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ABSTRACT 

A digital computer program was developed which models soil-water 

systems with respect to nitrogen transformations, including hydrolysis of 

urea, immobilization-mineralization of ammonia and organic nitrogen, and 

immobilization of nitrate nitrogen. Transformation rate equations were 

derived by applying techniques of systems and statistical analysis and 

using selected data from the literature. Simultaneous integration of the 

equations over time generates predicted concentrations for urea-N, 

organic-N, ammonia-N, and nitrate-N in the system. Comparisons were made 

of predicted and observed data for several soils having different textures 

and various moisture contents, temperatures, and fertilizer applications. 

This procedure yielded simple correlation coefficients of 0.992, 0.768, 

0.969, and 0.972 for the previously mentioned nitrogenous types, 

respectively. 
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INTRODUCTION 

Nitrogen is the most abundant gas in the Earth's atmosphere and an 

essential element in the 1 ife processes of plants and animals. Yet under 

certain conditions, various nitrogen forms can perpetrate disease, pollu

tion, or economic losses. The need exists for a model(s) which wil I pre

dict the occurrence and movement of this important but elusive element. 

The purpose of this study was to develop a digital computer model of ni

trogen transformations in soils, which could be used in conjunction with 

existing or future chemical and water flow models to predict nitrogen 

movement from the soil-water system to ground water bodies, lakes, 

streams, and the atmosphere. The hydrological and agricultural signifi

cance of nitrogen prediction models becomes more evident upon examination 

of some nitrogen problems. 

Problems Associated With Soil Nitrogen 

Under moderate conditions of moisture and temperature, soil often 

is a site of active nitrogen transformation and movement. Usually, ni

trogen in some form is being added to, transformed within, or lost from 

the soil-water system. Excessive accumulations or deficiencies of one or 

more nitro~cn species in some stage of this cyclic process account for 

most of the difficulties associated with soil nitrogen. Recently, several 

nitrogen problems have been given particular attention and merit discussion 

here. 
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Methemoglobinemia 

Nitrate is a common and sometimes abundant nitrogen species found 

in most soils. It may be leached or eroded from the soil horizon and 

enter ground water bodies, lakes, or streams. Wadleigh and Allaway (51) 

pointed out that certain plants such as spinach, Swiss chard, beets, oats, 

corn, sorgum and certain grasses tend to accumulate nitrates in their 

herbages. If human infants or ruminant animals ingest water or plant 

materials high in nitrates, they risk contracting methemoglobinemia, a 

disease characterized by a decrease in the oxygen carrying capacity of the 

blood (53). Bacteria in the digestive tract reduce nitrates to nitrites 

(43). These enter the blood and react with hemoglobin to form methemo

globin, which does not transport oxygen. 

The U.S. Publ ic Health Service recommends that water for human 

consumption should contain not more than 45 mg/I of nitrate or 10 mg/l of 

nitrate nitrogen (49). No upper limits have been establ ished for nitrate 

contents of foods. The possible effects of nitrites in water and food 

suppl ies are obvious from the above discussion. Fortunately, concentra

tions are seldom high enough to merit concern. A model (s) predicting the 

occurrence and movement of soil nitrogen could warn of conditions likely 

to produce high nitrate concentrations in water and food suppl ies. 

Algal Blooms 

A problem associated with pollution in lakes and streams is the 

growth of algae. This condition often is the result of a high nitrate 

concentration in conjunction with phosphates (42). Certainly these ni

trates all do not originate in soils. Domestic sewage and industrial 



wastes are other important sources. However, the nitrate contribution 

from soils can be significant and should be essential information in any 

management programs concerned with these waters. 

Fertil izer and Crop Losses 

The use of nitrogenous fertil izers has increased greatly in recent 

years. Unfortunately, efficient fertilizer appl ications do not always 

occur. Often the appl ications are too large, too small, the wrong type, 

or applied at the wrong times for the desired crop response. The crop may 

receive too 1 ittle nitrogen for proper growth or too much nitrogen result

ing in overproduction of f01 iage. Economic losses to the farmer in the 

form of increased fertilizer costs and diminished crop returns are an ob

vious result. A model (s) predicting the occurrence and movement of soil 

nitrogen could aid in planning the most effective fertil izer appl ications. 

The Ununified Status of Nitrogen Chemistry 

Nitrogen transformations have been rather thoroughly investigated 

by workers in soil science and related fields. A reasonable amount of 

data is available in the literature. However, few attempts have been made 

to unify the output from the multitude of isolated experiments. Quantita

tive predictions of the occurrence and movement of nitrogen are almost 

nonexistent. Much work is needed to unify nitrogen chemistry before 

these parameters will be reasonably predir.table. The digital computer 

model developed in this study should contribute to this needed unifica

tion. The author hopes that work along these 1 ines will be continued in 

the future. 
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A Review_.9f tl~LJte,=-iil!'Lre 'vlith Respect to SIswjJJcant 
Variables Influencing Soil Nitrogen Transformations 

Urea Hydrolysis 

Urea is commonly added to soils as a source of nitrogen. It may 

be rapidly hydrolyzed by the enzyme urease to form ammonia under a range 

of temperatures likely in the field. Researchers (11, 19,23) reported 

that the rate of urea hydrolysis is related to the amount of urea present, 

the depth of appl ication, and the temperature. Also, they indicated that 

soil aeration has 1 ittle effect on rate. Overrein and Moe (35) found that 

the soil moisture content has little effect on the hydrolysis rate. The 

upper and lower temperature 1 imits for hydrolysis are approximately 90 0 e 

and 2°e, respectively (23). 

Immobil ization of Ammonia-N 

Immobilization may be defined as the conversion of mineral forms 

of soil nitrogen to organic forms (1, 15, 46). The process involves 

heterotrophic microorganisms which convert mineral nitrogen to microbial 

cell material (15). The rate of ammonia-N immobilization depends on the 

carbon-nitrogen ratio, the number of microorganisms, the temperature, and 

the amount of ammonia (10, 13, 15, 28, 36, 45). Buckman and Brady (15) 

reported some dependence on the soil moisture content. Soil microorgan-

isms generally prefer ammonia over nitrate as a source of mineral nitro-

gen (1). 

Mineral ization of Organic Residues 

The microbial conversion of organic residues to ammonia is known 

as mineral ization t 1, 15). The transformation rate is knolt.tn to be a 



function of the carbon-nitrogen ratio, the temperature, the type and 

amount of organic residue, the number of microbes, and possibly the soil 

moisture content (2, 10, 32, 36, 38, 45). Also, such factors as texture, 

pH, and salt concentrations may be important (6, 15, 20). Broadbent (8) 

found that, generally, the carbon-nitrogen ratio must be lower than about 

23 for net mineral ization to occur. 

Carbon-Nitrogen Ratio 
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The carbon-nitrogen ratio of soil organic residues varies depend

ing on the type of residue and the stage of residue decomposition (6, 7). 

According to Alexander (1), the amount of residue carbon initially present 

in most organic materials added to soils is nearly equal to four tenths of 

the total amount on a dry weight basis. During residue decomposition, 

microbes use carbon about 30 times faster than nitrogen (not necessarily 

from the organic residue) resulting in a decrease in the carbon-nitrogen 

ratio of the residue (1). 

Nitrification 

Nitrification may be defined as the transformation of ammonia to 

nitrite and nitrate (1, 15, 47). The process may take place either in 

the soil water or on the exchange sites. The Nitrosomonas group of bac

teria convert ammonia to nitrite, while the Nitrobacter group transforms 

nitrite to nitrate (42, 47). According to Broadbent, Hill, and Tyler 

(1 I), nitrite usually is present only in trace amounts except when large 

ammonia concentrations cause inhibition of Nitrobacter. Known rate con

trolling variables include the temperature, the amounts of ammonia and 

nitrate, and the size of the microbial population (1, 4, 5, 14, 24, 40, 41. 



48). Possible rate factors are pH, soil moisture content, texture, struc

ture, salt concentrations, and soil aeration (6,9,15,26,27,29,34). 

Immobilization of Nitrate-N 

Microorganisms convert nitrates to cell material, but the rate is 

generally slower than that associated with a similar conversion of ammonia 

(10). The rate determining variables are similar to those mentioned with 

ammonia immobilization except that the amount of nitrate rather than the 

amount of ammonia should be included in the 1 ist. 

Den i t r i fica t ion 

Denitrification may be defined as the gaseous loss of nitrogen 

(not ammonia gas) under anaerobic soil conditions (1, IS, 34). The rate 

of gaseous loss is dependent on the soil moisture content, the amount of 

nitrate and nitrite, the amount of organic material, the depth, and the 

temperature (31, 34, 43). Other possible factors include pH, soil mois

ture content, texture, and aggregate size (31, 34). According to Sabbe 

and Reed (39), a special case of gaseous nitrogen loss may occur in acid 

soils by the reaction of amines with nitrites to form N20 or N02 . 

Gaseous Loss of Ammonia 

The volatilization of ammonia is mainly a function of the temper

ature, the texture, the amount of ammonia, the depth, the soil moisture 

content, and the pH (16, 17,22, 25, 30, 50,52). 

Fixation of Ammonia in Clay Lattices 

Researchers (3, 44) found that the soil texture and the types of 

clay minerals are the principal factors which determine the amount of 

6 



ammonia fixed in the crystal lattices of soil clays. According to 

Broadbent (9), fixed ammonia is not readily available to microorganisms 

responsible for nitrification or immobil ization of ammonia-No 

Symbiotic and Non-Symbiotic Nitrogen Fixation 

7 

Atmospheric nitrogen may be fixed by symbiotic microorganisms 

which live in conjunction with certain higher plants, by certain non

symbiotic bacteria and algae, and by lightning (1, 15, 42, 46). Symbiotic 

nitrogen fixation is a function of the crop type, the growing season, the 

number of symbiotic microbes, the temperature, the moisture, and the tex

ture. Other possible parameters include pH, salt concentrations, and 

aeration (1, 15, 46). Microbial non-symbiotic nitrogen fixation varies 

with the temperature, the moisture, the number of non-symbiotic microbes, 

and the soil texture (1,15). Additional variables may include pH, salt 

concentrations, and aeration (15, 46). Nitrogen fixation by lightning 

probably varies with the location and season of the year. 

Ion Exchange 

Charged nitrogen species in the soil water may exist in chemical 

equil ibrium with similar species adsorbed on the surfaces of soil colloids 

(15, 33, 37, 46). The principal species of interest here is ammonium 

(NH 4+)' with sl ight exchange capacities exhibited by urea and nitrate. 

The main soil variables include the types and amounts of clays present, 

and the types and amounts of other charged species contained in the soil 

(15, 18, 33, 46). 
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Plant Uptake of Nitrogen 

The principal nitrogen species taken up by plant roots are nitrates 

and ammoniu~ (6, 7, 12). Here, known parameters include the plant type, 

the growing season, the amounts of nitrate and ammonium, the soil moisture 

coritent, the temperature, the texture, the pH, and other salt concentra-

t ions (6, 7, 12, 46). 



PROCEDURES 

The entire phase of the soil-water system concerned with nitrogen 

transformations under nonflow conditions was too broad in scope for ade

quate treatment in this study. Systems analysis was used to define a more 

limited system and establish pertinent variables and pathways which formed 

the basis for the computer model. Next, equations based on these basic 

variables were developed using computer oriented statistical analyses along 

with other information. Construction of the computer program intercon

nected the pathways derived from the systems analysis and quantified by 

the equations. Finally, the computer predictions were compared with ob

served data to correct and verify the model. 

Syst~2-~nalysis 

After a thorough review of the literature, the system was restric

ted in scope by establ ishing certain I imitations and assumptions. These 

were selected on the following basis. They excluded the minor and/or 

extremely complex parameters but included enough important ones to allow 

some field appl ications of the completed model. Next, the restricted 

system was subdivided into various biochemical and chemical pathways within 

the soil pertaining to nitrogen. Based on these routes, pertinent inputs 

and outputs were designated for the system. Finally, pertinent variables 

were establ ished which appl ied to the transformation pathways. 

9 



Limitations and Assumptions 

The following 1 imitations apply to the soil system considered in 

this research. 

1. The system was limited to nonf10w conditions with respect to 

water movement in 1 iquid state. Movement of water vapor was allowed. 

10 

2. The system was restricted to a1ka1 ine soils. A multitude of soil 

reactions concerning nitrogen take place primarily under acid conditions. 

This limitation served to simplify the chemistry but still include most 

soils of arid regions. 

3. All pertinent inputs and all pertinent outputs (except nitrogen) 

associated with the system were measured. The scope of this study did not 

include prediction routines for these parameters. They could be added in 

the future. 

4. Uptake of nitrogen by crops was excluded from the system. This 

aspect was too complex to be considered adequately in the time allotted 

for the study. 

5. Within the soil system, only nitrogen transformations were pre

dicted. The leaching of nitrogen species was left to existing chemical 

and flow models which have immediate application to this restricted system 

after completion of the nitrogen transformation model. 

6. The soil moisture content was limited to a range bounded by the 

field capacity and permanent wilting point. 

The following basic assumptions were made to further simpl ify the 

system. 

1. No gaseous losses of nitrogen occur. This assumption is val id 
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when aerobic conditions exist in the soil, and urea and ammonia fertiliz

ers are not appl ied on or near the land surface. The assumption would not 

hold in cases such as bog soils where restricted aeration exists nor in 

cases where ammonia is easi 1y lost as a gas. 

2. The soil pH remains in the range 7.0 to 8.5. The effect of hydro

gen ion activity on soil nitrogen transformations is approximately constant 

in th i sin te rva 1 . 

3. Symbiotic and non-symbiotic nitrogen fixation and fixation of 

ammonia in clay crystal lattices are small in magnitude by comparison with 

other nitrogen transformations considered in this research. 

4. The ammonia-N mentioned in this study is total soil ammonia-N less 

that fixed in clay lattices and any ammonia gas. 

5. Nitrites do not accumulate in the soil beyond trace amounts. 

6. Fertil izers and other nitrogen additions are appl ied uniformly and 

thoroughly mixed with the soil. 

7. The microbial populations of different soils are approximately 

equivalent in their responses to pertinent parameters associated with 

nitrogen transformations. 

8. The upward movement of nitrogen species in the soil during evapo

ration of moisture is not significant. 

9. The chemical composition of the soil (other than nitrogen species) 

has 1 ittle effect on nitrogen transformations. 

Biochemical and Chemical Pathways 

Biochemical and chemical pathways within the soil were combined 

to include those nitrogen transformations which are performed biochemically 
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by microorganisms or chemically in non-biological reactions, Figure I. 

These pathways were in keeping with the previously mentioned limitations 

and assumptions. They included hydrolysis of urea, immobilization of 

ammonia-N, mineral ization of organic residues, nitrification of ammonia-N, 

and immobil ization of nitrate-No They represented the major biochemical 

and chemical nitrogen transformations thought to occur in the restricted 

soil system. Other pathways were assumed to be insignificant by compar

ison. 

Hydrolysis of urea was included because urea is a common nitrogen 

fertil izer added to soils and hydrolysis is the major reaction occurring 

with respect to urea in most soil systems. Immobilization of ammonia-N 

was important since microbes use ammonia, a common nitrogen type in soils, 

to form cell material when organic residues with carbon-nitrogen ratios 

greater than about 23 are added to soils. Mineralization of organic resi

dues is significant at carbon-nitrogen ratios less than about 23 and had 

to be included as a transformation pathway. Nitrification of ammonia-N 

is the primary means by which ammonia-N is transformed to nitrite-N and 

nitrate-N in soils. It had to be included as an extremely important path

way. Immobilization of nitrate-N was the least significant pathway 

included in the model. However, microbes may consume significant amounts 

of nitrate when high nitrate and low ammonia concentrations occur over 

extended p~riods of time. 

Inputs and Outputs 

The basic daily inputs and outputs of the system model are illus

trated in Figure 2. The central box represents the soil and contains the 
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biochemical and chemical pathways previously mentioned. The surrounding 

boxes represent inputs or outputs as designated by the directions of the 

arrows. Nitrogen ammendments included urea, ammonia, nitrate, and organic 

residue nitrogen. These nitrogen forms commonly are added to soils either 

by man or animals, or in precipitation. Also, they were forms which could 

be handled by the establ ished internal pathways. They formed the basis 

for nitrogen inputs to the system. 

Outputs of nitrogen were limited to the concentrations of urea-N, 

ammonia-N, nitrate-N, and organic-N in specified layers of the soil 

section. Actual losses of nitrogen from the soil were not considered in 

this model. 

Other inputs to the system model included heat, and water from 

irrigation and precipitation. These inputs were selected for their impor

tance in the functioning of the internal pathways. The amount of each 

pertinent nitrogen type present in the various soil segments or layers 

after a moisture addition to the system involving leaching had to be 

determined by a flow model or by measurement. Inputs such as gases and 

vartous other chemical additions could be included in a less restricted 

model. 

Basic Soil Differences 

In addition to the above mentioned inputs and outputs, some basic 

soil parameters were retained in the model. These included the carbon

nitrogen ratio of the humus, and the native amounts of the nitrogen types 

previously mentioned. Other parameters such as texture, pH, size or spe

cies of the microbial population, bulk density, and soil aeration could be 
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included in a future extension of the model. However, they were assumed 

to be minor factors in the system as defined. 

Selection of Basic Variables 

Based on the 1 iterature review and systems analysis, a set of 

basic or working variables was selected for each transformation pathway. 

These were parameters which could be important in the system as defined. 

The variables or variable combinations used in the final equations de

pended on the extent and qual ity of data in the literature as well as the 

statistical anaiysis. 

The temperature and the amount of urea-N were selected as working 

variables for the urea hydrolysis pathway. Researchers (11,35) found 

that soil moisture content, pH, and aeration had little effect on the 

hydrolysis rate. Depth of appl ication would be important only if surface 

or near surface appl ications were being considered. Other parameters are 

probably important but have not been thoroughly investigated. 

The mineral ization and immobilization (ammonia-N) pathways were 

studied together as a unit because they are rather closely related. The 

basic variables selected were the amount of organic-N, the amount of 

ammonia-N, the temperature, the moisture content, and the carbon-nitrogen 

ratio of the organic residue. These parameters had been found to be 

important in various studies (10, 13, 15,20) and were applicable to the 

system. Hopefully, the major factors were included. 

Researchers (14,28) found that the temperature, the amount of 

ammonia-N, the amount of nitrate-N, the moisture content, and the texture 

were among the important parameters associated with the nitrification 
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pathway. They were chosen as I ikely nitrification variables for the 

restricted soil system. Other possible variables such as pH and soil aer-

ation probably are not significant in this system. The quality of the 

variable selections was tested in the final results of the model. 

Variables tried in connection with the nitrate-N immobil ization 

pathway were determined in a similar manner. The temperature, the mois-

ture content, the amount of nitrate-N, and the amount of organic-N were 

selected as possibilities. Broadbent (10) showed these variables to be 

significant in association with nitrate-N immobil ization. Also, they 

were I ikely parameters in the restricted system. 

Data Collection 

Keeping in mind the I imitations, assumptions, and basic variables 

associated with the system, an exhaustive search of the literature was 

undertaken to locate useful r data . Data of primary interest were that 

which could be used to develop rate equations for urea hydrolysis, immo-

bil ization, mineral ization, and nitrification. In addition, data were 

needed to check the results of model routines and the final model. These 

also were obtained from the I iterature. Enough useful data were collected 

to allow the development of the initial equations. The only significant 

lack in qual ity was encountered with the nitrification data. This defi-

ciency was overcome by the verification data. 

The data for the equations developed in this study were obtained 

from the I iterature as follows: 

Urea hydrolysis data (II, 35). 

Mineral ization-Immobil ization data (10). 



Nitrification data (14, 29). 

Carbon-nitrogen ratio data (I, 8). 

The data used in this study to verify the output of the computer 

model were obtained from the I iterature as follows: 

Urea-N data (I I, 35). 

Organic-N data (10). 

Ammonia-N data (10, II, 14,29). 

Nitrate-N data (10, II, 14, 29). 

Development of Equations 

18 

Most nitrogen transformations in soil take place too slowly to be 

approximated by equi librium relationships. Therefore, a kinetics approach 

was selected to model the pathways. Each pathway was quantified by a pre

I iminary rate equation developed using computerized multiple regression 

analyses of the data from the I iterature. The final basic equations 

appearing in the computer model were determined by modifying some of the 

prel iminary constants to more closely approximate the verification data. 

The basic variables used in each regression analysis were those 

established from the I iterature review and the systems analysis. First, 

transformations such as logarithms, multiples, divisions, square roots, 

exponentials, and various combinations of these were performed on data 

for the basic variables. The transformed and basic data were then corre

lated with the rates to help determine which variable combinations gave 

the best linear relationships. The independent variables so chosen for 

each transformation pathway were included in a series of least squares 

multiple regression analyses. This provided equations for the planes of 
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best fit through the data points. Usually, many combinations of respec

tive independent variables were tried before the best equation for a path

way could be found. Variables which contributed I ittle to the goodness of 

fit were deleted from the final equation. 

The basic equation form was as follows: 

where Y is the transformation rate (dependent variable). 

Xn is a basic or transformed parameter (independent variable). 

bn is a regression coefficient. 

C is a constant (Y intercept). 

Statistical parameters such as the F ratio, R2 value, and Standard Error 

of Estimate for the Y were used to help determine which combination of 

independent variables gave the best fit for each rate equation (21). 

It was not necessary for the independent variables to be indepen

dent with respect to each other. Here, the basic idea was to find a mod

el, not to determine the interdependence of the independent variables. 

The regression equations were val id even though some of the independent 

variables were related. 

Urea Hydrolysis Rate Equation 

The basic variables considered in the development of the urea 

equation were the temperature ( DC) and tne urea-N concentration (ug/g 

soil). The independent variables in the final equation were loglo 

temperature (DC) and 10910 urea-N concentration. Other potential param

eters were excluded for their low r values and/or lack of contribution 
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to the fit. The rate units for this and all other rate equations used in 

the model were expressed in ug/g soi l/day unless otherwise noted. 

The constant, coefficients, and statistical parameters for the 

urea equation appear in Table 1. The simple correlation coefficients (r) 

for each independent variable correlated with the rates provided some idea 

of which variables would contribute most to the fit of the regression 

plane. The critical r value for 60 degrees of freedom is 0.308 at the 

95 percent level of significance. However, a high correlation with the 

rate did not yield the expected contribution to the fit if the variable 

was highly correlated with one or more other independent variables. 

The F ratio of 624 rejected the hypothesis that all the regression 

coefficients equaled zero. The critical F ratio for 60 degrees of free

dom is 3.93 at the 95 percent level. 

The R2 value of .723 indicated that 72.3 percent of the variance 

of the rate was accounted for by the regression. 

The SEE for the rate showed that 68 percent of the points fell 

within ~ 49.0 ug/g soil/day of the regression plane. 

This equation represented the best fit obtainable in a reasonable 

length of time using data from the 1 iterature (11, 35). 

Mineralization-Immobil ization Rate Equation 

A single equation was derived for the net rate of ammonia-N 

immobil ization or the net rate of organic-N mineral ization depending on 

the sign. A negative rate indicated a loss of organic residue (miner

al ization), a positive rate showed a gain of microbial cell material 

(immobil ization). A similar sign convention was used throughout the 



Table 1. Variables, Constants, and Statistical Tests for the Urea Hydrolysis and 
Mineralization-Immobil ization Rate Equations. 

Equation 

Variable: 

r Value:", 

Coefficient (b 1) : 

Variable: 

r Value: 

Coefficient (b2) : 

Variable: 

r Value: 

C oe ff i c i en t (b 3) : 

Constant: 

FRat i 0: 

R2 Value:""" 

SEE: ,',,','" 

'/, Simple Correlation Coefficient 

Urea Hydrolysis 

10910T 
6.22' 10- I 

- 1.56' 102 

10910 urea-N 

6.78.10- 1 

-1.53'102 

4. I 3'102 

6.24.10 1 

7.23']0-1 

4.90·]01 

i','";';, 

';':;'''''\.'/\ 
Multiple Correlation Coefficient Squared 
Standard Error of Estimate for the Rate 

Mineralization-Immobil ization 

T 

-5.85'10 
- I 

-2.16' 10-3 

organic-N 

-7.69']0-1 

-2.70'10- 2 

10gl0 ammonia-N 

7.06.10- 1 

3.92'10- 1 

8.92' 10- 1 

3.89'10 1 

7.40' 10- 1 

2.45'10- 1 

N 
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model; a positive sign indicated a gain and a negative sign a loss with 

respect to that particular constituent. 

The basic parameters used in conjunction with the mineral ization-

immobilization equation were the temperature (OC), the organic-N concen-

tration (ug/g soil), the ammonia-N concentration (ug/g soil), and the 

carbon-nitrogen ratio of the organic residue. The final equation con-

tained the temperature, the organic-N concentration, and the 10910 

ammonia-N concentration. 

The carbon-nitrogen ratio was excluded from this equation because 

a complete set of data at more than one carbon-nitrogen ratio 80 was , , 

not available. However, this important parameter was kept in the model 

by mUltiplying the output of the mineralization-immobilization equation 

by the output of a I inear equation involving the carbon-nitrogen ratio. 

The multiplification factor equaled unity at a carbon-nitrogen ratio of 

80 and zero at a ratio of 23. The assumption was made that net immo-

bilization occurs above 23 and net mineralization occurs below 23. The 

net rate at 23 was assumed to equal zero. The relationships involving 

the equation were taken from the literature (1, 8). The final equation 

form was as follows: 

M = -2.51 + 1.85 x 10910 C:N ratio 

where M was the multipl ication factor. 

Since the C:N ratios of organic residues change as decompositi2n 

progresses, a method was developed to predict the carbon-nitrogen ratios 

with time. The I iterature review showed that microorganisms release 

about 30 carbon atoms from organic residues for every nitrogen atom 
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consumed. The nitrogen may come from the organic residue or from ammonia 

in the soil water or on the exchange complex. The carbon either is re

leased as CO 2 gas or used to produce microbial cell material. The 

nitrogen may be transformed to ammonia or used in the production of cell 

material. 

The initial amount of carbon in the organic residue was estimated 

by multiplying the amount of residue by 0.4. Likewise, the initial 

amount of nitrogen in the residue was approximated by mUltiplying the 

amount of residue by 0.4/carbon-nitrogen ratio (1). If the ratio was 

greater than 23, the amount of residue carbon remaining after some time 

interval was approximated by subtracting 30 times the predicted amount of 

organic-N immobilized from the amount of residual carbon present at the 

start of the interval. The amount of residue nitrogen was assumed to re

main constant. That is, it was assumed that the microorganisms consume 

only mineral forms of nitrogen in this carbon-nitrogen ratio range. The 

new carbon-nitrogen ratio was computed by dividing the amount of residue 

carbon by the amount of residue nitrogen. 

At carbon-nitrogen ratios less than or equal to 23, the residual 

amounts of carbon were computed in the same manner except that the amount 

of nitrogen mineral ized was used as the computation base. The new amount 

of residue nitrogen was determined by subtracting the amount of nitrogen 

mineralized during the time interval. In this case the assumption was 

made that the microorganisms derive nitrogen only from the organic resi

dues in this carbon-nitrogen ratio range. Again the ratio was recomputed 

by dividing the amount of residue carbon by the amount of residue nitrogen. 
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When the amount of organic residue became equal to zero, the ratio 

was set equal to the avel-age carbon-nitrogen ratio for the soil. This 

allowed for mineralization of dead microbial cells with time. 

A listing of the constant, coefficients, and statistical measures 

for the mineralization-immobil ization equation is presented in Table 1. 

Independent variables other than those included in the final prel iminary 

equation were rejected because their R values were too low or because they 

contributed very little to the goodness of fit. In this case the critical 

R value is 0.40 for 43 degrees of freedom. The F ratio of 38.9 was well 

above the critical value of 3.46. The R2 value of 0.740 was quite good. 

A value above 0.5 was desirable, but not essential in this study as will 

be seen later. The SEE for the rate indicates that 95 percent of the 

points fell within !0.490 ppm/day of the equation plane. The fit for this 

equation was the best in this study. The data from the 1 iterature (10) 

was quite good. 

Nitrification Rate Equation 

The nitrification equation represented the net transformation 

of ammonia-N to nitrate-No This meant that some nitrate-N to ammonia-N 

conversion was allowed in the model. However, the net result always was 

assumed to be the appearance of nitrate-No The basic variables used to 

develop the equation were the temperature (OC), the concentration of 

ammonia-N (ug/g soil), the concentration of nitrate-N (ug/g soil), and 

the soil moisture tension (bars). The independent variables included 

in the final prel iminary equation were the temperature times the 

ammonia-N concentration, the 10910 ammonia-N concentration, and the 
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10910 nitrate-N concentration. Other basic variables and transformations 

were excluded because of their low r values or because they did not con

tribute significantly to the fit of the data points. Inclusion of the 

moisture variable in some form was attempted at some length, but the R 

values were very small and the contributions to the fit were practically 

nil. 

The constant, coefficients, and statistical parameters for the 

nitrification equation are presented in Table 2. The critical R value 

for 160 degrees of freedom is 0.226. The F ratio of 29.1 is above the 

critical value of 4.40. The R2 of 0.384 is lower than was desirable for 

this important equation. Also, the SEE of 3.84 is high. The fit was 

rather poor in that a good equation was needed for the transformation of 

ammonia-N to nitrate-No However, a fit such as this probably would be 

tolerable in other parts of the model. The basic difficulty may have been 

a lack of good quality derivation data in the 1 iterature (14,29). Fortu

nately, the deficiency was corrected with the verification data. 

Nitrate-N Immobil ization Rate Equation 

The nitrate-N immobil ization equation quantified the conversion 

of nitrate-N to microbial cell material. As in the case of ammonia-N 

immobil ization, the process was assumed to take place only at 

carbon-nitrogen ratios greater than 23. The equation did not allow direct 

nitrate-N formation from organic-N, since this transformation pathway is 

highly unlikely. 

The constant, coefficients, and statistical parameters for the 

equation appear in Table 2. The basic variables used to develop the final 



Table 2. Variables, Constants, and Statistical Tests for the Nitrification 
and Nitrate-N Immobil ization Rate Equations. 

Equation 

Variable: 

r Value: 

Coe ff i c i en t ( b I ) : 

Variable: 

r Value: 

Coefficient (b2): 

Variable: 
r Value: 

Coefficient (b3): 

Constant: 

FRat i 0: 

R2 Value: 

SEE: 

Nitrification 

T x (ammonia-N) 

5.44· 10- 1 

1.62'10-3 

10910 ammonia-N 

3.61.10- 1 

2.38'10- 1 

log 10 nitrate-N 
-4.97.10- 1 

-2.51.100 

4.64.100 

2.91 .10 I 

3.84.10- 1 

3.67'100 

Nitrate-N Immobil ization 

T/(organic-N)2 

4.18'10- 1 

1.52.100 

eT 

-2.82.10- 1 

-3.23.10- 15 

(T x (organic-N)-(nitrate-N))/(organic-N) 
3.24.10- 1 

-4.90.10- 3 

0.0 

9.96.100 

4.21'10- 1 

4.11 '10- 1 

N 
0" 
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equation were the temperature (DC), the organic-N concentration (ug/g 

soi1), and the nitrate-N concentration (ug/g soil). The final independent 

variables included the temperature/(nitrate-N concentration)2, 

(temperature) ( (. . 
e , and the temperature x organlc-N concentration - organic-N 

concentration))/organic-N concentration. The F ratio of 9.96 was above the 

critical level of 4.98 for lf3 degrees of freedom. The critical level for 

the r values is 0.401. The rand R2 values were a I ittle low, but proved 

to be adequate for this transformation~ Likewise, the SEE for the rate 

was within tolerable I imits. The fit for this equation did not have to 

be as good as with the other equations since the nitrate-N immobil ization 

rate was small compared with the others. 

Method of Solving the Rate Equations 

The basic rate equations were each derived independently and had 

to be solved as unit or system before any predicted output could be ob-

tained. The method selected was particularly well suited to a high speed 

digital computer. 

For convenience, a basic time interval of one day was selected. 

This meant that the outputs from the rate equations initially were placed 

in terms of ug/g soi l/day and that all inputs and printed outputs were on 

a daily basis. A first approximation of the concentration of each nitro-

gen species at the end of a day was obtained in the following manner. 

1. Each rate equation was solved independently based on the perti-

nent concentrations at the start of a day. 

2. Appropriate additions to or subtractions from the initial 



concentrations were made based on the magnitudes and directions of the 

rates. 
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Successive approximations for the daily concentrations were made 

by dividing the days into series of smaller and smaller time interval 

lenghts until the results of one series agreed with the previous series 

within 0.5 ug/g soil. That is, the system converged. The output from one 

time increment became the input for the next. Usually, division of a day 

into 2 to 64 intervals was sufficient to attain the desired convergence 

depending on the magnitude of change during that day. The method amounted 

to a simultaneous integration of all the rate equations to generate the 

nitrogen concentrations. Obviously, the great number of computations re

quired made the method particularly well suited to the computer. 

Construction and Operation 

A general ized block diagram of the computer model appears in 

Figure 3 (a complete Fortran I isting is given in the Appendix). The pro

gram consisted of six primary sections. Each contained several loops or 

routines related to the primary function of that section. The urea-N, 

organic-N - carbon-nitrogen ratio, ammonia-N, and nitrate-N sections were 

independent of each other so far as sequence was concerned. That is, the 

order in which they were arranged in the program made no difference in 

program 0p.eration. The sequence chosen was based on the order in which 

the section~ were first studied. Of course, the input and convergence

output sections had to appear at the beginning and end of the program, 

respectively. 

The input section was concerned with establishing basic program 

constants and control, input, and verification data. Also, the data were 



Input . =-.='"'- Urea-N 
Sect ion /\ --- Sect ion 

~-~ 
Ammonia-N 

Section 

Nitrate-N 
Section 

Output 
Section 

~ '-. Organic-N - C:N 
Ratio Section 

Yes 

Plotting 
Subroutine 

Fig. 3. Generalized Block Diagram of the 
Computer Program 
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placed in the proper time sequence for the "doll loops in the sections 

which fol lowed. The program headings and input data were printed before 

the computer moved to the next section. 
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The urea-N section included routines for the initial daily time 

interval length and the initial daily concentration of urea-No Also, the 

urea hydrolysis rate equation, an expression to compute the amount of 

urea-N present at the start of the next time interval, special logarithmic 

rate functions for I imiting temperatures and urea-N concentrations, and 

other control loops were included in this program section. The computer 

passed completely through this section before proceeding to the next. 

The organic-N - carbon-nitrogen ratio section was the most in

volved part of the program in that it contained the largest number of 

expressions and loops. The initial parts were concerned with the amounts 

of organic-N, ammonia-N, and nitrate-N present at the start of a day. 

These data were necessary for the first set of calculations pertaining to 

a day. After this, the data for the remaining daily time increments were 

generated entirely by the program. 

After establishing the initial carbon-nitrogen ratio and modi

fying some of the original constants according to the carbon-nitrogen 

ratio range, the program entered the mineralization-immobil ization rate 

equation. The resulting rate was modified according to the carbon-nitrogen 

ratio and the I imiting temperatures, moistures, and concentrations. Also, 

certain other control loops were employed at this point. 

Next came the nitrate-N immobil ization rate equation. It was used 

at this point so that its results could be used along with the output from 

the mineral ization-immobil ization equation to calculate the carbon-nitrogen 
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ratio at the start of the next time interval. Loops for I imiting tempera

tures, moistures, and concentrations followed the equation. The usual 

control loops were included at this stage. 

The carbon-nitrogen ratio was recalculated in the routine which 

followed. Separate loops were used for the carbon-nitrogen ratio ranges 

greater than 23 and less than or equal to 23. The basic method of recal

culation has already been described on Page 23. 

The last part of the organic-N ~ carbon-nitrogen ratio section 

was concerned with storing the amounts of residue carbon and nitrogen 

present at the end of a day and computing the amount of organic-N present 

at the start of the next time increment. 

The ammonia-N section of the program contained the nitrification 

rate equation along with the appropriate I imiting rate functions and con

trol loops. Again, the last part was concerned with the computation of 

the amount of ammonia-N present at T + I. 

The nitrate-N section was rather short since the appropriate rates 

had already been calculated. The routine computed the amount of nitrate-N 

present at T + I based on the initial amount of nitrate-N and the output 

from the nitrification and nitrate-N immobil ization equations. If the end 

of a day had not been reached, control was shifted back to the urea-N 

section for the next time increment. Otherwise control was passed to the 

next section. 

The final section of the main program consisted of the convergence 

and output routines. The convergence routine compared the daily output 

from one series of time increments with the output from the previous one. 

If the two differed by not more than 0.5 ug/g soil, control was passed to 
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the output routine. Otherwise, the number of daily time intervals was 

doubled, the dai ly concentrations of the nitrogen species stored, and con

trol passed to the urea-N routine for another series of approximations. 

The output routine printed the dai ly values for the urea-N, ammonia-N, 

organic-N, and nitrate-N concentrations along with the appropriate day 

and number of time increments needed for convergence. 

The main program then cal led a special subprogram. This routine 

plotted the observed and predicted data points for each nitrogen species 

and the predicted data points for the carbon-nitrogen ratios versus time. 

These plots saved countless hours during verification and correction of 

the main program. 

Correction and Verification 

After the program was constructed, its predicted output was com

pared with observed data. The predicted curves had the proper shape, but 

some were displaced to some extent from the observed situation. This 

probably was caused by the lack of good derivation data. However, it 

indicated that the choice of variables or terms was approximately correct. 

This meant that some coefficients were slightly in error. These discrep

ancies were corrected by changing certain coefficients to more closely 

fit the observed curves in general. That is, no attempt was made to fit 

each individual soi I or run with a separate set of coefficients. The 

changes made applied to the entire set of verification data. A summary 

of the coefficient changes appears in Table 3. 

Also, at this stage I imiting rate functions or expressions were 

added to the program to account for changes near I imiting values of 
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Table 3. Summary of Corrections Made in Regression Coefficients 

Equation C: N Rat i 0 bl b2 b3 

Urea Hydrolysis N C~" NC 

Mineralization-
I .60· 100 I mmob iIi zat ion 23 NC NC 

23 NC NC 7.83· 10- 1 

Nitrification 23 NC 4.50· 100 NC 

23 8.00.10- 4 2.38.10- 4 -2.10·10 0 

Nitrate-N 
I mmo b iIi z a t ion 23 NC NC NC 

23 NC NC NC 

* NC No Change. 



34 

temperature, moisture, and concentration. These were developed by curve 

fitting with respect to the verification data. They were necessary be

cause the regular rate equations tended to "break down" near these bound

aries. 

A low temperature correction for each rate was found to be neces

sary below about lOoe. Here the original rates were multipl ied by the 

output from a logarithmic function based on the temperature. The rates 

became equal to zero at about 4°e. No ~pper limits or corrections were 

necessary for high temperatures because the equations appeared valid at 

most maximum soil temperatures occurring below the surface. 

The moisture correction for tensions below about 10 bars was han

dled in a manner similar to the temperature correction. However, the 

rates were still above zero at 15 bars, the lowest moisture content 

allowed in the model. The equations were valid at the upper moisture 

1 imit of field capacity. The corrections appl ied only to the mineraliza

tion-immobilization, nitrification, and nitrate-N immobil ization equations. 

There was no evidence to suggest a moisture correction for the urea 

hydrolysis equation in the range considered in the study. 

The low concentration levels were handled in a sl ightly different 

manner. If a rate equation predicted that a greater amount of nitrogen 

would be transformed than was present at that time (based on rate units of 

ug/g soil/day) the rate was set equal to the amount remaining. Then the 

division was made by the number of time increments/day. This procedure 

generated a "tail ing off" effect near low concentration levels. The pro

cedure seemed to work well because the curves kept their observed shapes 

near concentration boundaries and eventually went to zero due to rounding 
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errors. Generally, the effect was generated at levels below 5 ug/g soil. 

The urea hydrolysis equation was a slight exception to the above proce

dure. Here the rate was set equal to the amount remaining at rates less 

than 5 ug/g soil/day. This was necessary because of the very rapid 

hydrolysis rates with respect to one day. 

The regular equations gave good results at concentrations near 

the maximums expected with normal field appl ications of nitrogen 

fertilizers. 



DISCUSSION OF RESULTS 

Typical observed and predicted curves for urea-N, organic-N, 

ammonia-N, and nitrate-N concentrations versus time are presented in 

Figures 4, 5, 6, and 7, respectively. These and similar plots were used 

to verify the predicted output for several a1ka1 ine soils incubated under 

a range of conditions allowed in the model. Sets of observed and sets of 

predicted values for each nitrogen species studied were compared by using 

a least squares linear regression analysis to obtain the simple correla

tion coefficient (r), the linear regression coefficient (b), the Y-inter

cept (YO)' and the SEE. 1 Here the observed and predicted concentrations 

served as the independent and dependent variables respectively. A perfect 

fit for the predicted values would yield a r value of 1.0, a b value of 

1.0, a YO of 0.0, and a SEE of 0.0. 

'Urea Nitrogen 

A total of 31 pairs of observed and predicted data points yielded 

the following regression equation: 

where 

Y = 17.1 + 0.925X 

X was an observed urea-N concentration. 

Y was a predicted urea-N concentration yielded by this equation 

(not by the computer model). 

1. Standard Error of Estimate for the predicted values. 
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The numbers 17· I and 0.925 referred to the V-intercept and the regression 

coefficient, respectively. The r value equaled 0.992 while the SEE was 

equal to 17. I. All units were expressed in ug urea-N/g soi I. The maxi

mum urea-N concentration in this set of varification data was 400 ppm. 

This concentration was close to the upper I imit for urea-N allowed in the 

computer mode I . 

The values for Vo and b indicated the overall predicted urea-N 

output was sl ightly higher than the overall observed concentrations for 

the examples used to derive the previous equation. One possible expla

nation for this difference would be an incomplete recovery of urea-N in 

the laboratory. The computer model more closely approximated th~ observed 

values for ammonia-N and nitrate-N in the same samples. The r value 

showed that 98.4 percent of the V variance was accounted for by the re

gression of V on X. The SEE of 17. I meant that 95 percent of the pre

dicted values fell within + 34.2 ppm of the regression line. 

Organic Nitrogen 

The following equation was obtained using 56 pairs of observed 

an~ predicted data points: 

Y = 11.0 + 0.768X 

Here the observed and predicted values were expressed in terms 

of ug organic-N/gm soil. The equation represented a I ine which was loca

ted above the theoretical line (Yo = 0.0, b = 1.0) for organic-N conce~

trations below about 55 ppm, the point where the I ines crossed. The 

organic,-N data from the I iterature which were used for purposes of verifi

cation fell in a range from about 15 to 60 ppm. The clustering of 
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points within this range could partially account for the b value of 0.768 

as well as the r value of 0.774. A wider range of organic-N values 

probably wOuld improve both the band r values. 

The SEE of 6.55 showed that 95 percent of the predicted points 

fell within + 13.1 ppm of the regression line. 

Ammonia Nitrogen 

A total of 83 pairs of observed and predicted data points was used 

to derive the following regression equation: 

V = 11.7 + 1. 05X 

The simple correlation coefficient (r) was 0.969, and the SEE was 9.47. 

The concentrations were expressed in ug ammonia-N/g soil. 

Here the regression line was slightly above and parallel to a 

theoretical line with a slope of 1.0 and a V-intercept of 0.0. A possible 

explanation could be incomplete recovery of ammonia-N in the chemical 

analyses, since the model closely approximated the observed nitrate-N 

values for the same runs. The model appeared to more closely predict the 

concentrations of those nitrogen species for which the more reliable 

analytical methods were available. 

The r value indicated that 93.8 percent of the variance in the pre

dicted values was accounted for by the regression. The SEE showed that 

95 percent of the predicted concentrations fell within ~ 18.9 ppm of the 

regression i ine. 

For this case of ammonia-N, the maximum concentration considered 

in this set of verification data was 150 ppm, while the minimum was 

0.0 ppm. 



Nit rate Jii~ogen 

The following regression equation vJas derived using 86 pairs of 

observed and predicted data points: 

Y = 5.98 + 0.884x 

The r value was 0.972, and the SEE for the predicted concentrations was 

7·90. The units were in terms of ug nitrate-N/gm soil. 

The regression I ine crossed the Y-axis at 5.98 and had a slope of 

0.884. This meant that the regression line fel I sl ightly above the theo

retical I ine at concentrations below about 50 ppm and slightly below the 

line above this concentration. 

The maximum nitrate-N concentration in this set of verification 

data was about 150 ppm, and the minimum about 2 ppm. 

The r value of 0.972 indicated that 94.5 percent of the variance 

in the predicted nitrate-N concentrations was accounted for by the regres

sion. The SEE of 7.90 showed that 95 percent of the predicted nitrate-N 

concentrations compared in this analyses fel I within ~ 15.8 ppm of the 

regression line. 



SUMMARY 

The objective of this research was the development of a digital 

computer model predicting nitrogen transformations in soils. The soil 

system was restricted by certain limitations and assumptions to simpl ify 

the investigation. After the establishment of pertinent chemical and 

biochemical pathways for nitrogen transformations, corresponding math

ematical equations were derived using a statistical analysis of data 

from the 1 iterature. These equations were combined and solved in a com

puter program which became the basic computer model. The model was 

corrected and verified by comparing its predicted output with observed 

data from the 1 iterature. 

Appl ications for the model include predicting concentrations of 

nitrogen species in soils under laboratory or field conditions conform

ing to the limitations and assumptions previously mentioned. More 

important, the model hopefully could serve as part of a less restricted 

model{s) with direct appl ications to many field situations. However, 

as with most statistical models of physical and chemical processes, care 

must be made not to derive undue physical meanings for the results. That 

is,there ii no certainty that the model describes the processes even 

though the ~redicted outputs closely approximate observed data. 
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APPENDIX 

FORTRAN LISTING OF THE COMPUTER PROGRAM 

C 
C COMPUTER MODEL PREDICTING THE NON-FLOW AMOUNTS OF UREA-N, AMMONIA-
C N, ORGANIC-N, AND NITRATE-N IN ALKALINE SOILS 
C 
C 
C INPUT VARIABLES 
C AAMT = THE INITIAL AMOUNTS (PPM) OF UREA-N, AMMONIA-N, ORGANIC-
C N, AND NITRATE-N PRESENT IN THE SOIL 
C SAMT = THE AMOUNTS (PPM) OF UREA-N, AMMONIA-N, ORGANIC-R, AND 
C NITRATE-N ADDED ON A DAILY BASIS 
C CNI = THE C/N RATIO OF THE ORGANIC-R ADDED 
C VAMT = THE OBSERVED AMOUNTS (PPM) OF UREA-N, AMMONIA-N, ORGANIC 

-N, AND NITRATE-N 
C SOILl,SOIL2,SOIL3 = THE SOIL NAME 
C T = THE TEMPERATURE IN DEGREES CENTIGRADE 
C W = THE MOISTURE TENSION IN BARS 
C N = THE TOTAL NUMBER OF DAYS 
C DATE = THE DATE OF THE RUN 
C SS = THE RUN NUMBER 
C 
C OUTPUT VARIABLES 
C AAMT = THE PREDICTED AMOUNTS (PPM) OF UREA-N, AMMONIA-N ORGAN I 
C C-N, AND N ITRATE-N 
C CNPLOT = THE PREDICTED C/N RATIO 
C AMPLOT = THE OBSERVED AMOUNTS (PPM) OR UREA-N, AMMONIA-N, ORGAN 

IC-N, AND NITRATE-N 
C K = THE NUMBER OF TIME INTERVALS/DAY 
C SOILl,SOIL2,SOIL3 - THE SOIL NAME 
C T = THE TEMPERATURE IN DEGREES CENTIGRADE 
C W = THE MOISTURE TENSION IN BARS 
C M = THE DAY NUMBER 
C DATE = THE DATE OF THE RUN 
C SS = THE RUN NUMBER 
C 
C 

DIMENSION AMT(460,5) ,R(L160,5) ,C(5) ,Bl (5) ,T(100) ,B2(5) ,A(5) ,W(100), 
163(5) ,SAMT(100,5) ,CNI (100) ,CN(460) ,AMTRC(460) ,AMTRN(46o) ,AAMTRC(10 
20),AAMTRN(100),OAMT(100,5),CNPLOT(100),AMPLOT(20,5) 

COMMON /ABC/DATE,SOILl ,SOIL2,SOIL3,SS,AAMT(100,5) ,VAMT(100,5),N 
C ESTABLISH A SET OF CONSTANTS 
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DATA (C(L) ,L=l ,4)/413.1, .8917,4.639,0.1, (B1 (L) ,L=l ,4)/-155.6,-.002 
1156, .001621 ,-3.223E-15/, (B2(L) ,L=l ,LI)/-152.8,-.02696,.2384,+1.5121 
2,(B3(L) ,L=l ,4)/0.0,.3916,-2.151,-4.900E-031 

C READ A CONTROL CARD 
1000 READ 999, N,N1,L2,M1,M2,M3,M4,M5,M6.M7 

C CHECK FOR END OF FILE 
IF (EOF,3)99,98 

C READ THE INPUT SET 
98 READ 23, DATE, SOIL1, SOIL2, SOIL3, SS, TEX 

READ 1002, (AAMT ( 1 , L), L= 1 , I~ I) 
READ 998, W1 ,SAMT(l, 1) ,SAMT(l ,2) ,CNI (1) ,SAMT(l ,3) ,SAMT(l ,4) ,T(I) ,\4 

l( 1) 
C PUT INPUTS IN PROPER FORM 

IF(W1.EQ.1.0) GO TO 400 
GO TO 403 

400 DO 401 M= 1 , N 
W(M) = W(I) 
T(M) = T(1) 

401 CONTINUE 
DO 402 M=2,N 
DO 402 L=1,N1 
SAMT (M, L) = o. 0 
CN1 (M) = 0.0 

402 CONTINUE 
GO TO 404 

403 READ 1003, (SAMT(M,1),SAMT(M,2),CN1(M),SAMT(M,3),SAMT(M,4),T(M),'I-J( 
1 M), M = 1, N) . 

C READ A SET OF OBSERVED DATA FOR COMPARISON 
404 READ 405,((AMPLOT(Ll,L), L=I,4),Ll = 1,L2) 

C PUT OBSERVED DATA IN PROPER FORM 
DO 5000 M= 1 , N 
DO 5000 L= 1 , N 1 
VAMT(M,L) = 0.0 
IF(M.EQ.M1) VAMT(M,L) = AMPLOT(1 ,L) 
IF(M.EQ.M2) VAMT(M,L) = AMPLOT(2,L) 
IF(M.EQ.M3) VAMT(M,L) = AMPLOT(3,L) 
IF(M.EQ.M4) VAMT(M,L) = AMPLOT(4,L) 
IF(M.EQ.M5) VAMT(M,L) = AMPLOT(5,L) 
IF(M.EQ.M6) VAMT(M,L) = AMPLOT(6,L) 
IF(M.EQ.M7) VAMT(M,L) = AMPLOT(7,L) 

5000 CONTINUE 
C PRINT PROGRAM HEADINGS 

PRINT 1004 
PRINT 24,DATE,SOIL1,SOIL2,SOIL3,SS 

C PRINT INITIAL AMOUNTS 
P R I NT 25, (AAMT (1 , L) , L= 1 , N I) 
PRINT 1008 

C PRINT DAILY INPUTS 
PRINT 3000, (M,SAMT(M,1) ,SAMT(M,2) ,SAMT(M,3) ,SAMT(M,4) ,T(M) ,'l-J(M), 

1CN1(M), M = 1,N) 
C PRINT PREDICTED OUTPUT HEADINGS 

PRINT 509 



C START DAILY COMPUTATIONS 
DO 640 M= 1, N 

C SET TIME INTERVAL LENGTH TO ONE DAY 
X=1.0 
K=l 

6 1 2 DO 6 1 1 I = 1 , K 
CENTER UREA-N ROUTINE 

L=l 
C DETERMINE THE AMOUNT OF UREA-N PRESENT AT THE START OF A DAY 

AMT(l,L)=SAMT(M,L) +AAMT(M,L) 
C CHECK FOR ZERO AMOUNT OF UREA-N 

IF(AMT(I, I) .EQ.O.O) 310,801 
C SET RATE EQUAL TO ZERO FOR ZERO AMOUNT OF UREA-N 

310 R(I ,L) = 0.0 
GO TO 311 

C COMPUTE RATE OF UREA-N HYDROLYSIS 
801 R(I,L) = C(L)+(B1 (L)"'ALOG10(T(M)))+B2(L)"'ALOG10(AMT(1 ,L))) 

C CORRECT RATE FOR Lo\.J TEMPERATURES 
IF(T(M) .LE.10.0) R(I,L) = R(I ,L)"'ALOG10(T(M))/4.0 
IF(R(I,L).GE.-5.0) R(I,L) = -At1T(I,L) 

C ADJUST RATE FOR LENGTH OF TIME INTERVAL 
600 R(I,L) = R(I,L)/X 
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C DETERMINE AMOUNT OF UREA-N PRESENT AT THE START OF NEXT TIME INTERVAL 
3 1 1 AI'lT ( 1+1 , L) = At1T ( I , L) + R ( I , L) 

C CHECK FOR NEGATIVE AMOUNTS OF UREA-N 
IF(AMT(I+1,L))615,616,616 

615 AMT(I+l,L)=O.O 
CENTER ORGANIC-N ROUTINE 

616 L=2 
C COMPUTE THE AMOUNT OF ORGANIC-N ADDED EACH DAY 

IF(CN1 (M).EQ.O.O) OAMT(M,L) = 0.0 
IF(CN1(M) .GT.O.O) OAMT(M,L) = 0.4/CN1(M)*SAMT(M,2) 

C COMPUTE THE AMOUNTS OF AMMONIA-N, ORGANIC-N, AND NITRATE-N PRESENT 
C AT THE START OF A DAY 

AMT(l,L) = OAMT(M,L) + AAMT(M,2) 
AMT(1,3) = SAMT(M,3) + AAMT(M,3) 
AMT(-,4) = SAI'lT(M,4) + AAMT(M,4) 
IF(AMT(I,3).EQ.0.0) AMT(I,3) = 0.0001 

C COMPUTE THE INITIAL AMOUNTS OF RESIDUE-N AND RESIDUE-C 
AAMTRN(I) = 0.0 
AAMTRC (I) = 0.0 
IF(CN1(M).EQ.0.0) AMTRN(l) = AAMTRN(M) 
IF(CNI (M) .GT.O.O) AMTRN(I) = 0.4/CN1 (M)"'SAMT(M,2) + AAMTRN(M) 
IF(CN1 (t,1) .EQ.O.O) AMTRC(l) = AAMTRC(M) 
IF(CN1 (M) .GT.O.O) AMTRC(l) = 0.4*SAMT(M,2) + AAMTRC(M) 
IF(AMTRC(l).LE.O.O.OR.AMTRN(l) .LE.0.0)2002,2003 

2002 CN(l) = 10.0 
GO TO 2004 

C COMPUTE INITIAL C/N RATIO 
2003 CN(l) = AMTRC(l)/AMTRN(l) 

C MAKE CONSTANT ADJUSTMENTS ACCORDING TO C/N RATIO 



2003IF(CN(I).LT.23.0) B2U) == 4.5 
IF(CN(I).LT.23.0) B3(2) - 1.6 
IF(CN(I).GE.23.0) B3(2) == .7832 
IF(CN(I) .GE.23.0) Bl U) == .0008 
IF(CN(I) .GE.23.0) 82(3) == .0002384 
IF(CN(I) .GE.23.0) B3(3) == -2.1 

C COMPUTE RATE OF MINERALIZATION - IMMOBILIZATION 
751 R(I ,L)==C(L)+(BI (L);I~T(M))+(B2(L);I~AMT(1 ,L))+(B3(L);I~ALOG10(AMT(1 ,3))) 

C CORRECT RATE FOR LOW TEMPERATURES 
IF(T(M) .LE.10.0) R(I,L) == R(I ,L);'~ALOG10(T(M))/4.0 

C CORRECT RATE FOR LOW MOISTURES 
IF(W(M) .GE.10.0) R(I,L) == R(I ,L)/ALOG10(W(M));'~0.3 
IF(R(I,L).LT.0.0.AtJD.CN(I).GE.23.0) R(I,L) == 0.0 
IF(R(I ,L) .LT.O.O.AND.CN(I) .LT.23.0) R(I,L) == ABS(R(I ,L)) 

C CORRECT RATE FOR C/N RATIO 
R(I.L) == R(I ,L);'~(1.848;I~ALOG10(CN(I)) - 2.518) 
IF(R(I,L))802,803,804 

802 IF(AMT(I,L).LT.ABS(R(I,L))) R(I,L) == -AMT(I,2) 
GO TO 803 

804 I F (AMT ( I , 3) . LT. R ( I , L)) R ( I , L) == AMT ( I , 3) 
C ADJUST RATE FOR LENGTH OF TIME INTERVAL 

803 R(I,L) == R(I,L)/X 
IF(AMT(I ,2) .EQ.O.O) AMT(I,2) ==0.0001 

C CHECK FOR ZERO AMOUNT OF NITRATE-N 
IF (AMT(I,4). EQ. 0.0) 307,308 

307 R ( I ,5) == 0.0 
GO TO 309 

C COMPUTE RATE OF N ITRATE-N I MMOB I L I ZAT ION 
308 R(I ,5) == (Bl (4) ;'~ EXP(T(M)))+ (82(4) ;'~ T(M)/(AMT(I ,2);'~;'~2))+(B3(4);'~ 

1 (T(M);'~(AMT(I ,2)-AMT(1 ,4)))/AMT(1 ,2)) 
C CORRECT RATE FOR LOW TEMPERATURES 

IF(T(M) .LE.10.0) R(I,L) == R(I ,L);·~ALOG10(T(M))/4.0 
C CORRECT RATE FOR LOW MOISTURES 

IF(W(M) .GE.10.0) R(I,L) = R(I ,L)/ALOG10(W(M));'~0.3 
809 IF(AMT(I ,4) .LT.R(I ,5)) R(I,S) = Am(1 ,4) 

IF(CN(I).LT.23.0) R(I,S) = R(I,S);I~O.1 
IF(R(I ,5) .LE.O.O) R(I,S) = ABS(R(I ,5)) 

C ADJUST RATE FOR LENGTH OF TIME INTERVAL 
808 R(I ,5) = R(I ,S)/X 

C ENTER BRANCH ACCORDING TO C/N RATIO 
309 IF(CN(I).LE.80.0.AND.CN(I) .GT.23.0)2000,2001 

C COMPUTE AMOUNT OF RESIDUE-C AT T + 1 
2000 AMTRC(I+I) = AMTRC(I) - UO.;I~(R(I ,L)+R(I ,5))) 

C COMPUTE AMOUNT OF RES I DUE-N AT T + 1 
AMT RN ( I + I) == AMT RN ( I ) 
IF(AMTRC(I+l).LE.O.O.OR.AMTRN(I+l) .LE.O.O) GO TO 1030 
GO TO 1031 

C COMPUTE AMOUNTS OFRESIDUE-N AND RESIDUE-C AT T + 1 
2001 AMTRC(I+I) = AMTRC(I) - (30.;'~(ABS(R(1 ,L)-R(I ,5)))) 

AMTRN(I+I) == AMTRN(I) - ABS(R(I ,L)) 
IF(AMTRC(I+l).LE.O.O.OR.AMTRN(I+l) .LE.O.O) GO TO 1030 
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GO TO 1031 
1030 CN(I+1) = 10.0 

GO TO 1022 
C COMPUTE C/N RATIO AT T + 1 

1031 CN(I+l) == AMTRC(I+l)/AMTRN(I+l) 
1022 IF(AMTRC(I+l).LE.O.O) AMTRC(I+l) = 0.0 

IF(AMTRN(I+l) .LE.O.O) AMTRN(I+l) = 0.0 
IF(I.EQ.K) AAMTRN(M+l) = AMTRI~(I+1) 
IF(I.EQ.K) AAMTRC(M+l) = AMTRC(I+l) 
AMT ( I + 1 , L) ==AMT ( I , L) + R ( I , L) + R ( I ,5) 
IF(AMT(I+l,L))620,621,621 

620 AMT(I+l ,L)=O.O 
CENTER AMMONIA-N ROUTINE 

621 L=3 
IF(AMT(I ,4) .EQ.O.O) AMT(I,4)=0.0001 

C CHECK FOR ZERO AMOUNT OF AMMONIA-N 
IF(AMT(I ,3).EQ.0.0) 305,753 

305 R ( I , L) = 0.0 
GO TO 306 

C COMPUTE RATE OF NITRIFICATION 
753 R(I ,L)=C(L)+Bl (L);'~T(M);'~AMT(I ,3))+(B2(L);'~ALOG10(AMT(1 ,3)))+(B3(L);'~ 

lALOG10(AMT(I,4))) 
IF(TEX.EQ.1.0.AND.M.LE.7.AND. CN(I).GE.23.0) R(I,L) = R(I,L);·~.35 

C CORRECT RATE FOR LOW TEMPERATURES 
IF(T(M) .LL10.0) R(I,L) = R(I ,L)~~ALOG10(T(M))/4.0 

C CORRECT RATE FOR LOW MOISTURES 
IF(W(M) .GE.l0.0) R(I,L) = R(I ,L)/ALOG10(W(M);·~0.3 
IF(R(I,L))815,816,817 

815 IF(AMT(I ,4) .LT.ABS(R(I ,L))) R(I,L) = -AMT(I ,4) 
GO TO 816 

817 IF(AMT(I ,3) .LT.R(I ,L)) R(I,L) = AMT(I ,3) 
C ADJUST RATE FOR LENGTH OF TIME INTERVAL 

816 R(I,L) = R(I ,L)/X 
C COMPUTE AMOUNT OF AMMONIA-N PRESENT AT T+l 

306 AMT ( I + 1 , L) == AMT ( I , L) - R ( I , 1) - R ( I , 2) - R ( I , 3) 
IF(AMT(I+l,L))622,623,623 

622 AMT(I+l,L)=O.O 
CENTER NITRATE-N ROUTINE 

623 L==4 
C COMPUTE AMOUNT OF NITRATE-N PRESENT AT T+l 

AMT ( I + 1 , L) = AMT ( I , L) + R ( I , 3) - R ( I , 5) 
IF(AMT(I+l,L))624,625,625 

624 AMT(I+l ,L)=O.O 
625IF(I-K)611,63 1,611 
631 CNPLOT(M) = CN(K+l) 
611 CONTINUE 

C COMPUTE AMOUNTS FOR START OF NEXT DAY 
DO 632 L==1,4 
AAMT (M+ 1, L)=AMT (K+ 1, L) 

C ENTER ROUTINE TO CHECK FOR CONVERGENCE OF PREDICTED OUTPUT 
IF(K.GT.1) GO TO 721 
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GO TO 722 
721 IF(AAMT(M+l ,L) .EQ.A(L)) A(L) = A(L) + 0.0001 

IF(ABS(AAMT(M+l,L)-A(L)).LE.0.5) GO TO 632 
722 A(L)=AAMT(M+l ,L) 
632 CONTINUE 

IF(A(1)-AAMT(M+l,1))633,634,633 
633 IF(A(20-AAMT(M+l,2))635,634,635 
635 IF(A(3)-AAMT(M+l,3))636,634,636 
636 IF(A(4)-AAMT(M+l,4))641,634,641 
634IF(I<-.LT.256) X = 2.'-'X 

IF(I<-.GE.256) X = X + 100. 
IF(K.LT.256) I<- = 2*1<
IF(I<-.GE.256) I<- = K + 100 
IF(I<-.GT.456) GO TO 300 
GO TO 612 

300 I<- = I<- - 100 
C PRINT PREDICTED OUTPUT FOR ONE DAY 

641 PRINT 508, I<-,M,AAMT(t1+I, I) ,AAMT(M+I ,2) ,AAMT(M+I ,3) ,AAHT(M+I ,4) ,CNP 
ILOT(M) 

640 CONTINUE 
DO 700 M = I, N 
AAMT(M+I,5) = CNPLOT(M) 

700 VAMT(M,5) = 0.0 
C CALL THE PLOTTING ROUTINE 

CALL PLOT 
C RECYCLE TO START OF NEXT RUN 

GO TO 1000 
34 FORMAT (64X,IA10/58X,5HSOIL-,3AIO/63X,8HRUN NO. ,IAIOII) 

1004 FORMAT (lHI,60x,16HNITROGEN PROGRAM/) 
999 FORMAT (1015) 

1002 FORMAT (4Fl0.0) 
23 FORMAT (5A10, FI.O) 

998 FORMAT (F5.0,7FIO.0) 
1003 FORMAT (8FIO.0) 
405 FORMAT (4FIO.0) 
508 FORMAT(15X,13,4X,13,F10.2,FI6.2,FI6.2,FI6.2,F13. 2) 

25 FORMAT (IOX*INPUT VARIABLES*/12X*INITIAL AMOUNTS*/14x*UREA-N=*FI3. 
12,2X*PPM*/14X*ORGANIC-N=*FIO.2,2X*PPM*/14X*AMMONIA-N=*F10.2,2X*PPM 
2*/14X*NITRATE-N=*F10.2,2X*PPM*II) 

1008 FORMAT (12X*DAILY INPUTS*/14x*DAY*2X*PPM UREA-N*2X*PPM ORGANIC-R*2 
lX*PPM AMMONIA-N*2X*PPM NITRATE-N*2X*TEHPERATURE(C)*2X*HOISTURE(BAR 
2S) '-'2X'-'CiN RAT I 0 (RES I DUE) ,-,I) 

509 FORMAT (IIIOX*PREDICTED VALUES*/12X~1<- VALUE*3X*DAY*3X*PPM UREA-N*3 
I X'-'PP M ORGAN I C- w' 3X ,-,p P t~ AMMON I A- t~ ,-, 3X ,-,p PH NIT RATE - N ,-, 3X'-'C/N RAT I 0'-' I) 

3000 FORMAT (14X,13,FIO.2,FI4.2,FI5.2,FI5.2,FI4.2,FI7.2,FI5.2) 
99 STOP 

END 
SUBROUTINE PLOT 
DIHENSION POINT(IOO,IOS) 
COMi'''ION IASCiDATE, SOILI ,SOIL2,SOIL3,SS,AM1T(100,S) ,VAt1T(IOO,S),N 
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C ESTABLISH PLOTTING SYMBOLS 
DATA BLANK,DOT,AA,P/1H ,1H;'" 1HO, 1HP/ 

C BLANK PLOTTING MATRIX 
DO 4 M = 1, N 
DO 4 J= 1 ,104 
POINT(M,J) = BLANK 

4 CONTINUE 
C ENTER ROUTINE TO PRINT GRAPH HEADINGS 

DO 6 L= 1 ,5 
PRINT 1004 
PRINT 24,DATE,SOIL1 ,SOIL2,SOIL3,SS 
IF(L.EQ.l)12,13 

13IF(L.EQ.2)14,15 
15IF(L.EQ.3)16,17 
17 IF(L.EQ.4)30,31 
12 PRINT 18 

GO TO 22 
14 PRINT 19 

GO TO 22 
16 PRINT 20 

GO TO 22 
30 PRINT 21 

GO TO 22 
31 P R I NT 50 

C PRINT SCALE ALONG HORIZONTAL AXIS 
22 PRINT 29 

C ENTER ROUTINE TO PLACE ROW OF STARS ACROSS PAGE 
DO 2 J = 1, 104 
POINT(l,J)=DOT 

2 CONTINUE 
PRINT 3, (POINT(l ,J) ,J=l, 104) 

C SET UP PLOT POINTS FOR ONE LINE INCLUDING STAR IN FIRST COLUMN 
DO 701 J = 1, 104 
DO 5 M= 1 , N 

701 POINT(l,J) = BLANK 
POINT(M,1)=DOT 

5 CONTINUE 
33 DO 7 M= 1, N 

C EQUATION TO ESTABLISH PREDICTED PLOT POINTS 
J = AAMT(M+l,L)/2.0 +1.5 
I F (J . GT. 100) J= 1 01 
POINT(M,J)=P 
IF(J.EQ.l01) POINT(M,J) = DOT 

C EQUATION TO ESTABLISH OBSERVED PLOT POINTS 
J=VAMT(M,L)/2.0 + 1.5 
IF(J.GT.l00) J=101 
POINT(M,J) = AA 
IF(J.EQ.l01) POINT(M,J) = DOT 
IF(VAMT(M,L) .EQ.O.O) POINT(M,J) = DOT 
P R I NT 1 0 , M, (p 0 I NT (M, J ) ,J = 1 , 1 04) , V MiT ( M , L) , AMH (M+ 1 ,L) 

C BLANK THE PLOT POINTS 
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POINT(M,J) = BLANK 
J = AAMT(M+l ,L)/2.0 + 1.5 
IF(J.GT.100) J=lOl 
POINT(M,J) = BLANK 

7 CONTINUE 
C START NEXT GRAPH 

6 CONTINUE 
10 FORMAT (15,3X,104Al,F6.2,2X,F6.2) 

50 

29 FORMAT (8X'-'0 4 12 20 28 36 44 52 60 68 76 84 92 100 108 
1 116 124 132 140 148 lS6 164 172 180 188 196*8X*0*8X*p) 

18 FORMAT (2X*OAV*S8X*PPM UREA-N*/) 
19 FORMAT (2X*OAV*S6X*PPM ORGANIC-N*/) 
20 FORMAT (2X*OAV*S6X*PPM AMMONIA-N*/) 
21 FORMAT (2X,-'DAV,'<S6x'-'PPM N I TRATE-N'-~/) 
SO FORMAT (2X'-~OAV'-'S9X'-~C/N RAT 10,-'1) • 
3 FORMAT (8X,104Al/) 

24 FORMAT (64X,lAl0/S8X,SHSOIL-,3Al0/63X,8HRUN NO. ,1AlOII) 
1004 FORMAT (lHl, 60X,16HNITROGEN PROGRAM/) 

RETURN 
ENO 
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