial activity (Badia, 

2000a and b). Polonenko et al. (1981 and 1986) found that rhizosphere bacteria were 

severely inhibited when treated with a solution containing a high concentration of 

sodium. Their study showed that the total number of viable bacteria in soil decreased 95 

fold as Tg was decreased from -5 to -15 bars. They also found that bacterial species 

diversity decreased as osmotic stress increased within the same range. This type of 

biological modification in numbers of soil microbes by salinity has been shown to alter 

the rate of N mineralization soils. Gupta and Bajpai (1974) provided data showing that 
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3 - 1  3 1  the total number of nitrifiers decreased from 11.5 x 10 g' to 9.8 x 10 g' in soils with 

ECe values of 1.0 and 28 dS m"', respectively. They measured available N for the same 

soils, which also was decreased, from 120 to 100 mg kg"^ soil. 

Salts may affect N mineralization by (i) decreasing water availability to microbes 

due to a change in the water potential gradient at the microbe/soil solute interface or by 

adjusting the microbial osmotic potential (Focht and Martin, 1979), (ii) increasing the 

concentrations of salt ions which may become toxic to microbes (Csonka, 1989), and (iii) 

intercellular inhibition of enzymes caused by the accumulation of incompatible solutes 

(Frankenberger and Bingham, 1982). Salts also may interfere with one or more of the 

enzymes that are associated with nitrifying bacteria (Frankenberger and Bingham, 1982). 

Laura (1973) stated that salts may affect microbial activity in a manner similar to 

that which affects plants, i.e. he emphasized that high concentrations of salt may decrease 

the availability of nutrients such as calcium, magnesium, phosphates, iron, zinc, and 

manganese to microbes and therefore might retard their metabolism in soil. It has been 

shown that lack of nutrients such as phosphorus, potassium, sulfur, and most trace 

elements may limit nitrification (Killham, 1990). El-Shinnawi and Seifert (1977) 

observed higher nitrification rates due to an increase in microbial activity in soil treated 

with a mixture of calcium, sodium, and trace elements. Moreover, phosphate is known to 

be essential for the nitrate production. Purchase (1974a and b) observed that NO2" 

oxidation was limited by low concentrations of available phosphate in soils from savanna 

grasslands. Similarly, Mehllo (1977) demonstrated much higher rates of nitrification in 

Hubbard Brook forest floor material that had been amended with NH4"^ plus phosphate 
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than in those receiving NH4"^ alone. The work of Quraishi and Cornfield (1971) also 

provided data showing that the addition of copper phosphate salt to a calcareous soil 

amended with ground dried blood (12.5% N) increased accumulation of inorganic and 

nitrate N compared to a control soil where no copper was added. They indicated that lack 

of copper was inhibiting both N ammonification and nitrification. 

The various soil microbes involved in N transformations have been found to 

respond differently to salinity. Ammonifying bacteria are more tolerant to salinity than 

nitrifying bacteria. Nitrifying bacteria gain a very small amount of energy from their 

dissimilatory metabolism of relatively oxidized electron donors such as NO2' (Oren, 

1999). Because of this, and since most of the energy generated has to be used to produce 

NADPH required for CO2 fixation, nitrifying bacteria have relatively little energy that 

can be used to cope with high osmotic stress environments (Gottschalk, 1986; Oren, 

1999; Sorokin et al. 2001). Some fungi, however, may perform nitrification under soil 

salinity levels as high as ECe = 87 dS m"' (Yokoyama et al, 1992a and b). 

Studies have also suggested that some nitrifiers are capable of adapting to specific 

ion toxicities caused by salinity (Low et al. 1997). Walker (1978) isolated soil 

chemoautotrophic nitrifiers other than Nitrosomonas and Nitrobacter from various 

unfavorable environmental soil conditions. Somville (1984) provided data showing that 

planktonic nitrifier populations undergo a progressive modification with increasing 

tolerance to salt during the mixing of freshwater masses in seawater. In another study, 

Monaghan and Barraclough (1992) noted accumulation of nitrate after a lag phase of 18 

days in a urine-amended soil with a calculated osmotic potential of -20 bar (based on the 
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Van't Hoff equation), indicating some degree of adaptation or osmo-regulation within the 

nitrifying population. 

Additionally, effects of salinity on nitrification may lead to NO2' accumulation in 

soils, which can have toxic effects on plant growth (El-Shahawy and Mashhady, 1984; 

McClung and Frankenberger, 1985; Tewatia et al. 1992). Gupta and Bajpai (1974) 

provided evidence showing that Nitrosomonas are more resistant to salinity than 

Nitrobacter. Their data revealed that the ratio of nitrite/nitrate producing microorganisms 

increased from 1.4 to 3.6 as ECe increased from 1.0 to 28 dS m"'. Kumar et al. (1988) 

and Tewatia et al. (1992) found higher proportions of Nitrosomonas to Nitrobacter 

(based on an increase in NO2' with a simultaneously decrease in NO3') at ECe values as 

high as 32 dS m"'. Okereke and Meints (1985) and McClung and Frankenberger (1985) 

also reported inhibition of nitrification and concomitant accumulation of NO2' in saline 

and alkaline soils. 

Most studies report negative effects of salts on nitrogen transformations. For 

examples, Low et al. (1997) reported an exponential decline in gross rates of 

ammonification with decreased I'g between 0 and -5 bar and Johnson and Guenzi (1963) 

found that high salt concentrations inhibited inorganic N production. Additions of low 

salt concentrations, however, may sometimes stimulate mineralization (El-Shinnawi, 

1975; Bandyopadhyay and Bandyopadhyay, 1983). In an early publication, Broadbent 

(1965) suggested that osmotic effects might influence soil nitrogen mineralization after 

the addition of N fertilizers. His data showed an increase in inorganic N from 10.4 mg L" 

^ to 17.3 mg after the addition of a 1.8 bar K2SO4 salt solution to Aiken clay loam 
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soil. Using 1.8 bar CaCh, however, there was no effect. Salts may stimulate the 

production of inorganic N by increasing the solubility of organic N, consequently 

enhancing its availability to soil microbes (Ryan et al., 1972; Curtin et al., 1999). 

Broadbent and Nakashima (1971) documented increased substrate availability that might 

partly offset the adverse effects of salt stress on microbial activity in soils treated with 

salts to achieve osmotic potentials of -0.2 to -20 bar. Ragab (1993) noticed higher 

bacterial counts in surface than subsurface layers in soils affected by salts and attributed 

this variation to the presence of higher organic carbon contents in the surface layers, 

which may reduce the harmful effect of salinity on microbes. 

In most studies, rates of both nitrification and ammonification have been shown to 

be depressed progressively as salinity is increased (Greaves, 1916; Malik and Azam, 

1979; McCormick and Wolf, 1980; Bandyopadhyay and Bandyopadhyay, 1983; Darrah 

et al. 1987; Gomah et al. 1989). However, others have documented an apparent increase 

in ammonification with increasing salinity (Singh et al., 1969; Agarwal et al., 1971; 

Broadbent and Nakashima, 1971). Yobterik and Timmer (1994) reported higher NH4-N 

concentrations with increasing ECe values from 4 to 16 dS m"' in agroforestry tree 

mulches. They, and others, have speculated that high concentrations of NaCl, the 

predominant salt in saline soils, may have antagonistic effects on the absorption of other 

nutrients into microbial tissues, disaipting intercellular metabolic reactions and damaging 

cell organelles, causing cell lysis and subsequent NH4-N release (Broadbent, 1965; 

Epstein, 1972; Yobterik and Timmer, 1994). Watkinson and Kear (1994) documented 

that phosphate salts such KH2PO4 may enhance the solubility of organic matter. Others, 
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however, have found salts to have slight or no apparent effects on ammonification even at 

ECe values as high as 15 to 20 dS m'' (McClung and Frankenberger, 1985; Soni and 

Singh, 1993). Laura (1977) reported that ammonification was not suppressed or inhibited 

but was only retarded in soils treated with 0.88% mixture of NaCl and CaCl2 salt (ECe = 

48 dS m-^). 

Nitrification, on the other hand, is more sensitive to salinity and may be 

completely inhibited under high salt concentrations (Sindhu and Cornfield, 1967; 

McClung and Frankenbeger, 1987). Amendment of soil with a 0.6 to 0.9% mixture of 

NaCl + CaCl2 salts (ECe 30 to 40 dS m"', respectively) was sufficient to completely 

inhibit nitrification (Laura, 1974; Gomah et al., 1989). Lipman (1911) and McCormick 

and Wolf (1980) found that even O.P/o of NaCl salt (ECw(5:i) = 0.5 dS m"') was sufficient 

to inhibit nitrification. Curtin et al. (1999) detected an inhibition of nitrification at an ECe 

value of 2 dS m"'. 

The different response of ammonification and nitrification to salts may be due to 

the different types of microbes involved with these processes (El-Shinnawi et al. 1994). 

Nitrification is carried out by autotrophic microbes, most of which are known to function 

best under low sah concentrations (Laura, 1974; Heilman, 1975). The situation is 

different with ammonification, which is undertaken by a wide range of heterotrophic soil 

microorganisms, bacteria, and fungi (El-Shinnawi et al. 1994). The heterotrophic 

ammonifying organisms are comparatively more tolerant to salinity than are nitrifiers 

(Sindhu and Cornfield, 1967; Laura, 1974). 
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The effect of saUnity on nitrogen minerahzation also differs according to the salt 

nature and type. Chloride salts are more toxic to microbes and therefore more inhibitory 

to minerahzation than corresponding sulfate salts (Sindhu and Cornfield, 1967; McClung 

and Frankenbeger, 1985; Roseberg et al. 1986; Darrah et al., 1987). Ammonium chloride 

salt at an osmotic potential of -3.5 bar was sufficient to cause a 90% reduction in 

nitrification rate, whereas an osmotic potential of -20 bar imposed with ammonium 

sulfate was needed to cause a similar level of inhibition (Darrah et al., 1987). Ryan et al. 

(1972) and Curtin et al. (1999) have also presented data illustrating that chloride salts are 

more effective in depressing ammonification than phosphate salts. The relatively large 

inhibitory effect of chloride salts may be due to the fact that they are less metabolized and 

hence can more easily accumulate to toxic levels in the bacterial cells (Sindhu and 

Cornfield, 1967). Moreover, chloride salts can decrease the quantity of dissolved organic 

matter making it more resistant to mineralization (Evans et al, 1988). Various salts 

containing the same anion may also release different amounts of N at equivalent 

concentrations (Agarwal et al., 1971). Heilman (1975) showed the effect of chloride salts 

on biochemical release of N to be on the order of AICI3 > CaCl2 > KCl, in order of 

decreasing N release power. Agarwal et al. (1971) proposed a series of K2SO4 > Na2S04 

> CaS04 in order of decreasing N releasing power in their experiment with sulfate salts. 

McClung and Frankenberger (1985) and Westerman and Tucker (1974) both concluded 

that nitrification was inhibited more by CaCl2 than by NaCl salt. Agarwal et al. (1971), 

however, found NaCl salt to be more inhibitory to nitrification than CaCh salts. Sodium 

tends to increase solubility and mobility of organic molecules (Sokoloff, 1938), while Ca 
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may cross-link them and make them less vulnerable to chemical and biological attack 

(Oades, 1984 and 1989). Sahnity (i.e. reduced osmotic water potential) related to CI and 

Na ions has been reported to be responsible for the greatest decrease in number of 

mtrifiers and Azotobacter (Rankov, 1965). Generally speaking, however, the inhibition 

of N mineralization by salts has been attributed to both specific ion effects and low 

solution osmotic potential (Roseberg et al. 1986). 

Salts may also change biological transformations of N in soil through their 

inhibitory effects on enzymes. Salinity may inhibit enzyme activities in soils by the 

following possible mechanisms: (i) osmotic desiccation causing microbes to release 

intercellular enzymes which ultimately become vulnerable to attack by soil proteases 

(Frankenberger and Bingham, 1982), (ii) modification of the ionic conformation of the 

enzymes due to the salting-out effect (Femandes et al. 1993), and (iii) specific ionic salts 

may disturb the balance of nutrients reaching the microbes and may therefore limit 

enzyme synthesis (Csonka, 1989). Shehata et al. (1982) observed an increase in the 

period of incubation required for maximum enzyme activities as the salinity level of soil 

increased. Batra and Manna (1997) reported a decline in dehydrogenase enzyme by 71% 

at an ECe of 18 dS m"' and by 87% at ECe 40.8 dS m"'. The degree of inhibition of 

enzymes by salts varies depending on the type of the enzyme and the nature and amount 

of salt used (Shehata et al. 1982; Frankenberger and Bingham, 1982). However, certain 

nitrogen transforming enzymes and especially those in salt affected soils may resist stress 

effects to ECe values up to 70 dS m"' (Pathak and Rao 1998). As with mineralization, 
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low salt concentrations have also been reported to enhance enzymatic activities (Shehata 

et al. 1982). 

The conflicting reports on the effects of both nature and concentration of salts on 

mineralization have led several investigators to conclude that salts can induce N 

transformations in soil through chemical processes as well as biological ones. Singh et 

al. (1969) speculated that once NH/ ions are released from soil organo-inorganic 

complexes via microbial activities, cations associated with salts may promote exchange 

reactions and accelerate the release of NH/ ions into the soil solution. Later, Agarwal et 

al. (1971) provided evidence and further support for the role of cations in N release. 

Laura (1974) reported that C mineralization in soil amended with green manure was 

inhibited with the addition of 0.1 to 5 % NaCI (ECe = 5.8 to 190 dS m"', respectively), but 

the ammonification rate was unchanged, even though the activity of heterotrophs was 

depressed with elevated salinity. He hypothesized that the mineralized N was not 

biological in origin but rather physio-chemical, caused by the protolytic action of water 

on organic nitrogenous constituents of soil organic matter. According to this hypothesis 

more decomposition of organic matter takes place with a greater supply of protons in the 

soil environment (Laura, 1976). Therefore, salinity may enhance mineralization by 

increasing the degree of dissociation of water, and thus increasing protonation. 

Others have also observed abiotic N mineralization. Morra and Freeborn (1989) 

observed a release in NH4-N ions from an autoclaved soil treated with NaNs or toluene, 

and thus mled out biological processes as responsible for the mineralized N. Bartlett 

(1981) claimed the occurrence of non-microbial conversion of NO2" to NO3", noting the 
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lack of accumulation of NO2' ions in soils, even when Nitrobacter numbers are low and 

conditions for their growth are unfavorable. He provided laboratory evidence and 

stoichiometric equations showing the role of Mn oxides in such N conversation. 

However, halo-tolerant ammonifiers and nitrifiers can still mineralize nitrogen despite 

high salt environment which may disagree with Laura's theory (Gomah et al. 1989; 

Yokoyama et al. 1992a and b). Furthermore, Pathak and Rao (1998) argued that even 

when salts depress microbial activity, biochemical mineralization by soil enzymes could 

still take place, and stated that some enzymes involved in N mineralization can still be 

active at high sahnity levels. The study of Morra and Freeborn (1989), however, 

provided convincing data showing a non-enzymatic deamination in autoclaved soils. 

Minerahzation of N in sah-affected soils is still a subject of controversy and is in need of 

further investigation (Schnitzer and Khan, 1978; Pathak and Rao, 1998). 

In general, excess salts have adverse effects on biological processes in soil. These 

include effects on microbial diversity and population, and enzyme activity, which all 

ultimately affect how much N is released into the soil solution. The influence of salts on 

biological activities can be dramatic, is of great practical significance, and therefore is a 

subject in need of increased investigation. 
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10. SITE AND SOIL DESCRIPTIONS FOR THE STUDY AREA 

The experiment was set up at the University of Arizona Campus Agricultural 

Center located at 32° 16' N latitude and 110° 56' W longitude, in Tucson Arizona. The 

elevation is 713 m above sea level with slope < 1 %. The climate is aridic, characterized 

by a long, hot season beginning in April and ending in October. The area receives, on 

average, 30.5 cm precipitation annually, with maximal values during the months of July 

and August. The mean annual temperature is 20°C, but ranges from a low of 9.3°C in 

December to 30.1°C in July. Potential water evaporation exceeds precipitation during the 

entire year and reaches maximum (7.5 to 9 mm) during the period from May through July 

(AZMET, 2002). 

The experimental site was uncultivated for the past 10 yrs. The soils of the 

experimental plot have been identified as being the Gila fine sandy loam soil (coarse 

loamy, mixed, thermic Typic Torrifluvent). Selected chemical and physical 

characteristics of the Gila soil used for this study are shown in Table 1. The clay 

mineralogy of this soil is mixed consisting of mica, smectite, vermiculite, kaolinite, and 

chloritic clay minerals (Hendricks, personal communication). The series has an 

accumulation of calcium carbonate that is uniformly distributed throughout the pedon. 



Table 1. Selected physiochemical characteristics for the Gila soil used for the study. 

SOIL PHYSICAL CHARACTERISTICS 

Soil particle fractions 
% 

Very coarse sand Coarse sand Medium sand Fine sand Very fine sand Silt Clay 

3 3 7 22 28 25 12 

SOIL CHEMICAL CHARACTERISTICS 

Total f Available § 

pHt ECet Organic C N Ca'^ Na^ NO3-N NH4-N PO4-P Zn Cu Fe Mn B SO4-S 

—dS m"'— % — mg kg"' 

8.4 3.5 0.58 0.06 5338 160 53 430 52 3.2 26 2.3 1.1 5.0 13.5 0.52 33.5 

I In a 1:2 soil/water suspension. 
^ Total C and N were analyzed with a combustion method. 

§ Ca^^, Mg^"^, Na^, and were analyzed in ammonium acetate extract with ICP-AES; 
Zn, Cu, Fe, and Mn were analyzed in DTPA extract with ICP-AES; B and SO4-S 
were analyzed in hot water extract with ICP-AES; PO4-P were analyzed in Olson-
bicarbonate extract; NH4-N and NO3-N were analyzed in 2M KCl extract. 
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11. TREATMENTS AND SAMPLING 

Three hundred kg of representative soil was collected at 0-10 cm depth from a 

100 m^ area during the fall of 2002. The samples were air-dried, sieved, and mixed well 

with a cement mixer. A subsample of 135 kg was separated, and combined with 1.5 kg 

air-dried cow manure collected from the Campus Agricultural Center dairy with chemical 

characteristics as shown in Table 2. The added manure was mixed with the soil using a 

cement mixture until a homogenous mixture was obtained. The 135 kg subsample was 

further divided into three subsamples each weighing 45 kg. These subsamples were 

treated with no (0%), 90 g (0.2%), and 180 g (0.4%) of NaCl salt, mixed, and each 

treatment was further divided into 15 kg subsamples. Deionized water was added to each 

of the 15 kg subsamples to obtain gravimetric soil moisture contents (0m) of 4%, 8%, and 

15%. Another subsample of 135 kg was also separated from the 300 kg original soil and 

treated in the same way as described above except that no manure was added. All 

treatments (Table 3) were prepared in triplicate. Approximately 150 g soil was placed 

into 0.025 mm thickness Ziploc® bags. The bags were folded and sealed to prevent 

moisture loss during the course of the experiment. A total of 927 bags were prepared for 

the 18 week experiment. The experiment was a 3x3x2 factorial randomized complete 

block design with salinity, soil moisture, and manure addition as the main factors. One 

replicate of each treatment was placed into a mesh bag attached with a rope and buried at 

20-cm soil depth in the field. A portion of the rope was exposed to the surface so that it 

could be used to locate and retrieve buried mesh bags for weekly samphng. Soil 

temperature thermocouples connected to a data logger were also placed inside Ziploc® 
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bags with soils having the same moisture contents as those used for the treatments. 

Thermocouples were also placed outside the bags to measure the ambient soil 

temperature. Temperature data were collected from the data logger on a weekly basis. A 

total of 54 bags were sacrificed at the end of each week. The experiment was terminated 

on week 16 when the Ziploc® bags started to be damaged and significant water loss was 

observed. Samples collected after each week were extracted with 2 M KCl as soon as 

they were sacrificed. Extracts were kept frozen and/or analyzed immediately for the 

appropriate chemical and physical analyses. 



Table 2. Chemical characteristics of the cow manure used for the study. 

CHEMICAL CHARACTERISTICS 

Total ^ Total § 

C N Ca'^ Na^ NO3-N NH4-N P 

% mg kg' 

20 1.55 2.7 0.7 0.65 2.8 58.7 122 4950 

t In a 5:1 water/manure suspension. 
J Electrical conductivity of 5:1 water manure suspension. 
Tl Total C and N were analyzed with a combustion method. 
§ Were performed on dry ash. 

p H t  E C „ : 5 ) |  

- dSm"' -

10.2 11.4 



Table 3. Non-manured and manure-amended soil treatments used for the buried bag study.| 

Treatments codes for the unamended soil 

Mo-S,-0, MO-S2-01 MO-S3-0, MO-S,-02 MO-S2-02 MO-S3-02 MO-SI-03 MO-S2-03 MO-S3-03 

Percent NaCl 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 

ECe (dS m'')t 2.0 11.0 22.0 2.0 11.0 22.0 2.0 11.0 20.0 

Soil pH t 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

0m(%) 4 4 4 8 8 8 15 15 15 

Manure (%) 0 0 0 0 0 0 0 0 0 

Treatments codes for the manure amended Soil 

M,-Si-0i M1-S2-0, Mi-Ss-Oi MI-S,-02 M1-S2-02 M,-S3-02 MI-SI-03 M,-S2-03 M,-S3-03 

Percent NaCl 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 

ECe(dSm-') t 3.5 12.0 20.0 3.0 13.0 23.0 3.0 14.0 21.0 

Soil pH J 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

0™ (%) 4 4 4 8 8 8 15 15 15 

Manure (%) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 

t M = manure, S = salinity, and 0 = gravimetric moisture content. 

J Measured periodically during the course of the experiment. 
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12. ANALYSES AND METHODOLOGY 

PHYSICAL DETERMINATIONS 

GRAVIMETRIC SOIL MOISTURE CONTENT 

Five g of soil were placed in an aluminum weighing can and weighed. The moist soil 

sample was oven dried at lOS^C for 24 hr or until a constant weight was achieved. The 

sample was placed in a desiccator containing calcium sulfate until it was completely cool. 

The dried sample was weighed and the gravimetric water content was calculated. 

TOTAL SOIL WATER POTENTIAL 

Three grams of fresh soil were packed and contained within a 2 cm^ stainless steel 

cup. The sample was placed into a Decagon Tm Psi® thermocouple psychrometery 

chamber and allowed to equilibrate for 20 min. Total soil water potential (Mr't) was 

measured using a Richards junction thermocouple (Rawlins and Campbell, 1986). 

MATRIC AND OSMOTIC POTENTIALS 

The matric potential (Tm) of the air-dried soil was measured using a combination of 

hanging water column and plate pressure methods (Klute, 1986). The hanging water 

column method was used for determining matric potentials within the range of 0 to -0.13 

bar whereas the pressure plate method was used for lower matric potentials of-0,33 to 

-15 bar. With the hanging water column method, air-dried soil was packed into a 57 cm^ 

Tempe Cell. The cell was connected to a hanging water column. The soil was saturated 
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with water applied at a positive pressure. The saturated soil was allowed to equilibrate 

and reached saturation after 8 hr. Potentials of-0.02, -0.05, or -0.13 bar were applied and 

the amount of water released by the soil was measured after equilibrium. For pressure 

plate measurements, air-dried soil was placed on a pressure plate and allowed to saturate 

for 8 hr. Pressures of 0.33, 1, 3, or 15 bar were applied in a pressured vessel and, after 

equilibrium was reached, gravimetric water content was determined as previously 

described. Matric potentials of individual soil samples were obtained from the resulting 

soil moisture retention curve (Wraith and Or, 1998). Osmotic potential (^s) was 

calculated by difference between total soil water potential and matric potential. 

CHEMICAL DETERMINATIONS 

SOIL PH 

Soil pH was measured in a 1 ;2 soil/water suspension. Twenty-five g of air-dried 

soil were mixed with 50 mL of deionized water for 30 min. The pH of the 1:2 slurry was 

measured with a combination electrode. 

SOIL SALINITY 

Three hundred g of air-dried soil were added with deionized water to form a 

saturated paste. The electrical conductivity of the paste (ECe) was measured with an 

electrode following the method of Rhoades (1996). 
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INORGANIC NITROGEN 

Ten g of fresh soil were extracted with 50 mL of 2M KCl (Bremner and Keeney, 

1966). The suspension was shaken on a mechanical shaker at room temperature (22°C) 

for 1 hr, and filtered with Whatman No. 42 filter paper. Both NH4-N and NO3-N were 

determined by a colorimetric method adapted from Keeney and Nelson (1982). Three 

mL aliquots were analyzed using a Bran+Luebbe Traacs 800 auto-analyzer equipped with 

an autosampler. Ammonium N was measured at 660 nm after the sample was reacted 

with salicylate and dichloro isocyanuric acid and a blue color was developed. Copper-

cadmium was used as the reducing agent for NO3-N determination and a pink color was 

developed and measured at 520 nm. Net mineralization was calculated by subtracting the 

initial quantity of soil inorganic N from the post-incubation quantity of soil inorganic N 

(NH4-N + NO3-N). Similarly, net ammonification was calculated by the change in the 

NH4-N pool size and net nitrification by change in the NO3-N pool size over the 

incubation period. 

STATISTICAL ANALYSES 

SAS software (SAS, 1998) was used for all statistical analyses. Analyses of 

variance (ANOVA) were used to examine the main effects of moisture, salinity, manure, 

and their interactions on total soil water potential (^t) and N transformations. The 

replicas and rephcate interaction terms were used as error terms in the ANOVA model. 

The ANOVA test was conducted by week. The Tukey's studentized range HSD test was 

used to examine significant pairwise comparisons. Multiple linear regression equations 
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were generated relating N transformations to osmotic potential (Ts), matric potential 

(Tm), manure, and week by a stepwise selection of variables. 
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13. RESULTS AND DISCUSSION 

SOIL MOISTURE AND TEMPERATURE DYNAMICS 

There was a significant difference (P < 0.05) in gravimetric moisture content 

measured in the incubated bags with the three water contents over the course of the 14 

week incubation period (Table 4). Statistical analyses showed that there was no 

significant difference in the means of the gravimetric moisture content between the Mq 

and Ml treatments. For most weeks, there were no significant differences in moisture 

content as the salt level was increased for each of the individual moisture treatments. 

Moreover, no statistical interactions were detected. Hence, neither addition of manure 

nor salt had an influence on the amounts of soil moisture. 

Water loss from the bags over time was observed during week 11 to week 14 

(Figure 2). There were few significant differences in soil moisture content values from 

week 0 up to week 10 (Table 5). The amount of moisture in weeks 11 to 14, however, 

sometimes differed from those of the previous weeks. Water in the bags was effectively 

contained and water content was consistent up to week 10. Percentages of moisture loss 

from the bags were calculated as the differences in the moisture content from bags at the 

beginning and at week 10 or the end of the incubation period (Table 6). The percentage 

of water lost up to week 10 was approximately within 0.1 to 0.6 %. The percent of 

moisture loss, however, was greater up to week 14, during which period the percent of 

moisture loss was 0.8 to 2.3 %. It is worth noting that the greatest water loss was 

recorded for bags that were visibly damaged at the time of retrieval. Loss of moisture 

with the buried bag technique has been reported and considered as one of the drawbacks 
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in previous studies (Hart and Firestone, 1989; Subler et al., 1995). In contrast, little if 

any moisture leakage was documented when using polyethylene bags in laboratory 

studies such one by Gordon et al. (1987) who reported a constant moisture content of 

soils incubated in 0.015 to 0.032 mm polyethylene bags at 25°C and for 28 days. Insects 

and mishandling bags in the field (for instance creating punctures during bag insertion 

into the soil or failure to completely seal the bags) may contribute to moisture loss when 

using this method in the field. Although moisture loss was a problem during the last 4 

weeks of our study, in general all treatments follow the same pattern in terms of soil 

moisture distribution with time (Figure 2). 



Table 4. Gravimetric soil moisture content in the buried bags. 

Mean gravimetric soil moisture content 
kg kg"! soil 

Week 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

3.5c 3.7c 3.7c 3.5c 3.6c 3.8c 3.6c 3.6c 3.5c 3.5c 3.4c 3.2c 2.9c 2.9c 2.7c 

7.5b 7.7b 7.3b 7.2b 7.6b 7.4b 7.4b 7.4b 7.1b 7.0b 7.0b 6.4b 6.1b 6.2b 6.0b 

15.2a 15.2a 15.0a 15.0a 14.9a 14.9a 15.1a 15.0a 14.8a 14.4a 14.6a 14.2a 13.3a 13.4a 12.9a 

Treatments 

e, 

02 

03 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test. 



0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Day (weeks) 

Figure 2. Percent gravimetric (6^) moisture content per week for all soils. Error bars 
represent SD; n = 18. 

C^ 



Table 5. Weekly soil moisture content in the buried bags. 

Week Soil moisture content 
kg kg' soil — 

011 02 1 03 1 

0 3.5 ab 7.5 ab 15.2 a 

1 3.7 a 7.7 a 15.2 a 

2 3.7 ab 7.3 abc 15.0 ab 

3 3.5 ab 7.2 abc 15.0 ab 

4 3.6 ab 7.6 ab 14.9 ab 

5 3.8 a 7.4 abc 14.9 abc 

6 3.6 ab 7.4 abc 15.1 a 

7 3.6 ab 7.4 abc 15.0 ab 

8 3.5 ab 7.1 be 14.8 abc 

9 3.5 ab 7.0 c 14.4 be 

10 3.4 abc 7.0 c 14.6 abc 

11 3.2 bed 6.4 d 14.2 c 

12 2.9 de 6.1 d 13.3 d 

13 2.9 cde 6.2 d 13.4 d 

14 2.7 e 6.0 d 12.9 d 

t Values followed by different letter within a column are significantly 
different at P < 0.05 according to Tukey's test. 



Table 6. Percent loss of gi-avimetric moisture content (6m) at week 10 and week 14. 

Treatments % (weekO) %0n, (weeklO) %A0nit %0m(weekl4) %A6mJ 

e, 3.5 3.4 0.1 2.7 0.8 

02 7.5 7.0 0.5 6.0 1.5 

03 15.2 14.6 0.6 12.9 2.3 

t % (OniSt weekO -0mat weeklO). 
J % (0mat weekO - 0ni at weekl4). 
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Total soil water potentials (^m + ^s) were significantly increased (i.e. less 

negative values) with addition of water and decreased with increasing amount of salt 

(Tables 7 and 8, respectively). Weekly total soil water potential values were significantly 

different (P < 0.05) among the different manure x moisture x salinity treatment 

combinations for most weeks (Table 9). Total water potential values ranged from -1.9 to 

-209.8 bars. The manure x moisture and manure x salinity interaction were sometimes 

significant, however, trends were inconsistent (Tables 10 and 11, respectively). 

Statistical analysis indicated the occurrence of a significant influence of salt x water 

interaction on Tt values (Table 12). Total potential values were higher in treatments with 

a combination of high water and low salt contents. The increase in Tt upon addition of 

water can be explained by increases in both matric and osmotic potentials, whereas 

addition of salt lowered by decreasing osmotic potential. 

In general, the ft values for the Mi treatments were statistically similar to those 

for the Mo treatments (Table 13). When there were significant differences in Tt values 

between the Mq and Mi, there was not a consistent pattern (i.e. neither treatment had 

consistently higher or lower potentials), suggesting that manure addition probably did not 

affect soil water potentials enough to have a large influence on our results. The 

magnitude of differences between manured and non-manured soils was greater with 

treatments having the lowest soil moisture content, particularly during the last few weeks 

of the experiment, but again trends were inconsistent (Table 10). Total water potential 

values fluctuated slightly with time during the first 10 weeks for all treatments (Figure 3). 
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During weeks 11 to 14 more fluctuation occurs, especially in those treatments with 

lowest gravimetric moisture contents, as would be expected based on the moisture 

content fluctuations discussed earlier. Minimum (most negative) readings for the 

various treatments were observed during weeks 11 to 14, and corresponded to the loss in 

moisture (Figure 3). 



Table 7. Total soil water potential values as influenced by the addition of water. 

Mean total soil water potential 
bar 

Week 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Avg. 

Treatments 

0, -83.9c -77.7c -71.5c -71.4c -78.4c -74.2c -84.8c -84.4c -100.0c -84.3c -90.8c -89.7c -132.3c -152.1c -133.7c -93.9 

02 -27.6b -27.6b -27.5b -27.1b -27.5b -29.0b -29.4b -29.3b -31.9b -30.1b -31.8b -33.8b -38.8b -39,4b -40.6b -31.4 

03 -12.1a -12.2a -12.0a -12.1a -12.1a -12.0a -12.8a -12.7a -13.3a -12.7a -13.6a -13.9a -15.6a -15.7a -17.3a -13.3 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test. 



Table 8. Total soil water potential values as influenced by the addition of salt. 

Mean total soil water potential 
bar 

Treatments 

rv 
U 

1 
i 

0 0 
J 

A 5 £. 
U 

Week 
7 8 9 1 n 1 V 1 1 J. X 10 1 ̂  13 14 Avg. 

s, -15.9a -14.6a -13.3a -14.5a -13.0a -13.3a -17.4a -16.0a -23.3a -21.4a -24.8a -23.2 -46.0a -49.4a -32.1a -22.5 

S2 -40.1b -37.1 -36.9b -35.5b -38.8b -40.1b -40.3b -41.2b -46.6b -42.4b -42.7b -42.3b -56.8b -70.0b -68.5b -45.3 

S3 -67.6c -65.8c -60.7c -60.6c -66.3c -61.8c -69.2c -69.2c -75.4c -63.4c -68.8c -72.0c -83.9c -87.9c -91.0c -70.9 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test. 

o 



Table 9. Total soil water potential values as influenced by moisture, salinity, and manure treatments. 

Total soil water potential 
bar — -

Week 

Treatments 
MqQISI 

MoBiSz 
Mo0,S3 

-35.9 -33.0 

-78.5 -74.0 

-31.5 -33.6 

-65.8 -70.6 

-29.2 

-71.6 

-27.4 

-77.4 

-41.4 

-80.3 

-38.5 -52.3 -62.9 

-81.4 -100.9 -73.7 

10 11 12 13 14 Avg. 

-39.0 -63.7 -100.0 -172.7 -73.8 -55.7 

-80.7 -91.5 -108.6 -155.1 -174.9 -92.3 

-122.6 -125.0 -117.6 -117.9 -140.2 -109.8 -133.5 -139,0 -138,8 -116.6 -121.0 -146.6 -159.9 -197.4 -150.4 -135.8 

MoGzSi 
Mo02S2 
Mo02S3 

-5,2 

-24,5 

-50,5 

-5,0 

-26.8 

-4.6 

-28.0 

-51.9 -52.0 

-4.7 

-26.2 

-52.3 

-5.0 

-27.1 

-50.4 

-5.2 

-27.4 

-52.8 

-5.6 

-27.8 

-53.2 

-5.6 

-27.3 

-54.4 

-6.8 

-28,2 

-58.5 

-6,6 

-26,2 

-54.5 

-8,9 

-30,8 

-56,0 

-7,5 

-32.0 

-60.8 

-10.2 

-34.0 

-68.3 

-14.8 

-39.8 

-68.8 

-11.4 -7.1 

-41.9 -29.9 

-62.3 -56.4 

MoBaSi 
M0Q3S2 
MO03S3 

-2.0 -1.9 

-11.8 -11.9 

-19.2 -19.4 

-2.1 

-11.7 

-18.8 

-2.1 

-11.9 

-19.5 

-2.2 

-11.9 

-19.2 

-2.4 

-12.3 

-16.8 

-2.6 

-12.5 

-19.7 

-2.5 

-12.3 

-19.8 

-2.8 

-13.3 

-20.3 

-3.1 

-10.0 

-20.1 

-3.4 

-13.3 

-20.6 

-3.4 

-13.4 

-21.4 

-3.7 

-14.2 

-23.8 

-4.0 

-16.1 

-23.2 

-3.9 -2.8 

-15.8 -12.8 

-23.4 -20.3 

M,0,Si 
Mi0IS2 
M,0iS3 

-41.6 -38.0 -32.5 -36.1 -31.8 -33.1 -43.4 -36,4 -63.4 -40,6 -81.5 -46.4 -135.0 -85.3 -79.8 -55.0 

-85.6 -70.0 -76.2 -63,3 -82.0 -81.2 -79.3 -83.0 -93.9 -99.5 -85.7 -67.6 -130.5 -153.3 -113.5 -91.0 

-139.2 -125.9 -105.6 -107.1 -115.9 -116.0 -130.8 -127.9 -150.9 -112.6 -137.2 -122.6 -159.9 -148,8 -209.8 -134.0 

Mi02S, 
M,02S2 

-7.6 -6.4 

-27,2 -26.6 

-50.5 -49.0 

-6.4 -7.2 

-26.5 -27.8 

-47.6 -44.2 

-6.4 

-26.7 

-49.3 

-8.2 

-28.6 

-51.7 

-7.8 

-28.1 

-53.9 

-29.3 

-50.5 

-10.2 

-29.0 

-58.9 

-10.6 

-30.9 

-51.8 

-11.3 

-31.0 

-53.0 

-12.8 

-34.8 

-55.1 

-21.5 

-36.8 

-62.1 

-14.0 

-38.6 

-60.5 

-17.8 -10.5 

-42.9 -31.0 

-67.0 -53.7 



Table 9. Total soil water potential values as influenced by moisture, salinity and manure treatments {cont.). 

M,03SI -3.0 -2.9 -3.0 -3.2 -3.2 -3.5 -3.6 -4.0 -4.1 -4.3 -4.7 -5.4 -5.6 -5.4 -6.0 -4.1 
MIGSS, -13.2 -13.4 -13.2 -13.0 -13.4 -13.8 -14.0 -14,1 -14.2 -13.8 -14.9 -14.8 -16.6 -17.0 -21.7 -14.7 
MIBASJ -23.4 -23.4 -23.2 -23.0 -22.9 -23.5 -24.3 -23.7 -25.0 -24.9 -25.0 -25.2 -29.5 -28.7 -33.0 -25.2 

MSDt 5.6 NSt 6.5 6.7 4.3 NS NS 4.9 7.4 7.9 7.1 NS 9.8 8.6 8.7 

t Minimum significance difference using a 95% Tukey's test. 
J Not statistically significant (P > 0.05). 

-J 
to 



Table 10. Total soil water potentials in the soil samples as influenced by the additions of water and manure. 

Mean total soil water potential 

bar 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Avg. 

reatments 

MOOI -79.0 -77.3 -71.6 -74.0 -80.3 -71.5 -85.1 -86.3 -97.3 -84.4 -80.2 -100.6 -122.8 -175,1 -133.0 -94.6 
M062 -26.7 -27.9 -28.1 -27.7 -27.5 -28.5 -28.9 -29.1 -31.2 -29.1 -31.8 -33.4 -37.5 -41.1 -38.5 -31.1 
MO03 -11.0 -11.1 -10.9 -11.2 -11.1 -10.5 -11.6 -11.5 -12.1 -11.1 -12.4 -12.8 -13.9 -14.4 -14.3 -12.0 

M,0, -88.8 -78.0 -71.4 -68.8 -76.6 -76.8 -84.5 -82.4 -102.7 -84.3 -101.5 -78.9 -141.8 -129.2 -134.4 -93.3 
MiG, -28.4 -27.3 -26.9 -26.4 -27.5 -29.5 -29.9 -29.5 -32.7 -31.1 -31.8 -34.2 -40.1 -37.7 -42.6 -31.7 
MIGJ -13.2 -13.2 -13.1 -13.0 -13.2 -13.6 -14.0 -13.9 -14.5 -14.3 -14.9 -15.1 -17.2 -17.0 -20.2 -14.7 

MSDt 7.5 NS t NS 9.0 5.8 NS NS 6.7 NS NS 9.5 7.7 13.3 11.6 NS 

t Minimum significance difference using a 95% Tukey's test. 
I Not statistically significant (P > 0.05). 



Table 11. Total soil water potentials in the soil samples as influenced by the additions of salt and manure. 

Mean total soil water potential 
bar 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 A vg 

Treatments 

MoS, -14.4 -13.3 -12.7 -13.5 -12.1 -11.7 -16.5 -15.5 -20.6 -24.2 -17.1 -24.9 -38.0 -63.8 -29.7 -21.9 

MoS, -38.3 -37.6 -35.2 -36.2 -36.8 -39.0 -40.2 -40.3 -47.5 -36.6 -41.6 -45.6 -52.3 -70.3 -77.5 -45.0 

M0S3 -64.1 -65.5 -62.7 -63.2 -69.9 -59.8 -68.8 -71.1 -72.5 -63.7 -65.8 -76.3 -84.0 -96.5 -78.7 -70.8 

M,Si -17.4 -15.8 -14.0 -15.5 -13.8 -14.9 -18.3 -16.4 -25.9 -18.5 -32.5 -21.5 -54.0 -34.9 -34.6 -23.2 

M,S2 -42.0 -36.7 -38.6 -34.7 -40.7 -41.2 -40.5 -42.1 -45.7 -48.1 -43.8 -39.1 -61.3 -69.6 -59.4 -45.6 

MjSa -71.0 -66.1 -58.8 -58.1 -62.7 -63.7 -69.7 -67.4 -78.3 -63.1 -71.7 -67.6 -83.8 -79.3 -103.3 -71.0 

M S D t  N S t  N S  8 . 8  9 . 0  5 . 8  N S  N S  6 . 7  1 0 . 0  1 0 . 6  9 . 5  7 . 7  1 3 . 3  1 1 . 6  1 1 . 7  

t Minimum significance difference using a 95% Tukey's test. 

J Not statistically significant (P > 0.05). 



Table 12. Total soil water potential values in soils with varying levels of salinity and soil moisture. 

Total soil water potential 
- bar 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Avg. 

Treatments 
E,SI -38.8 -35.5 -32.0 -34.8 -30.5 -30.3 -42.4 -37.4 -57.8 -51.8 -60.2 -55.0 -117.5 -129.0 -76,8 -55.3 
GIS, -82.0 -72.0 -71.0 -67.0 -76.8 -79.3 -79.8 -82.2 -97.4 -86,6 -83.2 -79.5 -119.6 -154.2 -144.2 -91.7 
0,83 -130.9 -125.5 -111.6 -112.5 -128.1 -112.9 -132.2 -133.4 -144.9 -114.6 -129.1 -134.2 -159.9 -173.1 -180.1 -134.9 

BJS, -6.4 -5.7 -5.5 -6.0 -5.7 -6.7 -6.7 ' -7.2 -8.5 -8,6 -10.1 -10.1 -15.9 -14.4 -14.6 -8.8 
6282 -25.9 -26.7 -27.3 -27.0 -26.9 -28.0 -28.0 -28.3 -28.6 -28.5 -30.9 -33.4 -35.4 -39.2 -42.4 -30.4 
0283 -50.5 -50.5 -49.6 -48.2 -49.9 -52.3 -53.5 -52.4 -58.7 -53.2 -54.3 -58.0 -65.2 -64.6 -64.7 -55.0 

038, -2.5 -2.4 -2.5 -2.7 -2.7 -2.9 -3.1 -3.3 -3.5 -3,7 -4.0 -4.4 -4,7 -4.7 -4.9 -3.5 
6382 -12.5 -12.7 -12.5 -12.5 -12.7 -13.1 -13.3 -13.2 -13.8 -11,9 -14.1 -14.1 -15.4 -16.5 -18.7 -13.8 
0383 -21.3 -21.4 -21.0 -21.2 -21.0 -20.2 -22.0 -21.7 -22.7 -22.5 -22.8 -23.3 -26.6 -26.0 -28.2 -22.8 

VL8DT 6.9 8.4 8.0 8.2 5.3 8.9 6.3 6.1 9.1 9.7 8.7 7.1 12.1 10.6 10.7 

1 Minimum significance difference using a 95% Tukey's test. 



Table 13. Total soil water potential for the non-manured and manured soils. 

Mean total soil water potential 

bar 

Treatments Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Avg. 

-38.9a -38.8a -36.9a -37.6a -39.6a -36.8a -41.8a -42.3a -46.9a -41.5a -41.5a -48.9b -58.1a -76.9b -62.0a -45.9 
manured 

Manured -43.5b -39.5a -37.1a -36.1a -39.1a -39.9b -42.8a -42.0a -50.0b -43.2a -49.4b -42.7a -66.4b -61.3a -65.7b -46.7 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test. 
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Figure 3. Total soil water potential per week for all soils. Error bars represent SD; n = 6. 
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Average weekly soil temperature data are shown in Figure 15. There were no 

significant differences in soil temperature among the different moisture treatments (P > 

0.05). The temperature inside the bags increased gradually during the course of the 

experiment (Figure 4). A minimum soil temperature of 18°C was recorded at the 

beginning of the experiment; soil temperature increased gradually thereafter to 36°C 

when the experiment was terminated. Soil temperatures outside the bags were not 

significantly different from those recorded inside the bags (Figures 5a and b). Figure 5b 

was created by averaging the soil temperatures from all treatments. This indicates that 

neither the gravimetric moisture range used for this work, nor the 0.025-mm thickness 

Ziploc® bags used in this study had an impact on soil temperature. 



73 10 -
o 

10 -

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Day (weeks) 

Figure 4. Averaged weekly soil temperature inside bags treated with different soil moisture content 
and buried at 20-cm depth. EiTor bars represent SD; n = 3. 
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NITROGEN DYNAMICS AND TRANSFORMATIONS 

INORGANIC NITROGEN AND NET MINERALIZATION 

Total inorganic N (NH4-N + NO3-N) concentrations in the MO (non-manured) and 

Ml (manure amended) samples are shown in Figures 6 and 7, respectively. Treatments 

from some of the MQ soils, especially the wettest (63) treatments, released appreciable 

amounts of inorganic N with time. The extent of this release was unexpected because no 

manure was added to these soils, although the untreated soil contained approximately 55 

mg inorganic N kg"' soil prior to incubation (Table 1). Salinity and moisture had a 

significant influence on the amounts of inorganic N released for almost all weeks. 

Addition of manure, on the other hand, caused the release of less inorganic N up to week 

11; whereas there was relatively more inorganic N released with the MI samples than the 

Mo samples in weeks 12 to 14 (Table 14) 

In general, inorganic N concentrations were significantly higher in treatments 

having moisture content at field capacity, i.e. 83 (Table 15). The 0i treatments had the 

lowest concentrations of inorganic N, especially during the last seven weeks of the 

experiment. Addition of salt, on the other hand, significantly decreased concentration of 

inorganic N measured with time, beginning at approximately week 9 (Table 16). Most 

inorganic N concentrations were significantly different with respect to the imposed 

manure x salt x water treatments (Table 17). During the first three weeks of the 

experiment, there was little change in inorganic N values among MQ treatments. 

However, inorganic N concentrations varied among MI treatments even during the 2"^^ 

week of the study. The manure x moisture interaction, significant in all but week 0, is 
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shown in Table 18. During the first three weeks, Mj treatments with the lowest soil 

moisture content (0i) had the highest concentrations of inorganic N when averaged over 

all salinity levels. This is due to a decline in inorganic N concentrations in moister soils. 

However, there was a greater increase in the amount of inorganic N in latter weeks for 

the 63 treatments than the 61 and 02 treatments. For all treatments, inorganic N 

concentrations peaked during the final two weeks of the experiment. Differences between 

the Ml03 and Mo03 treatments became apparent during the final five weeks, when 

inorganic N concentrations in the manure amended soils exceeded those non-manured 

treatments. 

Inorganic N concentrations were averaged over moisture levels to examine the 

influence of the salinity x manure interaction on the amounts of inorganic N (Table 19). 

There were only minor differences in inorganic N between the Mo and Mi samples at 

various salinity levels. 

In general, increasing salinity had less impact on the amount of inorganic N than 

did increasing soil moisture (Table 20). Increasing salinity in low to medium soil 

moisture content (0i and 02) reduced concentrations of inorganic N more than in the 

moistest soil (03), particularly during the last five weeks of the experiment. During this 

period, the lowest concentrations of inorganic N were measured in the 01S2, 01S3, 02S2, 

and 02S3 treatments (corresponding to average Tt of -30 to -135 bars), where inorganic N 

concentrations remained largely unchanged from those measured at the initiation of the 

experiment. Thus the effect of apphed salts, with respect to inorganic N concentrations, 

was most pronounced in soils with the lowest water contents (0i and 02 treatments). The 
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fact that there was no significant difference in the concentration of inorganic N under the 

03 moisture content regardless of salt content (Table 20) is probably due to the dilution of 

soil salts in soil containing more water (Singh and Beauchamp, 1988; El-Shirmawi et al., 

1994). Therefore, it is the interaction between moisture and sahnity (i.e. ^t) which is 

critical in determining the amount of inorganic N released. Figures 8 and 9 are scatter 

plots of inorganic N versus Tt, containing all individual data points for the MQ and Mi 

samples respectively. Higher concentrations of soil inorganic N occurred predominately 

at higher (i.e. less negative) values. For the Mo samples, the lowest concentrations of 

inorganic N released were recorded in soil with values below -25 bars and maximum 

values in a Tt range of -2 to -25 bars (Figure 8). The Mi samples had minimal inorganic 

N concentrations at Tt values below -30 bars range, whereas relatively high values occur 

in the -3 to -30 bar range (Figure 9). 
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Table 14. Weekly total inorganic N for the non-manured and manured soils. 

Mean inorganic N 

mg kg"' soil 

Treatments Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Non-manured 65,9b 65.3a 66.4a 69.8a 65.8a 67.7a 71.5a 78.3a 74.6a 76.5a 82.3b 76.2a 79.4b 89.9b 91.6b 

Manured 71.0a 62.0b 61.1b 64.9b 63.0b 61.9b 66.1b 68.7b 70.6b 75.3a 84.6a 72.0b 83.7a 94.2a 95.2a 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test. 



Table 15. Inorganic nitrogen in soils with varying levels of water. 

Treatments 

Mean inorganic N 
— mg kg"' soil 

Week 

12 13 14 

0, 68.3a 66.9a 67.5a 72.3a 64.0b 63.0b 64.9b 69.7b 64.8c 67.0c 65.5c 65.5c 70.1c 79.4c 82.8b 

02 68.6a 62.8b 63.1b 64.5b 60.2c 59.4c 65.1b 69.2b 68.9b 74.1b 74.6b 74.6b 79.0b 85.1b 85.2b 

03 68.5a 61.2b 60.7b 65.3b 69.1a 72.1a 76.3a 81.5a 84.1a 86.5a 92.5a 92.5a 95.6a 111.6a 112.1a 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test. 



Table 16. Inorganic nitrogen in soils with varying levels of salt. 

Mean inorganic N 

nig kg"' soil 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Treatments 
S, 69.5a 63.0b 63.6a 69.8a 58.3b 63.0b 67.3b 75.2a 69.7b 78.8a 86.5a 81.4a 89.8a 97.6a 104.4a 

52 67.3b 62.6b 63.4a 66.6b 67.5a 66.1a 70.5a 74.7a 76.7a 76.5a 82.2b 78.5a 79,2b 91.1b 89.2b 

53 68.7a 65.4a 64.3a 65.8b 67.4a 65.3ab 68.6ab 70.5b 71.4b 72.3b 81.6b 72.8b 75.7c 87.5c 86.5b 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test 



Table 17. Inorganic nitrogen concentrations for all treatments {cont). 

MiBjS, 68.8 55.8 55.2 58.6 66.8 67.1 74.8 76.0 

MiGjS, 69.1 52.1 55.5 62.6 69.1 72.7 78.3 86.2 

MiBjSa 74.3 57.9 56.7 57.7 63.6 68.9 69.0 73.8 

MSDt 2.8 4.3 6.0 NS J 6.9 6.8 6.6 7.5 

t Mmimum significance difference using a 95% Tukey's test. 
J Not statistically significant (P > 0.05). 
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Table 17. Inorganic nitrogen concentrations for all treatments. 

Inorganic N 
- mg kg"' soil 

Treatments 
Moe.s, 
MO0,S2 
MoG.Sa 

67.3 
64.6 
64.3 

62.9 
63.1 
63.5 

66.3 
66.9 
62.9 

78.5 
65.3 
68.6 

55.5 
64.4 
67.5 

65.7 
62.3 
61.7 

62.0 
65.4 
66.9 

Week 

88.2 
69.4 
65.5 

64.9 
61.3 
65.9 

1 n 

63.7 69.4 
70.6 68.5 
65.2 70.4 

11 

78.7 
64.4 
63.4 

12 

78.0 
66.7 
67.4 

13 

87.3 
72.5 
71.1 

14 

102.0 
74.3 
74.5 

MoBzS, 
MO02S2 
MoOzSj 

70.2 
63.7 
64.4 

66.7 
64.5 
65.0 

74.5 
64.1 
66.4 

68.0 
66.9 
68.5 

48.9 
72.6 
68.4 

61.8 
67.8 
66.2 

73.6 
72.5 
67.3 

85.0 
72.2 
71.2 

77.3 
79,2 
67.6 

92.4 100.7 90.6 
74.6 
72.5 

75.8 
73.2 

77.2 
72.6 

91.2 
74.4 
72.0 

90.4 
96.9 
76.8 

119.1 
68.9 
73.3 

MO03S, 
MO03S2 
MO03S3 

67.6 67.3 68.3 73.7 71.2 77.2 77.5 81.5 83.2 81.2 92.9 97.5 83.1 107.2 103.1 
65.2 65.6 64.1 68.4 69.5 71.6 80.7 88.9 85.0 82.9 91.1 86.1 91.4 102.5 108.0 
66.0 68.8 64.4 70.8 74.2 75.4 77.8 82.6 87.0 85.1 98.6 84.2 90.3 104.6 101.0 

M,0iSi 
M,0,S2 
M,0,S3 

72.4 
70.5 
70.8 

74.9 
69.4 
67.6 

66.5 
72.5 
70.1 

76.4 
71.9 
73.1 

53.4 
70.5 
72.9 

54.2 
66.6 
67.5 

57.2 
65.9 
72.4 

59.7 
65.5 
70.0 

52.5 
71.7 
72.2 

64.9 
68.7 
69.1 

66.2 

77.1 
58.3 

65.2 
76.4 63.1 

76.8 

63.1 

68.4 

86.0 
75.4 
84.3 

85.6 

79.3 

81.3 

M,02S, 
MiGjS. 
M,02S3 

70.5 
70.5 
72.4 

50.4 
61.0 

69.4 

50.7 
57.2 
65.6 

63.7 
64.2 
55.9 

54.2 
59.2 
57.9 

52.2 
55.8 
52.3 

58.6 
60.2 

58.3 

60.6 

66.0 
60.1 

58.5 
69.2 
61.5 

79.6 
66,8 

58.8 

77,9 
74.0 
67.7 

70.4 
75.1 
62.1 

96,4 92.6 
78,1 
62,0 

74.6 
79.5 

94.6 
76.2 
79.3 

o 



Table 18. Inorganic nitrogen in soils with varying levels of water and manure. 

Mean inorganic N 
—- mg kg ' soil —• 

Week 

0 i 2 A 5 6 n 
I 

o o n y 1 A 1 yj 
1 1 1 i 1 T 1 ̂  11 1 wJ 1 A 

I —r 

eatments 
Mo0i 65.4 63.2 65.4 70.8 62.5 63.2 64.8 74.4 64.0 66.5 69.4 68.8 70.7 77.0 83.6 
MoBa 66.1 65.4 68.3 67.8 63.3 65.3 71.1 76.1 74.7 79.8 83.3 80.1 79.2 88.0 87.1 
MO03 66.3 67.2 65.6 70.9 71.6 74.7 78.7 84.3 85.0 83.1 94.2 89.3 88.3 104.8 104.1 

Mi0, 71.2 70.6 69.9 73.8 65.6 62.8 65.1 65.1 65.5 67.5 73.2 62.2 69.4 81.9 82.0 
MI02 71.1 60.3 57.8 61.3 57.1 53.5 59.0 62.3 63.1 68.4 73.2 69.2 78.8 82.3 83.4 
MI03 70.7 55.2 55.8 59.7 66.5 69.5 74.0 78.7 83.2 89.8 107.5 95.8 102.9 118.5 120.2 

MSDt NS t 5.8 8.1 8.7 9.3 9.2 9.0 10.1 9.4 11.2 8.0 9.7 9.3 9.7 10.0 

"t" Minimum significance difference using a 95% Tukey's test, 
t Not statistically significant (P > 0.05). 



Table 19. Inorganic nitrogen in soils with varying levels of salt and manure. 

Mean inorganic N 
nig kg'' soil 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
i rCatiTiCntS 

MoSi 68.4 65.7 69.7 73.4 58.6 68.2 71.0 84.9 75.1 79.1 87.7 88.9 84.1 95.0 108.0 
M0S2 64.5 64.4 65.0 66.9 68.8 67.2 72.9 76.8 75.2 76.0 78.4 75.9 77.5 90.6 83.7 
M0S3 64.9 65.8 64.5 69.3 70.0 67.8 70.7 73.1 73.5 74.3 80.8 73.4 76.6 84.1 82.9 

MiSi 70.6 60.3 57.4 66.2 58.1 57.8 63.5 65.4 64.3 78.5 85.3 73.9 95.4 100.1 100.8 
M1S2 70.0 60.8 61.7 66.3 66.2 65.0 68.1 72.6 78.3 77.0 86.0 81.1 81.0 91.5 94.6 
MiSj 72.5 65.0 64.1 62.3 64.8 62.8 66.6 67.9 69.2 70.2 82.5 72.2 74.8 91.0 90.1 

MSDt 3.7 NS| 8.1 8.7 NS 9.2 NS 10.1 9.4 NS 8.0 9.7 9.3 NS 10.0 

t Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test 
I Not statistically significant (P > 0.05). 



Table 20. Inorganic nitrogen concentrations in soils with varying levels of salinity and soil moisture. 

Inorganic N 
mg kg"' soil 

Week 

0 1 2 3 A 5 6 n 
/ 

0 0 n y 1 A 1 W 1 1 1 i 1 0 i Z- 13 1 A 
i "-r 

jatments 
0iS, 69.9 68.9 66.4 77.4 54.5 60.0 59.6 73.9 58.7 64.3 67.8 68.5 77.4 86.7 93.8 

61S2 67.5 66.2 69.7 68.6 67.4 64.4 65.6 67.5 66.5 69.6 72.8 64.8 64.9 74.0 76.8 

0,83 67.5 65.5 66.5 70.9 70.2 64.6 69.6 67.7 69.1 67.1 73.4 63.3 67.9 77.7 77.9 

628, 70.4 58.6 62.6 65.8 51.5 57.0 66.1 72.8 67,9 86.0 89.3 80.5 93.8 91.5 106.8 

02S2 67.1 62.8 60.6 65.6 65.9 61.8 66.3 69.1 74.2 70.7 74.9 76.1 76.2 85.7 72.5 

C
D

 

68.4 67.2 66.0 62.2 63.1 59.3 62.8 65.7 64.6 65.6 70.5 67.3 67.0 78.1 76.3 

038, 68.2 61.5 61.7 66.1 69.0 72.1 76.2 78.7 82.5 86.1 102.4 95.2 98.1 114.5 112.7 

03S2 67.2 58.8 59.8 65.5 69.3 72.2 79.5 87.6 89.5 89.2 99.0 94.6 96.6 113.5 118.2 

6383 70.2 63.3 60.5 64.2 68.9 72.0 73.4 78.2 80.6 84.0 101.1 97.8 92.2 106.8 105.4 

vISDt 3.4 5.3 7.4 7.9 8.5 NS J 8.2 9.2 8.5 10.2 7.3 8.8 8.4 8.9 9.1 

t Minimum significance difference using a 95% Tukey's test. 
{ Not statistically significant (P > 0.05). 
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Net N mineralization, calculated by subtracting weekly inorganic N 

concentrations from those measured in week 0, for the MQ and Mi treated soils are shown 

in Figures 10 and 11, respectively. There was higher Nnet mineralization in the 63 

treatments, which approximates the soil water content at field capacity for the Gila soil, 

than the drier soils (Table 21). Field capacity was reported by several authors as the 

optimum water content for N mineralization (Stanford and Epstein 1974; Macduff and 

White, 1985; Cabrera and Kissel, 1988; Sierra, 1997). An apparent decrease in Nnet 

minerahzation was also evident in the S2 and S3 treatments, which had values of -45 

and -71 bars, respectively (Table 22). Decreases in N minerahzation with increasing 

sahnity have been reported previously (Johnson and Guenzi, 1963; Laura, 1976; 

McCormick and Wolf, 1980; McClung and Frankenberger, 1987). Bandyopadhyay and 

Bandyopadhyay (1983) reported a considerable reduction in N mineralization in a saline 

soil when ECg values were 10 dS m'' or greater (ECe in our S2 treatment was 12 dS m"'). 

Weekly values and statistical analyses for the manure x water x salt interaction means are 

given in Table 23; results are graphically presented in Figures 10 and 11. These results 

are, of course, reflective of inorganic N data discussed above, but show more clearly the 

effects of imposed treatments on dynamics of N transformations. Net N minerahzation 

increased dramatically as soil moisture was increased in manured treatments that received 

no salt, however this effect was erratic and less pronounced in soil that did not receive 

manure. Regardless of manure treatment, soils with the highest moisture content (83) 

showed a progressive increase in Nnet minerahzation with time at all salt levels. The two 

way manure x moisture interaction was significant in most weeks (Table 24). 
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Surprisingly, the 0i and 02 treatments for the Mo treated soils generally had higher Nnet 

mineralization compared to the Mi treated soils with the same moisture. The M|03 

treatments had greater Nnet mineralization than MQOS soils indicating that Nnet 

mineralization in the manure amended soils was strongly favored by higher (15%) soil 

moisture levels. The salt x manure interaction was also significant in the majority of the 

weeks (Table 25). Only small amounts (approximately 18 mg kg'' over 14 weeks) of Npei 

mineralization were observed in treatments with high (S3) salinity levels, in both the MQ 

and Ml treated soils. The moisture x salinity interaction is shown in Table 26. There was 

an apparent difference in Nnet mineralization between the 02Si treatments and that of 02S2 

and 02S3 treatments with time. The relatively higher Nnet mineralization of the 02S1 

treatments than for the 02S2 and 02S3 treatments indicates that N mineralization was 

severely inhibited at < -30 bar (average total potential for the 02S2 treatments). Higher 

Niet mineralization was seen in the 03 treatments where ranged from approximately 

-3.5 to -23 bars. Effects of salinity were generally mitigated by higher soil moisture 

levels. In week 14 for example, treatments 03S2 and 03S3 had Nnet mineralization values 

ranging from 35.3 to 51.1 mg kg"' soil. In contrast, only low concentrations of Nnet 

minerahzation (5.5 to 10.3 mg kg"' soil) were recorded in treatments having medium (S2) 

to high (S3) salinity levels and with moisture contents of 0i and 02, regardless of manure 

addition. 

The negative values in Nnet mineralization presented in Table 23 may reflect N 

immobilization (i.e. production of inorganic N is less than its consumption). However, 

losses such as denitrification and volatilization were not measured in this study and could 
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be significant contributors to inorganic N loss. The Mi treated soils had greater inorganic 

N loss, reflected by the negative values for Nnet minerahzation, than did the Mo treated 

soils (Table 24). This is not unusual, and has been reported elsewhere (Douglas and 

Magdoff, 1991). Loss or immobihzation occurred during the first weeks in most of the 

Ml treatments. Minerahzation, however, became dominant during the latter part of the 

study. Other studies in which N was immobilized during the initial period of incubation, 

followed by mineralization include Haque and Walmsley (1972), Castellanos and Pratt 

(1981), and Sema and Pomares (1991). Murwira and Kirchmann (1993) reported N 

immobilization in the first eight weeks in an agricultural field that had received an 

application of 10 t ha"' of cow manure. Differences in N minerahzation and 

immobilization between the Mo and Mi treated soils may be influenced by the 

characteristics of the manure used. Previous studies have shown that N mineralization in 

soils amended with organic waste is related to the quality of the organic material used 

(Chae and Tabatabai, 1986). Although the manure used in this study had a relatively low 

C:N ratio (13), it is not uncommon for such a material to cause N immobilization. Sema 

and Pomares (1991) observed available N loss or immobilization (no differentiation was 

made) in soils amended with animal wastes having C;N ratios of 10.3 to 15.5. In another 

study Qian and Schoenau (2001) showed only limited release of N in soils amended with 

cow manure having a C;N ratio of 13. Murwira et al. (2002) suggested that the C:N 

value may not accurately predict the effects of manure quality on N availability. 

Nugroho and Kuwatsuka (1990) attributed low N release from soil amended with manure 

having a C:N ratio of 14 to high levels of hot-water soluble materials, lignin, and 
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cellulose in the substrate. Chadwick et al. (2000) showed that manure C:N ratio 

accounted for only 40% of the variation in the amount of N mineralized from manure. It 

is not surprising, therefore, to observe immobihzation in manure treated soils. 

Soil moisture level played an important role in determining how soon N 

minerahzation exceeded N immobilization. There was N immobilization for at least nine 

weeks in the 9i and 02 treatments of the Mi treated soils, however in the 63 treatment 

immobilization lasted only through the first five weeks of incubation (Table 24). The 

reason for the effect of soil moisture content on immobilization is unknown. Apparently, 

inorganic N production was inhibited to a greater extent by reduced soil water content 

than was inorganic N consumption or loss in manure amended soils. We did not observe 

a similar trend in salt amended soils (Table 25) possibly suggesting that redox potential 

and not water potential might be involved. In contrast to our study, Compton and Boone 

(2002) observed a pattern where there was an increase in immobilization of NH4^ and 

NO3' as soil moisture content was increased in the range of 0.2 to 0.4 kg kg"'. They 

speculated that drought decreased the immobihzation of nitrate and ammonium without 

strongly influencing production rates. 

In the moistest manure amended soil immobilization was increased by the largest 

salt addition (03S3), and mineralization was greatest in the 03S1 and 03S2 treatments 

(Table 23). The trend was similar in the soils with medium (©2) soil moisture, where 

immobilization occurred through most of the study in the 02S3 soil. In the driest soil, on 

the other hand, the greatest amount of immobilization occurred in the lowest salt 

treatment (0iSi) over the first 10 weeks of the study. 
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In general, Nnet mineralization increased with time, and all treatments showed net 

mineralization in the final weeks of the study. The shift from immobilization to 

mineralization may be due to the fact that with time C is being lost via respiration, while 

N is conserved thus decreasing the substance C:N ratio. One would therefore expect 

more release in inorganic N with time, reflected by higher Nnet mineralization, under 

conditions favorable for microbial activity (i.e. abundant soil moisture and low salt 

levels). This, in general, conforms to our observations. 
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Table 21. Net nitrogen mineralization in soils with varying levels of water. 

Mean net N mineralization 
nag kg'^ soil 

Week 

Treatments 
e, 
02 
03 

1 2 

-1.4a -0.8a 
-5.8b -5.5b 
-7.3b -7.8b 

3 4 

4.0a -4.3b 
-4.1b -8.4c 
-3.2b 0.5a 

5 6 

-5.3b -3.4b 
-9.3c -3.5b 
3.6a 7.8a 

7 8 

1.4b -3.5 c 
0.6b 0.3b 
13.0a 15.6a 

9 10 

-1.3c 3.0c 
5.5b 9.6b 
17.9a 32.3a 

11 12 

-2.8c 1.7c 
6.0b 10.4b 
24.0a 27.1a 

13 14 

11.1c 14.5b 
16.5b 16.6b 
43.1a 43.6a 

Minimum significance difference using a 95% Tukey's test. 



Table 22. Net nitrogen mineralization in soils with varying levels of salt. 

Treatments 
S, 
S, 
S3 

Mean net N mineralization 
- — mg kg ' soil — 

1 2 

-6.5b -5.9a 
4.7ab -3.9a 
-3.3a -4.4a 

3 4 

0.3a -11.1b 
-0.7ab 0.3a 
-2.9b -1.2a 

5 6 

-6.3b -2.2b 
-1.1a 3.2a 
-3.4a -0.1b 

Week 

7 8 

5.7a 0.2b 
7.5a 9.5a 
1.8b 2.7b 

9 10 

9.3a 17.0a 
9.3a 15.0ab 
3.6b 12.9b 

11 12 

11.9a 20.3a 
11.2a 12.0b 
4.1b 7.0c 

13 14 

28.1a 35.0a 
23.8b 21.9b 
18.8c 17.8c 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test 



Table 23. Net nitrogen mineralization for all treatments. 

Net N mineralization 
mg kg"' soil 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
reatiiients 
Mo0iSi -4.4 -1.1 11.1 -11.8 -1.6 -5.3 20.9 -2.4 -3.7 2.1 11.4 10.6 20.0 34.6 

MoGiS, -1.6 2.3 0.6 -0.3 -2.4 0.7 4.7 -3.3 6.0 3.8 -0.2 2.1 7.8 9.7 
M061 S3 -0.8 -1.4 4.4 3.2 -2.6 2.6 1.2 1.6 1.0 6.1 -0.9 3.1 6.8 10.2 

MoGzS, -3.5 4.3 -2.3 -21.3 -8.4 3.4- 14.7 7.0 22.1 30.5 20.3 21.0 20.2 48.8 
M062S2 0.9 0.4 3.2 8.9 4.1 8.9 8.5 15.5 10.9 12.2 13.5 10.7 33.2 5.3 
MoGzSa 0.6 1.9 4.0 4.0 1.8 2.9 6.8 3.2 8.1 8.8 8.1 7.6 12.3 8.8 

MoQsS] -0.3 0.7 6.1 3.6 10.0 9.9 13.9 15.6 13.6 25.4 29.9 15.6 39.6 35.5 
Moe3S2 0.4 -1.2 3.2 4.3 6.4 15.5 23.7 19.8 17.7 25.8 20.9 26.2 37.3 42.8 
MoeaSs 2.8 -1.7 4.7 8.2 9.4 11.8 16.6 20.9 19.1 32.6 18.1 24.3 38.5 35.0 

M,0iS, 2.5 -5.9 4.0 -18.9 -18.2 -15.2 -12.7 -19.9 -7.5 -6.2 -14.1 4.4 13.6 13.2 
M,e,S2 -1.1 2.1 1.4 0.0 -3.9 -4.6 -4.8 1.3 -1.8 6.7 -5.3 -7.4 5.0 8.8 
M,0,S3 -3.2 -0.7 2.3 2.1 -3.3 1.6 -0.8 1.4 -1.7 5.6 -7.7 -2.4 13.5 10.5 

MiGzS, -20.1 -19.8 -6.8 -16.6 -18.3 -11.9 -9.9 -12.0 9.1 7.4 -0.1 25.9 22.2 24.1 
M,02S2 -9.5 -13.3 -6.2 -11.3 -14.7 -10.3 -4.4 -1.3 -3.6 3.5 4.6 7.7 4.1 5.7 
M,G2S3 -3.0 -6.8 -16.5 -14.5 -20.1 -14.1 -12.3 -10.9 -13.6 -4.7 -10.3 -10.4 7.1 6.9 

o 



Table 23. Net nitrogen mineralization for all treatments (cont.). 

M,03SI -13.1 -13.6 -10.2 -2.0 -1.7 6.0 7.1 13.0 22.2 43.1 24.2 44.3 53.0 53.4 
M.BjSz -17.1 -13.6 -6.5 0.0 3.6 9.2 17.1 24.9 26.4 37.9 34.0 32.6 55.4 59.4 
M103S3 -16.5 -17.6 -16.6 -10.7 -5.6 -5.4 -0.5 -0.4 8.6 29.2 17.0 19.7 34.7 35.5 

MSDt 4.7 6.4 7.4 7.3 7.1 6.9 8.6 7.8 7.3 6.8 NS 7.9 7.6 8.1 

t Minimum significance difference using a 95% Tukey's test. 
X Not statistically significant (P > 0.05). 

o ON 



Table 24. Net nitrogen mineralization for soils with varying levels of water and manure. 

Mean net N mineralization 
— mg kg ' soil 

T: 1 CclllliCllLb 

Week 

10 11 12 13 14 

MOO, -2.3 -0.0 5.4 -3.0 -2.2 -0.7 8.9 -1.4 1.1 4.0 3.4 5.3 11.6 18.2 
MO02 -0.7 2.2 1.7 -2.8 -0.8 5.0 10.0 8.6 13.7 17.1 14.0 13.1 21.9 21.0 
MOGJ 1.0 -0.7 4.7 5.4 8.5 12.4 18.1 18.8 16.8 27.9 23.0 22.0 38.5 37.8 

MiOi -0.6 -1.5 2.6 -5.6 -8.5 -6.1 -6.1 -5.7 -3.7 2.0 -9.0 -1.8 10.7 10.8 
MiG, -10.8 -13.3 -9.8 -14.1 -17.7 -12.1 -8.9 -8.0 -2.7 2.1 -2.0 7.7 11.1 12.2 
M,03 -15.5 -15.0 -11.1 -4.3 -1.2 3.3 7.9 12.5 19.1 36.7 25.0 32.2 47.7 49.4 

MSDt 6.3 8.6 9.9 9.9 9.6 9.4 11.6 10.5 9.9 9.2 10.4 10.6 10.3 10.9 

I Minimum significance difference using a 95% Tukey's test. 
J Not statistically significant (P > 0.05). 

o -J 



Table 25. Net nitrogen mineralization for the soil samples with varying levels of salt and manure. 

Mean net N mineralization 
nig kg"' soil - lUg JVg 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
reatiiieiits 

MoSi -2 .1  1.3 5.0 -9.8 -0.2 2.7 16.5 6.7 10.7 19.3 20.5 15.7 26.6 39.7 
M0S2 -0.1 0.5 2.4 4.3 2.7 8.4 12.3 10.7 11.5 13.9 11.4 13.0 26.1 19.2 
M0S3 0.9 -0.4 4.4 5.1 2.8 5.7 8.2 8.6 9.4 15.8 8.5 11.6 19.2 18.0 

M,S, -10.2 -13.1 -4.3 -12.4 -12.7 -7.0 -5.1 -6.3 8.0 14.8 3.3 24.9 29.6 30.2 
M1S2 -9.2 -8.3 -3.8 -3.8 -5.0 -1.9 2.6 8.3 7.0 16.0 11.1 11.0 21.5 24.6 
M1S3 -7.6 -8.4 -10.3 -7.7 -9.7 -5.9 -4.6 -3.3 -2.3 10.0 -0.3 2.3 18.5 17.6 

MSDt NS 8.6 9.9 9.9 NS NS 11.6 10.5 9.9 9.2 10.4 10.6 10.3 10.9 

1 Minimum significance difference using a 95% Tukey's test. 
{ Not statistically significant (P > 0.05). 



Table 26. Net nitrogen mineralization in soils with varying levels of salinity and soil moisture. 

Net N mineralization 
mg kg"' soil - lllg IVg 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

0iS, -1.0 -3.5 7.6 -15.4 -9.9 -10.3 4.1 -11.1 -5.6 -2.1 -1.4 7.5 16.8 23.9 
6182 -1.3 2.2 1.0 -0.1 -3.1 -0.9 0.0 -1.0 2.1 5.2 -2.8 -2.6 6.4 9.2 
61S3 -2.0 -1.0 3.3 2.7 -3.0 2.1 0.2 1.5 -0.4 5.9 -4.3 0.4 10.2 10.3 

00 C
D

 

-11.8 -7.8 -4.5 -18.8 -13.3 -4.3. 2.4 -2.5 15.6 18.9 10.1 23.4 21.2 36.4 
62S2 -4.3 -6.4 -1.5 -1.2 -5.3 -0.7 2.0 7.1 3.6 7.8 9.1 9.2 18.7 5.5 
6283 -1.2 -2.5 -6.2 -5.3 -9.1 -5.6 -2.8 -3.8 -2.8 2.1 -1.1 -1.4 9.7 7.9 

6381 -6.7 -6.5 -2.1 0.8 3.9 8.0 10.5 14.3 17.9 34.2 27.0 29.9 46.3 44.5 

C
D

 

-8.4 -7.4 -1.6 2.1 5.0 12.0 20.4 22.3 22.1 31.9 27.4 29.4 46.3 51.1 
6383 -6.9 -9.7 -5.9 -1.3 1.9 3.2 8.0 10.3 13.8 30.9 17.6 22.0 36.6 35.3 

MSDt 5.8 7.9 9.1 9.0 8.8 8.5 10.6 9.6 9.0 8.4 9.5 9.7 9.4 9.9 

I Minimum significance difference usmg a 95% Tukey's test. 
I Not statistically significant (P > 0.05). 
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AMMONIUM NITROGEN AND NET AMMONIFICATION 

Weekly concentrations of ammonium nitrogen (NH4-N) for the non-manured and 

manured samples are shown in Figures 12 and 13, respectively. There were large 

differences in the concentrations of NH4-N between treatments (Table 27). Overall, 

decreasing soil moisture content and increasing salinity both tend to have caused more 

accumulation of NH4-N with time (Tables 28 and 29; respectively). Considering the 

effects of both water content and salinity, however, shows that in the 02 soil NH4-N 

accumulated only at the highest salt level (S3; = -55 bars), whereas in the driest soil 

(0i) ammonium accumulated in both the S2 and S3 levels (^t -91.7 and -134.9, 

respectively) (Table 30). All other soils had Tt values greater than -30 bars and did not 

show ammonium accumulation. Treatments, with 'i't values of -55 bars or lower, resulted 

in ammonium accumulation. 

Means for the manure main effect indicate that addition of manure increased soil 

NH4-N (Table 31). Manure amended soils initially had higher concentrations of NH4-N 

(9.6 mg kg'^) than non-manured soils (2.9 mg kg"^) because of the NH4-N content of the 

added manure (122 mg kg"'). Interactive effects of manure x moisture and manure x 

salinity are given in Tables 32 and 33, respectively. In both manured and non-manured 

soils, higher concentrations of NH4-N were maintained in dry versus moist soils and in 

high versus low salt soils. In soils without manure, ammonium accumulated only in the 

drier soils (0i and 02). In manure amended soils, which initially had higher ammonium 

contents, ammonium concentrations declined rapidly in moister soils (02 and 83), but later 

accumulated in the 02 soils. An examination of the three way manure x moisture x 
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salinity interaction (Table 27) shows that, among manure amended soils, NH4-N 

accumulated in the driest and saltiest soils (GiSs and 6182). hi the medium moisture soils 

(82), ammonium accumulated only in the highest salinity soil (S3). These three 

treatments all had Tt values below approximately -50 bars. Soil ammonium reached 

minimum levels in most treatments after approximately four weeks of incubation. In the 

moistest soil, ammonium concentrations decreased sharply at week one and remained low 

throughout the course of the experiment regardless of the salinity level (Figure 24). 
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Figure 12. Weekly concentrations of NH^-N for the non-manured soils. Error bars represent 
SD;n = 3. 
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Table 27. Ammonium nitrogen values for all treatments. 

Ammonium N 
-- mg kg"' soil — 

Week 

7 10 11 12 13 14 

Mo0,Si 2.9 1.5 1.2 0.6 0.0 0.8 0.8 0.9 0.4 1.0 0.0 0.8 1.0 1.1 0.6 

MoGiS, 4.1 4.4 4.7 5.2 5.0 5.7 6.5 6.2 7.0 7.7 7.3 7.9 9.0 8.9 8.6 

MO0,S3 4.2 4.4 4.6 5.5 4.3 5.6 6.3 5.8 6.4 7.5 7.5 7.1 8.0 8.3 9.3 

MO02SI 1.1 0.6 0.5 0.7 0.2 0.3 1.1 0.4 0.5 0.4 0.0 0.3 0.8 0.7 0.3 

MoBiS, 3.4 2.3 1.0 0.8 0.5 0.5 1.1 0.4 0.4 0.8 0.3 0.4 0.8 1.1 0.6 

MO02S3 4.5 5.6 5.7 6.9 6.1 7.1 9.6 9.4 10.1 11.3 10.7 11.3 11.4 10.5 9.0 

MO03S, 1.2 0.7 0.6 0.6 0.0 0.3 1.2 0.5 0.2 0.4 0.0 0.4 0.6 0.3 0.5 

MO03S2 2.0 1.0 0.5 0.7 0.2 0.3 1.1 0.5 0.4 0.8 -0.1 0.2 1.0 0.3 0.4 

MO03S3 2.9 1.7 1.0 0.8 0.5 0.5 1.3 0.8 0.7 0.8 0.6 0.7 0.8 0.8 0.8 

M|0,Si 10.5 12.3 5.9 2.9 1.1 1.2 1.4 0.6 0.4 1.0 1.1 0.9 3.2 1.7 1.8 

M,0,S2 10.6 12.5 12.4 10.9 10.2 8.6 9.3 8.6 10.8 9,7 10.2 9.9 12.7 14.7 13.0 

M,0,S3 10.8 11.9 12.7 13,1 12.8 13.5 14.6 12.6 13.1 11.3 13.2 10.4 14.6 14.4 16.0 

M,02S, 6.6 1.4 1.2 0.8 0.3 0.7 1.2 0.5 0.4 0,6 -0.1 0.4 0.7 0.5 1.1 

M,02S2 11.6 2.8 1.0 0.8 1.0 0.6 1.1 0.9 0.6 1,0 0.4 0.6 1.0 1.0 1.4 

M,02S3 13.8 13.3 9.7 1.6 0.6 1.6 3.5 5.1 5.0 6.4 7.7 9.8 9.4 10.7 10.1 



Table 27. Ammonium nitrogen values for all treatments {cont.). 

MiGjSi 4.6 1.1 1.1 0.7 0.3 0.3 1.1 0.6 

MiOsSz 5.1 1.0 1.0 0.6 0.3 0.5 1.4 0.7 

M,03S3 12.8 1.7 1.8 0.8 0.4 0.9 1.4 1.0 

MSDt 1.2 1.2 1.2 1.0 0.9 0.9 0.7 0.7 

t Minimum significance difference using a 95% Tukey's test. 
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Table 28. Ammonium nitrogen in soils with varying levels of water. 

Mean ammonium N 
mg kg"' soil — 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
itiiients 
e, 7.2a 7.8a 6.9a 6.4a 5.5a 5.9a 6.5a 5.8a 6.4a 6.4a 6.6a 6.1a 8.1a 8.2a 8.2a 
02 6.8a 4.3b 3.2b 1.9b 1.4b 1.8b 2.9b 2.8b 2.8b 3.4b 3.2b 3.8b 4.0b 4.1b 3.8b 
03 4.8b 1.2c 1.0c 0.7c 0.3c 0.4c 1.2c 0.7c 0.5c 0.8c 0.2c 0.4c 0.8c 0.6c 0.6c 

Means followed by different letter within a column are significantly different at P < 0.05 accordmg to Tukey's test 



Table 29. Ammonium nitrogen in soils with varying levels of salt. 

Mean ammonium N 
mg kg"' soil 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

S, 4.5c 2.9c 1.7c 1.0c 0.3c 0.6c 1.1c 0.6c 0.4c 0.7c 0.2c 0.5c 1.2c 0.8c 0.8c 
S2 6.1b 4.0b 3.4b 3.2b 2.9b 2.7b 3,4b 2.9b 3.3b 3.5b 3.1b 3.2b 4.2b 4.5b 4.1b 
S3 8.2a 6.4a 5.9a 4.8a 4.1a 4.8a 6.1a 5.8a 6.1a 6.4a 6.7a 6.6a 7.6a 7.6a 7.7a 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test 



Table 30. Ammonium nitrogen in soils with varying levels of salinity and soil moisture. 

Ammonium N 
— mg kg"' soil -

1 reairnents 

Week 

7 10 11 12 13 14 

0,Si 6.7 6.9 3.5 1.7 0.5 1.0 1.1 0.8 0.4 1.0 0.6 0.8 2.1 1.4 1.2 
e,S2 7.4 8.5 8.5 8.1 7.6 7.1 7.9 7.4 8.9 8.7 8.7 8.9 10.9 11,8 10.8 

C
D

 

7.5 8.2 8.7 9.3 8.5 9.5 10.4 9.2 9.8 9.4 10.4 8.7 11.3 11.4 12.6 

0,8, 3.8 1.0 0.8 0.8 0.2 0.5 - 1.1 0.4 0.5 0.5 -0.1 0.3 0.8 0.6 0.7 
02S2 7.5 2.6 1.0 0.8 0.8 0.5 1.1 0.6 0.5 0.9 0.4 0.5 0.9 1.0 1.0 
©283 9.2 9.5 7.7 4.3 3.3 4.3 6.6 7.3 7.6 8.9 9.2 10.5 10.4 10.6 9.6 

03S, 2.9 0.9 0.8 0.6 0.2 0.3 1.1 0.5 0.2 0.5 0.1 0.4 0.7 0.4 0.4 
©382 3.6 1.0 0.7 0.7 0.3 0.4 1.2 0.6 0.5 0.8 0.1 0.3 0.8 0.6 0.4 
©383 7.9 1.7 1.4 0.8 0.4 0.7 1.4 0.9 0.9 1.0 0.4 0.6 1.1 0.8 0.9 

MSDt 1.5 1.5 1.4 1.2 1.1 1.1 NS} 0.8 1.7 2.0 1.5 2.3 2.0 1.7 2.2 

t Minimum significance difference using a 95% Tukey's test. 
{ Not statistically significant (P > 0.05). 



Table 31. Ammonium nitrogen means for the non-manured and manured soil samples. 

Mean ammonium N 
nig kg-' soil 

Treatments Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Non-manured 2.9b 2.5b 2.2b 2.4b 1.9b 2.3b 8.5b 2.8b 2.9b 3.4a 2.9b 3.2a 3.7b 3.6b 3.3b 

Manured 9.6a 6.4a 5.2a 3.6a 3.0a 3.1a 8.9a 3.4a 3.6a 3.6a 3.7a 3.7a 4.9a 5.0a 5.0a 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test. 



Table 32. Ammonium nitrogen in soils with varying levels of water and manure. 

Mean ammonium N 
— mg kg"' soil 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

MqOi 3.7 3.5 3.5 3.8 3.1 4.0 4.6 4.3 4.6 5.4 5.0 5.3 6.0 6.1 6.2 
MoOj 3.0 2.8 2.4 2.8 2.3 2.6 3.9 3.4 3.7a 4.2 3.6 4.0 4.3 4.1 3.3 
MoGa 2.1 1.1 0.7 0.7 0.2 0.3 1.2 0.6 0.4 0.7 0.2 0.5 0.8 0.5 0.6 

MiO, 10.7 12.2 10.3 8.9 8.0 7.7 8.4 7.3 8.1 7.4 8.2 7.0 10.2 10.3 10.3 
M,02 10.6 5.9 4.0 1.1 0.6 0.9 1.9 2.2 2.0 2.7 2.7 3.6 3.7 4.1 4.2 
M,e3 7.5 1.3 1.3 0.7 0.3 0.6 1.3 0.8 0.7 0.8 0.2 0.4 0.9 0.8 0.6 

MSDt 1.7 1.6 1.6 1.3 1.3 1.2 1.0 0.9 1.8 2.2 1.7 2.5 2.2 1.9 2.4 

t Minimum significance difference using a 95% Tukey's test. 



Table 33. Ammonium nitrogen in soils with varying levels of salt and manure. 

Mean ammonium N 
mg kg"' soil — 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
rcatrricnts 

MoS, 1.8 0.9 0.7 0.6 0.0 0.5 1.0 0.6 0.3 0.6 0.0 0.5 0.8 0.7 0.5 
MQS? 3.2 2.6 2.1 2.3 1.9 2.2 2.9 2.3 2.6 3.1 2.5 2.9 3.6 3.4 3.2 
M0S3 3.9 3.9 3.7 4.4 3.6 4.4 5.7 5.4 5.8 6.5 6.2 6.4 6.7 6.5 6.4 

M,S, 7.2 4.9 2.7 1.5 0.5 0.7 . 1.2 0.6 0.4 0.7 0.4 0.6 1.6 0.9 1.1 
M,S2 9.1 5.4 4.8 4.1 3.9 3.2 3.9 3.4 4.0 3.8 3.6 3.6 4.8 5.5 5.0 
MiSa 12.5 9.0 8.1 5.2 4.6 5.3 6.5 6.2 6.4 6.3 7.1 6.9 8.4 8.7 9.0 

MSD t 1.7 1.6 1.6 1.3 1.3 1.2 1.0 0.9 1.8 NS 1 NS NS NS 1.9 2.4 

f Mmimum significance difference using a 95% Tukey's test. 
I Not statistically significant (P > 0.05). 
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Net N ammonification values for the Mo and Mi treated soils are shown in Figures 

14 and 15, respectively. The Nnet ammonification over 14 weeks reflects the difference in 

the weekly amounts of ammonium N from week 0. A summary of statistical analyses for 

weekly Nnet ammonification for individual treatments is shown in Table 34. Treatments 

8182 and 01 S3 both with and without manure and treatment 6283 without manure had 

positive Nnet ammonification; these treatments had average Tt (over 14 weeks) ranging 

from -135 to -55 bars. Net N ammonification was reduced under conditions of low sah 

or abundant soil moisture (Tables 35 and 36, respectively). As expected, the moisture x 

salinity interaction was significant in all weeks of the study (Table 37). Generally 

speaking, treatments having 63 moisture content or Si and S2 salt contents had the least 

amounts of Nnet ammonification. Treatments under harsh environments such that of high 

salinity (82 and S3) and low to medium soil moisture content (61), on the other hand, 

tended to have more Nnet ammonification. 

Higher amounts of Nnet ammonification with increasing salinity was reported 

previously by Singh et al. (1969), Agarwal et al. (1971), Broadbent and Nakashima 

(1971), and Yobterik and Timmer (1994). The results of our study, however, contradict 

those reported by Greaves (1916), Malik and Azam (1979), McCormick and Wolf 

(1980), Bandyopadhyay and Bandyopadhyay (1983), Darrah et al. (1987), and Gomah et 

al. (1989) where there was less net ammonification with increasing salinity. The 

relatively higher concentration of Nnet ammonification with increasing salinity may 

reflect the inhibitory effects of salts on the nitrification process. Inubushi et al. (1999) 

documented a significant increase in NH4-N content and a simultaneous decrease in 
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nitrification with higher salinity. Salt inhibition of the activity of soil nitrifiers may be 

responsible for the elevated Nnet ammonification values obtained in the high salt/low 

moisture treatment combinations. Higher moisture enhanced nitrification by reducing the 

adverse effect of salts on soil nitrifiers which ultimately resulted in less accumulation of 

NH4-N (Figures 23 and 24) and hence lower Nnet ammonification values (Figures 25 and 

26). 

Weekly mean Nnet ammonification as influenced by manure x moisture and 

manure x salinity interactions are shown in Tables 38 and 39, respectively. Net 

ammonification was negative in all weeks for manure-amended treatments, regardless 

soil moisture content. Non-manured soils, on the other hand, showed net NH4-N 

accumulation in the 9i and 02 treatments. A similar pattern occurred with respect to salt 

treatments. Net ammonification was negative in all soils receiving manure addition, 

whereas non-manured soil had negative net ammonification in the S1 treatment, and the 

S2 treatment had values close to zero. Although the pattern of Nnet ammonification in the 

Mo and Mi samples responded similarly to salt and water treatments, the Mi samples had 

significantly less Nnet ammonification than the MQ samples (Table 40). Mean Nnet 

ammonification values for Mi samples were negative for all weeks during the course of 

the experiment. This may be due to the increased initial NH4-N concentrations in the 

manure amended soils, or addition of manure may have either increased NH4-N 

immobilization or nitrification by enhancing growth and activity of soil microbes. 

It is clear that there was less tendency for NH4-N to accumulate in treatments 

having high 4^t ( ^ -14 bars), i.e. high moisture and low salts. This may be due to a higher 



124 

rate of nitrification occurring under high values. Treatments with low may have 

less nitrification, resulting in more NH4-N accumulation. This could occur because 

ammonification is less sensitive to harsh soil environments (low soil water potential) than 

is nitrification (El-Shinnawi et al, 1994). 
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Table 34. Net nitrogen ammonification for all treatments. 

Net N ammonification 
mg kg"' soil 

Week 
1 1 L 

0 J A 5 C 
\y 

1 
/ 8 9 1 n 

1 \J 
11 i. i 12 13 14 

Yeatments 
MoGiS, -1.4 -1.8 -2.4 -3.0 -2.1 -2.1 -2.1 -2.6 -2.0 -3.0 -2.2 -1.9 -1.9 -2.4 
MoBiS, 0.3 0.6 1.1 0.8 1.6 2.4 2.0 2,9 3.6 3.2 3.8 4.9 4.8 4.5 
MO6,S3 0.2 0.4 1.3 0.1 1.4 2.1 1.6 2.2 3.3 3.3 2.9 3.8 4.2 5.1 

Mo02S| -0.5 -0.6 -0.4 -0.9 -0.8 -0.0 -0.7 -0.6 -0.7 -1.2 -0.8 -0.3 -0,4 -0.8 
MoOiS, -1.1 -2.4 -2.6 -2.9 -2.9 -2.3 -3.0 -3.0 -2.6 -3.2 -3.0 -2.7 -2.3 -2.8 
MoGzSa 1.1 1.1 2.4 1.6 2.5 5.1 4.9 5.6 6.8 6.1 6.8 6.9 6,0 4.5 

MoBjS, -0.5 -0.6 -0.7 -1.2 -1.0 0.0 -0.8 -1.1 -0.8 -1.2 -0.8 -0.6 -0.9 -0.8 
MoBaS, -1.1 -1.5 -1.3 -1.8 -1.7 -1.0 -1.5 -1.6 -1.2 -2.1 -1.8 -1.1 -1.7 -1.7 
M063S3 -1.2 -2.0 -2.2 -2.5 -2.5 -1.6 -2.1 -2.2 -2.1 -2.4 -2.2 -2.1 -2.2 -2.1 

M i G i S ,  1.7 -4.7 -7.7 -9.5 -9.3 -9.2 -9.9 -10.1 -9.5 -9.4 -9.7 -7.3 -8.9 -8.7 
M.GiS, 1.9 1.8 0.3 -0.4 -2.0 -1.3 -2.0 0.2 -0.9 -0.4 -0.7 2.1 4.1 2.4 
M.e.Sa 1.1 1.9 2.3 2.0 2.7 3.8 1.8 2.3 0.5 2.4 -0.4 3.8 3.6 5.2 

M.ejS, -5.2 -5.4 -5.8 -6.3 -5.9 -5.4 -6.1 -6.2 -6.0 -6.7 -6.2 -5.9 -6.1 -5.4 
MiBjS, -8.7 -10.6 -10.7 -10.6 -11.0 -10.5 -10.7 -11.0 -10.6 -11.1 -11.0 -10.5 -10.6 -10.1 
MiB.Sj -0.5 -4.1 -12.2 -13.2 -12.2 -10.3 -8.8 -8.8 -7.4 -6.1 -4.0 -4.5 -3.1 -3.7 



Table 34. Net nitrogen ammonification for all treatments {cont.). 

MiOaS, -3.5 -3.5 -3.9 -4.3 -4.3 -3.5 -4.0 

MiBjSz -4.1 -4.1 -4.5 -4.8 -4.6 -3.7 -4.4 

MiGJSB -11.2 -11.0 -12.0 -12.5 -11.9 -11.5 -11.S 

MSDt 1.5 1.8 1.6 1.5 1.4 1.4 1.5 

1 Minimum significance difference using a 95% Tukey's test. 
X Not statistically significant (P > 0.05). 

-4.3 -3.9 -4.4 -4.2 
-4.6 -4.4 -4.8 -4.7 

-11.7 -11.7 -12.6 -12.4 

-3.8 -4.1 -4.3 
-4.5 -4.3 -4.6 
-11.6 -11.9 -11.9 

1.9 2.0 1.9 2.6 1.9 2.0 2.0 



Table 35. Net nitrogen ammonification in soils with varying levels of salt. 

Mean net N ammonification 
mg kg"' soil — — 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

S, -1.6a -2.8a -3.5a -4.2b -3.9a -3.4c -3.9c -4.1c -3.8c -4.3c -4.0c -3.3c -3.7c -3.7c 
52 -1.7a -2.7a -3.0a -3.3a -3.5a -2.7b -3.3b -2.9b -2.7b -3.1b -2.9b -2.0b -1.7b -2.1b 
53 -2.1a -2.3a -3.4a -4.1b -3.3a -2.1a -2.4a -2.1a -1.8a -1.5a -1.6a -0.6a -0.6a -0.5a 

t Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test 
J Not statistically significant (P > 0.05). 



Table 36. Net nitrogen ammonification in soils with varying levels of water. 

Treatments 
e, 

Mean net N ammonification 
rng kg"' soil 

Week 

7 8 9 10 11 12 

0.6a -0.3a -0.8a -1.7a -1.3a -0.7a -1.4a -0.9a -0.8a -0.6a -1.1a 0.9a 1.0a 1.0a 
-2.5b -3.7b -4.9c -5.4c -5.0c -3.9b -4.1b -4.0b -3.4b -3.7b -3.0b -2.8b -2.7b -3.1b 
-3.6c -3.8b -4.1b -4.5b -4.3b -3.5b -4.1b -4.2b -4.0b -4.6c -4.3c -3.9c -4.2c -4.2c 

I Minimum significance difference using a 95% Tukey's test. 
{ Not statistically significant (P > 0.05). 

o 



Table 37. Net nitrogen ammonification in soils with varying levels of salinity and soil moisture. 

Net N ammonification 
mg kg"' soil 

Week 

1 2 3 4 5 6 7 8 y  1 f \  iU 1 1 i i 1 O IZ. 1 -1 1 _) 1 A 

Treatments 
0,s, 0.2 -3.2 -5.0 -6.2 -5.7 -5.6 -6.0 -6.3 -5.7 -6.2 -5.9 -4.6 -5.4 -5.6 
0]S2 1.1 1.2 0.7 0.2 -0.2 0.6 0.0 1.5 1.4 1.4 1.5 3.5 4.5 3.4 
e,S3 0.7 1.2 1.8 1.0 2.0 2.9 1.7 2.3 1.9 2.9 1.2 3.8 3.9 5.1 

02S, -2.8 -3.0 -3.1 -3.6 -3.3 -2.7 -3.4 -3.4 -3.4 -3.9 -3.5 -3.1 -3.2 -3.1 

CD
 

-4.9 -6.5 -6.7 -6.7 -6.9 -6.4 -6.9 -7.0 -6.6 -7 .1 -7.0 -6.6 -6.5 -6.5 
6,83 0.3 -1.5 -4.9 -5.8 -4.8 -2.6 -1.9 -1.6 -0.3 0.0 1.4 1.2 1.5 0.4 

CD
 

-2.0 -2.1 -2.3 -2.8 -2.6 -1.8 -2.4 -2.7 -2.4 -2.8 -2.5 -2.2 -2.5 -2.5 
©382 -2.6 -2.8 -2.9 -3.3 -3.2 -2.3 -3.0 -3.1 -2.8 -3.5 -3.2 -2.8 -3.0 -3.1 
03S3 -6.2 -6.5 -7.1 -7.5 -7.2 -6.5 -7.0 -6.9 -6.9 -7.5 -7.3 -6.8 -7.1 -7.0 

M8D t 1.9 2.2 1.9 1.9 1.8 1.8 1.8 2.3 2.5 2.4 3.1 2.3 2.5 2.5 

I Minimum significance difference using a 95% Tukey's test. 
I Not statistically significant (P > 0.05). 



Table 38. Net nitrogen ammonification for the soils with varying levels of water and manure. 

Mean net N ammonification 
nig kg"' soil 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

Mo0, -0.3 -0.3 0.0 -0.7 0.3 0.8 0.5 0.9 1.6 1.2 1.5 2.2 2.4 2.4 

MO02 -0.2 -0.6 -0.2 -0.7 -0.4 0.9 0.4 0.7 1.2 0.6 1.0 1.3 1.1 0.3 

MoOs -0.9 -1.4 -1.4 -1.8 -1.7 -0.8 -1.5 -1.6 -1.4 -1.9 -1.6 -1.3 -1.6 -1.5 

MiG, 1.6 -0.3 -1.7 -2.6 -2.9 -2.2 -3.4 -2.6 -3.3 -2.5 -3.6 -0.5 -0.4 -0.4 

MJBZ -4.8 -6.7 -9.6 -10.0 -9.7 -8.7 -8.5 -8.6 -8.0 -8.0 -7.1 -6.9 -6.6 -6.4 
M,03 -6.3 -6.2 -6.8 -7.2 -7.0 -6.2 -6.7 -6.9 -6.7 -7.3 -7.1 -6.6 -6.8 -6.9 

MSDt 2.0 2.4 2.1 2.1 1.9 1.9 2.0 2.5 2.8 2.6 3.5 2.6 2.7 2.7 

t Minimum significance difference using a 95% Tukey's test. 
I Not statistically significant (P > 0.05). 



Table 39. Net nitrogen ammonification for the soils with varying levels of salt and manure. 

Mean net N ammonification 
mg kg"' soil 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

MoS, -0.8 -1.0 -1.1 -1.7 -1.3 -0.7 -1.2 -1.4 -1.1 -1.8 -1.3 -0.9 -1.1 -1.3 
MoS, -0.6 -1.1 -0.9 -1.3 -1.0 -0.3 -0.8 -0.6 -0.1 -0.7 -0,3 0.4 0.3 -0.0 
M0S3 0.0 -0.1 0.5 -0.3 0.5 1.9 1.5 1.9 2.7 2.4 2.5 2.9 2.7 2.5 

M|S, -2.3 -4.5 -5.8 -6.7 -6.5 -6.0 -6.6 -6.9 -6.5 -6.8 -6.7 -5.7 -6.4 -6.2 
M,S2 -3.7 -4.3 -5.0 -5.2 -5.9 -5.2 -5.7 -5.1 -5.3 -5.5 -5.5 -4.3 -3.6 -4.1 
MIS3 -3.5 -4.4 -7.3 -7.9 -7.2 -6.0 -6.3 -6.1 -6.2 -5.4 -5.6 -4.1 -3.8 -3.5 

MSDt 2.0 2.4 2.1 2.1 1.9 1.9 2.0 2.5 2.8 2.6 3.5 2.6 2.7 2.7 

t Minimum significance difference using a 95% Tukey's test. 
{ Not statistically significant (P > 0.05). 



Table 40. Net nitrogen ammonification in non-manured and manure amended soils. 

Treatments 

Mean net N ammonification 
mg kg'' soil 

Week 

6 7 8 9 10 11 12 13 14 

No manure -0.5a -0.8a -0.5a -1.1a -0.6a 0.3a -0.2a 0.0a 0.5a 0.0a 0.3a 0.8a 0.6a 0.4a 

With manure -3.2b -4.4b -6.0b -6.6b -6.5b -5.7b -6.2b -6.0b -6.0b -5.9b -5.9b -4.7b -4.6b -4.6b 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test. 
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NITRATE NITROGEN AND NET NITRIFICATION 

Weekly concentrations of NO3-N are shown in Figures 16 and 17, and in Table 

41. Salt and water significantly influenced NO3-N concentrations for most weeks (Tables 

42 and 43, respectively). After two to four weeks, greater concentrations of NO3-N were 

found in soils with lower salinity levels and increased soil moisture. Manure main effects 

on NO3-N were significant for most of the experiment (Table 44). Soils without manure 

amendments had higher concentrations of NO3-N for the first 9 weeks of the study, 

whereas manure amended soils had higher concentrations for the last three weeks. The 

interaction between soil moisture and salinity is shown in Table 45. There was more 

NO3-N in treatments with combinations of low salt and high moisture contents. The 

highest concentrations of NO3-N were found in later stages of the study in the Si 

treatments regardless of moisture content and in the 83 treatments regardless of salinity. 

In contrast, during the course of the experiment there was very little increase NO3-N 

concentration in treatments with low moisture content and high salinity levels. The 0|Si, 

02S1 and all 63 treatments had relatively high NO3-N concentrations, and TT values 

greater than -55 bars. Means of the moisture x manure interaction, significant in most 

weeks, are shown in Table 46. The Mi03 soil had somewhat higher NO3-N 

concentrations compared to the M063 soil, particularly during the last 5 weeks of the 

experiment, indicating nitrate production from manure only at the highest (15%) moisture 

content. The manure x salinity interaction is shown in Table 47. Overall, increasing 

salinity significantly decreased NO3-N concentrations with time in both the Mo and Mi 
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samples, however, differences between manured and non-manured treatments were 

inconsistent. 

In general, we observed an inverse relationship between NH4-N and NO3-N 

concentrations (Figure 18). This was also noted by Nugroho and Kuwatsuka (1990) and 

Rahman and Rashid (2002). In our data there was more accumulation in NH4-N and 

correspondingly less NO3-N in treatments with low moisture and/or high salts, than in 

those with high moisture and/or low salt levels. This is presumably due to the greater 

sensitivity of soil nitrifier's to a harsh soil environment compared to ammonifying 

organisms (Sindhu and Cornfield, 1967; McClung and Frankenbeger, 1987; El-Shinnawi 

et al. 1994), and possibly also due to a competition between these two groups. Our data 

may also indicate that NH4-N production was not enhanced by salinity but rather it is the 

inhibition of N Nitrification that caused more accumulation in NH4-N. These findings 

therefore disagree with claims made in earlier studies (Broadbent and Nakashima, 1971; 

Laura, 1977; Yobterik and Timmer, 1994) that salinity may enhance N ammonification. 
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Table 41. Nitrate nitrogen values for all treatments. 

Nitrate N 
mg kg"' soil 

Week 

0 1 2 3 4 5 6 7 8 rv 
y  

1 A iU 1 1 1 1 1 n IZ. 1 -) 
L D  

1 A  
L H  

reatments 
Mo0iSi 64.4 61,4 65,1 77,9 55.6 64,9 61.2 87.3 64.5 62.7 69.4 77.9 77.0 86.3 101,4 

M061S2 60.5 58.6 62,3 60.0 59.4 56,6 58.8 63.2 54.3 62.9 61.1 56.5 57.7 63.6 65.7 

MQBISS 60.1 59.1 58.2 63.1 63.2 56,1 60.6 59.7 59.5 57.8 62.9 56.3 59.4 62.8 65.1 

MO02SI 69.1 66.1 74,1 67.3 48.8 61.5 72,5 84.6 76.8 92.0 100.8 90.3 90.4 89.7 118.7 

MO02S2 60.2 62.2 63.0 66.0 72,1 67.2 71.5 71.8 78.8 73.7 75.6 76.8 73.6 95.8 68.3 

^06283 59.9 59.4 60.7 61.5 62,3 59.2 57.7 61.7 57.4 61.2 62.6 61.2 60.5 66.2 64.2 

M063S] 66.4 66.6 67.7 73.1 71,2 76.9 76.3 81.1 83.0 80.8 93.0 97.1 82.5 106.9 102.7 

M093S2 63.1 64.6 63.6 67.7 69,3 71.3 79.6 88.4 84.6 82.2 91.1 85.9 90.5 102.2 107.6 

1^06383 63.1 67.1 63.4 70.0 73,8 74.9 76.4 81.8 86.2 84.3 98.1 83.5 89.5 103,8 100.2 

M,0,S, 61.8 62.6 60.6 73.5 52,4 53.0 55.8 59.0 52.1 63.8 65.0 57.4 73.6 84.3 83.8 
M,0,S2 59.9 56.9 60.1 61.0 60.2 58.0 56.6 57.1 61.0 58.9 67.0 55.3 50.4 60.7 66.3 
M,0,S3 60.0 55.7 57.3 60.0 60.2 54.0 57.8 57,4 59.1 57,7 63.2 52.7 53.8 69.9 65.3 

M,02S| 63.9 49.0 49.5 62.9 53.9 51.6 57.5 60.1 58.1 79.1 78.0 69.9 95.7 92.2 93.4 

Mi02S2 58,9 58,2 56,3 63.4 58,2 55,3 59.1 65.1 68.6 65.9 73.5 74.5 77.1 73.6 74.8 

M102S3 58.6 56,1 55.8 54.3 57,3 50.7 54.8 55.0 56.5 52.3 60.0 52,3 52.6 68,8 69.2 



Table 41. Nitrate nitrogen values for all treatments (cont.). 

M,e3S, 64.2 54.7 54.1 57.9 66.5 66.8 73.8 
M,03S2 64.0 51.1 54.5 62.0 68.8 72.3 76.9 
M,03S3 61.5 56.2 54.9 56.9 63.2 67.8 67.6 

MSD t NSJ 4.3 6.0 NS 6.7 NS 6.6 

t Minimum significance difference using a 95% Tukey's test. 
J Not statistically significant (P > 0.05). 

75.3 81.5 
85.5 93.5 
72.8 72.8 

7.3 6.5 

90.4 111.7 
94.8 106.7 
81.8 103.2 

8.2 6.2 

92.6 112.3 
102.7 101.2 
90.9 92.7 

NS 6.6 

121.3 121.9 
123.7 127.9 
108.1 108.9 

7.1 7.0 



Table 42. Nitrate nitrogen in soils with varying levels of salt. 

Mean nitrate N 
- mg kg"' soil -

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

Si 65.0a 60.1a 61.8a 68.8a 58.0b 62.4ab 66.2a 74.6a 69.3b 78.1a 86.3a 80.9a 88.6a 96.8a 103.7a 
s. 61.1b 58.6a 60.0ab 63.4b 64.6a 63.4a 67.1a 71.9a 73.4a 73.1b 79.2b 75.3b 75.1b 86.6b 85.1b 
S3 60.5b 58.9a 58.4b 61.0b 63.3a 60.4b 62.5b 64.7b 65.3c 65.9c 75.0c 66.2c 68.1c 79.9c 78.8c 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test 



Table 43. Nitrate nitrogen in soils with varying levels of water. 

Mean nitrate N 
— mg kg"' soil — 

Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

01 61.1b 59.0a 60.6a 65.9a 58.5b 57.1b 58.5c 63.9b 58.4c 60.6c 64.8c 59.4c 62.0c 71.3c 74.6c 
02 61.8b 58.5a 59.9a 62.6b 58.8b 57.6b 62,2b 66.4b 66.0b 70.7b 75.1b 70.8b 75.0b 81.1b 81.4b 
03 63.7a 60.1a 59.7a 64.6ab 68.8a 71.7a 75.1a 80.8a 83.6a 85.7a 100.6a 92.1a 94.8a 111.0a 111.5a 

Minimum significance difference usmg a 95% Tukey's test. 



Table 44. Nitrate nitrogen in non-manured and manure amended soils. 

Mean nitrate N 
— mg kg"' soil --

Treatments Week 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Non-manured 63.0a 62.8a 64.2a 67.4a 64.0a 65.4a 68.3a 75.5a 71.7a 73.1a 79.4a 76.2a 75.7b 86.4b 88.2b 

Manured 61.4b 55.6b 55.9b 61.3b 60.1b 58.8b 62.2b 65.3b 67.0b 71.6a 80.9a 72.0b 78.8a 89.2a 90.2a 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test 



Table 45. Nitrate nitrogen in soils with varying levels of salinity and soil moisture. 

1 reaimenxs 

Nitrate N 
• mg kg"' soil 

Week 

7 8 9 10 11 12 13 14 

0,8, 63.1 62.0 62.9 75.7 54.0 59.0 58.5 73.2 58.3 63.3 67.2 67.7 75.3 85.3 92.6 
6,82 61.0 57.8 61.2 60.5 59.8 57.3 57.7 60.1 57.6 60.9 64.1 55.9 54.1 62.1 66.0 
0,83 60.0 57.4 57.8 61.6 61.7 55.0 59.2 58.5 59.3 57.7 63.0 54.5 56.6 66.3 65.2 

02S, 66.5 57.6 61.8 65.1 51.3 56.5 64.0 72.4 67.4 85.5 89.4 80.1 93.0 90.9 106.1 
0,82 59.6 60.2 59.6 64.7 65.1 61.2 65.3 68.5 73.7 69.8 74.5 75.6 75.3 84.7 71.5 
02S3 59.2 57.7 58.3 57.9 59.8 54.9 56.3 58.4 57.0 56.8 61.3 56.8 56.6 67.5 66.7 

638, 65.3 60.7 60.9 65.5 68.8 71.8 75.0 78.2 82.2 85.6 102.3 94.8 97.4 114.1 112.3 
6382 63.6 57.8 59.0 64.9 69.0 71.8 78.2 87.0 89.0 88.5 98.9 94.3 95.8 112.9 117.8 
8383 62.3 61.6 59.1 63.5 68.5 71.4 72.0 77.3 79.5 83.1 100.6 87.2 91.1 106.0 104.5 

MSDt 3.0 5.2 NSJ 7.4 8.2 NS J 8.1 9.0 8.1 10.1 7.7 7.9 8.1 8.8 8.6 

I Minimum significance difference usmg a 95% Tukey's test. 
I Not statistically significant (P > 0.05). 

4^ 



Table 46. Nitrate nitrogen for the soils with varying levels of water and manure. 

Mean nitrate N 
- mg kg"' soil — 

Week 

0 1 2 3 4 5 6 7 8 . 9 10 11 12 13 14 
reatments 

Mo9] 61.7 59.7 61.9 67.0 59.4 59.2 60.2 70.1 59.4 61.1 64.5 63.6 64.7 70.9 77.4 
M062 63.1 62.6 65.9 64.9 61.0 62.6 67.2 72.7 71.0 75.6 79.6 76.1 74.8 83.9 83.8 
MoBj 64.2 66.1 64.9 70.3 71.4 74.4 77.5 83.8 84.6 82.4 94.0 88.8 87.5 104.3 103.5 

M,e, 60.6 58.4 59.4 64.9 57.6 55.0 -56.7 57.8 57.4 60.2 65.1 55.2 59.3 71.7 71.8 
M,02 60.5 54.4 53.9 60.2 56.5 52.5 57.1 60.1 61.1 65.7 70.5 65.6 75.1 78.2 79.1 
MI03 63.2 54.0 54.5 58.9 66.1 68.9 72.8 77.9 82.6 89.0 107.2 95.4 102.1 117.7 119.6 

MSDt NSJ 5.7 8.1 8.2 NS 9.5 8.9 9.9 8.8 11.1 8.4 8.7 8.9 9.6 9.4 

t Minimum significance difference using a 95% Tukey's test. 
J Not statistically significant (P > 0.05). 



Table 47. Nitrate nitrogen for tlie soils with varying levels of salt and manure. 

Mean nitrate N 
- mg kg"' soil 

Week 

0 1 2 3 4 5 6 7 8 
rcatiriciits 

MoS, 66.6 64.7 68.9 72.7 58.5 67.8 70.0 84.3 74.8 
M0S2 61.3 61.8 63.0 64.6 66.9 65.0 70.0 74.5 72.6 
M0S3 61.0 61.9 60.8 64.9 66.4 63.4 64.9 67.8 67.7 

M,Si 63.3 55.4 54.7 64.8 57.6 57.1 62.3 64.8 63.9 
MiSz 60.9 55.4 57.0 62.2 62.4 61.9 64.2 69.2 74.3 
M1S3 60.0 56.0 56.0 57.1 60.2 57.5 60.1 61.7 62.8 

MSDf 3.3 NSJ 8.1 8.2 NS 9.5 NS 9.9 8.8 

t Minimum significance difference usmg a 95% Tukey's test. 
J Not statistically significant (P > 0.05). 
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Figure 18. Nitrate verses ammonium concentrations for all treatments in week 14. 
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Net N nitrification in the MQ and Mi treated soils are shown in Figures 19 and 20, 

respectively, and in Table 48. Net nitrification over the 14 weeks reflects the difference 

in the weekly nitrate N concentrations compared to that present at week 0. Increasing 

salinity effectively reduced Nnet nitrification (Table 49), whereas increasing soil moisture 

content resulted more Nnet nitrification (Table 50). The moisture x salinity interaction 

was significant in all but week two (Table 51). Treatments with the highest moisture 

content (63) had more overall Nnet nitrification than most other treatments regardless of 

the salinity level, particularly during the final weeks of the experiment. Conversely, 

treatments with the lower moisture contents and higher amount of salts (61 S3) had the 

least amount of Nnet nitrification, approximately 5 mg kg"' soil. The highest 

concentrations of net nitrification occurred in the 02S1 and all 63 treatments. These 

treatments had Tt values greater than -23 bars. Net nitrification was minimal (less than 

10 mg kg"') in soils with Tt values below approximately -55 bars (0iS2, 01S3, and 8283 

treatments). Net nitrification generally followed values, however, 61S1 (Tt = -55 bars) 

had significantly less Nnet nitrification than 02S3 (4^t = -55 bars) or 8282 (4^t = -30 bars). 

Moisture x manure and salinity x manure interactions for Nnet nitrification are 

shown in Tables 52 and 53, respectively. The effect of soil moisture was much greater in 

the manure amended soils. Treatment Mi03 had more Nnet nitrification than the Mo03 

treatments, however, differences between manured and non-manured soils were much 

less at lower soil water contents. On the other hand, the reduction in Nnet nitrification 

with increasing salinity was more pronounced in soils not amended with manure. The 
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reason for this difference in sensitivity of net nitrification of manure versus native soil 

nitrogen to soil moisture and salinity is not known. 

The NO3-N and Nnet nitrification data indicate the favorability of high (i.e. high 

moisture and low salts) for maximum nitrification. These findings are similar to those of 

other investigators (Darrah et al. 1987; Low et al. 1997). Our data also indicate that for 

the non-manured samples, nitrification was greatest in a *^*1 range of -20 to -3 bars, which 

con'esponded to the 83 treatments (Tables 48 and 9). With the manure amended samples, 

nitrification was greatest in a Tt range of -25 to -4 bars which, again, was associated with 

03 treatments, hi general, nitrification was more inhibited at < -55 bars. As for Nnet 

mineralization, total soil water potential of -30 bars was the threshold at which Nnet 

nitrification was sharply decreased. 
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Table 48. Net nitrogen nitrification for all soils. 

1 2 3 4 5 
reatments 

MoBiS, -3.0 0.7 13.5 -8.8 0.5 

MoBiSz -1.9 1.7 -0.5 -1.1 -3.9 

MoGiSa -1.0 -1.8 3.1 3.2 -4.0 

MO02S, -3.0 4.9 -1.9 -20.4 -7.7 

M062S2 2.0 2.8 5.8 11.8 7.0 

MoBzSs -0.5 0.8 1.6 2.4 -0.7 

MO03S, 0.3 1.3 6.7 4.9 10.5 

MoGsS, 1.4 0.4 4.5 6.1 8.1 

MO03S3 4.0 0.3 6.9 10.7 11.8 

M,e,s, 0.8 -1.3 11.7 -9.5 -8.8 

M,0,S2 -3.0 0.3 1.2 0.4 -1.8 

M,0,S3 -4.3 -2.6 0.0 0.2 -6.0 

M,02SI -14.9 -14.4 -1.0 -10.0 -12.4 

M,02S2 -0.8 -2.7 4.5 -0.7 -3.7 

MiGsSs -2.5 -2.8 -4.2 -1.3 -7.9 

Net N nitrification 
mg kg"' soil — 

Week 

6 7 8 9 10 11 12 13 14 

-3.2 22.9 0.2 -1.7 5.0 13.5 12.6 21.9 37.0 
-1.7 2.7 -6.3 2.4 0.6 -4.0 -2.8 3.0 5.2 
0.5 -0.4 -0.6 -2.3 2.8 -3.8 -0.7 2.7 5.1 

3.4 15.5 7.7 22.9 31.6 21.2 21.2 20.5 49.6 
11.2 11.5 18.5 13.5 15.3 16.5 13.4 35.6 8.1 
-2.2 1.9 -2.4 1.3 2.7 1.3 0.6 6.3 4.3 

9.9 14.7 16.6 14.4 26,6 30.7 16.2 40.6 36.3 
16.4 25.2 21.4 19.0 27.9 22.7 27.3 39.0 44.4 
13.4 18.7 23.1 21.2 35.0 ' 20.4 26.4 40.7 37.1 

-6.1 -2.8 -9.7 2.0 3.2 -4.4 11.7 22.5 22.0 
-3.3 -2.8 1.1 -0.9 71. -4.6 -9.4 0.9 6.4 
-2.2 -2.6 -0.9 -2.3 3.1 -7.2 -6.1 9.9 5.3 

-6.5 -3.8 -5.8 15.1 14.1 6.0 31.8 28.2 29.5 
0.2 6.2 9.7 6.9 14.6 15.6 18.1 14.7 15.8 
-3.8 -3.6 -2.1 -6.3 1.4 -6.3 -5.9 10.2 10.6 



Table 48. Net nitrogen nitrification for all soils {cont.). 

M,03S, -9.5 -10,1 -6.3 2.2 2.6 9.6 

M,03S2 -13.0 -9.5 -2.0 4.7 8.3 12.9 

M,03S3 -5.3 -6.6 -4.6 1.7 6.3 6.1 

MSDt 4.6 6.3 NS 7.1 NS NS 

t Minimum significance difference using a 95% Tukey's test. 
I Not statistically significant (P > 0.05). 
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Table 49. Net nitrogen nitrification in soils with varying levels of salt. 

Mean net N nitrification 
mg kg"' soil 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Treatments 

s, -4.9b -3.0a 3.8a -6.9b -2.5b 1.2b 9.6a 4.4b 13.1a 21.3a 15.9a 23.6a 31.8a 38.7a 
S2 -2.5a -1.2a 2.3ab 3.5a 2.3a 5.9a 10.7a 12.3a 11.9a 18.0b 14,1a 13.9b 25.5b 24.0b 
S3 -1.6a -2.1a 0.5b 2.8a -O.lab 2.0b 4.2b 4.7b 5.3b 14.5c 5.6b 7.6c 19.4c 18.3c 

Means followed by different letter within a column are significantly different at P < 0.05 according to Tukey's test 



Table 50. Net nitrogen nitrification in soils with varying levels of water. 

Treatments 

Mean net N nitrification 
mg kg"' soil 

Week 

7 8 9 10 11 12 13 14 

e, -2.1a -0.5a 4.8a -2.6b -4.0b -2.6c 2.8b -2.7c -0.5c 3.7c -1.7c 0.9c 10.1c 13.5c 

02 -3.3a -1.9ab 0.8b -3.0b -4.2b 0.4b 4.6b 4.3b 8.9b 13.3b 9.1b 13.2b 19.3b 19.7b 

03 -3.7a -4.0b 0.9b 5.0a 7.9a 11.4a 17.1a 19.9a 22.0a 36.9a 28.4a 31.la 47.3a 47.8a 

Minimum significance difference using a 95% Tukey's test. 



Table 51. Net nitrogen nitrification in soils with varying levels of salinity and soil moisture. 

Net N nitrification 
— mg kg"' soil 

Week 

Treatments 

e.Si 
iSt 

-1 .1  

-2.4 

-0.3 

1.0 
12.6 
0.3 

-9.1 

-0.4 

-4.2 

-2.9 

-4.6 

-2.5 

10.1 
-0.1 

-4.7 

-2.6 

0.1 

0.7 

4.1 

3.9 

4.6 

-4.3 

12.2 

-6.1 

22.2 29.5 

1.9 5.8 

e,S3 -2.7 -2.2 1.6 1.7 -5.0 -0.8 -1.5 -0.7 -2.3 3.0 -5.5 -3.4 6.3 5.2 

c
d

 

-9.0 -4.7 -1.5 -15.2 -10.0 -1.5 5.8 0.9 19.0 22.8 13.6 26.5 24.4 39.6 

0,82 0.6 0.1 5.2 5.5 1.7 5.7 8.9 14.1 10.2 15.0 16.0 15.8 25.2 12.0 

6283 -1.5 -1.0 -1.3 0.6 -4.3 -3.0 -0.9 -2.2 -2.5 2.0 -2.5 -2.7 8.3 7.5 

03S, -4.6 -4.4 0.2 3.6 6.6 9.7 12.9 17.0 20.3 37.1 29.5 32.1 48.8 47.0 

6382 -5,8 -4.6 1.3 5.4 8.2 14.6 23.4 25.4 24.9 35.3 30.7 32.2 49.3 54.2 

6383 -0.7 -3.2 1.2 6.2 9.1 9.7 15.0 17.2 20.8 38.3 24.9 28.8 43.7 42.2 

M S D t  5.7 NS J 8.2 8.7 8.9 8.1 10.4 8.6 9.1 8.2 8.1 8.8 9.4 9.0 

t Minimum significance difference using a 95% Tukey's test. 
{ Not statistically significant (P > 0.05). 



Table 52. Net nitrogen nitrification for soils with varying levels of water and manure. 

Mean net N nitrification 
mg kg"' soil - ULG IVG 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

reatments 

MoB, -2.0 0.2 5.4 -2.3 -2.5 -1.5 8.4 -2.2 -0.5 2.8 1.9 3.0 9.2 15.8 

MO02 -0.5 2.8 1.9 -2.0 -0.5 4.1 9.6 7.9 12.6 16.5 13.0 11.7 20.8 20.7 

MO03 1.9 0.7 6.0 7.2 10.2 13.2 19.5 20.4 18.2 29.8 24.6 23.3 40.1 39.3 

M,e, -2.2 -1.2 4.3 -3.0 -5.6 -3.8 -2.7 -3.2 -0.4 4.5 -5.4 -1.3 11.1 11.2 

M,02 -6.0 -6.6 -0.3 -4.0 -8.0 -3.4 -0.4 0.6 5.3 10.0 5.1 14.7 17.7 18.7 

M,03 -9.3 -8.7 -4.3 2.9 5,7 9.5 14.6 19.3 25.7 44.0 32.1 38.8 54.5 56.3 

MSD t 6.2 8.6 9.0 NS NS NS NS 9.5 10.0 9.0 8.9 9.6 10.3 9.9 

t Minimum significance difference using a 95% Tukey's test. 
I Not statistically significant (P > 0.05). 



Table 53. Net nitrogen nitrification for soils with varying levels of salt and manure. 

Mean net N nitrification 
mg kg"' soil - Illg JVg 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

reatments 

MoS, -1.9 2.3 6.1 -8.1 1.1 3.4 17.7 8.1 11.9 21.1 21.8 16.7 27.7 41.0 

M0S2 0.5 1.6 3.3 5.6 3,7 8.7 13.1 11.2 11.6 14.6 11.7 12.6 25.9 19.2 

M0S3 0.8 -0.2 3.9 5.4 2.4 3.9 6.7 6.7 6.7 13.5 6.0 8.8 16.6 15.5 

M,S, -7.9 -8.6 1.5 -5.8 -6.2 -1.0 1.5 0.6 14.4 21.6 10.0 30.5 35.9 36.4 

M1S2 -5.6 -4.0 1.2 1.5 0.9 3.2 8.3 13.4 12.3 21.5 16.5 15.3 25.1 28.7 

MiSj -4.0 -4.0 -2.9 0.2 -2.5 0.1 1.7 2.8 3.9 15.4 5.3 6.4 22.3 21.1 

MSDt NS 8.6 NS 9.5 NS NS 11.4 9.5 NS 9.0 8.9 9.6 10.3 9.9 

I Minimum significance difference using a 95% Tukey's test. 

J Not statistically significant (P > 0.05). 

CO 
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RELATIONSHIPS AMONG NITROGEN, OSMOTIC AND WATER POTENTIALS, MANURE, AND TIME 

Multiple stepwise linear regression was used to generate equations that best 

describe NH4-N, NO3-N, inorganic N, Nnet ammonification, Nnet nitrification, and Nnet 

mineralization in terms of Ts, ^m, manure, and time (Table 54). Soil NH4-N 

concentration was best described by osmotic potential, manure, and time (weeks of 

incubation). Matric potential was not significant and was eliminated from the final NH4-

N model, which had an r" of 0.57. Nitrate N, inorganic N, Nnet ammonification, Nnet 

nitrification, and Nnet mineralization, on the other hand, were best described by osmotic 

potential, matric potential, manure, and time (r^ ranged firom 0.45 to 0.53). 

With NH4-N, osmotic potential was negatively related to the concentration of 

NH4-N measured, indicating that there was a tendency for NH4-N to accumulate under 

low (more negative) values. This agrees with the previous discussion where it was 

noted that NH4-N accumulated in treatments with higher salinity levels. As can be seen 

from Table 54, there was also a negative relationship between NH4-N with time 

indicating the presence of less soil NH4-N over time, which was tme early in the study, 

although later there was accumulation in some treatments (Figures 23 and 24). Because 

NH4-N declined, and later increased in some soils, the linear model used in this analysis 

might not be ideal for this parameter. Manure, on the other hand, had a positive 

coefficient indicating, as expected, that the amount of soil NH4-N was increased by the 

addition of manure. Net ammonification results were similar to that for NH4-N with 

exception that the stepwise regression included matric potential in the regression model 

and manure was negatively related to Nnet ammonification (i.e. the change in NH4-N 
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concentrations). Both matric and osmotic potentials were negatively related to Nnet 

ammonification indicating greater NH4-N accumulation under "harsh soil environments" 

of low moisture and high salinity (Figures 25 and 26). 

Nitrate N and Nnet nitrification were positively related to all treatment variables 

with the exception of manure. Since both the osmotic and matric potential coefficients 

were positive, it is clear that nitrification (which we presume to be the major NO3-N sink 

in our experimental system) is inhibited under environments characterized by low soil 

moisture (low 4^,-n) and high salt content (low H^s)- The coefficients for osmotic and 

matric potentials were higher for nitrification than ammonification, which may be an 

indication that nitrification is more sensitive to high salinity and low moisture than is 

ammonification. In other words, this model indicates that a given change in either 

osmotic or matric potential may have more influence on nitrification than on 

ammonification. 

Inorganic N and Nnet mineralization were positively related to osmotic potential, 

matric potential, and time. Nitrogen mineralization decreased with high salinity and low 

moisture content. Manure, on the other hand, was negatively related to both soil 

inorganic N concentration and to Nnet mineralization. Manure had a negative coefficient 

for all soil N variables with the exception of NH4-N. Manure addition reduced the 

concentrations of NO3-N in the treatments with low to medium total soil water potentials 

(i.e. low soil moisture and/or high salt levels), however this multiple linear regression 

does not account for treatment effect interactions. Under conditions favorable for organic 



161 

N mineralization (low salinity; high soil moisture), soil NO3-N concentrations were 

increased by manure addition. 

It is important to note that the coefficients for osmotic potential and matric 

potential were similar in magnitude. This indicates that osmotic and matric potentials 

were of approximately equal importance and had a comparable influence on N 

transformations under the conditions of this study. Figures 21 and 22 represent scatter 

plots with fitted exponential equations showing the relationship between total soil water 

2 • 2 potential and Nnet nitrification (r = 0.53) or mmerahzation (r = 0.60) after 14 weeks, 

respectively. Net nitrification decreased dramatically in the range of approximately 0 

to -100 bars and was nearly constant thereafter (Figure 20). Net mineralization 

responded to Mr't values in almost the same manner as that for Nnet nitrification (Figure 

21). 



Table 54. Stepwise regression analyses of the relationship between nitrogen transformations and 
manure, osmotic potentials, matric potentials, and time. The values are constants and coefficients in the 
fitted equation; Y = a + bx/ + cx2 + dxs + ..., where Yis the dependent variable representing nitrogen 
transformations; xi, X2, and X3 are the independent variables. 

Variables f Constant Osmotic potential 

(^s) 

Matric potential 

(^nO 

Manure Time r^ 

bar bar kg ha'' week 

NH4-N 0.706 -0.0816 NS t 0.0000274 -0.170 0.574 

NO3-N 63.7 0.183 0.132 -0.0000585 2.358 0.529 

Inorganic N 64.5 0.102 0.133 -0.0000311 2.188 0.439 

Net ammonification -1.41 -0.0481 -0.0361 -0.0000923 -0.114 0.491 

Net nitrification -0.338 0.136 0.199 -0.0000323 2.281 0.499 

Net mineralization -1.75 0.0882 0.163 -0.000125 2.167 0.448 

•f Variables left in the model are significant (P < 0.15). 

I NS indicates that this variable was eliminated from the model by the stepwise regression analysis. 
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Figure 21. Net nitrogen nitrification verses total soil water potential for all treatments in week 14. 
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Figure 22. Net nitrogen mineralization verses total soil water potential for all treatments in week 14. 
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14. CONCLUSIONS 

Total soil water potential had a significant effect on the net rates of 

ammonification, nitrification, and mineralization. This is largely due to the direct 

influence of osmotic and matric potentials on NH4^ and NO3" dynamics and microbial 

activities in the non-manured and manure amended soils. The highest Nnet mineralization 

and nitrification rates were recorded at a total soil water potential of approximately -23 to 

-3.5 bars. Both Nnet mineralization and Nnet nitrification were severely inhibited at 'i't < 

-55 bars. The relationship of these processes to total soil water potential was described 

with an exponential equation. The effects of high salts on the inhibition of Nnet 

nitrification and mineralization were more pronounced when in conjunction with low soil 

moisture. Our results clearly suggest that osmotic depression becomes minimal in 

inhibiting Nnet nitrification and mineralization in soils approaching field capacity 

moisture content. Inhibition of Nnet nitrification via osmotic and matric depressions led 

to more NH4^ accumulation, however, it was impossible to discern the direct influence of 

matric and/or osmotic potentials on gross ammonification rates. In fact, these results 

clearly illustrate the difficulty in attempting to use changes in the amounts of NO3" or 

NH4^ to describe the dynamics of N minerahzation. 

The results of the stepwise regression provided some insight into the relative 

importance of osmotic and matric potentials in the dynamic of N. Both of these two 

potentials appear to play a major role in determining N transformation rates and their 

effects appear to be roughly equivalent. It is critical therefore to examine their interactive 

effects on N transformations rather than deahng with either one in isolation. 
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Nitrogen mineralization of cow manure was maximal when soil moisture content 

was at field capacity. Nitrogen immobihzation was common in manure amended soils 

with lower total water potentials, especially during the first few weeks of the experiment. 

Mineralization of cow manure was relatively slow even in treatments with soil moisture 

content at field capacity. This is probably due to the quality of manure used. 

Understanding osmotic and matric potentials and their interactions with respect to 

N dynamics are key for better N use efficiency. Further study is needed to closely 

examine the involvement of these two potentials on the microbial-solute interactions 

which have an essential role on N transformations in agricultural soils. 
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