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ABSTRACT

A digital computer model predicting the nitrogen and salt content
of drainage water from irrigation agriculture has been completed
and verified. A complete description of the model including theor-
etical considerations, user's manual and complete computer Tistings
may be found in Dutt et al. (in press).

An attempt was made to apply this model to simulate nitrogen
transformations, nitrogen movement and plant intake of N in a
warm desert soil under range grass. However, the moisture movement
portion of the model proved to be inadequate for the two-layered
case encountered in the field. Dr. John Hanks of Utah State University
has agreed to make the moisture movement simulation using a two-
layered unsaturated moisture movement model. The nitrogen trans-
formation and plant uptake portion of the run will be comnleted at
the University of Arizona using unsaturated flow data supplied by
Dr. Hanks.

An incubation study is in progress to assess the application
of the nitrification portion of the model to soils under conditions
of Tow moisture content and high temperature and, to some extent,
pH < 7. These conditions, with the exception of acid pH, often are
characteristic of warm desert soils. Preliminary data indicate that,
in the above soils, nitrification of applied NH%-N (e.g. 100 pom
NHZ-N) may exhibit nitrification rates which are at least an order
of magnitude Tess than those predicted by the present model designed
for alkaline soil conditions.

In addition, the data from the incubation study will be used
to develop a more sophisticated rate subroutine for nitrification
in soils. This new subroutine will be based on transition state
theory, and principles of statistical thermodynamics. The model
will include hydrogen ion activity as a variable as well as NHZ
and Oy activities. The applicability of the existing model to
alkaline, well-buffered warm desert soils is still under investi-
gation at this writing.

The results of the field simulation run and the incubation data
should allow further evaluations of the model with respect to appli-
cation to a desert biome model.
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INTRODUCTION

Over the past ten years, the chief investigator has been working on computer models
of soil-water systems. During the last three years the U.S. Bureau of Reclamation has
been financing, under contract agreement, the development of a system analysis model for
predicting nitrogen in irrigation drainage water. The development has been directed by
the chief investigator. This model has been verified for some agricultural soils and
predicted values compare favorably with verification data tested to date. The model,
in fact, is a systems analysis model considering the dynamic soil water system and may
be directly applicable to a desert biome model in its present form under certain condi-
tions. However, under high temperatures, Tow moisture contents, and occasional low pH
found in many desert soils, it is possible that the moisture movement subroutine will
not correctly predict the concentrations and distribution of nitrogenous compounds. It
would seem that the current model needs to be evaluated and possibly modified if it is
to be used as a subroutine in a desert biome model.

OBJECTIVES

The overall objective of this study is to evaluate the applicability of the current
version of -a digital computer model predicting the transformation and movement of nitro-
genous compounds in soil-water systems to a desert biome model.

The specific objectives attempted during 1971 were as follows:

1. Evaluate the overall model with respect to nitrogen transformation and
movement in a soil located in a typical warm desert ecosystem (Page Ranch
SimuTation Study).

2. Evaluate the predictive capabilities of the nitrogen transformation sub-
routine with respect to high temperatures, Tow moistures and low pH.

(The experimental portion of this objective was carried out in the laboratory).

3. Begin development of a more sophisticated rate relationship for nitrification.

The equations deveioped are to be based on transition state theory and basic
principles of statistical thermodynamics.

METHODS

Page Ranch Simulation Study

The Site* The site selected to test the current model was on the Page-Trowbridge
Experimental Range Tocated 28 miles due north of Tucson, Arizona. The range belongs to
the University of Arizona and is fenced,so that the vegetation has not been disturbed
by Tivestock for several years.

This Tocation, hereafter referred to as the Page Ranch site, is located in the
NE1/4 of SW1/4, Section 27, Township 95, Range 14E. At an elevation of approximately
3680 feet, this site was the location of a range fertilization study conducted in 1967
and 1968 under the direction of Dr. J. L. Stroehlein (Billy, 1970).

The Soil*. The soil is a Ustollic Haplargid, fine, mixed, thermic, Whitehouse
sandy loam. It has an unusually deep, permeable Al horizon overlying a very deep,
sTowly permeable, heavy textured, prismatic B horizon. The grass root zone extends well
down to approximately 24 inches and from there down the voots are few and fine in size.
The soil is sTightly acidic (pH 6.5) at the surface and increases with depth to approx-
imately 8.2 at 3 feet. Calcium carbonate nodules are observed at 24 inches and below.
The site is on a 1% slope with a westerly aspect.

* Material in these sections was extracted from Billy, 1970.
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Vegetation*. The plots selected for the 1967-1968 experiment were located among
invading mesquite with Lehmann's lovegrass as the dominant grass. Mixed within were
scattered plants of Boer lovegrass. The three dominant spring annuals were six weeks
fescue, filesee, and Indianwheat. Undesirable vegetation included barrel cactus, bur-
roweed and other minor weeds.

Experimental Procedure*, In the spring of 1967, 35 plots, each 20' x 30', were
selected and staked. Thirty of these plots were then selected randomly and preclipped
two inches above the ground between May 31 and June 5 and the loose plant materials re-
moved. The five remaining plots were used to estimate the effect of clipping on grass
growth.

Seven treatments were assigned to the 35 plots as follows:

Treatment Date of fertilizer application

June 5, 1967

July 3, 1967

July 13, 1967

July 22, 1967

Aug. 7, 1967

Check (unfertilized)

July 12, 1967 (not pre-clipped)

NOOT A WN -

The fertilizer material applied in all cases was granulated ammonium nitrate-phosphate
(30-10-0) applied at 50 1b/acre. This rate of N had been previously shown to give maximum
yield return of forage production on soil and vegetation similar to those at the Page
Ranch site (Billy, 1970?.

The plots were harvested on August 19, 1967, September 13, 1967, and October 12, 1967,
and moisture determination, dry weight of tops and seeds, and chemical analyses performed
on the harvested vegetation on each date. Additionally, in 1968 the spring annuals were
harvested. A final harvest occurred on October 16, 1968, and the vegetation was analyzed
in the same manner.

Sampling of individual plants (10 plants/plot) in each of the 35 plots occurred prior
to each fertilizer application, and soil samples (5 cores/plot) were taken five times
throughout the growing season in 1967. Plant N and P and soil NOs3-nitrogen and available
PO,-phosphorus were determined on these soil and plant samples.

Reaction Mechanism., A theoretical reaction mechanism for nitrification was established
to include the reactants (NHZ and 0,) and a critical intermediate activated complex, such
as NHg-OH or HO-N=N-OH. The design of the activated complex must, by necessity, be kept
relatively simple to aliow generation of a partition function, q, describing its motions.
The assumption may be made that contributions to the partition function made by any missing
part(s) of the activated complex are negligible or constant.

As an illustration of the complexity attained by partition functions,even for relatively
uncomplicated molecules such as 0y, the partition function qg, for oxygen {(less any electronic
contributions) may be written as follows (Hill1, 1960):

8 /2T

qO = V(2nka/h2)3/2 ‘:T/O'er e v /(1-—e—ev/T_)s []]
2 B

*Material in these sections was extracted from Billy, 1970.
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where:

is volume,

is mass,

is Boltzmann's constant,
is temperature (°K),

is Planck's constant,

is the symmetry number,

ris the rotational temperature for 0y, and

Vis the vibrational temperature for 03.
Polyatomic molecules rapidly become unworkable with respect to establishment of a partition
function for the entire molecule as the number of atoms and side chains increases.

D DQ TR =<

Reaction Rate. Two basic assumptions from transition state theory were applied to
allow derivation of a function for the rate constant. First, the assumption was made
that chemical equilibrium exists between the reactants and the activated complex {plus
any-intermediates formed with the complex}. Second, it was assumed that the energy of
activation associated with the activated complex represents the highest energy barrier
between reactants and products (i.e., between NH} and 0y, and NO3). With the above assump-
tions and an application of statistical thermodynamics, it may bé shown (Hi1l, 1960) that
for a reaction of the type aA + bB = ¢ (ACTIVATED COMPLEX) - PRODUCTS,

(g*/v) e-AU/kT [2]
K = kT/h ) QT
qA/V) (qB/V >
where:
K is the rate constant,
k is Boltzmann's constant,
T is temperature (°K),
h is Planck's constant,
Ay is the energy of activation,
q is the partition function for reactant A,
qgis the partition function for reactant B,
g*is the partition function for the activated complex with
one degree of freedom removed for the reaction pathway, and
v is volume.
Also, the rate of reaction may be expressed as follows:
R = KaAaB [3]

where:

R is the rate of reaction,

K is the rate constant,

apis the activity of reactant A, and .
aBis the activity of reactant B.
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The activation energy for the reaction is computed by solving equation [3] for Au using
experimental data for reaction rates and concentrations. If the assumption is made that
Au is independent of temperature over the temperature range existing in soil systems,
identical values should be obtained for Au regardless of the data used in their determina-
tion. This criterion is being used as one means of testing the validity of the model.

In order to apply equation [3], activities must be determined for the reactants.
Application of Debye-Huckel theory allows computation of activities of charged species
(e.g., NHZ) in the soil solution. Activities of uncharged species (e.g., 0p) may be
computed by application of the following relationship (Garrels et al., 1965?:

Iny = Kmu [4]

where:

Y s the activity coefficient,
Km is the salting coefficient, and

W is the ionic strength of the soil solution.

Experimental. Nitrification rate data were obtained for two warm desert soils in-
cubated at 15, 25, and 35°C and at moisture tensions of 0.3, 5 and 15 bars. Each soil
was treated with 500 ppm NHEZ-N added in the form of NH,C1, and preincubated for 3 weeks
at 0.3 bars and 25°C. This procedure was done to insure that a maximal population of nit-
rifying organisms was established before collection of rate data began. At the end of
three weeks, the soils were incubated at the above-mentioned temperatures and moistures,
with duplicate samples being removed at two-week intervals. The samples were analyzed for
NHT-N and NO3-N by extraction with COy-free water (1:6) followed by steam distillation
wi%h Mg0O and Devarda's alloy. Also, the pH values of the extracts were determined at this
time. The exchangeable NHZ—N in each sample was computed using a computer subroutine of
Dutt (Dutt et al., in press).

FINDINGS & DISCUSSION

Page Ranch Simulation Study

Input requirements of the previously developed model have been described by the
principal investigator and colleagues (Dutt et al., in press). In order to obtain input
data which was not available from the dissertation of Billy (1970), soil samples were taken
at three depths from the Page Ranch site. The results of the chemical and physical analyses
performed on these samples are shown in Tables 1 and 2.

Mathematical expressions relating the soil moisture diffusivity (D) and pressure head
(h) to volumetric moisture content (e? are necessary in that portion of the model which
describes the infiltration redistribution and plant withdrawal of soil water under growing
vegetation. To obtain these relationships, retentivity measurements were performed in
triplicate on core and disturbed samples taken from the three depths according to methods
described in the literature (Black, 1965). The relationships shown in Figures 1, 2, and

3 between pressure head and moisture content, ignoring hysteresis, were obtained by inter-
polation of the experimental determinations in Table 2. Laboratory measurements of the
saturated hydraulic conductivities determined by the constand head method (Black, 1965)
are also shown in Table 2 for each of the three depths.
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From the above data and the modified Millington-Quirk equation presented by Stockton
and Warrick (1971), unsaturated hydraulic conductivity values were estimated for each of
the three depths over the pressure range from O to 15 bars. These relationships are shown
in Figures 4, 5, and 6.

The rates of soil moisture removal over the growing season by the roots of growing
vegetation and evaporation from the soil surface are other inputs that are required to
predict the moisture regime under field conditions. Field determinations of the evapo-
transpiration rate from Boer Tovegrass at the University of Arizona Mesa Experimental
Farm (Erie et al., 1968) were selected to approximate the rates expected at the Page
Ranch site (see Figure 7). Average effective root distribution for the composite native
vegetation was approximated from the literature (Erie et al., 1968) with 0.75 of the ex-
traction occurring in the top 12 inches of soil and 0.25 from 12-24 inch depth, as shown

in Figure 7. Rainfall records for the period of June-October 1967 are shown in Table 3,
but no temperature data from the Page Ranch site was available; instead, average monthly
maximum and minimum temperatures from the Willow Springs Ranch, Tocated approximately
eight miles north of the Page Ranch site, will be utilized.

Table 3. Rainfall dates, Julian dates and amounts from June 20 to October 12, 1967,
at Page Ranch Site.

Date Day Number Amount (cm)
6/20 171 5.80
7/3 184 0.61
7/10 191 0.15
7/12 193 1.12
7/22 203 0.38
8/5 217 3.17
8/7 219 0.51
8/14 226 2.16
8/17 229 1.52
8/18 230 0.05
8/19 231 1.17
8/29 241 2.79
9/6 - 249 0.51
9/13 256 0.51
9/25 268 1.52
10/12 285 3.94
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Figure 7. Field determinations of the evapotranspiration rate from Boer Tovegrass at the
University of Arizona Mesa Experimental farm (Erie et al., 1968), selected to approximate
rates expected at the Page Ranch site.
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The portion of the model which predicts the moisture regime independently of chemical
and biological changes in the system was designed to predict the one-dimensional, unsteady,
infiltration, redistribution, plant root extraction, and drainage of soil water in homo-
geneous, isotropic, isothermal, non-hysteretic soils from the surface to an unfluctuating
water table. Although this model was developed with additional capabilities which make it
useful for certain other unsaturated moisture flow problems (Dutt et al., in press), these
capabilities have not been tested and verified. Difficulty was encountered with the accuracy
of the finite difference approximation to the moisture flow equation, sink term included,
during periods when infiltration would be predicted to occur for periods more than 12 hours.
The reasons for this behavior can only be hypothesized at this time; i.e., inaccuracy caused
by extremely low-valued diffusivity and conductivity relationships, large moisture extraction
(sink) term, and wide range in moisture contents between adjacent nodes due to the above
factors which could no longer be self-correcting by the variable At mechanism.

During the period when this problem was being studied, Dr. R.J. Hanks suggested using
a similar model that he had previously developed which could simulate a two-layered soil.
Because of the distinct Tayering of the soil at the Page Ranch site and the problems en-
_countered by using the homogeneous model, it was decided that Dr. Hanks would utilize his
model with the same inputs to simulate the moisture regime data. The nitrogen transforma-
tion and plant uptake portion of the model will be completed at the University of Arizona
when the unsaturated moisture flow data are received from Dr. Hanks.

Figures 8 and 9 contain plots of NO3-N and NHE-N versus time for soil samples taken
from two warm desert soils, fertilized with 400 ppm NHZ-N, and incubated at 25°C and 0.3
bar moisture tension. Note the difference in nitrification rates for the two soils. The
initial pH of soil 1 was 7.3, while soil 2 showed a pH of 6.6. At the end of 24 days of
incubation, soil 1 had a pH of 6.7 and soil 2, 6.6. The inference may be made that pH is
a factor involved in the rate differences obtained. The rates for both soils at the end
of 24 days are at least an order of magnitude Tower than those observed in some alkaline
agricultural soils (Broadbent et al., 1957).

EXPECTATIONS

The evaluation of the computer model regarding application to a desert biome
model will be completed. A more sophisticated subroutine predicting nitrification rates
will be completed and added to the model. Moisture movement data supplied by Dr. John
Hanks will be used together with data included in this report to complete the Page Ranch
Simulation study.
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