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ABSTRACT

The primary objective of Grassland Biome Project modelling efforts
this year (1970) has been to produce a mechanistic total system model of
2 grassland ecosystem. The result has been a model which is mechanistic
to the extent that, wherever possible, the mathematical formulations are
analogous, at some level of resclution, to the functional mechanisms
operating within the system.

The model is primarily designed to describe the shortgrass prairie
ecosystem of the Pawnee National Grassland. It is designed as a highly
modular system for two reasons:

1. So that individual processes or mechanisms may be changed as
information becomes increasingly available, and

5o that the model can be used in situations having greater (Pawnee

{..
o,

Site) or lesser (Comprehensive Sites) detail in data and
information.

The current version of the model is in a first-pass condition, and has
not been subjected to extensive scientific debugging (i.e., the mechanisms
have not been closely reexamined by biclogists).

The model is structured in the following way:

t. It Is a time-dependent biomass model. HNo spatial aspects are
taken into consideration at present.

ii. The primary equations to be solved make up a series of first-order
differential equations. Thus, the equations for the principal
system variables express the rate of change of biomass with respect

to time.



it. The total model is made up of trophic level submodels. Within
each trophic level various functional relatiocns describe the
processes,

A set of 40 first-order differential equations has been developed to
describe the abiotic, producer, consumer, and decomposer components of the
ecosystem. The abiotic section involwes driving forces of solar eneragy, air
temperature, wind speed and precipitation, and driven variables of micro-
climatic temperature, soil temperature, and soil moisture. The producer
variables consist of biomass density of aboveground live biomass for four
plant functional groups, plant standing dead, plant litter, and plant live
roots. The consumer biomass is compartmentalized as animal 1ive material,
animal dead material, and animal fecal material. The animal live biomass
is further subdivided into five functional groups (wild primary consumers-
mammal , domestic primary consumers-mammal, secondary consumers-mammal, birds,
and insects). The decomposer compartments are mediated by microbial functional

groups whose activity is in turn controlled by their biotic and abiotic

environment .,
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1. INTRODUCTION

The purpose of this report is to provide the basic mathematical documenta-
tion for a Grassland Ecosystem Model developed by the modellina aroup of the
Grassland Biome Study of the US IBP. |t's primary purpose is to communicate
with persons capable of reading and understanding conventional mathematical
notations. A second purpose is to communicate the model mechanisms to the
general biological scientist who may not be conversant in mathematical notation.
A third purpose is to indicate the directions which further research on high-
resolution models of whole ecosystems will take in the Grassland Biome Study.

The purpose of the model, entitled PWNEE, MOD 1, is to mathematically
represent a shortgrass prairie ecosystem, specifically at the Pawnee Site where
an intensive research effort is being undertaken. In its attempt to cover
all trophic levels of the ecosystem, the model involves a great deal of systems
complexity. On the other hand, the mechanisms for individual processes are
made as simple as possible so as to make the initial system organization job
not overly complex. The primary purpose of this version of PWHEE is tno
stimulate discussion and feedback on all phases of this modellina approach--
the biological mechanisms, the mathematical notation, the computer implementation,
and this report--as a method of communicating modelling ideas.

The mechanisms in the current version of the model have not been thorouchlw
examined by experimental scientists; some of the mechanisms were derived from the
literature or by consultation with biologists. A great many mechanisms fall
into the category of "intuitive guesses'' where the intuition is that of the

authors of this report who are not biclogical scientists. The model was
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implemented on the computer in a highly modular fashion, i.e., most of the
processes or mechanisms were implemented as separate FORTRAH functions or
subroutines. This was done to facilitate changes in future versions of the
model. This also allows for a set of different mechanisms to be substituted
for a particular process of the system. In this way, the same general structure
may be used with high resolution mechanisms to compare with Pawnee Site data
and lower resoclution mechanisms to apply to Comprehensive Site data. Thus,
the purpose of this first version of a complete ecosystem model is to pravide
a skeletal structure within which modifications may be made to eventually
provide a realistic description of grassland ecosystem functioning.

In the light of the above stated purpose of this model, explanations of
mechanisms contained in this report will frequently be without reference to
the open literature. Wherever such a reference is appropriate, it will be
included. Generally, the rationale which goes into the constructian of the
mechanisms of the model is sufficiently simple that it will be transparent upon
study of the mechanism explanation. When faced with a plethara of possible
alternative causes for a known phenomenon, the selection of a simple mechanism
involving only one or a few of these causes is arbitrary. Justification of
the mechanism selected over other mechanisms is of little use in this case,
since it is only one of a set of equally acceptable hypotheses.

When the reader encounters mechanisms in the model which are presented
without explicit written justification or literature citation, he may assume
the above situation to be the case. Some of the mechanisms have been previously

reported in Bledsoe and Jameson (1969) . These will be indicated.
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A particular problem in the writing of this report has been the diversity
of the audience to which it is directed. As stated in the beginning of this
section, we are primarily concerned with a documentation of mathematics. We
are also concerned with a description for the non-mathematically inclined
reader and a documentation of the raticnale which went into the construction
of the model. Later reports concerning other versions of this model could
have a different purpose since the objective of higher realism will demand
more detailed justification of mechanisms. As a3 result of our varied objectives
in this report, some mathematically inclined readers may be frustrated by the
detail which goes into the description of mathematics which, te them, is
trivial, or they may be confused by some conventions of biclogical terminalogy.
On the other hand, the biologically inclined readers may be confused by the
use of nomenclature, units, and equation conventions which are common amang
mathematically oriented scientists. Clearly, the detailed explanation of
conventions common to various scientific disciplines is beyand the scope of
this report. We can only ask our readers to bear with us and, perhaps, to
read selectively, skipping over sections which are either confusing or seem
trivial. We have revised this manuscript repeatedly at the suggestions of
proofreaders from divergent backgrounds .,

The next section contains a discussion of the organization of the model
and of the nomenclatural and notational conventions used. Following is a
presentation of the algebraic form of the mechanisms in the driving functions,
abiotic, producer, consumer, and decomposer sections of FPWNEE, and a brief

discussion of possible future areas of modifications for each section.
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Appendix material ineludes: (A) a summary of algebraic and differential
equations in the model: (B) a glossary of symbols used for variables and
parameters in the model, including a cross reference between algebraic and
computer notation; (C) a description of the computer implementation of the
model including a listing of the FORTRAN code: (D} a description of input
and output formats for the computer program together with a listing of
parameter values used in (E), a final appendix section with a set of graphs

containing results of typical computer simulation of the system,
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2. DESCRIPTION OF THE MODEL

2.1 General Description

PWNEE is a system of 40 principal variables, 33 of which are represented
by first order ordinary differential equations, generally nonlinear. The
remaining seven are represented by algebraic equations. The eguations are
designed to describe the general functioning of a grassland ecosystem: the
variables are somewhat arbitrarily categorized into 4 groups: abiotic, producer,
consumer, and decomposer. Fig. 2.1 shows in a diagrammatic way the approximate
chain of causal relations among these four groups and subdivisions within the
groups. However, the reader should not attempt to draw canclusions about the
operation of the mode] solely by reference to the diagram. The model] is
designed to be deterministic, however, this distinction is somewhat trivial
since the parameters could be drawn randomly from emperically determined
distribution functions in a series of system simulations to provide a measure
of the stochastic nature of the system variables. The time resolution of the
model is such that the derivatives of the principal variables will have, in
some cases, significant changes over a 3 to § minute period. At the ather
end of the scale, the model should evenutal ly depict ecosystem changes over a
longer time, e.g., several vears. Currently, simulations are being made only

on an intra-year basis.

2.2 Notation and Nomenclature
In order to enhance communication about the ecosystem model, it is
necessary to adopt a set of conventions concerning the names for the different

variables which occur in the mathematical system description. Every discipline
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which utilizes mathematical models has, to some degree, adopted their own
conventions. However, there is little agreement across disciplines and,
even within disciplines the conventions are rarely well defined. This sub-
section describes the nomenclature which has been decided upon to be used in
this report and tentatively for use in future Grassland Biome madel |ing
reports. This nomenclature has evolved after a great deal of thouaht and
discussion. The biclogical problems of the mode! are of greater importance
than the nomenclature problems and we will allocate our time accordingly.
The important aspect of the nomenclature s that a system be adopted and
adhered to. Thus, we expect our nomenclature to he medified as our experience
with the system Increases, but we shall not be overly concerned with minor
inadeguacies.

Analogous to the nomenclature problem is the problem of selecting an
algebraic notation for written representation of the mathematical eguations
which comprise PWNEE. Again, various disciplines have adopted their own
conventions and we have abstracted some of these for our own use. The gencral
criteria for selection of a notational system were: 1) that the notation
must clearly discriminate among the types of variables described by the
nomenclatural system; 2) that it must do as much as possible to enhance
the understanding of the mathematical systems by the reader who is not
familiar with the model; and 3} that 7t must be mathematically convenient
to work with. The decision as to what distinctions are to be made among the
variables was made primarily upon the basis of bhiolegical criteria rather

than the type of mathematics associated with the variables. Thus, we do not
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distinguish between whether the variables are defined by differential eguations
as opposed to algebraic equations but rather between the variables which are
more or less important to the biological description of the ecosystem.

There are six general types of variables utilized in the model, defined
as follows: -

Oriving variables. A driving variable is one which is necessary for the
elaboration of other variables of the system, but with whose mechanistic
description we are not concerned. For example, it is necessary to know the
precipitation rate in order to drive the soil moisture differential equation.
However, we are not concerned with the mechanisms responsible for the
occurrence of precipitation. We are satisfied with a non-mechanistic
description of precipitation such as would be given by a tabulation of actual
values or a stochastic rainfall generator.

The algebraic notation for driving variables is a small letter ''z"
followed by a single subscript. See Table 2.1 for examples.

Frineipal system variables. The principal system variables (PSV's) are
the primary, dependent variables of the model. These are variables such as
aboveground live plant biomass or densities of small mammals which comprise
the principal output of the model, i.e., a graph of the PSV's as a function
of time can be thought of as the sclution to the set of equations which
comprise the model. The purpose of the computer program which implements the
model is to produce such a set of graphs. The algebraic notation for a PS5V
consists of one or two English letters, possibly subscripted, the first of
which is a capital and second of which is a small letter. See Table 2.1

for examples.
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Table 2.1. Examples of variable notation and nomenclature used in this
report.

, Example--name Example--symbaol
1 .
Tyde of Variable of variable for variable
Uriving variable Air temperature 2,
Precipitation rate 23
Principal system Aboveground bLiomass density of ATE
variable (PSV) plant group |
Biomass density of consumer C,I
Intermediate system Translocation rate above- tao ULi
variable (15Y) belowground, plant group i
Ingestion rate per unit bady fc

weight, ith consumer group

Independent variable Time from Jan., 1, seconds t
(time)
Time from Jam. 1, hours, Lhm
modulo 24
Dummy Function 5 x
argument
x
1
)
Farameters Threshold of positive photo- pTCi]
synthesis response to
temperature, plant group i
(first parameter used in
formulation of Tc)
Upper threshold for density of pfc,

consumed material {(j) at which
food consumption will be equal
to pfel; (second parameter used
in formulation of the ISV fe;)
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intermediate system variables. Intermediate system variables (I5V's)
are the values of mathematical functions which are necessary in the calculation
of the PSV's. The distinction between PSV's and ISV's is based upon the
following biological (as opposed to mathematical) criterion: a PS5V is decided
upon a priori as a desired output variable of the model; an ISV arises a
posteriori in the process of writing equations to relate the PSV's. As shown
in the example in Table 2.1, ISV's are frequently rates, i.e., they usually
give the change per unit time or flow of a biomass or energy density variable,
Thus, they are frequently in the same units as the derivative of a principle
system variable. The differential equation for the principal system variables
frequently consists of a sum of terms, each term containing an ISV, a PSV, and
a parameter (explained below). For example, see the first term in equation 5.1
of Appendix A,

The algebraic notation utilized for ISV's consists of two small letters,
sometimes with a subscript. Table 2.1 contains some examples. The first of
these two letters may not be a P, t, Z, or X as these are reserved for other
types of variables in the model as explained above and below.

Independent variables. Since this mode] does not have explicit spatial
variability, the only independent variable is time. It is freguently convenient
to have time available in different systems of units for the formulation of
equations in different parts of the model. For example, in formulating a
mechanism which fluctuates diurnally, such as windspeed, the time of day in hours
might be useful; for a seasonal fluctuation, the time of year in months

might be useful. We have utilized Separate symbols to indicate time In the
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various units which might be utilized for the independent variable. These
are summarized in Table 2.2 together with the symbolic notation of the
computer implementation described in Appendix C.

Dummy funetion arguments. |n the simulation of an ecosystem model, it
is frequently necessary to utilize mathematical functions purely for their
mathematical, as opposed to biological, properties. For example, the usual
trigonometric functions such as sine and cosine have been used. In addition,
there are less common functions which are defined in the text of the model
documentations. For example, we have found it necessary to utilize a function
which asymptotes to zero as its' argument decreases and to one as jts'
argument increases, with a smooth transition in between {at{xl, Xa 13]. see
equation 7.18). We have called these functions intermediate system variables,
When they are defined, it is necessary to have variables to use for their
arguments. Conventional mathematical usage labels these arguments ''dummy
variables," and we will utilize a small letter “x,'"" sometimes subscripted, as
shown in Table 2.1, for a symbol. For an example of the use of a dummy
variable see equation 7.18.

farameters. In any mathematical model there are variables whose
derivative, with respect to all other variables of the system, is zero. These
are frequently termed coefficients, constants, or parameters. For various
reasocns, some of them arbitrary, we have decided to uniformly call such
variables '"parameters.'' The model uses a great number of parameters and we

have adopted a notational system to make it somewhat easier to relate the

parameters to the 15V's and PSY's with which they are associated. The parameters

always begin with a small letter p and the next one or two letters correspond



-

Table 2.2, Symbolic notation for time in different units.

Algebraic Symbol

Description

Program Symbol

td

tdm

th

thim

Tw

L

tm

Lmm

Ly

Time,
Time,
Time,
Time,
Time,
Time,
Time,
Time,
Time,

Time,

seconds

days

days, modulo 365
hours

hours, modulo 24
weeks

weeks, module 52
months {Julian)
months, modulo 12

years

D

TOM

TH

THM

TW

TWHM

™

THM

TY
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to the PS5V or ISV which the parameter is used to formulate. In the event that
a parameter is used in formulation of more than one PSV ar 15V, this selection
is arbitrary, |If the system variable referred to has subscripts, they will
appear as the first subscript in the parameter. Additional subscripts may
appear as well. These additional subscripts may be used s5imply to enumerate

the various parameters involved in formulation of the ISV or PSV. They might
also refer to other enumerated variables of the model . The example in Table 2.1

should help to clarify the usage. The parameter pTcF is the first parameter

1
used in the formulation of the principal system variable Tc. The subscript i
indicates that it refers to the ith plant group. The parameter pfci?j is the
second parameter used to formulate the intermediate system variable Fci {food
consumption rate of ith consumer); the subscript | refers to the jth group
being consumed.

A uniform system of physical units facilitates the construction of an
ecosystem model by avoiding the use of parameters whose sole purpocse s to
convert other variables to the proper system of units. We have decided to
utilize centimeters for length, grams far weight, and seconds for time for
nearly all of the variables of the model. When exceptions occur, they will
be noted in the text. Appendix B contains a glossary of all of the system
variables, together with their units, their algebraic notation, and the
corresponding notation utilized in the computer implementation. The
notation used in the computer implementation differs substantially from the

algebraic notation, because the two have evolved at different rates during

mode] development. Table 2.3 contains a summary of the numbers of different
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Table 2,3. HNumber of variables of different types used in various sections
of PWNEE, MOD 1.

Type of Seilon .
Variable N T

: 3 Abiotic Producer Consumer Decomposer Toral

Variables

Criving Y o - = - &
PSSV - 3 7 17 13 Lo
15V 1 a 51 2449 21 321
Parameters h i 116 217 59 340
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types of variables used in the varicus sectjons of FWNEE. This should give

the reader some idea of the size of the PWNEE model .

2.3 Parameter Values

The text will frequently show numerical values inserted in equations
where a symbol for a parameter would seem more legical. This is a reflection
of the fact that at the time of preparation of this manuscript, the model
had not been '‘cleaned up" thoroughly and contained a number of relatively
minor inconsistencies. The numerical values were not replaced with symbols,
primarily because the computer implementation contained the same values
rather than symbols for storage locations where a value could be input from
3 parameter card (see Appendix D). Though insertion of a symbol for a number
in the text of this report Is a minor task, modification of the computer
program is more involved. These and other modifications are being made
continuously, both to the model and its computer implementation, and will
be reflected in the documentation for PWNEE, MOD 2.

In order to experiment with the computer implementations of a model,
it is necessary to have values for all mode] parameters. |deally, the
parameter values should be chosen to make the intermediate system variables
conform to empirically determined results. |In point of fact, the empirical
results are not available for most of the I5V's, and it is necessary o use
a combination of several heuristic technigues to obtain initial estimates
of parameter values. One such technique is to assume a certain percentage
growth rate under optimal or normal conditions for principle system
variables and adjust the parameters to provide that rate. For example,

one might assume that, under optimal conditions of moisture, temperature,
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sunlight, and nutrients, the warm season grasses will have a net production
of 5% per day. This would dictate the value for the parameter pAI1 of
.GE(day]-1 or .0GB = ID_S {seconds}ql. Parameter values for the translocation
function might be calculated by making crude assumptions concerning relative
above- and belowground growth rates. The justification for the assumptions
are not based upon any literature or experimental values, but rather by the
intuition and experience of the biological scientist or the modeller. The
numerical estimates per se are made by a modeller (who may or may not be
also a biologist), however his information comes through consultation with
biological scientists., Frequently, the consultation may involve examination
of data concerning similar species. #As stated earlier, at the stage of
mode] building represented by this report, the fact that the assumptions
made are very crude does not affect the overall objectives of the model.
Appendix D contains a set of numerical values for the parameters utilized

to produce the output in Appendix E. The same parameters were utl]|zed

to produce the graphs of intermediate system variables which are found in
later sections of the text. Time does not permit giving a detailed
explanation of the raticnale for the determination of each parameter: as
mode] development proceeds these parameter values change so rapidly that

the rationale is of little use in any event. (The fact that the parameter
values are so rapidly modified during model| development is one reason why

they are not called constants.)
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2.4 Updating and Validating the Model

Since a purpose of this model is to stimulate critisism to improve future
versions, it is appropriate to comment on the manner in which PWNEE minht be
updated. Basically, there are four types of modifications which can be made.
These correspond to the steps used in producing the model ariginally. In
order of complexity of the modification, most complex first, these areas
are as follows:

(i) addition and deletion of PSV's,
(i1) addition and deletion of terms in the equations for the PSVW's or
their rates of change,

(i1i) changes in the formulation of functional curves which relate the

I5V's to other system variables, and
(iv) changes in the values of model parameters.

A change in the value of a model parameter is a very easy modification;
additions and deletions of PSV's affect the model much more drastically and
are more difficult to implement and document. Modifications of type two and
three change the basic mathematics of the model. It s here where we expect
most activity in updating the model to take place. Criticisms of any tvpe
will be useful and interesting. Only those which fall under the categary of
specific changes of one of the above types will result in any immediate
improvement in the model. Sugqgestions concerning a change in basic methodoloay
have been initiated in other project phases. The differential eauation approach
Is supported by years of experience in other scientific disciplines and a
growing literature in ecology. A great deal of thought has gone into the

selection of this approach. Alternate methods are being explored as
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separate projects, but we are committed te a major effart with the differential

eguation approach for high resolution ecosyster models,

In order to achieve a smooth and orderly transition from our initial
modelling efforts inte a reputable and realistic ecosystem model, it is
necessary to make changes a small amount at a time. For example, biclogical
scientists may feel that the entire range of principle system variables
is fundamentally incorrect and must be chanqed. However, in arder to avaoid
redoing the work which has gone into the current version of the model, we
would suggest adding and deleting PSV's one at a time with constant reevaluation
of model output. It is only In this way that future results can be built
upon past effort and that we can profit by our mistakes as we proceed.

Validation of a whole ecosystem model is a topic beyond the scope of
this report, however a few comments are in order. Ideally, wvalidation
involves comparison of all PSV's and ISV's of the model with experirental
data. 15V's would be measured over the range of all environmental parameters
of which they are a function (the "process studies' of the frassland Biome) ,
and P5V's would be monitored for a sufficient number of vears to provide a wide
cross section of environmental conditions. |f the PSV's of the model |, when
graphed as a function of time, do not agrees with the corresponding empirically
determined values, the modeller must reformulate parts of the system and try
again (assuming the system has been driven with the appropriate data). It is
impractical of course to determine the complete range of all I8V's as a functian
of all variables and to measure al| ecosystem variables correspondinag ta PSY's,
The Grassland Biome study is endeavoring to do as much of this tvpe of

experimental measurement as possible, Fortunately, model validation iz not
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an absolute thing but rather a continuum. It can be defined, in a practical
sense, as any technique which helps the modeller to gain confidence in the
efficacy of his model as a description of reality. As defined in Bledsoe

and Jameson (1969), a model is an abstraction of reality. The level of the
abstraction is determined by the resolution of the madel., The concept of
model resolution is discussed in Grassland Biome Technical Report Na, 32
(Swartzman 1970). A great many of the principle system variahles of the

FWNEE model have been measured in the 1970 field season. Some of thase which
were not measured in 1970 will be measured in 1971 and succeedinag years.
Consider some examples of model validation in areas where other than complete
data are available. |If a total predicted standing crop of all plant functional
groups in the model corresponds with the total standing crop as measurcd in
the field, this would be an aid to determining the reality of the model
mechanisms, even if comparison by species or functional groups could not be
done, and thus, is a method of validation. similarly, if project sclentists
feel that the rate of change of a principle system variable, such as animal
density, has been completely formulated to a realistic degree, they may have a
gyreat deal of confidence in the prediction of animal numbers in spite of the
fact that field technigue might not be adeauate to provide a check. Such a
situation could result from laboratory studies or literature data providing
appropriate ISV information. |t is true that in some areas where it is very
difficult to make field measurements of model PSV's, it may be desirable to
reformulate the model and redefine the principle system variables to correspond
to those field values which can be measured. However, this need not alwavs

be the only alternative as pointed out above.
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An objective of research in the Grassland Biome is to provide the most
complete and realistic ecosystem models at several levels of resolution which
are possible with the current state of ecological knowledge and experimental
techniques, subject to a reasonable monetary constraint. Exactly how complete
and realistic these models will be remains to be seen. We believe that
they will represent a considerable enhancement of the knowledge of the
functioning of arassland ecosystems. This enhancement will orobably result
from the integration of existing knowledge rather than from the discovery of

new fundamental truths in separate subdivisians of the ecosystem.
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3. DRIVING VAR|ABLES
Driving variables are those ecosystem variables which are not produced

via mechanistically formulated equations but are nevertheless needed as input

to the rest of the model. For example, we are not interested in a mechanistic

formulation to predict air temperature (at 2 m) but we do need to know what

air temperature is at any time in order to predict, say, photosynthesis rate.

The driving functions of the current PWNEE made| are z,~"net shortwave radiation

[ca]f[cmz-sec}], z,--air temperature at 2 m (°C), 23""precipitation rate

(cm/sec), and Zy~-wind speed at 2 m (cm/sec). Our current notational scheme

utilizes a small letter "2'" with a single subscript for a driving variable.

There are three basic methods of inputing driving variables to the
computer implementation of the model:

t. an actual record of the variables as recorded on an experimental
site for some time period. The program must provide an inter-
polation scheme to provide infarmation between the recorded
time points since any data entered into a digital computer must
be discrete. This scheme can be a simple linear interpolation if
time points are close, relative to the time resolution of the model
(say, every five minutes), or it must be more complex if there is
a lengthy spacing between time points (say, twice a day ) ;

1. a deterministically generated variable. This might be used if

data were unavailable for some needed driving variable for

purposes of checking out the model. For example, one might assume

a simple sinusoidal variation in air temperature or sclar radiation:
ii1. a stochastically generated variable. Here one would employ a

numerical scheme which would produce a set of pseudo-random numbers
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whose statistical characteristics match the characteristics of
the variable as measured in the field.
The computer implementation of PWNEE, MOD 1, contains a mixture of methods
(Z) and ({%) to produce the needed driving variables.

PWNEE, MOD 1, utilizes the very simplest possible mechanisms to aive
continuous driving variables. At the time of construction of this version,
the most readily available data cons]sted of records of daily precipitation
and maximum and minimum temperatures. The wind speed and solar radiation
functions contain only diurnal variability; seasonal changes are reflected
only through the precipitation and air temperature wariables. The reason
is the priority placed on production of a whole system model as a target far

discussion and framework for modification.

3.1 Net Shortwave Radiation
it 4 N ; ; 2
Method (i) is utilized to give a figure for z, [cal/(em®-sec)], at any
time. Solar radiation is assumed to be a truncated sinuseid with a peak

value given by parameter pz, as shown by equation (3.1):

I CEP sin [;ET-Ethm - 6.)] if 6+ thm - 18
z, = (3.1)
] 0 otherwise

Time of day in hours is given by thm.

3.2 Air Temperature
Method (%) is utilized here {22, °C) and a complex interpolation scheme has
been employed since the recorded temperatures consist of daily maximum and

minimum. Since the time of day at which the optimal temperatures occurred was
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not recorded, the assumption is made that the maximum temperature always cccurs
at 2:00 PH (thm = 14,0} and the minimum at 5:00 AM (thm = 5.0). If the

input daily values are regarded as parameters, PZ, 4 and pz =1,
*

% TR

-, 730 days, for maximum and minimum, respectively, for each day for two

years, then the formulation is a cosine interpolation as follows:

{PZE,I,i-I = pzZ,Z,T} cx[{thm + 10,) - TET—] + pzz,z.i
if 0 < thm < 5.0
i) i
z, = { {PZZ,I,i - pzzlz,ilil. - ex[(thm - 5.) g]} + pzzrz, {3.2)
i F 5. < thm = 14,
|
{pzz’lli = p22‘2'i+1} ex[(thm - 14.) TEfJ + PZ; 5 i1
if 14, < thm = 24,
where
cx(xl} =31 + cuﬁix!}] (3.3)
and i = td gives the time index.

3.3 Precipitation
Method (i) is utilized to give precipitation {23. cm/sec) rates for
any time of day. The basic data record is the amount of rainfall which

oCcurs in any one day without any information about when during the day it

occurred, so some assumptions are required. We have assumed that the daily
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rainfall occurs between 3:00 AM and 8:00 AM (thm = 3.0 to thm = 8.0) during

the months October through June,

During the summer months, all precipitation

occurs between 3:00 PM and 7:00 FM (thm = 15, to thm = 19.) to correspond wi th

the afterncon thunderstorm typical of the Great Plains in late summer. The

following algebraic eguation summarizes this mechanism:

@, otherwise

if (3.4)

where i = td gives the time index and pz3 i is the amount of precipitation,

in cm, occurring on the ith day.

The numerical constants are for

conversion of precipitation rate in ecm/day to the appropriate time period,

either two hours or five hours.

3.4 Wind Speed

Method (i) is utilized here.

We assume that the wind blows constantly

at 5 mph during the hours 12:00 noon to 6:00 PM (thm = 12. to thm = 18.), at

0 mph between 9:00 PM and 9:00 AM
in the interim periods (thm = 9. -

equation summarizes this:

(thm = 21. to thm = 9.), and changes linearly

12. and thm = 18. - 21.). The following
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hhy. if 12, < thm < 18,
(thm - 9.) « 149, if 9. < thm < 12,
z, = { (3.5)
-(thm - 18.) « 149, + 447, if 18. < thm < 21.
(O if 21. < thm < 24,

3.5 Future Expansion
For air temperature and precipitation rate, near-continuous recording
devices are operating on the Pawnee Site. A simple linear interpolation scheme

will eventually provide a very realistic driving function for these two
variables. Solar radiation and wind speed are also being continuously

recorded for periods of several weeks at a time. Correlation of these data
with periodic measurements of wind speed (e.g., total miles/day) and other
meteorological parameters will allow generation of realistic values for 2

1

and 2),- This would be a combination of methods (1) and (£7) or (i) and
{177).

For simulation of loecations other than the Pawnee Site, a more realistic
extension of the methods described herein might be used. These would be
based on analysis of data from nearby stations of the U.S. Weather Bureau and
utilization of existing functions in the meteorological and climatological
literature. For example, the summer thunder storm intensity might be given
by the Gamma distribution function emp loyed by Amaracho and Broadstetter
(1967). This would allow the storm intensity to vary within the storm period

instead of assuming a square distribution as in MOD 1.
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4. DRIVEN ABIOTIC VARIABLES

The abiotic section of PWNEE is relatively simple compared to other
sections. This is because of the greater amount of knowledge already in
existence concerning mathematical forms in this area. Rather than attempt
to duplicate other research, we basically have sought to formulate mechanisms
which will provide the rest of the system with needed variables. We expect
that the hydrologists and agricultural engineers in the Grassland Biome study
will be able to supply correct formulations in future modifications of PWNEE.
The task of mathematical modelling is met with much less skepticism and much
greater confidence by scientists of this area than in the biclogically oriented
areas. Thus, 1t is necessary to place a djfferent emphasis on abiotic
mechanism formulation in constructien of a model designed to encourage
mathematical statement of mechanisms,

The PSV's of this section are soill temperature, Ts, soil moisture,
Ms, and scil surface temperature, Tc. There are no ISVY's associated with
the abiotic PSV's. Such obvious associated variables as soil moisture
tension or nutrient status are inecluded in later sections because of their

use in formulating PSV's of those sections,

h.1 Principal System Variables

The soil surface temperature, Tc, is utilized synonymously with plant
canopy temperature and is used in other sections of the model as the charac-
teristic temperature for mediating aboveground plant physiclogical mechanisms.
In a completely mechanistic approach, the soil would be broken down inte thin
horizontal layers with a PSV te describe the temperature of each layer. This

would be done by developing heat budget equations for each layer to give rate
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of change of heat content as a function of other system variables (Whitman,
1963). For the current level of resolution of PWNEE we have regarded this as
too complex and detajled an approach. We have adopted the following expedient
in which Tc is formulated in an algebraic equation, in contrast to most PSY's
of PWNEE.

Tc is regarded as being equal to air temperature, Z4, under conditions of
high wind or zero solar radiation since radiative heating due to insolation can
be removed by convection under these conditions. Otherwise, Tc can rise
to as much as 10°C (an order of magnitude estimate) above z.. The following

2

equation summarizes this relation:

z
1 3
z, + lﬂ.{EETJ if {Zﬁ < 223.5) and {21 .oooz)
Te = (4.1)
z, otherwise

Notice that the breakpoint for an increase in Tc over z_, is a wind speed

2
less than 5 mph (223.5 cm/sec).
Soil temperature, Ts, is calculated by a linear differential equation

which causes a first order lag behind Te. The time constant of the lag is

pTs. We define Ts as an average for the top 20 cm of the soil.

Ts = pTs(Te - Ts) (4.2)

Fig. 4.1 gives a graph of z,, Tc and Ts for the first few days of January as
calculated in PWNEE., The temperature minima and maxima used in Appendix E

were taken in 1967 near Akron, Colorado on an area of sandhills prairie

(courtesy of USDA).
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Soil moisture, Ms, T8 given in.cm of water in the top 20 cm of the soj|.
It is characterzed by a linear differential equation with precipitatian rate

45 an input and a linear loss rate as the only driving mechanism., The rate

constant for Joss jg pHs .

Msi= Zy - pMs - Ms (4.3)

The constant-coefficient linear loss term, pMs « Ms, s used to account for

all sources of moistyre loss from the ground. With the precipitatian driving

functions used, the soil never becomes saturated so it was not necessary to

PUt a saturation limiting mechanism into the model. Bledsoe and Jameson (1969)

contains g description of such a mechanism, but it was not implemented for the

reason given above, Fig. 4.2 gives a graph of Ms as a function of time far

precipitation data taken concomitantly with the temperature data in Fig. 4.1,
The parameter values reported in Appendix D were all order of magnitude

values with the exception of pMs. This Parameter was chosen by trial and

error to give soil moisture values to correspond with measurements made

concomitantly with the precipitation values, p23 P =1, ., .., 730.

4.2 Future Expansion

PWNEE, MOD 2, wil] probably separate the soil surface and canopy temperatures
into two PSV's with a heat budget formulation including net radiative heating and
evaporative cooling for each. The information necessary to validate such
mechanisms js currently being made (on the Pawnee Site) with automated digital
recording devices. A separate modelling project on prediction of soil
temperature as a function of depth is being carried out independent |y of

Grassland Biome support by the Agricultural Engineering Department of the



SN

-29-

University of Wyoming. Improvements in the soil temperature PSV will be based
on this project. A soil moisture model is being developed by the personne |
responsible for the microwatershed experimental project at the Pawnee Site
(Department of Watershed Resources, Colorade State University). This model
would consider such phenomena as runoff, evaporation, transpiration, surface
roughness, slope, and aspect.

To give a better seasonal distinction in the model, PS5V's for snow
depth and hail might be added. The modifications mentioned above will probably
require additional driving forces such as cloud cover and dew point depression.
Modifications in other sections of the model may also require elaboration of

the abiotic section to provide the necessary environmental data,

i
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5. PRODUCER VARIABLES

2.1 Principal System Variables

There are seven producer Principal system variables. The first
four of these are the aboveground live biomass densities of four plant
functional groups representing four of the major groups on the Pawnee
Site. A11 denotes the biomass Per square centimeter of warm season Hgrasses,
as typified by Bouteloua gracilis; AIE denotes the biomass af cool season
grasses, as typified by Agropyron emithii ﬂl3 represents forbs, as t#pified
by Sphaeraleia coccinea; ﬂih represents Opuntia polyacantha, which makes up
over 35% of the cactus species. Each of the PSV's, though typified by a
single plant species, stands for the total biomass in each of the four
functional plant groups. These four groups make up a large percentage of
the plant biomass on the experimental pastures at the Pawnee Site. They
also are the groups which are most important in consideration of grazing
patterns for domestic herbivores on the site,

The rates of change of each of these four producer PSV's are represented

by the differential equation given below.
Aii = pAl, - hp, - Al, - (b, + da, +ha,) ,i=1,..., 4 (5.1)

where the processes of photosynthesis, translocation of photasynthate to
belowground parts, death of aboveground parts, and harvest of aboveground
parts are represented by hpi, bti’ dai, and hai, respectively, for the it/
plant group. All units are gf{cmz*sec}. These ISV's vary with time depending

on the states of various system variables. These relationships are discussed
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below, pAT; is a conversion factor for EG2 fixation rate to photosynthate
dccumulation rate for species |,

The last three producer system wvariables are the belowground (i.e., top
20 cm of soil) live plant biomass, Bl, the biomass of plant standing dead, Ad,
and the biomass of plant litter, Lt. These last three variables are totals for
all plant functional groups represented because species separation was not done
(1970 field season) in the collection of field data on them. The rates
of change for these variables are given in the model by the following three

differential equations.

&

Bl = = bti = (db + rb-Bl + hb) {5.2)
=1
. 4

Ad = 7 dai - (sa*Ad + hs) {5.3)
i=1

LE = sa+*Ad - (h] + hm + lesLt) (5.4)

There are several intermediate system variables in these equations,
The respiration rate of belowground plant parts is rb; hb, hs, and hl are
the harvest rates by macroconsumers (as opposed to microbial harvest) of
belowground, aboveground standing dead, and litter biomasses, respectively.
The rate of shattering of plant standing dead material is sa, and lc is the
rate of leaching of plant litter into the soil. The microbial harvest rate
of plant litter is hm. Al]l these rates are given in grams per square centimetor
per second [gm!(cm2-53c}] or {5&:]_1 if the IS5V is multiplied by a biomass

density,
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The mechanisms used to represent each of these processes in the mode |

will be discussed in the following sections.

5.2 Intermediate System Variables

The rate of net photosynthesis in this model is based on g graph of a
generalized photosynthesis function given by Gates (1968B). Photosynthesis
(per unit leaf area) depends, in his work, on canopy temperature and intensity
of phctoﬁynthetica]ly active radiation, Qualitative curves are given by Gates
for relative net photosynthesis as 3 function of these two abiotic variables.
Equation 5.5 is an algebraic translation of the general shape of the curves as
given by Gates. Fig. 5.1 is a graph of equation 5.5. The function gives net
photosynthesis, and thus may be negative under environmental conditions |n
which respiration exceeds gross photosynthesis. A moisture stress and nutrient
stress index, ms ., and NS., respectively, were added to include stresses
specifically due to soijl moisture and nutrient deficiencies. These |SV's are
discussed below, Their functional range is from zero to one. GSince Gate's
curve is given for a unit leaf area, the leaf area index, Taf, is used to convert
to a soil surface basis. The 15V, cri, fractional cover, takes into account

the fact that the ground is not uniformly covered with vegetation of group j.
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Fig. 5.1. Net photosynthesis {hpli ¥s. canopy temperature (Te) for warm
season grasses.
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1

The four cases in equation (5.5) correspond to a categorization of the sunlight
and canopy temperature status, Case | is for normal daytime and moderate
temperatures; case 2 is for low sunlight or darkness and moderate temperatures
case 3 is for excessively high temperature with normal daylight; and case 4 j=
for freezing temperatures. Fig. 5.1 has the corresponding curves marked. This

mechanism is also explained in Bledsoe and Jameson (1969).
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The parameters in equation (5.5} consist of unit interchange and scaling
coefficients and three threshold values {campenEatimn paints) Far temperature

and sunlight {prpzi, pTci], and pTci The compensation point for a variable

2}'
is the level of that variable at which gross photosynthesis exactly equals
respiration, giving a net photosynthesis rate of zero. Tc denotes canopy tempera-
ture (see above, section 4) and rp denotes photosynthetically active radiation.
Percent cover and leaf area Index were taken as unity for the results given in
Appendix E, except for Oruntia where Iall = .15,

The 15V rp, photosynthetical ly active radiation, is calculated solely as

a function of the driving variable solar radiation, z The jdea is that the

1
geometry of the grass leaves is such that a greater amount of radiation will
be intercepted per unit soil surface than a horizontal plane would intercept
for the solar position at other than the zenith. The driving variable z,
describes the positive portion of a sine curve during the daylight hours.
However, rp will describe a curve given by a fractional power of a sine curve
as shown in equation 5.6 and Fig. 5.2. This mechanism is explained in Bledsge
and Jameson (1969).
% Prey

rp = I:j:lz\l W {p_zi_:l quEh"
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Fig. 5.2. Relative photosynthetically active radiation {rpfpz1} as a
function of time of day (td).

Growth response by the ith plant group to moisture stress is given
by ms which is a function of the soil moisture by volume, Ms. |t is
formulated to imitate the growth response which might be observed as a
function of soil moisture tension which would vary in soils of different
types with a given volume fraction of water. It is also designed to take

into account differential plant tolerances to high moisture tension. The
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formulation is designed to exhibit a semi-threshald response of varying

degrees of sharpness. Equation 5.7 and 5.8 and Fig. 5.3 show the mechanism.

ms, = at(pmsiz, pms . 4 fw) (5.7)
where
Ms
o = 207 (5.8)
T4 :

the ISV, fw, is soil moisture converted to fraction by weight (in top 20 cm

of soil) assuming a bulk density of 1.4. The function (15v) at{x1. o0 xj}
gives an arc tangent response to its independent variable as follows.
& ) -1 -
atfx], X5 13} = [;J tan [c]fx3 xI}] + .5 (5.3)
= . lT__. \
< tan(.4 = ) {(5.10)

2

This ISV is a mechanism for calculating an index between zero and one which s
dependent upon a semi-threshold effect utilizing an arc tangent function.

Notice that the function is designed so that if the first argument, x is the

'r'l‘
inflection point, the second argument , o is a measure of spread or the
distance from the inflection point to accomplish a rise of the index from

-2 to .9, then the third argument is the variable for which the index is to

be computed.
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Fig. 5.3. Moisture stress index (msq) for the warm season arasses as a

function of percent soil moisture by weight (fw) in the top
20 cm of soil.

The nutrient stress index, ns., also utilizes the arc tangent relation

with a weighted sum of decomposer PSV's as its argument. Details of this

ISV are given in section 7

The respiration of belowground plant parts, rb, is assumed to be a

function of soi] temperature. Fig. 5.4 shows this relationship which is

formulated in equation (5,10,

prb, (44 - Ts}expii‘i&;—"ﬂ} if o Ts < 44
rb =

(5.11)

0 otherwise
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Fig. 5.4, Rate of respiration of belowground plant parts (rb) vs. sail
temperature (Te).

It is assumed that 36° is a temperature value above which the below-
ground plant respiration decreases precipitously. The rate, rb, is given in
gf[cmz-ﬁec} per ga"cm2 of belowground live plant material (thus rb has units
5ec_]}. The maximum respiration rate under this assumption is about 5% of the
mean root biomass {TGli gfcmz} per day.

The death rate of belowground plant material, db, is taken to be half the

respiration rate as an initial assumption,

. T (
db.= 5 (5.12)

This rate is in QXKsz-Ee:] per gfcmz of belowground live plant tissue.
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The 15V, dﬂi. death rate of aboveground parts, is calculated as a function
of the moisture stress index, ms., and the canopy temperature, Tc, as in

eguation 5,11,
da, = (1 - mST]pdail . at{pdaij, pdaiz, Tc) - Aii (5.13)

Fig. 5.5 shows daI as a function of canopy temperature for Timiting sail

moisture (ms, = 0.). For higher levels of soil moisture the curve would have

similar shapes but proportionally lower values.

L ¥g]

Fig. L.5, Death rate of warm season grasses {A11} as a function of canopy

temperature (Tc).
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The translecation from above- to belowground plant parts, bti’ is given
in this model as a function of both the above- and belowground plant biomasses.
The total specific aboveground plant biomass is denoted by ab, and is egual to
the sum over | of #IF. Then the translocation rate in gf{cmz-sec} is given in

equation (5.13).

-min[0., pbtih{h]i - pbtiE}
if {mI < pbtf3} and (Ts > 0)
where
Al

bl, = Bl « — (5,15}

and
I
ab = I Al (5.16)

This appears graphed in Fig. 5.6. The I5V b]i is a device for estimation
of the belowground biomass plant group. Since only the total be lowground
plant biomass is known {BI}, it is assumed that the belowground plant parts

are in the same ratio as aboveground parts.
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Fig., 5.6. Translocation {bti} of photosynthate from aboveground to below-
ground plant parts for warm season grasses., |n this graph, phtiy

- £l ] - -
pbt . have values 1.3 x 10 L T b 27 <107

-4
and 2 = 10 7, respectively.

The shatter rate, sa, is given as a piecewise linear function of wind
speed. For wind speed less than & mph (223.5 cm/sec) the shatter rate is
constant at .UDS{SEC}_I. Above this wind speed the shatter rate jncreases

linearly.



_43-

[ .005 if
1

[ (.005 + 2.21 - 10~ %

By f 223.5 cm/sec
Sa =

(5.17)
. zhj if z, > 223.5

The values used are based on an assumed shatter rate of .5% per day
with a 5 mph wind.

The shatter rate is graphed in Fig, 5.7.
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Shatter rate of standing dead plant material {
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sa) as a functian



The leaching rate, lc

lc = .035 » 22

gl

» is assumed to depend on the precipitation rate.

(5.18)

where Z, is the precipitation rate in gf{cmz-sec}. A graph of lc ws, z, appears

in Fig. 5.8. (A rainfall

about 1 cm/day.)

rate of §5 = ID-S cm/sec corresponds to a rain of

z

L5 g

5 X 107 {em/sec)

Fig. 5.8, Leaching rate of plant litter, lc, into sail organic matter as a
function of precipitation {z;). The leaching rate with .5 oem
Fain in a day would be about .5% per day of the total litter
biomass. Harder rains would give proportionately more leaching.
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Appendix B contains a summary of parameter definitions; Appendix E contains

typical solution curves; parameter values are given in Appendix D.

5.3 Future Expansion

The possible areas for modification and expansion are so numerous that
only a cursory catalog of the most obvious will be attempted. The first
modifications will probably involve redefinition of the PSV's so that the
major plant species have their own functional group. The belowaround and dead
biomasses will probably also be subdivided by functional group. A dead root

compartment might be added. Separate PSV's for reproductive parts of plants

might be added. Additional ISV's will include a microbial harvest term to
account for in situ decay from each PS5V, a trampling loss term for all above-
ground biomasses, and a shattering term for |ive plants,

Modifications of the formulation of ISV's might include addition of the
photosynthesis rate as an argument of the translocation function, as indicated
by an experimental project in the Botany Department of the University of
Wyoming. Belowground respiration might be made a function of other soi |
variables than temperature; photosynthesis might be broken into gross photo-
synthesis minus respiration; an actual soil moisture tension ISV might be
added; shatter rates might be made to depend on snow cover and storm
intensities; leaf area index should be made a function of solar angle and biomass
density with concomitant changes in photosynthetically active radiation:
aboveground death rate might be modified to consider phenclogical data:
leaching rates should consider the previous occurences of rainfall: nutrient
and moisture stress indices should be formulated to give more specific

responses than a simple reduction in rate of occurrence of physiological
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functions; nutrient stress should give differential responses for shortage
to different nutrient forms; allowances should be made for soil toxicities,
such as salinity. Obviously, this 1ist could be extended. The modification
plan, as explained in section 2, will involve the gradual inclusion of the
above factors rather than an attempt to rewrite the entire section and
include everything. The decision as to what changes to make first will be a
difficult one and the chojce will necessarily be arbitrary sometimes.

For a longer view, the model will need to be a spatial rather than
point system. The 15V, Cr;» percent cover of the ith plant group contains
the beginnings of this extension, Currently, cr, has a constant value and
properly should be renamed as a parameter. Changing cr, to a PSV and repre-
senting it by a differential equation will allow spatial growth of plant
groups. Constraints can be placed on the sum of the cr, values so that they
do not exceed 100% cover. Some mechanisms of this type can be found in
Clymer and Bledsce (1970). The spatial model can be made more realistic by
superimposing it on the plant communities of a fipne scale vegetation map of
an experimental area. Such maps have been and are being produced for various
areas at the Pawnee Site by members of the Range Management Department of the

University of Wyoming.
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6. CONSUMER VARIABLES

6.1 Principal System Variables

The biomass density of seven functional groups is represented in the
consumer section of the total ecosystem model . Associated with each of the
first five functional groups (live material) is the name of a representative
species in that group, as shown i{n Table 6.1.

The units fer variablas in the esnsimer section differ slightly from
other sections of the model in that a "day' rather than a '"second" s the
basic time unit. The computer implementation allows for this by multiplying
all derivatives calculated by the number of days/second (864 - 105]*1.
Similarly, harvest rates calculated in other program sections and supplied to
the consumer section are multiplied by .864 - IDS.

Let

N. = density of individuals in group | {cmzﬁ-l

x
il

= average weight of an individual in group i (g)

biomass density of group i {gfcmzl

L
1]

Then in order to compute the biomass of the first five functional aroups ,
representing live biomass, at any time, differential equations are solved for
Ni and wi_ Then the algebraic formulation in equation (6.1) gives total

biomass densities,
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Table 6.1. Consumer functional groups.
Functional Representat ive Population fivg. Bi
: ; iomass
Group Species Numbers Weight
Primary consumer-- Black-tailed jackrabbit N W C
wild 1 1 1
Primary consumer--
domestic ol NZ H2 EE
secondary consumer  Coyote N3 HE E3
Omnivore-- ; ;
F W
migratory Lark bunting NI+ m Lh
Insect as e N W C
£ Grasshopper 5 5 G
Total animal feces == -- - Fe
Total animal dead . o . cd

material
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The differential equation for the rate of change of animal density with

respect to time is written in the following form:

. a,
i+7 : ; ;

N. =N, i = e e 23 - &b :

: HI[nhI ndI] wi + im, em.; i Ts i B (6.2)
where
. " 2 =1
nb, = instantaneous birth rate of consumer group i (day)
ndi = instantanecus natural mortality rate of consumer group i {dayj_]

hai+? = harvest rate {gf{cmz-day} of consumer group i (in terms of
biomass density)

immigration rate of consumer group | {cmz-day}"1

im, =
]
_ 4 p 5 2 =
Emi = emigraticon rate of consumer group | {cm ~day)
Thus, the number of individuals in consumer group i is increased by

birth and immigration and is decreased by natural mortality, harvest (preda-
tion), and emigration. In this model, all of the above mentioned rates are
assumed to be functions of time only and are not influenced by such Ffactors
as the numbers of individuals in other consumer functional groups or the
biomass composition of the various primary producer functional groups. This
simplification was for the priority reasons mentioned in other sections and
at the beginning of the report.

The differential equation for the rate of change of the average weight

of an individual in consumer group i is written In the following form:

W. =W, v as. « fc, ~re.; (=1, .. .y 5 (6.3)
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where

as, = assimilation efficiency of the food ingested by an individual

in consumer group i

Fci = food intake rate {day]"1 for an individual in consumer group |

reé, = respiration rate (g/day) for an individual in consumer group i

The differential equation for the rate of change of the biomass of

animal feces with respect to time is written in the fallowing form:

-

c. (1 - asi]FcTJ - ha {6.4)

TN

i 13

r=
i

where
ha13 = harvest rate {gf{cmz-day]} of animal feces.
Thus, the animal feces Compartment is simply an accumulation of material
ingested but not assimi)ated by the five consumer groups,
The differential equation for the rate of change of animal dead

material with respect to time is written as

Lo I

=8

il
—
1 %

L]:I Ei . ndi} - haiLII (6.5

where
halg = harvest rate [gf{cmz-day)) of animal dead material,
Thus, the animal dead compartment is simply an accumulation of the

biomass of the animals dying from natural causes (non-predation) in the

five consumer groups,
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6.2 Intermediate System Variables

Birth, death, tmmigration, emigration. The instantaneous birth rates
{nbij' natural mortality rates Endi}, immigration rates (imr}, and emigration
rates Eemr} are determined for the first five consumer groups in the following
manner. Note that immigration and emigration are modelled only in consumer

group 4 (birds), T.e., Im, = em, = 0. for | = T s

i i « 3 5, except i # 4,

i. The percent of functional group 1 {primary consumer--wi ld)
reproducing during the year decreases linearly from 100% at
day 58 (start of the breeding season for a 355-day year) to
102 at the end of the breeding season. This mechanism is to
lump all restrictions on breeding (e.g., sex ratio, fecundity)
into a single factor. The instantaneous natural mortal ity
rate is restricted so that a net increase in the population
size occurs from day 58 to day 210, and a net decrease in
the population size occurs after day 210, The reason for
changing (decreasing) the proportion of the population repro-
ducing during the breeding season is that young individuals
recruited into the population due to birth do not reproduce,

Thus,
0 if (tdm < 58) or (tdm > 252)

nb, = {6.6)
.007[1 - 0046 (tdm - 58)] if 58 < tdm < 252

nd, = .0022 {6.7)
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Consumer group 2 (primary consumer--domestic) is kept at a fixed
density, as [f stocking rates were not changed and animals neither

died nor gave birth on the range,

nb, = nd. = @ (&.8)

Due to a lack of information on secondary consumer population
dynamics, consumer gqroup 3 is kept at a fixed density, representing

an estimated average value,

nb, = nd_ = 0 {6.9)

The birth, natural mortality, immigration, and emigration rates
of consumer group & (birds) mimic those simulated by Swartzman
{1969) for lark buntings in Technical Report No. 3. Thus,
hatching occurs during weeks 23, 24, 27, and 2B. Birds immigrate
at a rate of 26 birds/100 ha/day during weeks 17 and 18 {days 113
through 126) and emigrate at a rate of 21 birds/100 ha/day after

week 31 (day 218).

Thus,
.0308 if 155 < tdm < 168
nbI+ = 4.0102 if 190 < tdm < 203 {6.10)
0 otherwise
[-0021 if tdm < 154
ndh = (B.11)

1.0035 if tdm = 154
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26 1% 113 < tdm < 126
imL+ =] (6.12)
a atherwise
I -8
21 2 10 if 218 < tdm = 235
ﬂmI+ = = B (B.13)
Q otherwise

The percent of consumer group 5 (insects) reproducing during the
year decreases linearly from 100% at day 162 (start of the
breeding season) to 10% at day 224 (end of the breeding season) .
Natural mortality occcurs at a constant instantanecus rate from
day 162 to 259, The instantanecus natural mortality rate is
restricted so that a net increase in the population size occurs
from day 162 to day 208, and a net decrease in the population
size gccurs after day 208 and until day 259. This information
was modified from preliminary reports of grasshopper population
data taken by Biology Department personnel at the University of
Colorado, Colorado Springs campus,

Thus,

[.uzlh[: = .0165(tdm - 162)] if 162 < tdm - 224
b, = (&
5 10

ctherwise

L0071 if 162 < tdm < 259
nd_ = (6.15)
0 otherwise

T4
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kmmeration of food sources. |n order for computations of the above
rates to be made, all possible sources of food for any consumer group must
be enumerated. These sources of food are referred to as consumed groups and
are listed in Table 6.2,

The first seven consumed groups refer to the seven principal syster
variables in the producer section of the model, and the last five consumed
groups refer to the first five principal system variables in the consumer
section of the model, Let chj = biomass of consumed group |; (R i
< v oy 12. Thus, ch = E1, ch = Bl, etc,

In general, when a variable or parameter must be subscripted doubly to
refer both to a consumer group and a consumed group, the first subscript
will denote the consumer and the second will denote the consumed group.

Food intake rates., Ingestion involves calculation of two basic guantities
relating to the quantity and quality of food eaten. The two basic I5V's are
food intake, fci, and food preference, Fpij’ where i indicates the consumer
group and j indicates the consumed group. We will treat these two interrelated
quantities next.

The food intake rate {fci] for consumer group i, at any time, is
controlled by two factors:

i. The average weight {wij of an individual in that group, and

ii. The amount of available food.

Leet

chTI = food intake rate (day}"] for consumer group | under

ideal food availability conditions



Table 6.2, MNumbering of biomass PSV's for purposes of consumer section.
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Index (j) of .

Consumed Group Functional Name PSV
1 Warm season grass AF1
2 Cool season grass F'.I2

Forb Al
3 or 3
4 Cactus J'HLI

5 Belowground plant parts BI

6 Standing dead (plant) Ad

7 Litter Lt

8 Primary consumer--wild C,

9 Primary consumer--domestic 52

10 Secondary consumer t3

11 Bird Eh

12 Insect C
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mp. = index of most preferred food source for consumer qroup

i under ideal food availability conditions

The former is an input parameter to the model; the latter is a model

IS5V which is explained below. mp, is used to indicate an element of the

array [cbj]; thus it must be equated to a subscript.

The food intake rate {fci] for consumer group i, at a particular

time, will be less than pf¢i1 if any of the following conditions occur-

i. The average weight of an individual in consumer group 1 (W.) is

above a threshold weight (pdl.,) for that group. Thus, if an
individual gets too heavy, it consumes less food than normal
and its weight is consequently reduced to within a specified
range.,
The biomass of the most preferred source of food (consumed aroup
k) under ideal food availability conditions, {cth, drops below
a threshold [pb]k}. Thus, the biomass of the most preferred
source of food has a direct effect on the amount of food consumed
by a particular consumer yroup. The food intake rate for consumer
group | {FcE] will be greater than |:|i“::i.I if the average weight
(Hi} of an individual in consumer group i is below a second threshold
weight Epwli] for that group, and more food is available for
consumption. Thus, {f an individual gets too light, it will
consume more food, if available, than normal and its weight will
increase to within a specified range.
Thus, if
k = most preferred source of food for consumer species i
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di. = J pfcil; pdl,, < W, < pdl ., (6.16)
fi P2 TR
by . | j ~Pekis
= dummy food intake variable
a1, 3 cb, > pfe,,
rcbk 1
fe, =4 d1, oo pfc.|3k < ¢cby, < pfe., (6.17]
MRLY
(pfec. .. )
3k |
dl, |——== ; cb, < pfe.
L i lpfciZR k iik

pfcf3k is a threshold which is explained in the next section.
The selection of the qualitative aspects of the diet, or functional

gfoups consumed, are described below.

Let
prij = amount of the diet of consumer species i made up of
consumed species ] under ideal food availability conditions
Then
k = ] such that pmpTJ = max{pmpij; F= V0 v o o 183
Then

i. If the biomass of any consumed species | Ecbj} is below a fixed
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threshold (pfc.. ), that consumed species is eliminated from the

i 3k
diet of all consumer species.

ii. If the biomass of the most preferred source of food {k) is below
a fixed threshold Epftizk], then the amount of the diet of consumer

species i made up of consumed species k is reduced from what it

would be under ideal food availability conditions.

Thus,
PFPii By > pfey,y,
cbk
d2., = pfpik m : pfci3k < cb < pfc.|2k {6.18)
k 0 cbk < pfci}k
= dummy food preference factor
pfpij; cbj > |:+f+:'.i3:I
dz,, = i k G 190
ij j# (6.19
Q3 cbj < pfc‘.i3j
Finally, we normalize the proportions of consumed material,
dZi.
O e L \
fpij ¥l . (6.20)
r d2,
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2
X pr = 1.0, (6.21)

The use of fpij in formulating differentjal equations for the PSY's
comes in calculating the harvest 1SV¥'s, |If haj is the harvest of the

jth biomass group, then we have

5
ha, = & hp,. (6.22)
I S ¢ J
where hpij = fci . fpij . Ei (6.21)

Table 6.3 gives typical values for hpij corresponding to the simulation run

explained in section 6.3,

Example
We shall calculate food preference and food consumption variables faor

consumer group 1 (Black-tajled Jackrabbit) as an example.

I pfcl = .200g9/g body weight/day
] pfp(1,])
1 .05
2 2
3 .70
4 .07
5 0.0
6 059
7 001
8 .
3 ;
10

—
P
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Table 6.3. Typical harvest rate values using parameters of Table 6.5
2
[g/(em®-day)].
J
hpT. —_— RN T T
4 1 2 3 4 5 6 7 8 310 N 12
1 .13L4E-5 .321E-5 - J187E-5 = .158E-5 .241E-7 = s o = =
2 -132E=5" (132E-5 - .J83E~7 - I5BELE _23I2E-T - ™o ¥ 7
i 3 . W Cw @ & & - .153E-8 - - ,900E-10 .180E-8
4 . - - = = - = == s .378E-9
5 -271E-5 .6LBE-5 - .377E-5 - .319E-5 ,LBGE-7 = o - -
ha.j «537E-5 JV10E-4 - 572E-5 - .493E-5 ,959E-7 .153E-8 - - .900E-10 .21BE-B8

Equating this notatien to the notation of the producer section of the model:

h r

a5 hb
haE = hs
ha_, = hl

7
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ii. k=3
Thus, under ideal food availability conditions, forbs make up
70% of the diet of black-tailed jackrabbits and are the mos t
preferred source of food for that species.
iil. Assume HI %75, % pdliz = 100,

Since the jackrabbit population is underwe fght, on the average,

each individual will consume a larger than normal amount. Thus,

u:ll,I = pfclliﬂ———-

]

.267 g/g body weight/day

iv. The only source of food j whose biomass is below pfc13j is consumed

species 3. Thus, dZI 3 is set equal to zero,

J d21j

.05

OO0 O~ O B hd B =
L]
(s
o

Ay
oD o oo
Soo0oo

—
]

v. c¢b, = ,100E-3 < pfe .200E-3

3 1;3;3
Since the primary source of food for black-tailed jackrabbits is
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below both critical thresholds, the amount of food consumed by

Jackrabbits must now be reduced. Thus,

TP (.200E-3)
Lo e e I b 5

.

Il

107 g9/g body weight/day

Therefore, food consumption is ultimately reduced due to the
inadequate supply of the primary source of food.

vi. The actual dietary composition is now computed.

] fplj

167
.4oo

DD O = O S R o=
—
Ly
st |

—
P =

Asatimilation

Each consumed group [j] is assumed to have a constant assimilation
efficiency {paﬁj} regardless of the consumer group (as given in Table 6.2).
Thus, for any consumer group, i, the assimilation efficiency (aSE)

of the food ingested at any time is simply the sum of the products of



B¥a

the assimilation efficiencies of the consumed groups and the fraction

of the diet made up of the consumed groups at that time,

Thus,

: = ; B.74)
; 3 | 1, . wi 5 { i)

Once the assimilation efficiencies have been computed, the food con-

sumption rates can be calculated as

Typical values are given in Table 6.4,

Regpiration

The respiration equations are written in the following form:

pre.,
rEi - DFEET ! l|:wizl 1 ¥ Vo=l o o B {625]

The form of the equation is mechanistic to the extent that it is thought that

the rate of respiration (basal metabolism) for an animal is approximately

proportional to the surface area of that animal. The parameters for the

respiration equations are given below in Table 6.5.

&n estimate of pre, . was taken from Hansen and Cavender (1970), of Pry 4

i ] Ll

from Kleiber (1961), of Pre, 5 from Swartzman (1970), and of prec from Wiegert
¥

(1965). The value of pre, , was guessed.
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Table 6.4, Typical values of assimilation and intake rates.

[ as; as, - fci . wi = intake
1 .382 3.07

2 .389 5630

3 .938 1690

b 776 3.72

5 382 0.012
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Table 6.5. Typical values for respiration parameters.

i pre., pre.,
1 0.54 0.67
2 2.10 0.75
3 3.80 0.67
- 0.28 0.75

5 Q.13 0.84
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The given wvalues of pre., were determined so that under optimal food
availability conditions
i. An individual in consumer group 1 will increase from 100 g to 125

g in 30 days,

—_—
—_—

- An individual in consumer group 2 (cow) will increase from 400 b,
(181,200 g) to 500 Ib, (226,500 g) in 30 days,
iift. An individual in consumer group 3 will increase from 20 1b. (9,060
9) to 25 1b. (11,325 g) in 30 days,
iv. An individual in consumer group 4 will increase from 30 g to 35 g
in 30 days, and
v. An individual in consumer group 5 will increase from .30 g to

-35 g in 30 days.

6.3 Summary and Example

The consumer section of the model was simulated independent 1y of the
mode | by providing a record of forb aboveground biomass {M3 or cb3} as an
artificial driving variable. The graph of this driver is shown in Fig.
b.1(a). Table 6.6 summarizes the inlt]al conditions and parameter values
used in the simulation. It was designed to allow investigation of the
cansumer response to a limiting food supply, Accordingly, the food preference
factors (pfpij} were arranged so that forbs are the most preferred food
source for all the herbivorous consumers. Table 6.7 shows the rate of
change of the individual average weights {wi, i=1, . . ., 5} for the

initial conditions of the simulation. For the parameter and initial conditions
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a) FORB BIOMASS
J3E=2 1
C L2E-2
h3 {ﬁ13}
q;"cm2
LJE-2 L f
_.,-"".’J P Lﬁi’ l2!3
N e
: Y= pfog 3 3
100 200 300
DAY S
b} JACKRABBIT BIOMASS
LOHE-3 0+
'____,..-'
J0E-3
CbB I:.r_:]:]
g/ecm 06E-3 +
J'\
pfc
i,2,8
L02E-3 + v
Pfei 3,8
100 200 300
DAYS
.BE-8 <+ c) COYOTE BIOMASS
.BE-B 4+
Chlﬂ {C]J
a/cm? hE-8 4
J2E-B 4+
] i []
100 200 joa
DAY S
Fig. 6.1. Results of 365 day simulation of consumer submodel, a) Forb

artificial driving function, b) through e) biomass densities of
consumers,
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Table 6.6, Farameter, PSV, and ISV values for a sample solution with dummy
producer values (td = 0).

Initial Conditians Parameter Values
Consumed L e amanee
SpeEcies NT HT 'I:F pwu, ;:lwlE pfc.l_
#fcmz g/ind, QIsz g/ind. g/ind, al/g/day
1 L100E-5 L150E+2 L7E0E=-4 LAO0E+3 JJODE+3 200
2 .200E-9 JBIE+E .362E-4 JB1E+6 B1E+6 L2000
3 L100E=-11 L900E+4 L900E-8 L900E+L LGO0E+Y L3200
L .100E-9 .300E+2  .300E-8  .300E+2  .300E+2 160
5 LS00E-9 L300 .150E-3 L300 L300 270
Consumed Parameter and |5V Values )
Species | )
cbj pfc]ls,j pfci,Z,j Laﬂj
'EIJ"E-ITIZ g.l"rC-Ile gfcmz
1 300E-2 -100E-2 Z200E-2 L300
2 .100E-2 -100E-3 L200E-3 -Tals]
3 .100E-3 -200E-3 500E=-3 L700
l .300E-2 L100E-2 .200E-2 L350
5 LBO0E-1 LARE- L282E-1 .0no
& LT00E-1 .230E-2 AT0E-2 250
7 LH00E-2 .120E-2 .2L0E-2 200
8 .7B0E-4 A25E-4 L2E0E-Y 850
o L362E-4 a 1.0 oon
10 .900E-8 0 1.0 aoo
11 . I00E-8 L270E-6 LGLOE -6 .a00
12 50E=-3 L2BOE-4 .750E-4 . 850




Table 6.6. (Continued)

_?G_

pfpij - Food Preference Under ldeal Food Availability
i

Specles i ! 2 3 4 6 7 g8 9 10 11 9z
1 05 .12 70 .07 059 .001 = - - - -
2 .25 25 by 015 03 .aog - - - - =
3 - = - - - - 85 - - 05 14
4 = .75 s - - = - = = = .85
5 .05 .12 .70 .07 059 .00 - - - = -

Computed Values

Primary Source of Food

Food Consumption Rates

mp, fe,

(g/g body weight/day)
1 3 AG7
2 3 .080
3 8 .200
4 12 160
5 3 .108
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Table 6.6. (Continued)

Food Preference - fpij; i=1, PR - TR R . 5

Consumer ]

Species | 1 2 3 4 5 5 7 B g 10 1 12
1 167 Jhoo - 233 - 197 003 - 2 B = e
2 455 455 - 027 - 055 008 - 5 om . .
3 - - - - - - - 850 - = .050 .10
4 - 212 - - - - - — - - - . 788
g 167 Jhoo - 233 - 197 .003 & = - - -
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given in Table 6.6, we get the following values (Table 6.7) for the change in
the average weight of an individual in consumer group i; i =1, ., ., 5,
Thus, the consumer groups whose primary source of food is not available

lose weight while the other two consumer groups remain fairly constant.

A one-year (365 day) run of the consumer submodel was made. The producer
variables {cbl, G % A cb?] are the driving forces for the run. All oroducer
variables with the exception of tb3 {forbs) are kept at constant biomass
values, above all critical thresholds, throughout the run. The forb bjomass

decreases linearly from 0.003 gfcmz at time 0 to 0.0002 g..-’cm2 at time 200,

and then increases linearly to 0.0007 gf'::rn2 at time 365. Thus,

(i) cby < pfci,2,3 175 < £ < 310

(ii) cb3 < pfci'3'3 193 < t < 210
Plots of the biomasses of jackrabbits ch, coyotes ﬁbID' grasshoppers cb12,
and lark buntings cb]1 are made against time in Fig. 6.1. |t should be noted

that, under ideal food availability conditions, the primary source of food for
Jackrabbits and grasshoppers is forbs, and that the primary sources of food
for coyotes and lark buntings are Jackrabbits and grasshoppers, respectively,
Thus, the forb biomass is the primary controlling factor on the whole sys Len,
It s interesting to note that as soon as the forb biomass {CbB} drops below
chi,z,j' both the jackrabbit and grasshopper biomasses drop. When forbs are
completely removed from the diets of jackrabbits and grasshoppers (cb3
Pfci,z,j}‘ those consumer biomasses decrease at a more rapid rate. As soon
as forbs are added back into the diets of jackrabbits and grasshoppers

{cb3 = pfci 3 3}, those consumer biomasses start to increase again. In a
L "

similar manner the coyote (Eecondary consumer) starts to decrease as soon



Table 6.7,
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Rates of change of individual weights for consumer simulation
run with producer driving variable.

fni rEi &i
i (g assimilated/ (g respired/ {g/individual/
individual /day) individual /day) day)
1 307E+1 JOFLEH -.6BETE+]
2 L563E+4 .1B4E+5 - 128E+5
3 TB9E+L JBIE+Y .000
4 L3T2E+] +3B66BE+] L00BE+1
5 L0172 047 -.035
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as the Jackrabbit biomass cbs drops below chF 2 8 and the lark bunting biomass
[k ]
starts to decrease as soon as the grasshopper biomass {cb12} drops below
pfci 2 172 The lark buntings never completely recover because of the fact
¥ ¥

that their emigration starts during the period of rapid decline in biomass,

Table 6.7 summarizes the harvest rates which occurred during the simulation.

6.4  Future Expansion

Expansion of the PSV's of this section will probably involve association
of the variables with particular species rather than broad functional groups .
This can certainly be done for small mammals and lagomorphs., Arthropods may
remain grouped to some extent, e.g., grasshoppers and sapsuckers as two
separate PSV's. Division of PSV's for certain of the consumers into sex
and/or age classes will also be desirable. At first these would be only a
simple yearling/adult or nymph/adult dichotomy but will be extended in future
versions,

The basic ISV's, e.g., respiration, birth rate, etc., will probably
remain as such, however, their formulation will be heavily modified.
One serious fault of the model which goes across all consumers is the
failure to provide mechanisms individually for the functional groups, i.e.,
the same general form of food preference or respiration function should not
be applied across the board to all consumers with variations only in parameter
values. Within the specific mechanisms of the model, here are a few areas
to be investigated further,

The birth and natural mortality functions need to be tied into the
biological and abiotic environment. This is an area where field data s

extremely difficult to procure, however, every effort will be made to find
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sources of reliable information. It is expected that laboratory studies
on such subjects as jnsect egg mortalities may be useful here, Stochasti-
cization of the model (by the method mentioned in section 2.1} to simulate
the random character of the population may be a useful alternative when
birth and death functions are measurable with variability but no relation
to environmental variables is possible. The introduction of density-
dependent mechanisms for the birth and death functions is justified only
when a specific case can be made based on |iterature or field data or as a
hypothesis to be tested, We expect to have a library of such hypatheses
available for substitution in PWNEE, MOD 2, Cattle stocking rates should
also be entered as a driving variable for domestic herbivores,

The integro-differential equation approach to animal population
dynamics (Bledsoe and Jameson 1969) is the most desired formulation from a
standpoint of resolution. This mechanism, however, needs considerably mare
work as a separate model before it will be ready for inclusion in a whole
system model. Both the methods of numerical analysis for the integral
equations and the formulation of the required ISV's need further research,

The mechanisms of PWNEE concerned with the quality (i.e., dietary items)
and quantity of food ingested are mathematically the most complex in the
model. The basic fault of the current formulation is the failure to allow
animals to shift their diet readily since ingestion rate is dependent only
on the "most preferred species' rather than on total food availability. This
single item could be corrected by a fairly simple "patch' to the medel ,
however, we plan to take a broader loak at the system. |n particular, the

array of possible food items should be extended to include additional [tens
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such as belowground plant parts, carrion, and feces, as well as supplemental
food (as a driving variable) supplied by man. Bledsoe and Jameson (1963)
contains a more complex mechanism for food choice based on a time varying
dietary composition which can be keyed to plant conditions such as succulence
and phenclogical state, Similarly, assimilation rates will be keyed to

plant digestibility functions which will themselves be partially determined
by environmental variables. A more complex mechanism involving digestive
interactions among dietary items is also a candidate for inclusion.

The respiration function needs to be broadened so that a separate
mechanism can be included for different animal types such as poikilotherms
vs. homoiotherms. The introduction of an "activity cycle" (Bledsoe and
Jameson 1969) for animals will allow a variable respiration rate depending
upon animal activity as well as the external environment. This mechanism
would also affect ingestion rates. The activity cycle would be basically
diurnal with a seasonal variation imposed to allow for extra metabolic

levels such as lactation, gestation, egqg production, etc.
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7. DECOMPOSER VARIABLES

The decomposer section of the PWNEE model consists of three groups

of variables interfaced to the rest of the system. These three groups

can be described as variables giving characteristics of the sofl [Sof. i =
I, - . ., 3), variables giving the density per unit area of soil nitroagen in
varjous forms {Hni, i=1, ..., %), and variables giving an index to the

activity per unit area of soil surface of various soil microorganisms [Hci.
b=1, .. .,6). The general philesophy is that transformations amang

the nitrogen variables and some of the sail characteristic variables are
regulated by the activity level of microbial populations which are, in turn,
dependent on the substrate levels and the abiotic soil characteristics
(temperature and soijl moisture)., Fig., 7.1 gives the names of the variables

in the decomposer section and schematically depicts their interrelation,

7.1 Principal System Variables

There are six microbial functional types which comprise the PSV's
symbolized by Hcf as follows: i =1, protein decomposer; i = 2, deaminifier;
b= 35 nitriflers i =4, denitrifier; i = 5, nitrogen fixer: and | = b,
cellulose decomposer. The change in activity of each microbial type is
determined fundamentally by a logistic equation whose variable coefficients
are determined by the substrate levels for the particular microbe and by the
abiotic variables, soil temperature (Ts), and soil moisture (Ms). The
differential equation is given below:

Hci l:mui *Hci}

Hci = dvi . . AW B

where dui and mu] are functions of other PSV's.
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There are three soil characteristics {Sai} which are currently being
utilized as follows: | =1, soil organic matter total; i = 2, cellulose in
soil organic matter; and i = 3, miscellaneous sojl organic matter constituents,
The first variable, Sol, is an algebraic sum of the other two soil variables

and Hnl which is the soil insoluble organic nitrogen constituent {protein).

50] = 502 + 503 + Hnl (7.2)

The philosophy of operation is that input inte the scil organic matter
compartment is via a microbial or physical harvest process from four other
compartments of the ecosystem: dead animals (ha), animal feces (hf),
belowground plant parts (db), and plant litter {(hm}. In each case the
harvest rate is calculated as an intermediate system variable in subroutine
ISV and each of the harvested variables has a variable exponential decay rate
given by products of parameters and ISV's. The sum of all these harvests s
characterized by a distribution of constituents given by array pSa]i, i =

l, . . ., 3. For example, if the total detritus is characterized as being

102 protein and L0% cellulose, the remainder going to the 50_ compartment,

3

then pSo = .1, p501 .4, and pSo Notice that

1,1 3 = 1,3° -2

L pSo,. = 1.0 253

The cellulose content of soil organic matter is characterized by the

following differential eguation:

So, = pSo

5 hm + db + hf + ha) - pSo * Mc, - So (7.4)

12! 2,1 6 2
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which indicates an inflow proportional to the sum of the harvest variables,
the proportion being given by the second element in the array p5n1i, The
loss is characterized by a decay rate, pSDZ,I’ and is proportional both to
the contents of the compartment and to the population level of the sixth
microbial type which is responsible for cellulose decomposition.

The third soil characteristic variable, miscellaneous constituents, can

be described by the following differential equation:

503 = pSGI,E{hm + db + hf + ha) - p5E3l1 . 503 (7.5}

The input rate is again proportional to the sum of harvest variables; the
decay rate js proportional to the contents of the compartment, with constant

of proportionality pSo Since there is no microbial type associated

T
with this catchall soil compartment, it is characterized by a constant
exponential loss rate.

The four species of soil nitrogen are as follows: Hnt’ insoluble
organic nitrogen (protein); Mn,, soluble organic nitrogen (amino nitrogen);
Hn3’ soluble ammonia ion; and th, soluble nitrate ion. There is a differential
equation for each of these variables which is characterized by a loss rate
for each variable proportional to the contents of the compartment [amount of
substrate) and the size of the microbial population responsible for trans-
formation to the next nitrogen form. The ith nitrate species has a

parameter associated with the loss, pMni The following differential equatiors

E

describe the nitrate variables:
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Hﬁt = pSo, (hm + db + hf + ha) - pHn, | * Mc, -+ Mn, (7.6)
: = . . - - . - {] [
Mo, pHnI,1 Mc, « Mn, + lc - Lt pr"»r'u:;,_“l Mc, + Mn,, (7.7)
- = = - - - - —_ 5
I"‘.n?r panil M, an DHHE,I Hc3 l"‘ll'l3 EU{Hﬂsf pt}, (7.4)

=
3
]

i |::ur-1:13“I . ch . Hn3 - nf{H:EJ - dn{th, Mch} - nu{th, ptl. (7.9)
/.2 Intermediate System Variables

For a given substrate level the relation of dvT and mu. to soil temperature
and moisture is shown in Fig. 7.2. The algebraic formulation of dv, and mu. is

given below:
dv, = pMc. g Dp{pHcf1, L Ts) - up{pﬂcis, pME. s Ms ]

sb{pHciﬁ' pHciﬁ, d3i} {7.10)

ma, = pHcr? . np{pHcil, PME. . Ts) » ﬂp{pHciB, pMC. 4 Ms)
(7:07)
sb[pHciS, pHciE, d31}

where d3i is equated to the PSV which is the substrate for the ith microbial

type. Thus,
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moisture for a given substrate level,
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d31 = Hn1
d32 = an
d33 = Hn3
- (7.12)
d3“ = th
d35 = Scl
d36 = 501 t

The other IS5V in equations (7.10) and (7.11) are defined below:

b (xy - ox ) (x, - x)
op(x), Xy, x3) = - R (7.13)
{xz - 11}
and
[ 001 if Xy < X,
sb(x;, x,, xg) = { T i x, =0 | (7.14)
ik 13 Xy
{XE - xz} "X, if % £ 0
J

Equation (7.13) gives a relation of any biclogical variable {equated to op) to
an experimental gradient {13} in which the variable has an optimum for some
value of the gradient and is essentially zero for much larger or much smaller
values, X and X, are the upper and lower bounds at which the biclogical
variable is zero; halfway between xl and X, the variable reaches its optimum.

The function is normalized to one, i.e., max{op) = 1. Equation (7.14) nives

a relation of a biological variable (equated to sb) to an environmental gradient
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[x3} in which the variable rises linearly with the gradient after it passes
a threshold value given by Xy - The slope of the rise is Xq- Fig. 7.3
shows the graph.

The differential equations for the four nitrate variables (equations 7.6

through 7.9) each contain one or more decay rates with positive or negative

signs of the form

|::|f~'I|r|E_I . Hci . I'err.I

There are two major inputs to the set of nitrogen variables, one given by the
first term in equation (7.6), due primarily to death of plant roots, and the
second given by the second term of eguation (7.7), a leaching function, lc.
The leach rate is described in the producer section as a loss of soluble
nitrogen from the plant litter compartment due to rainfall.

In addition to the inputs and decay rates described above there is a
loss from total soil nitrogen due to plant uptake as given by 1SV's EU{HH3' ot)
and Hu{th. pt). These functions give the rate of uptake by plants of ammonia
and saluble nitrate, respectively. The uptake is proportional to the
photosynthesis occurring at the time if photosynthesis is positive. The
ionic uptake will be zero if photosynthesis is negative or zero, The IS5V
giving the total positive photosynthesis is pt. The theory here s that
whenever a positive aboveground growth increment occurs a proportional amount
of mineral nitrogen (nitrate or ammonia) must be removed from the soil. The

proportional ity constants are pnu, and pau

| respectively. The uptake rate is

'I L]

proportional to the amount of ions present as well. The parameters pru, and

pau, are also indicative of the plants "preference" for one ionic species over

another. The rate constant for ammonia will be several times larger than the
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mu .
1

00|

Elgs Fedu . graphed as a function of the substrate level for optimum

temperature and soil moisture.
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rate constant for nitrate..

There is a further addition and loss to the nitrogen system giwven
by nitrogen fixation (nf) and denitrification (dn). Nitrogen fixation occurs
at a rate proportional to the population of nitrogen fixers EHCE}; the
constant of proportionality is parameter pnf. Denitrification is proportional
to the amount of soil nitrate and the population of denitrifying bacteria
anu} and is characterized by a rate constant pdn, The relations for the five

I5V's used in the differential equations for nitrogen P5V's are summarized

below:

le = 34.5 - Z, (7.15)
au = pau - Hn3 * pt (7.16)
nu = pnu - Mn, - pt (7.17]
nf = pnf -« Hcs (7.18)
dn = pdn - Mny, + Mc, (7.19)

Interaction between the decomposer and the producer section is given
by a '"nutrient availability index," ns ., for the ith plant group. This is
an index of the relative soil fertility for each of the producer functional
groups. The mechanism is designed to involve calculation of a weighted
average amount of nitrogen available. The weights are given by pnu and pau;
the resulting calculation is passed through a semi-threshold function of the
arc tangent type (ISV, at, defined in producer section). The mathematics is

described below:
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ns, = at':Pm}'”- pnﬁTz' Ez:l

pau - Hn3 + pnu . th

p. pau + pnu

Fig. 7.% graphs ns, as a function of Con the weighted average nitrogen

availability,

7.3 Future Expansion

The decomposer section of PWNEE, MOD 1, conforms in its general formulacion
to the ideas of soil scientists and microbiologists about microbially mediated
processes in the soil (see, for example, Bartholemew and Clark 1865), The
difficulty lies in the fact that most of the transformations have been studied
in the laboratory under idealized environmental conditions in isolated cultures
rather than complete soil ecosystems, The measurement of PSV's and the
caleulation of rates for the processes described above is largely beyond the
technology of soil science at this time. Since PWNEE, MOD 1, was formulated,
the microbiologists, soil scientists, and modellers of the Grassland Biame have
come up with a restructured decomposer model designed to emphasize variables
which can be experimentally attacked. The model is in the conceptual stages,
however it is sufficiently far advanced that 1871 experimental studies are
being designed around it, The mathematical version of this moedel will appear
in PWNEE, MOD 2; its principal features are described below.

The nitrogen section emphasizes that a certain fraction of nitrogen in
the soil must be of a ''fast turnover" type which appears yearly as plant
protein and returns to the soil via translocation to and death of roots and

via rainwater leaching. The relative magnitudes of these pracesses and their
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Fig. 7.4. Nutrient stress

index ns, as a function of weighted average nitrogen
availability c_.
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dynamics are under experimental study. Studies of gaseous nitrogen input and
losses are also planned.

A practical, conceptual carbon cycle in the soil is one focal point
for 1971 decomposer studies. Studies will emphasize the carbon input to the
soil from root death and the loss via CDZ evolution. Dynamics of these
processes will be studied under various commonly occurring environmental
conditions in the soil. The model will contain a fractionation of sail
organic matter, as in MOD 1, with loss rates from the fractions as determined
by experiment. The inputs to the various fractions will be via a modification
of the mechanism explained in section 7.2. Each input will be characterized
by a composition vector giving the proportion, e.q., of dead roots, in each
organic matter fraction. This vector may be allowed to vary throughout the
season depending upon laboratory analysis of 1971 root samples.

The decomposer model will probably be 1imited in MOD 2 to carbon and

nitrogen, pending experimental plans to measure and analyze dynamics of

other nutrients such as phosphorus,
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Appendix A. List of all the equations from all the sections,

pz, * sin [51— (thm - 6.)] if 6 < thm < 18
z, =
¥] otherwise
I- 1
{p22,1.i~1 - PzZ,Z,iJ cx[(thm + 10.) - T%T-] + pz

AT

if 0 < thm < 5.0

z, = { Epzz_]’I # PZ:,:,IJ{" - ex[(thm - 5.) %J} t P2y o

if 5. < thm < 14,

- " m
{Pzz.1,| PZy 2, 141) cxl(thm - 14.) T PZ7,2,1+1

if 14, < thm < 24,

cx{x1} = 3[1 + CDS{XIJ]

{3.2)

(3.3)
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Appendix A. (Continued)

[ &
1.39 « 10 4 sz | if (6. < tmm < 9.) and (15. < thm < 17,)

-5 (tmm < 6. or tmm > 9)
zy = { 5.56 + 10 Pzy | if (3.4)
i! and (3. < thm < 8.)

([ 0. otherwise
b4y, i f 12. < thm < 18.
(thm - 9.) - 149, if 9. < thm < 12,
ZL = (351
-(thm - 18.) - 149, + 447, if 18. < thm < 21.
0 if 21, < thm < 24,
&
z, + ]G'EEE;J i {z“ < 223.5) and {21 > .0002)
Te = R
z otherwise
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Appendix A.  (Continued)

Ts = pTs{Tec - Ts)

Ad

L]

3 pHs + HMs

pATi hpi - Al - {bti +da, + hai}
4

L btI - (db + rb+Bl + hb)

i=1]

4

3 dai - (sa+Ad + hs)

i=1

sa*Ad - (h1 + hm + lc-Lt)

(4.2)

(4.3)

L% 1Y

(5.2)

(5.3)

(5.4)
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o ' [ php,,*rp ) php., - PrP,.
P i i il (1 + Php., - rp) {1 + php., * prp

]
2

“ms. NS scr phpi? [{Tc - pTciIJexpf-phDiE{Tc - pTc]I}}]
. if rp pre,, and Tc p‘l‘n:l.t [case 3]
|
0 if Teatil [case 4]
z, pre,
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Appendix A. (Continued)

ms. = at(pmﬁiz, PmSs. 4 Fw) {5.7)
Ms
(=)

_ 3 5.8
fw——,l;-ll--— |: :I
at{xl, Xs s x3] = {%J tanil[c][x3 - 11}] + .5 (5.9)

= tan(.4 « ) (5.10)
c, = tan(. X, :
prbifhh - Ts)exp{:iiigl—lilj if Ts = 44
i (5.11)
{0 otherwise
T rb (5.17])
=%

da, = (1 - msi}pdai1 . at{pdaTE, pdaiZ’ Te) - Al. (5.13)
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Appendix A, (Continued)

0 If Ts 0

max[0., (pbt“ - pbt_iz'bli]lM ]
bt, = ms. { if (Al pbt;5) and (Ts - 0) (5.14)

-min[0., pbtiq[bl - phti5}

if (4l Pbtij} and (Ts = 0)
Al
bll = E-I a—E:—-- {5 ]'J‘.l
4
ah = £ Al (5.16)
i=1
. 005 if z; = 223.5 cm/sec

(.005 + 2.21 - H'l'“j'I . zh} if z), > 223.5
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fippendix A, (Continued)

2 (5.18)

by gl &=y v 5 (6.1]

. ha,

N. = NiIHbl. - Hdi] - u;+? + |-|-nI -em.; 0= Yi ., 5 {(6.2)
HI = HI . EST fcl - rer, I =3, B (6.3)
. 5
Fe = | £ C. (1 - as.)fc,| - ha (6.4)

i=1 e 13

’ 6.5)
i i 14 (6.5
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fppendix A, (Continued)

0 if (tdm < 58) or (tdm > 252)

nb, = (6.6)
-007[1 - .0046(tdm - 58)] if 58 < tdm < 252

nd, = ,0022 (6.7)

]

0 otherwise

% _ (6.8)
nb2 = nd2 =0
= = 6.
nb3 nd3 0 (6.9)
L0308 if 155 < tdm < 168
nb, = {.0102 if 190 < tdm < 203 6. 1o
0 otherwise
[0 if e < 15 o
4
L0035 if tdm > 154
f 26 - IG-B if 113 < tdm < 126
, l' - - (6.12)
im, =
L
[
L
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Appendix A, (Continued)

21 - 1079 §f 218 < tdm < 235
0 otherwise

o]
|

[.ozlh[t = .0145(tdm - 162)] if 162 < tdm < 224

nI:|5 = ;
10 aotherwise

{.GD?I if 162 < tdm < 259

0 otherwise

i1
pfeyy [ W J’ Wy Fopdl,

dli = 1 Pfcil; pd]iz < HI < |:ru:.+].IT

pdly,
L PRCiy | W; < il

= dummy food intake variable

(6.13)

(6.14)

(6.15)

(6.16)
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Appendix A. (Continued)

dli ; :bk > chiZk
Fcbk
fc, = | di : :
©i N T Pfc g £ eb < pfeyy L)
(pfc.
K
di. SEERE .
i ILpfcuk ooy < pfeay
i W
PEP s by > pfegoy
Chk
d2, =] pfp,., |—"—1.
ik PPk Pe 3|’ PFeigi. < oby s pfegy, (6.18)
0= cbk < pfc:T3k

= dummy food preference factor

d2. . = I #k (6.19)
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SR -
fPyj 12 '
£ di,,
=
12
L fp.., = 1.0
=t Y
5
ha, = © hp,.
SIR
= f
hpl_| Ci Fpij EI
12
as. = L pas, fp..x I 21y
_j=

re. = pre,, ° [H1} R g e

(6.20)

(6.23)

(6.24)

{6.25)
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Appendix A. (Continued)

Hci {rnui -Mc, )

Mc, = dv
i | mu
591 = 502 + 503 + Hn]
3
I pSo,, = 1.0

So, = p501.2{hm + db + hf + ha) - pSn2l1 " Meg « So,

S0, = pSo, ,(hm + db + hf + ha) - pSo So
3 1,3

3,1 79

Mﬁ1 = pSo, (hm + db + hf + ha) - pMn. - Mc. - Mn
¥

H-. = . . & =
n, Phn1,i Hcl Mn, + lc - Lt pMn

(7.1)

(7.2)

(7.3)

(7.4)

{7.5)

(7.6)
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Mn_ = pMn Mc, + Mn, - pMn * Mc, + Mn_, - au(Mn_, pt),

2,1 "2 2 3,1 3 3 3

th = pMn + Mc, - Hn3 - nf{HcEJ - dn{th, Hch} - nu{th, pt ),

3,1 3

dv, = pMc g oplpMc. ., pMc o, Ts) - Dp(pHCTB’ pMe, ., Ms)

Eh{pHciEj pHCiEﬁ’ d3i}

mu, = pHci? . Dp{pHCiT' PMc. ., Ts) - Gp{pHcij’ pMC. s Ms)

Eb{pﬁcis, pMc. ¢, dST}

d3] = Hn1
djz = an
d33 = Hn3
d3J+ = an f
d35 = 591
d3, = Se,

(7.8)

(7.9)

(7.10)

{7.11)

(7.12)
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= (SRR | O
3 | ik 2
opbxg, %) = - (7.13)
1 2 3 (xz X,
(001 if Xy < X,
5b{x1, X5 33} = 9 Ve if Xy = 0 (7.14)
if 13 > )
{xs - x2} —_— i f X, £ 0
lc = 34.5 '.12 (7.15)
au = pau - Hn3 + pt (7.16)
nu = pnu + Mn, - pt (7.17)
nf = pnf - Mc (7.18)
dn = pdn - Mn, - Mc, (7.19)
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Appendix B. Glossary of PSV's, 15V's, and parameters. A dash in the units
calumn indicates a variable which is a pure number,.
Algebraic FORTRAN Description Units
DRIVING VARIABLES
LsV e
21 FC Shortwave radiation calf{:mz-ﬁec]
z, T1 Afr temperature °C
z3 PP Precipitation cm/sec
z), WS Wind speed em/sec
ISV'is
cx(xl} CosX Cosine funpction translated --
to vary between 0 and |
EFarametera
PZ, sC Peak solar radiation rate calf{cmz-sec}
PZ, 1 THX(TD) Maximum daily air temper- °C
LI ature, ith day
pz THMN(TD) Minimum daily air temper- °C
25250 P
ature, ith day
PZy PRECIP(I) Amount of precipitation em
! on ith day
pTs STLAG Rate constant for soil {sec}_]
temperature lag
ABIOTIC VARIABLES
LSV s
Te T2 Soil surface temperature bl
{synonymous with canopy
temperature)
Ts T3 Soil temperature for top 2
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{Continued).

Algebraic

FORTRAN Description

Unit

Ms

pTs

pHs

SH Soil moisture, total in
top 20 cm

Parame ters

STLAG Rate constant associated
with soil temperature
lag

SMLAG Rate constant associated
with soil moisture loss
rate

cm

{sec)

{sec}-1

PRODUCER VARIABLES

#d

Lt

PEV'a

vall) Aboveground biomass of
live plant material; i
l-warm season grass, |
2-cool season grass, |
3-forbs, | = 4-Opuntia

VB Belowground live plant
parts, total of all
species

Vs Biomass of standing dead
plants, total

VL Biomass of aboveground
plant litter, total

Isv'a

PHOTO(1) Net photosynthesis rate in
net g of C0; fixed per
unit plant green tissue,
species |

TB(VA, ) Net translocation rate for
ith species

g,i"t:rn2

g!cmz

gfcrn2

gfcmz

(sec)

gf{iec-cmz}
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Algebraic FORTRAN Description Unit

Fu PSH Percent soil moisture by ==
weight in top 20 cm of
soil

::!a.I ﬂGD(I} Death rate of aboveground gf{cmz-secj
plant parts, ith plant
group

hai HA( 1) Harvest rate of above- gf{cmz-sec)
ground plant parts, ith
plant group

db BGD (RB) Death rate of belowground gf(cmz*sec]
plant parts

rb RB(T3) Respiration rate of below- (sec)”™
ground plant parts per
unit of plant tissue
{weight)

hb HB Harvest rate of belowground gf{cmz*sec}
plant parts, all harvesters

5a SHATR(WS) Shattering rate of standing (sec)
dead per unit of standing
dead tissue

hs HS Harvest rate of standing gf[cmz-sec}
dead vegetation,
macrofauna

fl HL Harvest rate of plant gffcmz-sec}
litter by macrofauna

hm HH Harvest rate of plant gf(cmz-SECJ
| itter by microfauna

-1

lc LEACH(PP) Leaching rate of plant (sec)
litter into soil by
rainwater, per unit of
plant litter

ms . MOIS(I) Moisture stress jndex for --
ith plant species
(number between 0 and 1)

ns, ETE(I) Nutrient stress index for =4
ith plant species
{number between 0 and 1)

rp PHAR(IC) That part of net solar calf(cm2-5ec}

radiation effective for
photosynthesis, includes

geometry of leaves but not

leaf area index



Appendix B,

(Continued),

Albegraic

FORTRAN

Description

Unit

at

ab
bl

pAl

PhPyy

%

CRI)

TVA
VB |

EPSI{1)

K1(1)

K3(1)

K2(1)

sc(1)

Percent cover of itk plant
species

Leaf area index of ith
plant group

Mathematical functian
related to arc tangent

Total aboveground biomass

Frorated amount of total
belowground biomass in
plant group i

Parame ters

Conversion factor for
photosynthesis function--

converts CO; fixation rate
to photosynthate accumula-

tion, ith plant group

Peak photosynthesis rate

under optimum temperature,

sunlight, moisture and
nutrient conditions, per
unit of leaf area, ith
plant group

Parameter associated with
sunlight response of
photosynthesis curve, ith
plant group

Parameter associated with
temperature response of
photosynthesis curve
during normal daylight
and moderate tempera-
tures, ith plant group

Threshold of positive
photosynthesis response
to sunlight, ith plant

group

g.f'rl:m2
g,«”cm2

(sec)

I:nc‘}'1

ca1f{tm£-5ec]
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Albegraic

FORTRAN

Description

Unit

2

php i7

hp.
PhP g

T20(1)

Ké (1)

T21(1)

K7 (1)

KB(I)

K (1)

K5 (1)

Threshold of positive
photosynthesis response
to temperature, ith
plant group

FPeak photosynthesis (res-
piration) rate under
conditions of zero sun-
light and optimum
temperature, moisture,
and nutrients, ith plant

group

Parameter associated with
temperature response
{position of peak) of
photosynthesis curve
during limiting sunlight,
ith plant group

Parameter associated with
temperature response
{spread of curve for
moderate temperature) of

photosynthesis curve during

limiting sunlight, ith
plant group

Parameter associated with
temperature response
{spread of curve for high
temperature] of photo-
synthesis curve during
limiting sunlight, ith
plant group

Peak photosynthesis (respi-
ration) rate under
conditions of optimum
sunlight, moisture, and
nutrient and high tem-

peratures, ith plant group

Parameter associated with
temperature response

{spread) of photosynthesis

curve during normal sun-
light, moisture and

nutrients but high temper-

atures, ith plant group

[Sec}-1

(*c)
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Appendix B. (Contineed).

Algebraic FORTRAN Description Unit

PMS1(1) Parameter determining -~
sharpness of threshold
respanse of growth to
soil moisture

2 PMS2(1) Parameter determining -
location of thresheld
response of growth to
soil moisture

PHST(1) FParameter related to cmzfg
spread of semi-threshold
relation for nutrient
stress index (ns.} for
ith plant group !

prb1 PRB1 Parameter relating to peak (cec)
respiration rate of below-
ground plant parts

POAT(IL) Parameter associated with sec
maximum aboveground death
rate

PDA2(1) Parameter associated with (°C)
response of aboveground
death rate (spread of
curve)} to temperature

PDA3( I} Parameter associated with ke
response of aboveground
death rate (location of
inflection) to soil
temperature

pbt, TBMX(1) Parameter giving maximum sec
translocation for high

aboveground biomass

TBSLP1(1}) Parameter associated with szf[g-sec]
rate of change of trans-
location rate with
increasing belowground
biomass for high above-
ground biomass

VABRK( 1) Threshold for change of g;"cm2
sign of translocation
function as aboveground
biomass changes

pbt.

pbt,
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Mgebraic

FORTRAN

Description

Unit

POL. )

Pt .

TBSLP2(1)

VBBRK(1)

Parameter asscciated with
rate of change of trans-
location rate with
increasing belowground
bicmass for low above-
ground biomass

Parameter giving value of
belowground biomass below
which zero translocation
occurs if aboveground
biomass s low

(sec)

ngMz

CONSUMER VARIABLES

Fe
Cd

EI'I'IT

PN(1)
Wil)
c{)

5H
Al

B(I)
o(t)
HA( 1)
XIM(1)

EM(1)

PS5V 'g
Density of animals in group
i

Average weight of individ-
ual in group i

Live biomass density of
group i, i = 1,5

Density of animal feces
Density of animal dead

IS5V 's
Instantanecus bkirth rate
of ith animal group

Instantaneocus death rate
of ith animal group

Harwvest rate of ith animal
group by macro-consumers

Immigration rate of ith
animal group

Emigration rate of ith
animal group

gfcmz
gfcmz

=1
(days )
(days)
g/day

[day}_1

(day)
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{Continued).

Algebraic

FORTRAN

Description

Unit

a5

fe

re
ha]3(=hf}
halh{=ha}

ch

pfc,

EFF(I)

AFCL)

RE(1)
H5SH
HAD

Xc(J)

YF(1)
YK(1,J)

AK(1,4)

XINT (1)

HC (1, )

%F(1)

Assimilation efficiency
of ith animal group
(Ingestion-egestion)

Ingestion

Ingestion rate, ith
animal group, per unit
body weight

Respiration rate of ith
animal group

Harvest rate (by microbes)
of animal feces

Harvest rate (by microbes)
of animal dead

Biomass density of jth
consumed species,
Table 6.2 gives meaning
of subscript

Dummy wvariables used in
calculation of fci

Dummy wvariable used in

calculation of fpij

Proportion of the diet of
consumer group i made up

of consumed species ] under

actual food availabilirty
conditions

Food consumption rate of
animal group i, per
individual

Harvest rate on total
biomass basis of consumed
group | by consumer group
[

Farameters

Food intake rate for ith
animal group under ideal
food or availability
conditians

(day)

q/day
Ef(dav'cmzi
gf(day-cmz}

gfcmz

alfday

gfﬁmz-day]

a/day
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{Continued).

60

flgebraic

FORTRAN

Description

Pty

Fogs
P C|3_i

pp.

pas

pre,

pre.

TWU (1)

TWL(1)

TT(J)

THO(J)

XK(1,J)

EF(J)

K1 (1)

K2(1)

Upper threshold for consumer
weights at which food
consumption is equal to
prTI

Lower threshold for
consumer weights at which
food consumption is equal
to pfr.i1

Upper thresheld for density

of consumed material (k] at

at which food consumption
will be equal to pfe;,
{program does not allow

ngmz

variation over animal group,

i)

Lower threshold for density
of consumed material (k)
at which food consumption

will be a constant function

of pfc;y (program does nat
allow variation over animal
group, i)

Relative amount of the diet
of consumer species | made

of consumed species | under

ideal food availability
conditions

Efficiency of assimilation
of jth consumed biomass
qroup

Coefficient of respiration
function

Exponent of respiration
function

2
g/cm

g/day

DECOMPOSER VARIABLES

Mec

MC (1)

FEV's

Index of activity of ith
microbial type, | = 1
RO -

{em™)
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Appendix B, (Continued).

Algebraic FORTRAN Description Unit

Hni MN( ) Density of ith nitrogen gfcmz
form in the soil, i =1,
v ., b

So, so(1) Density of ith soil gfcm2
constituent, i = 1,
6 v o

IS5V 'a

dvi Divil) Reproduction rate of jth (sec)
microbial type

m MCMAX (1) Maximum value of Mc, I{:mzj_1

le LEACH(PP) Rate of leaching of (sec)
soluble organic nitrate
from plant litter

au AMUP Rate of uptake of ammonia gf{cmz-seci
nitrogen by plants

nf NF I X Rate of fixation of gaseous gf{cmz-sec}
nitrogen from the atmos-
phere

dn DENIT Rate of loss of nitrate gf{cmz-sec]
by denitrification

nu NITUP Rate of uptake of nitrate g!{cmz-sec}
by plants

op PARAR Mathematical function -
giving parabolic curve

sb SBSTR Mathematical function =
giving a piecewise linear
curve

tp TPH Sum of positive photosyn- (sec)
thesis rates

at ATANK Mathematical function --
giving shifted arc tangent
curve

d3. -- Dummy variable equated to gm,-"cm2

PS5V forming the substrate

for the ith microbial type
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(Continued) .

Algebraic

FORTRAN

Description

Unit

pMc

PHc; .8

psSo

pau
priu

pnf

MT1(1)
MT2(1)
MM1 (1)
MM2 (1)

SLD(1)

VMND (1)

MCMAXS( 1)

DIVS(I)

SOMDIS( 1)

DECRATE( 1)

NPREF(3)

NPREF (4)

NF | XR

Farameters

Minimum temperature for
microbial functioning

Maximum temperature for
microbial functioning

Minimum soil moisture for
microbial functioning

Maximum soil moisture for
microbial functioning

Rate of increase of micro-
bial exponential growth
factor (dvi} per unit of
substrate density, Mn.,
=1, ...,3 ]

Level of substrate, Mn.,
j=1, . . ., 3, below
which dvi if zero

Absolute maximum population
of ith microbial group

Absolute maximum exponential

growth factor for ith
microbial group

Fraction of total soil
organic matter in the ith
type, i = 1-protein, i =
2-cellulose, | = 3-mis-

cellaneous, | = LY-not used

Parameter associated with

loss rate frem ith nitrogen

form

Parameter associated with
ammonia uptake rate by
plants

Parameter asscciated with
nitrate uptake rate by
plants

Parameter associated with
nitrogen fixation rate by
soil microorganisms

i
cm
cm

cmszsec-g}

g;"cm2

(em?) ™!

(sec)

cmzfsec
cmzfg
cmzfg

g/sec



Appendix B. (Continued).
Algebraic FORTRAMN Description Unit
: t 2
pdn DEMITR Parameter associated with cm /g
denitrification rate hy
soi]l microorganisms
2
pnx., PHXT(1) Parameter related to a/fem
location of threshold
in nutrient index (nx)
2
pX. , PNX2(1) Parameter related to cm /g

rate of response of
nutrient index to changes
in soil nitrogen densities
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Aippendix C. Description of Program Organization and Code Listing

ODE is the name of a program described basically in Grassland Biome
Technical Report Nao, hﬁlf designed to numerically integrate a set of
differential equations. The user writes a FORTRAN subroutine to provide
the derivatives given the state of the system. The computer implementation
of PWNEE, MOD1 was constructed by modifying ODE; however, the basic
structure remains as described in Technical Report No, 6. The following
diagrams show the structure of ODE and the subprograms which calculate the
derivatives of the P5V's., DER is the name of the main subroutine for
derivative calculation; it operates by calling other subprograms for
specific calculations. The program is implemented under the SCOPE 3.16
Executive system of the Control Data 6400 computer. The FORTRAN RUN
compiler of that system is utilized; however, the program is basically
ASA FORTRAN IV compatible.

The code contains numerous coding inefficiencies of which we are
aware, |In our haste to concentrate on the biological mechanisms, we have
ignored these but expect to correct them in future proaram versions, to be
recorded from scratch rather than by modification of this program. As a
result of these inefficiencies and imcomplete analysis of the integration
step sizes required, approximately 40 minutes are required for execution
over a 140 day qrowing season with approximately 5% maximum overall error.
We expect this to reduce to about 10 minutes when inefficiencies were

corrected,

i Bledsoe, L. J. 1970. ODE: MNumerical analysis for ordinary differential
equations. U,5, |BP Grassland Biome Tech. Rep. No. 46. 42 p,



Calling sequence of subroutines (Roman) and functions (italics).

I. Main program and integration loop (Program ODE).

+
Read integration parameters

and program control options 2|
fl

IF plotring? + CALL REPLT]
CALL INPUT

|+ read weather record
CALL INIT
+ read initializations
and svstem parameters
» TSCALE
l + ALGY
+ MAXK

*
[T = T1 - TDEL]

I
=
H

-3

yes

/
no <; 1
N }

T = T+TDEL

i
I
—
+
—
\

[IF plotting + CALL PLTI]
IF printing? + print output

IF plottine? + CALL PLTSTOR Grop)
IF debugging? —

+ CALL DER

-+ CALL ALGY

+ CALL DEBUG

+ IF printing? -+ print output

IF Fuler ? = CALL EULER
execution of integration
|+ CALL DER
ELSE - CALL KUTTA
execution of integration |
|+ CALL DER
CALL ALGY

I

Note: Evaluation of derivatives needed for integration
is implemented by the CALLs to DER and proceeding
as follows.
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II1. Derivative evaluation.

DER

—+TSCALE
s+ ALGY
L—ARTO1

E;ETMX
TMN
rerT
—s15V

T—»DIET

——+HARVC

—+ABIO2Z

LFPT

—+PROD

s PHOTO

—PHAR
MOTS

L s pspM

ETE

I
.__+Tf
MOTS

L PsM
—4aD
L MorE
L .prsy
—s+BGD
——eSHATH
t+—+LEACH
———+FH
L—CONS
——+EFFIC
—=RESP
——+BIRTH
——+DEATH
——MIGR
L DECOM
+—MICR

DIV

L ,.SBSTR
MOMA X

L .SHSTR
5011
L NITR
L NFIX
| —DENIT
__ NITUP
L__.amur
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III. Description of subprograms. A}l subprograms whose function is not

described by Technical Report No. 46 are briefly identified below.

Subprogram Surposs
Name

INPUT Feads parameters associated with driving functions from
system file WXDATA.

INIT Reads parameters of model from file INPUT.

TSCALE Calculates the independent variable in various time units from
the basic time variable in seconds.

ALGY Calculates all PSV's defined by algebraic, as opposed to
differential, equations.

MAXK Finds index of maximum number in array.

DER Basic subroutine to convert PSV's from formal parameters to
COMMON block L1 and calls derivative finding routines.

ABIOT Finds values for driving functions by calling other routines.

MY Looks up daily maximum temperature in parameter array.

THN Looks up daily minimum temperature in parameter array.

PPT Looks up daily precipitation in parameter array.

I5V Calculates values of certain I5V's needed in more than one madel
section (e.g., harvest rates).

DIET Calculates food intake rates for consumers,

HARVL Calculates harvest rates.

ABIOZ Main routine for finding derivatives of abiotic PSY's,

PROD Main routine for finding derivatives of producer PSV's.

FHOTO Finds photosynthesis rate.

PHAR Finds photosynthetically active radiation level.

MOTSE Finds moisture stress index.
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Suhﬁgﬁgram Purpose

PsM Finds fraction by weight of soil moisture from amount by volume
in centimeters.

ETE Finds nutrient stress index.

| Finds plant translocation rate.

AGD Finds death rate of aboveground live biomass.

Bl Finds death rate of belowground live biomass.

SHATH Finds rate of transfer of standing dead plants to litter.

LEACH Finds rate of leaching of organic material from plant litter.

AE Finds respiration rate of belowground live plant biomass.

CONS Main routine for finding derivatives of consumer PSV's.

EFFIC Finds assimilation rates for consumers.

RESP Finds respiration rates for consumers.

BIRTH Finds birth rates for consumers.

DEATH Finds death rates for consumers,

MIGR Finds emigration and immigration rates for consumers.

DECOM Main routine for calculated derivatives of decomposer variables.

MICR Finds derivatives of microbial density PSV's,

BT Finds exponential reproduction coefficients for microbes.

MOMAX Finds maximum population density for microbes.

S01L Finds derivatives of soil characteristic variables.

NITR Finds derivatives of nitrogen concentration variables.

NFEIX Finds nitrogen fixation rate.

DENIT Finds denitrification rate.

NITUP Finds nitrate ion uptake rate by plants.

AMUT Finds ammonia ion uptake rate by plants.,
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Subprogram

Nahe Purpose

The following subprograms are used purely for their mathematical, as opposed

te biclogical, properties,

SUM Adds elements of an array.

ATANY Gives a double asymptote function based on the arc tangent
curve,

PARAB Gives an inverted (negative second derivative) symmetric

paraboloid function normalized to a peak value of cne.
SB3TR Gives a piecewise linear function.

CO5X Gives cosine function normalized to vary between sero and one.




IV. Program listing.

PONLIAM NNF onE
TETMPUT «NlITEHT o WXNATAS TAPFE=TMBUT o TARPFA=OUTPUT « TAPF1=WXNATA noE
IDWNDAGTAREY=PWANRG) ONE

L. NIMFMSTON VI50)«VP(50)«IN{RI«FC(R) 0DE
RIMENSTION NOME (4 « XK1 (100 «XX20100) «XX3C10N) «X%&(100) +¥Y1 (100} NnNE

- YY20100)a¥YI(1AN) a¥YYa{lnn) NNE
COMMOR AL SAATILA LG ) Akl
FXTEBKAL NFP NNE
BEAN (S«1100) 1D nnE

1 PFADIS.1300) FC ODE
NECOnE '[L'F'-].qn-"_r:] M1 GHE

TF tw] Yo2alleg ONE

4 NECONFE (RDeINDNeFC) NCOMeNPoNTeT1 e TAFL s ACCaNFL « ITER DDE
BEANIS« 13NN NFSAL V2L NTeCHE s WRTT alp]a

2 WDTTF (Ae?N0) INeMeTTeTlaTHFL «NT NDE
TFIRLAT ENLINRELNT bCALL RNPLTTINNNaMMUM o CMP o TSTFP o NX1 aMX2 Ong

- MY a K G a X oM laYY_a YY) NNE
WRTTE (A«21N) MONMsKP 4 ACC«NF o« [TF 2 NNE
PEAIL (54300) (VITYeal=1aNrnM) nnE

INN FARMAT (TE N, A) 0OnE
WERTITFE (A«A002) NBGNFSOLYaPLNTaCHK s WRTT ODE
INOD2 FORMAT (% SYSTFM NBETIANS == #8R10/ /) ODE
TF ir) . Tafty G0 T 3 NNE
MNT=TSFCNaY {NT) & TI=SFoNay({T1) & THEL=SECNAY(TNEL) ONE
CALL THPUT (4P} One

3 T=T1=-TNF| DN
CALL TNTTITay) ONE
TF(CH FO 1N CHRNINIT JCALL CHENAUT ONE
WRTTF (As2NNN) OnE

e PNNN FNEMAT(1H]) ONE
WOTTF (A.A00) nNE

N 2N T=14T nnoe
T=T+«TOF|. % T2=T+TNF| nnDE
TA=TSCAL F(T) 0DE

IF (WRTT . MF 1 0@NAWETT VOWRTTF (AeAND) TIadWidl s =] +MNCOM) « ADRG NDE
Ta=T3+100, ODE
TA=FI NAT(T4)y /100, 0nE
TFIRPLAT , FN 1nedy nT VOCALL Bl TSTNRIMMMaMOME e TI4NCNMa Y TSTER, O0DF

- ] ol X T XM a VY D a ¥ Y2 Y Y Ta ¥ Yha bR ] s MX P e MK I g XX g XXUis n0E

- YYL a¥YY1a ANRGY ODE

TF (N3 MF  1N=NFANG Yy GnTA M 0nE
CALL MER{T«YayPYy % CAILL &) GYITeW) & CALL NFRUGIT«VeVFP) NNE

TF (WRTT  MF INRM0adTT VoWBETTE (A+QN00) (WPIJ)w )=l eNCAM) OnE

H OTF IMFSOl W FNR L NHFI)ED Y} SaeA nnE

5 CA L FULER(T«TPaWaMCNARFI Y & G T T NN
AR MUTTALT «T AW eMNTNMGMIF| o ACCo TTERSNFR) ODE

T CALL ALGY(T2aW) 0OnE
TEIWRTT MFLLINBNNWERTT I WRITE(A«1100) ODE

A0 CAMTINIF nnNe
FMOFTILF ® nne
TEAIRLAT JNF LR AT b T0 O nnE
WRTTF{A«3000) (NCARP (T aT=1aNNN} nneE
INON FORMATHIH] «#PI NT NF WARTARLES MO, t#«e415) OnNFE
"*IEHL D|_Tl[IFIJi-hTE‘-!P.N*.I'«J-«!MM‘.IIL-KIU-Y\'L-‘(YII.HXl-NﬂlnTY'I-KK?-'\JK?. ﬁDE

ik LA RCEE I S TLTE Sr P B SCI I ST S/ A OnE
N TELIFR2,NF.N) WEITF (fa3001) TFRD NDE

AINOT FNRMAT (1HNaTSe® BNTMTS WFRE MNAT BLOTTFED #) OnE



11
1an
200

21N

AN
Bnn
ann
110n0
13nn

20
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T 1
STne
FASMAT( 115.4F 10, Ne [B)

FAPMAT (#10F SALUTTON® /2 #8A1N/8]10%
l: ;Tur STARTS AT #F10,3%. INCRFMFNTS BY #F15.5% FnR BIS®. STEPS#x)
NBMAT (# %S FNUATTONG, #]6# COMSTANTS#/% KIITTA PARAMFTFRS ARF ©

FNRMAT (/7% TIMF. VARTAR|LF ya| UES®)
FNEMAT (2 2% I3 1NR12,5/011X410612.50)

rnuMaTiﬂﬂﬁrurunTIurn1nn1},5/flli.]ﬂﬁ]?.ﬁli
FOEMAT (/) |
FARPMAT (AAT()

FrM

CHBRLEANT I~ S Fo (XL «¥ layabaNFELY

MIMESSTAY YEINT e« i50)

NT= (% =% )40

T=%| =nT

MPO=1 . ANE] #0001

nn 2N K=1+HN
T=T+0T

Fall MFR (Taayoy
no #n T=1aH

VITYI =W (T #NTaye (1)
DETHOHN

FmMn

TIMF#A10//

n0E
NNF
OnNE
OnE
OnE
ODE
NDE
NNE
nNE
OnE
NDE
ODE
ONnE

nog
nnNE
NOE
ONE
NNE
ODE
ane
0nF
ODE
ODE
NnNFE

NDE
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SHERENUTTNE WIITTAIX] o« X1JaYaMESNEL « ACCURC s IMAX s FOUA) ODE
C PRNGRAM ANTHAR F N.HAMMFR)_INGe CFNTOAL DATA PROCFSSINGe NDRGDP, OnE
NIMEFSNSTON Y01 heYTIS0) «¥YNIGO) oK1 (S0D) +K2 (50 s KI(S0) o ongE

e > W4{S0) K 5150) «F [GD)1«F(50)+F1(50) NDE
DEAL Wl akMPakl 14KG4 K5 91013
LNATCAL O TTeHAL VF ODE

MATA WAL VEZ, T,/ NDE
TTTFR=n ONE

bl=w|F [‘]r}E

Xh=x1 O0DE

H=MF|_ NnNE
AITT=_FAlLSF, ONE

PO 1T T=1at ODF

1 YNITY=YI{T) nne

A TFIXM+H LTG0 T 1 OnEe

NE| =H noe
H=dl=xt DNE
ATT=,.TRUF , OnDE

1 CALL. FRUAIEM YN oF 1) nnDE

4 NS5 T=1ak 0OnE
K1fTY=H®F1 {1y /3, NnDE

S YT I=YMITI+=110T) _ noE
CALL FRUALXM+H/ oY TaF) nnNE

N A T=1ak nNE
KZTTY=H*F [ TY /3, 00k

6 YTITI=SYMITI+w (T /2.ex20TV /2, OnE
CALL FRUATXM+H/ 1, eYTaF) NNE

A 7 1=1an One

| K3 =He#F (T) /3. 0DE
o T YTITY=YN(T 3 8] (TR G #K3(T) /R, OnE
CAl L FOUA{XM+H/ 7  a¥TaF} MIE

NO MK T=1at 0OnE

K4 (TI=HBF (1Y /7, ONE

By T il sYm T+, ol (T)1 /2, =9, 83 (] 1 /P +h.7K4(T) 0ODE
CALL FAUA(XM+HYTF1 ong

N 9 T=1aH hlala
“S{l)1=H®#F {TY /2, nnE
FITI=(K1ET =0, 81T} /2,44, 2Kal{])=K5(T) /2,175, ODE
TOCOMT THUF DNE

NN 11 T=1aM NoOE

11T YNUEIY=YNLGT) (]l (T)sa, 2#xalT)+KS(T)) /2, ODE
TEST=n, 0DE

Pt 2N T=1 M ONDE
TRy [y oF0 ) BGA TO: A ONE
FRE=F({TY/YMLTY OnNE

A0 To 20 0OnE

21 FpRr=n, OnNE

PN OTFST=4MAX] (TFST+ARS(FRT)) NNE
TF(TFST.LT.ACCURCIGO TO 10 DRE
TTTFR=TTTFR2+] nNNE
IF{ITTFR.GE ., TMAX) HAl WF=_F, nOnNE
TFiM.HALYE) GO TN 1N nnEe
TFIHALVE ] YH=H/? O0DE
NITT=.FALSF. nnE

L nOOTN 4 nNE
17 ¥rj=Kr+H nnE

TFUITFST | T ACCHGC /32,147, 8 DNF



11

2N

TE{.MNTAUITIGND TN 2
no 172 T=1«4
YITI=YNIT)

[N T 14

RETURY

Fhily

SHELDY T [rF NEQSTe e WD)
MIMENSTON YIGA) YR (R0 N {45}

COMUNG/L F/TTHME (8) ZLa/5 (15 /L5/DRV (4) /CONS/CO (288)

BFAIL MOTSeTC el FACHsMMAX

BR=NEYI2) F TC=NRVI3) & SM=y(5) § VASVI6) & T3I=VIi&) 5 WS=DRV (4)

NIT)=2HAZ{TC) & NIP)=PSM{SH)

nno 11 T=1a.4

[=T+2 & W=T+7 ¢ | =T4+13 % | J=1+]17 ® NiK)I=THI{VAT! % D )y=AGN(T)
Mil J1=4nTs(T1)

NI =PHATN(TY

NETI=RRITA) & N(I2)=FTF(1) & ND{13)=B6GD(D(T)) % D(P2)=SHATR(WS)
N{P3I=LFAr4d{DD)

Mo 20 T=1.4

I=T+23 & w]=[+29 % HA2=T+ i%

PIRIY=NTYITY & NIK2)=SMOMAK (T

Dl 1)y=AXK (1)

NIG2Y=AMIID (N, ) & N4 =NFTX(0.) & D(44)=DENIT(V(3I6))
NG5y =MTTIHIP(A, )

wWHTTFIH)T TTk‘Ftqupthifq.'ﬁ‘H‘f‘ﬁ

BF T

Frn

ELMETTON TSEFIAY { TO)
TSROy =11

DE Tilmae

Frim

FLIMOCTIAOM SEODAY (1)
EFCNAY =% ka0,
DETIhaw

Frn

OnE
OnE
0DE
DDE
0ODE
ODE

NNE
0DE
OnNE
NoDE
NNE
OnE
nnNE
NNE
ODE
DDE
NNE
NNE
ODE
noE
nONE
One
ONE
OnE
NDE
nOnE
ONE

nnNE
nnhE
nnE
one

nnE
OnE
0ne
OnNE



[ n

2N
nn

2nn
TN

C=11

SURRAITTIME THRIT (WP )

PEADS Th VALIFS FOR MAXTMIM AND MTHTMUM NDATLY TEMPFRATURFS AND

NATLY PRECIPITATION
COMMOM/ARTDZ/TMAX (TN« THMIN(TI0) s PRECTP(T730)
BEANIL«100) (TMIMNIT) «THMAX(T) «PRECTRPIT)Ys1=1+NP)
no 10 T=1.731
THTMITI=(TMINIT)I=37, ) ® 5558555554

THMAX [Ty ={THAXIT}=-37 1% G5E656605554A
PRQFCTO{T)I=2.54%PRFCTPIT)

WRTTE (&30

N 2N T=1730420

WRTTF (AR« NMNY) TaTMTMITI«THAX(T)aPRECTIP{T)
FRRMAT(]ISE IFA N

FNEMAT{#
FARYAT (&
PBETLIDr
FRjiM

15410612.4)
DETVING FUNCTTON®/# TMTNa TMAX sPRT®/ /)

PWNEF
PWNFF
PWNEF
PWNFE
PWNEF
PWNFF
PWNFE
PWNFF
PWNFE
PWNFF
PWNFF
PWNEE
PWNFF
PWNFE
PWNFF
PWNFE
PWNFF



C-12

SUHEAITIMFE TNTTIOIMT oy PWNFE
TMITTALT/FS VALUFS FNR SYSTFM VARTAKLFS AMD SUPPLTFS VALUFES FOR PWNFE
SYSTFM DARAMFTFOS PWHhFEE
L FOMMON/ARTOLZ2 (4] PWNEF
COMMAON/PRANL /RIAD) PWNEE

COMMON/COMS/XFIS) o XK (S 12 o THN (]2} «TT(12)«FF(12)aMJ{S) aTWU(S) «TWL( PWNFE
lﬁﬁ.nFtﬁiqﬂﬁfanIH}-Hfiﬁtlﬂ}.NEIIJJ1m{%]uﬁFiS]nUISinHIM{R]-EHISI-EFF PWhFF

PIS e XTNT(5) PWNFE
COMMOMA 3/T o« TN THMAN e THa THMAD s THUMOD « TWMOD T Y PWNFE
CAMMAOMNA) 9/T]1 «PPa Tl WS PWNFE
COMMAON/HALY T FHAR (4) PWNFE
COMMAN/ERAN2 /TRNDATAL2D) PWNEF
COMMAMN/PRANA/LANATA () «NATMATS (H) PWNFFE
COMMONACNMSD /RF ] (51 «@F2(5) PWNFE
COMMONANECO] /DIVSEE) s MCHAKS (A aMT LA «sMTP LG aMML A MM LA o PWNFE

ISLMUAY aSLYE (A« MMM (A ] JWVANMX [A) s SAMN{A) «SOMDTS(4) «NECRATF (A) » PWNFE

ASNMOEC o METXR 4 NFNTTR.MEDFEF (4 PWHNEF
PEAL MOMAAS T ] aMT2eMM] « MMZ2 s NPRFF 4 NFTXR PWMEF
DFEAL T FWhFE
PEADS Ta £COMTERTS NE ARTA PWNFF
BFEAM{S«10) A PWhNFF

nn FOPMAT(TFIN .4 PwhNFE
WRTITF A« ANNYA PWMFF

"n FNRMAT (£ ] SYSTE W PARAMFTRE~S2//% ARINTTICH#/8 COMMON ARIDL1®#/% SC+PHEXP PWNFF
1+STLASSM AGE/(s #1NGT2,5)) PWMNFF

E BFANS TN COMTEMTS OF 22001 PwWhFE
PEALIR.100 )8 PWhNFE
WRTITF(AANIH PWNEF

AN FARMAT (#NRRAMICF RS /4 CAMMAN BRON] & /4 TR0 (a)« T2l (4} sCRIG)«KTI&4) K2 PWNFFE
o TG ek 300) aka (4)amS (L) akA(6)aKT(4) sKA(L) sFTF(4) oL (6)9SC(L)+FOST(4)8 PWHNFF
Pl N2 .5)) PWNFF

: FOMMAN HADY ]« WARYEST FUNMCTINNMAL COFFFICTENTS PWMNFF
RPEANDIS NN Hpw PWNEF

WRTTF [R«ARNTY HAR PWNFF

ANN FORMAT (/5 CAMMOY HAPYYI8/% TOLIT1eTOLTIT2+ TMNLT « TMX| T&#/ PwWhFF
111H 1081 3,5) PunFE

i COMMAON H] 0K BREAN2s NATA FOR TRANSLOCATION FIHMCTINN PWNFF
QFANIS«100) TRDATA PWNFE

WRTTE (AWSANY THHATA PWNFF

50N FORPMAT (#00NMunk POONPe /8 YAGDPK . YHARK. THASLP]. THMX. TASLPR#/ PWNFFE
1(1H «aF13.50) PWNFF.
DEAMN[Se1N0) 28NATA PWNFF

WRTTE (fRebi]) RENATA PWNFF

S01 FOURMAT (307 0MuNN DDA A8 DH e RA2, RRIB/LH 43F13.5) FWNFFE
REAN I Sa 10N MATHMATY PWHEF
dRTTF(ALSNA) NATHNTS PWNFF

RO2 FNOMAT (4 DYNT (4) s PUA2(4) 8/ (1H «4F13,5)) PWNFF
DEANMIS«100)Y RF] PWhFFE
PFAI(S.100) 3P PWNFE
WOTTH (AR ) RF] oAk 2 PWNFF

S FORMAT (#OCOHMMON CANS2e /4 RE] (5)e RFZ2{518/(1H «5F13.51) DWNFE

- BEADS TH COMMON COMNST PWNEF
DEAD(S«2) (XF (TIaT=145) FWNFE

FORMAT (5FS, N PWNFF
PFANIS« ) (¥R [ Ta 1l e i=]lal?)el=1le5) PWNFE
EAROMAT (] 2Fh, Ny PWNEF

4

PFANISaTANJIEF{TY1aTI=117) PunFEF



mn FOPMATILIAF=.0)

e

READIS«4 ) (THALT)oaTT (T «I=1«12}

& FREMAT (2F10.0)
PEADISSO Y ITWL T aTWI{TIaI=1e5}
5N FNRMAT(2AFIN.0)
WRTTFE (AN}
1N2 FNRMAT{//4% CONSIIMERS®# /4 COMMON CANS]®#)
WRTTF iA«INIYIXFIT)aT=14a5)
101 FARMATIING ¥F SR12,5)
WMETTF (ha lal i ik iTedt e =1alPal=1as)
14 FARMAT (1N Xw s 7317 .5/1H+49X45GR12.5)
WRTTF(ARISOYITTI I e =101
150 FNRMAT (1N TT TRl .5/ 1H+QO%450]17.5)
WHITF{AalI=51 (TN 1) e l=14a12)
1517 FNOMAT{]I N TN TR] 2,5/l H+sGX5G12,51)
WETTFE (RS2 0TWL LT e Twld{TYaT=1a5)
157 FOPMAT( 10H Tul o Tt} 10G]12.52111%10G12.5))
[ CAlLCULATFE MAST BRFFFROEDN FOAN SPECIFS
Ny 10 T=ls9
1N wpiJi=waxw [T
WRETTF (AReafiy M|
LN FNRPMAT( £ O0M ) HINTSY
PEANISINNOY OTVS«MIMAKSaMT] aMT2 MM ] «MMP o SLD v SLME « YMND o YMAME o SAMY »
- NFrwATE
INNN FNRPMATIAFTO .4 )
PFANISINNTY SAMITSHEEFE

"

1nN] FNOMAT(4E 1.4 )

BEAN(SINNLY SOMOFC«NETXS4NFEMTTE

WETTEIACZANNT NTVSeMOIMAXSaMT ] aMT 2 gMM] g MMZ2 3 SN SLMY o WMKM o UMEMX o

- SHMM (NECDATF
AONN FARMAT (#000MMAN MFCAM]#/% NDIVSe MOCMAXSy MT1le MTZ2s MMLle MM2, SLNs §

= ME s MR WMy SHM Ly DFCRATEE2(1H «AF13,.9))

WETTF{AR« N1 SNUNTSMB2IFF
AO0] FORMAT (+ SNMNTSe SPLFFa/(1H «4FE13,5))

WRTTF [A.2002) SNUNECMEFTXRIFNITR
2002 FAOMAT (@ SAMNFC . MFTY2e DFNITR#/1H «3(F13.5¢5%))

TRTTTALTZFS TIME VAILLFS AR AL GFREPATC EQUATINNS

NI=TSCALFIN )
Fal L ALGCYITaN)
DETIHON

Friny

PWhFF
PwNFE
PWNFF
PWNFE
PWNEE
PWNFE
PWNFF
PWNFE
PWNFF
PWNFE
PWNFF
PWNFE
PWNFE
PWHFF
PWNFE
PWNFF
PWNFF
PWNFF
PWNFF
PWHFF
PwWhFFE
PWNFF
PWNFE
PWNFE
PWMFF
PWNFE
PWNFE
PWHFE
PWMNFE
PWNFE
PwWhFE
PWMNFF
PWHNFE
PwhEF
PWNFE
PWHFF
PWNFF
PWNFF
PWNFE
PWNEE
PWNEF
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AN

i

fn

an

[

E R

SUREOITIMNE NERI(TsV VP PWNEE
CALLS ALY SHARAUTTMNES TN THE SYSTFM WHICH GIVE PRINCIPAL SYSTEM PWNFE
VARTASI FS M NFRIVATIVFE (NIFF. FAUATTINN) FORM PWHNEE
NTMEMNSTON VIT1«VPIL) PWNFE
COMMAOMNA] 1 /T2eT3a5MaVATG) s VRAVSaVL e CLlAYaPNIA) aW(6) s ADsSHaMN (&) » PWNFE
1MO LAY SN LA PWHNEE
COMMORNA]L 2A/NT2NT 3eNSMaNVA(4) s DVESDVSaDVLADCLAY «DENIB) «DWIA) s DANS PWNFF
1NSHNUN (&) «PME (A) «NSA(4) PWNEE
DEAL MMMC PWNEE
TA=sW i3 % Ta=yil4) % SM=v(5) F VH=V(10) % ¥S=VI{1l) % vVL=VI(1?2) PWNFE
AN=Y (31 % SH=Y (37} PWNFE
no 1N T=1«4 PWNEF
Wl=T+5 F wI2=T+37 T KIAI=T+47 PWNEF
VALTI=WI=T)Y & My{Ti=V (%P} PWNFE
EntTiz=vix3y BWNFFE
na 20 T=zlah PWNFE
KI=T+17 % ®2=[+1HA % wi=I+24 % Ka=[+36 PWNFE
FITI=Yirl)Y & BRITISVIL?Y % WIil)=VIiK3) PWMNFE
MCETI=V(KG) PWNFE
Nl=TSr A& FI{T) PWMNFFE
CALL ALAYITa4) PWNFE
CAalL TSV PWNFE
rCal . ARINZ PWHNFE
Al L PRNN PWHFE
Cat L CNNs PWMNEF
CFALL DFONM PWNFE
Nnps{ARYy=NYiAYT=N, PWNFE
o AN T=1eh PUNEE
neiTy=n, PWNFE
nn 7o T=1.14 PWNFFE
FRMITI=] 15 Ta0Tan T =Ny 1) PWNFF

PWHNFF
WELA3=NT2 3 ye(a)=NT3 % yeI(5)=NsM % YPI10)=0DVR % VPI11)=NVS PWHFF
VEIT21=NV ¢ vELIN)=Nan % VP{321=MSH PWNFE
nn an T=1.4 PWNFF
W1=1+5 & KA2=T+372 % K3=T+4? PWNFE
VB (K )=0VALT) % UR(KZ)=NMM(T) PWNFE
VRIK 1y =NSALT) PWNFF
N 40 I=1ah PWNFE
Wl=T+17 & K2=T+]1H & KIi=T+P4 F K4=T+36 PWNEEF
WE(RII=NCITY & YyRIKAY=NENIT) § VRIKII=NWIT) PWNFF
HRIKAGY=DMC (T FWhFF
Vel =ve 2y =n, FWNFF
I'JF TIIL.F'h| DWMFF

PWHFF



1n

CiTE

CHARMNITTIME &) GYI(N]aW)

NEFINFS THNSE PRINCTIPAL SYSTFM VARTARILES GIVFN BY ALGFRAIC
FRUATIONS , o w TNYUON (TIME IN DAYSY) TMMOD (TIMF IN MONTHS) AND T2
(CANMNRY TFMPFRATIIRF)

COMMANAL 1 /T2 T3aSMaVA(G) s VRBaVSa VL s ClAIsPNIA) sWIlHB) s BDaSHeMN 4] s
IMECTAY) SO (4)

COMMNOA/L 3/7«TNa THMON« THe THMON s TMMON s TWMOD S TY
COMMNOMALS/TT e PR TC s WS

FOMMAOR AR TNl /ASCaPHFXE sSTLAGSMLAR

BFAL TC

DF Al MK M

NIMENSTON V10D

VITY=TAMON % Y {2)=Taunn

rALL ARTN

vily=Tl

[Fl WS F.223. 58NN, T . aT,..0002 ) VI)=Tl+1ln.*IC/SC

TA=W 13}

CALCIHH ATE TNTAL CONSIHIMER BIOMASS VALIIFS

noo1n IT=713.1K

I=T+k & K=T=+]17

ViTi=yl 1y avi)

BETIIRY

Fujl

SHREBNITIMNE TS

COMMONM AL T /T2aT4aSMa WA (L) s VAGYS eV a CIAY2PNIA) sWiB) s ADsSHaMN (4] »
IMC LB «Shl4)

COMMOMNAL G /HA{LP) aHAN A HEH HB s HS o H 5 HM
COMMAOMNANECNW2,TPY
COMMAM/HARY L ZTOLTITLaTOLTIT2 s THMMLT « TMXLT

COMMAOM/CONSZXF (S5) « XK (G54 12 o THD(12) « TTEL2)oFF {12 «M (S o TWU(S) « TWL {
I15) e AF (5) s AK (Ral 2 arMCISal 21 a X0 {12 0 HIS)IsRE(S) «DIS) o XIM(S)sEMIS) «FFF

2SS L INT(5)
TRANSFFR DSW,.5 TN ARRAY NF CONSIIMEND SPECIFS (XC)
Nt 2 I=1.4
XCO 1y=vALT)
AC(S1=YR F XC(R)=VS % XC(T)=VL
I"|.."] 3 T:'| Y
TT=T+17
XC(TTI=CHT)
CAl CULATF 1SV FNR HARYFSTS

rapLL NIET

ral |l HARYC

CAILC'I ATFEF TNATAL PHOTASYNTHFSTS RATF
TEN=0,

NO B [=lab

TEN=TPN+PHNTA(T)

COMVERT HARYFSTS. G/ACH2/70AY TN G/ACMZ2/SEC
N o4 1T=1e12

HATT)=HALIT) /HALNN,

no &5 T=13s1H

HA(TY=0,

HM=T TT14y #PARAS (TMNL T«TMX]L ToT2)
HL=TALTTA8YL

BETLIGH

Faim

PWNFE
PWNEFE
PWNEE
PWNEF
PWNEE
PWNFEE
PWNFE
PWNFEE
PWNFE
PWNFE
PWNEE
PWNEF
PWNFE
PwWHEF
PWNEF
PWNEE
PWNEFE
PWNFE
PWNEF
PWHEF
PunFFE
PWNEE
PWNFE

PWNFF
PWNFE
PWNFE
PWNFE
PWNFF
PWNEE
PWNFE
PWNFE
PWNFE
PWNFE
PWNFE
PWNFEF
PWNFF
PWNFE
PWNFFE
PWNFE
PWNFE
PWNFE
PWNFE
PWNEE
PWNFEF
PWNFF
PWNEF
PWNFF
PWNFE
PWNFE
PWHNFE
PWNFF
PWNFE
FWNFE
PWhFF
PWNFFE



I NGICAL FLUNCTINN MIN{AsRS)

MIN= L FALSF,
TFOOALLF o) ANMD L (RLGF,C)Y) MIN=.TRUE.,
DETURHN

Erjm

FIINCTTON COSL{Y)
CASA=(CNSIYI+] )% ,.5
BF TLIRY

F M

FIMCTTON ATAME (Xl XP a1}

ATVFS SHIFTFMN ARC TAWGENT RFSPOMSFE TN ARGUMENT X3
¥] GIVFS LOCATIANM NF TMNFLFCTTON POTNT

X2 GTYFS SPRFAD WINTH. .5 =-.9

-q"llr'?rlll'l' = Tﬂ.hli.ﬁ“pl"lt Iq'IIHII- = lipr
Frl=31,n77RBARAT(],./X7)

ATAMKE=, 3]G INORBAI#ATAN{C1I#(X3=X])))+,5

DFE TN

F Rl

PWNEF
PWNFF
PWHNFFE
PWNFE
PWNFEF

PWNFEF
PWNFE
PWMNEE
PWNFE

PWMNFF
PWNFF
PWNFE
PWNFF
PWNFE
PWNFEF
PWNFF
FWNFF
PWNEF



FIIMCTTON TSCALF(X) PWNFFE
FOMMARMAL 3/ T TR TNMAN « THy THMAD  THMAD « TWMON S TY PWNFF
PIMFANSTON XMOL13) PWNFE
HAKM FS SYSTFM TIME SrALTHG PWNEF
NATA (XMOIT eT=1al 31/ /N0 41 o050 .4090,9120,0151.918B1.9v212,.4743.0 PWNFE
1273, « 34,334, 1R6, / PWNFFE
¥=% % Th=ve , 11574NTanNTF=-u % T=X PWNFE
THOMOAN=AMON (TN 365, ) $TH=Y# 2T7TTT7TTTRF=3 PWNFF
TUMAN=AMAN { T e b 4 ) PWNEF
a0 10 T=1.17 PWNEE
TF (TNMAD_ LT ¥MA(T))y ~N TN 1 PWNEE
CONT THNUF PWNEE
M=l % T7=13 = 0 TN 7 PWNFF
M=T=1 PWNFF
M= (AMO LT =X (T=1))%] 0001 PWNFF
Sl=({T=XMN (MY eHAL0M, ) PWNEE
TMMON= (M=] .1 +5S1/{NFARA4ND,) PWNFE
THMONZAMOM{ TMMON1 2, PWNEF
TWMON=TNMAN* 142AS5T1425 PWNFF
TY=TN4 ,A7A9T77AN2ATF =017 PWNFE
TSCALF=TN PWNFF
DETLIEN PWNFE

FNN PWNEE



N

SHYRAUTTME ARTN]

MEFINMFS THE 2PRTMCTRPAL NRIVIMG FARCES FOR THE SYSTFM,,..IC (SOLAR
PANTATINNY s WS{WIND SEFFD)s T1(AIR TFMPERATURE) s AND PP IDATLY
PRECIPTTATINAN) .

COMMONAL_ 3/ TaTDaTOMON e THy THMAD s TMMOND TWMON TY
COMMONA| S5/T]1 PR TO WS

FOMMONAARTINT /ST aPHEXP ST AGSMLAR

DEAL TC

LORICALL MmN

NATA C1/.2084385]N00/

NATA CP/.3490A%R5N0/

NaTa TUPT/ /A, 7RITRSI0OS

1C=0.

SNLAR RANTATION ASSUMEN T VARY STMUSOTDALLY THROUGHOUT THE DAY
TEMMIN (A« 19, THMAMNY ) TO=SCaSTNI(THMON=A 2 (TURPT/P4.) )

WIND SPFED ASSUMEN 7FON SFTWFEN 9 P.M, AND 9 A M, TT IS CONSTANT
AT 4&F CM/SFC HFTWEEN NOONM AND A P.M, AND VARIES LINEARLY RETWFEN
FFRO AND 44F THF REST NF THE NDAY.

We=0,

TE (THMOD ,GF .U, ) WS=(THMNAN=9,)#*149,
TEIMINITIP e lH, « THMON ) ) WS=a4 T,

TF (MTN{1R. 2] o « THMAM Y JWS=44T .= (THMON=18,)1 %149,

TE {(THMAN,GF . 21.) WS=n,

TEMPERATUEBFE 15 4 COSTHE FUNCTION VARYING THRAOUGHTNAUT THE DAY
BETWFEFY THE YAXTMIM AND MTNTMUM TEMPERATURES, THFE MAXIMUM TEMP 1S
ASSUMED Tr U4F AT 72 Bewm, &M0D THE MINTMUM AT 5§ A M,

TE (TP 0Tl eNEL{THYINN AT LS540 GO TD 9A
TI=(THUX{TNI=TMNITRI P #CASKT (THMON+ 1D L} RCLI+TMNI(TDY % GO TO 97

B TF AITHMODLF.S.) TI=(TUR{TD=1,)=TMNITR) ) #

ICASK L (THMOD+ 1N 3201 )« TMN TR}
TEAMTIN(S el aTHMAN) Y TI=(TMX (TR =TMN({TO) ) &
1 4] a=CNRSX({THMAN=S 1 #C2) ) +TMNITDY
TEFITHMAOM  GF o 14.) TI=(TMX{TDI=TMN{TN+1 )%
1COSKC{THMAN =14, ) 2C1) +TMN(TN+1 4}

T PRP=PETI{0,.)

DF TUDN
RN

ARTO
ARTD
ARIN
ARID
ARIN
ARIN
ARTO
ARTO
ARIN
ABID
ARID
ARID
ARIN
ARTIN
ARID
ARTN
ARID
ARID
ARTIN
ARIN
ARTO
ARTO
ARTN
ARIN
ARTIO
ARIN
ARTN
ARTO
ARTN
ARIN
ARTN
ARTO
ARTIN
ARTOD
ARTO
ARIN
ARTN



~(

C-15

FUMCTINN PRTIN])

PRECTIPITATINNS TF IT NCCURS AT ALLs 1S ASSUMFD Tn NCCUR RETWFFN 3

ANM 5 PoM, LY - SFPETEMRER AND RETWEEN 3 AMD B A M, ALL NTHER
MOMNTHS

COMMAONAL 3/ T TR TOMON « THe THMON « TMMOD s TWMODSTY
COMMOM/AHTOR2/THAX(TIAD) « TUIN(T30) «PRECTIPIT30)

I OGTCAL MID

KO=TNWANG] NANNNT+1.

PET=N,

TF (MIN{hH, «9, «TUMANIY GO0 TN 1

TE (H4TN{3,«H8,sTHMNAN) ) PPT=PRFCIP(KN)#5,555555555F =5
RETURY

TE (HTINI]15.4 1 TaaTHMANY ) PET=PRECTP (KD) #] ,3IRBAARRARGF =4
OF TLIQN

Erxn

FUMCTTIAM TMX {TOMAM)

MAXTMUM DATLY TEMBEFRATHRF FUMCTINN
COMMNONZARTO2 /TYAX (TN} «TMTNIT730) +PRECTIP (T30}
KO=] . 00001#(TNMAN+] )

THYX=THYAY (KN}

BFTUEM

E R

FLUMOCTION TMK ITRMAOMN)

MIMIMUM TIATI Y TFMBEFRATURFE FUMCTTOM
COMMONZARTO2/THMARKITAD o« THIN(TI0) «PRECIPITID)
KN=1,00001+(TNHMOMN+]1 1

TMM=THYTN (D)

DFETLIRY

F D

FHMOTTON EHAD (T

COMPHTES PHOTOSYMTHETTICALL Y ACTIVE RADIATINN FROM THNCOMING SOLAR
DANTATION, PTITFXP 15 AN [MPUT PARAMETFR,
COMMAN/AKTID] /SCyPHEXP «STLAGeSMLAG

BF &) 1C

oHAK =1,

TFIICFNaN.Y RETIRN

PHAR=FXP (PHFXP#8|.NG(IN/SCY)

PHAR=TO#PHAR

BFETLIRY

N

ARTN
ARTO
ARBTIO
ARIO
ARID
ARID
ARTIN
ABIN
ARID
ABIN
ARTID
ARTN
ARID
AB10
ARTN

ARIN
ARID
ARTD
ARIN
ABTD
ARIN
ARTIN

ARTM
ARTN
ARTO
ARTN
ARIN
ARIO
ARTN

ARTIN
ARTN
ARTND
ARTD
ARTN
ARTO
ARTD
ARTO
ARTM
ARTN
ARTN



C-20

SURRAUTIME ARTNR

RIVES DIFFERFMTIAC FOUIATINN FOR PRIMARY ARIOTIC SYSTEM VARTARLFS
POMMOMAL L /TP 2T 345Me VA (L) aVEaVSeVLsC(A)sPNIB) +W(H) sADsSHaMN (4] »
1\1f“{h'|-‘5f‘lﬂirl
FAMMOMALZ/DT2aNT34DSMaNVA L) s DVR«DVSsDVLsNCIE) «DPNIB) +NWIE) +DAM
IMSH MMM (4 NV (AR «DSNT4)

FOMMAONSARTO] /NL OHF XD o STLAGSSMLAG

COMMOMAL 3/ T« T TN « THa THMAN « THMMAT s TWMON TY

NnT2=0,

NTA=STLAG*(T2=T3)

NEM=PAET (N ,) =SMESU_AG

TF (TA.LFE.0.1 DsMmM=0,

BETLIRN

FNN

FLINCTTNN BSM{SM)

CONYF2TS “NTSTIHEF TN BPRPER 20 CM NF SOTIL TO PER CENTAGF
ASRUMFES RILK NDEMSITY 0OF 1,4

PSM=(SM/ 2N, 8] .4

RPFTURHN

Frn

ARATIN
ARIN
ABID
ARTIN
ARIN
ARIN
ARIN
ARIN
ABID
ABIND
ABIN
ARID
ARIN
ARIND

ARTO
ABI0
ARIO
ARTN
ARIN
ARTO
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SURRODUT IMNF PRAN PRON
= GIVES DIFFFRENTTIAC FRUATINNG FOR PRIMARY SYSTEM VARTARLES IN THE PRON
C PRONDCER COMBARTMENT PROD

COMMONALT/TPaT3aSMa VAL s VRBaVSaVLaCIA)sPNIA) «WI{B) s ADsSHaMN L) » PRON

IMC (B SN (4] FROD

COMMONAL 2/DT2NT3eNSHMaDVATL) s DVRSDVSsDVLsNC{A)«DPNIAYsDNWIA) «DAN PRON

INSHNMA {4 ) s DT (RY NSO 4) PRON

COMMONA 3/ TaTDaTOMON s THe THMOMN a TMMON s TWMOD « TY PRON

COMMAOM A 4/HATLZ) sHAD«HSHyHB s HS s H_ s HM PROMN

COMMNON/PROADT /TZ2004) o T21 (4) «CR 4] aK 1 (4) aK2(4) sKA(G)sKa(a)aK5(4])y PROMN

IKG(a) s KT{a)aAI4)«FTE(4) sl (4)«SC(4)aFPST (4) PROD

PFEAL TIC PRON

PFAL KlaFPaK JaKL4 K GakA KT yKRel RROND
C SUHPPLIFS RATES NF CHANGE Ty 2onnUCER CNMPARTMENT FOR INPUT TN NTHER CO PROD

DFAL LFACH PRON

TAGH=TTHR=N. PROD

nn 12 I=1+4% PROD
COCOMPOTFE 2ATF NF CHANMGE OF AH4OVE GROIIND BIOMASS BY SPECIES PROD

MYATTI=FPST(T18PHATO{T)I=(THIVAsT) +AGD(TY+HALT)) PRON

TTR=TTA+TR (VAT PROM
12 TAGRD=TAGD+AGHTTY PROND
C COMPIHIITFS TATE 0OF CHANGE NF BFLOW GROUND RIOMASS PRON

Ml=RR{T3) PRON

NMYE=TTH=(RAGN (N1} +N]#YR+HRAR) PRON
© COMPIITFS 2aTF NF CHAMGF NF PLANT STAMDTIMG DEAD =1=Ta 1y

NYS=TARN={SHATR (WS VWS +HS) PROD
C COMPLITES RATE 0OF CHANGE NF PLANT LITTER PROD

MYL=SHATR (WS #YS=(HL +HM+ | FACH (PR )&V ) PROD

PFTURN PROD

F RN PRON
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C MET

FUMCTTON PHATOC(T)

(=22

COMPHTES NET PHNTOSYMTHESTS AS A FUNCTION NF CANOPY TFMPERATURE +
PHOTOSYNTHETTICALLY ACTIVE RADIATIONs SOIL MOISTURF. AND SOTL

MUTRTIFENT STATUS,

COMMONZLL/T2aT3aSMeVAL4) s VBaVSIVL oC(A) «PNIB) sWI6) s ADsSHaMN(4) «

IMC &) +SN14)

COMMONZPROADTAT20(4) aT2104) sCR (%) oK) (4) oK2(4) sK3(4) KL (4) sKS(4) o
I Ta) s T 4] axA{4)«FETE(4) ol (4)eSCT4&)EPST (4]

COMMAMNA S/T] aPP L Mg
PEAL TC

REAL HlaKPaK laK4aKSah oK TaKAL

BFEAL MNTS
S=EPHARITC)

PHNTN=0,
IFITP.LT.N .Y RETIIRN

TEITZ.LTT2N(T1) . ANNLS,(T,SCLIN) GO TO 10
TREITZ2.GE.T20 (1) JAND,S, AT.SC(T)) G0 To 11
PHOTNSYNs ARNVE COM TFMP, AND BELOW COMP, NET RADTATINN
PHOTN==CR(T)#VA(T)#KA(T)#((SC(T)I=S)/SCIIN)I2((T2/T21(1))

18K 7 (T IFEXRP (KT (T /KHITII (] o= (TP/T21(I))#4KB(I))IEMOTSITIRETE(T)

PHOTO=PHATO* (T}
RETUDH

€ FNORMULA FNR NFT BPHATNSYNTHFSIS BELOW COMPENSATINN TEMPERATURE

10

C NFET
11

N2=S/{1l.+K3(T)25)
N3=SCITI/A1]1.+K3ILTIHSCHLTY)
Ne=T20(T1=T2
NE=EXP(=K2(T)#(T2A(])=-T2))

PHOTN SCRITIAVACTYCL (T)#MOTIS(TI#ETE(I)#(N2-N3)#D4=05

PHNTNSYMTHESTS ARNVF CNMAFNSATINN TEMP, AND COMP, NET RADIATION

PHOTN=PHNTO®X 1 (T)

RETURH

PHNTN  ==CRITI&VA(T)w#Kal(T) =
IMOTIS{T)IBFTE(T)

RETURN

FND

(T2=-T20(T) ) #FEXP(=KS(T)#(T2=T20(1)))®

PROD
PROD
PRON
PROD
PROD
PROD
PRON
PROM
PEOD
PRON
PROM
PROMN
PRON
PRON
PRON
PROD
PROD
PROD
PROD
PROD
PRON
PROD
PRON
PROD
PRON
PROD
PRON
PRON
PRNN
PROND
PROD
PRON
PROD
PRON
PRON
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FUNCTION RH(T3)

C COMPIHTES RFSPIRATION NF AFLOW GROUND PARTS OF PLANTS

r

PESP IS5 A PIECEWISE LINEAR FUNCTTION OF SOIL TEMPs MAX AT 36 DEG C
RESP IS ZFERN TF T3 GT 4% NR LT 0

COMMNN/PRNADA/RAL +RB2+RR3+PMOL (4) 4 PMO2 (4)

RR=0,

TFIT3,6F ,FR2) RETURN

TRA=R3”=T1

PH=RA1#TRREFXP (-TRR/RAT)

RETLURN

FrM

FIURMCTINM TH{ X271}

C FUNCTINN TN NDFTFRMINF TOANSLOCATION BELLOW GROLIND

C TRANSLOCATINN DFPENNS OM 3FLOW GROUND RINMASS SURJECT TO THRESHOLED LI

C

INNS BASEDN 0OM ARO VE GRNIIND RINMASS
COMMONZLT/T2eaT3eSMaV(4)aVRGVSHVL_«C(HB)+sPNIA) sWIA) s ADsSHaMN(L) &
IMC UGB «5NT4)
COMMON/PRNONA/VARGK (4 4 VAHDRK (4) « TASLP]1 (4) « TAMX (4) « TRSLPP (4)
RFAL 4NTS
TVASV 1Y +V {21 +V {3 +V (4)
VRAT=IVIT)I /TVAYBYR
TR=0.
TF (T3.LF«04) RETLIRN
TF (MIT L TJWARRKITYY GO T
TH=ITRAMXY { T) =THSLP] (T)aYETI4y (T)&MNTSIT)
IF (TR,LT.0.)TH=0,
RETUREN
1 TH=(=TRASLP2ITI#(VRT=-VRIRRK (I) ) }=MATSI(T)
IF ITQ.GT.D‘.! TR:“-
RETIHIRM
FHM

FLIMCTINt FTFEIT)

MIITRIENT AVATLARTILITY TNPEX FOR PLANT SPFCIFS |
quMqM;L];TE‘Ta'qH'V‘a}'Uq.vF'UL‘CtﬁiipN{ﬁ]lH{E]qﬂﬂgSH.HN{Q]'
IMC IR SN T4)

COMMOMN/DECOM] ANTYSA) «MCHAXSTIA) oMTLI LA sMT2(H) sMM]L (B) aMMZ (A]) »
1SN EAYT sSLMX(A) s YMND (A) VMNMMX (6} « SBMN (A) s SOMDTS (4) «NECRATF (6) »
POOMIFCaMNF TERSNFEMTTR«NPIFF [ 4)

CI=(MNEPREF [ 3)5Mr{ 3V +MPIFF (&) #MN 4] ) Z INPREF{3) «NPRFF (4))

FTF=ATANX(,P?8AF=54,143F=5.C1)

BFTLION

FrD

PRON
PROD
PROD
PRON
PRON
PRON
PRON
PRON
PROD
PROD
PROD

PRON
PRON
PRON
PRON
PROMN
PRON
PRON
PROMN
PROMN
PROMN
PRON
PROND
PRON
PRON
PRON
PROD
PRON
PRON
PROD
PROD

PROMN
PROMN
PROD
PRON
PRON
PRON
PRON
PROMN
PRON
PRON
PRON
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FIIMCTIAN HAD(R) PHAn
~ Fre A FI9ST PASS NFATH RATF NF BFLOW GROUND PARTS WILL BE HALF THE RES PROD
e COMMONAL L /TP eT3e5MaVA(G) aYBsVSaVL s C(B) sPN{B) +sW(6E) s ADeSHaMN(4) s PROD
IMC (6) 450 (4) RRON
RGN={R#YRY /2, RRON
PRON
RF TGN
FrM PRON
FUNCTTON AGDIT) PRON
C NFATH RATF NF A4NVF RANOUMD PARTS RY SPECIES eRAn
£ WILTING BFEGIMNS AT 35 NDEG, CFNT, FOR ALL SPECIFS IM FIRST PASS MODLFE PRON
COMMONAL L /T2aT3aSMa VA (L) aWVRNSaVL «CIA)IsPNIA) sWIH) s ADsSHaMN &) o PROND
IMCIBYaSN{4) PRON
PEAI. MNDTS PRNN
AGDZVALT)I# (] ,=MOTS(T) ) 2ATANX (35S, a2, 1h004B452] «T2) % ,43F =R PRON
BF Ty PRON
FRIN PRON
BEAL FLINCTTIOAN MAOTS (T PRON
N COMPUTFS BEOCFNTAGE OF SNOT. MNISTIRE CAPACITY IN TOP 20 CM OF SOIL PROD
T ASSUME MOTSTURF STRFSS 1S AN ARCTANMGFNT FUNCTION OF THF PERCENTAGE PROD
~ NF SOTL MNATSTURF CAPACTTY IN THF TNP 20 CM OF THE SOIL PRON
COMMONZL T /T2aT3aSMeVAT4]) s VRAVSsV s CIA)sPN(6) s W(E) s AN SHeMN (&) s PRON
IMC IR <8N 14) PRON
COMMANM/PHEOTIAPHT 2RPEZ 4 2R 3PMN] (4) «PMOP (4) PRON
PUNLITI=3,0776RISAT/PMNLIT) PROD
MOTS=ATANX(PMN] (T eRMNR(T) aPSM(5M) ) PRON
RETHIRM PROD
Ty PRON

FUMCTTON CHATO (WS PRON

C COMPUTES SHATTFD RATF NF STANDING NFAD AS A FUMCTON 0OF WINN SPEFN PRON
TF WS aLF a2, 5)5HATR=,005

PROM
TEIWS 6T .2723,5)5HATR=_ 005+ (2, P14RF -04)#WS PRON
CHATR=SHATR®] IS 740T4NT4F =5 PRON
BFETURE PROND
Frim FRON
BFAL FIIMOCTIAN (FACH({ED) PRON
| COMPUTFS NIRFOT L FACHTMG NF LTTTFR AS A FUNCTINN NF RATNFALL PRON
A ASSUME LFACHING 1S A | TNFAR FUNCTIN NF RAINFALL PROD
| FACH=,0J44Re0pD PRON
RETLRN PRON
Eri

PRON
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SHBRNUTTIMFE £ANS

COMMON/L L/T2eT30SMaVA (4) «VASVSIVLaC(6) sPN(6) W (6) s AD s SHaMN (4] o
IMC IR saN 1 4)

COMMON/L.2/DT24NT3eDSMaNVA(4) «DVRaDVSsDVLNC(A) +DPN(6) ¢ DW (6) s DAN
INSHaNMY (4) «NMC(AR) NSO (4G)

COMMON/L 3/T 5 TN THMON G THa THMAN« TMMOD s TWMOD « TY

COMMONAL 4/HATT2) sHAN s HSHaHR s HS o HI_ s HM

COMMON/CONSZXF (5) a XK (Sel2)aTHOC12) 2 TT(12)oFF(12)eMI(S) o« TWUIS) » TWL ¢
1SV AR IS} w AK (Se12) yHO (541214 KC(12) «R(5) sRFIS)aN(S) s XIM(S) «FEM(S) «EFF
215)+XTNT (5}

CAMSIIMED SPFCTES 1 = BiGE

COANSIIMFND SPFETFS 2 = AGSM

COMSHMED SPFRTES 3 = A

CONSUMED SPFLTIFS 4 = nPen

CONSUMFD SBFIFS S = AFLNW GROUNT PARTS

COMSUMED SPECTFS A = STANNING NEAD

CONSUMED SPFRIES 7 = LITTFR

FONSUMFD SPECTES R = CNNSIIMFR SPFCIFES 1 = JACK RARRITT
CONSHIMER SPECTFS 9 = CANSIIMFR SPFCIES 2 = COW

FOMSUMED SPECTFS 10= CANSIIMER SPFCIES 2 = COYOTE
CONSHMED SPFOTES 11= CNANSIIMER SPFCIFS 3 = LARK BUNTING
COMNSUMEDN SPECTES 12= MONSIIMER SPFCIES S = GRASSHOPPER
¥ELD)=F00ON CANSUMBTINM RATE FOR CONSUMER SPEFCIES | UNNDFR INEAL

Fann AVATI_ARILTITY fANDITINNS

(G/G/NAY)

AF(TY=ACTIHAL FOND COMSUMBTINN RATF FNR CONSUMER SPFCIFS 1

KM {Ta J)=4MNIIMT NF NTFT OF COMSUMFER SPECIFS 1 MADF UP NOF CONSUMFED
FNOON AVAILABRILITY CONDITIONS

Ak [ [+ J)=ACTUAL AMOUNT NF DIFT 0OF CONSUMFR SPFCIES 1 MADF UP NOF

SPFCIFS

COAMSIUIMFD SPECTFRS )

J UMDFR TNFAL

THO L 1) =THRESHOLN NFNSTTY AFLOW WHICH CONSUMEN SPFCTES . CFASFS

T HE COMSLIMEN

ML) =MAST DRFFERFN FNNR SOURCE FOR CONSUMER SPECIFS 1

CALL
CALL
AL
ralLl
CALL

FFFIC
RESP
HIRTH
NFEATH
MTGR

NOANNK=] 5
XTNTIKI=WIK)#FFF (K)2AF (K)
o 10NT=145%

TI=1+7

Ha{ J)a 1=]1 412
hF:llilT:]‘:} "

FFF(T)

DF[I]-I:],!"EI

IS ComougpTeEn TN
15 COMBIITER

PUET)=N(T)#FFF (1) %AF (T)=3F ()

NEMETI=PHN T (BITI=D(T))=HA{TTI) /W]

CONT INUF

YUST GET NEAN ANTMA|
CAMSIIMFR SPFCIFS

ngH=9,

ATMASS

(Dany

S5ARNUT INF HARVC

IM SURROUTINE DTFT
IS CAMBLUTEN TM FUNCTION SURIOUTINE FFFIT)
IS CAMBLITED T SUHRSNUTIME RESP

FeXIMIT)=EMIT)

AND ANIMAL FFCFS FOR ALL

CNNS
Cong
CONS
CONS
CONS
LONS
CNMNS
CNNS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONE
CONS
CNNS
Cnne
CNNE
CONS
CANS
CONS
CONS
CNANS
CONS
CONS
CoNS
CONS
CNNS
CONS
CONS
CANS
CONS
CONS
CONS
CNANS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CANS
CONS
CnmMs
CONS
CNNS
CANS
CONS
CONS
CONS
CANS
CANS
CONS
CONS
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nan=n,

NAO2ONT=1a5

TI=T+7
ASH=NSH+XC(TTI# (] ,=FFFI{T)Y#AF (1)
NMAN=NAD+XC(TTI=N(T)

NSH=NSH=-HSH

NAN="AN=-HAD

DETLRN

FrM

CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
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SURKMNIITIMNFE NIFT CoNS
CONS

SUHEANTIMNE DIFT CNOMPUTFS ACTHAL FOOD CONSUMPTINN RATE AND ACTUAL CONS
DIFTARY CAMPNSTTION FOR CONSIIMER SPECIFS TeI=145 CONS
CONS

COMMANZL 1/T2aT34SMaVAT4) aVBaVSeVL sClA) sPN(B) s W(6) s ADgsSHyMN(4) o CONS
1M Th) S (4) CONS

COMMAN/CONS/XF(S5) e XK(Se12) e THO(12) o TT(12) «FF(12)aMJ(S)aTWU(S) « TWL( CONS
15 AP (5) «AK (5412)sHC(Se12)aXC(12) «B(5)aRF(5)1aN(S5) 9 XIMIS) +FM(S) +EFF CONS

o i Wy T

L B e M IR

ro i B W e N B B Bre Blan )

e B R B ¥
=

OO n

PISTeXTNT(S) CONS
NIMENSTINN YK (12} CONS
MNPT=15 CONS

CANS

NN KNOT WAMT Tn FRASF ¥k FROM STNRPAGE SO NEFINE DIIMMY VARTARLF YK CONS
TN WORK WITH TM THF SURRNNITINF CONS
CONS

o1 I1=1s12 CONS
YK{JY = XK (T} CONS
CNNS

ACTUAL FOND cONSUMBTTIAN 3ATE [NITTALLY SFT ERUAL Tn INFAL FoNn CNNg
CAMSIIMETINNM RATF CNNS
CONS

AF I TY=XF (1} CONS
TFINITYLLF LD 160 TR 2 CNNS
CONS

TE AWF, WT, NF COKS, SPEOTES 1 AFTS ARNVF A THRFSHOLDs TWlLTI)e CONS
THFN FIT1Y NFORFASFS, CNNS

TF AVF, WT, NF COMS, SPFCTIES T GFTS AFLOW A THRESHNDLDs TWL (I« CNNS
THEN F{T) TNCRFASFN, CONS
CNNS

TEOWIT) . T Tl (TIVAF (T =TWL (TI®AF (T} /WL CANS
TEOWID) T aTWH TV AR (T =TWUIT)#AF (T /WLT) CONS
CONS

FLIMIMATE ANY CONSUMFN SOFCTIFS FRNM THE DIFT 0OF CONSUMFR SPECIFS CONS
I TF 175 BIOMASS TS RELNW THRESHOLD THO CONS
COnNS

noo#n 1=1e12 CONS
TFRIXCI N WGF.THAL. D IGN T 20 CNNS
YetJy = 0. CNNS
COMT INUF CONS
CNNS

MOST BREFF'EN FANN SNNIRCE FNOR CONSUMFR SPFCIFS | CONS
CONS

MJO=EM ET) CANS
CONS

TE THF ARINDAMCFE NF THF Y“NST PRFFERED SPENTES 1S LFSS THAN TTa CANS
THFEN THF TOTAL AMOUNT OF FOON CONSUMPTION FOR SPECIFS 1 CONS
NMECRFASES LTNEARLY UNTIL TT BFACHFS THO/ZTT NF WHAT 1T WAS CONS
UNMODFS TDFAL CONDTITTANS, [Fs IN ADDITITION. THFE ABUNDANCE 0OF THE CONS
MOST BREFFREN SPFCTES 1S AROVF THNe THEN THF AMOUNT OF THAT CONS
COMSUMED SPECTFS [N THF NIET NF CONSUMFP SPECIFS 1 WILL CONS
NECRFASF | TNEARLY CONS
CONS

TEAACIN 1) JGF ,TTINIYY B0 TN 40 CONS
AF(TY=AMAX L (¥C {0 1) aTHO (N Y RAFCTY ZTTIND)Y CONS
TFAUXCEN ) LTATHAOINIYY B0 T &0 CnNS
YR OM ] = Xr{s ) # KKIIqHJ}fTT{NJ} CNMS



(

o S o B Tl W [ S B |

o I e e 2R
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COn T THE

THFE ACTHAL FOn PRFFFRFNCF FaCcTnRs FNR CONSUMFR SPFCIFS T ARF
MOW COMPLITED

CY=SIIMIYK«1?)
TFISYLLE.DLIGA TR 3
NNSn.i=1a.12

A (T IY=YKL 1) /SY

e T W

mNsl J=1a12

A« 1)=N.

CONTINIIF

RFETIIRM

Fejn

SHRENT TME HADYC

THTS SHERAUTTIHFE COMENTFES THE RATF NF COMSUMPTINN {(G/DAY) OF
COMSHMFD SPECTFS | BY MONSIMFE SPFCIFS Ts AND THE TNTAL HARVEST
RATE (G/0AY) NF CAOMNSUYMED SPECTFES s J=1e17

MC(1e 1N=RATE OF CANSUMBTINN (G/NAY) NF CONSUMED SPFCIFS J AY
CAMSIMER SPECIFS T
HA( 1) =TNTAL HARYFST DATF (G/DAY) OF CONSUMED SPECTFS )

FOMMONAL 1 /TPeT39SMa WA (4] aVASVSeVL s C{B)sPNIB) sW(A) s ADsSHaMNI4) »

IMC LAY «S50(4)

COMMAOK AL 4 /HATTA) sHATI e HSH e HR s HS s HL o HM

FOMMAMN ACONS/XF(5) « XK (54 12) s THO L1221« TTHLI2) «EF (121 aMI(S) »TWUIS) «TWL
157 +AF (S) s AK [GalP) aHC IS4 12)1aXC(12) sBIS)aRE(5)«D(5) o XIM(S) sEMIS) +EFF
2R <XINTIR)

NIMFYNSTINN HD{12)

nnl.a=1s«17

NNAT=14+5

11=1+T7

HCfTs 11 =8K (T 1N8AF{TIeXC{TT)

HAOL T =HM {Te )

HAL 1) =SLMIHN LS}

OF TIJEH

(={Ta

CnoNsS
CONS
CNNS
CONS
CONS
CONS
CONS
CONS
COoNS
COMNS
CONS
CONS
CONS
CNNS
CNNS

CONS
CONS
CONS
CONS
CONS
CONS
CONS
CNNE
CONS
CONS
CONS
CONS
CONG
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
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10

SiUITIME FEFTEO

THTS SURRAUTIMF COMPLITFS THE ASSTMILATION EFFICIENCY FOR THE FNOD

C-29

CANSIIMED By THFE CANSUMFR SPECIFS

FFIJV=ASSIMILATINON FFFTCTFNCY

COAMMOY A COMNS/XF IS « XK (Sa 12« THO(TIP) o TTILIZ2)oFF(12) «M IS o TWHIS) o TWL I
15) e AF IR) s AK (Sl ) e MC IS 1219 XClLlPYaRIS)IARE(S)aD(S) s XIMIS) «sFM(5)EFF

PIS X THT(S)
NTMENSTINN XF {12
NO10T=1.5
nNlJg=1«12
XFE(JY=FF [ IV 2#AK (T 1}
FFFITI=SIIM[XFa ]2
COMT [KIE
BETLIRN
FrD

FIIMOTTAR pMAYw (T

FNe aNY CONS'IMFRE SPFCJFES
PREFFRFN CANSUMER SBFCTES

COMMOM/CONS/XF 15) « XK [Sal1 21 aTHOUT2) aTTIL2)Y«EF(12) oMI(S) o TWUIS) « TWL(
IS) e AF (R) aAK ({5 17 ) oM {50121 0 X0 (121 aR{G)4RE(S5)aN{S5) «XIM(5)+EM(G) «FFF

IS XETHT(S)
'IH-'II='I‘.H'{T-]]

MAXK=1]

noln I=s2«17
YMAZAMAX] (XX« XK (Te J}1)
TEOYMY | F XM )GO TN 10
MAYK= |

AL =YK

COMT IMIIF

RETLIRN

Fun

FUMOCTTION SLMEY oh)
NTMENSTAN Y1)
SiiM=n,

Nnld=1«n

SUM=SIM +Y ()

OF TSN

Fhjm

NF CONSUMED SPECIES Je

J=1.17

THIS SHRROUTIMFE COMPUTFS THF MNST
ol

CNMS
CNNS
CONS
CONS
CONS
CNNS
CoMg
CNNS
CNNS
CONS
CNNS
CNNS
CoNs
CONS
CONS
COMNS
CONS
COMS

COong
CONS
CONS
CNNS
CNNS
CONS
CNNS
CONS
CONS
CANS
CONS
CONS
CONS
CONS
CONS
CNNS
CNNS
CNNS

NS
CONS
CONS
CONS
CONS
CONS
CONS
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SURKMNIITINFE RFSP

THTS SURRALTIMF CAMPLTFS THE RESPIRATION RATE (G/IND/DAY) FOR THE
COANSUMER SPFCTFS -

COMMONAL 1 /T2 aT35MaVA[G) aVESVS VL «ClA) sPNIB) sW(B) s ADsSHIMN(&G) »
TMC{RY SN (4}

FOMMON/ZCOMNS/ZXF (5) o XK (Se12) o THO(12) o TT(L12)oEF (12) «MU(S) « TWUI(S) « TWL (
15) s AF (5) s AK(Sa]12) sHO (541214 XC(12) 4R (S5)aRF{S)aD(5) «XIM(S) +EM(S) +EFF
2IGT e XTNTIS)

COMMON/CONS2/REL (S «RF2(5)

N 1N I=1.5

REIT)Y=D.

10 TFIWiT) AT N, BFEIT)=eF1{T)ewi])#sRE2(])

RF T2y

Fhiln

SUIREAIT TR B2 T -

COMMONACTONSZXF (5 e (a2 aTHOLI2) o TTOLZ2Y «FF(12) aMI(5) o TWLIIS) « TWL I
1S wAF (5) s AK (Se LA o505 121 aXCIL2) wB{S)aRF(S)aN(S) s XIMIS)+EHM(S) «FFF
PIR) X TMT(S)

COMMNMAL 3/ TaTNa TN e THa THMON « TMMNON « TWMON o TY

THTS SUBRNYUTTNF COYBHITEFS NATI Y TNSTAMTANFNUS RIRTH RATFS FNR
CrkSIAFR SPFrTFS

N 1 T=1«5

RETY=N

TEATNMAN | F P52, JAND L TAMNN L GF WSH,IR(11=,007% (] ,=.N046#{TDMAD=5R,))
TEETNUNN L F , 1AH, JAND TAMON.GF 155, R{41=,0308

TEITOMON G F o034 a ANDGTOMON GF 190 ,) R{4)=,0107

TEATNMNAN LF o274 JAMD  TOMON ,GF L 142 )B(S)=.0n2]4ae (] ,=.0145#(TNMNN=167
Vad)

DF TR

Frin

SHREAITIMF NFATH

FOMMON AT IMS A XF (S ) e XK (5a 12 aTHOLTI2) aTT(121aFF(12)aMI05) s TWU(S5) a TWL(
151 «AF (5) a A" (G4 |21 MM (51 2) 0 XC {121 (S} «sRFIS) N5}« XIMIG)4EM{5)+EFF
PISY X TNT(R)

FOMMAN AL 3/ T e TRa TN e THa THUNN s TMMOT s TWMANTY

THIS SUSQL@ANTIMFE COMPHTES THE INSTANTHNAEQUS DATLY MATURAL MNRTALTTY
BATES FNuw THE CANSIIWMFD SBFLTFS.

Ntli=,0n#7

NtAy=0.

RiAYy=0,

Ni&4}=.0035

nis)y=n,

TFATMOAN | FelSd,) Ni4Y=,0021

TFEITRNYUON L F P59, J AN TRAMAN ,GF J1&2,1D(5)=,n071

BFTi 2

Ern

CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CANS
CONS
CNNS
CONS

COMNS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CONS
CoNS
CONS
CONS
CONS
CANS

CONS
CANS
CONS
CONS
CONS
CONS
CAKNS
CANS
CONS
CONS
CONS
CONS
COMS
COMS
CONS
CONS
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SHRENITIMFE MIAW

COMMOMAL A/ T TNa TN THa THMAMN g THMAN s TWMONTY

COMMONSCOMNSZXF (S ek (Sal2 e THO(1P ) aTTLLI2)2EF(12) eMIIS) o TWLU D) « TWL (
IS+ AF (B« AK (Sa 2 e HO (S 121 XCI121 «RIS)4RE(S)aN(S) o XIMIS)«EMIS) EFF
2IR)«YTMT (5

COMMANA| 1 /T2 T 3aSMa VA TA) s VR aVSa YL s C{A)sPMIA) aW(B) s ADsSHaMN{G]) o

TMr LAY S0 L)

THTS SUHSANITTIME CAMPUTFES THE DATL Y RATES NF TMMIGRATIOM AMD
FATGRATTAM FAR THF CNMSILIMFR SPECTFS

PN1T=1s5%

!IMIT’=F‘-

FMITI=N,

TECTDMON L F o1 PR, o fHD L TOMAN  GF o1 131X TM(a) = 2AF=H

TEITIMNMN  GF L2 R JAND  TAMOD LT 235 JEMIA)I=AMINM]I (. A1F=R«PN 40 )
DFEFTLIRN

FHN

LT TME AR e
FfALL MTC2

Call SNTL

AL MNTTR

PETLIEY

FrmM

SHHEMAITIMFE mIfe

CFOMMO AL T AT 3T TS e VA la) s VHa VS o C{RYaPNIAR) yWiEb) s Al s SHaMM (&) »
IMT TR S04

COMMANA P ANT2aDT 3aNEMaNIVATG) «DIVESDVSNVLANC LAY ANPNIEY sNWIAR) «DAN,
INSHMMM (4] aNMC (A DS {4)

PFAL “MaMT

REA] YrMAL

N 11 T=len

Cl=mMruAK{T)

DM (T =NTy (T e (TYE(C)=Ar (1)) /]

RE TR

FrN

CONS
CoNs
CONS
CONS
CNNS
CONS
CONS
CNNS
CNNS
CONS
CNNS
CONS
CNNS
CONS
CNNS
CNNS

NECHM
DECNM
DECOM
DECOM
DECOM
NECOM

NFECom
NECNW
DECAM
NECNM
DECOM
DECOM
CECOM
NECOM
NECOM
NECAM
DECOM
DFCOM
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SHRGATTMF S9TL

FAMMANA 1 /T2eT 3aSafa) s 3 e YSav o ClAYaPNIA) sWlE) s Ay SHaMN (4] «
T A =N (4)

DF AL MM aM

FAMMON A PANT2aNT3sDSMNVA (41 s DVRNYSDYL«DCLA) «NPNIA) «NWIA) DA
IMSHa MM (&) 4N (R NSO (&)

FAMMAR ATFCAM T ADTYVS(B) «MCMAXS (A) «MT1 (AT aMT2{ET «MMLIG) MM (H) s
TEI Mtk oSl MATH] o YARD (A o VARNMY (£ « SRMAM (A) «SOMDTS (4) «NECRATF (A 4
ACOMIIF T e M F TAD ZMENTITR«MIBFF [ 4)

BFAL T aMCHMAYXS aMT2aMM] aMM2 3 NF TXR«NPRFF
COMMAN AL 4/ HA TP ) s HAN s HSH s HB s HS s H|_ o HM
NEA2)TGNUMNTS (2 e =NEFCRATE(R)=MC (A #SDI(2)

NEN T =SNUNTS{ ) aHL=SNUNFr#SN ()

nEA{ly=NsNi4y=n,

PE TSN
Fen

CIPARANT TS M Ti2

FAMMOM A 1 /72T §aSMaifila) afdalSati| aCCA)aPNIA)WIG) s ANsSHeMN (4]«
IMO iR « 5D 14)

REA|. MMaMC

COMMANMA] 2/NTZaNT 3aNSMea IWA (L) o NVHNVSsDVLANC LA «DPNIAE) aNW A s DAD
INSHMME (4] aNUC (AR DN (4)

FOMMAMNATECAM] AOTYSER) «MOCHAXS (A aMT1LIA) sMT2 AT «MMY A} «MMZ TA)
1SITH{GE) oS X 05 « MM (A VMM (R) « SRMMN(A) s SOMDTS (4) «NECRATE (/) »
PENMNFC «META D 4 NEMT TR WMNOREF (4)

BFAL MT1«4CUARSaMT2aMM L e MM24NF TXRP«NPRFF

COMMONZ| & /HATT2) s HANSHSHAHB A HS o H 4 HM

FOMMNE A ST PP WS

NTMFRSTAN T 17

PFAl NFETXaMTTIR.] FACH

PA 1N T=1a1

ClLETI=NFCOATE(T)#MC Ty #MY(T)

MMe (Y =Snn Tl yeHL=T1 (11}

MUy {23=C1 L1+ FACHIRPRPY#VIL=C1(2)

MMM LAy =T 2 =] L3y =AM [0 0

AR LAY =C 0 3y e FTX IR ) =NFYTT{MM{4Y Y =NTTHP(D.L)

BF TG

Frin

DFAl FUNCTIAN METX (DY

FOMMONZNECM] /NTVS (A) s MCMAXS(6) «MT1 LAY «MT2(6) «MM] (6) oMM2(H) »
]ﬂ[ﬁ[%:-RLuiiﬂr-UMMDlﬁ}«vﬂﬂﬂifﬁ]-ﬁH“N(El-SﬂHDIEIﬁlnﬁEEFﬁTFIﬁir
ASOMDFEraMF TEXRWMNENTTR«MNPRFF (4)

DF AL MT] aMCMAXS 4MT2eMM] s MMZ2 o MF I XR«NPREF
FﬁMMﬁMfLI/T?|T3-§M-Vﬁfh]tUH-US-UL-Cfﬁipr{G}tH{E]1#D15H1MN{4]-
MO {R) «SNT4)

PFAL “MMeMC

METX=NF [ARPHUE (R

RFTLIEN

Frin

NECOM
DECOM
DECOM
NECOM
DECOM
NECOM
NECOHM
DECOM
DECHM
DECNM
DECOM
DECOM
NECOM
DECNAM
NECNM
NECNM

NECNM
DF COM
DFCOM
DFCOM
DECHM
NECOM
DECOM
NECNM
DECNM
DECOM
DECNOM
DECOM
DFCOM
DECNM
DECNM
DECOM
DF CnM
DECNM
DFCOM
DECOM
DECOM
DFE CNM

NE Cnw
DFCOM
NECOM
DECOM
DFCNM
NECNAM
NnFECoM
NFECOM
ODFCOM
DFCOM
DECOM



€-33

EIMETTINN DEMTITINITR)

COMMANMA 1T /TPaTTaS5Ma WA (L) Ve VS VLo CLA) sPRNIA) ¢sW(E) s ADsSHaMN {4 )«
197 TR «SN14)

DF AL MMM
COMMONZDECOMT/DTVS(6) ¢ MCMAXS(6) «MT1(H) sMT2(6) sMML (6) +MM2 (6 ) s
TR iR «SLME(S) s YMNDTAY s VMUMX (R) ¢ SAMM (&) + SOMDIS(4) «DECRATF (A &
AEAMODF T ot F TEP«NEMTI TR «MIOFF {4

BFAl MT] aMCUAYSaMT2 MY s MM2 4 NF I XR «NPRFF

PFAL. MNTTR

NEKTIT=NFMTTRanITREMC (4

RETLRN

Frin

AL OFHIMCTIAON MTITUHP MM

OO A T AT 2T A0S e (Al e/ UaWSalfl a T AT «PNIA)IsWIA) AN SHaMN {4 )
frartim) aSnN{a)

COMMOMADFC ) ANTYS(A) s MCAAXS(A) «MTI LA +MT2(HE) MM A) sMMP2 LAY
ISIMEA) a S e (5] «WHMNIR) o VARME{AR) o SHMMIA) «SAIMDTS (4 ) «NECRATF (A 4
PEAMNEC «MNF TR NMENTITRSMBIFF (4)

DFAL MT]1 aMCMAYSaMTAaMU] o MU2,METXRLHPOFF

COMMOR ATIFCAM2 TR

DFap 4t

MITHP=KMNPRFF (4 ) #Map (L) #TON

BETIIRY

EnIM

FLpMc T TN Ata e ()

FOMMAN AL 1 AT T Taaay (Gl ayHaSall af (G aPN{A)sWlA) sANeSHaMM L) o
IMOtAaY SN (a)

COMMOMDFECOM] ADTYSTA) s 4CMARS(A) «MTL (AT aMT2(A) aMMLIA) sMM2(H) «
ISINIA) «SLYMELA) s WMNN [A) f VARMX (A) «SAMR (A) +SOMDTS (4 ) «NDECRATE (A) »
ACNUMDEC MFTXD yNFNTTRaMOREF {4)

DEAL T aMOMAXS eMT2eMM] a MM 2 oNF TXR W NPRFF

COMMOLATE COM A S TEN

(=13 LY
AMIIP=NERFF (1) 8MN (1) 8TDY
GFETIHON

Frin

DECOM
NECOM
DECOM
DECNM
DECOM
DECOM
DECAM
NECOM
DECOM
DECOM
NECOM
DECOM

NECOM
DECOM
DECOM
DECOM
DECOM
DFCOM
DECAM
NECOM
DECOM
NECOM
DECNOM
DECOM

DECOM
DECOM
NECOM
DECNOM
NECOM
DFCOM
DFCNM
DECNM
DECOM
DFCOM
DECNOM
DECOM
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FIMCTTON ATV IT)
f””””ﬂ/l1KT?¢T1¢q“tVﬂ!h}|UH1U§1UL-ﬁ(6]-FH(ﬁ}nHlﬁ}qﬁDqGHqHNIHI-
1ML ARY « SN LA

LF ﬁ,!_ EAN) g M

COAMMOMANECOM] ADTYS(R) «MCUAXS(E) «MTLIB)sMT2(6) aMML (6) sMM2 (H]) s
151 MIE] Sl HME (A) s YMADTA) « VMAMX [A) s SAMNI{A) + SOMDTIS (4) «NECRATE (6] »
PEOMNF O MF AR «NFMI TR 4MNEREF (4)

CFAL MT]aMOCMAXSaMT2aMY] o 42 NFTXR«NPRFF

J=SHMA LT
hIU=HIUq{II*ﬂnPhREHT1!T}uuT?{Il-TEI*PhRﬂR{HH]{IﬁﬁHHEiTI-EMI*
154STRISLNIIY « WMHDIET ) aMM L 1Y)

QETHIER

Erimy

REA] FUMCTTINN MOMAK (K

COMMON/| T/T2aT 395 VATG) s VRVSIVL O (A sPNIH) s W(H) «ADSHaMN 4] »
leCiA) 50 14)

QGF AL MR M5

COMMAOR ANFEOM] ANTYS(E) «MCAAXS LA dMTL(A) sMT2(H) sMMLIA) ¢MMZ2{6)
TSI O(AY eS| MK (&) S YMUN (&) s VANMX (A) «SAMN (6) s SOMDTIS (4) «NDECRATE (6) »
PENUNFE o F TX R« NEYTTRGMIOFF {4}

OFAL 7] aMOHMANS MT2aMM] aMM2 o NF TXRaNPREF

T=« & I=5HMK T

MOMAX=MCMAXS (TISPARAR(MTIIT ) «MT2(T)+ T EPARAR(MML(T) sMM2(T) «5M}#
1SHST2{SEMY (1) e VMMMX [ TY aMNTIY)

TF (MOMAX | T, 7. F+A) MOMAX=2 F+H

RFTURH

F g

FIINCTTINY) PADAR{Y I X2 X )
I OGTCAL MTD
PABAH=M,

TF (LMMIN(X]«X2.X)) 2FTUDYN
Fl1=X2=x1
DADAH==4 8 (¥ =X])1 2 (X=X2)/(C120])
RF TR

E Ry

FIMETTINMN SS3STRIS| « VMMeV)
SuETRE=,.0N01

TF (W LF Wby QFETIHRN
CHSTE=],

TF IS .FR.0.) RFTIHRN
SHETO={V=yuy)#5)

BFTLIRN

FrIM

DECOM
DFCNM
DECNM
DFCOM
DECNOM
DECOM
NFCOM
DECNM
DFCOM
DECOM
DECOM
DECOM
DECNM

DECOM
OF CoM
DECOM
DECOM
NDECOM
DECOM
DECOM
DECNM
DFCOM
DECOM
DECOM
DECOM
NFCNM
DECOM

DECOM
NFECAM
DECOM
DECOM
DECNM
DECOM
DFCNM
NECHM

BECOM
DECOM
NFECOM
DECOM
DECOM
DECOM
DECNM
NDECNM
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SURFANTTME BRRPLTLIMNP « MY 4MCMP o TSTFRPeNL NP aNIaMa o XL e XlJe YL o YU
NTMFMSTAN MCAB (L)

e PEADS TH THE PLNAT PARAMFTEULS,

NMHL = MNe NF UAQIAHLFqlTn RE PLNTTEN < 4
MMM = THE M0. OF RLNCKS 0OF TEM LINES DESIRFD IN THE GRID FOR
THF THNEDENNFYT WARIARLF
MEMBET) = THF SHASCRIBTS PNINTING T0 THF DFPENNFNT VARTARLFS
(FenM VELTNS v ()Y IN ONF) TN RE PLOTTED (NPL IM NIUMRFR)
TSTFEFR = TI4F STFRP FA2 PLATTING > 0.
BFAN(Ss100) NPL «MMM4TSTER
TEIMPL ,GT . 4) MNP =4
BFADIS«101) (NCMP(T)I«T=1aNPL)

Cawa o IMITIA T7FS YARTARBIFS USFN [N BLTSTOR

Ml =mA=h 3= b=
Y=Yl =1.F250
¥ll=Yll==X|

DETLIRN

FORMAT [PTR«F1N,3)
FALRMAT (4T

Exin

PLOT
PLOT
PLOT
PLorT
PLOT
PLOT
PLLOT
PLOT
PLOT
PLOT
BLOT
PLOT
PLLOT
PLOT
FLOT
PLOT
PLOT
PLOT
PLOT
PLOT
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CHBUAUTINFE Pl TSTOR M e e T oM e Ve TSTEFP Xl a X2 e X TaXba ¥l a¥2a Y TaYhs PLOT

- ST aMP e Tahbga X aXila YL o s ADRG) PLOT
OIMESSTOMN NCIA) eV IT aXT 01 o X200 o X301 ) o X401 aYl {1 a2 0 haY3l1) s PLOT

- Y4lly«anPRGILY PLOT
XI =AMTNT (2] T PLOT
KII=AMART (HllaT) PLOT

N 3N T=1eM : PLOT
I=MC (T} eLnT

YU =AATNTIIYL Y L. JY Y PLOT
YUZAMAXT (YIlav () ) PLOT
A TO(SeINelSa20)a] PLAT

G N]l=N]+] PLOT
TEIN] GTL1O00) 6o TA 35 PLLOT
X1imly=T PLOT
YIIMT Y=y L)) PLOT

TF (1.GT.50% ¥Y1{M1)=an2G({ J=50) PLOT
TN A0 PLOT

1N M2=KN2+] PLOT
TFIMNZ,GT.100N) Gn TN 35 PLOT
XAIMNAY=T PLOT

Y2 IMNAYy=y (.0 eLart

TF (1.RT.S0Y Y2(M1Y=ANRG( J-50) PLOT

a0 T 30 PLOT

15 M3I=nTs] PLOT
TFINI,GT 10N GO TN 35 PLOT

¥ ALMIN=T PLOT

Y3 (MNIY =YL 0 PLOT

TE {1.GT.50) ¥Y3I(ML)=a0N3G(_J=50) PLOT

AN Tn an PLOT

AN Ra=hase] PLOT
TR IR, AT 100y A T ag PLOT

Ka (N&)=T PLoOT

Ya (W% =V( ) PLOT

TE (1.G6T.50) Y&({M)I=ANQG({ )=50) PLOT

AN COMT TMEF PLOT
PETLIN PLOT

A5 WkITE (A« ANDY PLOT
200 FAGMAT (44 ##u#THE MO, OF VALLUES TO Pl OT HAS FXCEFDED 10n0+#) PLOT
BF Ty PLOT

Frn PLOT
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SHREANIT TMF DLT1{TFHﬂqTrﬂﬁ.Mqﬂa!L-KHvYLsVU-Il-NDII-Yi-!?-ND!E-YE| PLNT

L¥F3aMNX Y IaXaahiNEde ) PLOT
NTFRSTAN K101 a1 i1 a2 1) aY2 01 ) oMASK(I0)sPLATE(]11) +STAMPI(S) PLOT
laX 300y 30]l b aXb(l)ayd{l) PLOT
MIMEMSTON KTIT(44) eKTTF{11)«TSCAL(L]) PLOT
NIMEMSTINN SCAL (110 PLOT
THTFRER Pl ATF «STAMP PLOT
TRTTTALTZATTINAN AF STAMDEL AND MASKER PLOT
MASK 1Oy =000nanaondannannnn7ra PLOT
MASK (1 y=7700n0000000000000NDNR PLOT
MASK (2} =0077nnno0n0onnannnnnpR PLOT
nNg T=1.7 PLOT

P OMASK [ =T+ N)=rRaeMASK (=T+11) PLOT
CTAMD (] ) =1 )4k 4k 2 25 20 & dr £ 8 £ PLOT
STAME (2 ) =1 NHANANNANNNAN PLOT
ETAMD () =] NHYX XXX XEXX YN PLOT
STAMD (&) =] NHHHHHHRHHHH PLOT
STAMP(S) =] 1HRRRPRRRRER PLOT
Nno 200 1=1«4%4 PLOT
KITITI=10H, PLOT
TF(T.GT.11) Ay TR 20N PLOT
wITE(T)=10NHY ' PLOT
TSCA (T¥=10NHN] 2345ARTHRG PLOT
200 COMT TrEIF PLOT
MEL ATF=10H PLOT
MB=] e PLOT
STHMCY=(¥l=YL_) 2100, PILLOT
SIMCA= (X=X ) /{10, 8M) PLOT
HIMCY={YIl=Y{)/1N, PLOT
TEFE= | N4+ PLOT
nol T=1.11 PLOT

1T SCALITY=Y| +tT=1)2HINCY PLOT
TFRH=0 PLOT
PRINT2ONDSCAL PLOT
PRINT ANNN« (KTTIK) ak=]1abbd) s (KITF{K)aK=1a11) 2 ({TSCALIK)sK=1+11) PLOT
na 10N L CTR=1+[FF PLOT
THMTITTALTZF BLATF (FRASF PREVINUS STAMPINGS) PLOT
MCTR=4OO (. CTo=1.1M) PILOT
TEINCTR)He5ah PLNT
100 A k=111 PLOT
A Pl ATF K ) =P PLOT
e T 11 PLOT

5 N 4 w=la]] PLOT
4 DLﬂrFij:MDLnTF PLOT
SFALCH PENCFES JFGTHMS FO2 THF X] ARRAY PLOT
I CALL SHER . T{X]e¥1lalamMnX]lal CTR2PLATE«MASKsSTAMPSIFRR«STNCX «STHNCY XL PLOT
Ta¥l aXtiaxil) PLOT
TFIM=11991MN] 1 PLOT
Al PALL SHHE TEX 24 Y2 7aNNE2.| CTOWP| ATFaMASK+STAMP L [ECRSSTNCKSINCY XL PLOT
Ta¥l «Xi)a¥ll) PLOT
TRIM=2 991101 «7%] PLOT
31 raLL SHAPLT (X 3aY Fa 34 MNE 1al CTRGPILATF sMASK o STAMP 2w IERFR+STNCX«SINCY« XL PLOT
Ta¥l «%l)ayll) eLOT
TEIMN=3199.]11] +41] PLDT
a1 CALL SUHPI TIX4aYbataMNXba| CTR«P| ATF sMASK s STAMP L IFRRASTHNCXSSINCY« XL PLOT
Te¥l aXlla¥1l}) PLOT

1N TEINOTRY INA]1NS.10R PLOT
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10A
1nn

=]

1nnn
1nol
2nnn
Innn
anni
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SCALX=X] + (L TH=]112STHCX

DLRINT 10N1e SCALXe MOTRe DLATFSNCTZ2e SCALX
T 100

PRETHMT 1000 «MCTR«PLATF «MOCTR

COMT INUE

BPOTNT 300N« (TSCAL (Ve d=1s11)

BETILIRY

PRINT 3001 aM

raLl FEXIT

FORMAT (12%+T1«1NALNeATST1)

FORMAT (PXaF 9,241 XaTlalNAlNaAlslls1XeF9,.2)
FNOMATITE.11F10,2)

FORMAT(13X-10410481)

FNRMAT(2ZTHIHFE|I P MFEEDFN 14 PLNT FORP N=«110)
FrD

PLOT
FLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
FLOT
PLOT
BLOT
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CHEENUTTME SUABLTITXaTYaNMatNX sl CTRPLATE «+MASKSTAMP L JFRR«SINCY ST PLOT

IMCY o XL a YL a X' 1e YUY PLOT
INTEGER PLATFs STAMP PLOT
NTMENSTON TX(1)eTY (1) 4MASK(IN)+PLATE(11) +STAMP(5)«TPW(101)4IPC(101 PLOT

11+ TPP(5) 2 ISYMIINT) PLOT
TEIMNMN=1199« 3421 PLOT

30 TSTC=N PLOT
TFILCTR=1)499,31421 PLOT

31 NN+ ISTR=14h PLOT
A TPPIISTR)=1 PLOT
21 IN=1PP (NN} PLOT
TEFIIN=MNOX) 3y 17 PLOT

3 1reTR=1n PLOT
mo I TETH=IMETR KX PLOT
TFUUTXATPTR) (I T %1 ), N, [(TX{IPTR) .GT.XUY) 60 T 101 PLOT
TEX=(TX(TPTR)=XL)/STINCR+],5 PLOT

q tELIX=LETRY Te 10+ 1 PLOT
10 TROUTYCIPTR) LLT YLD aNR (TY(IPTR) .GT.YU)) GO TO 101 PLOT
TY={Tr{TPTRYI=Y_) /STNCY+],5 PLOT

117 TPWY=1+(TY=13/10 FLOT
TEWC=TY + 10 =(1N%IPWY) cLal
TFIISTC)IST 57454 PLOT

S5A NN 12 Kr=14T15TC PLOT
TFIIPWY = IPW(KK))1Pa13a17 PLOT

13 TFITPWr—IBC{KK) ) 1Psl4asl? PLOT
la TRITSYMIKKI=%MIT9«9]5 PLOT
1?2 CONTINUE PLOT
S7 PLATFITPWY )= (PLATF({IPWY) JANN, JNNT MASK (IPWC) ) NR. (STAMP (NN) JANDMA PLOT
1Sk (IPWEY ) PLOT
ISTC=ISTO#1 PLOT
TPW({TSTCY=[OwWY PLOT
TPC(TSTC)=TPwWC PLOT
TSYM(TSTC) =8 PLOT

RO Tn 9 PLOT

101 TFPR=TFLRE+] PLOT

A0 Tn Qo el

15 BLATF(TRUY)=(PLATF(TRWY) JAND . JNAT  MASK(TPWC) ) JNRL(STAMR( 5) . AND.MA PLOT
1Sk { 1PW ) PLOT

9 TF(IPTR=IN)I1Ts1741 PLOT
9 JE(IPTR=TN) 1541741 PLNT
17 Th=1N+] PLOT
1 CONTTNUF PLOT

TOR{NMYI=TID PLOT

S BF TIENM PLOT
Gu PRINT 35 PLOT
35 FNRMAT( 3441 TROIKIF TM SURLLT WITH NN OR LCTR) PLOT
CALL FXTT PLOT

FND PLOT



Appendix D. Description of Program Input/Output Format and Parameter Values

Following is a description and listing of the data cards read by the
program. The main program (ODE) reads in the first three cards and the
group of cards labeled INIT 1 through INIT 7. The remaining data cards are
read by subroutine INIT, and the labels in columns 73 through 80 refer to
the name of the labeled common block into which the values on thelcard are

stored,

A typical sample of printed output appears on the next page. Specific

items are described below.

| tem No. Description

1 These are integration parameters used in both the Euler and Kutta
methods. The first is the relative accuracy desired when inte-
grating by the Kutta method. The second is a fraction which,
when multiplied by the time increment, is the integration step
size. The third is the maximum number of halvings of the inte-
gration step size in the Kutta method,

p These are system options. Here requested are: the debugging
options which outputs on an external storage devise (unit no.
8) the PSV's and their derivatives and most ISV's, integration
by a fifth order Runge-Kutta method, no plotting, no calls to
subroutine CHKOUT, and printer output requested.

3 This is a sampling every 20 days of the weather record used as
driving variables.

4 This is an echo check of the parameter values read into each
labeled common block.

5 This is a sample of simulation printed output for two days.
Printed is the time in days at the left followed by the values

of the PSV's from left to right, followed by their corresponding
derivatives,
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D-6

-Descriptiun of Input Data Format

Card Card Columns Format Variable Description

Group Nos. Names

Blank 1 1-80  AB10 - Heading for simulation

Blank 2 1- 5 15 NCOM No, of PSV's

Blank 1 6=10 |5 NP No., of constants for weather record

Blank 2 11-15 15 NT No. of print steps

Blank 2 16-25 F10.3 T Starting time

Blank 2 26-35 F10.3 TDEL Time step for printing

Blank 2 36-45 F10.3 ACC Relative accuracy of integration

Blnak 2 L6-55 F10.3 DEL DEL*TDEL is step size for integration

Blank 2 56-60 15 ITER Maximum no. of halvings of integra-
tion step size

Blank 3 1-10 a10 DB Debugging option

Blank 3 11-20 A10 DESOLV Method of integration

Blank 3 21-30 A10 PLOT Frinter plotting option (reguires
additional data cards)

Blank 3 31-40 A0 CHK Subroutine CHEKOUT call option

Blank 3 41-50 A10 WRIT Printed output option

INIT 1-7 -- E10.6 Vi) Initial values of PSV's (NCOM in
number)

ABIOT 1 e i i Parameter values for common block

FRODT 1-9 = -- i Parameter values for common block

HARV1 1 = i Parameter values for common block

PRODZ 1-3 Parameter values for common block

PROD3 1-3 Parameter values for common block

CONS2 1-2 Parameter values for common block

CONST1 1-9,A-0 Parameter values for common block

DECOMI Parameter values for common block

Subroutine INPUT is called where daily minimum temperature, daily
maximum temperature, and daily precipitation is read in from an external

storage device (unit no. 1). NP days of weather information are read.
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Appendix E. Numerical Solutions of Model Differential Equations

Following are graphs of the principal system variables and driving
variables as a function of time for the period 140 through 280 days.

The input driving variables were derived from 1967 records of daily
precipitation, minimum and maximum temperature of the Akron, Colorado
Experiment Station, operated by the Agricultural Research Service of the
USDA. Model output was recorded daily at 12:00 noon, thus those features
of the model which occur only at times other than 12:00 noon, e.g., rain,
can not be observed in these graphs. For some of the driving variables
{21, 23, and ah}, a graph of related parameters or daily variation has
been provided. Parameter values are given in Appendix D.

Since neither the functional forms nor the parameter values have been
extensively modified from their original formulations for this set of
output, the reader may expect to find anomalous results in these graphs.
The variables of the decomposer section were not graphed because the values

stayed essentially constant during the simulation.
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