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(ABSTRACT) 

A Model of Nitrate Leaching From Agricultural Systems in 

The Northern Neck of Virginia 

By: Terrence G. Johnson 

Chairman: Dr. Jack Parker 

A model (VTCROPS) was developed to simulate the long-term effects of nitrogen (N) 

leaching to groundwater in the Northern Neck region of Virginia, and ultimately to the 

Chesapeake Bay. VTCROPS simulates N fate and transport in a soil-plant-atmosphere 

continuum in a vertical slice between two crop rows, enabling consideration of 

nonuniform fertilizer placement and root growth patterns. VTCROPS models 

atmospheric, soil and crop subsystems. Atmospheric conditions (rainfall, temperature, 

solar radiation) may be directly input by the user or generated using a stochastic 

climatic generator. The soil subsystem simulates runoff, infiltration, drainage and soil- 

water redistribution, N immobilization, nitrification, mineralization, denitrification and 

advective N transport. The crop subsystem simulates plant N uptake, and vegetative 

and reproductive growth in response to soil and climatic factors, explicitly for maize or 

wheat. VITCROPS simulates soybean in a crop rotation empirically accounting for leaf 

area and root growth. The model is capable of simulating long-term cropping sequences 

under minimum and conventional tillage practices for continuous maize or for rotations 

involving maize, wheat, soybean and fallow. 

Critical internal model parameters were calibrated through comparison of output to 

field data. The sensitivity of output to input variables was determined. Model output is 

most sensitive to the climatic variables. Model predicted crop performance variables — 

grain and total dry matter yields and N content — and soil N content were compared 

with available field data from two sites over a three year period for maize. Data from 

six sites over a one year period were tested for wheat. Predictions for maize and total N 

content were fairly accurate, with a tendency to greater error in dry years. Predictions 

for wheat were somewhat less accurate, but incomplete field data precluded determining 

the source of discrepancies. 

Long-term model predictions, for two year crop rotations with minimum and 

conventional tillage, were evaluated by comparing performance variables with literature 

values. Appropriate responses were obtained for N transformation processes. Mass



conservation for soil-water and N were good. Maize performance variaples were within 

the range of literature values, and were higher under minimum till. Wheat yields and N 

contents were somewhat higher than values reported in the literature. Nitrogen load is 

correlated to drainage and water use over the short run, and to rainfall and drainage 

over longer periods. Minimum tillage did not increase N load to groundwater. Over a 

year nitrogen load was strongly periodic, with most leaching taking place from January 

through April. More than 50% of the N load over a rotation was lost during an 

extended fallow period that followed soybeans. Nitrogen load increased with fertilizer 

rates, however, N leaching fraction was optimal around rates of 150 — 200 kg/ha. 

The model was applied to the Virginia counties of Richmond, Westmoreland, Lancaster, 

King George and Northumberland to assess the potential for long term N leaching to 

groundwater. Soil surveys indicated that 34 soil map units occurred within 123,000 

hectares of cultivated land. In order to reduce the number of simulations, principal 

component analysis and cluster analysis were employed to subdivide the cultivated area 

into 10 land units based on different soil properties. Historical climatic data from the 

area was used to calibrate the stochastic climatic generator. 

Analyses were performed to determine long-term crop performance and N loads to 

ground and surface waters in the study area over a 26 year period (13 rotations). Two 

management systems were applied to the land units. The first management system 

consisted of a rotation of minimum tilled maize, conventionally tilled wheat, minimum 

tilled soybeans and a fallow period. The second management system had a similar 

cropping sequence, but all crops were conventionally tilled. In both cases, fertilizer was 

applied at a rate of 150 kg-N/ha/crop. With the exception of two land units, mean 

yield, water use and N uptake over the simulation was fairly uniform among the land 

units. Runoff and drainage were highly variable between land units and over time 

within units. Mineralization, denitrification and N load were highly variable both 

between land units and over time. Nitrogen load ranged from 66 to 131 kg/ha/rotation 

between land units. 

Long-term average N loads and N concentrations from the cultivated area and from the 

total area of the study region were estimated. For this analysis it was assumed that 80% 

of the cultivated area was under minimum till and 20% under conventional tillage. An 

area-weighted average of 5.4 million kg-N/ha/year or 29% of total N applied is 

discharged to groundwater with an average drainage concentration of 9.9 mg/L. The



average N concentration from the study area (including uncultivated areas) to 

groundwater is estimated at 5.1 mg/L. Average N concentration to the Chesapeake Bay 

from all sources, after dilution with runoff is 4.5 mg/L which is lower than the drinking 

water standard for nitrate N of 10 mg/L. 

The possibility of using sewage sludge as a replacement for, or in consort with N 

fertilizer was investigated for a typical land unit, under a conventionally tilled maize- 

wheat-soybean-fallow rotation. Simulations were conducted with 100%, 50% and 0% 

sludge (C—N ratio of 12). With fertilizer N augmenting the sludge, the total N input 

(250 kg/ha) was the same for each treatment. Mean yields were similar for 50% and 

zero sludge, but lowered by 10% and 16%, respectively, for maize and wheat with 100% 

sludge. Discrepancies in yields were attributed to the fact that mineralization rates of 

sludge are not high enough to supply the crop N requirement during periods of peak 

uptake. Nitrate leaching was reduced by 41 and 25% with 100 and 50% sludge 

applications, respectively.
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1. INTRODUCTION 

The importance of groundwater as a natural resource to the United States cannot 

be overemphasized. Over 50% of all inhabitants and over 90% of rural 

inhabitants depend on groundwater as drinking water (Anderson, 1987; Canter et 

al., 1987). It is estimated that groundwater supplies 25% of the fresh water used 

in the United States (Fletcher, 1991). Therefore, public concerns over possible 

deterioration of groundwater quality from nitrogen (N) contamination are 

justified. Originating primarily from diffuse sources, N is classified as a nonpoint 

source pollutant. The problem of groundwater contamination increased with the 

advent of the green revolution of the 1950’s. The green revolution resulted in the 

development of high yielding crop cultivars with high fertilizer requirements. 

Consequently, N fertilizer application rates in the United States increased from 

2.7 million tons in 1960 to 10.5 million tons in 1985 (Anderson, 1987). Of the N 

fertilizer, 43% is applied to maize and another 14% is applied to wheat. In 

addition to chemical fertilizer, an estimated 70% of the 1.1 billion tons of animal 

manure produced annually provides approximately 8% of the N required for crop 

production (Anderson, 1987). 

Typical plant uptake of N fertilizer is about 50% of the amount applied (Hallberg, 

1987). However, only 30-35% or less is typically removed in grain (Gerwig, 1979; 

Blackmer, 1984; Cooper et al., 1984). After one year of fertilizer application, 

Blackmer (1984) found 60-65% of fertilizer N was lost to processes other than 

grain harvest. Hallberg (1987) summarized experiments in which the amount of 

N leached in tile effluent was monitored, and concluded that approximately 50% 

of the applied N was lost in drainage. This does not include N leached below tiles 

under unsaturated conditions. 

Nitrate and ammonium (NH,*) ions are the two mineral forms of N that are most 

common in soils. Both forms are natural products of the N cycle and are 

available for plant uptake. Upon mineralization of organic matter, NH,‘ is 

produced. Under normal temperature conditions, NH;* does not persist in soils in 

appreciable quantities as it rapidly converts to NO;-N by the process of 

nitrification. Nitrate not taken up by plants may be immobilized by microbes or 

converted to gaseous species by denitrification. However, denitrification is 

generally significant only when soil moisture is near saturation. Nitrate remaining 
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in the soil can be lost as runoff or may move vertically in drainage. Due to its 

negative charge which excludes it from cation exchange sites, leaching of NO; -N 

readily occurs. Once NOJ-N is leached beyond the root zone, attenuation by 

biological processes is much slower. 

High NO; -N in drinking water is known to cause methemoglobinemia in infants 

— a condition caused by NO; -N oxidizing hemoglobin, reducing its capability to 

transport oxygen (Keeney, 1983). Infants under 3-6 months are particularly 

susceptible because the enzyme system that reduces methemoglobin is not well 

developed (Keeney and Follett, 1991). High levels of methemoglobin can result in 

brain damage or even death. Of the number of reported methemoglobinemia 

cases 7-8% resulted in death (USEPA, 1985). The National Health Service 

Standard for NO, -N in drinking water of 10 mg/L is believed to give infants 

adequate protection against methemoglobinemia. 

Agricultural sources in the United States cause widespread groundwater pollution. 

Twenty-nine states have identified nonpoint discharges from agriculture to 

groundwater as major concerns (Anderson, 1987). Francis et al. (1982) reported 

that 2.7% of United States drinking water supplies for 22 million rural families 

exceeded the maximum legal limit for NO; . In a 1984 nation-wide survey by the 

United States Geological Survey in which 124000 wells were sampled, 6% had 

NO; above the legal limit and over 20% had more than 3 mg/L (Madison and 

Brunett, 1985). The picture looks even gloomier in certain localities. Fletcher 

(1991), reporting on the finding of the South Dakota Department of Water and 

Natural Resources (1984), stated that, of wells tested in the Big Sioux aquifer, 

25% exceeded the legal limit for NO; drinking water. From 1960 to 1985 

groundwater NO, -N in the Big Spring watershed in northern lowa, where land 

use is dominated by agricultural production, increased from less than 10 mg/L to 

greater than 45 mg/L (Hallberg, 1987). 

In addition to the problem of groundwater contamination, N contamination of 

surface waters is a problem. In Virginia, attention has been focussed on declining 

water quality in the Chesapeake Bay caused by N and phosphorus (P) pollution 

(USEPA, 1983a). These nutrients are essential to plant growth and are important 

to aquatic ecosystem diversity. However, in excess they cause algal blooms with 

subsequent increases in turbidity and decreased dissolved oxygen levels. The 
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majority of the P pollution to the Bay originates from point sources, mainly 

sewage plants. Point sources are relatively easy to control by reducing loads at 

the source. On the other hand, nitrogen loading to the bay originates primarily 

from nonpoint sources, mainly from agricultural runoff and drainage. The 

USEPA (1983a) estimates that an average of 67% of the N entering the Bay 

originates from cropland. Nonpoint sources are diffuse and function primarily 

during rainfall events as runoff or interflow from drainage. So, they are stochastic 

and transient in nature (Bailey and Swank, 1983). 

Due to the diffuse and transient nature of N transport and transformation 

processes, and the need to maintain high levels of agricultural production, 

controlling nonpoint sources of N is very difficult. Management strategies aimed 

at reducing the N loading to the Chesapeake Bay have stressed conservation 

tillage. Though conservation tillage is usually effective in reducing runoff from 

cropland, increases in drainage flux could ultimately increase the leaching of N to 

groundwater. In addition to degrading groundwater quality, the discharge of 

groundwater to surface water bodies may provide a major source of contamination 

to streams that feed the bay. 

To protect Virginia’s water resources, it is necessary to establish the long term 

effects of current agricultural management practices on groundwater quality and 

to evaluate alternative ones. Therefore, quantitative assessment of NO; -N 

leaching from soils is essential. Nitrogen contamination resulting from 

agricultural activities is due to a combination of complex interacting factors 

controlled by agricultural management practices and watershed and climatic 

characteristics. These conditions require a systems approach to study the 

transport and transformation of N in an agro-environmental context. The most 

cost-effective means of determining cause and effect relationships, extending the 

utility of limited and costly field data, and identifying optimal control 

technologies is through the use of simulation models (Bailey and Swank, 1983). 

A number of available models simulate specific portions of the N cycle in an 

agricultural context (e.g., see reviews by Tanji, 1982; Vachaud et al., 1990). 

Models range from simple empirical models to sophisticated mechanistic models 

that simulate water flow, N transport and fate, and physiology for various crops. 

No model, however, is available that evaluates long term N leaching behavior of 
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cropping systems involving rotations of maize, wheat, soybeans and fallow, which 

are in common use in the Northern Neck area of Virginia. The present project 

was initiated under funding from the Virginia Water Resources Research Center 

to develop a model to study the problem of N contamination of ground and 

surface water associated with agricultural practices in the Northern Neck. The 

specific objectives of this research were: 

1. Develop a mechanistic model capable of predicting N leaching and crop 

yields from two year rotations involving maize, wheat, soybean and fallow 

under minimum and conventional tillage. 

2. Validate the model using available field data. 

3. Determine short-term and long term effects of management strategies and 

climatic factors on NO; leaching to groundwater. 

To accomplish these objectives, the model VI-CROPS was developed. VT- 

CROPS is a soil-plant-atmosphere continuum model that simulates temporally 

variable climatic behavior and yield responses and N fate and transport for 

cropping rotations involving maize, wheat, soybeans and fallow. Crop rotation 

refers to the successive growing of different crops on the same piece of land, as 

opposed to continuous cropping (National Research Council, 1989). System 

processes accounted for by the model include: runoff, infiltration, evaporation, soil 

water flow, N immobilization, nitrification, N mineralization, denitrification, N 

plant uptake, advective N transport, and vegetative and reproductive growth in 

response to soil and climatic conditions. 

VT-CROPS was based on several previously developed models. Water and N 

transport and transformations and maize phenology are based on the model VT- 

MAIZE (Newkirk et al., 1987ab) to which a number of modifications were made 

to make it workable and to improve its accuracy. WI-MAIZE is based on the 

RHIZOS portion of the cotton simulation model GOSSYM (Baker et al., 1983) to 

model flow, N reactions and root growth in a two-dimensional soil subsystem, and 

the model CERES-Maize (Jones and Kiniry, 1986), which models maize growth 

and N utilization. WI-CROPS employs a modified version of CERES-Wheat 

(Ritchie and Otter, 1984) to simulate wheat growth and N use. Stochastic 
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climatic processes are modeled using an adaptation of the program WGEN 

(Richardson and Wright, 1984). 

VT-CROPS models maize and wheat growth from germination through all its 

phenological stages to maturity. Soybeans are modeled implicitly. Soybean 

phenology is not modeled, but soil and atmospheric subsystems are simulated for 

a fixed period (95 days), at the end of which yields are calculated based on the 

ratio of actual to potential evapotranspiration. Soybean root distributions are 

modeled by expressions developed from the work of Mitchell and Russel (1971), 

and leaf area index over time is calculated from expressions developed from the 

work of Jolliff and Cox (1986). For fallow periods, only the soil and atmospheric 

subsystems are simulated. VI-CROPS assumes that soybeans take up N 

passively in the convection stream and fixes the remainder to meet its 

requirements, while the soil supplies the N requirement of maize and wheat. 

VT-CROPS is capable of simulating two cropping sequences: 

A. Maize - wheat - soybeans - fallow (in a two-year rotation) 

B. Maize - fallow (in a one-year rotation) 

Planting dates for maize and wheat are fixed on Julian day 131 and 288, 

respectively, of the first year of a rotation. The start of fallow periods and the 

planting of soybeans are not fixed, but depend on the maturity dates of maize and 

wheat. For cropping sequence A, a fallow period lies between the maturity of 

maize and day 288 of year one, and an extended fallow period following the 

soybean crop to the end of the rotation. There is also a short two-week fallow 

period between the end of the wheat crop and the beginning of the soybean 

growth. Following the maize crop for cropping sequence B, a fallow period ends 

the year. Single or multiple rotations can be simulated for a specified time period 

using generated climatic data to evaluate long term system behavior. Various 

management options may be simulated, including minimum or conventional 

tillage and N source type, amount, depth, and timing of application. 

This text reports results of model validation investigations for biomass production 

and grain yield, N uptake and partitioning, and soil N content and distribution at 

the end of the season for the maize and wheat portions of the model based on 
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available field data. Also reported are the results of the model’s application to 

predict N loading to groundwater under common management practices in the 

Virginia Counties of Richmond, Westmoreland, Northumberland, Lancaster and 

King George. Sludge application as an N source is also evaluated. 

Throughout this text, use of the word evapotranspiration is made to mean the 

sum of soil evaporation and plant transpiration. And it is used interchangeably 

with crop water use or simply water use.



2. LITERATURE REVIEW 

2.1 MODELING APPROACHES TO VADOSE ZONE TRANSPORT 

Mathematical models used to predict chemical transport and transformations in 

the vadose zone belong to the general class of models referred to as leaching 

models (Wagenet et al., 1990). Leaching models vary widely in their conceptual 

approach and degree of complexity. Depending on its intended use, a leaching 

model can either be classified as research- or management-oriented (Addiscot and 

Wagenet, 1985; Wagenet et al., 1990). A research-oriented model is intended to 

contribute to the understanding and interactions of system processes, or to test 

assumptions regarding the system. On the other hand, management oriented 

models are used in a decision making framework, and they usually pay less 

attention to the fundamentals of system functioning (Vachaud e¢ al., 1990 ). 

Many approaches may be used to broadly classify mathematical models based on 

the conceptual approach employed. Such classifications may hinge on the 

parametrization used, as lumped or distributed parameter models (Novotony and 

Chester, 1981); the role time plays, as either stochastic or dynamic (Woolhiser 

and Brakenside, 1982); or the recognition of random variations in model 

parameters, as either stochastic or deterministic (Addiscot and Wagenet, 1985). 

The approach of Addiscot and Wagenet (1985) is most pertinent to leaching 

models, and will be used here. 

Deterministic models treat model parameters as being free from random 

variations (Woolhiser and Brakenside, 1982), hence, their outcome is unique. 

Stochastic models recognizes the uncertainty in input parameters and outcomes 

and account for it (Addiscot and Wagenet, 1985).



2.1.1 Deterministic Models 

Deterministic models can be further subdivided depending on how much of the 

system fundamentals they incorporate. Mechanistic deterministic models are 

those that incorporate fundamental mechanisms governing system behavior, e.g. 

the advective-dispersive-reactive transport (ADR) equation. On the other hand, 

those that simplify system processes with no claim to the fundamentals are 

referred to as functional (Addiscot and Wagenet, 1985). Mechanistic model and 

research model are usually analogous, as are functional and management models. 

Mechanistic Deterministic Models 

This group of models predicts solute migration through advective, dispersive and 

reactive processes. Advection refers to the transport of solute with the mean soil- 

water flow. Dispersion, accurately referred to as hydrodynamic dispersion (Bear 

1972, Bear and Verruijt, 1987), accounts for the aggregate effect of transport by 

molecular diffusion and mechanical dispersion. Mechanical dispersion is a 

macroscopic factor accounting for transport due to velocity variations at the pore 

scale, unaccounted for by the mean velocity. Reactions describe the aggregate 

effects of sources and sinks on aqueous transport; examples of which are 

interphase mass transfer and chemical/microbial transformations. 

Water Flow: Accurate predictions of solute migration in the unsaturated zone is 

predicated on accurate determination of aqueous fluxes and water content 

distributions. Water content distribution, in a transient system, 1s commonly 

determined by solving Richard’s equation; derived by substituting the Darcy fluz 

equation into the conservation of mass equation. Written for the arbitrary 

dimensions, Richard’s equation is 

5 {xo oe + Korg) + R(z;,t) (2.1) 

where @ is soil water content; K(6) is the soil hydraulic conductivity function 

(LT ~'), which for unsaturated flow is a nonlinear function of water content; h is 

soil water pressure potential (L); z; is the dimension (L); ¢ is time (T); and 

R(z;,,t) is the source/sink term which for unsaturated flow represents root water 

uptake. The Einstein summation notation is implied in (2.1).



Note, even though the vadose zone, in pristine environments, is a two — fluid 

phase system of water and air, only the water phase equation is solved. This is 

made possible through Richard’s assumption, which states that gas pressures are 

essentially constant. Other assumptions inherent in (2.1) are the rigidity of the 

porous media and the incompressibility of water and porous media (Bear, 1972). 

Equation (2.1) has two independent variables, h and 6, therefore another equation 

is necessary to obtain a unique solution. Provision of the other equation is made 

possible by the definition of soil water capacity C(h) (L~*); the slope of the soil 

water characteristic curve at any given @ (Hillel, 1971) 

Cay = 2. (2.2) 

The soil water capacity function, which is typically bell shaped, is zero for a 

saturated soil until the air entry pressure is exceeded, during drainage. 

Thereafter, C(@) increases to a maximum then decreases, approaching zero at a 

residual saturation where large changes in h produce small changes in 6. Use of 

(2.2) and application of the Chain Rule of calculus to either the spatial or 

temporal derivative in (2.1) results in two solvable forms of (2.1). The most 

commonly used form results from an expansion of the temporal derivative, known 

as the potential or capacity form of Richard’s equation (Selim and Iskander 1981; 

and Jury et al., 1991), is : 

C(h) oh = £{xw gh + King + R(z;,t) (2.3) 

Equation (2.3) has to be solved numerically because it is nonlinear in h. The 

hydraulic or piezometric head gradient, (8(h+z)/0z,), is the ’driving force’ of water 

flow. This potential form is preferred since it is applicable to layered soils due the 

continuity of hydraulic potential. The solution of (2.3), subject to appropriate 

initial and boundary conditions, yields the distribution of water pressure over the 

domain. Commonly encountered boundary conditions for water flow are of two 

types of: (1) either the first type or Dirichlet boundary condition, specifies the 

primary variable or hydraulic head; or (2) second type or Neumann boundary 

conditions, specifies the gradient in the primary variable, in this case the flux. 

For more information on flow boundary conditions the reader should refer to Bear 

and Veruijt (1987). From the water pressure distribution, the water content, 6,



and water flux, g (LT ~*) can be calculated. 

Equation (2.3) assumes that the relationship between h and @ is unique. In 

general, hysteresis exist in the h and 6 functions which makes them unique for 

monotonic wetting or drying only. The water content of a soil, for any given h is 

higher for drainage than it is for inbibition. This causes C(h) and K(h) not to be 

single-valued functions. Hysteresis results from the trapping of nonwetting fluids 

upon water inbibition, the ink-bottle effect in pores and differences in the liquid 

contact between an advancing and a receding front in soil pores (Corey 1986; Bear 

and Verruijt, 1987; Jury et al., 1991). Most models, however, disregard hysteresis 

in simulating water flow. In certain instances, the effects of hysteresis may be 

substantial (Russo et al., 1989; Lenhard et al., 1992). 

A lesser-used form of Richard’s equation may be obtained by chaining out the 

spatial derivative in (2.1) and making use of (2.2). This results in the so called 

water content or diffusivity form of Richard’s equation (Jury et al., 1991) 

oe {D0 Ba; + Korg2) + R(z;,t). (2.4) 

With the exception of the gravity term, (2.4) is mathematically similar to the 

molecular diffusion and the heat conduction equations. The soil water diffusivity 

function D(é) (L?T —') is defined as 

Dis) = aR . (2.5) 

Advantages to the use of (2.4) include the fact that D(#) is less nonlinear than 

K(@) and K(@) is less hysteretic than K(k). These advantages, however, are 

outweighed by the fact that (2.4) holds for homogeneous soils only. Hence, very 

few models use (2.4) (e.g. Shaffer, 1985) It is mainly used to study horizontal 

infiltration in soils, where it reduces to a form mathematically identical to the 

heat conduction equation which has analytical solutions readily available (e.g. 

Carslaw and Jaeger, 1959). 

The gradient in water content (60/0x;) is not the true’ driving force of water flow, 

and is only continuous in homogeneous systems. In heterogeneous media, the 
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water content gradient is infinite and D(@) is undefined at the boundary of layers, 

due to discontinuity in 6, and causes problems in (2.4). 

Solution of either form of the flow equation requires specification of the K(h) and 

6(h) functions. Modeling approaches for the hydraulic functions ranges from table 

look-up with interpolation (Wagenet and Hutson, 1987) to the use of analytic 

expressions (Kalurachchi and Parker, 1990). A number of analytic expressions of 

soil hydraulic functions have been developed in recent times (Brooks and Corey, 

1966; Mualem, 1976; van Genuchten, 1980). Probably the most widely used, the 

van Genuchten model will be discussed in chapter three. 

Solute Transport: Given the distribution of water content and water flux, the 

distribution of an aqueous nonvolatile species can be determined by solution of 

the ADR, which may be written as 

Ops , 06c _ O dc\ 4c) 
oe Tt aE = £{ 00.82). oz, +7 (2.6) 

where p is soil bulk density (ML ~ 3); s is the solid phase concentration (MM ~*); c 

is the aqueous phase concentration (ML~*%); D, is the dispersion coefficient 

(L°T —*); and 7 is the aggregate effect of source/sink terms other than solid phase 

partitioning (ML~*T ~ 1). | 

The dispersion coefficient is 

D,= D+rD,; (2.7) 

where D is the mechanical dispersion coefficient (L?T ~'); 7 is a tortuosity factor 

which accounts for the effect of water configuration in the pores; and D, is the 

aqueous molecular diffusion coefficient (L?T~1!). The assumption in (2.7) is that 

the dispersive flux can be described by an equation analogous to the Fickian 

diffusive flux equation. Typically D has been observed to be directly proportional 

to pore water velocity, V (LT ~*), (Bear, 1972), and is calculated as 
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D=aV (2.8) 

where V=q/é and the proportionality constant and a is the dispersivity (L) which 

is highly scale dependent (Gelhar et al., 1985). 

Equation (2.6) cannot be uniquely solved because it has two unknowns. Another 

equation is needed in order to overcome this problem. This other equation, 

describing aqueous-solid phase interactions, is supplied by the adsorption 

isotherm. An aqueous-solid adsorption isotherm expresses the relationship 

between the quantity of a substance adsorbed on the solid phase and that in the 

aqueous phase, under isothermal conditions (Bear, 1987). The linear equilibrium 

Freundlich isotherm, most commonly used to model sorption in porous media 

(Vachaud et al., 1990), is 

s= Kjc (2.9) 

where K, is the equilibrium partition coefficient. 

By using the Chain Rule on the second temporal derivative in (2.6), making use 

of (2.9), using the fact that for incompressible media p is time invariant in 

expanding the first time derivative, expanding the second spatial derivative in 

(2.6) and making use of the continuity of water flow, the transport equation may 

be expressed as 

Qc _184 Oc gq dc ,7 
Rear = 982, o,f) “9 + 5 (2.10) 

where F is the retardation factor for solute by the solid phase, defined as 

K R=1+54. (2.11) 

Equation (2.10) is the most common form of the single specie transport equation 

solved for the unsaturated zone. 

The literature contains examples of the use of nonequilibrium models to describe 

solid-liquid sorption-desorption (e.g. van Genuchten et al., 1974); however, 
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superior results to equilibrium models were obtained only at high pore water 

velocities (Vachaud et al., 1990). 

To determine the migration of chemical species in the vadose zone, the transport 

equation is solved, subject to appropriate initial and boundary conditions, 

subsequent to the flow equation. The commonly encountered boundary conditions 

for solute transport are of two types: (1) type-I where the primary variable, C;, is 

specified; and (2) type-III or Cauchy (Bear, 1987) for flux boundary conditions, 

since it involves both Cand its gradient. 

As stated earlier, the flow equation is nonlinear. In addition, typical field 

situations have complex boundaries and/or boundary conditions for both flow and 

transport. Hence, they are not amenable to analytical solutions. 

Numerical Models: Solution of the flow and transport equations for various 

unsaturated field situations is fairly commonplace. Examples are: predicting 

phosphorus removal from soils during land treatment of wastewater (e.g. Ryden et 

al., 1981); N removal and behavior during land application of wastewater ( e.g. 

Selim and Iskander, 1981); flow and transport of organic substances (e.g. 

Kalurachchi and Parker, 1990) with mobile-immobile liquid (e.g. Brusseau, 1992); 

crop growth (e.g. Nimah and Hanks, 1973); and N leaching (Newkirk et al., 

1988a,b). 

Traditionally, these equations are numerically solved using the finite difference 

approach (e.g. Addiscot and Wagenet, 1985) or the finite element method 

(Kalurachchi and Parker, 1990). The finite elements method has the advantage in 

that it is more flexible with respect to the geometry of the problems that can be 

handled. 

Deterministic Functional Models 

This group of models simplifies the treatment of transport processes. Addiscott 

and Wagenet (1985) subdivided this group into capacity and layer models. 

  

Capacity models use soil water field capacity, rather than pore water velocity, to 

determine the travel distance of a solute front in response to an infiltration event. 
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Capacity models are driven by events such as rainfall or irrigation (Addiscott and 

Wagenet, 1985). Addiscott and Wagenet (1985) reported the successful 

application of a capacity model to predict field chloride concentrations (De Smedt 

and Wierenga, 1978). Chichester and Smith (1978) were less successful in 

predicting field lysimeter NO; movement. Capacity models cannot account for 

solute residues in the profile at the beginning of a simulation and cannot simulate 

heterogeneous media (Addiscott and Wagenet, 1985). 

Layer or compartmental models divide the soil into horizontal layers, and perform 

mass balances on individual layers (Addiscott and Wagenet, 1985). Layer models 

are capacity models applied differentially over the soil domain, to overcome the 

heterogeneity problem encountered with capacity models. Typically for water 

flow they use the ’tipping bucket’ concept, where incoming water adds to the 

water content of a cell, after allowing for mixing (treating a layer as completely 

stirred), water in excess of field capacity drains to the adjoining layer. Mass flux 

of solute to the adjoining layer is the product of drainage and solute concentration 

of the current layer. The same concept is applied to water removal. Layer 

models have been applied to field situations with limited success (Addiscott and 

Wagenet, 1985). 

2.1.2 Stochastic Models 

Stochastic models assume that soil properties are spatially variable, and claim to 

account for this variability. Addiscott and Wagenet (1985) recognized two classes 

of stochastic models: (1) one that superimposes spatial variability on existing 

mechanistic models; and (2) one that does not take transport mechanisms into 

account, but focuses on the variability of solute transfer itself. 

Stochastic- Mechanistic Models 

This approach uses randomly generated input parameters to drive the flow and 

transport equations, for a number of realizations. Conceptually, the soil is treated 

as a number of homogeneous tubes with different hydraulic properties (Addiscott 

and Wagenet, 1985; Vachaud et al., 1990). Scaling theory is then applied to the 

flow and transport equations, resulting in the parameters (K(h), D(h), v and Rj) 

being treated as random stochastic processes, defined by probability density 

functions (Vachaud et al., 1990). Samples from these distributions, using Monte 
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Carlo techniques, have been used to drive solutions to the flow and transport 

equations. Model results are a distribution of the state variables that can be 

characterized and their moments determined. This approach was successfully 

used to simulate solute (chloride) concentrations in bare fields (Bresler et al., 

1979). However, when applied to cropped areas, to predict NO; concentration, 

results were not as good (Wagenet and Rao, 1983). From this, it was concluded 

that the presence of crop roots reduced the effect of spatially variable hydraulic 

properties (Wagenet and Rao, 1983). 

Nonlinearities in Richard’s equation makes it unattractive for use in stochastic- 

mechanistic models. Solution of nonlinear differential equations require an 

iterative numerical procedure, which may not converge. Superimposed on this, 

the mechanistic model needs to be solved repeatedly in order to generate sufficient 

realizations to adequately characterize densities of state variables. This often 

makes the procedure computationally tedious and unattractive. 

Non-Mechanistic Stochastic Models 

An assumption of the ADR equation is that dispersion has an equivalent effect on 

solute mixing as diffusion. For this to be the case the solute must be detained in 

the porous media sufficiently long for mixing to occur (Jury et al., 1991). If the 

solute detention time is not long enough then the ADR equation is unable to 

describe solute migration with a constant dispersion coefficient (Gelhar and 

Axness, 1983). Jury et al. (1991) stated that on large structured field soils the 

ADR requires longer times to be valid, than in small uniformly packed laboratory 

columns. It was with these inadequacies in mind that Jury (1982) proposed a 

transfer function model for solute transport. This approach attempts to measure 

solute distribution over some travel distance as 

I 
Py (tg) = [°° fi(Ial (2.12) 

where P, is cumulative distribution function for solute arrival at a distance L; 

and f,(1) is the probability density function summarizing the probability that 

surface solute fluxes will arrive at Z as the surface flux increases from J to I + dl. 

By taking solution samples over the field, the parameters of f;(I), generally taken 
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to be lognormal (Bigger and Nielson, 1976), are determined. One drawback with 

the method is it can only be used to make predictions at a distance L (Jury and 

Roth, 1990). Jury et al. (1982) used this approach to accurately describe solute 

concentrations in the field. However, it is yet to be determined the accuracy with 

which the method predicts fluxes as well as its applicability to heterogeneous soils 

(Addiscott and Wagenet, 1985). 

2.2 WATER FLOW IN THE SOIL-PLANT-ATMOSPHERE-CONTINUUM 

2.2.1 Continuum Approach to Water Flow 

Conceptually, the flow of water from the soil, through the plant, and to the 

atmosphere, can be thought of as occurring in a Soil-Plant-Atmosphere- 

Continuum (SPAC) (Hillel, 1980). The flow includes movement from the soil to 

the roots, absorption by the roots, flow through the roots to the xylem in the 

stem, flow from the xylem to the leaves, evaporation from the leaves, and vapor 

transport away from the leaves (Kramer, 1983). 

Water flow through the SPAC follows classical potential flow theory, that is, 

water flows from regions of high to low potential. Consequently, the flow of water 

is analogous to the flow of energy through a series of variable resistors, and can be 

described using the mathematical analogy of Ohm’s law. The flow of water in any 

section( i) of the SPAC may be described by 

q = a (2.13) 

where q; is the flux density of water; ay, is the potential drop; and R; is the 

resistance. This resistance not only varies from one section to the next, but in 

each section it varies temporally due to changes in plant physiological conditions, 

soil water status and atmospheric conditions (Kramer, 1983). In cases where the 

atmospheric evaporative demand is being met, the flow of water through the 

continuum approaches steady state conditions, and (2.13) becomes 
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Ad. q = = wu (2.14) 

where gq is the steady state flux density through the continuum. The potential 

difference between the soil and the atmosphere is on the order of hundreds of bars, 

with the greatest potential drop occurring in the transfer of water between the 

plant leaves and the atmosphere (Hillel, 1980). 

Water flow between the soil to plant roots is described by Darcy’s law as 

Av, 
q, = K(@}F (2.15) 

where Ay,/Az is the potential gradient over distance z; and K(e) is the hydraulic 

conductivity. The analogy with the flow of electricity can be preserved by 

defining hydraulic resistance, Rg, as Rg = At/K. Thus (2.15) becomes 

“= ae (2.16) 

where y, is the sum of the gravitational, water pressure and solute potentials of 

the soil water. Rg is dependent on K(6), which is in turn directly proportional to 

the soil pressure potential. From the relationship between K(e) and Ry described 

above, it can be inferred that Rg is inversely proportional to the soil water 

pressure potential. Other factors affecting Rg are rooting density and depth. 

From which it is obvious that Rg varies with soil moisture status and with plant 

development. Similar relationships can be developed for other parts of the SPAC. 

The stomatal resistance, which controls the transfer of water from the plant 

leaves, is particularly variable. In cases where the plant cannot supply the 

evaporative demand of the atmosphere, the stomatal resistance becomes infinitely 

large, resulting in a low flux of water from the plant (Kramer, 1983). 

2.2.2 Approaches to Modeling Root Water Uptake 

Root water uptake is a significant component in the water budget equation in the 

crop root zone, and accounts for the reaction term, R(z,t), previously alluded to. 

Principally there are two approaches to modeling water uptake by roots: the 

microscopic and the macroscopic approaches (Selim and Iskander, 1981; Moltz, 

-17-



1981). 

The microscopic approach considers water flow to an individual root, assumed to 

be cylindrical and of infinite length, which reduces the problem to one of radial 

flow. A description of water flow to roots is provided by a solution to Richard’s 

equation in radial coordinates subject to boundary conditions at the root surface 

and at some radius of influence. 

The macroscopic approach uses semi-empirical equations, and computes water 

uptake rate, S (T~*), over a differential element of the root zone, ignoring the 

individual root. The rate of uptake in each element depends on the length of the 

root, the hydraulic properties of the soil and the soil moisture status (Selim and 

Iskander, 1981; Moltz, 1981). Moltz (1981) summarizes the most commonly used 

of these macroscopic equations. Probably the most used of these equations is that 

of Moltz and Remson (1970), which is 

TL(z) D(6) - (2.17) 
/ "L(z)D(o)dz 

S(z,t) = 

where J (LT ~’) is the transpiration rate; L (L~*) is the root length density over 

a volume element; and D(é) is the soil water diffusivity as previously defined. 

2.3 NUTRIENT SUPPLY TO ROOTS 

2.3.1 Overview of Supply Mechanisms 

The soil is the natural medium in which plants grow. A plant’s root absorbs 

water and nutrients necessary for the successful growth of the crop. In order for 

these nutrients to be taken up by the roots they have to be supplied to it. There 

are three mechanisms by which nutrients are supplied to a plant roots: 

interception, mass flow and diffusion. 

Root interception: Refers to nutrients that roots encounter in their path as they 

grow. These nutrients are readily available for plant uptake and don’t have to be 

transported to the root surfaces. Generally the amount of nutrients supplied to 
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the plant by this process is very small, typically less than 1% of the available 

plant nutrients (Barber, 1984). Factors affecting interception include root 

volume, root diameter and mechanical impedance to root growth (Barber, 1984). 

The greater the volume of plant roots, the greater will be the interfacial contact 

between the soil and roots. For a given volume of roots, the smaller the diameter, 

the greater the root surface area-soil interface. Anything that mechanically 

impedes root growth such as dense soils, will restrict interception. 

Mass flow: Refers to supply of nutrients to the roots in the convective stream of 

water. The amount of nutrients supplied to roots by mass flow is the product of 

the plant water uptake and the concentration of nutrients in the soil water. The 

relative importance of mass flow as a supply mechanism varies with climate, crop 

and the nutrient in question. For maize more than 75% of the N needed is 

supplied by mass flow, but less than 3% of the P (Barber, 1984). The amount of 

nutrients supplied to roots by mass flow can be calculated as 

Jin =quCn (2.18) 

where J,, is mass flux of nutrients to the roots; C, is the mean nutrient 

concentration in soil solution; and q,, is the Darcy velocity. Hence, the nutrient 

flux to the roots by mass flow is affected by the rate of water uptake which 

depends on the stage of growth of crops, plant species, climate and soil moisture 

availability. If the concentration of nutrients in the soil solution is low, then the 

nutrient flux to roots will be low even though the water flux may be high. 

Diffusion: With continued uptake of nutrients supplied by interception and mass 

flow there is a reduction in the concentration of nutrients at the soil root 

interface. This creates a chemical potential gradient normal to the root surface 

resulting in the diffusion of nutrients towards the roots. Diffusion results from the 

random motion of ions and molecules known as Brownian motion. Where a 

concentration gradient is present the net movement is away from the area of high 

concentration. Since the continued adsorption of nutrients by root prevents the 

attainment of equilibrium, diffusion is on-going. The path over which diffusion 

takes place ranges from 0.1 to 15 mm (Barber, 1984). Fick’s first law gives the 

diffusive flux (J,) of nutrients as 
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Jy =-DAE (2.19) 

where D, is the effective diffusion coefficient; and dC/dn is the concentration 

gradient perpendicular to the root surface. The effective diffusion coefficient (Nye 

and Tinker, 1977) may be calculated as 

D, = Der dG (2.20) 

where D is diffusion coefficient in water; @ is water content; r is the tortuosity 

factor and dC/dS the reciprocal of the buffer power of the ion in question. 

Nutrients that are purely adsorbed will have a smaller dC/dS value. Fertilizer 

additions can cause an increase in dC/dS and larger D,. The tortuosity increases 

with bulk density up to 1.3 g/cm*. | With the reduced pore space there is 

increased continuity in the aqueous phase (Barber, 1984). D is given by the 

Stokes-Einstein equation as 

K,T 
~~ Oxy au 

D (2.21) 

where K, is the Boltzman constant; T' is absolute temperature; 7, is the ionic 

radius (L); and y» is the viscosity of water. 

2.3.2 Approaches to Modeling Nutrient Uptake 

Two approaches exist for modeling nutrient uptake by roots, the same as for 

water uptake, the microscopic and the macroscopic approach (Selim and Iskander, 

1981; Moltz, 1981). 

The microscopic approach considers nutrient fluxes to individual roots and 

involves a solution to the transport equation in radial coordinates, as with water 

flow (e.g. Claassen and Barber, 1976). 

It has been shown that nutrient fluxes to roots can sometimes be described using 

Michaelis-Menton kinetics (Nye and Marriot, 1969). The macroscopic approach 

utilizes this, where nutrient uptake rate, J, (MT ~') is calculated as (Selim and 

Iskander, 1981) 

- 20 -



Vinar CL 
Jn _ kn + CO (2.22 ) 

where V,,,2 (ML~'T —’) is the maximum nutrient uptake rate per unit length of 

root; C (ML~ 8) is the concentration of nutrient; L is the root length density; and 

kn (ML ~ °) is the half saturation constant. 

2.4 MODELING NITROGEN TRANSFORMATION IN SOILS 

2.4.1 Overview of Processes 

Nitrogen species in the biosphere exist in a dynamic equilibrium in which they are 

being constantly transformed through a series of complicated biochemical 

pathways known as the N cycle. The N transformation processes recognized are 

(1) immobilization or assimilation of inorganic forms of N by plants and 

microorganisms; (2) mineralization, the conversion of organic nitrogenous forms to 

NH,*; (3) nitrification, the oxidation of NH; to NO; ; (4) denitrification, the 

reduction of NO 3 to N,O and N,; and (5) fixation of molecular N by 

microorganisms to NH, and organic forms (Keeney, 1981). 

In earlier section (2.3) had discussed plant uptake. Therefore, in this review only 

microbial immobilization will be discussed. Also, fixation will not be dealt with, 

as it is not explicitly considered in this study. In addition, because of the 

equilibrium between organic and mineral forms of N, it is convenient to discuss 

mineralization and immobilization together. 

2.4.2 Mineralization-Immobilization 

A dynamic equilibrium exists between organic and inorganic forms of N in soils. 

The equilibrium level of mineral N is determined by the net effect of two opposing 

processes, mineralization and immobilization. 

Crop residues found in soils are used by microorganisms as a source of energy to 

fuel their metabolic activities. These organic materials are enzymatically broken 

down and organic forms of N are mineralized during the process, some of which 

are incorporated in the microbial tissue. The net amount of N mineralized 
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depends on the C-N ratio of the organic material. Materials with a high C-N ratio 

initially have a net immobilization (negative mineralization); and those with low 

C-N ratio usually have net mineralization. For crop residue with N content 

greater than 1.5-2.0% and C-N ratio less than 30:1 net mineralization is usually 

the norm (Schepers and Mosier, 1991). With continued decomposition the C-N of 

the residue approaches that of the native soil humus, i.e. 10:1, and becomes 

indistinguishable from it. At this point the residue is referred to as stable, with 

mineralization rates being low. 

Mineralization rate is affected by type of substrate, temperature, soil moisture and 

aeration. In temperate zone soils annual mineralization rate ranges from 2-4% of 

the 1000-5000 kg/ha of organic N (Keeney, 1981). 

Modeling Approaches to Mineralization-Immobilization: Modeling approaches 

generally recognize soil organic matter to consists of two fractions: the slowly 

mineralized humus or stable organic matter fraction; the readily mineralized 

freshly’ added organic matter, such as crop residue or manure. Modeling 

approaches range from simple first order expressions with different rate constants 

for the different fractions (e.g. Mehran and, Tanji 1974; Frissel and van Veen, 

1981; Shaffer et al., 1991), to more complex analyses which explicitly account for 

biomass growth using Monod kinetics (e.g. Frissel and van Veen, 1981). In either 

case, rate constants are affected by environmental factors. 

2.4.3 Nitrification 

Nitrification refers to the microbially mediated oxidation of the product of 

mineralization (NH,*) that ultimately produces stable NO;. A number of 

unstable intermediaries have been recognized in the oxidation of NH,‘ to NO; . 

However, the two main reactions recognized are the partial oxidation of NH,' to 

nitrite (NO; ) by the bacteria Nitrosomonas and the oxidation of NO; to NO; 

by the bacteria Nitrobacter (Keeney, 1981). Nitrite has a very short half life in 

soils under normal circumstances, and is rapidly converted to NO; . Nitrifiers are 

very efficient, and during the warm months soil NH,’ is rapidly oxidized to 

NO; . Factors affecting nitrification rate include temperature, moisture and pH. 

Optimal nitrification rates are observed at neutral to slightly alkaline pH values 

(Focht and Verstraete, 1977). 
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Modeling Approaches to Nitrification: The simplest approach to model 

nitrification uses a first order reaction, with a rate constant which may depend on 

environmental factors such as temperature, water content etc. (e.g. Shaffer et al., 

1991; Mehran and Tanji, 1974). A more realistic approach utilizes the Michaelis- 

Menton equation. This approach recognizes a limiting nitrification rate at high 

substrate (NH; ) concentrations. More sophisticated approaches (e.g. Leggett 

and Iskander, 1981) model the oxidation of NH,+to NO, and of NO; to 
NO; with explicit consideration for the growth rates of oxidizers, and for 

possible nonlinear effects and interactions of environmental factors such as pH and 

temperature. 

2.4.4 Denitrification 

Denitrification is the process by which facultative aerobes uses NO; as their 

terminal electron acceptor under reducing conditions. The main products of 

denitrification are nitrous oxide (N,O) and molecular N (N,); however, under 

acidic conditions nitric oxide (NO) may be liberated (Ryden, 1981). The primary 

factor promoting denitrification is the absence of oxygen, although complete 

anaerobiosis is not necessary since denitrification can proceed in micranoxic zones 

in close proximity to aerobic ones (Keeney, 1981). Other factors affecting 

denitrification are the amount of available carbon (C), type of organic matter, pH 

and temperature. Optimal denitrification rates occur at neutral to slightly 

alkaline pH values (Focht and Verstraete, 1977). 

Depending on the system of interest, denitrification may or may not be a desirable 

process. For cropping systems, it is undesirable since it removes plant available 

N. However, for land renovation of wastewater denitrification is usually 

promoted. 

Rates of denitrification observed in the field depends on the NO; concentration, 

the organic matter type and on the prevailing soil conditions. For irrigated 

vegetables in California, denitrification rates of 0.7-2.0 kg ha ~ ‘day ~ * following a 

rainfall or irrigation event were observed, compared to background levels of 0.1- 

0.2 kg ha~ !day —? (Ryden and Lund, 1980). For manured uncropped soil, rates 

as high as 70 kg ha” ‘day ~’ have been measured (Rolston et al., 1978). 
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Modeling Approaches to Denitrification: From experimental studies the order of 

denitrification has been estimated to be zero to first order reaction. The simplest 

modeling approach accounts for denitrification as a first order process(e.g. Mehran 

and Tanji, 1974; Tanji and Gupta, 1978). The low concentration ranges of NO, 

often found in soils justifies this approach. Probably a more accurate approach 

models denitrification as the product of two simultaneous Michaelis-Menton 

equations, the substrates being NO; and C (Bowman and Focht, 1974). In all 

cases, the rate constant(s) becomes modified by environmental factors. 

2.5 SIMULATION MODELS FOR NITRATE LEACHING IN THE SOIL 

PLANT ATMOSPHERE CONTINUUM 

A number of simulation models are available that simulate N transport and 

transformation in the vadose zone. However, only a few of these explicitly 

account for actively growing crops. In this section, some of the more popular N 

leaching models that simulate root uptake of water and N and provide some 

estimate of crop productivity will be reviewed. Special attention will be paid to 

model attributes and weaknesses of relevance to this study. Finally, the 

justifications for a new model will be addressed. 

2.5.1 NLEAP 

Nitrate Leaching and Economic Analysis Package (Shaffer et al., 1991) is a user- 

oriented noncrop specific one-dimensional deterministic capacity model for the 

estimation of NO; leaching, crop performance and economic impact of different 

crop management systems. The model can function in two modes: a screening 

mode and a detailed mode. 

In the screening mode, computations are performed on a yearly basis using 

empirical relations and simple mass balances for water and N. In this mode, 

annual NO, leaching risk potential is the output, which can be determined for 

different crop management practices and climatic data. This mode is intended to 

identify potential N leaching problems and to determine if detailed analyses are 

required. No economic summary is provided in this mode. 
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In the detailed mode, model computations are performed either over monthly 

intervals or on an event basis (rainfall, irrigation, tillage etc). Processes 

accounted for include N transformations (mineralization, immobilization, 

volatilization, denitrification and N uptake), evapotranspiration, water flow and N 

transport. The model also determines the risks of N leached from the root zone 

and aquifer contamination. For a detailed simulation, the soil is divided into two 

zones, an active (30.5 cm depth) and an inactive zone (the rest of the soil). 

Nitrogen transformation and plant root processes are confined to the active zone. 

The model’s incorporation of economic analysis and risks analysis is unique. 

However, the model’s treatment of basic system processes severely limits its 

utility. In its most detailed mode, system processes are only updated following an 

event. In any event, the capacity driven water flow and transport does not allow 

for redistribution of moisture at water contents below field capacity. Although 

this method of analysis can reasonably account for percolation following a rainfall 

or irrigation event, it cannot account for moisture redistribution following 

evapotranspiration. The model does not account for water fluxes from a water 

table which may be substantial in the presence of shallow water tables. The 

model accounts for two soil zones based entirely on the amount of biological 

activity. No allowance is made for physical soil layering. The model is incapable 

of doing long term simulations of cropping system involving rotations. 

2.9.2 CREAMS 

Chemicals Runoff and Erosion from Agricultural Management Systems (Knisel, 

1980) is a field scale deterministic capacity type model that simulates surface and 

subsurface pollutant loading from different agricultural management systems. 

CREAMS by design is a continuous simulation model, but can be executed in an 

event oriented mode. It estimates runoff, sediment load, nutrient load (N and P) 

and pesticide load in runoff and leachate. 

CREAMS consist of four submodels: the hydrology submodel simulates runoff, 

infiltration, redistribution and evapotranspiration; the erosion submodel estimates 

sediment load; the nutrient submodel simulates plant uptake of N, N and P in 

runoff and sediment, N in drainage and N transformations; and the pesticide 

submodel simulates pesticide runoff to soil and partitioning among the different 
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phases. 

Its treatment of surface processes is particularly good, so CREAMS is an excellent 

model for evaluating runoff and soil erosion. However, its treatment of the 

subsurface is very crude. Flow and transport, are only considered in one 

dimension, are dependent only on the field capacity of the soil. This does not 

allow for the redistribution of moisture at moisture contents below field capacity. 

Water flow is unidirectional from soil surface to bottom; i.e. the model cannot 

simulate water flow from a shallow water table. Nutrient uptake takes place over 

the entire root zone with no regard for variations in rooting depth as the crop 

matures. 

2.5.3 CERES- Maize 

CERES-Maize (Jones and Kiniry, 1986) is a one-dimensional research level 

continuous simulation model of maize growth and development in the soil-plant- 

atmosphere-continuum for different management systems. It estimates runoff, 

infiltration, moisture redistribution, N immobilization including plant uptake, 

nitrification, mineralization, denitrification, soil temperature, and maize 

vegetative and reproductive growth in response to soil and climatic factors. 

Moisture redistribution following infiltration is modeled using a tipping bucket 

approach using field capacity as the upper limit of soil moisture availability. 

Moisture fluxes following evapotranspiration are determined using the diffusivity 

form of the Darcy flux equation. Convective transport of N is considered. 

The model is quite rigorous in its treatment of maize physiological processes in 

relation to soil and atmospheric factors. However, the model is one-dimensional, 

does not simulate conservation tillage and is incapable of performing long term 

multicrop simulations. 

2.5.4 NTRM 

Nitrogen Tillage Residue Management (Shaffer, 1985) is a field scale one- 

dimensional deterministic model that continuously simulates soil erosion and 

maize production under different management practices both in the short and the 

long term. Processes simulated include water and heat flow, solute transport 

(NH, , NO; , Ca?—~, Mg?~, Na~ , HCO;- , CO? , SO?~ and urea), chemical 
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equilibria (dissolution-precipitation, ion exchange, dissociation and ion pairing), N 

transformations (mineralization, immobilization, nitrification, denitrification, urea 

hydrolysis, N fixation, crop uptake), plant growth and tillage management. 

The model is detailed in its treatment of system processes, with physically based 

treatment of water flow and chemical transport. NTRM is unique among leaching 

crop productivity models in its treatment of salt transport and chemical 

equilibria. Such attributes would be useful in evaluating crop productivity in 

saline environments. Water flow is determined by a solution to the water content 

form of Richard’s equation, which makes it applicable to physically homogeneous 

systems only. Additionally, the model does not simulate multicrop continuous 

systems. 

2.5.5 Rationale for New Model 

As previously stated, the dominant cropping system of the Northern Neck 

involves a two-year rotation of maize, wheat, soybeans and fallow. Therefore, it 

would be prudent to continuously simulate these crops sequentially over long time 

periods in order to realistically simulate N leaching from this area. The major 

shortcoming of the available crop growth N-leaching models investigated, of 

relevance to this study, is their inability to perform long-term continuous 

simulation involving multicrop sequences that include fallow periods. 

A feature of the management of high N-use crops is that they are planted in rows. 

The existence of an inter-row makes the distribution of roots, water content and 

nutrients decidedly two-dimensional. Since horizontal gradients exists water flow 

and nutrient transport will be two-dimensional also. Given this reality, it would 

be appropriate to model a two-dimensional vertical slice between two rows, rather 

than the vertical dimensions only. Available crop growth N — leaching models are 

exclusively one-dimensional. 
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3. DESCRIPTION OF VT-CROPS 

3.1 OVERVIEW 

VT-CROPS models three interacting subsystems: the atmospheric subsystem, the 

soil subsystem and the crop subsystem. Figure 3.1 depicts the general subsystem 

interaction. 

Although the climatic subsystem is not explicitly modeled, its interactions with 

the other subsystems are explicitly considered. The climatic subsystem supplies 

daily solar radiation, maximum and minimum temperature and rainfall amounts 

to the soil and crop subsystems. Climatic data either is input directly or is 

generated stochastically by a weather generator. 

The crop subsystem simulates the growth and development of maize, wheat, and 

soybeans. It accumulates and partitions dry matter and N among the different 

plant components and advances the plant through its phenological growth stages. 

The crop subsystem interacts with the climatic and soil subsystems. The climatic 

subsystem determines transpirational demand and the development and growth of 

the crop. Air temperature is the stimulus for advancing the plant through its 

phenological growth stages and solar radiation is the stimulus for carbohydrate 

(CHO) production. Low levels of moisture and N in the soil impair the ability of 

the plant to produce CHO. 

The soil subsystem routes rainfall to runoff or infiltration, computes soil moisture 

changes and drainage, models soil N movement and transformations in the soil. 

Water and N are passed to the crop depending on amounts and distributions in 

the soil, evaporative demand, root distribution and crop growth as mediated by 

the climatic and crop subsystem models. 

3.1.1 Detailed Subroutine Flow 

Figure 3.2 shows the order in which subroutines are called during program 

execution. 

Through the subroutine READ, VI-CROPS first reads the input data specified by 
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the user through a series of input data files (Appendix 1). VT-CROPS then 

echoes this data, using subroutine WRTINT, to a series of output files. Model 

variables are then initialized through subroutines PROGRI, SINPUT and 

NINPUT; PROGRI primarily initializes crop parameters; SINPUT initializes soil 

variables other than N simulation variables; and NINPUT initializes N variables. 

If synthetic climatic data are to be used, 2 years of data are generated by 

subroutine WGEN. If not, historical data are read from an input file specified by 

user. 

The soil subsystem is simulated daily for all crop and fallow periods. Subroutine 

SOIL controls the soil subsystem, thereby controlling all subroutines that simulate 

soil processes and events. If fertilizer is to be added on a given day FRTLIZ is 

called. If irrigation is being simulated then IRRIG is called when irrigation water 

needs to be applied. SNOW is called only during wheat growth or extended 

fallow to determine snow fall or melt depending on temperature and precipitation 

status of the day. If rainfall and or snow melt or irrigation is greater is greater 

than zero, then GRAFLO is called. GRAFLO determines surface runoff, 

infiltration, and the initial percolation of moisture. TSOLT is called daily to 

update temperature of cells. The N transformation subroutines are called, if N is 

being simulated. TMNIM simulates the mineralization-immobilization of organic- 

N; TNITF determines the nitrification of NHjt to NO}; and TDNIT simulates the 

denitrification of NO3. SOIL then calls PET2 which determines potential and 

actual evapotranspiration. N uptake is determined by UPTAK2. CAPFL2 

redistributes soil moisture and N, following crop uptake and evaporation. 

SOIL then passes control back to the main program where if the crop is maize or 

wheat phenology is simulated. Nine phenological growth stages are simulated: 

stages 7 through 9 represents presowing to germination, and stages 1 through 6 are 

periods of active growth, (i.e. emergence to maturity). The passage from one 

growth stage to the next is predicated on the accumulation of a specified amount 

of degree days. Subroutine PHENOL determines the crops phenological 

advancement based on the accumulation of heat units; if wheat is being simulated 

then COLD determines possible adverse effects of cold temperatures on growth. If 

the required amount of degree days for a given crop growth stage is accumulated 

then the current growth stage ends and PHASEW is called for wheat and 

PHASEI for maize. These subroutines initialize the parameters for the current 
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stage and call subroutines WRITE and ENDSTG to output crop parameters for 

the previous stage. If the crop is actively growing, i.e. growth stage less than 7, 

then subroutine GROSUW is called for wheat or GROSUB for maize to determine 

CHO assimilation and partitioning. Control then passes to RUTGRO, if the CHO 

partitioned to the roots is greater than 0, which determines the daily root growth 

based on the net CHO partitioned to the roots. If nitrogen is being simulated, 

subroutines NFACT2 and NPART2 are called; NFACT2 determines nitrogen 

factors affecting crop productivity; and NPART2 partitions N uptake to the 

different plant parts. 

If maize or wheat is not being simulated then it is either soybean or fallow. In the 

event it is soybean, MAIN calls RUTGRO to determine daily root growth. 

Control now passes back to the main program which increments the date if the 

crop is not mature, and repeats the above sequence. If at any time during a 

simulation the weather data are exhausted, more data are generated if synthetic 

data are being used or execution is halted if not. Maturity dates for maize and 

wheat are determined by the accumulation of degree days; maturity date of 

soybean and end of fallow periods are determined a priori. If date is equal to the 

maturity date, HARVST is called and crop yield parameters are determined and 

written to output files. If a next. crop is being simulated and there are climatic 

data then the next crop is determined and simulation begins; or else if another 

crop is to be simulated but climatic data are needed then, data are generated if 

synthetic data is being used, otherwise the program terminates. After the last 

crop in a sequence of rotations is simulated, the program terminates also. 
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3.2 ATMOSPHERIC SUBSYSTEM 

Atmospheric parameters which drive the soil and crop subsystems are daily 

rainfall, daily solar radiation, and maximum and minimum daily temperature. If 

historical data are available, these may be input directly. Otherwise, a stochastic 

weather generator algorithm is employed. A time-series model described by 

Richardson and Wright (1984) is used to simulate climatic variables. An 

autoregressive time series analysis is employed for rainfall with varying monthly 

statistical distributions. Maximum and minimum temperatures on wet and dry 

days and solar radiation are assumed to follow mean sinusoidal trends. Variations 

about the mean are normal with seasonally varying coefficients of variation. 

Procedures for calibration of the stochastic weather model from historical data has 

been discussed by Richardson and Wright (1984). When VT-CROPS is executed 

in a stochastic mode, daily weather data are automatically generated and passed 

to the crop and soil subsystem models. 

3.2.1 The Weather Generator Submodel 

The climatic weather generator simulates maximum temperature, minimum 

temperature, solar radiation and precipitation over some specified time interval. 

The approach used maintains the temporal and autocorrelation structure of 

weather variables. Daily temperature and solar radiation generated are affected 

by the occurrence of rainfall. Precipitation is generated independently, then the 

magnitude of minimum and maximum temperature and solar radiation depends 

on the wet or dry status of the day. 

Precipitation: Precipitation is generated using a Markov chain-gamma model. 

Wet or dry days are generated using a first order Markov chain; i.e. the 

occurrence of rainfall on the current day is conditioned only on the wet or dry 

status of the previous day. In the event of a wet day, the amount of rainfall is 

generated using a two parameter gamma distribution. 

The user must input the probability of wet day followed by a wet day, P,,,,, and 

that of a wet day followed by a dry day, P,,y. From these probabilities, the 

transition probabilities of a dry day following a wet day, P,,,, and that of a dry 

day following a dry day Pj, are fully defined as 

- 33 -



Pip =1— Poy (3.1a) 

Pia = 1 _ Pua ° (3.1b) 

It is customary to generate probabilities by sampling from a uniform distribution 

on the interval zero and one. A uniform distribution is sampled daily, in the 

event that the previous day was wet and the sampled number is less than or equal 

to P.,, then the current day precipitates also, otherwise it is a dry day. 

The conditional probabilities P,,, and P,,, and thus P,,, and P34, varies 

temporally at any given location (Richardson and Wright, 1984). This temporal 

variation is preserved by allowing the conditional probabilities to vary each 

month. 

Given that it rains on the current day, the amount of precipitation is determined 

using a two-parameter gamma distribution. The two-parameter gamma 

distribution is attractive for generating rainfall because of the few parameters to 

be determined, and the fact that small magnitude outcomes have high frequencies 

and only non-negative outcomes are possible. Richardson (1982) found the 

gamma distribution to give superior results for rainfall than other similar types of 

distributions. The probability density function of a two-parameter gamma 

function is given by 

a—1, 

f(p) = Senay Pp, a, B >0 (3.2) 

W
i
s
 

where f(p) is the density function of p, a and # are shape and scale parameters 

respectively; and I'(a) is the gamma function of a. The relationship between a 

and 8 and population moments is given by Law and Kelton (1991) as 

p= r (3.3a) 

a= (5 (3.3b) 

where y is the population mean and o? is the variance. 
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Rainfall amount is calculated by first determining the cumulative probability, 

F(p), by sampling from a uniform distribution on the interval zero and one. From 

the inverse probability of F(p) the amount of rainfall is determined. The 

cumulative density function of the gamma distribution is not of a closed form; 

therefore, its inverse is not easily found. However, algorithms are available 

through which this can be accomplished (e.g. Law and Kelton, 1991). 

Not unlike the conditional probabilities, a and # are allowed to vary monthly for 

each location. 

Temperature and Solar Radiation: Maximum temperature (T,,,,), minimum 

temperature (T,,;,) and solar radiation (r) are generated using a weakly 

stationary generating process of Matalas (1967), as 

2;(j) = Az; —4(3) + Be;(i) (3.4) 

where 2,(j) and z;—,(j;) are 3xl column vectors whose elements are the 

standardized, normally-distributed values of T,,,., Tj, and r for day i and i-1 

respectively; €; is 3x1 column vector of normally distributed residuals; and A and 

B are 3x3 matrices with elements so defined so as to preserve the serial and cross 

correlation among the variables; actual mathematical definition may be found in 

Richardson and Wright (1984). The unstandardized variates are contained in the 

column vector ¢,(j), calculated as 

ti(4) = m,(;) (2;(3) wf) + 1) (3.5) 

where m,(j) is a column vector of estimates of, rainfall dependent, mean of 

variables; and w,(j) is a column vector containing, rainfall dependent, coefficient 

of variations. The variables m,(;) and w,(;) are allowed to vary as a simple 

harmonic, utilizing the cosine function as 

u;=U +C4 cos (0.0172(: — t)) (3.6) 

where u,; is the mean value of m,(j) or w,(;) on day i; @ is the mean of the 

harmonic; C4 is the amplitude and ¢ is the position of the harmonic. The 
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variables 7, C4 and T have to be evaluated from actual data tor wet and dry 

days separately. 

3.3 SOIL SUBSYSTEM 

3.3.1 Overview 

The soil domain is represented as a two-dimensional vertical slice between crop 

rows as in the RHIZOS portion of the cotton model GOSSYM (Baker et al., 1983). 

The inter-row spacing and the profile depth specified by the user are partitioned 

to form a matrix of equally sized cells or grids (Figure 3.3). Soil layers may be 

defined that represent soil profile horizons of different properties (Figure 3.4). 

Soil water retention characteristics for each layer are defined in terms of the 

parametric model of van Genuchten (1980). 

The soil subsystem model consists of three submodels: 1) the soil temperature 

submodel, 2) the nitrogen submodel, and 3) the water submodel. A conceptual 

diagram of the soil subsystem is shown in Figure 3.5. 

3.3.2 Tillage Management 

Tillage effects on soil properties are determined during the initialization of model 

parameters prior to crop simulation in subroutine NINPUT, and as such do not 

fall in any of the soil submodels mentioned. 

Effects of Tillage 

Minimum tillage refers to any combination of tillage and crop management 

system that leaves 30% or more of the soil surface covered by crop residue to 

reduce runoff (Mannering et al., 1987). In the literature the term minimum 

tillage is often used interchangeably with conservation tillage, reduced tillage or 

low tillage. In addition to reducing runoff, minimum tillage may also reduce land 

preparation time, labor and fuel, and machinery cost (Throckmorton, 1986). 

Disadvantages of the use of minimum tillage include increased use of herbicides 

and pesticides for weeds and pest control. 

In 1985, it was estimated that approximately one-third of all cropland in the U.S. 

had some form of conservation tillage (Conservation Tillage Information Center, 
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1982-85). The USDA office of planning (1975) estimates that by the year 2010, 

95% of all cropland in the US will be using minimum tillage. 

Modeling Tillage 

VT-CROPS simulates the fraction of soil surface coverage from crop residue under 

minimum tillage. Under conventional tillage no surface coverage is assumed. The 

fraction of the soil covered, under minimum till, is calculated following the 

approach of van Doren and Allmoras (1978) as 

-4_W ACS,, = 1 —exp({ —1.68x10 os d) (3.7) 

where ACS,, is a fraction of soil surface covered by mulch; W, is dry weight of 

residue (metric tons ha™’); p* is the specific dry density of residue (g cm™3); and d 

is the diameter of cylindrical residue pieces in meters. The effective soil albedo is 

adjusted according to the approach suggested by van Doren and Allmoras (1978) 

as 

Xef= Xs + ACS in (x, ~ Xs) (3.8) 

where x,, is the effective soil albedo, and x, and x, are the reflectance coefficients 

for soil and residue, respectively. | 

In addition to soil albedo, the infiltration of rainfall is directly increased under 

minimum tillage. Increases in infiltration rates is effected by selecting appropriate 

runoff curve numbers reflecting tillage practice. Mannering et al. (1987) reported 

that of the factors most critical to erosion control, surface coverage from seedbed 

preparation to canopy establishment is the most important. Changes in the 

surface water balance will in turn affect other processes such as leaching, thermal 

diffusivity, moisture availability, evapotranspiration and N-transformations. 

3.3.3 Soil Temperature Submodel 

Soil temperature is important as a control for root growth and nitrogen 

transformations rates. A one dimensional analytical model for heat transfer is 

programmed in subroutine TSOLT, following the approach used in the EPIC 

model (Williams and Renard, 1985). The temperature submodel first converts the 

calendar day of year (¢) to a radian fraction of one year (R,) and converts solar 
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radiation from Langleys/day (£,) to mega-Joule/day (£,,) as 

Ry = 0.0172 (t — 200) (3.9) 

& iy = 0.04184 €,. (3.10) 

The surface albedo (x) is updated as 

X= Xey ¢ >6 (3.11a) 

x= 0.23-(0.23 -x,,) exr(-0.75LAI) ¢ <6 (3.11b) 

and the mean daily air temperature (T,,,,,) is computed as 

mn 
T = Fimas t Fnin (3.12) 

where x,7 is the soil albedo; LAI is the leaf area index of the crop, the ratio of 

total leaf area to ground surface covered; ¢ is the crop growth stage; T,,,, is the 

maximum daily temperature; and T,,;, is the minimum temperature. Daily 

surface temperature is determined as 

T) = (i- xJA +x Thy (3.13) 

where 

A=2T,, (10 --—*—~)4 Tres on (3.14) 
mn 3.35 x 10° maz 800 

and To _, is the previous day’s surface temperature. The most recent 5-day 

running average surface temperature (T,) is determined as 

5 
T, =0.20 3: 79. (3.15) 

d=1 

The surface temperature effect on the damping depth (F,,) is calculated as 
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_ cos R Fp = Te (Ta oe oye) Gag 
where J’ is average annual ambient air temperature (°C); 6, is the annual 

amplitude of mean monthly air temperature (°C); and R, is the day of year as a 

radian fraction of one year. 

TSOLT calculates a scaling factor (S,;) which is used in the determination of the 

damping depth for soil temperature 

Lg 

Sy = (0.356 - 0.1443) Z (3.17) 
  

where YL, is the total soil water in the profile, in mm, Z is the total depth of the 

soil profile in mm, and @ is the average bulk density of the soil profile in gm cm™’. 

The maximum damping depth (Dp,,,,) in mm as a function of the average soil 

bulk density for each soil layer is calculated as 

2500 @ (3.18) PPmaz = 1000 + = -e86 cxp(—5.63 7)” 

The actual damping depth (Dp) is calculated as 

where 

Fe= en (Iona 2] (+5) (3.19b) 

where 6 is the moisture content at that depth. 

The temperature at each depth (T,) is updated as 

7m 46 -Z, T,= T {i cof{R,) + Fae Dy) (3.20) 

where Z, is the depth in mm. 
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Layer 1 

Layer 2 

Layer 3 
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L 10 Cell 

ayer (NOL, NOK)         

Figure 3.3 Two-Dimensional Inter-Row Spacing Between Two Plants Showing 

Model Conceptualization and Domain Discritization (Copied from Newkirk et al, 

1987a) 

_ 40 -



di
et
 

| 
d,
 

y 
. 

  

e
e
 

                    V7
 

       

  
    

  

- 4] - 

1,
2.
..
.n
-1
 

   
| 
Co
nc
ep
tu
al
iz
at
io
n 

of
 
Mu
lt
i-
La
yc
re
d 

So
il
 

Pr
of
il
e 

l
m
e
n
s
i
o
n
a
 

Fi
gu
re
 

3.
4 

T
w
o
-
D



Moys{sqng 
[log 

or) 
Jo 

weIseIg 
y
o
r
g
 

ce 
omBry 

 
 

CxBIdN-N 
1UvId 

B
u
j
y
o
u
e
}
 

-N 

u
e
}
U
0
D
 

s
e
j
o
e
d
s
 

N 

W
e
U
o
s
 

1
0
)
8
M
   

 
 

        

M
O
l
4
 

1O)R AA 

U
O
P
P
B
s
y
y
p
u
y
 

u
o
j
j
e
s
o
d
e
a
g
 

eyeidn 
weld 

y
w
o
d
s
u
s
s
i
-
n
 

               

e
o
u
g
|
e
g
-
N
 

e
x
1
s
i
d
n
-
N
 

U
O
N
B
W
I
O
J
S
U
B
I
N
-
N
 

 
 

U
O
1
I
N
G
1
1
3
9
1
¢
 

e
i
n
j
e
i
e
d
w
e
,
 

{
0
S
 

        

 
 

  

  
 
 
 
 

J
@
p
o
w
q
n
s
 

s
a
y
e
y
 

j
e
p
o
w
q
n
s
 

u
e
b
o
n
I
n
 

j
a
p
o
w
i
q
n
s
 
e
i
n
j
e
s
o
d
w
e
;
 

  
  

 
 

  
  

  
  

 
 
 
 

  
I 

 
   
 
 
 
 

uo}}Ng!4381g 
Byeg 

ayeuy|D 
indu| 

J
V
B
M
 

[OS 
[
e
u
]
 

‘
u
e
G
o
s
N
n
 

  
  

 
 

  
  

  
 
   

 
 

- 42-



3.3.4 Soil Water Submodel 

Water Flow Equation 

Water flow and water content distribution in a two-dimensional isotropic non- 

homogeneous domain is determined in subroutine CAPFL2, using the Darcy flux 

equation 

q, = Ka) SH (3.21) 

86 _ _ oa (3.22) 

where q; is the water flux (cm day”') in the i-th direction, z or y; @ is moisture 

content, t is time (day); K(@) is soil hydraulic conductivity function (cm day”); H 

is the water hydraulic head (cm), the sum of pressure and gravitational heads; and 

z; is the horizontal or vertical coordinate (cm). 

Using the water content distribution from the previous time step (3.21) is used to 

to estimate water fluxes due to capillary flow between centers of adjacent cells 

using explicit finite difference of the form 

g@tt = x Miata) (3.23) 

where f¢ is the previous time, Af is the time increment; and Az is the spatial 

increment in the zor y directions. 

The water contents are subsequently updated using an explicit block centered 

backward finite difference approximation of (3.22) as 

t+At t+At 
(< — GAG git At — A da +6, (3.24) 

Note, for equations (3.21) through (3.24) the Einstein summation convention is 

implied. 
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Water content, pressure head and conductivity are described by van Genuchten’s 

(1980) parametric model as 

1 

K(o) = K, 6?(1.0 - (1.0 — om) ™) (3.25a) 

@ = (6, - @,) (1.0 + (a|hl)") + 8, (3.25b) 

where 6, is the saturated water content, 0, is the residual water content, a (cm~’) 

and n are pore size distribution parameters and m= 1-1/n. 

Initial and Boundary Conditions: At t = 0, the initial distribution of moisture 

(89) is specified by the user as 

6(y) = 6,fy) att = 0. (3.26) 

The initial soil moisture content is allowed to vary vertically in each layer. 

The surface boundary is stipulated as a flux boundary condition. The flux can be 

controlled by rain, irrigation or surface evaporation and is given by 

a(t) = K(0) (8241) atz = 0. (3.27) 

The bottom boundary can be stipulated as follows: 

elf the soil profile extends to great depth, the profile is treated as a semi- 

infinite medium and a unit hydraulic gradient boundary condition is imposed at 

the bottom as 

gh 9 atz=d. (3.28) 

elf the water table is encountered at some depth d, the boundary condition is 

one of constant head 

h=0 atz=d. (3.29)



On the vertical sides, the boundary condition is zero flux 

gh - 9 ats = Oandz = | (3.30) 

where / is the mid-row spacing of the crop. In a multi-layer profile, the boundary 

conditions at the interfaces are such that there is continuity of soil water potential 

(Figure 3.4). 

Capillary flow is defined as that occurring below field capacity. Gravity flow at 

higher water contents is modeled using a simple tipping bucket approach that 

distributes water in excess of field capacity to lower layers as soon as they become 

full. Field capacity is defined operationally as the water content at h = ~100 cm. 

Mass balance error at the end of each time increment is partitioned equally to the 

cells, provided the moisture limits of a cell are not violated. The harmonic mean 

of the hydraulic conductivities between two adjacent cells in horizontal and 

vertical directions is used in all calculations. 

Soil Evapotranspiration 

Evaporation is applied as an outward flux at the soil surface. Evaporative demand 

is partitioned to the uncovered areas first. If demand is not met, then covered 

areas supply the remainder. Water is taken up by the root system to meet the 

transpirational demand computed in the crop module. Transpirational demand is 

partitioned to each cell containing roots based on a root uptake factor. Uptake 

factors over the domain sum to unity and are proportionately based on the soil 

water diffusivity and, the root weight and age in each cell. Cell moisture content 

is reduced to reflect transpirational demand or available soil moisture, whichever 

is less. In the event that soil is unable to supply optimal crop moisture needs, 

plant water stress factors are calculated and growth is reduced accordingly. 

Following a rainfall or irrigation event, the amount of water that infiltrates the 

soil or runs off is determined in the subroutine GRAFLO. 

The amount of runoff is calculated using the SCS curve number technique (SCS, 

1972). GRAFLO first selects the appropriate runoff curve number (CW,) 
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depending on soil surface coverage that crop leaf area affords as 

CN, = CNF. LAI/2.5 < 0.33 (3.31a) 

CN. = CN2, 0.33 < LAI/2.5 < 0.69 (3.31b) 

CN. = 2CN2.- CNF, 0.69 < LAI/2.5 (3.31c) 

where LAI is leaf area index, CNF, and CN2, are fallow and average curve 

numbers, respectively, and 2.5 is the maximum LAI. Following the approach of 

Kinsel (1980), the curve number affecting runoff (CNI,) is calculated 

CNI, = —16.91+1.248CN, — 0.01879CN? — 0.0001172 CN. (3.32) 

The amount of water on the soil surface (S$) is calculated as 

_ 100 _ S = 254.0 (cm z5) (2 Fo) (3.33) 

where F, is the soil moisture factor affecting runoff, which is calculated as 

NE (#6, 
Fe= > Ww faa (3.34) 

i=l 

  

where #' is the average water content of layer i ¢! is the saturated moisture 

content of the layer; 6, is the lower limit of available moisture; NZ is the number 

of layers; and W, is a runoff weighting factor calculated as 

NL 

W, = ezp( —b 41) - exp(— b Z;) YW, < 0.995 (3.35a) 

t=1 

NL 

W, = 0.0 5 Ww, > 0.995 (3.35b) 
t=1 

where Z, is the depth of the layer J; and ) is an internally defined constant. 

GRAFLO then calculates the amount of runoff (Q) using the SCS equation (SCS, 

1972) 

- 46 -



P-0.2S )? 
a= eee (3.36) 

where P is rainfall amount for the day. 

The amount of infiltration (I,) is calculated as 

= P -Q. (3.37) 

The amount of water infiltrating the soil is divided evenly among all surface cells. 

The amount of water entering a cell above the drained upper limit is passed to the 

cell below. As a cell drains to its drained upper limit, N is leached to the lower 

cell by the process of advection. 

3.3.5 Nitrogen Transport Submodel 

Transport Equation 

The processes contributing to N transport in soils are advection, molecular 

diffusion and mechanical dispersion. WIT-CROPS explicitly considers only 

advection. Keeney (1983) pointed out that: considering the complexity and 

uncertainty in modeling N transformations, and the fact that numerical dispersion 

will tend to compensate for ignoring dispersive transport, such a simplification is 

adequate. With this simplification, the transport equation, with the implied 

Einstein summation, has the form 

8(4;C,) _ O9;C,, 

ot. 7 Oa, (3.38) 

where c,, is the concentration of NO,” and gq; is the Darcy flux in the z, direction. 

Equation 2.29 is solved by a block-centered explicit finite difference scheme using 

a time step of one day. 

Initial and Boundary Conditions: The initial distribution of NO,” is specified as 

c,(z) = c8(z) at t=0 (3.39) 
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where (c®) is the initial concentration of NO;~ which is allowed to vary vertically 

in the soil profile. 

The surface boundary condition before or after fertilizer application is a zero flux 

condition given by 

C;, = Oatz = 0 (3.40) 

where c;, is the influent concentration at the surface. At the lower boundary 

when the Darcy flux is downward, a flux boundary condition is imposed for 

transport with the effluent flux equal to the product of concentration and Darcy 

velocity. However, when flow is upward, the transport boundary condition is 

specified as zero flux, thus preventing the entry of NO; through the lower 

boundary into the root zone. 

The user specifies the mode, amount, source type, number of applications, and 

timing of fertilizer applications. Fertilizer may be applied superficially, 

incorporated, or banded into the soil. Plant uptake is treated as an internal sink. 

3.3.6 Nitrogen Transformations 

The processes of N _ mineralization, immobilization, nitrification, and 

denitrification take place in the N submodel, while N advection and uptake take 

place in the water submodel. Figure 3.6 is a block diagram of N transformations 

and transport processes accounted for by VI-CROPS. The N submodel assumes 

that NH,* is strongly adsorbed and hence is not subjected to aqueous phase 

convection. Conversely, it assumes the NO,” species is found exclusively in the 

soil solution and is susceptible to leaching. Crop plants can utilize both NH,t 

and NO} sources of N. However, since maize is grown when soil NH;* contents 

are low due to high soil temperatures, only NO}—N is utilized by maize. Wheat 

is capable of utilizing both N species. 

Nitrogen Mineralization and Immobilization 

The release of NH,* —N from organic sources due to mineralization is calculated 

in the subroutine TMNIM. Two approaches are available for simulating N 

mineralization and immobilization; method I is indigenous to VI-CROPS , and 

method II was inherited from VT-MAIZE and modified. 
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Method-I: An alternate mineralization approach was deemed necessary since the 

original method did not model sludge mineralization effectively, and only modeled 

net mineralization even when high C-N ratio organic material was added to the 

soil. When high C-N ratio organic material is added to a soil net immobilization 

of mineral N sources is the initial result. 

Like the original procedure, this method identifies two sources of organic matter, a 

stable fraction comprised of soil humus; and a fresh fraction comprised of crop 

residue, sludge and other foreign organic sources. The stable organic matter, 

comprising a relatively large pool, is very unreactive, hence, its rate of oxidation is 

much slower than the fresh organic matter pool. The stable organic fraction is 

assumed to have a constant C'— WN ratio of ten and that of fresh organic matter is 

determined initially by the N content of incorporated organic matter and is 

updated as oxidation proceeds. The oxidation of both organic fractions is modeled 

as first order rate processes. 

Given its low C-—WN ratio, the oxidation of stable organic matter is assumed to 

always result in net mineralization. The amount of stable organic N mineralized, 

AN™" (mg cm”), is calculated from the first order rate equation as 

AN™! = fi Km" NE At (3.41) 

where K™ (day?) is the optimal first order rate constant for humus 

mineralization, reduced by soil water and temperature stress factors; fy iS a user 

input factor for modifying K™; N* is the cell stable organic matter N content 

(mg cm ~*); and At is the time increment (day). 

The evaluation of the optimal first order rate constant deserves special attention. 

As pointed out by Keeney (1981), anywhere from 2-4% of stable organic N is 

mineralized annually. As a first order estimate, it is assumed that 3% of stable 

organic N is mineralized. Therefore K™" can be estimated as 

— In(0.97) 
365 8.345 °day"?. (3.42) Km> = 

In the case of fresh organic matter the oxidation of carbon in a cell (AC) is 
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modeled as a first order process using 

Ace? = 2 KF cl at (3.43) 

where fF is a correction factor input by the user; K¢*? optimal first order carbon 

oxidation rate constant, modified multiplcatively by cell temperature (Fy) and 

soil water deficit factors (F); and Cf is the fresh organic carbon content of a cell, 

assumed to be 40% of the fresh organic matter in the cell, the carbon fraction of a 

basic structural unit of CHO. 

A first estimate of K°/ can be made as follows: The USEPA (1983b) reported 

that 40 and 60% of the organic N in sludge was mineralized one and two years 

after soil incorporation, respectively. If it is assumed that 60% of the organic 

carbon is oxidized after 2 years, then 

— In(0.40) 

can estimate K¢’, where F, is a calibration factor, the value of which is 

determined for site-specific conditions. 

The fresh organic matter mineralized in a cell (AN™/) is calculated as 

AN™S = ace! (30.0 - CN.) Fy (3.45) 

where CN, is the cell C—N ratio; and Fy is a mineral N availability factor, which 

has a value of one for immobilization. Note that C-N ratios less than 30 result in 

mineralization; i.e. production of NH,;* from organic sources; and C-—WN ratios 

greater than 30 result in immobilization (negative mineralization), i.e., production 

of fresh organic N from mineral N. 

The amount of mineralization that takes place in a cell is limited to a fraction 

(MN,,az) of the fresh organic N in a cell per day. Ten percent of fresh organic N 

mineralized is immediately immobilized in the stable organic fraction. 

The amount of N immobilization that takes place in a cell is constrained by the 

sum of available NH;}-N and NO3-N in a cell. Available NH} -N is 
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immobilized first, and NO; —N accounts for the difference. Available mineral N 

species is their amount in excess of 1 mg gm”. 

VT-CROPS then updates the mineral N, organic N and organic matter pools. 

This method is considered superior to the original since (1) it allows for the 

modeling of net immobilization when high C—WN ratio organic materials are 

incorporated in the soil, and (2) it allows for carbon oxidation in fresh organic 

matter. With the method two only nitrogen mineralization is modeled, so the 

C-N ratio of fresh organic matter always increases; with method one the C-N 

ratio can, more realistically, go either way. 

Method II: Nitrogen mineralization and immobilization are modeled using a 

modified PAPRAN approach (Seligman and van Keulen, 1981). With this 

approach the immobilization that is modeled refers to a fraction of the N 

mineralized over a time increment, so net mineralization is always the result, 

irrespective of the C—WN ratio of the organic matter. Two sources of organic 

matter are recognized: 1) fresh organic matter and 2) stable or humic organic 

matter, modeled as a first order processes with different rate of mineralization 

(Newkirk et al., 1987a). 

The optimal rate constant for the mineralization of fresh organic matter (K™/) is 

determined daily in each cell based on the ratio of fresh organic N remaining (NJ) 

to the initial amount contained in the cell (2°) Depending on the fraction of 

Nf? remaining, the predominant type of CHO being mineralized and, hence K™/ 

is determined. Three types of CHO are identified in fresh organic matter — 

simple CHO, cellulose and lignin - with K™/ of 0.8, 0.05 and 0.0095 day"}, 

respectively (Newkirk et al., 1987a). The optimal rate constant for mineralization 

of fresh organic matter is modified multiplicatively by soil temperature (Ff), 

mineral N (Fy) and the first of two moisture (F%) deficit factors. The optimal 

rate constant for the mineralization of humus (K™*) is set a 1.12x10™ day”, 

which the user has the option to modify, and is reduced multiplicatively by Ff, 

Fy, Fy and a cell CN ratio factor (Fon). TMNIM calculates the N mineralized 

from fresh organic matter in a cell, AN™/, (mg cm*) and humus, AN™S, (mg 

cm’) as 
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ANT™F = K™S Nat (3.46a) 

ANSOS = f pK" ND At (3.46b) 

where fy is a factor input by the user that modifies the mineralization rate of 

humus; N/ (mg cm*), and N* (mg cm*) are the amounts of fresh organic N and 

stable organic N in a cell, respectively; and Az is the time increment. Two 

percent of AN™ is assumed to be immobilized by soil microbes and is returned 

to Nf. TMNIM then updates the organic fractions and ammonium-nitrate 

fractions. The stable organic matter (AOM™") and AN™* are updated assuming 

20% of the fresh organic matter mineralized is converted to humus and that 4% of 

the humic fraction is N. 

Ammonium Nitrification 

The maximum rate of nitrification, i.e. the conversion of NH; -N to NO3-N, is 

determined using classical single substrate Michaelis-Menton kinetics. The rate is 

modified if temperature or moisture is limiting (Newkirk et al, 1987a). 

Nitrification calculations are performed in the subroutine TNITF, which first 

updates the soil water deficit and soil temperature factors affecting nitrification in 

a cell. 

The amount of nitrification, AN,,, that takes place in a cell over a time 

increment is calculated as 

N 
AN = ymaz nh4 At 3.47 nh4 ma + Nyna ( ) 

where V2? is the maximum rate of NH,*+ —N nitrified (mg cm~* day~'); V™a7 

is the optimum rate, V°?,, (0.4/2 mg cm~? day") reduced by the more limiting 

of temperature (Fy) stress or the first moisture deficit ( F4) factor as 

Vine = min( Fp, Fr) VeR, (3.48) 

. K,nq is the Michaelis-Menton half saturation constant (mg cm~*), reduced from 

the optimum of 0.9/Z mg cm? as with Vf; Niy4 is the NH, —N content of a 
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cell (mg cm~*); and Z is the vertical extent of the domain (cm). 

The NH} —N and NO3-N content of the cell are subsequently updated. 

In VI-MAIZE, only V°%, was affected by the stress factors; this is unreasonable 

since a reduction in V°?, will also result in a reduction in K,,, by definition. 

Denitrification 

Denitrification as determined in the subroutine TDNIT, takes place only when the 

cell moisture content exceeds the drained upper limit and when the cell NO, —N 

content exceeds one mg cm™. The equation of Bowman and Focht (1974), who 

described denitrification kinetics using a dual substrate Michaelis-Menton model, 

is used to model denitrification as 

Vinazen Cc At (3.49) 

where AN,,,; is amount of denitrification (mg cm™~*) over a time increment At; 

Vimar 18 Maximum denitrification rate reduced from the optimum of 0.15 mg 

cm~% day! by the more limiting of the second moisture stress factor, Fi, or Fy; 

C, carbon content of a cell (mg cm”); and K,, and K, are the corresponding 

Michaelis-Menton constants, reduced from their optimum values of 0.17 and 0.50 

mg cm~* (Bowman and Focht, 1974) by the more limiting of F¥ or Fr. 

Not unlike nitrification V,,,, was the only parameter in equation (3.47) affected 

by the stress factors in VT-MAIZE. 

  

Nitrogen Transformation Stress Factors 

Carbon Nitrogen Ratio Factor (Foy): This factor allows for an increase in the 

humus mineralization rate constant in method II, if the C—N ratio of the cell is 

less than 25; or decreases the rate constant if the C—N ratio is greater than 25. 

The C-—N ratio factor is calculated as 

Foy= cn} ~ 0.693 (2-72) ( 3.50) 

where C:N, is the C—N ratio of the cell including inorganic N. 
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Temperature Stress Factor (Fr): The temperature stress factor allows for an 

approximate doubling of the rate of processes for every 10 °C increase in 

temperature up to 30 °C and a halving of rate for every 10 °C increase thereafter. 

In the calculation of F7 use is made of the Arrenhius equation of the form 

  Fp = 6801 0s, -13 3.51a 
* 1.99x10°? (T +273) (3.512) 

where 

T=T T < 30 (3.51b) 

T=60-T T > 30 (3.51c) 

where T is the cell temperature in degrees Celsius; and 273 changes degrees 

Celsius to Kelvin. 

Mineral N Availability Factor (Fy): This factor used in the mineralization of 

fresh organic N. It allows for higher mineralization rates at shallow depths (< 50 

cm) the inorganic N content of the soil is below some threshold or a decrease in 

the mineralization rate if the inorganic N content is above this value. The 

mineral N availability factor is calculated as 

Fy = ae d, <50 (3.52) 
T 

Fy = 0.05 d,>50 (3.52b) 

where d, is the cell depth (cm); Qy is the cell threshold N content (mg cm~%), a 

constant to be calibrated; and Nr is the available inorganic N content of a cell 

(mg cm~%). The upper limit of Fy is 2.0. 

Soil Moisture Stress Factors: Two soil moisture availability factors affecting N 

transformation are defined; the first, F4, affects mineralization and nitrification; 

and the second , F%, affects denitrification. The soil moisture availability factor 

affecting mineralization and nitrification is calculated as 

  Fi, = = 6.<0<8, (3.53) 
6,-8 

r 
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where 6 is the cell moisture content; 6, is the saturated moisture content of the 

cell; and 6, 1s the cell residual moisture content. 

The soil moisture availability factor affecting denitrification allows for increase 

denitrification rate if cell moisture content above the drained upper limit, and is 

calculated as 

  

6,-8 
Fo =5° 0,50<8, (3.54) 

& u 

where 6, is the drained upper limit of available moisture or "field capacity’ 

operationally defined as the water content at negative 100 cm water pressure. 

3.4 CROP SUBSYSTEM 

Water and N uptake as well as dry matter and grain yield by maize and wheat are 

modeled based on following the CERES-Maize (Jones and Kiniry, 1986) and 

CERES-Wheat (Ritchie and Otter, 1984) programs. The crops are modeled 

through various growth stages controlled by degree-day accumulation and varietal 

characteristics. Root growth is simulated based on the RHIZOS portion of the 

cotton simulation model GOSSYM (Baker ez al., 1983). 

The following sections briefly outlines the crop modeling procedures employed. 

Where modifications to the original models are made, such changes will be 

detailed. 

3.4.1 Phenologic Development of Maize and Wheat 

VT-CROPS models maize and wheat development through 9 phenologic growth 

stages. The nine stages, in chronological order, are defined as : stage 7 — 

presowing; 8 — sowing to germination; 9 — germination to emergence; 1 — 

emergence to end of juvenile stage; 2 — end of juvenile stage to tassel initiation; 3 

— tassel initiation to end of leaf growth and silking; 4 — Silking to beginning of 

grain fill; 5 — effective grain filling; 6 — end of grain filling to physiological 

maturity (Newkirk et al., 1987a). 
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Growth stage 7 is optional and is simulated only if a model run begins before the 

crop planting date. Stage 8 begins on the crop planting date. Advancement to 

stage 9 is dependent on the value of the soil water deficit factor in the cell. The 

deficit factor is calculated as the sum of 65% of the available moisture of the cell 

in which the seed was planted plus 35% of the available moisture of the cell 

below. If the soil water deficit factor exceeds 0.02 then germination is initiated. 

If within 40 to 90 days for maize and wheat, respectively, germination is not 

initiated then crop failure results. Advancement through stages 1 to 6 depend on 

the accumulated daily thermal time exceeding a certain threshold in each stage. 

The threshold thermal time parameters are input by the user and is stage and 

variety dependent. Each day the incremental thermal time is determined as the 

excess of mean atmospheric temperature over some base temperature, modified for 

extremes in temperature. Daily values of thermal time are not allowed to be 

negative. The base temperature varies with the the crop and its stage of 

development. 

3.4.2 Carbohydrate Assimilation 

Daily CHO production is determined in subroutine GROSUB for maize and 

subroutine GROSUW for wheat. Potential CHO (ACp) is determined, as a 

function of photosynthetically active solar radiation (PAR) — assumed to be 

2.1% of solar radiation — and leaf area index (LAI) (Newkirk et al., 1987a), as 

ACp= b pA —ezp(—KN zn) (3.55) 
pl 

where k,n and KN are constants with values to be determined during model 

calibration. Actual CHO (AC) is then calculated, as the product of ACp, and the 

minimum of atmospheric temperature (Toes) stress factor, the first of two soil 

moisture deficit factors (@},,) or the second of two N deficit (N%.,) factors 

(Newkirk et al., 1987a), as 

AC =ACp min(Thes, Shes, Naes): (3.56) 

3.4.3 Carbohydrate Partitioning 

The fractionation of daily CHO to the different plant parts varies with crop and 

with crop growth stage. 
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Stage I: During growth stage one, the daily CHO produced (ACHO,) is 

partitioned between leaves, stem and roots in wheat and maize, with the leaves 

having priority. The daily leaf growth (ACHO,) is calculated as a function of the 

ratio of accumulated thermal time to the growth stage thermal time threshold. 

Leaf growth is modified by ©3., for maize and the most limiting of ©3,,, N3., and 

Ties for wheat. Root and stem growth (ACHO,,) is calculated from the CHO 

excess after leaf growth, as 

ACHO,, = ACHO, - ACHO, ACHO, <(1-f},)ACHO, (3.57a) 

ACHO,, =f, ACHO,  ACHO,>(1-71,)ACHO, (3.57) 

where f)is the minimum fraction of CHO that can be partitioned to the roots and 

stem; the value of f>, for maize and wheat to be calibrated. If the fraction of 

CHO partitioned to the roots and stem is less than f,, the difference is made up 

for by seed reserve and or CHO fraction to leaves is reduced. The excess CHO 

after leaf growth (ACHO,,.) is partitioned between the roots and stem as 

ACHO, = fi ACHO,, (3.58a) 

ACHO, =(1-f;) ACHO,, (3.58b) 

where ACHO, and ACHOQ, are the amount of ACHO, sent to the roots and stems, 

respectively, and fi is the fraction of ACHO,, that goes to the roots in stage one. 

Stage-IJ; Carbohydrate is partitioned to the stem, root and leaves in maize as in 

stage one, f? and f? being the fractions replacing f), and f} in equations (3.57) 

and (3.58). 

For wheat, CHO is partitioned to the stem, leaves and roots, with the roots and 

stem having priority. The amount of CHO partitioned to the stem and roots is 

calculated as 

ACHO, = (k+ks V2)f.. ACHO, (3.59a) 

ACHO, =(1-f,, )ACHO, (3.59b) 
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where k, and k, are constants to be calibrated; V, is the ratio of accumulated 

thermal to the thermal time threshold for stage 2; and f,, is the fraction of 

ACHO, not partitioned to the roots, calculated as 

Sex = ky + ko min{ ef, Nief ) (3.60) 

where k, and k, are constants to be calibrated. The excess of CHO after 

partitioning to the stem and roots goes to the leaves. 

Stage III: During this stage CHO is partitioned to the stem, leaves and roots in 

maize, with leaves and stem having priority. The fraction of CHO partitioned to 

the leaves depend on the leaf area increase, which depends on the number of 

leaves; that which goes to the stem is based on the plant leaf weight and the 

number of leaves; and that partitioned to the roots is the difference, providing it 

is not less than 10% of CHO (Newkirk et al., 1987a). 

For wheat, CHO is partitioned between the roots, leaves and stem, with the roots 

having priority. The amount of CHO partitioned to the roots is calculated using 

(3.59) and (3.60), with the constants being stage dependent. Carbohydrate 

partitioned to the stem calculates from the equation as 

ACHO, = f,, SCHO,,. (3.61) 

Stage IV: During stage 4 CHO is partitioned to the ears, stems and roots in 

maize, with ear and stem having priority. Carbohydrate partitioned to the stem 

and ear is calculated as as 

ACHO, = k4A;,er (3.62a) 

ACHO, =k,ACHO, (3.62b) 

where A, is the incremental thermal time units and k, and k, are constants to be 

calibrated. The excess of CHO not partitioned to the ear and stem is sent to the 

roots, provided that its fraction of CHO, is not less than some lower limit, f,,,, . 
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For wheat, CHO produced during stage 4 is partitioned to the roots and stem 

using (3.59)and (3.60), with stage dependent constants to be determined. 

Stage V: Carbohydrate is partitioned to the grains, stem and roots in maize 

during this stage, with priority given to the grains. Daily grain CHO is calculated 

as a function of daily grain fill rate and the number of grains per plant, reduced 

by Ney. The daily grain fill rate is calculated as a function of atmospheric 

temperature and the maximum grain fill rate, a crop genetic parameter input by 

the user. If crop grain fill rate is less than 0.1 for two consecutive days, then the 

crop matures due to slow grain fill (Newkirk et al., 1987a). The amount CHO 

partitioned to the stem and the roots is calculated from excess after grain fill 

(ACHO,,.) as 

ACHO, = f; ACHO,, (3.63a) 

ACHO, =(1-f} ) ACHO,, (3.63b) 

where f> is that fraction of excess that goes to the root. 

VT-MAIZE had no provision for controlling the stover-grain ratio. In consequence, 

depending on the prevailing conditions, unrealistic ratios may be obtained. 

Typical values stover-grain ratios ranges from 0.54 to 1.79 with a mean of 1.0 

(Triplett and Mannering, 1978). VI-CROPS ensures that the stover-grain ratio 

stays within the range 0.8 to 1.20. If this ratio is greater than 1.2, no less than 

80% of the CHO goes to grain. Conversely, if it is less than 0.8, then 80% of the 

CHO goes to the stem. 

The partitioning of CHO in wheat in stage five is similar to te partitioning for 

maize. Stover-grain ratio in wheat typically ranges 0.49 to 2.24 (Triplett and 

Mannering, 1978). VWI-CROPS ensures that the stover-grain ratio for wheat 

stays within the range 0.6 to 2.0, a feature that was absent in the parent model. 

3.4.4 Root Growth and Distribution 

Root growth in VI-CROPS originates from left and right sides of the modeled 
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domain, in the cells in which the seed was planted, and proceeds horizontally 

towards the center and vertically with time. Root growth in VT-CROPS is 

modeled using a modified form of the RHIZOS portion of the cotton simulation 

model GOSSYM. By this conceptualization, roots are divided into three age 

classes: class one roots are three days old or less; class two roots are four to twelve 

days old; and class three roots are older than 12 days. The daily root growth of a 

cell is calculated as a function of the cell root growth potential and the 

incremental CHO partitioned to the roots. The cell root growth potential is 

determined as the sum of 100% of class one roots, 50% of class two roots and 20% 

of class three roots, by weight. The cell root growth potential is reduced by the 

most limiting of soil temperature, moisture and N stress factors. The soil 

temperature stress factor is the same as that affecting N transformations. It is 

assumed that soil moisture limits growth when the available soil moisture is less 

than 25% of cell available moisture capacity; in which case the soil moisture stress 

factor affecting cell root growth is calculated as 75% of the ratio of available soil 

moisture to available soil moisture capacity. The soil N stress factor affecting 

root growth (N§.,), with a zero lower bound, is calculated as (Newkirk et al., 

1987a) 

Naes = 1.0 -1.17ezp(0.0150,) (3.64) 

where ©, is the cell mineral N content in gm gm™!-soil. The daily root growth of 

a cell is calculated as 

AR, = 2Cr% (3.65) 

where AR, if the daily root growth of a cell; AC, is the daily CHO partitioned to 

the modeled surface area; and the remainder is a weighting factor which 

distributes the root CHO as a function of the ratio of cell root growth potential 

(2) to the total root growth potential summed over all cells containing roots (R). 

The CHO partitioned to the modeled soil surface (AC,) is determined from the 

CHO partitioned to the root per plant (ACHO,). This process was necessary since 

the soil surface area modeled corresponded to that occupied by a plant only under 

fortuitous circumstances — AC, was estimated as 
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AC, =f qACHO, (3.66) 

where f, is a correction factor which accounts for the disparity between the soil 

area modeled and that occupied by a plant based on planting density. VT- 

MAIZE calculated f, as 

PY . 

ta = Rows) (RENG) (RZV) (3.67) 
  

where p? is the crop planting density (plants m™); V, is the cell volume; ROWS is 

the crop row density (rows of crop m™ area); RZNC is the number of cells in the 

root zone containing roots; and RZV is the specific root zone volume (cm*m’!- 

length). In addition to not being able to rationalize (3.67), it gave erroneous 

results, underestimating AC,. It is worth mentioning that the same fz was used 

in converting soil N uptake to plant N uptake per plant, in which case it grossly 

overestimated N uptake, resulting in huge N mass balance errors. WTI-CROPS 

calculates f, as 
Nx Az p? 

fg =e (3.68) 
10 

where Ny is the number of columns in the soil matrix and Az is the cell width 

(cm); N,Az is the modeled area, i.e. inter-row spacing times unit width; and the 

104 converts area from cm? to m?.. 

If, in any cell, the root length is less than the cell’s dimensions, then AR, goes in 

that cell. However, if the root length is greater than the cell dimensions, then 

AR, is partitioned to the current cell, the cell below and the cell towards the 

center of the domain; i.e. the roots are allowed to grow out of the current cell. 

The cell growth is distributed to the cells based on the water capillary potential of 

the cell (¥') and the cell geotropism factor (GF‘). The cell geotropism factor 

allows for more vertical than lateral root growth; it is one for the current cell and 

that towards the center, and ten for the cell below. In the event are no cells exist 

towards the center or below the current cell, then their respective GF’ is set to 

zero. The amount of AR, partitioned to a cell (AR!) is calculated as 

AR, GF/¥" cP v (3.69) 
> GF'/y' 

i=1 
‘= current, cell to center, cell below. 

ARi = 
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This approach for distributing roots within the domain had two problems, both 

interrelated: (1) the specific root volume, i.e., the volume of roots per volume of 

soil was very high, greater than 4% at shallow depths; and (2) the crop rooting 

depth was very shallow, less then 30 cm for both maize and wheat. Gross under- 

predictions of rooting depth can have severe ramifications for plant N and water 

uptake and subsequent N leaching and drainage. Root specific volume is seldom 

greater than 1% in the top 15-20 cm of the root zone for maize (Barber, 1984), 

and decreases with depth; it is also known that the effective rooting depth of 

maize can be in excess of 150 cm (Barber, 1984; Triplett and Mannering, 1978), 

and that for wheat in excess of 50 cm (Triplett and Mannering, 1978). VT- 

CROPS ensures deeper root penetration by controlling the root specific volume. 

VT-CROPS divides the soil domain into three zones for maize and two for wheat, 

providing the soil depth is not limiting. The specific root volume is not allowed to 

exceed a prescribe maximum (RV,,,,) in each zone, providing a maximum rooting 

depth of at least 150 and 50 cm for maize and wheat, respectively, for deep soils. 

Zone one goes down to 20 cm depth with RV,,,, of 0.8 and 0.4% for maize and 

wheat, respectively; zone two goes from 20-50 cm with a RV,,,, 0.4 and 0.2% for 

maize and wheat, respectively; and zone three goes down to 150 cm for maize with 

an RV,,,, of 0.1%. In the event RV,,,, is exceeded, excess root mass is 

distributed as with (3.75), setting the current cell geotropism factor to zero. 

Root length for calculating uptake of water and N, and determining cell growth is 

calculated assuming roots are cylindrical with a gavrimetic water content of 

87.5%, a density of 1 gm cm™ and a mean diameter of 0.03 and 0.02 cm for maize 

and wheat respectively. VWT-MAIZE used 26.5% for root moisture, however VT- 

CROPS corrected this to reflect the more realistic value of 92 to 93% reported by 

Mengel and Kirby (1979). 

3.4.5 Crop growth stress factors 

Atmospheric Temperature Siress Factors: There are two atmospheric 

temperature stress factors affecting CHO production and partitioning, both of 

which vary on the interval (0,1). The first which affects CHO production is 

calculated assuming optimum CHO production at 26 °C as (Newkirk et al., 1987a) 

Th f= 1-0.0025(0.25T pin + 0-757 muqgz — 26.0)". (3.70) 
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For wheat, T,,, 1s set to zero for temperatures lower than negative 3.0 °C. 

The second which affects leaf expansion in wheat is calculated as 

2 

T3,,=1.2- 0.0042\Fmint Pas) (3.71) 

Soil N Deficit Factors: Two soil N deficit factors are used in WT-CROPS, Ni; 

and N3.,. Soil N deficit factor one is calculated as (Newkirk et al., 1987a) 

AN 1 oo a 

Naef = FAC (3.72) 

where AN, is plant N uptake over a time step and f,, is optimal plant N content. 

The value of f,,. varies with the crop and growth stage. During vegetative growth 

fne is taken as the optimal stover N content (f%,) and the optimal N content of 

grain (f2.) during reproductive growth. Parent models (VIT-MAIZE and CERES- 

wheat) used 

ft, =0.04 (3.73a) 

fi, = GEC (3.73b) 

where GPC is the optimal grain protein content, taken as 11.25 and 15% for maize 

and wheat, respectively, and 6.25 is the ratio of protein to N in amino-acids. An 

optimal stover N content of 4% translates into an optimal protein content of 25%, 

which is far too high for stover and could not be justified from the literature. 

This resulted in very low values of N deficit factors when soil N was limiting and 

unreasonably low crop yields; or unreasonably high stover N content when soil N 

was adequate. A more realistic value of 1% was used for f?, in VI-CROPS for 

both maize and wheat. 

The second N deficit (N3,,) factor is calculated from the first as 
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N3e4= Nhey Nhe > (3.74a) 

Nes = kNuef Nuef < + (3.74b) 
n 

where k,, is a constant to be determined during model calibration. 

Soil Moisture Deficit Factors: Two moisture deficit factors affect crop growth. 

Soil water deficit factor one (0},,) is calculated as the ratio of actual to potential 

evapotranspiration; and the second (@3,,;) is calculated as 

where ky is a constant to be calibrated. Carbohydrate production is modified by 

©}. and leaf area expansion is affected by ©3.,. 

3.4.6 Modeling Soybean 

VT-CROPS does not model the phenology of soybean, instead only its interaction 

with the soil and atmosphere subsystem is modeled. Thus soil temperature, 

evapotranspiration and N transformations, flow and transport are explicitly 

simulated during this period. Unlike maize and wheat where the accumulation of 

thermal time controls the maturity of the crop, soybean is modeled for a specified 

period of time, 120 days; at the end of which yields of grain stover and roots are 

estimated. 

Soybean Water Use 

VT-CROPS calculates potential evaporation based on the approach of Ritchie 

(1972), which computes potential evapotranspiration as a function of leaf area 

index (LAI) of the crop being grown. Estimates of LAI over time for soybean was 

calculated as 

LAI = ezp{ — 2.33 + 0.00561) At<95 — (3.76a) 

LAI = 20.65 — 0.166t) At >95 (3.76b) 

where 6t is the number of days since the simulation of soybean began. Equation 
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(3.76) was developed by regressing data of Cox and Jolliff (1986), on soybean LAI 

over time. Leaf area index was observed to increase exponentially over time to a 

maximum, thereafter it decreased more or less linearly. Equations 3.76a and 

3.76b explains 95% and 96%, respectively, of the observed variation (r’) in LAI. 

The daily LAI is used to determine the potential evapotranspiration; which is 

partitioned between soil potential soil evaporation and transpiration following the 

method of Ritchie, outlined elsewhere in this document. 

Soybean Root Water Uptake: To model temporal and spatial variations in water 

uptake an expression was needed to describe soybean root growth over time. An 

expression developed from a simple regression analysis on the data of Mitchel and 

Russel (1971) was used to model soybean root extension. The resulting equation 

with an r? of 0.92 is 

RD,,, = 1.5486¢ (3.77) 

where RD,,, is the rooting depth of soybeans. Horizontal extension was 

approximated by assuming soybean roots grows three times as fast laterally as 

they do vertically, until roots have grown into all columns. Mitchell and Russel 

(1971) found greater than 90% of soybean roots in the top 20 cm of the root zone, 

so VI-CROPS assumes the water uptake potential due to root length density of 

soybean to be 10 times as great in the top 20 cm of the soil root zone as compared 

to cells below. The cell water uptake potential (I‘,) is calculated as the product 

of the cell water uptake potential due to root length density and the soil water 

diffusivity of the cell. The cell root water uptake (R,) is calculated as 

r aie (3.78) c™ m . 

dle 
:=1 

  

where PT is the potential transpiration rate (cm® day’) and m is the number of 

cells containing roots. Note that r, is constrained by the available soil moisture in 

a cell. 

Soybean Nitrogen Uptake 

Fageria et al. (1991) reported that efficient N fixation can result in over 80% of 

crop N in soybean, however, under field conditions N fixation normally accounts 
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for between 25-75% of crop N. Schepers and Mosier (1991), reporting on the 

findings of Tharlaw and Hiltbold (1985), stated that in the South Eastern US 

soybean fixes 72-217 kg ha’. VTI-CROPS models N uptake by soybean 

passively; i.e. N uptake is the product of cell water uptake and NO; 

concentration, summed over all cells containing roots. At the end of soybean 

simulation when the yield of the different plant parts are calculated, it is assumed 

their N content is optimal, as a minimum. If the passive N uptake is less than 

the optimum, then the difference was assumed to be fixed. If passive uptake was 

greater than optimal levels, then super-optimal N levels are allowed. 

Soybean Yields: At the end of the simulation period soybean grain yield (Y9) is 

estimated according to Doorenbos and Kassam (1979) as 

y9 = ymaz (1 - al -714) (3.79) 

where Y™°7 is the soybean grain yield when optimally supplied with water, 

maximum yield will vary with variety and climatic conditions - a value of 5500 kg 

ha™’ (Shibles et al., 1975) is used here; 6 is a crop yield response factor to moisture 

stress, with a value of one for sensitive crops, a value of 0.85 is used here 

(Doorenbos and Kassam, 1979); ET, and ETp are actual and potential 

evapotranspiration, respectively. . 

In the simulation of soybean, the plant parts of primary importance are the roots 

and the straw, which are returned to the soil and do influence N transformation 

and subsequent transport processes. Harvest index (HI), the fraction of above 

ground biomass that ends up in grain, commonly ranges from 30-40% for soybean 

(Fageria et al., 1991); VI-CROPS uses an HI of 0.35 to estimate straw yield (Y%) 

from the definition of HI as 

y* = ¥(dy-1} (3.80) 

Mitchell and Russel (1971) found mass of soybean roots to vary from 1.52-5.94 gm 

plant"? for a mean of 4.4 gm plant” for eight varieties at maturity under field 

conditions in Iowa at a planting density of 38,000 plants ha’. Using a root mass 

of 5 gm plant’ at the aforementioned planting density gives a root mass 

maximum of 1900 kg ha’, VI-CROPS uses this to calculate root mass , Y‘, (kg 
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ha’) as 

y9 

Y{ =—pmirs 1900. (3.81) 

Nitrogen Content of Soybean Plant Parts 

Nitrogen content of the different plant parts is calculated assuming their N 

contents are optimal as a minimum. Optimal N contents were taken to be 6.5% 

for grain and 0.85% for straw and roots (Meisinger and Randall, 1991). If the sum 

of optimal N is less than N uptake, then the deficit was assumed to be fixed and 

the N contents are optimal. In the rare event that optimal N yield is less than N 

uptake the difference is distributed to the different plant parts and N yield of the 

different parts is estimated as 

  

3 . . 

té ~ » Yhap Whey 
j=l 

3 * 

LL Viop 
J=1 

  yi =¥Yi + (3.82) n nop 

j= grain, stover,root 

where Yi is N yield of the i** plant part; Yi,, is the optimal N yield of the i’ 

plant; and Y? is the root uptake of N. 

3.4.7 Evapotranspiration 

VT-CROPS models evapotranspiration following the approach of Ritchie (1972), 

an approach inherited from VT-MAIZE. With this approach potential 

evapotranspiration (PET) is calculated to reflect the evaporative demand of the 

atmosphere as a function of incoming solar radiation, soil albedo and atmospheric 

temperature. The potential soil evaporation and plant uptake is determined as a 

function of ZAJ and a two-stage-drying process for soil evaporation provided the 

PET is not exceeded (Ritchie, 1972). 

Actual soil evaporation is modeled by lowering the soil moisture in the surface 

layer to reflect the potential evaporative demand. For an actively growing crop, 

moisture is extracted from the unshaded area first, if the demand is not satisfied 

from the unshaded area, then the remainder may be supplied by the shaded areas. 

Soil water evaporation cannot lower the moisture content of a cell below the lower 
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limit of available moisture of that cell. 

The potential transpiration is partitioned to each cell containing roots according 

to the equation of Moltz and Stenson (1970), modified for two dimensions. The 

potential transpiration rate per cell is calculated as 

TP=TP fi AzAz (3.83) 

where TP? is the cell transpiration potential (cm* day”); T? is the plant 

transpiration potential rate (cm*® day™'), calculated as the transpiration rate (cm? 

cm”? day”!) times the area being modeled; and f! (cm™) is the cell transpiration 

weighting factor. The cell transpiration weighting factor is defined as 

/ / A(z, z)D(h)dzdz 
Ov 0 

where A(z,z) is the root length density factor; D(h) is the soil water diffusivity of 

the cell; and Z and W the vertical and horizontal extent. WT-CROPS estimates 

provides an estimate off’ over discrete units as 

eI) (3.85) 
>, 30 Aj(z,2)D(A)AzAz 
jgoili=l 

fis 

where m is the number of rows containing roots; and n is the number of columns 

in the matrix. 

Water is removed from the cell to satisfy T?, provided the cell moisture content is 

not lowered below the lower limit of available moisture. 

3.4.8 Nitrogen Uptake 

Passive and active N uptake are modeled for maize and wheat. Passive uptake is 

the uptake of NO,~-N in the transpiration stream (Newkirk et al., 19872). With 

passive uptake, NO,~-N is taken into the plant by the advection of soil water to 

the roots. If the plant is undernourished with N then, in addition, active N 

uptake as described by a first-order single substrate Michaelis-Menton kinetic 

model, following the approach of Barber (1984), is allowed as 
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Ch ~ [Cr] ! ) U' = UN, min \sp 3.86 
(x + C,, _ [Cr] min d ( ) 

where UW” is net influx of N (umoles per day); Ut,, is the maximum influx rate 

(umoles per day cm™ root); C,, is NO,-N concentration, (umoles cm™); [Cn],,;, is 

the threshold NO,-N concentration below which N uptake ceases (taken as 0.004 

and 0.003 wmoles cm™ for maize and wheat, respectively); K,, (umoles cm”) is 

the Michaelis-Menton half saturation constant for N uptake; and 6R, is the cell 

root length (cm). 

From the work of Barber (1976), the following regression equation was developed 

relating Uf,,, to the age of maize, At,,,, (Newkirk et al., 1987a) 

Uae = Sup ezp(—0.7392 - 0.0869 At,,,) (3.87) 

where f,,, is a calibration factor which may vary with crop, stage of growth and 

nutritional status. In the case of wheat, UR,.= f,,,0.0864 » moles cm™ day”. 

Both NH,+ and NO,~ are taken up actively by wheat. 

3.4.9 Partitioning of N Uptake 

The plant N uptake is partitioned to the different plant parts depending on the N 

demand of the plant part and on the stage of growth of the crop. During stages 

one through four N uptake is partitioned to root and stover, and to grain, root and 

stover during growth stage five. 

The N demand is computed as the difference between some optimal N level and 

the actual N level. Only positive demands are defined. During growth stages one 

through four the optimal N uptake is taken as 1% of dry weight (as opposed to 4% 

in VI-MAIZE). The N uptake is distributed according to the ratio of the plant 

part N demand in relation to the total demand of the plant - note that VT- 

CROPS allows for the accumulation of N above the optimal. If no demands exist 

then uptake is distributed according to the mass fraction of the plant parts. 

During growth stage five, the grain has priority over the roots and stover for N 

uptake. Nitrogen is partitioned to the grain to satisfy its demand first, and any 
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excess is partitioned to the roots and stover according to their mass fractions. 

Optimal grain N content are calculated based on a 11.28 and 15% protein content 

for maize and wheat, respectively. Optimal N contents are lowered based on the 

most limiting of atmospheric temperature (T,.;) and soil N (N%,,) stress factors. 

In the event grain N demand is not met, VI-CROPS is able to translocate N 

above optimal levels from stem and roots to the grain in order to meet its 

demand. Previously, the 4% optimal N content used in stages one through four in 

VT-MAIZE resulted in stover and root N content that were much higher than 

that of grain — an untenable scenario. Nitrogen is translocated from the roots 

only after the reserve of the stem is utilized. 

3.5 SEQUENCING MODEL RUNS AND THE PASSING OF VARIABLES 

At crop maturity, the subroutine HARVST is called. HARVST computes crop 

yield of grain, stover and root, and their N content, based on plant dry matter 

accumulation and N uptake. Grain yields are reported at 15.5, 13.5 and 10% 

moisture for maize, wheat and soybeans, respectively. 

Soil variables on moisture, mineral N, organic matter and organic N content; root 

and stover yield; and root and stover N are temporarily stored, for use in a 

subsequent rotation. 

Following each crop a fallow period ensues. At the beginning of a fallow period, 

the crop roots and root N from the previous crop are incorporated into the fresh 

organic matter and fresh organic N of that cell in which they were accumulated. 

At the end of a fallow period, 80% of the above ground residue and N, from the 

previous crop, are incorporated into the soil. The residue is incorporated to some 

user specified depth if conventional tillage is practiced, or within the surface layer 

if minimum tillage is practiced. 

The inter-row spacing modeled for wheat is half that of maize and soybean, but 

the cell dimensions are the same. Therefore, the domain modeled for wheat is half 

that for other crops including fallow periods; this can be done because of the 

physical symmetry of the modeled domain. At the beginning of the fallow period 

subsequent to wheat the soil variables from the previous run are mirrored onto the 

other half of the domain. Conservation of mass is ensured at each stage. 
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3.6 MODEL INPUT AND OUTPUT 

VT-CROPS was developed to run on an IBM mainframe under the VM-CMS 

operating system. Since it is programmed with standard FORTRAN 77, it may 

be easily ported to run on other computers including 386 or 486 based PCs. 

Multiple simulations can be accomplished during program execution provided 

there is available disk space. There are 16 possible input files — the actual 

number of files created depends on various user specified options. Input files 

define the cropping sequence, soil properties, and initial conditions of the system 

to be modeled according to IBSNAT (IBSNAT, 1985) specifications. Examples of 

input data files and instructions for model execution are given in Appendix A. 

Simulation results are provided by the model in six output files referred to as 

yield listing, crop listing, water listing, nitrogen listing, leaching listing and error 

listing: 

e The yield listing file provides information on the system modeled to ensure 

that the intended simulation was performed. It also provides the crop water 

balance at the end of each growth stage and yields at the end of the each 

growing season. 

e The crop listing contains crop parameters during the growing season. 

eThe water listing gives information on plant water balance characteristics 

as they accumulate over the season. 

e Nitrogen listing furnishes the final distribution of N with depth for each 

crop within a sequence. 

eLeaching listing contains information on plant uptake of N and water, 

amount of NO, —N and water leached, surface runoff, and soil water balance 

over time. 

eError listing contains warnings and error messages generated. 
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4. MODEL CALIBRATION AND SENSITIVITY ANALYSIS 

4.1 MODEL CALIBRATION 

The model VT-CROPS contains a number of internally fixed parameters which 

cannot be modified at runtime, and whose values are often taken from the 

literature directly, or indirectly obtained from surrogate data. Often literature 

values are intelligent guesses or are evaluated under ideal conditions, atypical of 

normal field conditions. Therefore, literature values are at best, order of 

magnitude estimates. Through model calibration, improved estimates of model 

parameters can be obtained. 

Model calibration was undertaken in order to determine the appropriate values for 

internal model parameters. Calibration was accomplished by trial and error; i.e. 

by varying parameters values and comparing model output with observed data 

until the difference between observed and predicted results were within prescribed 

tolerance limits. The model was calibrated for the variables deemed important for 

N leaching, namely, grain yield, stover, grain-N, stover-N and soil N content at 

the end of the growing season for the maize and wheat crops. 

Maize data were obtained from two field sites in Virginia; the Blacksburg 

experimental station in Montgomery county for growing seasons spanning the 

years 1986~1988 and the Nomini Creek basin in Westmoreland county for years 

1986 and 1988 (Menelik, 1990). At the Blacksburg site the soil is a Groseclose Silt 

Loam (Typic Hapludult, clayey, mized, mesic); and at the Nomini Creek the soil is 

a Suffolk Sandy Loam (Typic Hapludult, coarse loamy, mized, thermic). These 

two sites collectively received were eight experimental treatments each year, 

involving four fertilization rates: 0, 75, 150 and 225 kg—N ha}; and two tillage 

systems: minimum and conventional tillage. Of a total of 40 maize experiments 

two were used in the calibration exercise, the remainder were used for model 

validation. The treatments used for calibration were Blacksburg 1988 

conventional till and Nomini Creek 1986 minimum till, both with no N fertilizer 

added. The zero N fertilizer treatments were chosen because they should allow 

effective calibration of N deficit factors and N uptake parameters, under 
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conditions of N stress. The soil at Nomini Creek has poor moisture retention 

capacity (Table 4.3), this coupled with the relatively low rainfall of 1986 should 

enable effective calibration of maize moisture deficit factors under drought 

conditions. 

Field data for wheat were available for the 1988-89 growing season from six sites 

around Virginia; at each site there were two treatments 0 and 150 kg—N ha™ 

(Alley and Scharf, 1989). One of these sites, located on the Brandon plantation in 

Prince Georges County and with no fertilizer N applied, was used for model 

calibration. All the others were used for model validation. The soil type at 

Brandon Plantation is Pamunky Loam (Ultic Hapludalf, fine loamy, mized, 

thermic). The zero N treatment was selected for wheat for the same reason as 

maize. 

Rainfall data collected at the sites were used in all simulations. Solar radiation 

and temperature were taken from the nearest monitoring station. Soil properties 

and initial conditions were estimated from laboratory measurements. Table 4.1 

shows the crop varieties and management practices simulated during model 

calibration, and Tables 4.2 through 4.4 show the soil properties modeled, at the 

respective sites. 

The final values of internal model parameters determined during this exercise are 

given in Table 4.5 (the parameters have been previously defined in chapter three). 

Table 4.6 shows the observed and predicted results at the end of calibration. 

Calibration was more comprehensive for maize than it was for wheat; as the wheat 

data were incomplete with no information on stover yield nor N content. 

Consequently, calibration of N and CHO partitioning between grain and stover for 

wheat was done so as to ensure that rational grain-stover yield and N ratios were 

obtained. 

Soil mineral N distribution was not calibrated, but final results are given in Figure 

4.1. 
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Table 4.1 Crop and Soil Management Practices 

Calibration Exercise. 

Employed During 

  

  

  

Management Blacksburg Nomini Creek | Brandon 

Practice 

Planting date 114 115 301 

(Julian) 

Planting density 61,700 61,700 2.95x10° 

(plants ha”) 

Sowing Depth 10.0 1.0 6.0 

(cm) : 
Amount of Straw 2,000 2,000 6,200 

(kg ha) 

Depth of Straw 20 5 20 

C-—N Ratio of Straw 50 50 50 

Tillage Management | Conventional | Minimum Conventional 

Variety Delkel BXL71 | Delkel BXL71 | Coker 6815       
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Table 4.2 Soil Properties Modeled at Blacksburg 

  

  

  

Depth of kK, a n ¢ OC content 

Layer (cm) em hr? | cm? ~ - % 

25 250 0.02 1.098 0.50 3.35 

40 300 0.008 1.098 0.56 0.89 

55 207 0.008 1.098 0.60 0.39 

70 1770 0.008 1.098 0.62 0.27 

85 1000 0.008 1.098 0.61 0.27 

100 1000 0.008 . 1.098 0.62 0.23 

130 1000 0.019 1.32 0.60 0.23 

160 1000 0.008 1.098 0.60 0.23 

200 1000 0.019 1.32 0.61 0.23           
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Table 4.3 Soil Properties Modeled at Nomini Creek 

  

  

  

Depth of K, a n ¢ OC content 

Layer (cm) emhr*? | cm? - — % 

25 716 0.075 1.158 0.48 3.35 

40 396 0.075 1.158 0.45 0.89 

55 588 0.059 1.158 0.44 0.39 
70 814 0.059 1.158 0.46 0.27 

85 518 0.075 1.158 0.49 0.27 

100 951 0.124 | 1.158 0.51 0.23 

130 1294 0.124 1.158 0.47 0.23 

160 1300 0.145 1.158 0.50 0.23 

200 1300 0.124 1.158 0.491 0.23           
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Table 4.4 Soil Properties Modeled at Brandon 

  

  

  

Depth of K, a n ¢ OC content 

Layer (cm) emhr* | cm? - - % 

15 58 0.007 1.21 0.41 1.40 

30 56 0.008 1.20 0.41 1.10 

60 400 0.005 | 1.19 0.38 0.40 

90 13 0.006 1.15 0.38 0.30 

120 32 0.010 1.16 0.38 0.20           
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Table 4.5 Model Parameters Fixed During Calibration Exercise 

  

  

  

Equation # Parameter}! Value Comments 

3.44 F, 0.06 |Modifies fresh organic matter oziida- 

tion rate in mineralization method-II. 

3.52a 2, 0.03 |Threshold mineral N cell content 

(mg.cm™) for modifying fresh organic 

matter oxidation rate in method-II. 

_ MIN naz 0.05 |Mazimum fraction of fresh organic 

matter that can be mineralized in a 

day with mineralization method-II 

3.55 k, n, KN |6.4,1.0, .65|Constants for determining potential 

5.0, .6, .85 datly CHO production for maize and 

wheat respectively. 

3.61b ky 1.35 |Proportionality factor between Ni}; 

and Nies- 

3.62 kg 0.67 |Proportionality factor between 04.5 

and 63.5. 

3.63 fn 0.25, 0.55 Minimum fraction of CHO partitioned 

to the roots and stem in stage-I for 

matze and wheat, respectively. 

3.64 fi 1.0, 0.6 |Minimum fraction of excess CHO     after partition to the leaves, that goes 

to the roots for maize and wheat in   stage-I.   
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Table 4.5 contd 

  

Equation # Parameter Value Comments 
  

3.63 f, 0.25 [Minimum fraction of CHO partitioned 
to the roots and stem in stage-II for 

maize. 

1.0 Minimum fraction of excess CHO 

after partition to the leaves, that goes 

Mp
 

3.64 

to the roots for maize in stage-Il. 

3.65a k,, ks | 0.15, 0.12 |Constant used in calculating CHO 

partitioned to wheat stem, in stage-I]. 

3.66 k,, k& | 0.70, 0.15 |\Constant used in calculating fraction 

lof CHO not partitioned to wheat roots 

hn stage-II. 

3.65a k,, kj | 1.0,0.0 (Constant used in calculating CHO 

partitioned to wheat stem in stage-III. 

3.66 k,, k, | 0.75, 0.10 |Constant used in calculating fraction 

of CHO not partitioned to wheat roots 

in stage-III. 

3.68 k,, ks | 0.14, 0.4 (Constant used in calculating CHO 

partitioned to ear and stem in maize 

stage-LV. 

- Siow 0.06 |Minimum fraction of CHO that goes 

to the roots in maize for stage-IV.             
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Table 4.5 contd 

  

  

      

Equation # Parameter) Value Comments 

3.65a k,, kz | 1.0,0.0 [Constant used in calculating CHO 

partitioned to wheat stem in stage-IV. 

3.66 ki, k | 0.75, 0.10 |Constant used in calculating fraction 

lof CHO not partitioned to wheat roots 

nn stage-lV. 

3.69 f 0.1, 0.6 |Fraction of excess CHO that goes to 

root in maize and wheat after grain 

fill in stage-V. 

3.87 Jap Crop growth stage and nutritional 

status dependent factor for modifying 

IN uptake rate. 

20 Stage-V and grain N < 1.6% (maize) 

300 |Stage<V and plant N < 1.0% (maize 

150 |Stage<V and plant N < 1.6% (maize) 

0 Plant N > 2.0% (maize) 

0 Plant N > 3.8 gm (maize) 

20 Stage-I (wheat) 

200 |Stage=II and plant N < 1.0% (wheat) 

20 Stage>II and plant N < 1.0% (wheat)   
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Table 4.6 Predicted and Observed Variables at the End of Model Calibration 

  

Variable | Blacksburg Nomini Creek {| Brandon 

meas. pred. meas. pred. | meas. pred. 
  

Grain 3890 4359 2940 2343 14790 3686 

Stover [|9560 8637 6740 3874 _ _ 

Grain-N | 53.0 55.0 46.0 35.0 {68.0 59.4 

Stover-N | 84.0 84.5 63.0 62.5 - ~ 

Soil-N 182.3 96.4 175.3 211.6 {59.0 55.3           
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4.2 SENSITIVITY ANALYSIS 

4.2.1 Overview 

In any modeling exercise, the performance of state variables and their relationship 

to model parameters and system processes should be characterized. This can be 

facilitated by a sensitivity analysis. 

A sensitivity analysis was performed in order to give some perspective on the 

performance of the physical system and to determine the relative importance of 

input parameters and system processes. In addition, a sensitivity analysis also 

aids model verification as anomalous sensitivities could indicate model errors. 

Young et al. (1971) used sensitivity analysis to rank model variables. If parameter 

variances are known, sensitivity analysis can be extended (error analysis) to 

provide estimates of the variances of state variables (Dawdy et al., 1972; and 

Coleman and De Coursey, 1976). This was not attempted in this study. 

The scenario modeled involved a two year rotation of maize, wheat, soybean and 

fallow; all crops conventionally tilled with 150 kg—N ha’ applied to maize and 

wheat. Simulations were ran for two rotations, and sensitivities calculated from 

the results of the second rotation, thereby reducing the impact of model initial 

conditions. Simulations were conducted out on a hypothetical soil with properties 

intermediate between a sand and a loam, with a water table located 1.5m below 

the soil surface. The properties of the hypothetical soil are given in Table 4.7. 

The sensitivity of a state variable to a variation in a model parameter may be 

defined as the change in the state variable per unit change in the parameter, 1.e., 

the partial derivative of state variable with respect to the parameter. In this 

study, a relative sensitivity, defined as the percentage change in a state variable 

per one percent change in a parameter, was determined. Relative sensitivities 

were determined for a number of crop and soil state variables to the parameters or 

variables of interests (Tables 4.8-4.11). Each parameter was perturbed by +10% of 

their base case value, and partial derivatives estimated, using a forward difference 

procedure, as 
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_ OV/V(B,)) . V(p;+AB;) — V(B,) Di 
m= apa) = AR a) 

where JI, is a vector of sensitivities corresponding to parameter 7 perturbed and all 

others at their base case value; V(j;) is a vector of state variable response 

corresponding to parameter vector 9; in which all parameters, including parameter 

i, are at their base case value; V(%;+Aj;) is a vector of state variable response 

corresponding to a parameter vector in which parameter 7 is perturbed and all 

others are at their base case value; and Aj; is the perturbation in parameter 3, 

taken to be 10% of the base case value. 

Relative sensitivity is dimensionless and allows comparison between different state 

variables. Relative sensitivities of the model to the climatic variables and model 

input parameters were calculated (Tables 4.8-4.11). The climatic variables are the 

forcing functions of the model, often a complete climatic data set is unavailable at 

a site to be modeled, in which event data from the nearest monitoring station is 

used; it is useful therefore to know the magnitude of the error that could be 

incurred, under such circumstances. Contingent on how sensitive state variables 

are to specific model parameters, intelligent guesses may suffice or accurate 

determinations may be necessary. 

4.2.2 Results of the sensitivity analysis 

Relative Sensitivity of Crops Variables 

Tables 4.8-4.10 summarizes the result of the sensitivity analysis of the crop state 

variables. Negative sensitivities indicate a reduction in state variable response 

with an increase in parameter value. 

Of the three crops simulated, soybean is the least sensitive to parameter 

perturbations, with identical sensitivities for all state variables (Table 4.10). This 

is not an unexpected response because of the relatively simple implicit approach 

used in the modeling of soybean. Only the evapotranspiration of soybean is 

modeled, hence, crop state variables will be sensitive only to climatic variables 

and model parameters that affect evapotranspiration. 
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Wheat is the most sensitive of the crops with positive sensitivities for all state 

variables and almost identical sensitivities for stover yield and stover N (Table 

4.9). The sensitivity of wheat is due in part to its extended growth period (often 

in excess of 240 days) as opposed to maize and soybean (often less than 120 days). 

For maize, stover yield and N are more sensitive than grain yield and N (Table 

4.8). The greater sensitivity of stover can be explained by the approach used to 

partition CHO and N, in which the priority is given to the grain over stover and 

the possibility for translocation of CHO and N from stover to grain if daily 

productions are sub-optimal. 

Sensitivity to Climatic variables 

Interestingly, the crop state variables are insensitive to increases in rainfall. 

Increasing the amount of rain does not necessarily increase the amount of water 

that is available for crop growth, since, at water contents above field capacity, a 

soil is going to drain to its field capacity in any event. Crop yields will be more 

dependent on the distribution and frequency of rainfall than on the amount. On 

the other hand, the soil variables with the exception of water use and 

denitrification are all very sensitive to rainfall (Table 4.11). 

Maize grain yield and N uptake responded negatively to increasing the solar 

radiation, even though total CHO and stover production increased. At a glance, 

this might appears to be an anomaly, because as modeled, potential CHO 

increases linearly with solar radiation. However, upon close examination it 

becomes evident that, in addition, soil water deficits increases with solar radiation 

particularly during grain fill. VT—CROPS calculates potential evapotranspiration 

as a function of daily solar radiation and maximum temperature. Soil water deficit 

factors are proportional to the ratio of actual to potential evapotranspiration. Soil 

water deficits will be greater in the latter stages of maize growth, i.e. grain fill, 

when moisture demands are great and soil moisture reserves have been depleted. 

Wheat state variables all responded positively to increases in solar radiation. This, 

of course, is due to the fact that potential CHO production increases linearly with 

solar radiation, and wheat is grown in the cooler months when soil water deficits 
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are not likely to be a major factor in limiting yield. With the exception of runoff 

and mineralization, the soil state variables are quite sensitive to solar radiation 

with only water use responding positively. Due to the effect of solar radiation on 

CHO production, water use was more sensitive to solar radiation than any of the 

other variables or input parameters investigated. 

Maize responded negatively to increases in maximum temperature while the 

converse is true for wheat; maize is grown in the warmer months and wheat in the 

cooler months, and, as modeled, temperatures above 26 °C produce negative 

responses on CHO production. All the soil N state variables are sensitive to 

increases in maximum temperatures, all with negative responses; the response of 

mineralization and denitrification are due to the effect of temperature stress 

factors on these processes, and that of N leached is due to the combined effect of 

reduced drainage and increased crop N uptake. 

Wheat responded positively to increases in minimum temperature, due to it being 

grown in the cooler months. Maize grain responded positively, but stover 

responded negatively mainly because maize is grown in the warmer months and 

the priority that grains has over stover for N and CHO, and possible N and CHO 

translocation form stover as alluded to earlier. Of the soil variables only 

denitrification and N leached were sensitive to increases in minimum temperature. 

Sensitivity to Input Parameters 

Maize and soybean are quite insensitive to the model parameters investigated. 

On the other hand wheat, particularly grain N, is sensitive to soil hydraulic 

parameters, planting depth, planting density, soil albedo and organic N 

mineralization rates (Table 4.11). Interestingly, the wheat state variables are 

more sensitive to humus N mineralization rate than to the mineralization rate of 

fresh organic N; this is because the fresh organic N content of the soil at peak 

wheat N uptake is typically low, consequently humus N mineralization is more 

significant a process than fresh organic N mineralization over this time window. 

Runoff, being a surface phenomenon, is insensitive to all the model input 

parameters investigated. Drainage and water use are insensitive to most of the 

input parameters, showing only slight sensitivity to the hydraulic parameters, 
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saturated water content and a. Nitrogen leached is very sensitive to planting 

density, water retention parameter n and soil albedo, showing negative responses 

in all cases. Nitrogen mineralization is very sensitive to water table depth and, 

understandably, fresh organic matter mineralization rate, showing positive 

responses. Increasing the water table depth increases the zone over which 

mineralization and crop uptake take place; increasing N uptake increases the soil 

mineral N deficit factor which further promotes mineralization. The relative 

insensitivity of mineralization to humus N mineralization rate over extended time 

periods is because humus mineralization is of second order importance to fresh 

organic N mineralization. Denitrification is sensitive to only to soil water 

retention parameter n. 

4.3 SUMMARY 

A model calibration exercise was undertaken to determine appropriate values for 

critical model parameters. Calibration was done by trial and error and the results 

of this exercise were reported. 

A sensitivity analysis was performed to determine which variables need to be 

determined with most accuracy, and to aid in model verification. Generally, most 

of the sensitivities obtained could be explained by the mechanistic modeling 

approach used to model particular processes. Sensitivities did not attain 

inordinate values that would indicate major programming errors. 

Of the crops simulated, wheat is the most sensitive to climatic variables. Crop 

and soil state variables are in general more sensitive to the climatic variables than 

the input parameters. The crops are most sensitive to the climatic variables solar 

radiation and maximum and minimum temperature; and the input parameters 

plant density, soil albedo and the hydraulic parameters (saturated hydraulic 

conductivity, saturated water content, depth to water table, a and n). The soil 

state variables are most sensitive to the climatic variables, soil hydraulic 

parameters, soil albedo, and planting density. Nitrogen leaching is most sensitive 

to climatic variables rainfall, solar radiation and maximum temperature; input 

parameters n, soil albedo and planting density. 
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Table 4.8 Sensitivity of Maize Yield State Variables to Forcing Variables and 

Input Parameters. 

  

  

  

| Forcing Variables Grain Yield Stover Yield | GrainN | StoverN | 
Rainfall 0.16 -0.10 0.09 0.15 

Solar Radiation -0.55 1.27 0.42 1.20 

Maximum Temperature -0.39 -0.66 0.05 -0.70 

Minimum Temperature 0.47 0.22 0.54 -0.33 

| input Parameters 
  

Sat. Conductivity 0.04 0.10 0.06 0.10 

Retention Parameter n 0.04 0.02 0.39 -0.05 

Retention Parameter alpha -0.47 -0.04 -~0.11 -0.05 

Sat. Water Content -0.03 -0.07 0.33 -0.10 

Residual Water Content 0.05 0.08 0.01 0.10 

    

          

     
    

Depth to Water Table 0.06 -0.03 0.26 -0.05 

Humus Min. Rate 0.02 -0.11 0.21 -0.10 

Fresh OM Min. Rate 0.19 0.11 0.28 -0.10 

Depth of Straw mixing -0.06 -0.10 0.11 -0.10 

Soil Albedo 0.08 -0.09 0.06 -0.08 

Mean Annual Temp. 0.49 0.11 0.06 0.10 

emp. Amplitude 0.21 0.21 0.40 -0.08 

Plant Density -~0.09 0.68 0.14 0.60 

Depth of Sowing -0.04 -1.53 0.11 -0.05             
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Table 4.9 Sensitivity of Wheat Yield State Variables to Forcing Variables and 

Input Parameters. 

  

  

  

  

  

| Forcing Variables Grain Yield Stover Yield | GrainN | Stover N 
Rainfall 0.19 0.03 0.43 0.04 

Solar Radiation 0.52 0.84 0.10 0.65 

Maximum Temperature 0.81 0.54 1.51 0.54 

Minimum Temperature 0.81 0.36 1.07 0.37 

Input Parameters 
Sat. Conductivity 0.48 0.66 1.23 0.68 

Retention Parameter n 0.64 0.70 1.45 0.70 

Retention Parameter alpha 0.46 0.65 1.60 0.65 

Sat. Water Content 0.66 0.29 0.95 0.30 

Residual Water Content 0.36 0.32 0.57 0.33 

Depth to Water Table 1.00 0.61 1.47 0.61 

Humus Min. Rate 0.56 0.62 1.04 0.63 

Fresh OM Min. Rate ' 0.32 0.29 0.59 0.30 

Depth of Straw mixing 0.51 0.09 0.75 0.09 

Soil Albedo 0.85 0.84 1.99 0.85 

Mean Annual Temp. 0.47 0.26 0.94 0.26 

emp. Amplitude 0.30 0.06 0.57 0.06 

Plant Density 0.92 1.22 1.88 1.22 

Depth of Sowing 0.59 0.09 1.13 0.09           
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Table 4.10 Sensitivity of Soybean Yield State Variables to Forcing Variables and 

Input Parameters. 

  

  

  

  

        

Forcing Variables Grain Yield tover Yield | GrainN | Stover N | 
Rainfall -0.04 -0.04 -0.04 -0.04 

Solar Radiation 0.73 0.73 0.73 0.72 

Maximum Temperature 0.46 0.46 0.46 0.46 

Minimum Temperature 0.00 0.00 0.00 0.00 

input Parameters 

Sat. Conductivity 0.00 0.00 0.00 0.00 
Retention Parameter n 0.50 0.50 0.50 0.50 
Retention Parameter alpha 0.10 0.10 0.09 0.09 

Sat. Water Content 0.05 0.05 0.04 0.04 

Residual Water Content 0.18 0.18 -0.19 -0.20 

Depth to Water Table 0.18 0.18 -0.21 -0.20 

Humus Min. Rate 0.00 0.00 0.00 0.00 
Fresh OM Min. Rate 0.00 0.00 0.00 0.00 
Depth of Straw mixing 0.00 0.00 0.00 0.00 
Soil Albedo -0.01 -0.01 -0.01 -0.02 
Mean Annual Temp. 0.00 0.00 0.00 0.00 
Temp. Amplitude 0.00 0.00 0.00 0.00 
Plant Density 0.00 0.00 0.00 0.00 

Depth of Sowing 0.00 0.00 0.00 0.00     
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5. MODEL VALIDATION 

Model validation is the process of determining that a conceptual model is an 

accurate representation of the real system (Law and Kelton, 1991). Verification is 

accomplished by ensuring that the simulation program performs as intended 

which involves checking that the conceptual model has been translated correctly 

into the computer program; i.e. code debugging. Validation is the process which 

answers the question — how well does the model represent reality? A simulation 

model is said to be credible when the model and its output are accepted as valid 

(Carson, 1986). 

Law and Kelton (1991) stated that model validation should be performed on those 

output variables that are important in decision making. In this analysis, 

validation was performed on grain yield, biomass, grain and total N uptake, and 

soil N at the end of a growing season. In any N leaching management system, the 

primary decision-making variables are grain yield and N flux to groundwater. 

Grain yield is important since the adoption of any management strategy is 

incumbent on its relative economic advantage. The importance of N flux to 

groundwater is obvious. Since data were not available on N leaching, it was 

necessary to validate the variables that determine the amount of N leaching, 

namely residual soil N and N uptake. Over the long term, N content and amount 

of crop residue returned to the soil will influence N leaching also. 

5.1 GRAPHICAL AND TABULAR ANALYSIS 

Even though statistical goodness-of-fit techniques may lend objectivity to the 

validation procedure, the importance of graphical techniques, though subjective, 

should not be overlooked (Green and Stephenson, 1986). Under certain 

circumstances, graphical representations may even be more valuable than 

statistical methods, since the information they impart are more practical and can 

give insight into model malfunctioning. Loague and Green (1991) mentioned four 

types of graphical displays that can be used: (1) profile comparison between 

observed and predicted quantities, (2) comparison of medians and ranges of 

integrated values of predicted and observed data, (3) paired comparison between 

observed and predicted integrated values, and (4) comparison of cumulative 
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distribution functions for integrated values. In the present analysis, types (1) and 

(3) will be used. 

Model validation analyses were performed to test the model’s capability of 

predicting maize and wheat biomass and grain yields, soil N content and soi] N 

distribution at the end of the growing season. Data were provided by Dr. Ray 

Reneau, Dr. Mark Alley and others for various sites in Virginia. 

5.1.1 Results for Maize 

Maize data were available for two field sites from the Blacksburg Experimental 

Station in Montgomery County for the years 1986-1988 and the Nomini Creek 

drainage basin of Westmoreland County, Virginia for the years of 1986 and 1988. 

The soil type at the Blacksburg experimental station is Groseclose silt loam 

(Typic Hapludult, clayey, mized mesic). Groseclose soil is a well drained, gently 

sloping (2-7% slope) soil occurring on ridgetops (Menelik, 1990). At Nomini 

Creek, the soil type is Suffolk sandy Loam (Typic Hapludult, coarse-loamy, 

siliceous, thermic) a deep, well drained flat (0-2% slope) soil located on ridgetops 

in the coastal plain area of Virginia (Menelik, 1990). 

The cultural and fertilizer management practices employed in the maize 

validation experiments are shown in Tables 5.1 and 5.2, respectively. Eight 

maize treatments were applied, involving 0, 75, 150 and 225 kg/ha N, each 

applied for minimum and conventional tillage, respectively. Data on 40 

experiments were available between the two sites, of which 38 were used in this 

exercise (two were used in model calibration previously). 

Soil hydraulic properties were estimated from laboratory measurements, 

supplemented where necessary by estimates based on field descriptions. Rainfall 

data were available at the sites, but data for the remaining weather variables were 

obtained from the closest station. Observed stover and grain N content data from 

the Blacksburg site were employed to calibrate N uptake factors and grain-stover 

partitioning relations in the maize model. 

Crop Yield Variables 

Data were available on grain and stover yield, N uptake and partitioning between 
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grain and stover, and soil N content and distribution at the end of the season. 

Tables 5.3 through 5.10 summarize the result of the validation exercises for grain 

and biomass yield and N uptake. Model performance varied with site. 

Good correspondence occurred between measured and predicted crop parameters 

at the Blacksburg site (Tables 5.3 through 5.6), except for 1987 under 

conventional tillage, where the model underestimated grain yield and N content 

considerably (Tables 5.3 and 5.5). 

There was good correspondence between measured and predicted crop parameters 

at the Nomini Creek site, 1986 (Tables 5.7 through 5.10). In 1988, the model 

performed poorly in predicting biomass and grain yield and grain N content. 

However, total N uptake for the same year was predicted with good accuracy 

(Tables 5.7 through 5.10). 

As a criterion for comparing model performance at the two sites correlation 

coefficients (r) were computed; table 5.11 summarizes the r’s between the 

measured and predicted variables for the two sites. It should be noted that, the 

correlation coefficient is biased against the site with the largest residuals; yields, 

soil N and consequently residuals were higher at the Blacksburg site. That not 

withstanding, overall the model performed better at the Blacksburg site (with r 

ranging from 0.36 to 0.70). At Nomini Creek the model performed very poorly for 

grain and grain N; however, model biomass N and soil N were highly correlated 

with observed. Assuming that the poor model performance at Nomini Creek is 

due to model inadequacies, and not to inaccurate site properties, an explanation 

for this may be sought. The soil texture at the Nomini Creek site is very sandy 

with poor moisture retention. Under these circumstances, possible inadequacies in 

the calculation of the effect of moisture deficits on yield may have been 

accentuated. 

Soil N Distribution and Content 

Figures 5.1 and 5.2 show measured and predicted soil N distributions at the end of 

the growing season for 75 and 150 kg/ha under minimum and conventional till at 

Nomini Creek 1986 and Blacksburg 1988, respectively. Here again, there was a 

good correspondence between measured and predicted soil N distribution. 

However model results tended to over-predict the peak N concentration. In most 
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cases, the model underestimated the depth of peak N concentration. This 

inability to predict the spatial distribution of N with greater precision may be due 

partly to neglecting dispersion. The N distribution for the treatments simulated 

at both sites are tabulated in Appendix B. 

The model’s ability to predict total N content at end of the season was 

satisfactory (Figures 5.3 through 5.7), except for Nomini Creek 1988 under 

conventional tillage (Figure 5.4b), where the model overestimated soil N content. 

Generally, the correspondence between measured and predicted soil N content 

improved as the amount of N fertilizer applied increased. 

5.1.2 Results for Wheat 

Tables 5.2 and 5.12 show the fertilizer and cultural practices simulated for wheat 

validation experiments. The soil taxonomic classification of the sites are given in 

Table 5.13 and 5.14. Wheat data were available for 1988-89 from six sites across 

Virginia, with two fertilizer application rates at each site (Tables 5.13 and 5.14). 

Of a total of 12 experiments, 11 were used for validation, the other one was used 

in model calibration previously. Conventional tillage was used at all wheat sites. 

Soil hydraulic properties for the sites were estimated from laboratory core 

measurements. Rainfall data was available at each site, however, solar radiation, 

maximum and minimum temperature were taken from nearby stations. Limited 

or no data was available on total N uptake, N partitioning, or stover yield, and 

only some sites had grain yield or grain N data (Tables 5.13 and 5.14). 

Tables 5.13 and 5.14 show results of the wheat validation analyses for grain yield 

and N uptake. There is good correspondence between the measured and predicted 

grain yield. Predicted grain N contents agreed fairly well with measured values 

when no fertilizer was applied at sites where grain N data were available (Table 

5.13). However, agreement was poor when fertilizer was applied, with the model 

over-predicting grain N content (Table 5.14). The poor grain N response that was 

observed when fertilizer was applied was due to lodging in the field, which is not 

accounted for by the model. Lodging is a condition where luxuriant vegetative 

growth of a crop occurs under conditions of high soil N, as a result, crop becomes 

very susceptible to toppling. 

Figure 5.8 shows measured and predicted N distributions approximately 24 weeks 
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into the growing season at the Randolph and VCIA sites. The agreement between 

measured and predicted results was satisfactory at Randolph for both treatments. 

Agreement was acceptable for VCIA when no N was applied, but less agreeable 

when fertilizer was applied. Discrepancies between measured and predicted 

results may be due in part to the fact that the model disregards dispersive 

transport. 

The model’s inability to predict N distributions accurately does not affect its 

ability to predict total N in the profile, as demonstrated in Figure 5.9. Here again 

model performance was better when no N was applied to wheat. 
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Table 5.1 Crop & Soil Cultural Practices Used in Maize Validation Experiments 

  

Management 

Practice 

Value 

Employed 
  

Planting Date 124 (Julian) 
  

Planting Density 61,700 (Plants/ha) 
  

  

  

  

    
Sowing Depth 10 cm (Conventional) 

1 cm (No-Till) 

Variety Delkal B XL71 

Amount of Straw 2,000 (kg/ha) 

Incorporated 

Depth of Straw 20 cm (Conventional) 
Incorporated Surface (No-Till) 

Tillage Practice Conventional, 

No-Till     

- 99 - 

 



Table 5.2 Fertilizer Management Practices Used in Validation Experiments 

  

  

  

  

    

Fertilizer Practice Maize Wheat 

Amount of 225 ,15 0, 75,0 ( kg/ha) 150, 0 (kg/ha) 
Fertilizer Applied 

Timing of Application 125 (Julian) 69 (Julian) * 

Mode of Application Broadcast Broadcast 

N-Source Ammonium Nitrate Urea 

Depth of Application 0.0 0.0         

* At Whitehorne, fertilizer was applied on day 75. 

- 100 -



Table 5.3 Model Validation: Maize Grain and Biomass Yield, 

Blacksburg (Conventional Till) 

  

  

  

          
  

  

  

  

            
  

  

  

  

              

Treatment Year 

(ke/ha) 1986 1987 1988 

Measured Predicted Measured Predicted | Measured | Predicted 

Grain Yield (kg/ha) 

0 4910 4322 2730 4754 

75 5080 4984 2880 4962 5990 5869 

150 5350 6308 3120 6210 7060 8222 

225 4930 6357 3070 6864 7420 9065 

Biomass (kg/ha) 

0 10100 8185 8700 9940 

75 11100 9255 9900 10369 13100 10741 

150 11500 11393 10400 12784 14800 14009 

225 10900 11477 9450 13845 15800 15107   
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Table 5.4 Model Validation: Maize Grain and Biomass Yield, 
Blacksburg (Minimum Till) 

  

  

  

            

  

  

  

            
  

  

  

        

Treatment Year 

(ke/ha) 1986 1987 1988 

Measured Predicted | Measured Predicted | Measured Predicted 

Grain Yield (kg/ha) 

0 4700 5295 3420 4750 3560 4865 

75 6270 5692 4670 5375 6000 5288 

150 6390 6716 4470 5620 8010 6082 

225 5660 6703 | 3960 4330 8040 6218 

Biomass (kg/ha) 

0 9580 9580 9380 10126 9370 9671 

75 13700 10350 11500 11261 14600 9650 

150 12900 11311 12700 11513 17200 11535 

225 12600 11528 12100 9232 17900 11159           
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Table 5.5 Model Validation: Grain and Biomass N, Blacksburg 
(Conventional Till) 

  

  

  

            

  

  

  

  

            

  

  

  

        

Treatment Year 

(kg/ha) 1986 1987 1988 

Measured Predicted | Measured Predicted | Measured | Predicted 

Grain N (kg/ha) 

0 81.0 37.4 38.0 64.2 

75 95.0 67.4 47.0 67.0 90.0 78.9 

150 91.0 86.8 55.0 83.6 123.0 110.9 

225 105.0 94.4 59.0 83.6 132.0 122.1 

Total N (kg/ha) 

0 109.0 63.6 60.0 119.8 

75 137.0 116.8 91.0 124.7 141.0 149.5 

150 142.0 160.2 104.0 163.6 185.0 214.4 

225 155.0 168.6 109.0 186.9 204.0 231.8           
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Table 5.6 Model Validation: 

(Minimum Till) 
Grain and Biomass N, Blacksburg 

  

  

  

          

  

  

  

  

  

            
  

  

  

                

Treatment Year 

(ke/ba) 1986 1987 1988 

Measured Predicted | Measured | Predicted Measured _| Predicted | 

_ Grain N (kg/ha) _ 

0 72.0 47.7 40.0 49.1 | 450 65.5 

75 105.0 79.0 74.0 72.5 83.0 70.9 

150 128.0 91.1 81.0 75.8 137.0 88.7 

225 111.0 93.5 76.0 57.7 150.0 99.1 | 
fT 

Total N (kg/ha) 

0 96.0 80.1 61.0 85.5 73.0 128.0 

75 146.0 127.4 105.0 129.6 129.0 133.8 

150 172.0 175.0 142.0 154.1 202.0 184.7 

225 166.0 180.6 144.0 89.1 223.0 191.9     
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Table 5.7 Model Validation: Grain and Biomass Yield, 
Nomini Creek (Conventional Till) 

  

  

  

        

  

  

  

        
  

  

  

  

            

Treatment (kg/ha) Year 

1986 1988 

Measured | Predicted | Measured | Predicted 

Grain Yield (kg/ha) 

0 2770 2273 1540 3494 

75 2410 2806 1420 3713 

150 2830 2742 1260 4220 

225 2280 2753 700 5232 

Biomass (kg/ha) 

0 7370 3472 7570 9397 

75 7060 3885 7950 9892 

150 7720 3803 9220 10816 

225 6640 3821 7160 14626 
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Table 5.8 Model Validation: Grain and Biomass 

Yield, Nomini Creek (Minimum Till) 

    

Treatment Year 

a 
(kg/ha) 1986 1988 

  

  

        
Measured Predicted Measured Predicted 

| Grain Yield (kg/ha) | 

  

  

  

        
  

    
  

  

0 2940 2343 1330 4384 

75 3160 2804 1890 4757 

150 4070 3046 1890 5780 

225 3570 3146 1000 7231 _ 

Biomass (kg/ha) 

0 6740 3874 7710 9723 

75 6910 4406 10100 10543 

150 8300 4600 11400 12085 

225 7580 4597 8340 14626             
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Table 5.9 Model Validation: Grain and Biomass N, 
Nomini Creek (Conventional Till) 

  

  

  

    
      

  

  

  

        
    
  

  

          

Treatment Year 

(ke/na) 1986 1988 
Measured Predicted Measured Predicted 
= —— 

Grain N Uptake(kg/ha) | 

0 63.0 332 26.0 7.1 | 

75 50.0 57.6 28.0 49.0 

150 65.0 57.6 26.0 55.9 

225 49.0 60.0 16.0 69.3 
rs 

Total N Uptake (kg/ha) 

0 102.0 70.8 : 68.0 30.1 

75 93.0 102.1 92.0 92.1 

150 126.0 109.5 123.0 124.1 

225 101.0 116.8 110.0 152.7     
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Table 5.10 Model Validation: Grain and Biomass 

N, Nomini Creek (Minimum Till) 

  

  

  

      

  

  

  

        
  

  

  

            

Treatment Year 

(e/ha) 1986 1988 
Measured | Predicted | Measured | Predicted 

Grain N Uptake(kg/ha) | 

0 46.0 35.9 21.0 6.1 

75 59.0 474 34.0 52.1 

150 75.0 52.6 30.0 773 

225 75.0 52.9 22.0 96.1 

Total N Uptake (kg/ha) 

0 63.0 62.5 57.0 26.3 

75 82.0 77.8 96.0 94.6 

150 110.0 87.7 117.0 140.7 

225 110.0 86.2 125.0 208.9 
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Table 5.11 Correlation coefficients for variables at sites 

  

  

  

  

  

    

Response variable Blacksburg Nomini Creek 

Biomass 0.36 0.56 

Biomass N 0.70 0.8 

Grain Yield 0.55 -0.67 

Grain N 0.67 0.03 

Soil N 0.64 0.96       
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Table 5.12 Crop and Soil Cultural Practices Used in Wheat Validation Experiments 

    

  

  

  

  

  

                

Amount Depth of 

Planting Plant Sowing of Residue 

Date Population Depth Residue | Incorporation 

Site (Julian) (Plants/ha) (cm) (kg/ha) (cm) Variety 

Brandon 301 2.95x10° 6 6200 20 Coker 6815 

Montague 304 3.23x10° 6 3500 20 Coker 6815 

Randolph 286 3.02x10° 6 3300 10 Coker 6815 

VCIA 287 3.55X10° 6 3200 10 Coker 6815 

Walker 313 3.83x10° 6 2800 10 Coker 6815 

Whitehorne 284 3.72x10° 6 800 20 Coker 6815 
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Table 5.13 Model Validation: Wheat Grain and N Content (No N Added ) 

  

  

  

  

  

  

            

= 

Soil Grain (kg/ha) Grain N (kg/ha) 

Local Classification Measured Predicted | Measured Predicted 

Brandon Ultic Hapludalf 

Montague Typic Hapludult 4,450 5,621 N/A 113.6 

Randolph Typic Hapuldult 1,481 2,235 N/A 40.9 

V.C.LA. Aquic Hapludult “2,412 3,397 34.2 69.9 

Walker Typic Hapuldult 2,525 4,000 28.6 81.4 

Whitehome Aquic Hapludult N/A 3,949 N/A 68.7       

-111-



Table 5.14 Model Validation: Wheat Grain Yield and N Content (150 kg-N Added) 

  

  

  

  

  

  

  

Soil Grain (kg/ha) Grain N (kg/ha) 

Local Classification Measured Predicted | Measured Predicted 

Brandon Ultic Hapludalf 3,853 3,883 84.0 101.1 

Montague Typic Hapludult 4,389 5,630 N/A 156.8 

Randolph Typic Hapuldult 4,121 3,902 N/A 101.8 

VCIA Aquic Hapludult 5,200 5,370 34.2 127.6 

Walker Typic Hapuldult ‘4,300 5,154 28.6 134.5 

Whitehorne Aquic Hapludult N/A 5,589 N/A 112.9                 
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Figure 5.1 Measured and. Predicted Soil Inorganic N Distributions for Maize at 

the End of the Growing Season for (A) 75 kg-N/ha Conventional Till, (B) 75 kg- 

N/bha Minimum Till, (C) 150 kg-N/ba Conventional Till and (D) 150 kg-N/ha 

Minimum Till (Nomini Creek 1986). 
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Figure 5.2 Measured and Predicted Soil Inorganic N Distributions for Maize at 

the End of the Growing Season for (A) 75 kg-N/ha Conventional Till, (B) 75 kg- 

N/ba Minimum Till, (C) 150 kg-N/ha Conventional Till and (D) 150 kg-N/ha 

Minimum Till (Blacksburg 1988). 
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Figure 5.3 Measured and Predicted Total Soil Inorganic N for Maize at the End 

of the Growing Season for (A) Minimum Till and (B) Conventional Till at 

Nomoni Creek, 1986. 
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Figure 5.5 Measured and Predicted Total Soil Inorganic N for Maize at the End 

of the Growing Season for (A) Minimum Till and (B) Conventional Till at 

Blacksburg, 1986. 
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Figure 5.7 Measured and Predicted Total Soil Inorganic N for Maize at the End 

of the Growing Season for (A) Minimum Till and (B) Conventional Till at 

Blacksburg, 1988. 
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Figure 5.9 Measured and Predicted Total Soil Inorganic N Late in the Wheat 

Growing Season for (A) no Fertilizer added (B) 150 kg-N/ha (1988-89). 
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5.2 STATISTICAL EVALUATION OF RESULTS 

To determine if a simulation model is validated, it has to be established that 

model results closely resemble those from the system it intends to mimic. 

Statistical procedures offer an objective means by which the closeness between 

model and system output can be determined. It is of interest to note that 

statistical procedures are not purely objective, since, the choice of a method and 

level of significance are subjective, in addition to any other biases inherent in the 

method. Hence the conclusion reached will be biased by these (Green and 

Stephenson, 1986). Statistical validation involves determining that some objective 

function satisfies a null hypothesis. Objective functions for validating a model 

include sum of squared residuals (Green and Stephenson, 1986; James and 

Burgess., 1982), sum of absolute error (Green and Stephenson, 1986), relative 

error (Green and Stephenson, 1986; James and Burgess, 1982; Thomann, 1982), 

root mean square error (Green and Stephenson, 1986; Thomann, 1982), and mean 

deviation (Green and Stephenson, 1986). The sum of squared residual by way of 

regression analysis, and the mean deviation by way of a paired-t confidence 

interval are the objective functions used in this study. 

In statistical analyses, the significance level (1- a) must be selected. Associated 

with the choice of a are type-I and type-II errors. A type-I error is committed 

when a good model is rejected, and a type-II error is committed when a bad 

model is accepted. Type-I errors may be regarded as the modeler’s risk and type- 

II errors as the user’s risk (Loague and Green, 1991). That is, the modeler may 

prefer to use a small a, but the user wants a large a. In this study, an a level of 

0.05 is used. 

Regression Analysis 

Thomann (1982) discussed objective statistical criteria for determining whether a 

model has been validated adequately. The regression analysis method was used to 

determine whether the model had been adequately validated by fitting the 

following model to each response variable 

zt; = a! + bc, + €; (5.1) 

where z; is the observed response, c; is the predicted response, a’ is the intercept, 
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b! is the slope and ¢; is the error. 

The assumptions inherent in fitting equation (5.1) are: (1) the independent 

variable is a nonrandom variable measured without error; (2) the dependent 

variable is a random variable with ¢,’s that are identically and normally 

distributed with expectation zero and constant variance (i.e. iid N{0,oc7}) (Haan, 

1977). If all these assumptions are met the least squares estimator can be proven 

to be Maximum Likelihood Estimators (Haan, 1977). 

Ideally, a fit of equation (5.1) should yield a straight line through the origin of 

slope one. To determine if the model has been validated, the following null 

hypothesis must be satisfied 

H,: @ =0 and 0! =1. (5.2) 

The test statistic with a two-tailed Student ¢ distribution with 2.5% significance in 

either tail and n—2 degrees of freedom for slope and intercept, respectively, is 

  (5.3a) 

(5.3b) 

where tis the test statistic, 6 is the estimate of 6’, a is the estimate of a’, and S, 

and S, are estimates of the standard deviation of intercept and slope, respectively, 

estimated as (Walpole and Meyers, 1989) 

Sy = ( Fea } (5.4a) 

1=1 

s-(— =) at 
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where T is the expected value of the response variable, n is the number of 

observations and S? is an unbiased estimate of statistical model variance. The 

regression model variance was estimated as (Walpole and Myers, 1989) 

x (z,- a - be, 

The response variables analyzed were biomass and grain yield, total crop and 

grain N uptake, and soil N content. The data for maize and wheat were pooled 

and analyzed over the entire spatial and temporal profile for grain yield and soil N 

content. Data were not available for wheat biomass and total N uptake and grain 

N data were incomplete and were excluded from the analysis. The fraction of 

observed results that is explained by the model and the correlation coefficient (r) 

was calculated by standard statistical procedures (Walpole and Myers, 1989). An 

estimate of VIT-CROPS model variance (5S?,) is given by (Thomann, 1982) 

x (2, - ¢/ 

Sn = a (5.6) 

Confidence intervals were calculated for the regression line (CJ,) and for the 

estimated points(CI,) as 

k2 

Yo (-ep Pn 
i=1 

ch? 
Cli; = al + b!ck 2G 14h + in n—2,1—a/2 (5.7b) 

> (c; - t)? 
1=1 

where Cif and Ch, are the confidence interval on the regression line and points, 

respectively, at independent variable cf. 

Figures 5.10 through 5.12 show the fitted regression equation and the data points. 

Best fits were obtained for soil N content (r = 0.83), total N uptake (r = 0.76) 

and grain N content (r = 0.72). Of the variables investigated, these are the most 

pertinent to N leaching. 
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Table 5.15 summarizes the result of the regression analysis and ¢ test that was 

done on the model variables. Grain yield, grain N content and soil N content 

predictions were validated by this analysis. Biomass N uptake was not validated, 

even though it had the second highest correlation coefficient. 

Examination of Regression Assumptions 

The assumption of nonrandomness and absence of error in the independent 

variable was adhered to, as the VT-CROPS model output was used in this 

capacity. 

The mean of the ¢,’s equals zero is not just an assumption but a guarantee by the 

least squares estimator (Haan, 1977). 

The normality of residuals and the constancy of variance may be evaluated by an 

examination of the residuals. 

The constancy of variance was evaluated by making a residual plot. In the 

interest of brevity, a composite of residuals plot was made. In order to 

accomplish this, standardized residuals were plotted against normalized 

independent variables. Given a mean of zero, residuals for each variables (R;) 

were standardized as 

R; 
T; = SR (5.9) 

where r; is a standardized residual (7; = 0, S, = 1) and Sp is an estimate of the 

standard deviation of the residuals. Independent variables were normalized 

between zero and one as 

N, =< (5.10) 
Cmax 

  

where c,,,, is the maximum VT-CROPS output for a given variable. Figure 5.13 

shows the residual plot that results; the randomness of the residuals is evident. 

There seems to be a slight tendency towards increasing residuals with independent 

variable, but not enough to warrant further attention. 
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The Kolmogorov-Smirnov (K-S) test was used to ascertain the normality of the 

residuals. The program VI'-—FIT (Cooke and Mustagimi, 1992) was used to fit 

normal distribution to the variable residuals individually and compositely. A K-S 

statistic was calculated as (Law and Kelton, 1991) 

KS = (w — 0.01 + o88) Dy (5.11) 

where D, is the maximum vertical distance between observed and fitted 

distributions. The null hypothesis on the K-S statistic is that the residuals are 

normally distributed. For computed K-S greater than a critical value, at some a 

priori a level (0.05) the null hypothesis is rejected. Table 5.16 summarizes the 

result of this analysis. The p-value of the K-S statistics of the residuals for the 

variables are all less than 0.95, hence, the null hypothesis cannot be rejected; the 

p-value for the composite residuals is also given. Therefore the assumption of the 

normality of the residuals has been verified. Figure 5.14 shows the observed 

frequency plot and fitted distribution for the composite residuals. A composite 

plot is perfectly valid, since the groups of residuals are all from the same 

distribution with identical parameters; i.e. mean zero and a standard deviation of 

one. 

Paired-t Confidence Interval Method 

A short-coming of a least squares regression analysis is that it regresses towards 

the expectation of the dependent variable i.e. it estimates with the highest 

confidence around the mean (see figures 5.10 to 5.12), and the confidence in its 

estimates decreases with increasing distance from the mean in either direction. 

Therefore for data with high CV’s, the reliability of estimates, particularly those 

far form the mean is suspect. The data for the variables used in this analysis have 

CV’s ranging from 28 — 62% (Table 5.15). As an alternative, a statistically more 

robust method of evaluating the validity of the model is constructing a paired-t 

confidence intervals (Law and Kelton, 1991). This approach reduces a two 

variable problem, measured and predicted, to one variable, by examining the 

residuals between them. The method is attested to be more robust since skewness 

in the data may be attenuated by computing residuals (Law and Kelton, 1991). 

For each pair of observed and predicted data, the difference (Z;) was calculated as 
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Z; = 27; - C; =1,2...n (5.12) 

where n is the number of observations; the only assumption required by the test is 

that the Z,’s are independent and identically distributed with the expectation 

E(Z,;) = pw. For a valid model, » should be zero. The objective of this analysis 

was to construct a confidence interval on p at some a priori level of confidence. If 

it contains zero then the model variable is said to be validated. An estimate of yu 

is given by 

Z; 
Z(n) =i=L. ( 5.13) li

sa
 

  

An unbiased estimate of the variance of Z(n) is given by 

L(A Flr) P 
S = n(n-1) 

(5.14)   

For sufficiently large n (by the central limit theorem), an approximate two-tailed 

paired-t confidence interval on Z(n) with precision 1-a is given by 

Z(n) t,_1 yay Sz- (5.15) 

Paired-t confidence intervals at a = 0.05 were determined for soil N, biomass 

yield, grain yield, total N uptake and grain nitrogen. The results of this analysis 

are presented in Table 5.17. All variables were validated except grain yield which 

also had the lowest correlation coefficient. Biomass and total N uptake were not 

validated by regression analyses, but were validated by the paired-t confidence 

interval. 
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Table 5.15 Summary of Regression Analysis 

  

  

  

  

  

  

Model Coefficient 

Response Correlation|Std. Error | of Variation 

Variable | Slope Intercept | Coefficient! (kg/ha) (%) 

0.53" 5349.8" 

Biomass (0.13) (1329) 0.56 2902.9 28 

0.64* 38.9° 

Biomass N | (0.09) (12.1). | 0.76 1930 49 

0.69 517.1 

Grain Yield| (0.14) (796.0) 0.55 32.8 33 

1.03 1.48 

Grain N [(0.17) | (12.0) | 0.72 24.5 48 
0.87 27.6 

Soil N (0.08) (20.13) 0.83 65.5 62           
  

*« Criterion not satisfied at a = 0.05 

() Standard error of estimate 
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Table 5.16 Summary of K-S Statistics for Residuals from Observed and Predicted Data 

  

  

  

  

  

  

  

Response Variable | n | K-S Stat. p Value _| 

Biomass 38 0.63 p < 0.85 | 

Biomass N 38 0.63 p < 0.85 

Grain Yield 38 0.78 0.85 <p <0.9 

Grain 38 0.65 p < 0.85 

Soil N 49 0.80 0.85 < p < 0.90 

Composite 201 0.57 p < 0.05               
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Table 5.17 Summary of Paired-t Confidence Interval Analysis 

  

  

  

  

  

            

Response Variable n Z(n) S7yi0) Zaower 

| Biomass 38 820.4 193,832.0 -80.1 

Grain Yield* 38 -1,190.8 257.0 -1,710.1 

Total N Uptake 38 -6.6 25.7 -16.8 

Grain Nitrogen 38 | 2.5 18.4 -6.2 

Soil N Content _ 49 _ 1.8 _1.70 -0.8       

* Confidence interval does not contain zero at a = 0.05. 
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5.3 SUMMARY OF VALIDATION EXERCISE 

Validation analyses were performed to determine the model accuracy in predicting 

observed biomass and grain yield, biomass and grain N content, and soil N 

distribution and content for maize and wheat. Data were available for a period of 

three years for maize at three sites. For wheat, data were available for 1988 at six 

sites. 

The model predicted total soil N content at the end of crop growing periods fairly 

accurately. Soil N distribution with depth was not predicted with the same 

accuracy. The latter result is likely due to a great extent to spatial variability in 

soil properties which was not accurately known. Total soil N, on the other hand, 

is an integral measure over the entire soil profile and as such is less sensitive to 

soil variability. Nitrogen leaching, which is of primary importance to groundwater 

contamination, is closely linked to the total soil N content. Maize yield and N 

uptake were predicted by the model fairly accurately. Wheat yield and N uptake 

were less accurately predicted. This may reflect a need to refine the N uptake 

and grain-leaf-root partitioning relations in the model and to account for the 

effects of lodging and other factors. 

Possible deficiencies which may affect model predictions include: 

@ Model disregards dispersive transport which may result in an underprediction 

of the peak N concentration in soil profile. 

e Crop lodging which may result in poor performance of wheat under fertilized 

field conditions is not accounted for by the model. 

Two statistical procedures were used to objectively determine the model variables 

that were validated— regression analysis and the paired-t confidence interval. 

Regression model assumptions were verified, however, inherent weakness in the 

method limits the interpretive value of the results. There is no way of explicitly 

verifying the assumption of the normality of mean residuals in the paired-t 

confidence interval method except that the central limit theorem guarantees this. 

Grain nitrogen and soil N content at the end of the season were validated by both 

methods. Grain yield was validated by regression analysis but not by paired-t 
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confidence interval. Biomass and total N uptake were validated by the paired-t 

confidence method but not by regression analyses. 

Data were available for maize on 40 experiments from two sites, spanning three 

years. For wheat, 12 data sets were available from six sites for on growing season. 

To improve the model’s credibility, it is recommended that additional validation 

be done on complete data sets for both crops. Maize and wheat crop behavior 

were investigated independently in this study. However, the objective of the 

model is to perform long-term simulations of cropping systems in which there is 

interdependence between crops due to continuity in time. Therefore, validation of 

the model for entire crop rotations would lend greater credibility to model results. 

Pertinent variables to N leaching that were not validated directly include net 

mineralization, denitrification, drainage, and some measure of N leaching itself. 

The most pertinent variable to N leaching over the short run, is soil N content. 

However, over the longer term, total N uptake and grain N content are also of 

importance. The difference between total N uptake and grain N content is usually 

returned to the soil as crop residue. This indicates that more work needs to be 

done on the model to refine crop performance variables. It is worth mentioning 

that, due to the lack of data, N fluxes from the root zone was not investigated in 

this analysis, only N content an distribution. This could lead to problems in N 

leaching predictions, since soil water content and solute concentration are not 

necessarily good indicators of fluxes through the root zone (Addison and Wagenet, 

1985). While it is evident that additional validation would be advantageous, it 

should be borne in mind that “there is no such thing as completely valid model” 

(Law and Kelton, 1991). 
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6. EVALUATION OF LONG TERM MODEL PREDICTIONS 

6.1 OVERVIEW 

Model runs for the validation analyses in Chapter 5 were of short duration — 

generally 8 months or less. In addition, due to the lack of pertinent data N 

leaching was not validated. In this chapter, long term model performance will be 

investigated, by looking at output to varying levels of input and management. 

Nitrate leaching and its relationship to other variables will be explicitly evaluated. 

Model runs were performed for 26 year periods involving 13 two-year crop 

rotations of maize-wheat-soybean-fallow for two management systems, (1) 

conventional tillage applied to all crops, and (2) minimum tilled maize and 

soybean with conventionally tilled wheat. 

Simulations were carried out for a hypothetical sandy loam to sandy soil with 

three profile horizons to a depth of 150 cm (Table 4.7). A water table was 

assumed to be present at 150 cm. Tables 6.1 and 6.2 show the crop management 

practices simulated. An average soil surface runoff curve number of 81 was used 

for conventional tillage and 85 for minimum tillage; mean annual atmospheric 

temperature was assumed to be 12.2 °C: amplitude in annual temperature was 

assumed to be 28.2 °C; and a soil albedo of 0.13 was used. 

6.2 ATMOSPHERIC SUBMODEL CALIBRATION 

The atmospheric subsystem is one of the three subsystems modeled by VT- 

CROPS, and provides daily rainfall, solar radiation, rainfall, and maximum and 

minimum temperatures to the soil and crop subsystem models. These data may 

be generated by a stochastic weather generator algorithm in the program. Use of 

the climatic generator requires calibration to obtain the submodel climatic 

parameters pertinent to the area for which it is to be applied. Our interest in this 

project is to assess N leaching from soils in the Northern Neck area of Virginia, so 

calibration was undertaken based on suitable observed weather data. 
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Richardson and Wright (1984) recommend that a minimum of 20 years of data be 

used for calibration. Long-term daily rainfall and maximum and minimum 

temperature data were available from HISARS (Hydrologic Information Storage 

and Retrieval System) for the Northern Neck area of Virginia. Long-term daily 

solar radiation data for the area were not available. Five years of available solar 

radiation data from Warsaw, Virginia were employed for calibration of radiation 

model parameters. 

Calibration and validation procedures described by Richardson and Wright (1984) 

were used to fit statistical parameters to the measured records and to verify 

generated climatic data against observed data. Figure 6.1 illustrates the 

simulated daily averages of maximum and minimum temperature, solar radiation 

and annual rainfall over a 25-year period using the calibrated weather generator. 

6.3 MODEL EVALUATION 

6.3.1 Evaluation of Mineralization Routine 

Because mineralization (immobilization) is a major source (sink) of N to the soil 

system, the performance of the N mineralization routine warrants special 

attention. This was accomplished through a series of simulations that involved 

the incorporation of varying amounts of organic material with varying C-N ratio, 

and varying initial soil mineral N content. Simulations were run for periods of 

two years during which, no fertilizer was added, and the N dynamics were 

observed. In all cases cropping system-1 was used. The soil described previously 

was used with a stable organic N content of 6040 kg ha’, which corresponds to a 

humus content of over 150 tons ha ~!; C-N ratio of humus was assumed to be 10. 

The first scenario investigated involved the incorporation of 15 tons ha? of 

organic material with a C-N ratio of 12, which amounts to 500 kg—N ha™, with 

no incorporation of the residues of the crops being grown. Figure 6.2 shows the N 

dynamics that resulted over two years. Due to its low C-N ratio, mineralization 

of the organic material was initiated immediately. As organic N was mineralized 

the fresh organic N content of the soil was reduced correspondingly; hence, the 

fresh organic N curve mirrors the mineralized N curve since there was no residue 
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incorporation. During the first 100 days, when mineralization of fresh organic N 

was high, there was an increase in the soil humus N content (net immobilization 

in the stable fraction). Although humus was being mineralized, its rate of 

mineralization was slow relative to that of fresh organic N; in addition, the model 

assumes that 10% of the fresh organic N mineralized is immobilized immediately 

into humus N; hence, there was net immobilization by the stable organic fraction 

during this period. For the remainder of the simulation period the soil humus N 

content was fairly constant; i.e. mineralization of humus approximately equaled 

immobilization of fresh organic N mineralized — a realistic outcome. During the 

period of maize growth, root uptake reduced the amount of mineralized N that 

was retained by the soil. When maize N uptake was at its peak (days 40-90) all 

of the N mineralized was taken up by the crop; note also that N mineralization 

rate peaked during this period, due to a soil mineral N availability factor which 

provided an impulse for accelerated mineralization rates under mineral N poor 

conditions. During the fallow period which followed maize all the N that was 

mineralized effected a corresponding increase in soil mineral N content. Initially 

during wheat growth, the soil N attained an equilibrium N content as the wheat 

crop was dormant, N leaching was low and the cooler temperatures reduced 

mineralization rates. However, later the soil N content reduced, first due to N 

leaching during the high leaching months of December to February and secondly 

due to crop N uptake. As the soil mineral N content was reduced below its 

equilibrium content the mineralization rate increased. During the peak N uptake 

period (days 330-390), the soil N content remained at a low even though 

mineralization rate was at its highest for the period. Throughout the soybean 

growing period N mineralization persisted at low rates, due to fresh organic N and 

C-N ratio becoming limiting, even though soil N content was low. Eighty 

percent of the 500 kg ha™! incorporated was mineralized over the two year period. 

The second scenario was similar to the first but was more realistic however, in 

that crop residues were incorporated in the soil in this case. Figure 6.3 shows the 

N dynamics that resulted; note the delayed residue incorporation till the 

beginning of the subsequent crop — a model feature. The fresh organic N content 

of the soil after one year was 250 kg ha? and 185 kg ha’ after two years; i.e. 50 

and 63% of the initial 500 kg ha! was mineralized after one and two years 

respectively; the USEPA (1983b) estimates that approximately 40% and 60% of 
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applied organic material will be mineralized after one and two years respectively. 

Figure 6.4 shows the C—N ratio of fresh organic material and the fresh organic 

matter content over the simulation period. As mineralization proceeded the C-N 

ratio increased towards its equilibrium value of 30; at this value there was no net 

mineralization or immobilization, but organic matter was still being oxidized 

which lowers the C-N ratio. At equilibrium the C-N ratio appears constant, but it 

fluctuated somewhat around this value. Note also the increases in the C-N ratio 

of the soil fresh organic matter as the high C-N ratio crop residues are mixed in. 

The third scenario was similar to the second except that there was an additional 

incorporation of 7.5 tons ha’ of organic material with a C-N ratio of 12 on day 

330, around the initiation of peak N uptake by wheat. Note the second organic N 

incorporation (Figure 6.5) and the almost instantaneous mineral N release, not all 

of which was taken up by the wheat crop. 

The fourth scenario involved the incorporation of 15 tons ha?! of an organic 

material with a high C-N ratio of 50, which translates into an 120 kg ha™ organic 

N, into a soil with a low initial mineral N content of 50 kg ha‘. Under these 

conditions (Figure 6.6a), net immobilization (negative mineralization) resulted 

initially. However, the amount of immobilization (5 kg ha”) is limited by the 

availability of mineral N. As the oxidation of fresh organic matter advances, and 

the C-N ratio reduces to less than 30, net mineralization results. Note also the 

small but negative slope of humus N line, i.e. net mineralization from the stable 

fraction, because of the low N content of fresh organic material. 

The final scenario was similar to the fourth except that the soil N content was 

initially high (190 kg—N ha"). In this case, the amount of immobilization is not 

limited by the soil inorganic N content and 67 kg ha™ of N is immobilized within 

the first 15 days (Figure 6.6b). In the first 100 days they were two distinct 

periods of reduction in the soil inorganic N; first there was a steep decrease due to 

N immobilization followed by a more gradual reduction due to N uptake. There 

was a slight depletion in stable organic N, but, because more N was immobilized, 

the rate of depletion is less than in the previous case. Figure 6.7 shows the 

approach of the C-N ratio of stable organic N towards equilibrium. 
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Table 6.1 Crop and Soil Management Practices Simulated 

  

  

  

  

  

  

        
  

  

Management Practices Maize Wheat 

Planting Date 131 (Julian) 288 (Julian) 

Planting Density 60,000 (plants/na) 3,000,000 (plants/ha) 

10 cm (Conventional 

Sowing Depth 1 cm (Minimum) 5cem 

Variety Delkal B XL71 Moris Huntsman 

20 cm (Conventional) 

Depth of Straw Mixing Top cell (Minimum) Top cell (Minimum) 

{Tillage Practice Conventional, Minmum Minimum Till 
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Table 6.2 Fertilizer Management Practices Modeled 

  

  

  

  

  

        

Fertilizer Practice Maize Wheat 

Amount of Fertilizer 150 (kg/ha) 150 (kg/ha) 
20% at Planting 

Timing of Application 100% at Planting _ 80% 180 Days Later 
Mode of Application Broadcast Broadcast 

N-Source Ammonium Nitrate Urea 

Depth of Application Surface Surface 
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Average Daily Solar Radiation and Annual Temperature (B) Generated by 

Climatic Submodel Over A 25 Year Period. 
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Figure 6.2 The Distribution of Mineralized N and Humus, Fresh Organic and Soil 

Mineral N Contents Over Two-Years, that Resulted from the Incorporation of 15 

Tons/ha of Low C —N Ratio Organic Material, with no Residue Incorporation. 
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Figure 6.3 The Distribution of Mineralized N and Humus, Fresh Organic and Soil 

Mineral N Contents Over Two-Years, that Resulted from the Incorporation of 15 

Tons/ha of Low C —N Ratio Organic Material, with Residue Incorporation. 
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Figure 6.4 The Distribution of Fresh Organic N and C—N Ratio that Resulted 

from the Incorporation of 15 Tons/ha of Low C—N Ratio Organic Material, with 

Residue Incorporation. 
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Figure 6.5 The Distribution of Mineralized N and Humus, Fresh Organic and Soil 

Mineral N Contents Over Two-Years, that Resulted from Two Incorporations (15 

Tons/ha initially followed by 7.5 Tons/ha at Peak Wheat N Uptake) of Low 

C—N Ratio Organic Material, with Residue Incorporation. 
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Figure 6.6 The Distribution of Mineralized N and Humus, Fresh Organic and Soil 

Mineral N Contents Over Two-Years, that Resulted from the Incorporation of 15 

Tons/ha of High Ratio Organic Material (C —N Ratio 50), into Soil with Initially 
Low Mineral N content (A) and Initially High Mineral N Content (B). 
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6.3.2 Changes in Soil Inorganic N with Time 

Figures 6.8 shows the simulated soil inorganic N profile each month during the 

third year of a 26-year simulation. The first month of sampling (Figure 6.8a) 

represents the soil N profile on day 129, two days prior planting and fertilizing the 

maize crop. An increase in soil N content is observed one month after fertilizer 

application. As time progressed and N is lost, primarily by plant uptake, the soil 

N content gradually decreases (Figure 6.8a). Increasing depth to the peak N 

concentration reflects percolation of moisture through the soil system with time. 

Split application of N to wheat, with 20% added in month 7, is reflected with an 

increase in N content at shallow depths (Figure 6.8b). The remaining 80% was 

added in month 13 (not shown). Further increases in soil N content (months 8, 9 

and 10) are due to organic N mineralization; during this period the wheat crop is 

dormant, hence, there is little N uptake. By month 11 due to convection of soil 

water peak soil N had migrated to a greater depth. By month 12 the soil N 

content had dissipated due to leaching and/or crop uptake. 

6.3.3 Nitrogen Balance Relations 

Mineral N sources to the soil system include fertilizer N and mineralization of 

organic matter. The sinks for mineral N are crop uptake, N leaching and 

denitrification. For these simulations, fertilizer input was constant at 150 kg-N 

ha’ per crop (Table 6.3). Figures 6.9 and 6.10 show N mineralization, 

denitrification, crop N uptake, and N leached by rotation for the management 

systems simulated with rainfall amount superimposed, and Table 6.3 summarizes 

the means and coefficient of variations (CVs) for the N sources and sinks. 

Nitrogen source/sinks components varied over relatively narrow ranges with 

coefficients of variation ranging from 8% for N mineralization to 15% for 

denitrification. 

Mineralization and N leached are strongly dependent on rainfall amounts (Figures 

6.9a and 6.10b). Denitrification is weakly dependent on rainfall amount (Figure 

6.9b), and N uptake is fairly independent of rainfall amount (Figure 6.10a). 

There was little difference between N transformation variables for the two 

management systems. Mean mineralization and crop N uptake were slightly 

higher for conventional till, while N leached and denitrification was slightly 

- 148 -



higher for minimum till. 

Mineralization rates ranged from 37-70 kg ha”! year, with a mean of 57 kg ha? 

year’ for conventional till, and from 38-68 kg ha! year"! with a mean of 56 kg 

ha’ year’ for minimum till. These differences do not appear to be physically 

significant. Estimates of mineralization rates in the literature are scarce and 

uncertain; Schepers and Mosier (1991) estimated mineralization rates in field soils 

with one percent organic matter to range from 45-90 kg ha!. Data in the 

literature on comparative mineralization rates in conventional and minimum tilled 

system are even more scarce, but the consensus of opinion is that mineralization is 

greater under conventionally tilled systems (Free, 1970; Moschler et al., 1972; 

Stanford et al, 1973). The rationale given for higher mineralization under 

conventional tillage is an improved oxidative condition due to a lower moisture 

content. However, mineralization rates are expected to increase from dry to moist 

soil moisture condition and to decrease again under waterlogged conditions 

(Keeney, 1983). Therefore, the advantage of one tillage system over another with 

respect to mineralization rates is highly soil and climate dependent. 

Gilliam and Hoyt (1987), in a survey of available literature, concluded that 

denitrification rates are generally higher under minimum tillage due to higher soil 

moisture. The mean annual denitrification rate was 10.7 kg ha! (range 9.3-15.4) 

for minimum till and 10.8 (range 8.5-16.6) for conventional till. The impact of 

management systems on denitrification is expected to be small given the coarse 

texture of the soil. Simulations on a finer textured soil, with higher moisture 

retention capacity may show a tillage effect on denitrification. Information is 

scarce on denitrification rates, but Groffman (1985) found rates less than 10.0 

kg/ha/year under both minimum and conventional tilled systems in Georgia soils. 

Meisinger and Randal] (1991) summarizing the finding of a number of researchers 
1 reported denitrification rates ranging from 4-25 kg ha? year?! , in moderately 

drained soils. 

There is a wide disparity in the literature on the effect of tillage practices on N 

leaching. It ranges from increased N leaching under minimum tillage (Thomas et 

al., 1973; Tyler and Thomas, 1979), to no difference between tillage systems 

(Kitur et al., 1984), to increased N leaching under conventional tillage (Kanwar et 
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al., 1985). The consensus is that the amount of N leached for a given tillage 

system is highly climate dependent. In the simulations conducted, there was no 

advantage for one tillage system over the other (Table 6.3) even though drainage 

was higher for conventional till. The low water holding capacity of the soil 

investigated may have influenced the results. 

Figures 6.11 summarizes the mineral N mass balance by rotations over an 

extended simulation period. The percentage error in soil mineral N (AM) is 

calculated as 

N;, -N 
AMy = —%—% x100 (4.2) 

in 

where AM nis the percentage of mineral N input that is unaccounted for; N;,, is 

the total mineral N input over a rotation, i.e. the sum N fertilizer and N 

mineralized; and N,,, is the total mineral N output, i.e. the sum of crop N 

uptake, N leached, denitrification and increases in soil mineral N content over the 

period. The net change in mineral N fluctuated around zero and ranged from -3.9 

to 7.2% for conventional till and -4.0 to 5.7% for minimum till. Over the 26 year 

simulation period, the percentage of N input that is unaccounted for is 1.7% for 

conventional till and 0.7% for minimum till, which indicates that mass balance 

errors in the model are small. 

6.3.4 Water Balance Relations 

Figure 6.12 shows the potential and actual evapotranspiration and its components, 

soil evaporation and crop transpiration, for the crops over typical growing seasons. 

Potential evapotranspiration is independent of the crop development, and depends 

only on the prevailing climatic conditions. Evapotranspiration, on the other hand, 

depends not only on the stage of development of the crop and the climatic 

conditions, but also on the ability of the soil to supply needed moisture. This 

difference is reflected in differences between potential and actual 

evapotranspiration curves. Soil evaporation is dependent on the climatic 

conditions, the soil water status in the upper reaches of the soil and on the stage 

of development of the crop. Crop transpiration increase to a maximum with leaf 
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area and decreases thereafter. 

Note the differences in the skew in the curves for the different crops; this is 

related to the climatic condition under which particular crops are grown. The 

maize curve is the most symmetric due to maize being grown when temperatures 

and solar radiation are high; the wheat curves have a left skew and the soybean a 

right because the warmest and brightest months are towards the end of the wheat 

crop and the beginning of the soybean crop. 

Table 6.4 summarizes the water balance components per rotation for the two 

management systems simulated. The source of moisture into the system is 

rainfall and the sinks are evapotranspiration, drainage and runoff. Figure 6.13 

shows a typical crop water budget by month over a rotation. There is an absence 

of drainage during peak water uptake. During these periods water use is 

frequently greater than rainfall and soil moisture reserve accounts for the deficit. 

Differences between rainfall and drainage following peak uptake reflect the 

replenishment of depleted moisture reserve. 

Runoff was higher for the conventional tillage scenario and consequently drainage 

was lower. Runoff ranged from 41-108 mm yr? with a mean of 65 mm yr" for 

conventional till and from 26-79 mm yr™ with a mean of 43 mm yr"! for minimum 

till. On average, runoff was 34% lower for conventional till. Glen and Angle 

(1987) found 27% less runoff from no-till corn than from conventionally tilled 

ones, in the Chesapeake Bay watershed. Also, Gilliam and Hoyt (1987) 

summarized results from tillage experiments, and found runoff to be reduced 

anywhere from 9-109% by reduced tillage practices. The net of water influx and 

efflux to the soil, which represents the change in water storage, was small over 

each two-year rotation (Table 6.4). 

Figures 6.14 shows the hydrologic budget by rotation for the two management 

systems simulated. Drainage and runoff are highly sensitive to rainfall amounts, 

but water use (ET) is not. Table 6.4 shows that runoff was consistently higher for 

conventional till and underscores its positive correlation with rainfall amount. 

- 151 -



 
 

 
 

  
  

 
 

  
  

  

G
9
 

6 80 
bl 

9°Z07 
yndjno 

N 

8°92 
6°S8 

€°9¢ 
cvs 

peo] 
N 

9'S 
€'662 

Sy 
0'00€ 

eyeydn 
daip 

c
8
k
 

9120 
L’S\ 

vibe 
U
d
o
 
W
U
E
 

6+ 
S 

bly 
2s 

Ov 
Ly 

yndul 
N 

8
Z
k
 

O 
Ltt 

L
e
t
 

O
V
b
L
 

U
O
H
e
Z
e
J
O
U
l
 

00 
0°00 

00 
0°00 

40Z)||94 

(%) 
(uoe101/e4/5y) 

(%) 
~ (uopejos/eu/6y) 

eIqeLeA 
U
O
e
e
A
 

JO 
uBoW 

UO|ELIBA 
JO 

| 
ueoln 

indIno 
¥ 

jusjdyWja05 
JUd/IIJeoD 

indul 
N 

Z 
juewebeuew 

| jJuowebeuew 
  

 
 

peyeinwWiS 
WajshS 

j
u
e
w
e
B
e
u
e
w
 

JO} 
sojqeue; 

N
d
j
N
O
 

pue 
ynduj 

YY 
W
u
e
}
B
u
o
7
 
jepow 

jo 
Arewwwins 

£9 
9jqel 

- 152 -



Table 6.4 Water Inflow and Outflow into the Soil System for a 26 Year Period 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Mgmt-1 Mgmt-2 

Rotation (mmlyr) 

Mean Annual Evapotranspirabon 500.1 488.5 

1 Mean Annual! Drainage 529.1 558.6 

Mean Annual Runoff 44.8 26.4 

Total 1074.0 1,073.5 

Mean Annual Rainfall 1,083.0 1,083.0 

Mean Annual Evapotranspiraton 491.0 497.3 
2 Mean Annua! Drainage §51.0 S71.5 

Mean Annual Runoff 47.7 32.9 

Total 1,099.7 1,101.7 

Mean Anqual Rainfall 1,108.0 1,108.0 

Mean Annual Evapotranspiraton 476.5 469.9 

3 Mean Annual Drainage 519.9 540.2 

Mean Annual Runoff §9.7 42.2 

Total 1,056.1 1,052.3 

Mean Annual Rarntall 1,058.0 1,058.0 

Mean Annuai Evapotranspwation $02.3 503.7 

4 Mean Annual Drainage 608.5 628.3 

Mean Annual Runoff 89.2 69.9 

Total 1,200.0 1,200.9 

Mean Annual Rainfall 1,171.5 1,171.5 

Mean Annual Evapotranspiraton 456.5 455.9 

5 Mean Annual Drainage 445.5 1 

Mean Annual Runoff 50.5 30.8 

Total 952.5 952.8 

Mean Annual Raintal! 975.5 975.5 

Mean Annual Evapotranspiraton 502.3 §05.7 

6 Mean Annual Drainage 5188 543.1 

Mean Annual Runoff 1,07.9 79.4 

Total 1,129.0 1,128.2 

Mean Annual Raintail 1,129.0 1,129.0 

Mean Annual Evapotranspwraton 514.0 513.7 

7 Mean Annual Drainage 389.7 387.0 

Mean Annual Runoff 43.2 27.1 

Total 926.9 927.8 

Mean Annual Rainfall 899.0 899.0 

Mean Annual Evapotranspirabon 480.4 476.3 

8 Mean Annual Drainage 336.3 363.9 

Mean Annual Runoff 68.3 46.2 

Total 887.0 686.4 

Mean Annua! Rainfall 885.5 885.5 

Mean Annual Evapovanspiration 482.1 5.6 

9 Mean Annual Drainage 628.3 646.7 

Mean Annual! Runoff 80.7 47.8 

Total 1,191.1 1,190.1 

Mean Annual Rainfall 1,260.5 1,260.5 

Mean Annual Evapotransprration 437.4 434.7 

10 Mean Annual Drainage 454.2 463.1 

Mean Annual Runoff 41.4 32.8 

Total 933.0 930.6 

Mean Annual Rainfall 3145 914.5 

Mean Annual Evapotanspiraton 477.6 478.5 

"1 Mean Annual Drainage 520.6 545.1 

Mean Annual Runoff 68.0 45.6 

Total 1,066.2 1,069.2 

Mean Anoual Raindall 4,091.5 1,091.5 

Mean Annual Evapotranspiration §32.3 $35.0 

12 Mean Annual Drainage 524.1 550.1 

Mean Anqual Runott 75.0 45.6 

Total 1,131.4 1,130.6 

Mean Annual Rainfall 1,087.0 1,087.0 

Mean Annua! Evapotranspirabon 510.1 509.2 

3 Mean Annuai Drainage 424.7 445.7 

Mean Annual Runoft 54.5 33.3 

Total 989.3 998.2 

Mean Annual Raintali 948.5 948.5         
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Rotation Over a 26 — Year Simulation for both Management Systems. 
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Figure 6.11 Mineral N Input and Output Totals and Mass Balance Errors Over a 

26 — Year Simulation for Management 1 (A) and Management 2 (B). 
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Figure 6.13 Crop Water Budget for the Second Rotation of Management 1 Over a 

26 — Year Simulation. 
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Figure 6.14 Hydrologic Budget Over a 26 — Year Simulation for Management 1 

(A) and Management 2 (B). 
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6.3.5 Plant Partitioning of Dry Matter Production and Nitrogen 

Tables 6.5 through 6.7 show the partitioning of dry matter and N between the 

different plant parts for maize, wheat and soybean, respectively, over the 26 year 

simulations for each management scenario. 

Maize Results 

Total above ground biomass production was higher for minimum tillage than for 

conventional tillage, ranging from 9434 to 13,495 kg ha! for conventional tillage 

and from 9,239 to 13,265 kg ha! for minimum tillage. Typical literature values 

ranged from 9,300-17,000 kg ha”! (Triplett and Mannering, 1978). 

    

Root mass ranged from 1,116 to 2,733 kg ha? (mean 1746) for conventional till 

and from 1,084 to 2,444 kg ha’ (mean 1668) for minimum till. Typical literature 

values for maize root mass range from 1,300 to 2,500 kg ha? (Triplett and 

Mannering, 1978). 

Maize yields varied over a fairly narrow range from 5,352 to 6,825 kg ha™! for 

conventional till and from 4,808 to 7,002 kg ha”? for minimum till. Mean maize 

yield was slightly higher under minimum tillage — 6,021 kg ha™! as opposed to 

5,890 kg ha! for conventional till. The grain harvest index ranged from 47 to 63 

percent; typical literature values range from 35 to 65 percent (Triplett and 

Mannering, 1978). 

Total N uptake ranged from 135 to 182 kg ha™ for conventional till and 128 — 178 

kg ha! for minimum till. The grain N harvest index ranged from 62 — 75 percent 

with a mean of 68 percent; typical literature values range from 61 —78 percent 

with a mean of 70% (Schepers and Mosier, 1991). Tillage practice has only a 

slight effect on grain N content; under conventional till grain N content ranged 

from 1.34 — 1.69 percent with a mean of 1.58%; while under minimum till grain N 

content ranged from 1.32—1.79 percent with a mean of 1.60%; typical literature 

values range from 1.35—1.75 percent with a mean of 1.55% (Meisinger and 

Randall, 1991). Mean stover N content ranged from 0.74 —1.27 percent with a 

mean of 0.96%; somewhat high compared to literature values which typically 

range from 0.6—1.0 percent (Schepers and Mosier, 1991). An average of 62.8 

percent of the applied N was harvested, compares favorably with a national 
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average of 64.5% (Bock and Hergert, 1991). 

Wheat Results 

Under both management systems, wheat was grown under conventional tillage. 

Hence, there were only slight differences between N uptake and crop yield results 

for the management systems evaluated. Differences observed may be attributed 

to residual effects of different tillage management practices applied to the 

preceding maize crop. 

Predicted total above ground dry matter production ranged from 7,852 to 9,826 kg 

ha? with a mean of 8,614 kg ha’, which compares favorably with literature values 

which range from 6,900 to 8,400 kg ha! with a mean of 8,000 kg ha! (Triplett 

and Mannering, 1978). Predicted wheat root production was high ranging from 

1,521 to 3,381 kg ha! with a mean of 2,340 kg ha™!, compared to literature values 

ranging from 970 to 1,300 kg ha! with a mean of 1,000 kg ha?! (Triplett and 

Mannering, 1978). Wheat yields varied from 3,125 to 5,718 kg ha™? over the 13 

rotations, with a mean of 3,577 kg ha’. The grain harvest index ranged from 37 

to 66%, compares well with the observed spectrum of 31-65% (Triplett and 

Mannering, 1978). The grain N harvest index ranged from 55 — 77 percent with a 

mean of 64%; observed values are much higher ranging from 74 — 86 percent with 

a mean of 80% (Schepers and Mosier, 1991). 

Soybean Results 

Variations in soybean CHO and N partitioning reflect the availability of soil 

moisture. Due to the simple approach used to distribute CHO and N, soybean 

yield ratios are constant. 
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Table 6.5 Simulated Long-term (26 yrs) Maize Yield, 
N-uptake and Partitioning for 150 kg-N/ha 

  

  

  

  

  

  

  
  

  

  

  

  

  

  

  

  

    

Rotation Mgmt-1 Mgmt-2 Mgmt-1 Mgmt-2 
# 

(kg/ha) 

Grain — 6,231 6,902 Grain-N 93.3 91.4 

1 Stover 5,290 5,621 Stover-N 52.4 54.3 

Roots 2,733 2,444 Root-N 27.3 23.4 

Biomass 11,457 12,960 Total-N 174.4 172.3 

Grain 5,766 5,782 Grain-N 92.3 92.8 

2 Stover 4,015 4,015 Stover-N 39.9 40.0 

Roots 1,601 1,603. | Root-N 15.6 15.6 

Biomass 10,451 10,465 Total-N 148.1 148.7 

Grain 5,627 5,331 Grain-N 82.2 93.0 

3 Stover 5,677 4,242 Stover-N 50.1 31.7 

Roots 1,694 1,459 Root-N 16.8 15.0 

Biomass 12,025 10.369 Total-N 149.3 140.0 

Grain 6,616 6.460 Grain-N 89.2 88.0 

4 Stover 6,357 6,276 | Stover-N 59.1 61.9 

Roots 2,577 2,279 Root-N 25.8 22.7 

Biomass 13,495 13,265 Total-N 174.7 173.1 

Grain 5,352 §,383 Grain-N 92.2 96.3 

§ Stover 3,618 4,002 Stover-N 33.7 32.5 

Roots 1,477 1,594 Root-N 14.7 16.0 

Biomass 9,499 9,795 | Total-N 140.9 145.2 

Grain 6,002 6,247 Grain-N 101.3 103.1 

6 Stover 3,979 4,183 Stover-N 40.3 41.5 

Roots 1,367 1,400 Root-N 19.4 14.0 

Biomass 10,373 10,869 | Total-N 161.0 159.7 

Grain 6,272 6,783 Grain-N 102.6 112.0 

7 Stover 4,581 4,359 Stover-N 46.2 43.9 

Roots 1,695 1,610 Root-N 16.9 16.1 

Biomass 11,497 11,670 | Total-N 166.1 172.3 

Grain 6,825 7,002 Grain-N 108.9 110.7 

8 Stover 5,358 §,006 Stover-N §3.0 49.3 

Roots 1,955 1,741 Root-N 19.5 17.4 

Biomass 12,864 12,625 | Total-N 182.2 178.0 

Grain 5,365 5,864 Grain-N 84.6 78.9 

9 Stover 4,839 5,446: } Stover-N 45.6 54.0 

Roots 1,472 1,720 Root-N 14.7 17.0 

Biomass 10,765 11,832 | Total-N 145.5 150.5 

Grain 5,519 4,801 Grain-N 73.3 83.6 

10 Stover 4,971 3,803 Stover-N 42.5 29.1 

Roots 1,843 1,489 Root-N 18.3 14.8 

Biomass 10,964 9,239 | Total-N 134.9 127.2 

Grain 5,694 5,886 Grain-N 95.8 102.8 

11 Stover 3,209 3,107 | Stover-N 39.3 39.6 

Roots 1,287 1,431 Root-N 15.9 18.7 

Biomass 9,343 9,381 Total-N 152.4 162.7 

Grain 5,709 6,023 Grain-N 94.5 93.4 

12 Stover 4,576 4,838 Stover-N 45.1 48.4 

Roots 1,889 1,833 Root-N 18.7 18.3 
Biomass 11,060 11,542 ‘| Total-N 158.8 160.4 

Grain 5,707 §,807 | Grain-N 96.4 100.4 

13 Stover 3,496 3,519 Stover-N 36.7 36.8 

Roots 1,115 1,084 Root-N 11.3 11.1 

Biomass 9,536 9,612 | Total-N 148.2 149.4       
"Grain yield reported at 13.5% moisture. 
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Table 6.6 Simulated Long-term (26 yrs) Wheat Yield, 
N-uptake and Partitioning for 150 kg-N/ha 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Rotation Mgmt-1 Mgmt-2 Mgmt-1 Mgmt-2 
# 

(kg/ha) 

Grain * 4,774 3,066 | Grain-N 84.5 67.9 
1 Stover 3,078 5.098 | Stover-N 26.6 44.1 

Roots 2,940 2,654 Root-N 29.4 25.5 

Biomass 7,852 8,165 Total-N 140.5 137.5 

Grain 3,341 3,447 Grain-N 68.0 70.6 

2 Stover §,310 ' §,312 Stover-N 45.9 45.9 

Roots 2,480 2,485 Root-N 23.1 23.2 

Biomass 8,656 8,758 Total-N 137.0 139.7 

Grain 3,276 3,238 | Grain-N 72.2 73.9 | 
3 Stover 5,383 §,327 Stover-N 46.6 46.1 

Roots 2,315 2,162 Root-N 22.0 20.4 

Biomass 8,659 8,566 Total-N 140.7 140.4 

Grain 3,188 3,068 Grain-N 87.4 83.5 

4 Stover 4,962 4,804 Stover-N 42.9 41.6 

Roots 1,762 1,609 Root-N 16.2 16.3 

Biomass 8,150 7,871 Total-N 146.5 140.4 

Grain 3,294 2,888 Grain-N 79.4 85.0 

5 Stover 4,922 4,887 Stover-N 42.6 42.3 

Roots 2,105 1,965 Root-N 19.4 19.2 

Biomass 8,216 7,774 Total-N 141.4 146.5 

Grain 3,466 3,290 Grain-N 66.9 70.8 

6 Stover §,377 5,120 Stover-N 46.4 44.5 

Roots 2,545 2,248 Root-N 23.1 20.3 

Biomass 8,843 8,436 —_| Total-N 136.4 135.6 

Grain 3,664 3,559 Grain-N 76.2 79.4 

7 Stover 5,429 5,467 Stover-N 47.0 47.3 

Roots 2,406 2,184 Root-N 22.1 19.9 

Biomass 9,093 9,027 Total-N 145.3 146.6 

Grain 4,718 5,425 Grain-N 101.1 89.5 

8 Stover 2,963 3,118 Stover-N 25.6 27.0 

Roots 2,661 2,541 Root-N 26.6 25.4 

Biomass 8,682 8,543 | Total-N 153.3 141.9 

Grain 3,357 3,300 Grain-N 84.2 82.1 

9 Stover 5,121 5,105 Stover-N 44.3 44.2 

Roots 1,529 1,529 Root-N 14.0 13.9 

Biomass 8,478 8,405 | Totai-N 442.5 140.2 

Grain 3,164 3,123 Grain-N 57.2 57.2 

10 Stover §,465 §,420 Stover-N 47.3 46.8 

Roots 3,367 3,381 Root-N 34.6 31.5 

Biomass 8,465 8,543 Total-N 139.1 135.5 

Grain 3,494 2,881 Grain-N 88.5 82.5 

11 Stover §,012 5,125 Stover-N 43.4 44.3 

Roots 1,858 1,609 Root-N 17.0 74.7 

Biomass 8,507 8,006 | Total-N 148.8 141.5 

Grain 3,780 3,795 Grain-N 78.1 78.4 

12 Stover 6,299 6031 Stover-N 51.3 52.2 

Roots 2,465 2,328 Root-N 22.3 21.1 

Biomass 9,714 9,826 | Total-N 151.8 151.7 

Grain 3,744 3,667 Grain-N 49.3 64.7 

13 Stover 5,763 5,584 Stover-N 49.7 48.2 

Roots 3,041 2,684 Root-N 27.8 26.1 

Biomass 9,505 9,251 Total-N 146.8 139.0         
" Grain yield reported at 13.5% moisture. 
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Table 6.7 Simulated Long-term (26 yrs) Soybean Yield, N-uptake and Partitioning 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Rotation Mgmt-1 Mgmt-2 Mgmt-1 Mgmt-2 
# 

(kg/ha) 

Grain © 2,604 2,615 Grain-N 143.9 144.5 
1 Stover 3,183 3,196 | Stover-N 24.4 24.5 

Roots 900 903 Root-N 77 7.7 
Biomass 5,787 5,811 Symbiotic-N 152.0 171.9 

Grain 2,573 2,571 Grain-N 142.0 142.1 

2 Stover 3,144 3,142 Stover-N 24.0 24.0 

Roots 889 888 Root-N 7.6 7.6 

Biomass §,717 5,714 Symbiotic-N 165.4 164.6 

Grain 2,911 2,921 Grain-N 160.9 161.4 
3 Stover 3,559 3,570 Stover-N 27.2 27.3 

Roots 1,006 1,009 Root-N 8.6 8.6 
Biomass 6,470 6,491 Symbiotic-N 189.5 189.9 

Grain 2,771 2,771 Grain-N 153.1 153.1 
4 Stover 3,386 3,387 | Stover-N 23.9 25.9 

Roots 957 957 Root-N 8.1 8.1 

Biomass 6,157 6,158 Symbiotic-N 179.1 178.9 

Grain 3,006 3,009 Grain-N 166.1 166.3 
§ Stover 3,674 3,678 Stover-N 28.1 28.1 

Roots 1,038 1,040 Root-N 8.8 8.8 
Biomass 6,680 6,687 | Symbiotic-N 194.05 193.0 

Grain 2,803 2,820 Grain-N 154.8 155.8 

6 Stover 3,425 3,447 | Stover-N 26.2 26.4 

Roots 968 974 Root-N 8.2 8.3 
Biomass 6,228 6,267 Symbiotic-N 179.6 180.5 

Grain 2,995 3,002 Grain-N 165.5 165.9 

7 Stover 3,662 3,669 Stover-N 28.0 28.1 
Roots 1,035 1,037 Root-N 8.8 8.8 

Biomass 6,657 6,671 Symbiotic-N 191.1 192.1 

Grain 2,899 3,003 Grain-N 160.2 165.9 

8 Stover 3,543 3,670 Stover-N 27.1 28.1 

Roots 1,002 1,037 Root-N 8.5 8.8 
Biomass 6,442 6,673 Symbiotic-N 184.4 189.9 

Grain 2,821 2,826 | Grain-N 155.9 156.2 
9 Stover 3,448 3,455 Stover-N 26.4 26.4 

Roots 975 976 Root-N 8.3 8.3 

Biomass 6,269 6,281 Symbiotic-N 181.1 179.4 

Grain 2,749 2,756 Grain-N 151.9 162.3 

10 Stover 3,359 3,369 Stover-N 25.7 25.8 

Roots 950 952 Root-N 8.1 8.1 
Biomass 6,108 6,125 Symbiotic-N 176.3 175.5 

Grain 2,887 2,887 =| Grain-N 169.5 159.5 

"1 Stover 3,529 3,529 Stover-N 27.0 27.0 
Roots 997 997 Root-N 8.5 8.3 

Biomass 6,416 6,416 Symbiotic-N 186.3 186.3 

Grain 2,887 2,894 Grain-N 159.5 159.9 

12 Stover 3529 3,537 | Stover-N 27.0 27.1 

Roots 997 1,000 Root-N 8.3 8.5 
Biomass 6,416 6,431 Symbiotic-N 186.5 186.1 

Grain 2,683 2,683 Grain-N 148.3 148.2 

13 Stover 3,280 3,279 Stover-N 25.1 25.1 

Roots 927 927 Root-N 7.9 7.9 

Biomass 5,963 5,962 | Symbiotic-N 171.4 170.0           
" Grain yield reported at 13.5% moisture. 
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6.4 NITROGEN LEACHING AND ITS RELATIONS WITH HYDROLOGIC 

VARIABLES 

6.4.1 Short Term Variations in N Leaching 

To evaluate short-term fluctuations in N leaching, monthly N losses over a two 

year crop rotation were investigated for the 150 kg-N ha'crop? fertilizer 

application treatments with both tillage systems. To overcome effects of initial 

conditions, the second rotation in the 13-rotation sequence was used in this 

analysis. The monthly N flux was plotted against residual soil N and the 

hydrologic variables rainfall, crop water use and drainage. 

N Leaching and Residual Soil N 

Figures 6.15a and 6.15b show the short-term temporal fluctuations in N flux and 

mineral soil N content for the two tillage treatments. Mineral soil N is lagged by 

one month since the N leached by the end of the current month would be 

influenced by the soil N content at the end of the previous month, rather than 

that of the current month. In general, N losses increased with an increase in soil 

N, but the overall results were more pronouncedly influenced by the hydrologic 

variables. In fact, the correlation coefficient (r) between N load and residual N 

was only 0.15 (Table 6.8). 

As a result of fertilizer additions for maize, a steep increase in soil N occurs in 

month 2 (June of Year 1). The effect of adding 20% of wheat N (30 kg/ha) is 

observed in month 7. Addition of 80% of the wheat fertilizer (120 kg/ha) in 

month 13 (May of Year 2) for wheat is also seen, even though an actively growing 

crop had removed a considerable amount. Even though the mineral soil N was 

lagged one month, there is an additional two month lag between periods of high 

soil N and high N leaching (or between low soil N and low leaching). This is due 

to the travel time for N to move through the soil profile. 

There is a gradual increase in mineral soil N from months 16 through 21 (July to 

February of Year 2). This period, corresponds to soybean crop and fallow, when 

there is little or no N uptake. The gradual increase in soil N is due to net 

mineralization over immobilization. Persistent leaching of N follows this period 

and appears critical in any leaching management system. 
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More N is leached in the second year of the rotation, during months 

January — April, than the first since the second year involves an extended fallow 

with no N uptake, whereas wheat in the first year provides a sink for some soil N 

and soil water. During the winter months, evapotranspiration and N uptake is 

low, hence more N and water is available for leaching and drainage, respectively. 

Nitrogen Leaching and Water Balance Components 

Figures 6.16a shows the monthly variations in N flux, rainfall and water use for 

  

management 1. A similar pattern was observed for management 2. The N flux 

patterns tend to be qualitatively similar to that for rainfall (r= 0.15) (Table 6.8), 

although large rainfall amounts do not necessarily result in large N loads. The 

highest period of N leaching occurs near the end of the rotation (months 21-24), 

which does not correspond to the highest rainfall period. 

Fluctuations in N flux versus crop water use and rainfall are depicted in Figure 

6.16a. Crop water is also highly related to the N leaching patterns (r= —0.44) 

over the short run. High N leaching consistently corresponds with low water use 

and vice versa. During the period of extensive fallow (months 19-24), water use 

was at its lowest, while N leaching was at its highest. During the period of rapid 

growth for maize and wheat (months 1—3 and 12—14, respectively), water use 

was at its highest, while N fluxes were their lowest. Nitrogen leaching is closely 

related to water use in the short term because water use not only affects the 

drainage flux, but also the mineral N concentration in the soil. During periods of 

rapid crop growth evapotranspiration and N uptake rates are high, resulting in 

low drainage fluxes as well as low concentrations of N in drainage water. 

Drainage pattern was more strongly related to the N load than rainfall (Figure 

6.16b), with a r of 0.58 (Table 6.8). However, the highest drainage flux did not 

result in the highest N flux. Drainage patterns were very similar for both 

management scenarios. The relationship between N load and drainage is obvious, 

since drainage is the vehicle by which N is transported from a soil. 
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Summary of Short Term N Leaching Response 

Figure 6.17 summarizes the N leaching pattern over a rotation for the two tillage 

systems investigated. High N fluxes occurred during the main leaching period 

(months of January through April) of the second year when water use was low 

and residual soil N was high. During the first of these periods, a crop of winter 

wheat offered some protection from leaching. Thus, provided the maize crop was 

successful, the residual N and the resulting N fluxes will be considerably lower in 

year 1 than for the corresponding period in year 2. However, during the long 

fallow period in year 2, water use was at its lowest and organic matter 

mineralization increased the soil N content leading to high N fluxes. For the 

conventional and minimum tillage systems, 55% and 60%, respectively, of the 

total N load was leached over the months of January through April of the second 

year. To reduce N leaching, the period of extended fallow in year 2 should be 

avoided by the use of a cover crop that will immobilize available N and increase 

water use. 

6.4.2 Long-Term Nitrate Fluxes to Groundwater 

This section evaluates the long-term relationship between tillage regimes and 

water balance variables and N leaching pattern, using the 150 kg-N ha"! per crop 

simulations. N loads to groundwater per rotation were evaluated over the 13- 

rotation sequence. Data were evaluated by rotation rather than by year, since 

crop and management practices differed from the first year of a rotation to the 

second, making temporal trends difficult to discern. 

Figures 6.18a shows N fluxes versus drainage by rotation. Drainage loss was 

consistently higher for minimum tillage than conventional tillage, although 

differences were small. In the long-term, N loads were directly proportional to 

drainage for both management systems, with a r of 0.53 (Table 6.8). Rainfall 

amount, as alluded to earlier (Figure 6.10b), is correlated well with N load 

(r=0.55) (Table 6.8). 

There was very little variation in crop water use between rotations (Figure 6.18b). 

Hence, no trend could be identified between N flux and water-use pattern 

(r=0.05). If rainfall was low during periods of peak consumption, the soil system 

compensated by utilizing its moisture reserves. The depleted moisture reserve is 
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Table 6.8 Correlation Coefficient for Soil N and Hydrologic Variables 
With N Load Over the Short- and Long-term 

  

  

  

      

Variable | Correlation Coefficient (%) 

Short-Term Long-Term 

Residual N 15.0 - 

Rainfall 15.0 55.0 

Water Use 44.0 5.0 

Drainage 58.0 53.0     
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subsequently replenished over the fall and winter months when water use is low. 

Over the long term, drainage is more sensitive to rainfall than to water use 

patterns. Consequently, the distinct short-term relationship observed between 

water use patterns and N fluxes is absent over longer periods. 

6.5 EVALUATION OF MODEL RESPONSE TO VARYING INPUT 

6.5.1 Overview 

To evaluate the effects of different management practices on model performance, 

sensitivity analyses were performed in which the varying amounts of fertilizer 

were applied to both management systems, and the means of performance 

variables reported. Fertilizer amounts ranged from 0 to 400 kg ha! for both 

maize and wheat crops. For wheat, 20% of the N was applied at planting, while 

the remaining 80% was applied on Julian day 100 of the following year during 

peak uptake. 

6.5.2 Grain Yield and N Uptake 

Maize Yield and N Uptake 
Figure 6.19a shows the maize grain yield response to varying levels of fertilizer N. 

Under both tillage systems, mean yields increase with fertilizer level and 

plateaued at a N application rate of 200 kg ha™’. Simulated means of yield ranged 

from 3,840 kg ha”? for no N added to 6,850 kg ha™ for 400 kg-N ha? — an 80% 

increase. Differences in maize yields for conventional (tillage system 1) and 

minimum tillage (tillage system 2) were small. 

Mean N uptake for maize ranged from an average of 17 kg ha for no added N to 

185 kg ha! for 400 kg-N ha!. Figure 6.19b shows the sensitivity of N uptake to 

varying levels of N for the different management scenarios simulated. 

Wheat Yield and N Uptake 
Mean wheat yields ranged from 976 kg ha™ for zero added N to 5,928 kg ha! for 

400 kg-N ha}. Yields increased roughly with fertilizer application, and was still 

increasing at 400 kg-N ha’ even though the rate of increase had slowed 
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considerably (Figure 6.20a). Mean wheat N uptake varied from 43 kg ha! to 198 

kg ha?! for applications of 0 to 400 kg-N ha}. Nitrogen uptake responded 

somewhat linearly to increasing levels of fertilizer (Figure 6.20b) up to 150 kg-N 

ha}. 

6.5.3 Runoff, Water Use and Drainage 

Average annual runoff at a given fertilizer application rates was higher for 

conventional tillage (64 to 67 mm yr") than for minimum tillage (42 to 47 mm 

yr‘). Runoff amounts decreased slightly as fertilizer rates increased up to 100 kg- 

N ha? and became constant thereafter (Figure 6.21a). The reduction in runoff 

with fertilizer amount may be attributed to higher surface cover due increase leaf 

area as the fertilizer rates increases. 

Figure 6.21b shows average crop water use for the management practices 

simulated. Values represent averages per year over all crops for the 26 year 

simulation. Average annual water use varied over a narrow range from 454 to 491 

mm. Crop water use increased with fertilizer rate up to 100 kg-N ha™ per crop, 

there after water use remained constant even though yields increased. Differences 

between management scenarios were small. 

The sensitivity of drainage (Figure 6.22) was opposite to that of water use. 

Greater drainage occurred for minimum till than for conventional tillage, although 

differences were small compared to total water use. Since evapotranspiration and 

drainage are the two principal sinks for rainfall, it is expected that drainage fluxes 

will decrease as evapotranspiration increases. 

6.5.4 Nitrogen Leaching 

The average N leached per year ranged from 17 kg ha for zero applied N to 206 

kg ha?! for 400 kg-N ha™ per crop (Figure 6.23a). Leaching was similar for both 

tillage systems. For higher N application rates, the conventional tillage system 

attained slightly higher N loads. 

Mean leachate concentration was operationally defined as the quotient of mean 

annual N flux and mean annual water drainage flux. Curves for the two tillage 
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systems were very similar to Figure 6.23a, with mean N leachate concentrations 

ranging from 3.3-42.4 mg/L for fertilizer rates of 0 to 400 kg-N ha! crop”?. 

Nitrogen leaching fraction was operationally defined as the ratio of N flux to 

groundwater to fertilizer application rate. Note for N leached, no distinction is 

made between fertilizer and mineralized N. Figure 6.23b shows the N leaching 

fraction as a function of fertilizer levels. The leaching fraction is high at the 

lowest fertilizer rates, diminishes markedly for fertilizer rates up to 100 kg-N ha”, 

stays constant at 150 kg-N ha’, and increases, somewhat linearly, thereafter. At 

low fertilizer rates, more N mineralization occurs as organic N is mobilized to 

satisfy the deficit in mineral N. Some of this mineralized organic-N is leached, 

resulting in high a N leaching fraction. In addition, under conditions of low soil 

N, the crop rooting system is not optimally developed to take advantage of N 

present deeper in the profile. For higher N fertilizer rates, N use efficiency 

initially increases until some optimal level of crop development is reached (ca. 150 

kg-N ha‘). Thereafter, further increases in fertilizer N are utilized with 

diminishing efficiency by the crops. At fertilizer rates less than 200 kg-N ha"! per 

crop, N leaching fractions were similar for both tillage systems. At higher 

fertilizer rates, N leaching fractions were slightly higher for the conventional 

tillage system. 
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6.6 SUMMARY OF MODEL PERFORMANCE 

Simulations were performed to evaluate the long term performance of nitrogen 

and water mass balances and crop yield variables for the purposes of model 

verification. Model verification was done in three stages: (1) model output was 

verified against reported values; (2) N leaching and its relationship to hydrologic 

variables was investigated; and (3) the sensitivity of model output to varying 

fertilizer amount and management was evaluated. 

The soil mineralization routine was extensively evaluated, and appropriate 

responses were obtained in all cases. Soil mineral N profile behaved rationally 

over time with appropriate response to fertilizer additions. The amount of N 

transformed by different mechanisms was generally consistent with values 

reported in the literature. Errors in soil mineral N over a rotation fluctuated 

around a mean near zero, indicating good mass conservation in the solution. 

Likewise, mass balance errors in the water flow solution were observed to be very 

small. Dry matter production, grain and root production, and N uptake were 

higher for maize grown under minimum tillage than for conventional tillage. 

Ranges of maize yield performance variables were within values reported in the 

literature. Differences between wheat yield parameters for the different 

management scenarios were small. Mean dry matter production, grain and root 

production, and N uptake were generally higher than values reported in the 

literature. 

Over the short run N load was strongly related to drainage and water use. Over 

the long term N load was more strongly related to rainfall and drainage. Nitrogen 

leaching pattern over a rotation was decidedly periodic. More than 50% of the N 

load was leached over the extended fallow period that followed soybean. 

Crop yields and hydrologic variables responded appropriately to increases in 

fertilizer rates. Nitrogen flux to groundwater increased with fertilizer rates. 

However, N leaching fraction was quadratic in its response; with optimal N 

leaching fraction being optimal at around 150 — 200 kg-N ha’. 
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7. SITE SELECTION AND MODEL APPLICATION 

7.1 OVERVIEW 

In this chapter some applications of the model are demonstrated. Crop 

performance and N load under existing management from the Northern Neck, 

Virginia are evaluated over the long-term. In addition, the use of sewage sludge 

as an alternative N source is evaluated. This chapter is divided into three 

subsections as follows: (1) deals with definition of the study area and subdivision 

of soils into land units; (2) crop performance and N leaching and its effect on 

regional groundwater quality from the land units are evaluated; and (3) the use of 

sludge as a replacement for with mineral or in consort with mineral fertilizer is 

investigated. 

7.2 STUDY AREA SELECTION AND DIVISION OF SOILS 

7.2.1 Description of Study Area 

The Northern Neck region of Virginia is bounded to the north by the Potomac 

River, to the south by the Rappahannock River, to the east by the Chesapeake 

Bay and to the west by the fall line. This area was selected for study due to: (1) 

its high agricultural productivity, (2) its proximity to the bay and potential for 

directly affecting water quality of the bay, and (3) its well defined hydrologic 

boundaries. The counties studied include Richmond, Westmoreland, Lancaster, 

King George and Northumberland. 

Data on the properties and areal extent of various soil types were obtained from 

soil survey reports, which indicated a total of 67 soil series within the study area, 

34 of which were suitable for cultivation. The study area encompassed 

approximately 252,000 hectares with 118,000 hectares of crop land. To minimize 

the number of VI-CROPS simulations required to characterize N leaching 

characteristics from cropped land in the study area, it was desired to determine if 

the 34 soil series could be grouped into a smaller number of land units having 

similar hydrologic and other properties pertinent to crop production. Specific 

parameters of relevance which are available from soil survey reports include slope, 

soil organic matter content, depth to water table, depth of solum, number of soil 

layers, hydrologic group, pH, permeability, water holding capacity, and soil 

texture. 
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A methodology involving the use of Cluster Analysis and Principal Components 

Analysis was employed to define land units; a description of the methodology 

follows. 

7.2.2 Cluster Analysis 

Cluster analysis refers to a number of methods which use multivariate data to 

assign individuals to groups that are more or less homogeneous and distinct from 

other groups (Davis, 1986). A number of clustering methods are available with 

the most common ones being hierarchical, partitioning and overlapping (Seber, 

1984). Hierarchical clustering is the most popular of the methods, wherein small 

clusters are successively grouped into larger clusters forming a tree of clusters. 

Hierarchical clustering can proceed from the bottom up, starting with n groups of 

one individual per group, or by agglomerative methods which iteratively fuse like 

members into clusters, ultimately ending with one cluster of n individuals. 

Alternatively, one may start with a single group of n individuals and via divisive 

methods end up with n groups of one individual per group (Seber, 1984). 

Whatever the approach, the resulting tree of clusters is usually graphically 

represented by what is called a dendrogram. The bottom up hierarchical 

clustering method was used in this analysis. 

Similarity Measure 

Hierarchical clustering starts with n individuals on which p measurements have 

been made per individual to form an nxp matrix. In order to agglomerate like 

individuals, some measures of similarity or resemblance have to be computed 

between individuals. A number of methods are available for computing similarity 

matrices between individuals. These include: Euclidian distance, sum of absolute 

difference, maximum difference, Mahalanobis distance, correlation coefficient, 

sine coefficient, and cosine coefficient (Romesburg, 1984). Most similarity 

measures are sensitive to the units of measurement of the variables. To overcome 

this problem, variables are usually standardized by dividing by the range or the 

standard deviation. Seber (1984) points to the fact that standardizing variables 

creates the problem of increasing within-cluster variance and decreasing between- 

cluster variance, making clusters less distinct. Also, by standardizing data using 

the variance, the significance of variables with small variances are increased. This 

may be a desired feature if high variability is primarily due to data uncertainty. 
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Another problem that is often encountered with multivariate data is that 

variables are often correlated. Therefore, some of the information found in one 

variable is also contained in some of the other p-1 variables. This could lead to 

unreliable estimates of similarity measures by some methods. The Mahalanobis 

distance (A) one of the methods used, overcomes problems associated with 

correlated variables and standardization (Seber, 1984). It is calculated as 

1 
A(Zin, Ze) = ( (tie: Bip)? SM ziy- Bp ) P (7.1a) 

where 

S = (Fe -%) (ix -% J /n-1 (7.1b) 

in which S~* is the inverse of the covariance matrix (S), x;, and x, are the sth 

observations on the ith and jth individuals, respectively, and Z, is the mean of the 

kth variable. The Mahalanobis distance is invariant to a linear transformation of 

the form 

y; = Az;+6 (7.2) 

providing matrix A is nonsingular. Standardizing data by its mean and variance 

or scaling with the range are examples of such transformations. 

Agglomerative Methods 

Agglomerative methods begin with a nxn matrix of similarities and n groups with 

one individual per group. It begins by fusing the two nearest individuals into one 

cluster, leaving n-2 clusters with one individual each. The two most similar 

individuals of the n-1 remaining clusters are joined, and the procedure is repeated 

n times to give one cluster of n individuals. A number of methods have been 

proposed for defining the similarities of the most recent cluster with those already 

present. Those most widely used are: single linkage (or nearest neighbor), 

complete linkage (or maximum distance), median distance, incremental sums of 

square (or Ward’s method), and group average method. Seber (1984) discusses 

the merits and demerits of each method. 
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7.2.3 Principal Component Analysis 

Whenever multivariate data are collected on a group of individuals, the variables 

are often correlated. When this occurs, some of the information contained in one 

variable is also contained in some of the other p-1 variables. Principal component 

analysis transforms these variables into p uncorrelated variables called principal 

components. The principal components are a linear combination of the original 

variables such that (Haan, 1977) 

Z=XA (7.3) 

where X is an mxp matrix of n observations on p variables, Z is an nxp matrix of 

uncorrelated scores, A is a pxp transformation matrix comprised of p eigenvectors 

or principal component vectors of length p. Each eigenvector, a;, corresponds to 

an eigenvalue (\;) such that 

where § is the covariance matrix and I is the identity matrix. For a nontrivial 

solution to (7.4), we must have 

|S — AJ] = 0. (7.5) 

For the special case of a 2x2 matrix, (7.5) becomes 

($14-A,)(S29-Aq) - S21 Sy2 = 0. (7.6) 

Equation (7.6) is a quadratic and has two solutions. For symmetric matrices such 

as the covariance matrix, real 1,5 are guaranteed (Davis, 1985). Having solved for 

the 4,, the a, are determined by solving equation (7.4). 

Given that p variates are correlated, it may be desirable to explain the variance of 

X with g less than p orthogonal components. Therefore, Z is constructed so that 

z; explains the maximum variance left unexplained by the first +1 components. 

Hence, in the solution of (7.5), 4, is the largest characteristic root, ’, the next and 

so on. It is also possible that p— gq transformed variables may not contribute to 

the variance, i.e. having ; (i>g) approximately zero. By definition 
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Var(z;) = );. (7.7) 

Hence, given that the first principal component is the largest root, it explains 

most of the variance, followed by the second, etc. Another useful property is that 

the sum of 4; is equal to the total variance of the variables (V), i.e. 

Dy = trace(S) = V (7.8) 

where p 

= 

The fraction of the total variance (f,) explained by the ith principal component is 

fi = ,/V. (7.10) 

7.2.4 Analytic Method 

Data on the 34 soil series (Table 7.3) used in this study were obtained from soil 

survey reports for the respective counties. The variables used were: number of 

soil horizons, pH, bulk density, water holding capacity, permeability, depth to 

water table, organic matter content, slope and hydrologic group. All data used 

were quantitative. Qualitative data such as soil textural class were excluded. 

However, texture is reflected in quantitative variables such as water holding 

capacity and permeability. For pH, bulk density and water holding capacity, the 

weighted average of the horizon values was used, with the weight corresponding to 

the horizon thickness. The minimum value of the horizon values was used as the 

series value for permeability. The value of the surface horizon organic matter 

content was used. Soil hydrologic classes, usually represented by alphabetic 

characters were replaced by numbers, with a=1, b=2, etc. 

IMSL (1987) subroutines for doing cluster and principal component analysis were 

employed for the analyses. The subroutines that were used are PRINC, MVIND, 

CDIST, CLINK and TREEP. 

CORVC calculates variance-covariance matrix on data. 

MVIND performs a Chi-square test for significant correlation on the 

covariance matrix. 
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PRINC performs principal component analysis on the data. 

CDIST computes a matrix of similarity between the rows or columns of a 

matrix for a specified similarity measure. 

CLINK performs a hierarchical clustering of the individuals using the 

similarity matrix produced by CDIST. The user specifies the clustering 

method to be used. 

7.2.5 Results 

Each variable was standardized by its mean and standard deviation during the 

analysis, and the covariance matrix determined (Table 7.1). The Chi-square test 

was used to determine if there were significant correlations among the variables. 

A Chi-square score of 64.9 with 36 degrees of freedom was obtained with a P-value 

of 0.002, indicating significant correlations among the variables. 

Table 7.2 summarizes the cluster analysis methods that were used to analyze the 

soils data. There are no statistical methods available for comparing the results of 

different cluster analysis methods (Davis, 1986). Typically, the method that gives 

the highest cophenetic correlation is selected, as this indicates less distortion in 

data in constructing the dendrogram. In this analysis, the groups produced by the 

combination of absolute cosine and Ward’s methods were selected (Table 7.1). 

Even though these methods gave an inferior cophenetic correlation to the other 

methods, it gave better sized groups. Other methods produced many single 

membered groups and few groups with many members. 

Table 7.4 summarizes the land units (soil groups) determined and their properties. 

Values for saturated hydraulic conductivity and water retention parameters (6,, 

6., a, m) for each class were obtained from Carsel and Parrish (1988), which 

tabulates statistics of hydraulic properties for the 12 USDA textual classes. Bulk 

density values were estimated assuming a particle density of 2.65 g/cm®. All 

other properties were obtained from soil survey reports. Weighted averages over 

reported ranges were taken where appropriate. Land units that did not have a 

water table within 150 cm were treated as semi-infinite. Otherwise, the depth to 

water table was specified. 
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Table 7.1 Eigenvalues of the Covariance Matrix, 

their Incremental and Cumulative Variances 

  

  

  

  

  

  

  

  

  

    

Marginal ~ Cumulative 

Vector Eigenvalue Variance (%) | Variance (%) 

1 2.80 31.1 31.1 

2 1.46 16.2 47.3 

3 1.16 12.9 60.2 
4 1.06 11.7 71.9 
5 0.83 9.3 81.2 

6 0.61 6.7 87.9 
7 0.49 5.5 93.4 

8 0.34 3.8 97.2 
9 0.25 2.8 100.0         
  

- 189 -



Table 7.2 Summary of Cluster Analysis Methods that 
were Employed in Grouping Soils 

  

  

  

  

  

Principal 

Similarity Aglomerative |Component| Cophenetic 
Measure Method Analysis | Correlation 

Sum of Absolute 

Difference Maximum Distance| yes 0.70 
Maximum 

Difference Maximum Distance| _—syes 0.54 

Absolute Cosine Ward’s Method yes 0.30 

Mahalanobis Distance Maximum Distance no 0.66           
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Table 7.3 Properties of Soil Series Used in Analysis 

Land] Series #¥ of | pH] bulk | Water Hold. |Permea-| Depthto| OM | Aydrlogic] Slopel| 
Unit Horizons Density| Capacity bility WT Content| Group 

mimL} (cmi/cm) | (em/hr)| —(m) (%) % 

T |Bojac ee lf 14 0.08 ye 152 | 1.25 ss | 
1 |Kempville 4 5.0] 1.4 0.14 2.0 1.98 1.25 2 4 
2 |Congree 3 5.8] 1.4 0.17 1.3 1.37 1.00 3 3 
2 |Emporia 4 5.0 1.4 0.13 0.3 0.30 10.80 3 1 

2 |Metapek 3 4.4 1.4 0.18 1.1 0.53 3.25 3 1 
2 |Sassafras 5 5.4 1.4 0.12 1.3 1.22 1.75 3 7.5 
2 |Teototum 3 4.1 1.3 0.15 1.3 0.61 1.25 3 3 
3 {Lakeland 4 6.1 1.5 0.05 13.0 2.13 1.00 2 3 

3 |Nansemon 4 4.8 1.4 0.09 4.0 0.61 1.50 3 2 
3 {Savannah 3 5.0 1.6 0.13 0.4 0.30 1.75 3 1 
4 (Augusta 3 5.3 1.4 0.14 1.3 0.38 2.00 3 9 
4 [Orthello 5 4.5 1.4 0.16 0.4 0.30 9.40 4 5 

4 |Roanoke 3 5.2 1.4 0.13 0.2 0.30 2.00 4 5 
5 |Marr 3 5.0 1.5 0.13 1.3 1.68 1.75 1 1 
5 |Turbeville 2 5.5 1.4 0.15 1.3 1.68 1.25 3 3 
5 {Wickham 3 5.5 1.4 0.13 4.2 1.68 2.25 1 4 
6 |Beltville 4 4.8 1.4 0.16 0.2 0.46 1.20 1 4 
6 |Caroline 2 5.0 1.4 0.11 4.0 1.68 1.00 3 1 
6 |Craven 3 5.0 1.4 0.15 0.1 1.14 2.30 2 6 
6 |Pooler 3 5.0 1.4 0.12 0.2 0.38 2.50 4 4 
7 |Bourne 4 5.0 1.4 0.13 0.2 0.30 1.00 2 1 

7 |Dogue 3 5.0 1.5 0.15 0.4 0.91 1.20 3 3 
7 |Woodstow } 4.8 1.4 0.15 1.3 0.53 2.20 3 5 
8 |Catpoint 3 5.5 1.4 0.12 13.0 1.37 1.00 1 3 

8 |Matapeake 4 6.2 1.4 0.18 1.1 2.44 1.70 2 5 
8 |State 3 5.0 1.4 0.12 1.3 1.52 1.50 2 3 
9 |Bertie 4 4.6 1.4 0.14 1.3 0.46 1.50 3 3 
9 |Cartecay 3 5.5 1.4 0.11 41 0.46 1.00 3 5 
9 |Rumpford 3 4.6 1.3 0.10 4.0 1.98 1.25 1 6 
10 jAttavista 3 5.5 1.4 0.15 1.3 0.91 2.00 3 5 
10 jAura 3 5.1 1.4 0.12 1.3 1.83 2.00 2 3 
10 jLuka 3 5.0 1.4 0.13 1.3 0.91 2.00 3 2 
10 |Pamunky 3 6.5 1.5 0.12 1.3 1.07 1.00 2 1 
10 |Suffolk 4 5.0 1.5 0.23 1.3 1.98 1.25 2 3                         
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7.3 AGRICULTURAL PRODUCTION AND WATER QUALITY 

7.3.1 Overview 

Long-term nitrogen loads to ground and surface waters from agricultural practices 

in the Northern Neck under current management conditions will be investigated 

in this section. For each land unit determined in the previous section (see Table 

7.4), simulations were performed for two year rotations of maize, wheat, soybeans 

and fallow for two tillage systems: 1) conventional tillage for all crops, and 2 

minimum tilled maize and soybeans with conventional till for wheat). All 

simulations were run for 26 years (13 rotations) for each land unit. Crop cultural 

and fertilizer practices simulated are similar to those in Tables 6.1 and 6.2. 

Fertilizer application rates of 150 kg N ha?! per crop were employed for both 

maize and wheat. However, for maize, 100% of the N was applied at planting, 

while for wheat, 20% of the N was applied at planting and the remaining 80% was 

applied on Julian day 100 of the following year. 

The long-term productivity and nitrogen leaching for the individual land unit will 

be evaluated in this section. Also, the behavior of the regional watershed as a 

whole will be investigated in terms of ground and surface water quality. 

7.3.2 Mean Crop Yields and N Uptake 

Average maize yields ranged from 5,016 to 6,000 kg ha’ (Table 7.5). Mean maize 

yield were fairly similar for all land units — around 5500 to 6000 kg ha™! except for 

units 4 and 9 which yielded around 5000 kg ha’. Differences in yields between 

tillage practices appear physically insignificant. Average N uptake (Table 7.5) 

followed a similar pattern to grain yield with land units 4 and 9 been apart with 

lower N uptake. 

The average wheat yield for the land units ranged from approximately 3,013 to 

3,740 kg! ha! (Table 7.5). Not unlike maize, land units 4 and 9 stood apart with 

lower yields. In all cases, wheat was grown under conventional tillage. Therefore, 

there was very little variation between yields under the different management 

systems. Wheat N uptake (Figure 7.5) followed the same pattern as yields. 

Incidentally, though the crop response to land units 4 and 9 are similar, they are 
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very different in their modeled properties. Land unit 4 is clay loam to sandy loam 

soil which has a shallow rooting zone due to a water table at 30 cm (Table 7.3). 

While land unit 9 is modeled as a deep excessively drained sandy soil, hence, it 

retains moisture poorly. 

7.3.3 Soil Water and N Dynamics 

Total water use, drainage, runoff, denitrification, mineralization and N loads were 

determined for the different land units and tillage systems simulated (Appendix 

C, Tables 1 to 10). Averages of each variable over the simulation period are 

discussed here. Means and coefficients of variation (CV) of the variables are given 

in Tables 7.6 and 7.7. 

Mean Land Unit Responses of Hydrologic Variables Over Time 

Predicted runoff was sensitive to the hydrologic properties of the land units (Table 

7.6). Average runoff ranged from 10 mm rotation” for soil unit 9 under minimum 

till to 363 mm rotation”: for soil unit 4 under conventional till. Land unit 4 with 

a shallow water table and poor hydrologic characteristics predictably had the 

highest runoff. Units with an inherently high runoff potential (2, 3, 4, 5, 7) had 

the highest runoff and vice versa. Runoff was highly variable over time as 

reflected by the high CVs, ranging from 19 to 66%. Runoff was consistently 

higher under management system 1 (conventional till) than under management 

system 2 (minimum till). Runoff for management system 2 had a higher CV for 

all land units. 

    

Average water use ranged from 838 to 1,113 mm rotation™ ( Table 7.5). Water 

use was predictably highest for land units with the highest crop yields (1, 2, 5, 6, 

10). Land units 4 and 9 had the lowest water use and correspondingly the lowest 

yield. Soil unit 9 is a deep excessively drained soil and soil 4 has a rooting 

restriction due to a shallow water table. Of the variables investigated, crop water 

use showed the least variation over time, with CVs ranging from 3 to 8%. In 

general, differences in predicted water use between the tillage management 

systems were insignificant. 

Differences in average drainage varied widely for land units, ranging from 661 to 

1,240 mm rotation™ (Table 7.6). Land unit 9 with low crop yields and excessively 

drained moisture status had the highest drainage; drainage was not as high with 
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unit 4 because of high runoff. Land units 1, 2 and 5 with high available moisture 

retention, high crop water uptake and high runoff, resulting in low drainage losses. 

Drainage from all land units was higher for minimum till than for conventional 

till. This is due largely to reduced runoff under minimum tilled conditions. CVs 

for drainage ranged from 15 to 24%. Like runoff, the least variability in drainage 

was found in those land units with the highest drainage. 

Average N mineralization rate ranged from 57 to 214 kg ha™ rotation”! (Table 

7.7). In general, the land units with the least drainage (1, 2, 5) — the highest 

moisture retention —had the highest mineralization rates. Even though unit 4 

may have had the highest mineralization rate per unit soil volume due to its high 

water content, but the presence of a shallow water table severely reduced the soil 

volume over which total mineralization is integrated. Land unit 9 with its 

excessively drained condition had the lowest N mineralization. Coefficients of 

variation for mineralization ranged from 10 to 50%, with the highest CVs 

belonging to land units with the lowest mineralization rates. Differences in 

mineralization rates between management systems were small, no pattern was 

discernible. 

Average denitrification rates ranged from 11 to 89 kg ha?! rotation!. Like 

mineralization, the land units with the lowest drainage (1, 2, 5) had the highest 

denitrification. Coefficient of variations ranged from 11 to 27%, with the higher 

CVs for land units with the lowest denitrification rates. Differences between 

tillage systems appear insignificant. 

Average N flux ranged from 66 to 131 kg ha"! rotation” (Table 7.7). Land unit 4 

had the highest N flux due to high drainage low crop N uptake, a short residence 

time and reasonably high mineralization rates. Land unit 9 had the highest 

drainage flux and second lowest N uptake, but had the lowest N flux to 

groundwater. As a result of the poor soil moisture status the contribution of 

mineralization to the inorganic N pool of unit 9 was small. The CVs of N flux 

ranged from 11 to 41%. The highest CV was observed for land unit 1, which also 

had the second highest mean N flux. Differences in N flux due tillage practices 

are small. Figure 7.1 shows the leaching percentage for each land unit, defined as 

_the ratio of mean N flux to fertilizer application rate multiplied by 100. Leaching 
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Figure 7.1 Mean N leaching Percentage for Land Units Over 13 Rotations for the 

Management Systems Simulated 
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percentages for the land units ranged from 22 to 43% for an mean of 33%. 

7.3.4 Long-Term Effects of Cropping Systems on Water Quality 

Drainage, runoff, and N loads from the preceding analysis were employed to 

estimate long-term temporally and areally averaged groundwater N concentrations 

in the Northern Neck and average flux concentrations entering the Chesapeake 

Bay. Time averaged fluxes from each land unit discussed in the preceding section 

were employed. Averaging over the entire areal domain was performed 

considering the areas associated with various land units. The mean concentration 

of N in drainage water from land unit 7 (C3,) is estimated as 

where N,; is the time-averaged N mass per rotation leached from land unit : (kg) 

and V; is the time-averaged water drainage volume per rotation from land unit : 

(m°). Note that 10 is the number of cultivated land units. 

Time-averaged drainage volumes from land units in the study area are computed 

Vi = (Adit fi) Ai (7.12) 

where %,; and %,; are the time-averaged drainage fluxes for land unit i (m per 

rotation) under tillage system 1 or 2, respectively, f, and f, are the land fractions 

of tillage systems 1 and 2, and A; is the total area of land unit 7 For each land 

unit, 20% was estimated to be conventionally tilled and 80% to be minimum tilled 

(i-e., f=0.2 and f,=0.8), which approximates the current practices in the area. 

The time-averaged nitrogen mass in leachate per rotation from the land units is 

computed as 

N, = (A tai + fe Tai) A; (7.13) 

where 7i,; and 7; are the time-averaged N fluxes for land unit i (kg per m? per 

rotation) under tillage system 1 or 2, respectively, and other variables are as 

previously defined. 
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The mean concentration of N in drainage water from the entire cultivated area 

(C,) was estimated as 

Oo 1 

d = 

ii -_
 

(7.14)   

0 

dV; 
i=1 

[e
l 

where 10 is the number of cultivated land units. 

Since water drainage also occurs from nonagricultural land, C, will overestimate 

the regional N concentration in groundwater. Assuming zero N leaching from 

noncultivated land, which is mostly forested, the long-term average groundwater 

N concentration (C,) from agricultural sources in the study area after dilution 

from drainage from noncultivated areas may be estimated as 

_ fay Ni 

where v, is the drainage flux (m/rotation) from noncultivated land and A,, is the 

area of noncultivated land. Annual drainage from noncultivated land was 

estimated as the mean annual rainfall minus evapotranspiration. Water use from 

nonagricultural areas was estimated from the relationship of Turc (SCS, 1972), 

which relates evapotranspiration (£) from a watershed to rainfall and temperature 

as 

E=-—_?_ (7.16) 

(094(EFF 
where P is the annual precipitation and J, is an air temperature factor estimated 

as 

I, = 300 + 25 T+ 0.05 7° (7.17) 

where T is the mean air temperature (°C) estimated as the average of the long- 

term minimum and maximum daily temperatures from the weather generator, 
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yielding T=14.6°C. Table 7.8 shows the breakdown of estimates of water use 

and drainage by rotation from the noncropped area. 

Water entering the Chesapeake bay from the Northern Neck watershed will come 

from direct surface runoff as well as groundwater discharges. The long-term 

average concentration of water entering the Bay will therefore be a flux-weighted 

average of surface and groundwater. Assuming N contamination occurs primarily 

from groundwater, the average N concentration (C,) of water from the study area 

which enters the Bay from combined ground and surface water sources was 

estimated as 

1 °o
 

N 
— _ i= 

C; = ———— (7.18) 

tnAy + (V+ 2B) 
i=1 

fe
nd
 
pr
ot
 

where R; is the time-averaged runoff volume per rotation from land unit i (m*) 

computed from the predicted time-averaged runoff per area for each land unit in a 

manner exactly analogous to equation (7.12). 

Table 7.9 summarizes the runoff, drainage, N loads and concentrations from each 

land unit. Land unit 7 had the highest N drainage concentration due its low 

drainage and high N flux, and unit 9 the lowest. On average, 5.4 million kg ha” 

year’ N (or 29% of mineral N input) is discharged to groundwater. Average 

drainage concentration from the land units ranged from 5.4 to 21.1 mg L", with 

an area weighted mean of 9.9 mg L”™ from 123,000 hectares of cultivated land. 

Contributions of drainage and runoff from agricultural and nonagricultural land in 

the study area and the corresponding N concentrations are given in Table 7.10. 

The results indicate an average concentration of N in groundwater in the entire 

study area (cultivated and noncultivated land) of 5.1 mg L™ and an average 

concentration in all waters entering the Bay from the Northern Neck after dilution 

with runoff of 4.5 mg L™?. 

Nitrate —N concentrations were determined on groundwater samples from 204 

monitoring wells at Nomini Creek — a subwatershed of the Northern Neck basin 

— (Mostagimi et al. 1990). Concentrations ranged from 0.02 to 16.9 mg L™ with 
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a mean of 5.1 mg L"! and a CV of 73%. Observed and predicted upper limit and 

means are almost identical. It may be assumed the lower measured limit is 

background level; in this study a zero background level is implied. 

7.3.5 Summary of Agricultural Production and Water Quality 

Twenty six year simulations were performed on the land units, determined in 

section 7.1, to evaluate long-term crop performance, N load to groundwater and 

its effect on water quality. Simulations were performed for two management 

systems; system one had all crops conventionally tilled and system two had 

minimum tilled maize and soybeans and conventionally tilled wheat. All 

simulations utilized the same time series of climatic data. 

Mean grain yields over the study area were 5660 and 3442 kg ha™ rotation” for 

maize and wheat, respectively. There was very little variability in means yields 

between the land units. This is because the same time series of climatic data were 

used for all land units; and as established in the sensitivity analysis, crop yield 

variables are most sensitive to the climatic variables. And in addition, the 

method of obtaining the properties for the land units averages over the properties 

of soil types, thereby reducing the variability between units. In spite of the lack 

of variability in yield, yields appear significantly lower in land unit 1 which is 

very shallow and land unit 9 which is deep but excessively drained 

Mean N uptake over the land units were 132 and 154 kg ha™ rotation”: for maize 

and wheat respectively and followed a similar pattern as yield. 

The hydrologic variables responses were consistent with the modeled properties of 

the land units and crop performances. Mean crop water use, like yield, was 

slightly variable; however drainage and water use were highly variable. 

Mineralization and denitrification were correlated because of their dependence on 

soil moisture availability. Land units with superior moisture retention had the 

highest mineralization and denitrification rates. 

Average N fluxes ranged from 66 to 132 kg ha’ rotation’ , with an arithmetic 

mean of 100 kg ha rotation or 33% of the total mineral N input. Crop N 

uptake was not necessarily a good indicator of N leaching potential; land unit 9 
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had the second lowest N uptake and the lowest N load, due to the paltry 

contributions of organic N mineralization to the mineral N pool. 

Runoff, drainage and N loads from the cropped areas were used to estimate 

temporally and areally averaged groundwater N concentrations in the Northern 

Neck. Estimates of the water use from the nonagricultural was estimated from 

the relationship of Turc (SCS, 1972). On an areally weighted basis, 29% of the 

mineral N input to the study area is leached. Average concentration of drainage 

from the study area is estimated at 5.1 mg L"}; after dilution with runoff estimate 

fell to 4.5 mg L™}. Agreement with measured values within the watershed was 

excellent. 
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Table 7.8 Estimated Water Use and Drainage 

from Noncropped Area 

  

Rotation |Rainfall_|Water Use |Drainage 
(mm) _|_(mm)_|_(mm) 
2166 1304.5 861.1 

2216 1317.2 900.4 

2096 1287.9 808.4 

2343 1334.7 1000.8 

1951 1260.4 690.4 

2258 1323.9 934.2 

1798 - 1218.0 579.4 

1771 1204.4 566.2 

2521 1361.5 1159.8 

1829 1219.3 608.7 

2183 1311.2 872.2 

2174 1309.6 864.0 

1897 1240.6 656.5 

Average 2092.5 1284.1 807.9 
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Table 7.9 Summary of estimated Cultivated Acreage; 

Annual Average Runoff, N-Loads and Drainage 

Concentrations for Land Units over 26 Years 

Land Cultivated | Runoff | Drainage Concentration 
Unit Area Volume | Volume | N-Load | of Drainage 

(na) _| (10'm) | _(10°m*) | (10'kg) | __ (mg/L) 
1 13081 31.3 98.3 1.58 16.1 
2 39917 132.1 269.5 3.57 13.2 
3 3975 9.8 32.9 0.34 10.5 
4 1523 5.2 12.6 0.19 15.4 
5 3431 8.4 25.1 0.39 15.7 

6 1833 1.1 17.4 0.17 9.6 
7 4972 14.5 37.8 0.46 21.1 

8 5608 6.6 54.2 0.56 10.3 

9 337981 5.0 416.7 2.24 5.4 

10 14671 24.0 123.8 1.33 10.8 
Total 122794 238.0 1088.3 10.83 9.9 

Annual Avg. 119.0 544.2 5.42 9.9             
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7.4 MODELING SEWAGE SLUDGE APPLICATION AS A NITROGEN 

SOURCE 

7.4.1 Overview 

Municipal sewage sludge is residue left following the treatment of municipal 

wastewater. The advent of stricter regulations governing the discharge of sewage 

into surface waters has led to increased interest in land application as a disposal 

alternative. The USEPA (1983b) estimates that up to 40% of the sludge produced 

is applied to cropland. In Virginia, the application of sewage sludge to 

agricultural soils has increased from less than 200 hectares to more than 8,900 

hectares between 1980 and 1985 (Rappaport et al., 1987). Land application of 

municipal sludge is economically more attractive, and if properly managed can be 

environmentally safer than other disposal alternatives such as discharging into 

streams, ocean dumping, landfilling and incineration (Kelley et al, 1984; 

Environment Canada, 1984). Annual savings to Virginia municipalities due to 

land application of sludge is estimated at $12.5 million, with a fertilizer value to 

farmers of $2.5 million per annum. Land applied sewage sludge supplies essential 

nutrients for crop growth (N, P and micronutrients), and may improve soil 

physical properties (Kelley et al, 1984; Rappaport et al., 1987). Improper 

management of sludge, however, can cause adverse environmental effects such as 

N and P pollution in ground and surface waters, accumulation of heavy metals in 

plants and soils, and contamination of soil and water bodies with sludge-borne 

pathogenic organisms and toxic chemicals. 

In addition to supplying the soil with plant nutrients, the land application of 

sewage sludge may affect soil chemical properties. Silviera and Sommers (1976) 

found soil pH to increase with sludge addition, while other workers (Epstein et al., 

1976) found the opposite effect. Land application of sewage sludge has been 

observed to increase the cation exchange capacity of some soils (Epstein et ai, 

1976; Kladivko and Nelson, 1979b). 

The USEPA (1983b) reported median organic carbon content for sewage sludge 

ranging from 27 to 32% of solids. Organic matter is known to improve soil 

physical properties. Changes in soil physical properties that have been observed 

due to sludge additions include: decreases in bulk density (Kladivko and Nelson, 
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1979b), increases in soil aggregate stability (Kladivko and Nelson, 1979a), 

increases in soil water holding capacity (Kladivko and Nelson, 1979a; Gupta e¢ al., 

1977), increases in saturated hydraulic conductivity (Gupta et al, 1977), and 

increases in water infiltration (Kladivko and Nelson, 1979a). 

Imprudent land application of sewage sludge can have adverse effects on the 

environment in any number of ways. Most of the N in sewage is present either in 

the organic form or as NH,‘ , while most of the P is present in inorganic forms. 

Transport of N or P in runoff can pollute surface waters. Kladivko and Nelson 

(1979a) found increasing in P and NH,' in runoff with increasing sludge 

application to agricultural soils. Also, continued mineralization of organic matter 

ultimately produces NO; , which can be leached in drainage to groundwater. 

Sewage is known to contain heavy metals in trace quantities, and its continued 

land application can result in the buildup of such metals as cadmium (Cd), zinc 

(Zn), copper (Cu), nickel (Ni), cobalt (Co), manganese (Mn), arsenic (As) and 

lead (Pb). Accumulation of these elements in plants could be phytotoxic or may 

cause health problems to animals or humans that consume them (Kelley et al, 

1984). The elements Cd, Cu, Mo, Ni and Zn are classified as potential hazards in 

the land application of sludge (Council for Agricultural Science and Technology, 

1976). 

Although the amount of pathogens is reduced in stabilized sewage sludge, the end 

product is not entirely safe (Merrilot, 1986). Most sludge-borne organisms do not 

survive in the soil for extended periods, as they are subject to desiccation and the 

germicidal action of sunlight (Kelley et al., 1984). However, Salmonella species, 

which cause food poisoning, have been known to survive in soils from 5 to 968 

days (Jones, 1986). This means Salmonella they can infect vegetables that are 

eaten uncooked or be transported to ground and surface waters. The World 

Health Organization (1981) considered Salmonella and the beef tape worm as the 

two pathogens posing hazards to human in the land application of sewage. 

Sewage sludges have been known to contain harmful organics. The USEPA 

(1983b) reported median concentrations of polychlorinated aromatic hydrocarbons 

(PAHs) of 3.9 ppm in sludge. Wild e¢ al. (1990) observed an increase followed by 

a steady decrease in the concentration of PAHs in soils subjected to long-term 

sludge application. 
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In the land application of sewage sludge, simulation models can be an important 

management tool in determining appropriate loading rates and timing of 

application to optimize fertilizer value and avoid adverse environmental impacts. 

In the following sections the result of simulations to investigate the possibility of 

using sludge as a fertilizer replacement, wholly or partly, is presented. Effects on 

crop yield and N leaching to groundwater of sewage sludge amounts and timing of 

application will be investigated. 

7.4.2 Sewage Sludge Simulations 

Simulations were done on land unit 8 to observe the long-term effects of municipal 

sewage applications on crop performance and N fluxes to groundwater. Twenty 

six year simulations were performed for conventionally tilled maize-wheat- 

soybean-fallow in a two year rotation. All crops were conventionally tilled 

because of the necessity to incorporate sludge into the soil to reduce ammonia 

volatilization. Two sets of simulations were performed: the first to evaluate 

effects of sludge amount on crop yield and N leaching; and the second investigated 

the effect of timing of applications. 

The chemical composition of municipal sludge is highly variable, and is dependent 

on characteristics of the source wastewater as well as on the treatment processes 

to which it was subjected (USEPA, 1983b). In these simulations, median values 

reported by the USEPA (1983b) were used. Distributions of most hydrogeologic 

parameters are positively skewed with a zero lower bound. This makes their 

probability density functions non-normal. Frequently, such parameters are 

modeled as lognormal density functions. Howe (1990) found for lognormal 

parameter distributions, median values of parameters gave better predictions of N 

leaching concentrations than means. Therefore, median values of sludge 

composition parameters reported by the USEPA (1983b) for 191 sludge samples of 

various types from 15 states were used in the simulations. The median N content 

was 3.3% and all N was was assumed to be present in the organic form (the 

reported median organic N content was greater than 95% of total N). Median C-N 

ratios of sewage sludge have been reported to range from 9 to 19. A C-N ratio of 

12 was used in the simulations. 
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Effects of Sewage Amount on Crop Performance and N leaching 

Three simulations were performed with varying amount of sludge to evaluate its 

effects on crop performance and N leaching. The simulations were (1) 7500 kg 

ha? year?! sludge i.e. 250 kg ha! of organic N (C-N ratio 12); (2) 3750 kg ha? 

year! and 125 kg ha? year"! fertilizer N; and (3) zero sludge and 250 kg ha? 

year! fertilizer N. Note, in each simulation the annual N input (mineral + 

organic) into the system was the same at 250 kg ha?! In all cases amendments 

were added to maize and wheat crops; inorganic N and sludge were applied at 

planting for maize; for wheat, to reduce N leaching, sludge was applied 170 days 

after planting, 20% of the fertilizer was applied at planting and the remainder 170 

days later. 

Crop Water Budget and Yields: Table 7.11 shows mean annual crop water use, 

drainage and runoff for the sewage sludge simulations. Differences between 

variables for the simulations are very small. 

Table 7.12 compares crop yield performances. Mean dry matter production for 

maize with no organic N was 0.1% more than that with 50% organic N and 3.5% 

more than the 100% organic N treatment. Mean dry matter production for wheat 

supplied with no organic N was 0.2% more than for that supplied with 50% 

organic N and 4.9% more than that supplied with 100% organic N. Mean maize 

grain yields with no organic N was 3 and 10% more than the 50 and 100% organic 

N treatments, respectively. Mean wheat grain yield for the zero sludge was 2% 

lower than the 50% organic treatment and 16% higher than the 100% organic N 

treatment. Total maize N uptake was lower for 100% sewage application by 7 and 

14% for 50% and no organic N treatments, respectively. | Total wheat N uptake 

was lower for 100% sewage application by 4 and 8% for 50% and no organic N 

treatments, respectively. Mean maize grain N content was lower for 100% sewage 

application by 7 and 12% for 50% and no sludge, respectively. Mean wheat grain 

N content was also lower for 100% sewage application by 5 and 15% for 50% and 

no sludge, respectively. 

Nitrogen Balance: Table 7.13 shows means and CVs of annual sources and sinks 

of inorganic N for the sludge simulations. Note that all the mineral N input into 

soil system for the 100% sewage simulation was through the mineralization of 

organic forms. Consequently, the amount of N supplied by mineralization was 
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over 400 and 150% greater than for zero sludge and 50% sludge applications, 

respectively. There was 46 and 14 kg-N ha! year! less mineral N input in the 

100% sludge system than the no sludge and 50% sludge, respectively. On average, 

295 kg ha? of organic N (250 kg ha?! from sludge and 45 kg ha? from crop 

residue) is added to the soil system with 100% sludge application per year. On 

average only 94% of the added organic N is being mineralized, with the remaining 

6% being incorporated in the stable organic fraction. Over the long term, the 

stable organic N fraction was expected to reach a steady state at which point N 

input and output would be equal. The results indicate that this was almost 

achieved. 

Figure 7.2 plots N mineralization by rotation for the three systems against 

rainfall. The mineralization rate by rotation was fairly constant, with no apparent 

dependence on rainfall for sludge simulations. 

The mean annual N removal by crop uptake, leaching and denitrification was 

higher for fertilizer application than for sewage applications. These variables all 

exhibited higher variability as the amount of sludge applied increased; the CVs of 

the variables are shown in Table 7.13. Mean annual N leached for the zero sludge 

simulation was 25 and 41% greater than the 50 and 100% sludge simulations, 

respectively. Figures 7.3a and 7.3b show N leaching and denitrification by 

rotation for the systems modeled. Mineral N applications demonstrated 

consistently higher removal rates via both mechanisms. Higher variability in 

leaching and denitrification rates between rotations resulted in a weak relationship 

with rainfall amounts. As discussed in Chapter 6, drainage would be more closely 

related to these variables. 

Soil N and Leaching Over a Rotation: Figure 7.4a shows monthly soil mineral N 

content over a two year rotation for the simulations. The pattern of soil N was 

similar for the 50 and 100% sludge applications, but distinctly different for the 

zero sludge simulation, with a higher residual N content throughout. Soil mineral 

N rose sharply for months 2, 7 and 13 for the zero sludge and months 2 and 13 for 

the others, with the steepest increase in the second month in response to 

fertilization of maize at planting. In months 7 and 12, 20 and 80% applications, 

respectively, of N fertilizer were added to wheat for the zero sludge simulation. 

Note the relative magnitude of these increases. Changes in soil mineral N content 
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as a result of sludge additions were understandably less pronounced, and no sludge 

was added at wheat planting. 

The periods of gradual N content increase due to continued mineralization and 

low N uptake were more pronounced for the 50 and 100% sludge treatments, 

which is not surprising since they have more readily mineralizable organic matter. 

The first period months 4 through 7 corresponds to the fallow period between 

maize and wheat crops. The second period (months 15 through 21) represents the 

period from soybean planting to extended fallow. During this period, there is 

reduced N uptake. Note the increase in the rate of soil N accumulation through 

mineralization from months 19 to 21 for the 50 and 100% sludge simulations 

following the soybean crop. 

Figure 7.4b shows monthly N leaching for the systems modeled. The pattern of N 

leaching was similar for both 50 and 100 sludge systems, but different for the zero 

sludge system. Peak N leaching took place during January to April of the second 

year for all systems. However, this leaching period was more pronounced with 

nonzero sludge applications. With 100% sludge application, a total of 165 kg-N 

ha? was leached over the 2 years of which 68% was leached from December to 

March of the second year; with 50% sludge 57% of a total of 190 kg ha’. Over 

the corresponding period for the zero sludge simulation, 47% of a total of 272 kg-N 

ha™ was leached. 

Effects of Timing of sludge Applications 

The effects of early sludge application on crop yield and N leaching was evaluated. 

This was done by applying sludge at planting for wheat instead of at 170 days 

later. Incidentally, this is a convenient, and probably routine, time to apply 

sludge, rather than later when the crop is established. Due to the volume of 

sludge that needs to be applied and the requirement to have it incorporated in the 

soil to minimize volatilization and to bring it in intimate contact with the soil to 

facilitate mineralization, it may not be as practical to apply the sludge after the 

crop is established. The convenience of applying at planting has to be weighed 

against the potential increased N leaching that may take place from soil N 

accumulation due to organic N mineralization over this time period. No change 

were made in the timing of sludge application to maize; sludge to maize was 

already applied at planting and given the climatic conditions of winter it may be 
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impractical to apply sludge to the land significantly earlier. 

Table 7.14 summarizes the result of a 26 year simulation with early application of 

sludge; results are compared to the 100% sludge treatment discussed in the 

previous section. Crop water budget is unaffected by the early application. All 

crop yield variables decreased, wheat more so than maize. More importantly, 

however, the amount of N leached increased by 7% with early application. Even 

though early application may be more practically convenient, there seem to be 

economic and environmental benefits from late application. 

7.4.3 Summary of Sludge Simulations 

Simulations were performed to evaluate the possibility of replacing fertilizer N 

with municipal sewage. Sewage sludge with a C—N ratio of 12, was applied at 

rates of 7,500 kg ha? crop’, and 3750 kg ha? crop? plus 125 kg ha? crop? 

fertilizer N, and the results were compared with a simulation using an equivalent 

amount of mineral fertilizer N (250 kg ha™ crop”). 

Mean yields were similar for the 50% sludge and zero sludge simulations, but a 10 

and 16% reduction was observed with 100% sludge for maize and wheat 

respectively. For comparable total N application rates, 41 and 25% less N was 

leached with 100 and 50% sludge. application, respectively. A trade off is thus 

obtained between increasing yield and reduced N leaching. Also the use of higher 

sludge application rates may mitigate the yield discrepancy, but whether the N 

losses will increase proportionately was not investigated. 

A demerit of 100% sludge application seems to be its inability to supply N 

demands during peak uptake. A 50% split between organic and inorganic N 

application appears to alleviate this problem, with the added incentive of a 25% 

reduction in the N load from the 100% commercial fertilizer simulation. 

Additional simulations would useful in determining the optimal ratio of organic to 

fertilizer N that will give desired results i.e. maximize yields and minimize N load. 

Changes in soil mineral N content for the sludge applications were fairly gradual 

over a rotation with input of N coming from mineralization and output principally 

from crop uptake and leaching. For the nonzero fertilizer simulations large 

changes in soil mineral N content occurred due to fertilizer applications, and crop 
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uptake during rapid uptake periods. 

It is of interest to note that the median values of sludge NO} and NH;* 

concentrations used in this analysis were close to zero. However, it is not unusual 

to find sludge with mineral N contents upwards of 30% of the total N. If a sludge 

with a high mineral N content was applied, this would alleviate to some extent 

the N deficiency around peak crop productivity, resulting in higher crop yields. 

Another alternative for increasing soil mineral N content at peak crop uptake 

periods would be to make sludge applications early. Since mineralization is a 

relatively slow process, this would allow soil N content to build up. This might 

have practical limitations, however, since fields may be too wet in late winter or 

early spring to allow the passage of heavy equipment. 

Application of large rates of sludge could accentuate pollution problems, by 

building up soil mineral N contents during periods of slow uptake. This pool of N 

would be available for leaching during the winter months. 

Over a typical rotation 68% of the N leached with 100% sludge treatment and 

58% for the 50% sludge treatment took place during the months of January to 

April of the second year as opposed to 47% for zero sludge treatment. It is 

apparent that the use of a cover crop during the extended fallow period is very 

critical in any N leaching management for sludge applications even more than for 

mineral N applications, as the principal source of N leached during this period is 

mineralization and not soil residual N left over from the previous crop. A cover 

crop during this period would serve to immobilize some of the mineral N made 

available by continued high mineralization rate during the period. 

A shortcoming of this study is that only the nutritional N value of sludge 

mineralization was accounted for. Other benefits on soil chemistry (e.g. pH, P 

and other nutrient availability) and soil physical quality were not evaluated. 

Effects on soil physical properties, would be very difficult to model, as the 

mechanisms are not fully understood. 
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Table 7.11 Mean Annual Crop Water Budget for Sludge Simulations 

IVariable 100% Sludge | 50% Sludge | 0%Sludge | 

(mm) (mm) (mm) 
Water Use 508.7 509.0 509.0 

Drainage 477.7 477.5 478.4 

Runoff 63.1 63.1 63.0         
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Table 7.14 Effect of Timing of Sludge Application 

on Crop Performance and N leaching 

  

  

    

Model Mean Percentage 
Variable Response Change _| 

Wheat Yield (kg/ha) 4535 -7 
Wheat N Uptake (kg/ha) 154 “11 
Maize Yield (kg/ha) 6246 -2 
Maize N Uptake (kg/ha) 146 ~4 

Water Use (mm) 510 0 

Drainage (mm) 479 0 
Runoff (mm) 63 0 
N Load (kg/ha) 92 +7     
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8. EPILOGUE 

8.1 Overview 

Concerns regarding the impact of agricultural practices on groundwater quality 

have fueled the desire to assess the long-term effects of agricultural practices on 

groundwater quality in Virginia. Given the complexity of agro-ecological systems, 

simulation models offer the only medium through which these concerns could be 

addressed in any reasonable period of time. Available N leaching models proved 

inadequate because they are one-dimensional and over time do not continuously 

simulate cropping systems. As such, research was undertaken to develop a 

deterministic model (VI-CROPS) to simulate N fate and transport in a soil plant 

atmosphere continuum to investigate long-term N leaching in the Northern Neck 

region of Virginia. The model simulates the growth of maize, wheat and soybean 

and fallow periods in response to climatic stimuli. In the process, the model 

simulates soil water flow and N transport and transformations that result. Model 

development consisted of model conceptualization, code development, model 

calibration, sensitivity analyses, model validation and model evaluation. Code 

development included the translation of the conceptual model, code debugging 

and verifying that the conceptual model received appropriate translation. 

Development preceded from conceptualization through evaluation but not in a 

unidirectional manner. As model inadequacies appeared, adjustments were made 

to the conceptual model and the process was repeated. VT-CROPS incorporates 

or modifies portions from several previously developed models, namely VT- 

MAIZE, CERES-Wheat, and WGEN. Chapter 3 contains a detailed description 

of the modeling approach. Following development, the model was applied to the 

Northern Neck region to assess the impact of current agricultural practices on 

groundwater quality and also to evaluate alternative practices. This epilogue is 

has two sections. The first section focuses on the basic aspects of this research, 

i.e. summarizing overall model performance, high-lighting model weaknesses and 

making suggestions for an improved model. The second section examines the 

applied side of the research, i.e. commenting on the state of water quality in the 

Northern Neck. 

8.2 Model Performance and Research Needs 

Available data were used to calibrate and validate the model as two independent 

exercises. Additionally, simulations were performed, on a hypothetical soil type, 
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and model performance thoroughly investigated over the medium to long-term. 

These exercises allow a summary of the model’s performance and research needs. 

Model Calibration and Validation 

Credibility is probably the most important issue concerning a new model. A 

  

model will not gain wide acceptance, irrespective of how sound mechanistically, 

well documented and user-friendly it is, unless its credibility becomes established. 

Model credibility requires demonstration through thorough calibration and 

validation; herein lies the most pointed weakness of VT-CROPS. The 

unavailability of pertinent data prevented most of the needed work in this area. 

The following attempts to put this into perspective. 

VTCROPS predicts maize yields fairly accurately, with a tendency to greater 

error in dry years or on soil types with a low moisture retention capacity. To 

improve the model’s performance under conditions of moisture stress, N and water 

stress factors, and N and carbohydrate partitioning require more research. 

Predictions of yields for wheat were less accurate than for maize partly due to the 

incompleteness of the data used in calibration and validation exercises. The use 

of complete wheat data sets would greatly improve model predictions. The model 

does not account for crop lodging, which did reduce wheat yields and N uptake on 

wheat data involving fertilizer application. If lodging poses a serious problem in 

wheat, incorporation of its effect on yield is recommended. Otherwise, wheat data 

free from lodging should be used in future validation exercises. 

VT-CROPS predicts soil N content at the end of a crop growing season with good 

accuracy; however, N distribution with depth was less accurately predicted. The 

model’s disregard for dispersive transport and spatially varying soil properties are 

probable reasons for this discrepancy. Even if VIT-CROPS incorporated dispersive 

transport, estimation of dispersion coefficients on this scale would be subject to 

large uncertainties. In any event, over the long term the integral N content is a 

good indicator of N leaching potential. 

Given the continuous time mode in which VT-CROPS simulates crops and fallow 

periods, residual effects are important. However, in the validation exercises, due 

to the lack of continuous data, this format was not adhered to; i.e maize and 

wheat were validated independently. Future research requires pertinent data to 

- 224 -



validate model in a continuous time framework. 

The lack of data on N leaching and N transformation prevented these processes 

from been validated. To improve its credibility as a N leaching model, it is very 

important to accomplish this. To facilitate this, experiments in a relatively closed 

system would have to be conducted, which are often very costly. A review of the 

literature may reveal available and applicable data. In addition to validating 

certain aspects of the model, these experiments in consort with the model could 

also contribute to the understanding of these mechanisms and their interactions. 

To demonstrate its utility extensively, the model should be validated under a 

wide range of soil and climatic conditions. 

It should be borne in mind, however, that satisfying the model’s validation 

weaknesses pointed out is an ideal scenario. Though technically feasible, a 

substantial cost may be involved if all options are to be exhausted, which may 

limits its economic feasibility. 

Modeled System Needs 

No model is ever complete. There are always process additions that could extend 

a model’s scope, thereby increasing its utility. In this respect, VI-CROPS is no 

exception; thus, the next section suggests a few salient processes that would result 

in an improved model. 

The problem of lodging has already been alluded to; hence, no further mention 

will be made of it here. If the model is to be used as a research tool] that provides 

extensive evaluation of the land application of sludge, then the inclusion of a NH; 

volatilization routine would be useful. Ammonia volatilization results in 

significant gaseous N loss when sludge is surface applied. VT-CROPS models the 

effect of soil moisture on organic matter mineralization as a linear increase from 

low to high moisture contents; however, in reality it goes through a maximum. 

This effect would be worthwhile to incorporate in the model. VT-CROPS 

simulates the presence of a water table under static conditions. However, it is not 

uncommon for water tables to fluctuate in a seasonal cyclical manner under field 

situations. If such water tables are shallow they may affect crop growth, water 

movement and N transport and transformation processes. Therefore, increasing 
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model flexibility to handle fluctuating water tables would be advantageous. 

Model flexibility could also increase by added capability for handling uneven 

surfaces, i.e. ridges and furrows, brought about by tillage operations. This would 

preclude the use of finite difference as a numerical technique and makes the finite 

element method particularly attractive. 

8.3 Agriculture and Water Quality in Virginia 

VT-CROPS was used to evaluate the long-term effects of agricultural practices on 

groundwater NOj-N concentration in the Northern Neck, through a series of 26- 

year simulations. Therefore, a few comments on water quality and agriculture 

and research needs as they relate to Virginia would be germane. 

It has been proven that reduced tillage measures are effective in the reduction of 

soil erosion, however, its impact on N leaching is not clear. From the simulations 

conducted, it does not appear that reduced tillage impairs groundwater quality 

through increased N leaching, even though the drainage of soil water is enhanced. 

In fact, an interesting finding from this study is that drainage is not necessarily a 

surrogate measure of N leaching potential. Increased drainage between soil types 

did not always result in increased N leaching, as there are other mitigating 

processes, such as denitrification, mineralization and root proliferation and 

subsequent N uptake, that are impacted by increased water flux through a soil. 

Also, crop N uptake, for similar reasons, is not necessarily a good indicator of N 

leaching potential. 

The popular use of 150 kg-N ha™ crop” for maize and wheat around the state was 

vindicated by simulations done on a hypothetical soil type. In these simulations, 

maximum crop N use efficiencies were obtained when 150 to 200 kg-N ha?! crop”! 

was applied. 

However, the practice of having a two-year crop rotation with an extensive fallow 

period at the end seems undesirable, since, over a typical rotation more than 50% 

of N is lost during this period. Consequently, the removal of the period of 

extended fallow appears critical in any alternative N leaching management 

scenario. A cover crop in this period would reduce N leaching through 

immobilizing soil mineral N and increasing water use. 
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It is estimated that 29% of the input of N fertilizer into the study area is being 

leached. The estimated impact on groundwater quality in the project area (i.e. 

cultivated and uncultivated areas) is a NO;*-N concentration due to drainage of 

5.1 mg L"!, or a concentration to surface waters after dilution with runoff of 4.5 

mg L™. Predicted mean drainage concentration agreed exactly with the mean 

observed concentration in the groundwater at Nomini Creek, a subwatershed 

within the study area. Mean drainage concentration from the cultivated areas is 

estimated at 9.9 mg L™ with local means for some land units as high as 21 mg 

L"'. This indicates that even with recommended management practices (i.e. no- 

till, conservative fertilizer amounts, timing of fertilizer application, crop rotation 

etc.) maintaining leachate concentration below the drinking water limit may be a 

difficult proposition. It may be more meaningful, however, to focus on 

groundwater concentration at distances down stream from cropped areas, after 

mixing has taken place, rather than drainage concentration per se. In which case, 

higher drainage concentrations could be_ tolerated. Simulations with a 

groundwater transport model to optimize the N load, that could be tolerated, in 

order to achieve noncritical groundwater N concentrations at distances 

downstream would be useful. It is clear that agricultural practices are impacting 

ground and surface water quality in the Northern Neck, although N 

concentrations in the Chesapeake Bay are below the permissible drinking water 

limit of 10 mg L™ for drinking water. Even though below drinking water 

standards, elevated N concentrations can upset the ecological balance by 

contributing to the Bay’s nutritional enrichment, which may effect algal blooms if 

phosphorus is a nonlimiting nutrient. Any expansion in agricultural activity using 

current technologies would further increase such problems. The hazard is not 

limited to surface water however, as a number of the cultivated units have 

estimates of N concentration to groundwater that are above the legal limit for 

drinking water. This poses a problem for rural families that use groundwater for 

domestic purposes. This hazard is directly related to how close drinking water 

wells are to these cultivated areas and how deep they are. Because, even though 

drainage concentration may be high, upstream and sufficiently far downstream of 

cultivated areas groundwater concentration may be marginally affected. As 

downstream concentration will be attenuated due dispersion and or decay in the 

groundwater. Also, high concentration is more likely to be a problem in shallow 

wells than in deeper ones. Therefore, there is a need to investigate management 

practices and technologies that could reduce the hazard of N contamination in 
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these areas. Performing simulations for crop rotations without a period of 

extended fallow to evaluate the impact on groundwater quality would be a useful 

beginning. It would also be useful to simulate fertilizer application according to 

soil residual N; i.e. fertilize to bring soil N content to some desired level rather 

than adding a constant amount each time. This would be tantamount to 

fertilizing according to soil test results. Note, any reduction in the local hazard 

will effect reductions to the Bay also. 

Investigations were made into the viability of using sewage sludge as a 

replacement for, or in consort with, mineral fertilizer. With sludge application, 

most of the N load to groundwater came from organic N mineralization during the 

period of extended fallow, and not from residual N following the soybean crop. 

Elimination of the period of extended fallow is, therefore, more critical for sewage 

application than it is for commercial N. For sludge application, approximately 

70% of N leached during a typical rotation was lost over this period as opposed to 

47% for commercial N. Spring application of sludge to winter wheat gave superior 

results, i.e. higher crop yield and lower N load, than fall application. Sewage 

sludge was predicted to be environmentally safer than commercial fertilizers at 

comparable N application rates. The slow release of mineral forms makes sewage 

sludge less susceptible to leaching. However, this slow release is not advantageous 

during peak crop N uptake periods and results in lower crop yields. Increased 

sludge load is not recommended, since with continued mineralization this would 

be detrimental during periods of low crop N uptake. However, mixed applications 

of sewage sludge and commercial N fertilizer seems an attractive alternative, as 

comparable crop yields were obtained despite lower N loads to groundwater. The 

commercial N forms can supply the crop needs during critical periods, and sludge 

can supply N at a steady low level. In this regard, additional simulations would 

be useful in determining the optimal combination of sludge and commercial N and 

the timing of their application that will maximize benefits. In addition, 

simulations on the application of sludge combined with the elimination of the 

period of extended fallow from the cropping system may also prove useful. It 

should be borne in mind that yield predictions under sludge were in all likelihood 

underestimated, as other beneficial effects of sludge application on the soil, such 

as improved water and cation holding capacity and reduced bulk density, are not 

modeled. 
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PROGRAM EXECUTION 

AND DATA FILE DESCRIPTION 

VT-CROPS consists of five FORTRAN files with filenames ONE, TWO, THREE, 

FOUR and GENW. Data input are given in 15 input files and results are written 

in 5 output files. Detailed descriptions of input files and examples are provided 

here. Program execution control under VM-CMS (IBM mainframe) is performed 

by an EXEC file. The EXEC file performs compilation to generate executable 

codes (TEXT files), define input/output units and initiate program execution. A 

minimum of 7 cylinders of disk space and virtual storage of 1,536 K is required for 

execution under VM-CMS. 

This appendix provides a detailed description of the format of input files. 

Example input and output files are given in Appendix B. 
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File 1: Run Specification File A (Unit 57) 

Line # Variable 

MXROT 

IROT 

KRSV1 

KYEAR 

Format 

{2 

Il 

Il 

[2 

- 246 - 

Description 

Maximum number of crop rotations 

to be simulated. 

Index for cropping sequence to be 

simulated. 

=1 maize-wheat-soybean-fallow 

=2 continuous maize-fallow 

=3 maize or wheat validation run 

Climatic data option. 

=1 synthetic climatic data 

=2 climatic data read from input file 

year to start simulation.



File 2: Run Specification File B (Unit 21) 

  

Line # Variable Format Description 

1 KINST A2 User selected identifier for matching 

variable INST. 

1 KSTAT A2 Identifier for matching variable 

STAT. 

1 KSID A2 Identifier for matching variable 

SITID. 

1 KEXPT 12 Identifier for matching variable 

EXPT. 

1 KTRT [2 Identifier for matching variable 

TRT. 

1 KYR 13 Identifier for matching variable 

TYR. 

1 ISWB I2 Soil water approach index 

0 = soil water non-limiting 

>0 = soil water limiting 

1 INIT 12 Soil nitrogen approach index 

0 = nitrogen non-limiting 

>0 = nitrogen limiting 

1 KOUT 13 Output increment for results. 

1 TITLE A60 Title of simulation experiment. 
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File 3: Crop Management File (Unit 18) 

If IROT = 2 or 3 line one is input once, for IROT = 1, line one is repeated for wheat 

and line 3 is input for soybean. Note that NOL x D is equal to the soil depth 

(SOLDEP) in file 22. For IROT = 1, NOK x W for maize should be twice that for 

  

wheat. 

Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier for matching KSID 

1 EXPT 12 Identifier for matching KEXPT 

1 TRT I2 Identifier for matching KTRT 

1 ISOW 14 Crop sowing date (julian day) 

] ISIM I4 Simulation starting day (julian day) 

1 PLANTS F6.2 Plant population (plants/sq m) 

1 SDEPTH F5.1 Sowing depth (cm) 

1 NOL I3 Number of rows in matrix 

1 NOK I3 Number of columns in matrix 

1 D F4.1 Depth of each cell in matrix (cm) 

1 Ww F4.1 Width of each cell in matrix (cm) 

1 LAT F7.2 Latitude of site (degrees) 
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IIRR 

KFERT 

KVARTY 

NOTIL 

STDEP 

INST 

SITID 

EXPT 

TRT 

SDEPTH 

NOTIL 

12 

12 

13 

[2 

F6.0 

A2 | 

A2 

[2 

[2 

F5.1 

12 
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Irrigation switch 

0 = no irrigation 

1 = irrigation schedule 

supplied 

99 = program applies water 

as needed to root zone 

Nitrogen Fertilization switch 

= no fertilizer applied 

= fertilization schedule 

supplied 

Variety to be selected from Genetics 

input file (FT19) 

Index for tillage practice 

0 = minimum till 

1 = conventional till 

Depth of straw incorporation (cm) 

Identifier for matching KINST 

Identifier for matching KSID 

Identifier for matching KEXPT 

Identifier for matching KTRT 

Sowing depth 

Index for tillage practice 

0 = minimum tillage 

1 = conventional tillage



File 4: Weather Data File (Unit 11) 

Needed if KRSVI = 1, line occurs once for each day in data file. 

  

Line # Variable Format Description 

1 INST (1) A2 Identifier for matching KINST 

1 STAT (I) A2 Identifier for matching KSTAT 

1 MON (I) I2 Month of year 

1 DAY (I) 12 Day of month 

1 IYR (I) I5 Identifier for matching KYR 

1 JUL (1) 14 Calendar day of year 

1 SOLRAD (I) F7.0 Daily solar radiation (langley/day) 

1 XTMAX (I) F6.1 Daily maximum temperature ( C) 

1 XTMIN (1) F6.1 Daily minimum temperature ( C) 

1 XRAIN (I) F6.1 Daily rainfall (mm) 
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File 5: Soil and Site Characteristics File A (Unit 13) 

  

Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier for matching KSID 

1 SALB F10.2 Soil Albedo 

1 U F7.2 Upper limit of stage-1 drying 

1 SWCON F7.2 

1 CN2 F14.2 Average surface runoff curve number 

1 TAV F6.1 Annual average ambient 

temperature 

1 AMP F6.1. Annual amplitude in mean monthly 

temperature 

1 DMOD F5.1 Fraction for reducing average 

mineralization rate 

1 RWUMX F5.1 

2 SITE A10 Name of experimental site 

2 PEDON Al2 Soil Series name 

3 TAXON A70 Soil family taxonomic classification 
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File 6: Soil and Site Characteristics File B (Unit 22) 

  

Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier for matching KSID 

1 EXPT [2 Identifier for matching KEXPT 

1 TRT 12 Identifier for matching KTRT 

1 ITER 14 Number of daily iterations to be 

performed within each daily time 

step 

1 LYRSOL 14 Number of soil profile horizons 

1 CRTH20 F6.2 Critical soil moisture content of root 

zone below which irrigation water is 

to be applied when irrigation is to be 

calculated by the program 

1 CNF F4.0 Fallow Runoff Curve Number 

1 IWP I2 Bottom Boundary switch 
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0 = unit gradient 

>0 = water table



File 7: Soil Properties File (Unit 23) 

  

1 = 1,LYRSOL 

Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier of matching KSID 

1 EXPT 12 Identifier of matching KEXPT 

1 TRT [2 Identifier of matching KTRT 

1 SATK (I) E10.3 Saturated hydraulic conductivity 

(cm/day) 

1 ALPHA (I) F9.4 van Genuchten (1980) soil constant 

(cm~") 
1 VN (D F9.4 van Genuchten (1980) soil constant 

1 SOLDEP (1) F7.2 Depth to bottom of soil profile 

layer (cm) 

1 THETAS (1) F5.2 Saturated volumetric soil 

moisture content (cm*/cm*) 

1 THETAR (1) F5.2 Residual volumetric soil 

moisture content (cm*/cm*) 

1 BD (I) F5.2 Bulk density (g/cm?) 
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File 8: Initial Soil Conditions File (Unit 25) 

  

- 204 - 

I= 1, LYRSOL 

Line Variable Format Description 

INST A2 Identifier for matching KINST 

SITID A2 Identifier of matching KSID 

EXPT {2 Identifier of matching KEXPT 

TRT I2 Identifier of matching KTRT 

VH20I (I) F10.3 Initial volumetric soil moisture 

content (cm*/cm’*) 

NHé4 (1) F5.1 Initial ammonium concentration 

(g elemental N/Mg soil) 

NO3 (I) F5.1. Initial nitrate concentration 

(g elemental N/Mg soil) 

PH (I) F5.1 Initial soil pH 

OC (1) F5.1 Initial percent organic carbon (%)



File 9: Irrigation Scheduling File (Unit 16) 

Need only if URR # 0. J] = 1, number of irrigations 

  

Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier of matching KSID 

1 EXPT 12 Identifier of matching KEXPT 

1 TRT I2 Identifier of matching KTRT 

1 JDAY (1) 14 Day of irrigation application 

(calendar day) 

1 AIRR (I) F4.0 Amount of irrigation water applied 
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(mm)



File 10: Nitrogen Dynamics File (Unit 14) 
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Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier of matching KSID 

1 EXPT 12 Identifier of matching KEXPT 

1 TRT [2 Identifier of matching KTRT 

1 STRAW F6.0 Amount of straw residue incorpor- 

ated into surface (kg/ha) 

1 SCN F6.0 Carbon nitrogen ratio of incorpor- 

ated straw (g carbon/g nitrogen) 

1 ROOT F6.0 Weight of roots left from 

previous crop (kg/ha) 

1 RCN F6.0 Carbon nitrogen ratio of roots 

left from previous crop 

(g carbon/g nitrogen) 

1 MINMET 13 Indicator for choice of mineralization 

method 

1=Method 1 (PAPRAN) 

2=Method 2 (VTCROPS) 

1 DMOD1 F5.2 Factor for adjusting humus 

mineralization rate 

1 DMOD2 F5.2 Factor for adjusting fresh organic 

matter mineralization rate-method 2



MINZ 

NMDAT 

NOMDAT 

OMMZ 

SCNMZ 

OMWT 

SCNMZ 

13 

I5 

15 

F6.2 

F6.2 

F6.2 

F6.2 
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Indicator variable 

1=incorporation of sludge or other 

organic material 

Date to incorporate sludge for maize 

crop 

Date to incorporate sludge for wheat 

crop 

Mass of sludge for maize (kg/ha) 

C-N ratio of sludge for maize crop 

Mass of sludge for wheat (kg/ha) 

C-N ratio of sludge for wheat crop



File 11: Nitrogen Fertilizer Scheduling File (Unit 24) 

I = 1, number of fertilizer applications 

  

Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier of matching KSID 

1 EXPT 12 Identifier of matching KEXPT 

1 TRT 12 Identifier of matching KTRT 

1 JFDAY (I) 14 Day of fertilizer application 

(calendar day) 

1 AFERT (I) F6.1 Amount of nitrogen fertilizer 

applied (kg/ha) 

1 DFERT (I) F6.1 Depth of fertilizer incorpor- 

ation (cm) 

1 IFTYPE (I) I3 Type of fertilizer applied 

1 = urea 

2 = ammonium nitrate 

3 = anhydrous ammonia 

4 = ammonium nitrate of lime 

5 = other nitrate salts 

1 BAND (I) F6.1 Distance from plant band of fertilizer 

is applied (cm) 

1 JK1 I3 Indicator variable, when not equal 
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to the crop number being simulated 

stops data file from being read



File 12: Maize Genetic Specifications Data Base File (Unit 19) 

Needed if maize is being simulated. 

Line 1 occurs once for each variety in the data base. 

  

Line # Variable Format Description 

1 IVARTY (I) 14 Data base identifier for match- 

ing with user selected variety 

KVARTY 

1 VARTY (I) 1X,A16 Variety name 

1 Pi (1) F6.2 Growing degree days at base 

temperature 8 C accumulated 

through growth stage 1 

1 P2 (I) F5.3 Photoperiod sensitivity coefficient 

1 P5 (I) F6.1 .Growing degree days at base temp- 

ature 8 C accumulated through 

growth stages 4, 5, and 6 

1 G2 (I) F6.1 Maximum kernal number 

(kernal/plant) 

1 G3 (I) F6.2 Potential maximum kernal growth 
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rate (mg/(kernal day))



File 13: Wheat Genetic Specifications Data Base File (Unit 37) 

Needed if wheat is being simulated. 

Line 1 occurs once for each variety in the data base. 

  

Line # Variable Format Description 

1 IVARTY (1) 14 Data base identifier for match- 
ing with user selected variety 

KVARTY 

1 VARTY (I) Al6 Variety name 

1 P1V (I) F6.2 Wheat Genetic constant 

1 P10 (1) F5.3 Wheat Genetic constant 

1 P5 (I) F6.1 Wheat Genetic constant 

1 G2 (1) F6.1 Wheat Genetic constant 

1 G3 (I) F6.2 Wheat Genetic constant 

1 G4 (I) F6.2 Wheat Genetic constant 

1 G5 (I) F6.2 Wheat Genetic constant 
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File 14: Validation Data File (Unit 30) 

File optional, used only for maize validation runs. 

  

Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier of matching KSID 

1 EXPT 12 Identifier of matching KEXPT 

1 TRT [2 Identifier of matching KTRT 

1 XYIELD F6.0 Measured yield at 15 percent 

moisture (Kg/ha) 

1 XGRWT F6.4 Measured average grain weight 

(g/kernal) 

1 XGPSM F5.0 Measured average grains per 

square meter (grains/sq m) 

1 XGPE F4.0 Measured average grains per 

ear (grains/ear) 

1 XLAI F5.2 Measured final LAI (sq m/sq m) 

1 XBIOM F6.2 Measured final biomass (kg/ha) 

1 XSTRAW F7.1 Measured final stover weight (kg/ha) 

1 ISLKJD 14 Measured silking date (calendar day) 

1 MATJD 14 Measured maturity date 

(calendar day) 
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GRPCTN F6.2 Measured grain nitrogen percent (%) 

XTOTNP F6.2 Measured total N uptake (kg/ha) 

XAPTNP F6.2 

XGNUP F6.2 Observe given N (g/plant) 
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File 15: Validation Data File (Unit 40) 

File optional, used only for wheat validation runs. 

  

Line # Variable Format Description 

1 INST A2 Identifier for matching KINST 

1 SITID A2 Identifier of matching KSID 

1 EXPT 12 Identifier of matching KEXPT 

1 TRT 12 Identifier of matching KTRT 

1 XYIELD F6.0 Measured yield at 15 percent 

moisture (Kg/ha) 

1 XGRWT F6.4 Measured average grain weight 

(g/kernal) 

1 XGPSM F5.0 Measured average grains per 

square meter (grains/sq m) 

1 XGPE F4.0 Measured average grains per 

ear (grains/ear) 

1 XLAI F5.2 Measured final LAI (sq m/sq m) 

1 XBIOM F6.2 Measured final biomass (kg/ha) 

1 XSTRAW F7.1 Measured final stover weight (kg/ha) 

1 ISLKJD I4 Measured silking date (calendar day) 

1 MATJD 14 Measured maturity date 
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(calendar day) 

GRPCTN F6.2 Measured grain nitrogen percent (%) 

XTOTNP F6.2 Measured total N uptake (kg/ha) 

XAPTNP F6.2 

XGNUP F6.2 Observe given N (g/plant) 
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File 16: Climatic Parameter File (Unit 5) 

Needed when KRSV1 = 0, line 1 is repeated once for each month of the year i.e. I=1,12 

  

Line # Variable Format Description 

1 IYR A3 Number of years to generate climatic 

data 

2 SHAPE(I) F6.4 Monthly rainfall shape parameter 

2 SCALE(I) F6.4 Monthly rainfall scale parameter 

2 PWW F6.4 Probability of a wet day following a 

wet day 

2 PWD F6.4 Probability of a wet day following a 

dry day 

3 TXMD F6.2 Average daily maximum temperatu- 

re on a dry day 

3 ATXD F6.2 Amplitude of daily maximum 

temperature on a dry day 

3 CVTXD F6.3 Average coefficient of variation (CV) 

of maximum temperature on dry day 

3 ACTXD F7.3 Amplitude of CV of maximum 

temperature on a dry day 

4 TXMW F6.2 Average daily maximum temperatu- 

re on a wet day 

4 ATXW F6.2 Amplitude of daily maximum 
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CVTXW 

ACTXW 

TMNMD 

ATMND 

CVTMND 

ACTMND 

TMNMW 

ATMNW 

CVTMNW 

ACTMNW 

RMD 

F6.3 

F7.3 

F6.2 

F6.2 

F6.3 

F7.3 

F6.2 

F6.2 

F6.3 

F7.3 

F6.2 

- 266 - 

temperature on a wet day 

Average coefficient of variation (CV) 

of maximum temperature on dry day 

Amplitude of CV of maximum 

temperature on a wet day 

Average daily minimum temperatu- 

re on a dry day 

Amplitude of daily minimum 

temperature on a dry day 

Average coefficient of variation (CV) 

of minimum temperature on dry day 

Amplitude of CV of minimum 

temperature on a dry day 

Average daily minimum temperatu- 

re on a wet day 

Amplitude of daily minimum 

temperature on a wet day 

Average coefficient of variation 

of minimum temperature on dry day 

Amplitude of CV of minimum 

temperature on a wet day 

Average daily solar radiation on a 

dry day



ARD 

CVRD 

ACVRD 

RMW 

ARW 

CVRW 

ACVRW 

F6.3 

F6.3 

F7.3 

F6.2 

F6.3 

F6.3 

F7.3 
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Amplitude of daily solar radiation on 

a dry day 

Average coefficient of variation 

of daily solar radiation on dry day 

Amplitude of CV of daily solar 

radiation on a dry day 

Average daily solar radiation on a 

wet day 

Amplitude of daily solar radiation on 

a wet day 

Average coefficient of variation 

of daily solar radiation on wet day 

Amplitude of CV of daily solar 

radiation on a wet day



APPENDIX B: 

MEASURED AND PREDICTED 

SOIL N DISTRIBUTION FROM 

VALIDATION ANALYSES 
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Table 1 

  

Blacksburg - soil nitrogen content, 

Oct. 1986, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 0 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured Predicted Measured | Predicted 

6 25.61 4.54 35.46 4.64 

18.5 27.30 5.64 17.41 4.32 

32.5 11.15 13.18 5.13 10.99 

47.5 13.25 63.74 4.04 55.73 

62.5 54.16 ~ 51.82 22.13 49.12 

77.5 22.02 44.75 14.67 42.55 

92.5 14.02 31.86 6.41 32.99 

115.0 22.91 18.26 23.25 18.44 

145.0 27.17 19.54 23.75 18.99 

175.0 40.70 23.00 41.86 23.68 

Total 258.29 276.4 239.65 261.41 
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Table 2 

Blacksburg - soil nitrogen content, 

Oct. 1986, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 75 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

{cm} Measured | Predicted | Measured | Predicted 

6 24.03 7.09 30.63 5.60 

18.5 36.28 17.69 14.59 11.85 

32.5 15.87 16.08 6.69 15.01 

47.5 20.64 78.00 8.06 77.83 

62.5 17.49 58.42 8.94 61.72 

77.5 9.20 41.25 9.54 38.62 

92.5 9.81 16.05 9.23 16.34 

115.0 17.42 15.14 27.37 13.39 

145.0 16.85 17.23 26.08 18.99 

175.0 31.90 20.11 22.67 20.12 

Total 199.49 287.1 163.8 279.47 
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Table 3 

Blacksburg - soil nitrogen content, 

Oct. 1986, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 150 kg N/ha 

Depth Conventional Till No-Till 

(kg/ha) (kg/ha) 

(cm) Measured Predicted Measured | Predicted 

6 43.65 8.65 30.90 11.43 

18.5 56.06 29.54 19.40 32.38 

32.5 95.84 19.17 12.61 43.26 

47.5 75.72 67.0 20.80 58.13 

62.5 20.91 47.82 19.26 25.98 

77.5 22.55 35.09 12.32 30.60 

92.5 13.38 18.28 12.18 13.63 

115.0 32.08 48.33 26.46 47.91 

145.0 86.62 55.75 39.37 58.07 

175.0 53.26 65.48 34.69 64.31 

Total 500.07 395.1 227.99 385.7 
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Table 4 

Blacksburg - soil nitrogen content, 

Oct. 1986, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 225 kg Né/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

{cm} Measured | Predicted | Measured | Predicted 

6 36.15 18.22 37.70 16.19 

18.5 95.98 70.99 31.70 53.0 

32.5 51.60 37.56 37.48 69.56 

47.5 65.10 112.73 53.57 99.93 

62.5 42.03 ~ §4.72 28.98 39.67 

77.5 33.64 22.44 25.44 23.55 

92.5 18.02 12.47 20.57 20.48 

115.0 53.84 38.99 33.65 39.12 

145.0 30.75 42.63 39.96 43.07 

175.0 28.53 34.04 38.23 34.20 

Total 455.64 444.8 347.28 438.77 
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Table 5 

Blacksburg - soil nitrogen content, 

Oct. 1987, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 0 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured Predicted | Measured | Predicted 

6 25.65 10.51 35.76 15.63 

18.5 21.64 6.02 20.82 10.09 

32.5 10.47 4.55 10.33 3.51 

47.5 10.59 7.63 8.43 5.34 

62.5 19.00 3.78 14.77 3.66 

77.5 34.04 3.69 26.59 3.12 

92.5 26.81 3.69 22.62 3.51 

115.0 28.31 9.54 34.51 8.01 

145.0 29.36 27.02 33.14 22.51 

175.0 51.60 25.19 61.73 26.95 

Total 257.47 101.61 268.7 102.33 
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Table 6 

Blacksburg - soil nitrogen content, 

Oct. 1987, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  
              

Treatment 75 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

fern] Measured | Predicted | Measured | Predicted 

6 21.24 60.08 35.54 30.98 

18.5 29.02 4.83 33.11 3.20 

32.5 24.49 4.88 16.99 2.94 

47.5 10.76 7.68 19.46 5.40 

62.5 13.08 3.84 14.54 4.02 

77.5 8.65 3.63 11.56 3.66 

92.5 14.06 3.81 16.37 3.93 

115.0 30.14 11.92 36.18 10.67 

145.0 32.34 30.76 36.62 23.14 

175.0 54.25 44.34 47.55 34.26 

Total 238.03 175.77 267.92 122.2 
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Table 7 

Blacksburg - soil nitrogen content, 
Oct. 1987, (measured vs. predicted) 

  

Treatment 150 kg N/ha 
  

  

  

  

  

  

  

  

  

  

  

  

              

Depth Conventional Till No-Till 

(kg/ha) (kg/ha) 

(em) Measured Predicted Measured | Predicted 

6 35.26 91.64 26.94 112.11 

18.5 39.05 4.82 33.17 6.33 

32.5 15.73 4.63 21.36 4.64 

47.5 11.55 5.48 24.10 5.52 

62.5 26.04 3.69 34.11 3.75 

77.5 26.16 3.93 31.24 3.42 

92.5 16.70 3.78 21.97 3.78 

115.0 41.53 11.43 33.57 9.37 

145.0 31.79 30.82 31.33 19.63 

175.0 37.86 42.21 42.72 28.54 

Total 281.67 202.43 300.51 197.09 
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Table 8 

Blacksburg - soil nitrogen content, 

Oct. 1987, (measured vs. predicted) 

    

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 225 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured | Predicted } Measured | Predicted 

6 34.38 173.26 52.17 201.91 

18.5 36.32 11.52 41.79 9.92 

32.5 29.63 5.82 33.83 4.65 

47.5 18.09 8.00 27.60 14.47 

62.5 24.43 3.69 25.89 15.22 

77.5 32.24 3.93 33.28 11.18 

92.5 15.48 3.98 21.87 7.14 

115.0 23.79 18.73 30.80 13.92 

145.0 24.87 26.00 31.58 24.78 

175.0 33.93 25.57 52.05 31.23 

Total 273.16 280.5 350.86 334.42 
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Table 9 

Blacksburg - soil nitrogen content, 

Oct. 1988, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 0 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured {| Predicted | Measured | Predicted 

6 16.10 4.32 30.62 5.02 

18.5 19.65 4.84 15.20 4.96 

32.5 10.36 3.10 8.73 3.17 

47.5 6.76 5.75 8.63 5.78 

62.5 9.97 4.24 7.27 4.02 

77.5 18.34 5.00 15.21 3.50 

92.5 15.07 4.64 16.42 3.44 

115.0 25.66 17.96 34.15 10.20 

145.0 28.68 22.20 23.62 17.39 

175.0 31.70 24.31 23.80 35.3 

Total 182.29 96.36 183.65 92.78 
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Table 10 

Blacksburg - soil nitrogen content, 

Oct. 1988, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

                  

Treatment 75 kg N/ha 

Depth Conventional Till No-Till 

(kg/ha) (kg/ha) 

(cm) Measured | Predicted Measured | Predicted 

6 16.92 9.21 14.39 12.33 

18.5 14.74 14.77 11.83 9.26 

32.5 9.81 5.20 | 5.48 3.15 

47.5 5.94 5.35 4.79 5.67 

62.5 19.68 3.90 5.67 5.09 

77.5 21.68 6.54 10.97 11.42 

92.5 15.88 5.49 13.41 9.54 

115.0 28.56 19.55 27.96 18.88 

145.0 30.44 29.31 29.67 32.96 

175.0 40.50 35.41 32.07 42.48 

Total 204.15 134.79 156.24 150.78 
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Table 11 

Blacksburg - soil nitrogen content, 

Oct. 1988, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Treatment 150 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(em Measured | Predicted | Measured | Predicted 

6 21.57 16.27 19.69 24.02 

18.5 31.47 36.88 14.12 48.34 

32.5 27.85 21.80 12.02 16.73 

47.5 10.17 11.02 12.63 8.37 

62.5 17.55 . 3.88 23.06 6.68 

77.5 23.06 10.02 30.23 12.06 

92.5 17.99 13.16 20.02 7.41 

115.0 24.95 22.93 25.26 14.76 

145.0 16.59 18.49 24.30 17.94 

175.0 16.95 19.51 33.74 19.96 

Total 208.15 173.96 215.07 176.27                   
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Table 12 

Blacksburg - soil nitrogen content, 

Oct. 1988, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 225 kg N/ha 

Depth Conventional Till No-Till 

(kg/ha) (kg/ha) 

(cm) Measured | Predicted | Measured | Predicted 

6 29.23 22.40 30.39 31.46 

18.5 35.25 66.41 26.61 74.34 

32.5 36.98 37.87 22.91 37.91 

47.5 35.97 11.71 14.55 29.74 

62.5 41.49 9.67 31.85 13.27 

77.5 35.32 20.13 27.34 18.38 

92.5 20.91 11.32 16.97 13.69 

115.0 27.35 18.84 30.94 20.12 

145.0 18.62 16.10 31.35 29.80 

175.0 23.78 13.43 41.95 30.13 

Total 304.90 227.88 274.86 298.84 
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Table 13 
Westmoreland - soil nitrogen content, 

Oct. 1986, (measured vs. predicted) 

  
  

  

  

  

  

  

  

  

  

  

  

    
  

    
      

Treatment 0 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured Predicted Measured | Predicted 

6 24.36 5.03 13.97 7.36 

18.5 28.74 9.00 15.05 10.80 

32.5 16.91 14.72 15.85 15.60 

47.5 7.19 44.01 13.37 42.36 

62.5 12.41 29.10 14.16 29.59 

77.5 17.21 25.46 8.35 25.05 

92.5 12.43 24.90 18.27 25.93 

115.0 19.81 16.89 16.92 16.59 

145.0 14.67 14.97 25.12 14.52 

175.0 21.85 43.96 34.23 23.84 

Total 175.58 228.13 175.29 211.64       
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Table 14 

Westmoreland - soil nitrogen content, 

Oct. 1986, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

            

Treatment 75 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured Predicted | Measured | Predicted 

6 38.40 19.52 8.32 26.93 

18.5 23.84 13.30 18.14 20.37 

32.5 15.16 12.90 10.64 9.00 

47.5 19.59 48.12 20.48 36.23 

62.5 8.42 27.21 21.59 29.48 

77.5 14.49 18.08 16.78 15.98 

92.5 5.23 17.58 19.35 16.39 

115.0 13.10 16.89 17.19 16.59 

145.0 21.33 14.61 28.44 14.52 

175.0 20.59 23.96 20.38 23.84 

Total 180.15 272.16 181.31 209.43     
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Table 15 

Westmoreland - soil nitrogen content, 

Oct. 1986, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 150 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured | Predicted | Measured | Predicted 

6 25.92 47.61 27.31 58.46 

18.5 17.33 47.72 34.44 43.87 

32.5 12.13 17.88 10.73 8.32 

47.5 16.30 45.74 8.69 35.82 

62.5 14.40 _ 13.98 7.90 16.14 

77.5 7.53 10.70 20.78 12.35 

92.5 9.81 8.42 5.42 16.40 

115.0 14.20 16.89 33.95 16.59 

145.0 39.02 14.61 16.22 14.52 

175.0 34.02 23.96 23.40 23.84 

Total 190.66 247.51 188.84 246.3 
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Table 16 

Westmoreland - soil nitrogen content, 

Oct. 1986, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

    
  

  

  

  

Treatment 225 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured | Predicted | Measured | Predicted 

6 14.69 75.66 18.49 93.86 

18.5 27.21 69.36 33.50 80.76 

32.5 23.14 8.83 13.74 9.46 

47.5 28.59 22.46 15.27 17.18 

62.5 18.65 - 21.54 16.46 19.97 

77.5 24.22 14.39 5.60 10.53 

92.5 8.06 13.92 19.13 10.67 

115.0 52.08 16.89 17.16 9.22 

145.0 26.38 14.61 15.55 14.52 

175.0 35.16 23.96 42.33 13.92 

Total 258.18 281.62 197.23 280.09                 
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Table 17 

Westmoreland - soil nitrogen content, 

Oct. 1988, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Treatment 0 kg N/ha 

Depth Conventional Till No-Till 

(kg/ha) (kg/ha) 

(cm) Measured Predicted Measured | Predicted 

6 8.15 5.21 5.47 5.02 

18.5 6.08 3.97 4.94 4.12 

32.5 2.55 2.90 2.73 2.82 

47.5 0.82 5.48 2.67 5.16 

62.5 1.32 _ 3.78 1.91 3.84 

77.5 0.47 3.76 2.02 3.69 

92.5 0.64 3.70 1.26 3.81 

115.0 1.84 7.51 2.22 7.38 

145.0 1.82 7.51 2.96 7.44 

175.0 5.58 10.01 1.46 9.92 

Total 29.27 53.83 27.64 53.2                   
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Table 18 

Westmoreland - soil nitrogen content, 

Oct. 1988, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

    
            

Treatment 75 kg Né/ha 

Depth Conventional Till No-Till 

(kg/ha) (kg/ha) 

(cm) Measured | Predicted Measured | Predicted 

6 3.85 10.75 1.27 9.93 

18.5 3.61 7.58 2.59 6.74 

32.5 2.13 4.32 1.39 2.82 

47.5 1.21 6.13 0.32 5.41 

62.5 0.74 4.24 0.89 3.92 

77.5 0.51 3.74 0.88 3.71 

92.5 0.82 3.69 0.83 4.26 

115.0 0.87 7.51 0.68 9.27 

145.0 0.56 7.51 0.81 8.00 

175.0 3.50 10.01 9.82 9.96 

Total 17.8 65.48 19.48 64.02 
  

- 286 - 

  

     



Table 19 

Westmoreland - soil nitrogen content, 

Oct. 1988, (measured vs. predicted) 

  

Treatment 150 kg N/ha 
  

  

  

  

  

  

    
  

  

  

  

  

            

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured ; Predicted | Measured | Predicted 

6 5.64 18.09 26.63 21.84 

18.5 5.26 27.52 15.04 13.01 

32.5 3.53 9.51 5.89 5.72 

47.5 1.98 6.14 2.96 5.67 

62.5 1.18 4.08 2.50 3.91 

77.5 1.43 3.76 1.98 3.70 

92.5 2.10 3.70 1.80 4.00 

115.0 3.38 7.89 2.66 7.39 

145.0 1.70 7.51 1.66 7.45 

175.0 20.12 10.01 17.92 9.93 

Total 47.32 98.21 79.04 82.62 
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Table 20 

Westmoreland - soil nitrogen content, 
Oct. 1988, (measured vs. predicted) 

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Treatment 225 kg N/ha 

Depth Conventional Till No-Till 
(kg/ha) (kg/ha) 

(cm) Measured | Predicted | Measured | Predicted 

6 15.64 31.63 13.24 21.30 

18.5 17.90 46.16 13.31 13.97 

32.5 12.57 19.65 14.85 §.35 

47.5 3.17 6.58 7.53 5.75 

62.5 1.54 3.99 3.03 4.17 

77.5 1.96 3.77 2.00 3.68 

92.5 .65 3.69 2.09 3.81 

115.0 1.12 7.51 3.00 7.38 

145.0 1.46 7.51 4.46 7.44 

175.0 9.50 10.01 16.16 9.92 

Total 65.51 140.42 79.67 82.77 
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Table 21 

Montogue - soil nitrogen content, 

Apr. 1989, (measured vs. predicted) 

  

  

  

        

  

  

      

0 kg N/ha 150 kg N/ha 

Depth (kg/ha) (kg/ha) 

(cm) Measured | Predicted | Measured | Predicted 

8 19.0 4.41 39.0 20.5 

22 9.0 4.41 10.0 39.9 

45 15.0 - 10.00 15.0 16.89 

75 12.0 24.8 16.0 35.3 

105 34.0 40.4 35.0 50.6 

Total 89.0 83.9 115.0 163.2         
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Table 22 

Brandon - soil nitrogen content, 

Apr. 1989, (measured vs. predicted) 

  

  

  

  

  

  

  

            

O kg N/ha 150 kg N/ha 

Depth (kg/ha) (kg/ha) 

(cm) Measured Predicted Measured | Predicted 

8 13.0 4.5 23.0 13.66 

22 12.0 4.5 18.0 10.16 

45 12.0 9.8 16.0 10.29 

75 11.0 10.0 14.0 10.70 

105 11.0 26.6 14.0 29.80 

Total 59.0 55.3 85.0 74.7     
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Table 23 

Randolph - soil nitrogen content, 

Apr. 1989, (measured vs. predicted) 

  

  

  

  

  

  

  

          

O kg N/ha 150 kg N/ha 

Depth (kg/ha) (kg/ha) 

(cm) Measured Predicted Measured | Predicted 

8 9.0 4.56 28.0 4.7 

22 4.0 4.56 20.0 9.74 

45 7.0 9.66 25.0 26.0 

75 8.0 9.6 11.0 9.7 

105 10.0 9.6 10.0 9.8 

Total 37.0 38.1 94.0 53.8           
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Table 24 

VCIA - soil nitrogen content, 

Apr. 1989, (measured vs. predicted) 

  

  

  

  

  

  

  

  

0 kg N/ha 150 kg N/ha 

Depth (kg/ha) (kg/ha) 

(cm) Measured | Predicted | Measured | Predicted’ 

8 6.0 5.1 31.0 12.94 

22 3.0 5.04 10.0 27.7 

45 4.0 . 7.2 5.0 17.8 

75 6.0 7.2 4.0 11.0 

105 5.0 7.2 2.0 12.9 

Total 24.0 42.6 52.0 82.5                   
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Table 25 

Whitehorn - soil nitrogen content, 

Apr. 1989, (measured vs. predicted) 

  

  

  

  

  

  

  

        

0 kg N/ha 150 kg N/ha 
Depth (kg/ha) (kg/ha) 

(cm) Measured Predicted | Measured | Predicted 

8 25.0 4.14 37.0 5.68 

22 19.0 4.15 20.0 9.6 

45 9.0 9.36 7.0 21.4 

75 6.0 9.42 4.0 20.05 

105 3.0 19.99 4.0 95.4 

Total 62.0 47.06 72.0 112.13             
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Table 26 

Walker - soil nitrogen content, 

Apr. 1989, (measured vs. predicted) 

  

  

  
  

  

  

  

  

        

0 kg N/ha 150 kg N/ha 

Depth (kg/ha) (kg/ha) 

(cm) Measured Predicted Measured | Predicted 

8 21.0 6.6 32.0 5.91 

22 8.0 5.8 9.0 5.5 

45 18.0 ~ 10.9 23.0 19.1 

75 22.0 24.8 25.0 22.1 

105 27.0 20.76 25.0 22.3 

Total 96.0 68.9 114.0 74.7         
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APPENDIX C: 

SUMMARY OF WATER AND N DYNAMICS 

FOR THE LAND UNITS 

- 295 -



 
 

 
 

 
 

 
 

 
 

  
  

  
  

  
  

 
 

  
  

  
  

  
  

    

202 
O'bt 

y'Ol 
Ve 

9'0v 
9'be 

6'le 
9°22 

y'€% 
ve 

Le 
S‘0l 

i) 
e
a
e
 OR 
i
e
 

| 
Ele 

p
h
 

02} 
prog 

s
e
r
e
 |
 e
r
e
,
 

| 
Scr, T

e
c
o
 

T
e
r
o
 

| sz6o2 
| 

ebaeny 
Sat 

eel 
6b2 

ose 
98 

98 
61 

v6) 
esl 

489 
ZObb 

280} 
L681 

el 
86 

ge 
Lye 

vez 
er 

9El 
ZEZ 

262 
198 

98 
Och 

OLbh 
yLle 

zt 
86 

ZOL 
002 

202 
091 

LLh 
62 

082 
728 

ea 
SE0! 

LEO! 
€812 

Lb 
09 

€9 
861 

88} 
€6 

26 
LOL 

eh 
Les 

v6p 
L6LL 

6611 
6281 

Ol 
ZOL 

S04 
ove 

9b2 
ere 

6bz 
zee 

g9z 
€601 

SEO 
6SOL 

ySOl 
lesz 

6 
68 

ze 
061 

961 
FA?) 

v9 
Lek 

ze 
9S 

ver 
SELL 

Zeb 
LLLb 

8 
06 

26 
y61 

661 
92 

98 
6E1 

SLL 
96S 

62S 
9ZbL 

LOM 
8621 

Z 
£6 

+6 
soz 

soz 
Ov 

Leh 
26% 

Lee 
619 

L9L 
CELh 

beet 
esez 

9 
+8 

ee 
OL} 

bLb 
6L 

vl 
zh 

Elz 
899 

619 
8801 

9801 
LS6h 

S 
26 

18 
9€z 

Lez 
Oel 

cel 
LOE 

ose 
S66 

846 
2601 

920} 
evez 

y 
18 

68 
Liz 

O12 
8b} 

6h} 
ea 

622 
Sve 

1a 
€80t 

980! 
9602 

€ 
18 

+8 
vie 

Ste 
beL 

Ol 
464 

ove 
S26 

ose 
E201 

6801 
gize 

4 
_
£
9
 

is 
Jez. 

poe, 
cg 

yh 
oge. 

|
 e
s
e
 
|
 

seg} 
c
o
m
s
 
|
 
g
s
 

f
e
 

| 
U
W
L
 

ZUUBA 
| 
L
B
W
 
| 

ZuubW 
|
 

u
b
W
 
| 
Z
w
b
W
 
| 
L
e
b
 
| 
Z
u
o
 

| 
1 B
W
 
| 
Z
u
o
 
| 

1 b
y
 
| 

zmuby 
|, w
o
 
| 

yewey] 
UonsoY 

(ey/by) 
wueq 

(ey/b») 
“zu 

ey/by) 
peoln 

[
 (
w
u
)
y
 
y
o
u
n
y
 

(ww) 
oS 

eBeureiq | 
(wu) 

esp 
sexe, 

  
 
 

| 
YUP) 

puwy 
20) 

soIWeUAG 
AY 

PUB 
JeyBAy 

Jo 
A
r
e
U
N
S
 

b 91901 

- 296 -



 
 

 
 

 
 

  

 
 

 
 

  
  

  

 
 

 
 

 
 

  
  

 
 

  
  

  
  

  
  

    

eal 
9'8h 

gS} 
elt 

6'v2 
£92 

Se 
S02 

S‘k2 
6'l2 

92 
L'e 

sol 
Ad 

eld PE 
peat 

eels 
BEL 

0.26 
S
5
2
 

| e
e
e
 | e

e
,
 
| 

p
9
9
 | 
y
z
s
o
r
 

| p
6
e
0
1
 
I s

2
6
0
2
 
| 

ebueny 
LS 

os 
LLb 

bb 
18 

06 
Lig 

9/2 
seo 

929 
680} 

€801 
L681 

El 
se 

ce 
991 

O9t 
898 

€8 
Lie 

86e 
208 

Led 
6ZL4 

Sib 
vLle 

ab 
6€ 

Se 
9E1 

Sel 
SZl 

ohh 
90€ 

ee 
els 

fez 
LeoL 

6201 
e812 

bt 
82 

le 
8Z1 

2b 
el 

vl 
Glz 

¥Sz 
ees 

OLY 
tous 

VELL 
6z81 

O14 
oy 

vy 
vLl 

981 
St 

SS} 
gee 

ver 
646 

968 
9901 

LSOL 
bese 

6 
le 

ee 
921 

6cl 
GZ 

89 
ope 

LOe 
Sey 

ZOv 
S601 

S90L 
bZZb 

g 
ce 

Le 
8Z1 

82 
99 

Gl 
664 

£62 
ces 

L6p 
Lobe 

Sibt 
S621 

L 
ve 

ve 
cel 

SEL 
06 

08 
ese 

09¢ 
bel 

£29 
LeLt 

SZLL 
gS2z 

9 
se 

9€ 
ZOl 

ZOL 
£0! 

€6 
Cee 

662 
v19 

Srs 
€201 

2901 
LS6L 

g 
6€ 

Ov 
8S} 

19} 
06 

L6 
see 

csp 
ce6 

¢98 
esol 

8201 
Ever 

y 
Ze 

le 
6Z1 

Zab 
L6 

LOL 
092 

gle 
QZ 

vel 
8201 

9/01 
9602 

€ 
62 

Le 
Leh 

82h 
Gl 

92 
9% 

Lve 
9S8 

QLL 
LZO} 

L101 
912 

2 
L
o
g
 

| 
tg 

Lh} 
col 

19 
9S 

662 
zoe 

| z
a
,
 

| 
sso 

ELL} 
6yL} 

pals 
| 

W
L
W
 

cwuBy 
|p w
o
W
 
| 

oww5W 
|
 

woW 
| 

zuubW 
|
 
L
w
b
W
 
|
 
c
w
b
W
 

| 
pwuoW 

| 
c
o
w
 
|
 

nub 
| 

zuuBW |
 

1 wubW |
 

j
e
e
]
 

UoneoY 
(eu/by) 

“WUueQ 
(ey/6y) 

“zu 
(ey/5y) 

peo 
y 

(uuu) 
}_youny 

(ww) 
eB eBeureiq 

(Wit) 
O57) JE}BAA 

  
 
 

Z 
YUN 

pu’) 
Joy sojWeUAG 

AY 
puB 

Jey—a\A 
JO A

a
w
u
N
S
 

o 81921 

- 297 -



 
 

 
 

 
 

 
 

  
  

  
  

  
  

 
 

 
 

  
  

  
  

  
  

    

6'91 
L'6L 

2Ge 
‘sz 

y'l2 
6'S2 

8'€2 
62 

v'8l 
c's} 

v'e 
LE 

‘ol 
AD 

_
 
abl 

‘yk 
S'g0} 

g‘cot_| 
s
e
e
 

| 
99 

Legg 
| 

gt 
L'a 

gee 
J
 

iszor 
| 

2szor 
|
 
szeoz 

|
 
e
b
e
e
a
y
 | 

vb 
Lt 

O€} 
El 

€0! 
96 

641 
Z0z 

8SZ 
Sez 

Osol 
Lv0l 

L681 
el 

dh 
db 

rh 
9E}. 

16 
16 

Le 
LOE 

616 
yee 

6901 
S01 

vL1Z 
zk 

8k 
gt 

Zl 
OZ} 

Sok 
021 

lve 
Ard 

606 
vee 

196 
196 

€812 
bb 

QL 
Sh 

LOL 
01 

$6 
98 

691 
Leh 

OcZ 
Bhd 

296 
L96 

6281 
Ol 

02 
8} 

Sl 
Lv 

Z2t 
OE} 

9/2 
ole 

€601 
sso} 

LbOL 
LbOL 

Lesz 
6 

vb 
vt 

$6 
16 

oy 
os 

vile 
9€2 

oss 
e2s 

ylOL 
C10b 

LLZb 
g 

Zk 
El 

yO 
Ol 

62 
62 

194 
6Lt 

919 
v6S 

os0t 
e801 

861 
Z 

El 
6 

6b 
Sth 

6 
vl 

ove 
g9e 

ose 
eee 

6901 
Zsol 

eSze 
9 

el 
ab 

29 
29 

SZ 
el 

061 
v1z 

SEL 
cel 

9/6 
2L6 

LS6h 
S 

Lt 
91 

eel 
Zl 

ZOL 
SOL 

g0e 
Lee 

Z901 
Ze01 

veOl 
Ovo! 

ever 
y 

el 
ah 

48 
68 

€8 
08 

soz 
Lz 

068 
129 

910L 
SLOL 

9602 
€ 

Sk 
9} 

Se 
6L 

LZ 
6L 

v12 
9bz 

96 
S96 

8201 
v66 

9122 
2 

bt 
Lh 

89 
29 

2S 
€S 

68} 
£02 

Ob6 
069 

£90} 
am 

L 
W
w
w
 

c
W
B
W
 

| L
O
W
 

| 
2eUGW 

| 
L
E
W
 

| 
ZwubW 

| 
L
o
w
 

| 
c
w
B
W
 
| 
L
o
w
 

| 
cwubW 

| 
1 b
y
 
|
 
z
b
W
 
| 

| w
o
w
 

Wepuyey] 
UO!WeI0LJ 

(ey/By) 
“yueq 

(ey/5>) 
“zu 

(ey/6y) 
peoly 

(usu) } 
pouny 

|
 

(ww) 
e6 eBeureiq 

[| 
(wi) 

esp 
soyeyy 

  
 
 

€ 
YUN) 

P
u
s
 

10) 
solWeUAG 

NY 
pus 

Jey28/AQ 
JO 
A
r
e
W
N
S
 

€ 81921 

- 298 -



 
 

 
 

 
 

 
 

  
  

  
  

 
 

 
 

 
 

  
  

 
 

  
  

  
  

  
  

    

S'S} 
Lek 

29 
b'6L 

6'91 
ZSh 

O've 
061 

L’vh 
s‘sk 

OZ 
2 

S‘0l 
AD 

|_ 80} 
bh 

92} 
y'kel 

gici_ 
|
 

sere 
|
 
2
9
 

yore 
|
 
z
o
r
e
 | o
s
s
 | S

2
6
0
 
| 

ebeieay 
Ol 

ab 
eSh 

bh 
OSI 

6h 
v6L 

S62 
LLL 

€0Z 
ZbOL 

996 
L681 

el 
at 

El 
SLb 

6} 
6bh 

Oz 
C62 

Ozr 
916 

08 
€r01 

EOL 
vLb2 

ob 
el 

rh 
zt 

vb 
9} 

6} 
rAcrd 

99€ 
Ze6 

Lze 
LS6 

lve 
€812 

Lh 
yt 

at 
8h 

ZZ} 
Srl 

Srl 
S0z 

Le 
ese 

ee 
Los 

Los 
6281 

ol 
vk 

El 
vt 

Syl 
beh 

OL} 
662 

Sep 
OZbL 

€66 
cs6 

Ss6 
Lesz 

6 
bb 

OL 
Ot 

6h} 
06 

cS6 
622 

lze 
OL9 

€9S 
189 

898 
LLLb 

9 
bh 

at 
bib 

vOl 
601 

901 
esl 

892 
00L 

zg 
LL6 

086 
8641 

Z 
yt 

OL 
cel 

ge} 
ybh 

elt 
68E 

Sey 
L68 

S6L 
616 

S16 
esz 

9 
8 

yt 
SZ 

€9 
ebt 

SOL 
661 

eLe 
Lv8 

LSZ 
€998 

028 
LS6L 

S 
ah 

bh 
vl 

Lob 
Let 

ZI 
Lee 

Lev 
£S01 

S96 
ZLOb 

9001 
eyez 

y 
bb 

iy 
Luh 

Shh 
Sel 

EL 
gez 

Sev 
S86 

906 
cee 

828 
9602 

€ 
g 

6 
96 

S6 
Lyk 

Luh 
€22 

¥SE 
Ov0l 

S26 
Ov6 

€26 
91z 

2 
o
t
t
 

th 
| 

gz 
pz} 

ber 
o
z
 

|_veOl |
 

£06 
£76 

OS6 
so 

L 
W
u
 

cMuBN 
| 

LwuBW 
| 

2 w
o
w
 
| 
L
u
b
 

fo w6W 
| 
w
o
w
 
| 

cuuGW 
|p uubw 

| 
zmubW 

| 
www 

|
 
zwubw 

| 
1 b
y
 
| 

j
e
u
]
 

Uonsoy 
(ey/by) 

_“ywueq 
(ey/5y) 

‘zu 
(ey/by) 

peo) 
yy 

(usu) 
$ 
youn 

[ 
(ww) 

05 
ebeureiq |

 
(ww) 

esp 
s
e
y
 

  
 
 

y 
UUP) 

PUB] 
JO} 

SojWeUAG 
WY 

PUB 
se}e/y 

Jo 
AseuuUNS 

y 81981 

- 299 -



 
 

 
 

 
 

 
 

  
  

  
  

  

 
 

 
 

  
 
 

  
  

  
  

  
  

    

ev 
O'91 

901 
O'ekL 

Z6 
O
b
 

6'¥2 
LE? 

8'E? 
6
c
 

gC 
8’C 

S’Ot 
NO 

e
A
 

L 
S
e
 

2
8
 
8
 
9
 

oes 
loN 

LZ 
OZ 

L6b 
6
h
 

Och 
Zeb 

cS 
p02 

Sel 
469 

L601 
9601 

4681 
el 

OS 
6
 

481 
L481 

QbL 
Shh 

See 
OO€ 

08s 
A?) 

ovlh 
VELL 

vLle 
ob 

8S 
9S 

6S 
ZS} 

bel 
cel 

Le? 
S
e
 

L98 
els 

6y01 
LvO} 

cele 
bb 

vy 
ey 

S9l 
LS\ 

coh 
ohh 

y9l 
Sel 

ver 
c9Ov 

LO0ct 
bel 

6281 
OL 

6
 

6
 

661 
861 

Leb 
Leh 

See 
c0€ 

L601 
c00l 

L901 
vLOL 

beSe 
6 

vy 
Ly 

9S} 
OS} 

bbb 
66 

vel 
Lee 

SOY 
6LY 

9cbI 
9cll 

bLZb 
8 

SP 
vr 

S
l
 

b
l
 

PLE 
Ebb 

orl 
c8h 

els 
Obs 

SCil 
L
e
h
 

86L1 
Z 

6¢ 
SP 

LOL 
cot 

coh 
vel 

LOE 
ele 

£18 
Sl 

Cybt 
CELL 

8S22e 
9 

Sr 
Lv 

eel 
cel 

LOL 
601 

L91 
6
2
2
 

€S9 
v6S 

c80h 
c80l 

S64 
S 

Ss 
SS 

+61 
061 

Och 
cob 

Loe 
LSE 

StoL 
0S6 

£80} 
£601 

e
v
e
?
 

¥ 
LS 

OS 
+91 

c9} 
Lbb 

cbl 
eel 

054 
9€8 

S8Z 
£601 

9601 
9602 

€ 
LS 

6v 
y9l 

v9l 
40} 

60} 
L61 

2S2 
£
6
 

998 
yveol 

O601 
9
1
2
 

c 
zy 

LE 
Oo} 

Est 
06 

yo} 
bd) 

oe 
ese 
g
o
l
 

E91} 
| 

W
w
w
 

U
U
W
 

| 
L
B
W
 

[
c
u
b
 
|
 
L
w
b
W
 
| 

cwuby 
| 

1 u
b
W
 
| 

zmubW 
| 

1 w
B
W
 
| 
z
w
B
W
 |
 

| nuby 
| 
z
w
B
y
 
| 

1 w
o
 

Wepuyeyyy 
UO!eIOY 

(eu/b») 
“yueq 

eu/by) 
“zuy 

(eu/by) 
p
e
o
 

lV 
(wus) 4 _

p
o
u
n
y
 

(ww) 
66 

ebeureig 
(ww) 

BS) 
JeIeAA 

  
 
 

G 
YUN 

Pus] 
JO} 

SojLBUAG 
NY 

pus 
JeyeAA 

JO 
A
r
e
u
W
N
S
 

S 9/921 

- 300 -



 
 

 
 

 
 

 
 

 
 

 
 

  
  

  
  

  
  

 
 

  
  

  
  

  
  

    

v'8h 
8'61 

L'Sh 
‘Sh 

8'be 
Zee 

LOv 
s'se 

602 
€'l2 

ee 
g'€ 

S‘Ol 
NO 

i
c
e
 
| 

gis 
Gert 

| s
z
 

gg 
|
 8°06 

ap 
c
i
g
 |
 z
e
o
 |
 ¢ 

6'€80! 
'260¢_| 

ebaieay 
6 

6 
SLI 

LLb 
06 

88 
82 

Ly 
9/8 

ise 
6201 

0801 
468} 

el 
Ze 

ce 
OL} 

694 
26 

26 
os 

£9 
OOL 

be0t 
LO}} 

Shbb 
vie 

Zh 
ve 

ce 
ge} 

vl 
821 

Lob 
09 

6L 
€SOl 

SE01 
6201 

SZ0} 
e812 

Lb 
2 

a 
L2t 

A
 

9S 
9S 

oe 
ce 

€99 
sg 

991 
bbb 

628} 
OL 

se 
96 

sl 
eet 

Srl 
6El 

LS 
vl 

Leet 
g9zl 

€r01 
SE0l 

bzsz 
6 

oe 
o€ 

cel 
Zeb 

18 
08 

gg 
ol 

Lz9 
26S 

L601 
SOLL 

bLLb 
8 

Ze 
62 

Sel 
cel 

68 
68 

62 
9 

vel 
8tZ 

ZOLb 
SOLE 

S61 
Z 

Le 
ve 

6El 
Ovi 

16 
68 

L8 
86 

osol 
S04 

GLE 
Lou 

8Szz 
9 

Ze 
62 

601 
601 

LOL 
86 

ze 
OF 

928 
o1g 

ZSot 
8r01 

S61 
S 

96 
Se 

091 
LOL 

28 
18 

16 
01 

vbel 
Sz 

0901 
SZOl 

ever 
y 

ve 
le 

cel 
ve 

£01 
ZO 

Be 
Ly 

2001 
£66 

ELO4 
LLOb 

9602 
€ 

92 
92 

Ol 
Zeb 

LL 
SZ 

Ly 
9s 

2801 
E204 

L901 
0901 

912 
g 

lg 
92 

Zz} 
ath 

gg 
29 

96 
cy 

S66 
666 

colt 
6yLt 

saz 
| 

W
L
W
 

CWUBW 
| 
L
B
W
 

| 
ZuubW 

| 
b
w
 
| 

cuubW 
|
 
L
w
o
W
 
| 

2mubW 
| 

1 wubW 
| 

z
w
b
W
 

| 
wow 

| 
cawubW 

| 
1 B
W
 
|
 

jepreyl 
uoneoY 

(ey/by) 
‘yueq 

(ey/5y) 
“Zui 

(ey/6y) 
peo 

Nn 
(wu) 

youny 
(wu) 

e6 ebeureig 
(wu) 

@S/) 
JE}BAK 

  
 
 

9 
YUP) 

Pus] 
JO} 

so}WeUAG 
YY 

puB 
JeyeAA 

JO 
A
r
e
I
N
S
 

9 919281 

- 301 -



 
 

 
 

 
 

 
 

 
 

  
  

  
  

  
  

 
 

  
  

  
  

  
  

602 
Zhe 

v'be 
ele 

¥'82 
622 

ove 
2 

7'02 
02 

oe 
oe 

SOL 
AO 

| 
|
 
£9} 

£91 
| 

210} 
g'Z0l 

y'S6 
£16 

g's6e_|_ 
s
z
e
s
 

| 
g
s
c
,
 

1 a
s
p
o
r
 | ¢ 

|
 S'260¢_| 

ebeieay 
Ez 

wz 
LSL 

6rl 
ZOb 

LOL 
Lig 

ove 
col 

LOZ 
6y01 

vb0l 
L681 

el 
6t 

81 
LS 

bSh 
Qh} 

Ebb 
6LE 

SE 
8b8 

S18 
+601 

y601 
yLizZ 

ab 
6h 

02 
9E4 

9h 
Let 

921 
€6c 

oze 
298 

Ze 
S86 

S86 
€812 

bb 
bt 

Ot 
69 

89 
eZ 

9 
eeh 

661 
ges 

6/S 
2901 

Z901 
6zet 

OL 
6b 

12 
09 

LOL 
Lot 

Lol 
Ove 

92e 
O€0t 

£66 
O1OL 

El0t 
bese 

6 
dt 

91 
98 

se 
Zs 

€s 
62a 

Act 
O6r 

Lov 
ZsoL 

E901 
LLL 

8 
Lt 

db 
901 

ZOL 
16 

28 
v6 

viz 
Les 

€9S 
veol 

8201 
S61 

Z 
Ob 

vt 
OL} 

OL 
S6 

6L 
86E 

ver 
682 

292 
bZOL 

OZO} 
8Szz 

9 
vl 

yh 
€9 

19 
2 

ol 
ES 

eSz 
cs9 

Le9 
L408 

vlOl 
S61 

S 
81 

81 
el 

cel 
bbb 

bbb 
g9€ 

S6E 
900} 

9/6 
Secor 

ZE01 
Eve? 

y 
vt 

Sk 
€6 

$6 
LOL 

00} 
8b 

12 
oe8 

608 
2Z01 

£201 
9602 

€ 
Sh 

91 
L6 

06 
£8 

06 
99% 

862 
EL6 

098 
ceol 

SEO} 
9L2e 

2 
Q} 

Lh 
99 

19 
ES 

_6S__|__9e¢ 
ove__|__6s¢ 

rig 
SPO} 

L490} 
pale 

| 
W
W
W
 

cuUBW 
| 

1 w
6
W
 
| 
c
w
6
W
 
|
 
w
6
W
 
| 

cwubw 
| 
b
m
w
 

| 
z
w
b
W
 
| 
w
o
w
 

| 
zmubW 

| 
1 wow 

| 
z
B
 

| 
| w

o
y
 

Teyujeyy 
UOWRIOY 

(ey/5y) 
“yueq 

(ey/5>) 
-zuiyy 

(ey/6y) 
peoy 

yy 
(wu) 

} youny 
(ww) 

e5 eBeureig | 
(wu) 

esp 
ere yy       

 
 

£ 
YUN 

PUTT 
JO} 

so}WeUAG 
IY pu’ 

JeyB/y 
JO A

r
e
w
N
S
 

LeiqeL 

- 302 -



 
 

 
 

 
 

 
 

 
 

 
 

  
  

  
  

  
  

 
 

  
  

  
  

  
  

    

vel 
ohh 

ake 
602 

€'9¢ 
ge 

v've 
6'62 

LOL 
9'91 

e's 
c's 

SOL 
AOD 

0
 

A
 

£'90} 
gol 

_ | 
6
9
6
 
|
 
O
+
g
 

Loc) 
|} 
o
o
o
:
 |
 

gzsg 
FT 
o
i
r
 
|
 
s
s
i
o
r
 

|
 
se6og 

| ebeieay 
02 

02 
roy 

Zeb 
26 

v6 
9 

801 
098 

Lee 
6SO1 

Sr01 
2681 

el 
12 

ce 
Let 

Sel 
Oth 

ehh 
06 

Syl 
8S01 

686 
60114 

OZ 
HLIZ 

ob 
€z 

€z 
Obl 

ZOL 
921 

224 
48 

Ol 
Osol 

bLOL 
€66 

986 
£812 

bb 
ee 

LZ 
801 

60} 
2k 

Sit 
€9 

62 
806 

889 
006 

06 
6281 

OL 
Se 

v2 
vel 

vel 
eI 

fel 
001 

€91 
6Szt 

v6Lh 
ozo 

€ZOl 
bese 

6 
ez 

Le 
vOl 

Ob 
6S 

Sr 
06 

vel 
969 

2s9 
266 

£86 
LZZb 

8 
02 

02 
€01 

OL 
68 

€6 
es 

+8 
82L 

969 
LLO1 

8201 
S621 

Z 
8h 

gt 
bb 

ohh 
el 

a) 
Si 

Giz 
LSOL 

166 
eso 

6r01 
esee 

9 
6h 

8h 
9 

£9 
Ob} 

901 
Ls 

16 
606 

8998 
26 

Ov6 
LS6L 

Ss 
zz 

LZ 
LZ 

8z1 
ZOl 

LOL 
OE 

OLt 
Sze} 

LOLL 
8r0l 

OSOL 
evez 

y 
8h 

6h 
v6 

86 
001 

v0l 
rA:) 

Shh 
vEO! 

Lb0b 
296 

66 
9602 

€ 
02 

02 
ce 

ce 
ZO 

vOl 
99 

ohh 
6ELL 

L801 
L66 

966 
9122 

2 
ch 

v9 
49 

Zs 
Lo 

4s 
_18 

ELE 
Br0l 

900} 
Zy0} 

qa 
_t 

U
W
L
 

CUUBW 
| 

B
W
 

| 
2
w
b
W
 
| 

bE muoW 
| ZuubW 

| 
LD w
b
W
 
| 
Z
w
6
W
 
| 
w
o
w
 
|
 
zmu6W 

| 
1 mubW 

| 
zuubw 

| 
L
B
W
 
| 

jepey| 
UopeiY 

(ey/6y) 
_‘ywueq 

(eu/6y) 
-zuiy 

(ey/6y) 
_peoj 

Ny 
(uw) 

youny 
J
 (ww) 

06 ebeurig 
(ww) 

esp 
18384 

  
 
 

8 
WUP) 

PUG] 
JO) 

sojLUeUAG 
NY 

PUB 
JeyB/y 

Jo 
A
r
e
w
L
N
S
 

g e142) 

- 303 -



 
 

 
 

 
 

 
 

  
  

  
  

  
  

 
 

  
  

  
  

  
  

    

Zoe 
Ol 

Sly 
00S 

v'0e 
L
z
 

‘99 
GIs 

ash 
vot 

| 
sZ 

SZ 
‘Ol 

AO 
|_OEt 

gel 
9°98 

Z
s
 

}'99 
v'99 

6 
gol 

zove: 
| 

s
e
c
t
 
|
 
2'ze9 

zeee_ 
| 

sz60g 
| 

ebeieay 
02 

v2 
901 

901 
cg 

v8 
€ 

g 
ZOb 

y90l 
€l6 

S16 
2681 

El 
St 

bt 
89 

£8 
QZ 

LL 
Z 

vk 
g0El 

C0} 
v
6
 

L¥6 
pL 

ab 
vi 

Sh 
6Z 

Gl 
£01 

26 
bh 

6h 
seat 

08zb 
ere 

Sve 
esi2 

Lb 
el 

dt 
08 

08 
28 

28 
9 

Lb 
Z604 

L6OL 
092 

gs 
6281 

OL 
Lt 

QI 
ot 

+8 
€6 

16 
el 

Le 
erst 

LES 
928 

928 
bese 

6 
bh 

Lh 
99 

sg 
€s 

6y 
61 

62 
vi6 

206 
sve 

Lve 
bLLb 

8 
bb 

ah 
€9 

09 
Sy 

9S 
€ 

Z 
LS6 

86 
¥06 

€06 
861 

Z 
Zh 

zh 
09 

09 
19 

9 
91 

82 
99El 

QSEL 
948 

€Z8 
eszz 

9 
6 

6 
Oe 

62 
v9 

€9 
g 

9 
vOb} 

6601 
€08 

08 
LS6h 

S 
bb 

ot 
Sy 

vy 
os 

Ly 
ez 

Le 
osr) 

L9v1 
LOZ 

902 
EvE? 

y 
bh 

bh 
92 

€2 
69 

OL 
8 

bh 
elel 

LLEL 
062 

sez 
9602 

€ 
bh 

Lh 
Lt 

SI 
Ov 

Se 
9 

Lb 
SSE} 

Sel 
zee 

Le 
9122 

z 
yh 

9} 
6} 

Sh 
cE 

ZS 
9 

bh 
veel 

LOeL 
ge 

998 
‘ 

L 
L
W
W
 

cUUBN 
| LHUBW 

| 
cuuBW 

| 
L
B
W
 

I zwubW 
| 

1 w
6
W
 
| 
c
o
w
 

| 
1 wu6w 

| 
zwuBW |

 
L
o
w
 

| 
cww6w |

 
1 E
W
 
|
 

jeey] 
Uopeoy 

(ey/b») 
_"yueq 

(ey/by) 
“Zui 

(ey/6y) 
peolN 

(ww) } 
youny 

|
 

(ww) 
eS eBeureig 

(wu) 
esp) 

JeVe AA 
  

 
 

6 YUN) 
PUT 

10) so)LUBUAG 
NY pu 

JeyBAA 
JO A

r
e
N
S
 

6 9198, 

- 304 -



 
 

 
 

 
 

 
 

  
  
 
 

  
  

 
 

  
  

 
 

 
 

 
 

  
  

  
  

  
  

    

g'rh 
8'yl 

O'el 
c
l
 

L
b
 

L
t
 

€'62 
8'¥2 

8'le 
eee 

ce 
ce 

col 
AO 

Ss vy 
6 cr 

c'}St 
O'}St 

‘
6
.
 

9
0
6
 
I
 
S
2
c
t
 J
 g
o
d
t
 |
 

§ 
8
8
 

ves 
2 veo; 

‘ 
|
S
 
2602 

ebeieay 
19 

09 
dLt 

elt 
96 

96 
98 

vel 
L418 

ell 
c
e
l
 

2801 
24681 

el 
oY 

ov 
eZi 

oLh 
96 

v8 
Lyk 

861 
OOOt 

6e6 
ELL 

Zbbb 
v
i
e
 

Zk 
os 

6y 
beh 

eri 
8h} 

Zibb 
vb} 

86} 
9
9
6
 

O16 
820} 

LE0l 
€8b2 

bh 
Le 

Ze 
bSh 

Srl 
v8 

06 
€01 

9cl 
L8S 

8rS 
ZLbb 

6
1
h
 

6c8l 
OL 

ly 
6y 

981 
Lh 

Stl 
801 

vol 
S02 

vebt 
bobb 

9v01 
bSO1 

beS2 
6 

8€ 
Ze 

Ze 
Sel 

88 
v8 

bEL 
62} 

ess 
L6r 

6601 
2460t 

b2Zb 
8 

6€ 
Or 

S
l
 

Srl 
6
 

08 
48 

6ht 
c99 

Le9 
6601 

6601 
8
6
4
 

Z 
ov 

Or 
vol 

erl 
68 

48 
Ol? 

6S2 
v
E
6
 

c88 
LOL 

LOL 
S22 

9 
ev 

Ly 
6b 

Sit 
66 

68 
€6 

Lvl 
osZ 

vil 
c901 

LS0} 
bS61 

S 
2S 

8Y 
gli 

alt 
£6 

16 
£61 

9&2 
evht 

vOLL 
£901 

v90} 
Eve? 

v 
ev 

ey 
orl 

obi 
6 

€6 
Ott 

6v1 
‘O16 

S48 
E201 

vZ0b 
9602 

€ 
ey 

oY 
Srl 

erl 
98 

S8 
LO 

19} 
6E01 

cZ6 
8901 

9901 
9122 

o 
i
e
 

| 
ge 

fer 
| 

oe 
t
e
 
t
l
 

tc 
f
a
s
t
 

ot 
tga wu

 
cuUBW 

| 
MUON 

| 
ZmUBW 

| 
L
o
w
 

I zuuBW |
 
L
w
b
W
 
| 

cwubW 
| 
w
o
w
 

| 
cuuBW 

| 
Lwubw 

| 
cuubwW | 

1 w
b
;
 
|
 

e
e
u
]
 

u
o
n
o
y
 

(eu/by) 
‘ueq 

— (eu/by) 
‘
z
u
 

(2u/b¥) 
p
e
o
 

]N 
—(ww)} 

y
o
u
n
y
 |
 

(ww)e6 
ebeureig 

|
 
(
w
w
)
 

esp 
s
e
e
y
 

  
 
 

OL 
WUA 

p
u
s
 

Joy 
so}WeUAG 

AY 
PUB 

Jey8AA 
JO 

A
r
e
w
W
N
S
 

OF 
SIQeL 

- 305 -



VITA 

Terrence Johnson was born in Spanish Town, in the south-eastern section of 

Jamaica on September 13, 1959. He migrated to the western part of the island at 

an early age, where he stayed until early adulthood. His pre-tertiary education 

was received at Unity Primary and Mannings High Schools in Westmoreland, 

Jamaica. 

Tertiary Institutions attended were The Jamaica School of Agriculture, where he 

received an A.S. in Agriculture in 1980; The University of the West Indies St. 

Augustine, Trinidad, where he received a B.S. in Agronomy in 1983; and the 

University of Guelph, Ontario, Canada, where he received a M.S. in Soil Physics 

in 1988. 

His motivation to attend Virginia Tech was based primarily on the opportunity to 

work with Dr. J. Parker. 
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