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COMPARATIVE DESCRIPTION OF
ANIMAL MODELS

GENERAL ECOSYSTEM MODEL

The ccosvstem has been partitioned into three main
subsystems: the plant, animal and soils communities. The
animal community models presented here are designed to be
used in conjunction with the models constructed concur-
rently on soils (Radford, 1973) and on plants (Valentine,
1973) for the US/IBP Desert Biome general purpose modeling
effort. The computer representations are to be used with the
organizing program designed by Goodall and Cist (1973).

A set of models has been developed for each community,
cach model varying in the sophistication and complexity of its
biology. Forexample, leaf abscission in the simplest model of
the plant community (Version 1) occurs at a rate constant in
time. independent of the species of the plant. The plant
model which is just ene step up in complexity (Version 11}
describes leal abscission as occurring at a constant rate in time
but specific to the species of plant. Leaf abscission in Version
IIT of the plant model occurs at a rate that is plant
species-specific. The rates are constant for the duration of
cach season of the year (a season being a time period defined
within the plant model), but may differ from season to
season. Other processes have been conceived in different
ways, so that one plant model may be extremely simple (most
processes being “black-boxed”), another a little more
complex, and a third may consider some processes in an
extremely complex, manner (see
Valentine, 1973, for further discussion on the levels of
resolution of the plant community models). This technique of
construction of the set of plant models has also been applied
to the animal and soils models.,

physiologically-based

Selecting a model for each of the three subsystems and
combining them generates an ecosystem model. Which
model is chosen for each subsystem depends on the purpose of
the simulation. For example, if the investigator is interested
in some aspect of the soil community which is apparently
unrelated to the animal commity, at least for the time period
being considered, he should implement the simulation with a
simplified animal model that does not provide and need
detailed information on the actions and life history of the
animals. The resolution of the plant model needed may be
high, so that a relatively complex and detail-structured plant
model may be called for. To verify that the animal
community is indeed unimportant in this investigation, the
simple animal model may be replaced by a more biologically
explicit version and the outputs of both simulations
compared. Interchangeability of these models is possible due
to the use of common state variables, inputs and outputs.

The set of state variables incorporated in the models is
shown in Table 1. The variables most frequently used in the
animal models represent subcompartments of the total

amounts of live vegetation, shed seeds, dead organic matter
and litter. soil organic matter, animals, and animal numbers
present in the svstem. Consider the state variables deseribing
the biomass of live vegetation. This total amount can be
subdivided by vegetative groups (plant species, functional
groups, structural groups. age-classes, etc.), and further
by plantorgans. The amounts in these subcompartments can
then be subdivided by chemical components. Each of these
cross-classilied compartments is a state variable concerned
with the live vegetation. Thus, for example, there may be
state variables representing the amounts of nitrogen in the
leaves of grasses, and carbon in the young stems of Lycium
andersonii. The biomass of shed seeds can be subdivided by
seed species and “seed horizons™ (layers of soil which partition
the non-uniform vertical distribution of seeds within the soil
and are not necessarily the same as the soil horizons). The
anmounts in these subcompartments can then be partitioned
into amounts of chemical components. For example, there
may be compartments representing the amounts of nitrogen
in the grass seeds in seed horizon one (0-10 em), and
phosphorus in the Lycium seeds in seed horizon three (30-70
c¢m), The amount of the dead organic matter and litter
(hereafter referred to as organic debris) can be compartment-
alized into different categories and chemical components.
These state variables generally include animal excreta,
soft parts of animal carcasses and skeletons. Also included
may be categories such as standing dead, herbaceous litter
and dead roots -- material that was once part of living plants
and that will now undergo decomposition. Generally,
decomposer activity occurs at different rates depending on
the type of organic debris, Two organic debris state
variables are the amounts of nitrogen in standing-dead
litter, and carbon in animal excreta. Soil organic matter
may be partitioned into the amounts of each chemical
component in each soil horizon. For example, there may be
a compartment representing the amount of calcium in the
soil organic matter of soil horizon four (40-120 c¢m). The
animal biomass is subdivided into animal groups (see
“Comparison of Animal Models, Common Elements”) and
further into chemical components. The population of
animals is subdivided into groups. Hence, there are many
cross-classifications available to enable the investigator to
describe the system.

The predicted values of the state variables at the end of any
time unit are a result of the actions of one, two or all three
submodels, depending on the state variable. Table 1
summarizes the actions of the models on the values of the state
variables: no one particular level of model resolution is
described in this table; it is a general overview of the
interactions that occur in some or all of the subsystem models.
The processes involved in the animal models will be dis-
cussed in detail later (“Structure and Processes™).
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Table 1. State variables and interacting processes

General-Purpose Model

State variables

Direct actions of models which affect resultant

state variable values

FORTRAN* Math** Definition Plant Soils Animals
CVEG Xngf amounts in live vege-  carbon fixation, min- consumption
(L.].K) tation compartments eral uptake, organ

-- vegetation groups x  abscission, leafing
organs x chemical out, germination,
compaonents translocation, fruit
maturation
SEED Xgpnf amounts in shed seed  seed shedding, consumption
(I.LJH,K) compartments -- death, germination
seed species x “seed
horizon™ x chemical
components
CLIT Xoidf amounts in dead or-  organ abscission, conversion of one consumption, excre-
(LK) ganic matter and lit-  root death type of debris to an-  tion, death
ter compartments -- other, decomposition,
organic debris erosion, deposition,
categorics x chemical crust growth, respira-
components tion, loss of nitrogen
CORG Xoopf amounts in soil or- deposition, erosion,  consumption, excre-
(JH.K) ganic matter com- loss of nitrogen, tion of soil animals
partments -- soil hori- mineralization, de-
zons x chemical composition, respira-
components tion
CBIOM Xllef amount in animal consumption, birth,
(N,K) compartments -- ani- death, growth,
mal groups x chemical metabolism, emi-
components gration, immigration,
man-management
CMIN amount in inorganic uptake deposition, erosion,
(JH,K) soil material compart- nitrogen fixation,
ments -- soil horizons nitrogen losses, rain,
x chemical components dust, soil organic
matter, decomposition,
leaching, uptake, min-
eralization, solution
flows
POP Xise populations of birth, death, immigra-
(N) animal groups tion, emigration, man-

*

e

FORTRAN symbols used in computer representations of models
mathematical symbols used in the section “Structure and Processes”

management
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Table 1, continued

State variables Direct actions of models which affect resultant

state variable values

FORTRAN* Math** Definition Plant Soils Animals
SNOCOV weight of snow cover snowfall, snow
blowing, melting
FREWAT depth of free water rain, runoff/on, evap-
over soil surface oration, percolation,
snow absorption
WATABS amount of water in percolation, evapora-
(JH) cach soil horizon tion, artificial input/
output, upward flows
KOVER proportion of ground  biomass of each
(I) covered by each plant species
plant species
AGAIN X irf net change in the sys-  net carbon fixation nitrogen fixation, metabolism
(K,P) tem -- chemical com- volatilization. denitri-

ponent x channel (at-
mosphere, surface
flow, subsoil flow)

EROD accumulated net gain
(P) or loss of inert par-
ticles through each
channel
H20 net gain or loss of
(P) water through each
channel

fication, respiration,
decomposition, carbon
fixation by crust, dust,
deposition, erosion

dust, erosion, runon

rainfall, snowfall,
snow blowing, evap-
oration, evapotrans-
piration, runon/
runoff, artificial in-
put/output, drainage
to subsoil

* FORTRAN symbols used in computer representations of models
mathematical symbols used in the section “Structure and Processes”



-COMPARISON OF THE ANIMAL MODELS
CoMMON ELEMENTS

Three models have been designed (and implemented) to
simulate the dynamics of the animal community. All are
time-varying models and are deterministic. The areas they
simulate are assumed to be spatially homogeneous. Animal 1
is the only linear (within limits) model; the more complex
Animal II and III are non-linear.

The models were built on a physiological basis, recognizing
protein, fat and structural tissues. In the model, chemical
elements are tracked through the interactions between the
animals, plants, soil, decomposers, and environment. A
maximum of six chemical elements are provided for in the
computer programs of the models. Three elements were used
in the simulation: nitrogen, ash and carbon. Because of the
types of tissues distinguished with the models, carbon was
divided into three categories; protein carbon, reserve carbon
and carbon. Protein carbon makes up the
proteinaceous material used in metabolic activities; reserve
structural carbon is from tissues such as bone, ligaments,

structural

hair, and teeth and regarded as unusable in metabolism.
Labile fats in such tissues are not included in the structural
tissue compartment. However, protein fibers in the bone
{collagen, for example), are included in the compartment.
Subsequent reference to “protein tissue” or “protein of
animals” will imply a tissue composed of protein carbon and
its associated mineral and non-carbonaceous elements
(nitrogen, sulphur. etc.), and will exclude the material in the
structural tissues. It is actually the protoplasm of cells
(excluding lipids and carbohydrates) which can be
catabolized. “Diet protein,” on the other hand, may contain
protein from structural tissues of prey animals, as well as
protoplasm of cells which can be catabolized.

The classes of animals to be used in a simulation can be
varied according to the needs of the experimenter and the
data available for input. On the most detailed level, a species
of animal may be chosen and age cohorts specified. For
example, three groups may be Dipodomys merriami adults,
young adults and juveniles. These age cohorts are entirely
optional, and could be replaced by the single category of
Dipodomys merriami. If this is too detailed for the purpose at
hand, “kangaroo rats” may be a suitable class. With still more
generalization, “rodents” may be the class used in the
simulation. No matter what name is given, the rates that
correspond to the animal grouping must be appropriate. For
example, the consumption rate for Dipodomys merriami
should be that of that species of animal, while the
consumption rate for “kangaroo rats” should be an overall
rate that is determined from the species of kangaroo rats
grouped under that title.

Fach model simulates population numbers and biomasses
in terms of the chemical components, per unit area, for each

=1

-1

General-Purpose Model

class of animal defined in the system. Figure 1 is a simple
diagram of the major processes involved. The amounts and
composition of animal organic debris, such as skeletons and
soft parts of carcasses, and excreta, are input to the soils
submodels of the general ecosystem model. Interaction with
the plant model occurs through animal action on the
vegetation and seeds present. Respiration adds carbon
dioxide to the environment. The process of growth
increments the biomass of the animals within the animal
compartments. Reproduction decreases the adult biomass
and increases the biomass and numbers of the young. The
more advanced models involve processes not included in this
general overview,

As mentioned previously, the state variables of every
module of the general ecosystem model are the same (Table
1). The parameters that are required for each model vary
extensively between models and will be discussed later.

CoNTRASTING ELEMENTS

Because the models were built with different objectives
(described below). different parts of the animal community
are emphasized in each with varying degrees of mathemati-
cal complexity and biological realism. Table 2 is a summary
of the major differences between the models.

ANIMAL 1 was constructed with the objective of
providing a gross effect of animal “grazing” on the
ecosystem, for simulations of very short or very long time
periods. Tt simulates the action of the animal community as
a whole -- there is no differentiation between animal classes.
The only advantage in specifying animal classes in a
simulation would be to obtain a list of these classes in the
output and thus record the animals that were included in
the simulated system. The parameters used are not animal
group-specific but considered constant for the
community, That is, ecach parameter has a single
community value. For example, the metabolic rate is the
same for cach class of animal in the simulation and equals
the value of the metabolic rate of the whole community per

are

unit biomass. These parameters are considered constant
with respect to time. No environmental factors are
considered explicitly. For simulations of a short time period,
the values of the parameters should reflect the climate and
season of this period. For simulations of a long time period,
the parameters should have values averaged over the years.
Because of the lack of detail in the structure of the animal
community as simulated, the model is intended to be used in
the whole ecosystem model when the emphasis and interest
of the investigation is on the plant or soils compartments.
The storage space required for the computer model and the
execution time for one pass through the model are small,
This is advantageous when the model is coupled with the
larger, more complex soils and/or plant models. It allows
inclusion of the animal community at small cost to the total
operating time and storage space.
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The objective of ANIMAL II is to simulate the effects of
feeding by different animal groups on the ecosystem.
ANIMAL II is more detailed than Version 1 in that it
distinguishes between animal classes, the biomass and
numbers of each class being predicted grossly. However,
because there is no for transfer from one
age-group to another, cohorts should not be used, unless the
simulated time period is sufficiently short so that transfers
do not occur. The parameters are specific to the animal
groups in the system, and are time-invariant. Environ-
mental factors are not explicitly used. As for ANIMAL I, this
model is intended to be used over very short or very long
time periods. In contrast to ANIMAL I, however (as the
parameters are specific to each class of animal, and thus
more detail is present in the animal community as
simulated), ANIMAL II may be of use when it is necessary
or of interest to include and manipulate the feeding

provision

limits of animal submodel

| consumption

|
| growth
I -
|
I
|
|
reproduction
I P

consumption

predation

ANIMALS

excreta

excreta

soil organic
matter
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dynamics of particular classes of animals as opposed to the
community as a whole. The storage space and execution
time compare with the other models.

The objectives of ANIMAL III are to simulate the seasonal
impact of different animal groups on the ecosystem, and to
predict the biomass and numbers of each animal group,
reflecting their seasonal changes and nutritional status. The
impact could be due to the feeding of the animals or their
presence: for example, trampling of vegetation, ANIMAL
IIT thus elaborates on II in that seasons are defined for each
class of animals throughout the vear. The animals are
grouped as desired with time periods delineated during the
vear, detailing their life history. The parameters are animal
group-specific and season-specific. For example, for ground
bectles, an overwintering season may be defined. The
parameters denoting ground beetle respiration during this

consumption

atmosphere

respiration

immigration

emigration

consumption

mortality

Figure 1. Processes in the animal models.



season will have a different value from that during the active
season. Thus temporal factors are explicitly modeled and
environmental factors, implicitly modeled.

Version 11T also included two sets of state variables not in
I or II; the biomass of “milk™ and “wool” of each animal
group subdivided into chemical -constituents. “Wool”
biomass was specified to provide for inclusion of domestic
animals (expecially sheep) in the simulation. A large part of
the food intake of such animals may go into wool; therefore,
monitoring such biomass may be valuable. The term “wool”
as used here denotes a product of potentially all age-groups
of animals which is periodically shed or removed, including,
for example, the wool of sheep and exoskeletons of insect
instars. “Milk” biomass was included as an elaboration of
the mechanics of ANIMAL II to produce more accuracy in
the estimation of biomasses. The term “milk” denotes a
_product of mature animal groups, manufactured and stored
within their bodies for the feeding of juvenile animal groups
and including, for example, the milk of mammals and brood
food of bees (Chapman, 1969, p. 36). "Milk” provides a high
concentration of protein and reserve tissues (none is wasted
by the juveniles) and can be assimilated to a high degree.
Thus the effect of “milk” as a food for juveniles is
considerable. The production of “milk™ by the adult group
can be costly (Maynard and Loosli, 1969, p. 518).
Consideration of these factors prompted the inclusion of the
“milk”™ state variables. Energy costs and equivalents are

General-Purpose Model

Ln\q.)]icitl_\' used in this model in contrast to IT and I.

This model can be used in simulations of any time period,
up to the point at which successional changes in the animal
community become too important to ignore. It is expected
to be used when it is necessary to include the animal
community and obtain seasonally varying demographic and
energetic ‘values that are of reasonable accuracy. Since
environmental factors are not explicitly used (once the
seasons  have defined with the corresponding
parameters), the specifications of the whole simulation
period have been determined, except as the food sources

been

may vary as predicted by the other submodels.

The models may also differ in the way that each process is
handled, This will be apparent as each process is discussed
individually.

STRUCTURE AND PROCESSES

For each process a verbal and mathematical description is
given. For explanation of the mathematical symbols refer to
Goodall and Gist (1973). If, in a description of one model, a
symbol representing a temporary variable or parameter is
identical to a svmbol in a description of another model, the
meaning of the symbols is not necessarily the same. Because
of the large-number of symbols used, duplication has been
unavoidable. Within a model description, however, each

Table 2. Comparison of animal models

Parameters
Version Species/cohort  Time-varying dependent on Simulation Objectives and use
differentiation parameters environmental time
variables
one no no no very short, supportive role; to supply
very long average effect of animal com-
munity without detailed input
requirements
two yes no no very short,  supportive role; to supply
very long average effect of animal com-
munity (differentiated into
groups) without detailed input
requirements
three yes ves no years supportive role; to supply

seasonal effect of animal com-
munity and to predict sea-
sonal changes in animal
biomass composition and
population
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mathematical symbol has a unique meaning. The symbols
representing the state variables, the rates of change of the
state variables, prior and posterior subscripts are common to
all descriptions. The rates of change of state variables with
respeet to time are indicated in Goodall and Gist (1973) by
“dots” above the state variable symbol. This is not meant to
imply that the equations are differential equations -- the
model consists of difference equations. This notation is used
for brevity.,

FEEDING

There are five sources of food -- live vegetation, shed
seeds, dead organic matter, soil organic matter, and animals.
These foods are further compartmentalized as described in
Table 1 and in the section “General Ecosystem Model.”

ANIMAL I

There is a maximum postulated consumption level for the
animal community, per time unit, being the sum of the
maximum postulated consumption levels of the five sources
of food during the time unit. These levels roughly represent
the proportion of herbivores, seed eaters, detritivores, and
carnivores in the system as simulated. The form of the
feeding relationships (if there is sufficient food present) is

Y = ay

where y is the amunt of a food item consumed per time
unit, a is a constant, and X is the animal biomass. These
linear (within limits) feeding relationships of ANIMAL I are
adequate when the food sources are abundant (DeAngelis,
Goldstein and O'Neill, n.d.). Thus an assumption of this
model is that the food sources throughout the simulation
will not be scarce. If the amount of any of the food sources is
less than the maximum postulated consumption level for the
populations, the animals will not compensate by eating
more of another food source.

For live vegetation, the actual amount consumed per unit
animal carbon is a constant (input parameter P,), given that
sufficient live vegetation is present during that time unit, If
vegetation is insufficient, all the live vegetation is consumed,
and there is no compensation for the deficiency by eating of
another food source. All compartments of the live vegetation
are considered to be equally acceptable to the animals, and
so the total amount of vegetation consumed is distributed
among the vegetation compartments in proportion to their
biomass. Figure 2 is the graph of the relationship.

I

amount of carbon consumed from live vegeta-
tion per time unit

Z

— P]'Z;)ifP;‘Z:;gzz

- Z,ifP, - Z,>Z, (I-1)

where 7, is tge amount of carbon in live vege-
. 22 =

tation (s £ fEC X'sgf)

and where Z, is the amount of carbon in the

animal community (g féCX' ief)

Z amount of chemical constituent f consumed

agef
from vegetation compartment (s,g), per time
unit
= (Z1/Zs) - Koyt (I-2)
B sgf = Ziggs (1-3)

For shed seeds there is a maximum postulated consump-
tion level of seeds from each seed horizon per time unit, per
unit animal carbon -- inpul parameters P,. The actual
amount consumed equals this maximum, providing suffi-
cient seeds are present in that horizon. If not, the seeds from
that horizon are all consumed and the animal does not
compensate for the deficiency. Figure 3 shows the form of
the relationship.

sy = amount of carbon consumed from shed seeds in
seed horizon n per time unit

= P'in “Zis ifP:;n ' Zs-—‘g_ Z(;n
= S T (1-4)

where Z;, is the amount of carbon in seeds of
seed horizonn (¥ = X )
e 2pnf

Z’pnf amount of chemical constituent f consumed
from shed seed compartment (p,n) per time
unit

= (Zsy/Zsp) - X2pnf (1-5)

HXEpnf ZTpnf (1-6)

For organic debris, there is a maximum postulated
consumption level for each category per unit animal carbon
per unit time (input parameters P,q4). As for live vegetation
and seeds, the actual amount consumed equals this
maximum providing sufficient vegetation is present in the
category. If not, all that type of organic debris is consumed
and the animal goes without the deficit. Figure 4 shows the
relationship.

Zsg = amount of carbon consumed from organic
debris category d, per time unit

= qu‘za iqud 'Z:l< qu

Zyqif Pig - Zs> Zog (I-7)
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consumed per time unit per unit
amount of carbon in animal

Amount of carbon in live vegetation

P X

Amount of carbon in live vegetation

Figure 2. Live vegetation consumption (ANIMALI).

5®

in animals
=

Amount of carbon in seeds from
seed horizon n consumed per time
unit per unit amount of carbon

Pon T X

Amount of carbon in seeds of seed
horizon n

Figure 3. Shed seed consumption (ANIMAL I).

PygkF----

Amount of carbon in organic debris
category d consumed per time unit
per unit amount of carbon in
animal

|
[
|
I
|
I
|

Py X

Amount of carbon in organic
debris category d

Figure 4. Organic debris consumption (ANIMAL I).
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where Z,q is the amount of carbon of organic
debris category d (féc Xoidf)

Ziogt = amount of chemical constituent f consumed
from organic debris category d, per time unit

HNadf = Zlndf (1-9)

The food source of soil organic matter is handled as for
vegetation, shed seeds and organic debris, with maximum
postulated consumption levels specified (Psp) for the soil
organic matter in each soil horizon.

7y = amount of carbon consumed from soil organic
matter in soil horizon h per time unit

= Psp Z,if Ps  Zs € Zoopy
= VAR ifPsh "Ly > leh (I-10)

where Z,.}, is the amount of carbon in the soil
organic matter of soil horizon h ( & Xiapy)
feC

VAR, = amount of chemical constituent { consumed
from each soil organic matter compartment h
per time unit

" (@iip/ L) Kt (I-11)
HXuhf = Zushe (1-12)

With carnivores, only the soft parts of the animals are
consumed -- the skeletons are added directly to the organic
debris compartment. This simulates the passage of skeletal
material through the animals without digestion. It also, of
course, simulates action by predators which do not eat
skeletons and consume only flesh. It is assumed here that the
exoskeletons of invertebrates are totally indigestible, which
is not necessarily true {e.g., Chapman, 1969, p. 30). The
ratio of each chemical constituent in the soft parts of the
body to the total amount of that chemical constituent in the
animal is assumed constant (input parameter Psf), and thus
the amount of each chemical constituent in the skeleton is
calculable. The actual amount killed equals the maximum
postulated predation level per unit animal carbon (input
parameter P,,). If the animal community as simulated has
been divided into groups, each is considered to be an equally
acceptable food source and so the total amount of animal
prey is distributed among the prey groups in proportion to
their biomass,

7y, = amount of carbon in prey killed per time unit

P1 'Za (1'13)
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Zisef = amount of chemical constituent f in prey group
¢ killed per time unit
= (ZH/Z!) ‘XanE P?'chf (I-14)
Pruct = Zusf (1-15)
Zysf = amount of chemical constituent f in prey killed
per time unit
- %zlscf (1-16)
Zoag = amount of chemical constituent f in prey killed
and consumed per time unit (soft parts of
carcasses)
= Zisf" Pyf (I-17)
Zsg = amount of chemical constituent f in prey killed

and added to the organic debris skeleton cate-
gory (d = 6) per time unit

lef—an

P)l(zifjf (1'18)

The sum of the consumptions of each food source is the
intake of the entire animal community as simulated. The
amounts eaten are decremented from the values of the
relevant state variables at the end of the time unit. If the
animal community has been divided into groups, the intake
of the community is distributed among the groups in
proportion to their biomass. Thus it is that each animal
group is considered omnivorous.

Zisg = proportion of carbon in the community from
animal group ¢
= féCX“Cf/Z;. (I-19)
Zooot = amount of chemical constituent f that is
consumed by animal group c per time unit
from non-animal food sources
= (F 3Zusgfr % ZZopnft J Zuoar +
%Zlahf) VAT (I-20)
from equations I-2, 5, 8, 11, 19
Zorof = total amount of chemical constituent f that is

consumed by animal group ¢ from animal
sources per time unit

Zing Zoog (1-21)
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ANIMAL II

The approach to this process is adapted from Goodall
(1969). The form of the relationship is

aX (1 me‘bw)

Y

where ¥ is the amount of food consumed per time unit, a
and b are constants, X is the animal biomass, and is the
amount of food available (Ivlev, 1961; Gallopin, 1971). For
each animal group the input parameters dealing with the
feeding process are the maximum postulated consumption
level per unit animal carbon per time unit (P, or “a” in the
above relationship). the searching ability of the group (P,
“b™ in the above relationship), and the relative food
preferences (qugc, P.,pnc, Psdes Pshes P?yc)-

or

Since the feeding preferences of each animal group are
specified, there is recognition within the model of
herbivores, granivores, detritivores, carnivores, and omni-
vores, unlike ANIMAL I. The “suckling” of juveniles can be
approximated by specifying the “mother” group as the prey
of the juvenile group, in the preference tables.

If the searching ability of the group is low (i.e., Py is
small), then the weighted sum of the amounts of the
preferred foods (the weights being the preferences) must be
high for the actual consumption level to be near the
maximum possible. If the searching ability is high (P.; is
large) then the weighted sum can be lower and the
consumption level still be near the maximum level. Figure 5
shows the relationship.

The food preferences are values obtained from field
investigations and are factors which weight the amounts of
each food item present during each time unit.

Amount of carbon consumed
per time unit per unit
animal carbon
i

]

X

Weighted sum of amounts of
carbon of preferred foods

Figure 5. Total carbon consumption (ANIMAL II).
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Z'sgc = weighted amount of carbon in plant group s, the other preferred foods.
organ g, as related to consumer ¢
Lo = factor to scale the weighted amounts of carbon
of preferred foods so that their sum equals the
= Pfisgc'fécxtsgf (I1-1) total amount of carbon consumed per time
- unit, as caleulated in 11-7
Zopne = weighted amount of carbon in seed species p of = Zio/Lec (11-8)
of seed horizon n as related to consumer c
X Zigge = amount of carbon in plant compartment (s,g)
- P Lz :pnf ) - i :
‘pne’ feC (11-2) consumed by animal group ¢ per time unit
Zigge Ze (11-9)
Z = weighted amount of carbon of organic debris
*de categgorydas TR RS . Ziipne = amount of carbon in seed compartment (p,n)
consumed by animal group c per time unit
- = Zonne * Lo (II-10)
- Pede " pecXuar (I1-3) pie e
Z,, = amount of carbon in organic debris category d
Zihe = weighted amount of carbon of soil organic de consumed by animal group ¢ per time unit
matter in soil horizon h as related to consumer ’
c = Zade " Zog (11-11)
_ Pa.r Z X, i Zishe = amount of carbon in soil organic matter of soil
he " g™ eeht (11-4) horizon h consumed by animal group c¢ per
Lsye = weighted amount of carbon in prey group y time unit
as related to consumer ¢
= Zihe Zog (I1-12)
= Prve o2 Xiy -5
ye fec™ () Ziiye = amount of carbon in prey group y taken by
Zse = weighted amount of carbon in preferred food animal group ¢ per time unit
sources of consumer ¢
= Ziye Zc (I1-13)
= 2z Z, +ZZ Zs -!—EZ3 Having determined the fraction of the amount of carbon
sgisgeT pp pne g de
from a food compartment that is consumed or killed, the
5 5 fraction of the amount of each chemical constituent in that
* h Zihe Zsyc (11-6) compartment that is consumed or killed is calculated. Each
y
. food compartment is decremented by the amounts taken by
from equationsII-1, 2, 3, 4, 5 all animal groups of the community.
Z1o = amount of carbon in food sources “taken” per 7
time unit by animal groupl ¢ ssgfe = amount of chemical constituent f in plant
compartment (s,g) that is consumed by ¢ per
= Pi(l—exp(—Pic Zog) Zsg  (II-7) Mg Yo
where Zs, is the amount of carbon in con- = (le'sgc/ 2 X;ng)'xlsgf (I1-14)
sumerse{ = X, £) feC
£ o : _
HXisgf  — Z Zussgfe (I1-15)

If a preferred food source is present in a very low amount

(or is absent) the consumer compensates by eating more of Ziepnfc = amount of chemical constituent [ in sced
compartment (p,n) that is consumed by ¢ per

time unit

1Actually if ¢ is a predator, then Z;, also includes the /X X
skeleton carbon biomass, which is not consumed but added (lepnc feC 2pnf) ‘paf
to the organic debris (see equations 11-24, 27).

(11-16)
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HXepnf = %Zl"pnfc (I-17)
Ziidfe = amount of chemical constituent f in organic
debris category d that is consumed by ¢ per time
unit
= (Zinde/ (EoXedf) Xugs  (IL18)
nXodf = 2 Zrdfe (11-19)
Zishfe = amountof chemical constituent f in soil organic
matter of soil horizon h that is consumed by ¢
per time unit
= Zishe! 1 & Xaepg) X (I1- 20)
- (Zishe/pE ¢ Xaehf) Xaohf
szzhf ‘E lehfc (11"21)
Zuyfe = amount of chemical constituent f in prey group
. y killed by ¢ per time unit
= (z.‘,yc/fécx..yf)‘x,,yf (11-22)
pXuyf zczlﬂyfc (11-23)

In predation, only the soft parts of the structural carbon
are consumed. All the reserve and protein carbon is eaten.
The skeleton parts have associated amounts of non-
carbonaceous elements which are also added to the organic

debris with the carbonaceous materials. The fraction of the.

structural carbon that makes up the skeleton is a constant
(input parameter Py for each animal group, the assumption
being that the ligaments, tendons and other structural “soft”
tissues grow at the same rate as do the bones or “hard”
structural tissues. The ratio of the biomass of each mineral
element to the structural carbon in the skeleton is also
considered constant (input parameters Pyf) for each animal
group. This enables differentiation between the structural
frames of different animal groups. For example, insect
cuticles contain a much higher percentage of nitrogen than is
found in mammal skeletons, and this fact is able to be
expressed in the model. Using these ratios, the amount of prey
killed by predators is divided into an edible part and a part
that is adde! directly to the skeletal category of the organic
debris. This simulates the passage of skeletal material
through the animals without digestion except for labile fats of
the skeleton when consumed. It also simulates the actions of

animals which do not ingest skeletons at all, but which
crunch up the bones and obtain the fatty deposits within. It
neglects the possibility of total or partial assimilation of
invertebrate exoskeletons.

Zgny5c = amount of skeleton structural carbon (f = 5) in
prey group y killed by ¢ per time unit

= Psy ' Zlﬂysc (11-24)
Zsoyfe. = amount of mineral constituent in skeleton of
’ prey group y killed by ¢ per time unit, where
feM
= Poyt Zaoyse (I1-25)
=0 (11-26)
Zyoyfe = amount of carbon constituent (other than

structural carbon) in skeleton of prey group
y killed by ¢ per time unit that is added to the
organic debris skeleton category, where
feC —[5]

Zaiyfe = amount of chemical constituent f in prey group
’ y consumed by c¢ per time unit

Zuoyfe — Zanyfe (11-27)

from equations 11-22, 24, 25, 26

Zsag = amount of chemical constituent f in all prey
groups that is added to surface litter skeleton
category (d = 6) due to predation per time unit

‘ % %Z’%nyc = szlﬂf (11"28)

The total intake of each animal group is found in terms of
the total intake of each chemical constituent from each food
compartment.

= amount of chemical constituent f consumed by
animal ¢ per time unit

Zascf

- >
- f' Ezlssgfo F [%_ Ezlﬂpnfc + g Ziadfe

+ 2 Zishfe t+ ;‘}Zmyfc (11-29)

h

from equations 11-14, 16, 18, 20, 27



ANIMAL II1

The feeding process is almost identical to that modeled in
II. Here the parameters are seasonally varying. The seasons
are defined for each animal group by the investigator prior to
simulation, each season beginning on a certain Julian day
(Pisom). The parameters of the process are the maximum
postulated consumption level per unit animal structural
carbon per time unit for each animal group and season
(Pigm)» the searching ability of the group in each season
(P2om), and the relative food preferences of each animal
group in each season (Pgsgcm, P‘pncm’ Psdems Pshems
Pryem)- The food preferences are the factors which weight
the amounts of each food item present during each time unit.
Note that fetal groups (see “Reproduction and Population
Changes”) do not consume any food during their devel-
opment periods (P, = 0). They are, in this respect, con-

sidered to be part of the mother group. The body structural

carbon of the breeding group is incremented by the struc-
tural carbon of the fetal group, and this total is used in the
calculation of the consumption of the breeding group.

Version II1 also simulates “milk™ production by mature
animal groups, thus providing another food source for
juvenile groups. The amount of “milk” of each animal group
is subdivided by chemical constituents, each compartment
being a state variable. The preference of the juvenile group
for the “milk” of the “mother”2 group is expressed as in input
parameter (P:y.) -- one of the items in the prey preference
list. To distinguish the food source as the “milk” of the
“mother” group as opposed to the flesh, a further input
parameter is specified (Pssqpp,). This has either the value 0 if
group c is not being suckled in season m, or a non-zero value
equal to the numerical designation of the “mother” group of
group c in season m. For the first part of the nursing season,
the juvenile group consumes “milk” only, at a rate
proportional to the juvenile group’s structural carbon. The
magnitude of this “part” is determined by input parameter
Pis. All food preferences are ignored during this time
period. For the remainder of the period, other foods listed in
the input preference arrays are also eaten. As described in the
“Growth” section, the production of “milk” decreases
linearly with time during the second part of the nursing
period, and thus as the “milk” supply for the young dwindles,
they compensate by consuming proportionately more of the
other preferred foods. This simulates weaning.

In this model, an estimation is made of the fraction of
carbon from fat tissues occurring in the total intake of reserve

24Mother” in this context applies to an animal group that
feeds “milk™ to another group; it is not necessarily the
animal group that gave birth to the group being “suckled,”
For example, worker bees (“mother” group) feed brood food
("milk”) to the larvae (Chapman, 1969). In most cases,
however, “mother” will apply to the reproductive group,
as in mammals.
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carbon. It is assumed in this calculation that all reserve
carbon of animal origin is carbon from fat tissues, including
animal carcass debris, but excluding “milk.” It is recognized
that “milk™ of mammals contains carbohydrates (Kleiber,
1961, p. 312), the proportion of fat to carbohydrate varying
widely between animal species. Since “milk™ production is
modeled here, an input parameter, Pss,, is used to denote the
ratio of fat carbon to total reserve carbon in “milk.” It is also
recognized that fats occur in parts of plant tissues in addition
to the carbohydrates (Maynard and Loosli, 1969, p. 20). In
these cases, the proportion of carbohydrates is usually much
greater than the proportion of fats, and thus the
approximation is made here that the fat content can be
ignored. To be considerably more accurate, a fat carbon to
total reserve carbon ratio could be defined for each food item,
with the overall fraction of fat carbon in the reserve carbon
intake then beipg found.

if Pysop #0,

Zssg = length of nursing season m of group c
= Puc(m+1) — Puem if Pueim+1) > Paem
= P“Cl + 365 — Pusem if Pﬂc(m_'_l) < P“cm
(III-1)
if (Pgscm = 0) or (P35cm #+0 and t >P4gc : ngc + qucm),
legc = weighted amount of carbon in plant groups,
organ g, as related to consumer ¢
= Paggem " (2 Xisg (I11-2)
Zopne = weighted amount of carbon in seed species p,
of seed horizon n as related to consumer ¢
= Pipnem fécxﬂpnf (I11-3)
Zsde = weighted amount of carbon of organic debris
category d as related to consumer ¢
= Psdem " (2 Xndf (I11-4)
Zakses = weighted amount of carbon of soil organic

matter in soil horizon h as related to consumer c

I

fécxnhf (111-5)
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Zsye = weighted amount of carbon of animal food
from group y as related to consumer c
= B fécxl.yf if y # Pusorp
(I11-6)
= Prvem” fécxlﬂyf ify = Pasem
if P“C‘m =y#F0andtg P“‘iC ’ Z“C + P-i:lcm,
Zigge Zipne = Zsde = Zihe = 0 (111-7)
Zsye fé o Xy (111-8)
Zsg = weighted amount of carbon in preferred food
sources of consumer ¢
- :E‘é Posge ﬁ Zopne + 2 Zade
+%z,hc + ?zsyo (111-9)
if Pssoy; = 0 (i.e., ¢ is not breeding in season m),
Zio = amount of carbon in food sources “taken” per
time unit by animal group 3
= Piom (1 —exp(—Paoey Zeo))
K — Koty = Kisgs) (I11-10)

if Pyspy # 0 (i.e., cisbreeding in season m),

VAR = Piem (1 —exp (Pogm 'ZGC)) *Xiiey —

Xises — Xises + Xiips — Xushs —

X 1:)b5) (III-IOH}

where b is the numerical designation of the
fetal group of breeding group c¢ in this season

If a preferred food source is present in a very low amount
(or is absent), the consumer compensates by eating more of
the other preferred foods.

Zog = factor to scale the weighted amounts of carbon
of preferred foods so that their sum equals the

3 Actually if ¢ is a predator, then Z, includes the skeleton
carbon biomass which is not consumed but added to the
organic debris.

total amount of carbon consumed per time unit
as calculated in (I11-10)
= ZaolZsg (IT1-11)
Ziogge = amount of carbon in plant compartment (s,g)
) consumed by animal group c per time unit

Forggip, B (11-12)

= amount of carbon in seed compartment (p,n)

Z“pnc
consumed by animal group c per time unit

iy~ Eog (111-13)

Zirde = amount of carbon in organic debris category d
consumed by animal group ¢ per time unit

= Zade Zac (I11-14)

Zishe = amount of carbon in soil organic matter of soil

horizon h consumed by animal group ¢ per unit
unit
= Zihe Zsg (I1I-15)
ZHyc = amount of carbon in animal food of group y
taken by animal group ¢ per time unit

= Zoye' Zog (111-16)

Having determined the fraction of the amount of carbon
from a food compartment that is consumed or killed, the
fraction of the amount of each chemical constituent in that
compartment that is consumed or killed is calculated. Each
food compartment is decremented by the amounts taken by
all animal groups of the community.,

= amount of chemical constituent f in plant
compartment (s,g) that is consumed by c per
time unit

lesgfc

(stgc/fé o Xsgh) Xisgt (117

BXisgf = 2 Zussgfe (L11-18)

= amount of chemical constituent f in seed
compartment (p,n) that is consumed by ¢ per
time unit

Zl@pnfc

(Ziipne/ féc e (I11-19)



HX:pnf = 2Zgpnfe (I11-20)

= amount of chemical constituent f in organic
debris category d that is consumed by ¢ per time
unit

Zindfe

- z .

- (Zisge/ g Xndf) Xudf - (111-21)
HXudf = 2 Zg6 (111-22)
Zishfe = amountof chemical constituent f in soil organic

matter of soil horizon h that is consumed by ¢
per time unit

= (thc/ Féc thf)'xmhf (111-23)

HXehf = ZZuhfe (111-24)

Following determination of the amounts of live vegetation,
shed seeds, organic debris, and soil organic matter consumed,
the animal component of the diet is ascertained. If the
parameter Pys,p, equals y (where y is the numerical desig-
nation of the “prey” group) and group c is nursing, then
the animal food from group y is “milk.” If Pysnp, does not
equal y or animal group cis not nursing, then the animal food
from group y is the non-skeletal parts of that group. Consider
the latter case first.

Once the hiomass of prey killed is determined, it is divided
into edible and non-edible parts. The edible part consists of
all reserve and protein carbon, together with the carbon from
soft structural tissues, and the corresponding non-carbon-
aceous constituents determined from parameters Py As
for ANIMAL II, a constant fraction of the body structural
carbon makes up the skeleton (input parameter Pgg).
Associated with this hard structural carbon are minimum
amounts of the non-carbonaceous constituents (parameters
Pyof) -- the actual amounts per unit hard structural carbon
are variable due to the possibility of storage of minerals in the
skeleton above these minimums (up to some maximum
mineral to hard structural carbon [or collagen carbon]
ratios). Since the soft structural carbon is considered to be
proteinaceous in origin, there are constant ratios of
non-carbon ronstituents to the soft structural carbon (input
parameters Pyy.g). Hence, given the amount of prey killed,
the skeletal material to be added to the organic debris can be
caleulated. As in Version I1, this process simulates passage of
the skeletal material through the animals without digestion,
except for the labile fats which are consumed, and it also

General-Purpose Model

simulates the actions of animals which do not ingest skeletons
at all but eat the fatty tissues (marrow) inside the bones. It
ignores possible digestion of invertebrate exoskeletons.
Version I1I, as mentioned previously, includes “wool”
growth. The amount of “wool” of each animal group is
subdivided by chemical constituent, each compartment
being a state variable. “Wool” remains from the prey are
added to the organic debris. Any “milk” in the prey is
considered totally edible.

EPss =9

= proportion of prey group y killed by consumer ¢
per time unit

ZZ"_\'{,‘

_ Zisye! fécx,iyf (111-25)
Zsiyfe = amount of chemical constituent f in prey group
. v killed by ¢ per time unit
g Zzn_\_-c ¢ lyf (111-26)
P}'(l ivf Ezzlyfc (II1-27)
Zasyfe = amount of chemical constituent { in “wool” of
prey group v killed by ¢ per time unit
= Zzoyc ' Xuyf (111-28)
PRuyf = ZZuayfe (IT1-29)
Zysyfe = amount of chemical constituent f in “milk” of
prey group v killed by ¢ per time unit
= ZQOYC * mef (TTI-30)
PXuyp = ZZayfc (111-31)
Zuyfe = amount of chemical constituent f (excluding

“wool” and “milk”) in prey group v killed by
c per time unit

= (xllyf_xl-lyf—xl!yf) 'Zz()yc (111“32)

PXiy = 2Zuyse (111-33)
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PX my

Z”_\‘5c:

Zzsyfc

=
Zasyfe

ZlnyC

Zluy5c

Zl"yfc

Zzsf

%(me +Zsoye) (I11-34)

amount of soft structural carbon (f = 5) in prey
group y killed by ¢ per time unit

Zasyse (1 — Puy) (I11-35)

amount of mineral element f in soft structural
parts of prey group y killed by consumer ¢ per
time unit where fEM

ngy5c . Pl.,fg (I11-36)

amount of carbon constituent (other than
structural carbon) in soft structural parts of
prey group y killed by ¢ per time unit where
feC —[5]

0 (II1-37)

amount of mineral constituent f in edible parts
of prey group v killed by group c per time unit,
where fEM

tec{ [5] Z“yfc ' P“ft + Zﬂsyfc +

Zasyte (I11-38)
amount of structural carbon (f = 5) in edible
parts of prey group y killed by group c per time
unit

Ziﬁysc + Z23y5e (111‘39}

amount of carbon constituent f in edible parts of
prey group y killed by group ¢ per time unit,
where f € C—[5]

Zusyfo + Zasyge + Zusgge  (I11-40)

amount of chemical constituent f in all prey
groups that is added to organic debris, skeleton
category (d = 6) per time unit due to predation

b3 .
cy (Z‘“yfc —Zuyfe) = pXugf  (I11-41)

Zoag = amount of chemical constituent f in the “wool”
of all prey groups that is added to the organic
debris soft animal parts category (d = 5) due to
predation per time unit

33 Zunyte = pusst (111-42)

Now consider the case of one animal group feeding from
the “milk” of another group (the programming of the model
provides the restriction that if a juvenile group is being
“suckled” it can have only one “mother” group). In contrast
to the predator-prey relationship discussed previously, there
is no waste with this food source; all the “milk” taken from
the “mother” is consumed.

if Pasepy =,

Zyoye = proportion of “milk” of y consumed by c per
’ time unit
- Z..‘yc/fécxmyf (I11-43)
Z,gyfc = amount of chemical constituent f in “milk” of

“mother” group v consumed by ¢ per time unit
= Zuoye Xuyf = gXuyf = gXuyr  (I11-44)

The total intake of each animal group then, is found in
terms of the total intake of each chemical constituent from
each food compartment.

Zoscf = amount of chemical constituent f consumed by
group c per time unit

= fé Zissgfe gzn Zispnfe T ;‘Z Zidfe T

2 Zipgo + 5 Zisyic (I11-45)

h
from equations II1-17, 19, 21, 23, 38-40, 44

Zs, = fraction of carbon from fat tissue in the total
reserve carbon intake of group c per time unit

= (Zuggct Zissge + EN

)2 Z
Yy +* P35CH] ( 2"y4C

Zz:iy5c 'Pssy) + Zigy"4c = Pssc)/zgac4(III‘46)

wherey! = Py,
d = 6: skeletons of animals
= 5:soft parts of animal carcasses

Discussion—Suppose that for each animal group (c) in the
simulation, the rates of consumption of each food item (i) are



known. These may have been obtained through stomach
analyses or from direct observations in laboratory feeding
experiments, for example:

let there be n animal groups

let the rate of consumption of food item i by animal group ¢
(= amount of carbon in food i consumed/[amount of
carbon in animal-time]) = V¥ 4

let the amount of carbon in animal groupe = 4

then, the community consumption rate of food item i per
unit amount of carbon in animal per unit time =

I n
(ay/ 2iac) V1t ( Ziad Yot +ia /Zl
0 n
ac)'Yni= (CEI ac Vi) /Cglac

This relationship will provide the feeding parameters for
ANIMALTI. The parameter P, (equation I-1) can be found by
summing the community consumption rates for all live
vegetation food items. It would not be possible to tell from
examination of the consumed seeds which came from which
seed horizon. To determine parameter Py, (equation I-4)
knowledge of the activity of the animal groups could solve
this problem. For example, it might be assumed that an
animal that spent 50 % of its active period on the surface and
50 % in burrows and tunnels in the first seed horizon, might
obtain 50% of its seeds from the surface of the soil and 50%
from the first seed horizon. Thus the overall seed
consumption rate for the group may be divided into
consumption rates for seeds from each seed horizon. These
would be the Y values mentioned above, and the
parameters Ps could be obtained from the community
consumption rate relation above. For organic debris, certain
types would probably be recognizable in stomach analyses,
and certainly in laboratory feeding trials. Thus the ¥ ; values
would be available, and hence values of parameters P,
(equation I-7) could be obtained. Soil organic matter
consumption poses the same problem as seed consumption --
it would have to be assumed that during the active period of
the animal group, it could be feeding at any point in the soil
profile where it is observed. Thus the total consumption rate
of soil organic matter for the animal group could be
subdivided into consumption rates of soil organic matter by
soil horizons in proportion to the percentage of activity in
that horizon. These rates would be the ¥ . values, and thus
the community P;} parameters (equation 1-10) could be
obtained as in the above relationship. In determining the
parameter P; (equation I-13) the amount of prey biomass
killed by each animal group per time unit is needed. By
summing the community consumption rates for all animal
prey items, P; can be found.

It has been assumed that the amount consumed by each
animal group is known. For the simulation, the amount of
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each food item present in the systemn also needs to be known in
order to set up the initial state variable values. Feeding
parameters for ANIMAL II can be obtained from these data,
when collected at times of different food densities.

let amount of carbon in food i be f3;; then the preference of
animal group c for food item i,

Yei=(a Yci/ﬁi)

which is caleulable since a,, Y, B jare known, Parameters
ne (I1-2), Psge (I1-3), Pope (I1-4), PTyc (I1-5), and Pigge
IP of IT are thus obtained.

ch = lim Z ¥ o
Weiw By — o)

Through non-linear multiple regression on the points {Z

i B - c1 . parameters P, (the asymptote) and Py, (the
curvature constant) are obtainable.

ANIMAL 1III feeding parameters follow the same
calculations except that data for each season defined for each
animal group must be available so that seasonally varying
parameters are calculable.

ASSIMILATION
ANIMAL 1

Two assimilation efficiencies are defined (input paramet-
ers Py, Py); one is applied to the non-animal foods and the
other to the animal foods. Each efficiency parameter is a frac-
tion representing that proportion of food consumed that is as-
similated  (Odum, 1971). The remainder is expelled from
the consumer without digestion occurring, and increments
the organic debris category of excreta. Figure 6 illustrates the
relationships.

Zasof = amount of chemical constituent f assimilated by
animal group c per time unit
= Zsoof 'Ps + Zoigf Po (1-22)
from equations I-20, 21
Zosof = amount of chemical constituent f egested by ¢
per time unit
= Zooof + Zorof — Zascf (1-23)
Zoaf = amount of chemical constituent f egested per
time unit
= 2 Zusof = EXeigg (1-24)
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ANIMAL II

An assimilation efficiency is defined for each chemical
constituent (input parameters Po.f) for each animal group.
Each efficiency is a fraction representing that proportion of
the chemical constituent consumed that is assimilated. The
remainder is excreted without digestion and is added to the
organic debris excreta category. These fractions are the same
for each food item -- that is, each chemical constituent in each
food the same efficiency.
Assimilation efficiencies for chemical constituents have been
obtained for domestic herbivores (Cook et al., 1967). The
assumption is made that the assimilation efficiencies for the

item is assimilated with

chemical constituents in herbage are also applicable to
chemical constituents in other food sources. Also it is assumed
that such principles apply to all types of animals. The
assimilation efficiency for structural carbon would be low in
contrast to that for reserve carbon and protein carbon
(Maynard and Loosli, 1969, p. 19). Thus diets that were high
in structural carbon would be less digestible than diets that
were high in protein and reserve carbon. Since the
composition of the diets depends on the preferences and the
amount of the food supply, these compositions may change
with time. The overall digestibility of the diet would also
change with the composition, and therefore with time.
Figure 7 illustrates the relationships.

Zoscf = amount of chemical constituent f assimilated by
animal group ¢ per time unit
= chf' Pmef (I1-30)
Zasef = amount of chemical constituent f egested by
animal group ¢ per time unit
= Zasot — Lagf (I1-31)
Zsig = amount of chemical constituent f egested per

time unit

% Zasef = EXoryg (11-32)

ANIMAL 111

Since an animal may consume proteinaceous structural
material (from foods of animal origin), the total amount of
carbon from dietary protein consumed is not given by the
protein carbon intake. Assuming that all nitrogen occurs in
the form of amino acids, the total dietary protein carbon
intake is estimated from the nitrogen intake (if there are no
limiting conditions). If there is insufficient carbon in the
protein carbon and structural carbon intakes (i.e., carbon is
limiting) to account for the carbon amount in the protein
predicted by the nitrogen intake, then nitrogen must have
been ingested in the a non-proteinaceous form. This excess
nitrogen is excreted. Animals with microorganisms in their
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gut are thought to be able to utilize non-protein nitrogen --
this has been proven in ruminants (Maynard and Loosli,
1969, p. 135), but it is uncertain in insects (Chapman, 1969,
p. 81). For the majority of animals, it appears that the only
useful nitrogen is that associated with protein.

The fat carbon intake is the calculated fraction of the
reserve carbon intake, described in the feeding section. The
carbon from digestible carbohydrates makes up the
remainder of the reserve carbon intake. The carbon from
structural carbohydrates, such as lignin and cellulose,
constitutes the remainder of the structural carbon intake.

As in Version II, an assimilation efficiency is defined for
each chemical constituent (input parameters Py.f) for each
animal group. These parameters are not seasonally varying in
this case: it was thought that the collection of data to fill such
a seasonally varying data list would be an overwhelming
task, and that there would not be an increase in accuracy of

P, (animal food source)

Amount of chemical
constituent f assimilated
by consumer per time unit

P; (non-animal food sources)

Amount of chemical
constituent f consumed

Figure 6. Assimilation process (ANIMAL I).

¥

Pioc, (reserve carbon)

Plog, (structural carbon)

Amount of chemical
constituent f assimilated by

consumer per time unit

Amount of chemical
constituent f consumed

Figure 7. Assimilation process (ANIMAL II).



prediction concomitant with the difficulty of data collection.
In this model, the assimilation efficiency for protein carbon is
applied to the proteinaceousstructural carbon as well, and to
the accompanying nitrogen and mineral constituents (given
by parameters Pjsp3).

Zosc = amount of carbon in protein intake, predicted
from the non-carbon constituents of the intake
= min(Zysof/Puigs) (I11-47)
feM
if Zoye > Zsse3 + Zises (carbon limiting),
Zsoes = amount of carbon in protein intake
= Zasey t Zoscs (111-48)
ifzzscs. ngacg + ZﬁﬁCS’
ZJDQB = Zzsc
Zsoof = amount of non-carbon constituent f in protein
intake, where fEM
= Zaucg Pug (I11-49)
Excess nitrogen is excreted:
ENXUC:[ = Zuso] — ZLaog] (I1I-50)
Zsio = amount of proteinaceous structural carbon
= ZHUCS_Zesca (111-51)
let Z,5o] now represent the value Zgcy,
VAT = amount of chemical constituent f assimilated
by animal group c per time unit
= Puey " Zaogf + Progf (Zasef — Zaogf) (111-52)
where fEM
Zasef = Ploof " Zasgf, wherefEC-[5] (I11-53)
Zsscs = Pueg Zaie T Proes (Zases — Zarg)  (I11-54)
EXvief = Zosof — Zagef (I11-55)
Zsso = amount of carbon from assimilated protein for
group c per time unit
== Zazcs + PWC3 ' Z.’!]C (III-56)
Zssg = amount of carbon from assimilated fats for

group c per time unit
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ZsC y 23204 (ITI-57)

Zase amount of carbon from assimilated carbohy-
drates for group c per time unit

= (Zasgd — Zsag) + (Zases — Pioeg * Zsig)
(I11-58)

Discussion—Suppose that the assimilation efficiencies of ash,
protein, fats and labile carbohydrates, and structural carbo-
hydrates are known ( Png, P c3, Pc4, Pcy) for each animal
group. Since it is assumed in Version III that all nitrogen is in
the form of amino acids, the assimilation efficiency for
nitrogen p .1 can be equated to P .3, the assimilation
efficiency of protein. Thus parameters Po.¢ (III-52 to 54) of
III are obtained.

In I, no distinction is made between the assimilation of
animal structural carbon (proteinaceous in origin) and the
plant structural carbon (carbohydrate in origin). Thus the
overall assimilation efficiency for structural carbon must be
determined by considering the ratio of animal structural
carbon to total structural carbon in the diet.

Suppose animal structural carbon in diet of group e:total
structural carbon in diet of ¢ = A ,

let p o = assimilation efficiency of constituent f by group ¢

then u .5 (total structural carbon) = p 5 (total structural
carbon — animal structural carbon) + p.3 - (animal
structural carbon),

Le,ues = Pes(l —A )+ Pe3he
also peg = pcl = Pc3

pecd = Ped

Since only a small amount of mineral elements are associ-
ated with protein, only a small error is introduced if the

‘protein-associated minerals are ignored and the assimilation

efficiency for ash (p.9) is used for the value p 9. Thus if A o
is known, parameters Piyof of Version II (T1-30) are ob-
tained. A . can be estimated from the composition of the
foods and the preferences for these foods.

Suppose w; = amount of structural carbon in food source
iand W; = preference of group c for food source i

then Ao = (2 W )/ - @) wherel = [

i is of animal origin]

This ratio will not be exact if one or more of the foods are
limiting (i.e., present in insufficient amounts relative to the
group’s requirement), or if there are large changes in wj.

Taking these assimilation efficiencies y ¢, the overall
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community assimilation efficiencies (Py, Py, 1-22) of I can be
estimated.

Let

amount of carbon in food i consumed by c per unit
animal carbon = ¥ 4

amount of each chemical constituent f in food i per unit
carbon = A

amount of carbon in group ¢ = a

1= [i:i is of animal origin]
J = [i:i is not of animal origin]

then

amount of f in food i consumed byc = ¥ ;A g a,

amount of f consumed by ¢ from foods i€ES =

g iéS(a cyci ' ’]Lfi) =X sp whereS = lorS =]
for animal foods (S = 1),
amount of f assimilated from animal foods by community

- Z Veir Afiv 8¢ P of, where fEC-[5]

iel ¢
= iél Eyci'ASi'ac' pcg,wheref=5

then

assimilation efficiency'of community for constituent f
from animal foods = 4 I;

= (Z; 2% Pt Mg Vo)X where FEC5]

¢ - [ Z =
e = % a, Pghsg ¥ ci)/ X1 where f = 5

for non-animal foods (S = J),

“']f = (lé] %ac Pt ¥ o)/ X J¢

Now a compromise has to be made to find total assimil-
lative efficiencies for the animal and non-animal foods.
That is, the assimilation efficiencies for each chemical
constituent have to be combined to give the “best” overall
efficiency. One method suggested is to sum the weighted
efficiencies for each chemical constituent, the weights being
the proportions of the total amount assimilated that the
chemical constituents make up.

Thus,

the total amount consumed by the community = Ef Xgf
from food S

the community assimilation efficiency =

T (st/ FXsl) Kt

The parameters (P, Py) are time-invariant, and hence the
initial values of each, calculated on the composition of the
food items at the beginning of the simulation, will not
change during the simulation. If the chemical composition
of the foods changes during the time period, then the overall
assimilation efficiencies should also change according to the
equations above.

RespiraTion/ METABOLISM
ANIMAL I

The animal community respires at a constant rate (input
parameter P,y); the amount of carbon respired as carbon
dioxide, and the amount of mineral elements excreted as
by-produets, are constant proportions of the animal biomass
of these chemical elements. Figure 8 shows the relationships.
Carbon dioxide is lost from the system to the atmosphere
and the mineral elements increment the organic debris
excreta category. Included in these losses from the animals
are the costs of activity, maintenance, reproduction, and
growth.

= amount of chemical constituent f respired or
excreted per time unit

Zascf

= Pio* Xuicf = RXuucf (1-25)

Y

Pll!

Amount of chemical
constituent f respired (or
excreted) per time unit

Amount of chemical
constituent f in animal

group

Figure 8. Respiration (ANIMAL I).



Lsa = total carbon lost from system to atmosphere by
respiration per time unit
P B .
= % (e Losof = P‘xml.‘} (1-26)
BXZ |7f = ZC Zg_scf, where fEM (1-27)
szl"{[ﬁ = (, where f€C (1-28)
ANIMAL II

The amount of carbon respired per day by an animal is a
non-linear function of the animal’s carbon biomass. The rela-
tionship is of the form aX D after Brody (1945) and Reichle
(1968). Figures 9a and 9b illustrate the function. For each
animal group, a and b are input parameters (P, Pisg).
The amount of carbon respired per day by an animal group
is then the amount respired by an individual of that group
times the population of the group. This function includes
the costs of activity, reproduction, growth, and mainte-
nance (as in Weins and Innis, 1973). A constant fraction of
the carbon (P,s) is supposed to come from “protein tissue”
metabolism while the remainder is from reserves (Maynard
and Loosli, 1969, Chap. 14). Associated with the “protein
tissue” breakdown is the excretion of mineral elements [“en-
dogenous urinary nitrogen,” in mammals (Maynard and
Loosli, 1969, p. 415), for example]. “Protein” is considered
to have a constant ratio of mineral elements to carbon,
while reserve tissues contain no mineral elements and are
considered to consist only of carbon, hydrogen and oxygen
{(input parameters Py Kleiber, 1961, p. 43).

Zo1o = carbon respired per time unit by c
_ Pisa,
Piig (Zso/XKise) Xizo (11-33)
where Zy, is amount of carbon in ¢ — equation
11-7
Zsc3 = Protein carbon (f = 3) potentially metabolized
by ¢ per time unit
= Pusp Larg (11-34)
Zosod = reserve carbon (f = 4) potentially metabolized

by ¢ per time unit

Zore — Lawc3 (11-35)

If there are insufficient reserves to supply the required
amount of reserve carbon, then “protein tissue” is broken
down to supply this needed carbon. If there is insufficient
protein carbon then the animal group dies.

reserve carbon (f = 4) metabolized by ¢ per
time unit

Liocq
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Zzncs

chs

Zoaef

BX“'m

Carbon respired per time
unit by animal

Log carbon respired per time
unit by animal
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min (X“c4, 223C4) (11-36)
protein carbon (f = 3) metabolized by c per
time unit

A (I1-37)

0 (11-38)
amount of mineral element f excreted as
by-product of respiration of group c¢ per time
unit, where fEM

Zuscg” Pusg3 t Zascq " Prgy (I1-39)
(P.ygy = ratio of f'th constituent fEM to the
t'th constituent [t = 3, protein carbon; t = 4,
reserve carbon; t = 5, structural carbon; P4q;
= 1v¢))

% - (11-40)

Yy = aXP, b<1

=

Amount of carbon in animal

w

Log amount of carbon
in animal

Figure 9. (a and b) respiration -- ANIMAL I1.
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RXucE = Zaf (11-41)

RXu7g = 3 Zuacf, where fEM (11-42)

RX“?F = 0, where fEC (11-43)
ANIMAL III

Even if it is assumed that all intake nitrogen is in the form
of amino acids, it does not necessarily follow that all the
assimilated nitrogen is able to be used in protein synthesis.
Some of the essential amino acids may not be present at the
time of attempted protein synthesis, and thus synthesis will
not occur. Each protein has a biological value indicating the
proportion of digested protein that is used to satisfy body
protein needs (Crampton, 1965, p. 158), the remainder
being excreted and used as an energy source. Hence,
following assimilation, there is a further loss of nitrogen,
mainly in the form of urea (CO[NH,];) for mammals, or
uric acid (C;H,0,) for invertebrates, reptiles and birds
(Maynard and Loosli, 1969, p. 125; Chapman, 1969, p. 496;
Welty, 1963, p. 132). Parameter P,,, represents the weight
ratio of nitrogen to carbon in the nitrogenous excretions of
group c. An input parameter, P, is defined for each
animal group to represent the fraction of assimilated protein

_that is unusable in protein synthesis due to the biological
value properties of the group’s diet. The energy released from
the breakdown of this assimilated protein is used to meet the
maintenance requirements of the animal. The carbon not
in urea or uric acid is respired.

Lo = amount of dietary protein carbon lost through
biological value considerations from group ¢
per time unit

= Z:mc : P“C (111-59)

BYXief = Zuse ' Pugs, where FEM (I11-60)

BvXiied = Zsee” P|413/P4sc (II1-61)

BVX"‘]:: = ZJGC {1 . Pum/PuC) (111—62)

If, in a season, an animal group is producing “milk” and
the population of the group being nursed becomes zero,
then the stored “milk” is reabsorbed by the lactating group
and is available for use in growth and maintenance (see
“Growth” for further discussion on “milk” production).
There are no digestive processes involved in the reabsorption
and thus the assimilation efficiencies are not applied. The
protein is considered to have a biological value of 100%,
and there is no waste.

if Pasaae = ¢ for some ¢!, m?, and X5y = 0: Zgyp = 1
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ifPasotyr =cforanyc!, m!, or X 3ot F0: Zsoo =0
e % ¢ (111-62a)

Furthermore, tissues from fetal deaths are assumed to be
reabsorbed and to thus become available for use in main-
tenance and growth. The amounts reabsorbed are given
by Zyoeep  (I111-219 to 221). The assimilation efficiencies are
not applied and the biological value of the protein is
assumed to be 100% .

amount of constituent f available for mainte-
nance and production by group ¢ per time unit,
where fEM

stcf

Zucf - Zasc ’ Pnfg T ZEOC ! Xluef + szcf

(111-63)

amount of dietary protein carbon available for
maintenance and production by group ¢ per
time unit

23703

ngc = Zgac ) P“C + Zﬁoc (XHCS + Xlsc5) +

Z“’QCS (III-64)

amount of dietary fat carbon available for
maintenance and production by group ¢ per
time unit

Zaeq

Zoo+ Zooo Xispq " Posg + Ziosgqg  (111-65)
(where Py, is the ratio of fat carbon to reserve
carbon in “milk™)

If the animal is a ruminant, there is an appreciable loss of
energy and carbon through methane production (Kleiber,
1961, p. 262). Input parameter Py, represents the fraction of
carbon from digested carbohydrates that is lost as methane,
for each animal group.

Zase = amount of carbon respired in methane produc-
tion by group c per time unit
= Puop " Zasg (I11-66)
Zsz05 = amount of dietary carbohydrates carbon avail-

able for maintenance and production by group
¢ per time unit
Zasc = Zaac + Zsop ° X1304 (1 == P55C) +

Bivss (111-67)



MPX‘”.;} = ch (III-G?&)

MRX1scf = MR¥uicf = Xusef " Zuoe - (I11-67b)

To determine the amount of carbon respired in
maintenance by an animal of a group per time unit, the
same functional form as in II is used; a)(b (Brody, 1945,
Kleiber, 1961; Maynard and Loosli, 1969), where a and b
are constants and ¥ is the weight of the animal in terms of
carbon. This predicts the amount of energy respired per
time unit; the amount of carbon respired depending on the
types of tissues that are catabolized to meet this energy. In
contrast to II, therefore, parameter a (P, in ) is the
amount of energy per unit of metabolic size of an animal of
group ¢, used in maintenance per time unit during season
m. It includes a factor which compensates for the
inefficiency of catabolism of nutrients. Parameter b (Pyy¢p,)
also has seasonal values. Thus the average environments of
the seasons are incorporated into the simulation by their
effects on the respiration rates and maintenance require-
ments of the animal groups. The costs of basal metabolism
and activity are included in these calculations, If group c is
breeding, then X contains the amount of fetal carbon. As in
“Feeding,” the fetal group (b) is considered to be a part of
the mother group in this process. Group b does not carry out
any respiration directly (P, = 0).

Associated with basal metabolism there is a urinary
nitrogen excretion (called endogenous urinary nitrogen, or
EUN in mammals; Maynard and Loosli, 1969, p. 415).
There is also a fecal nitrogen excretion (called metabolic fe-
cal nitrogen, or MFN, in mammals; Maynard and Loosli,
1969, p. 140; Kleiber, 1961, p. 258), due to breakdown of
digestive enzymes in the body. The latter excretion may be
related to dietary intake (Maynard and Loosli, 1969, p. 142)
as well as metabolic size of the animal, but it is assumed here
that, at least for a first approximation, the total nitrogen
excretion due to basal metabolic reactions can be expressed
as the amount of nitrogen excreted per unit or energy
respired in basal metabolism (parameter Pyy). This
nitrogen originates from protein tissue in the animal’s body.
It is assumed here that the energy released in the catabolism
is available to meet the maintenance requirements. Input
parameter P,;.3 represents the energy released per unit of
protein carbon. The associated protein carbon is partly
respired, the remainder being excreted in the urea or uric
acid. The associated mineral elements are excreted.

if Psoopy, = 0 (i.e., cisnot breeding),

Z = energy for maintenance requirements of group

¢ per time unit

.igc

P
= Pll(,‘m . ([:éc Xucf/xuc) o Xlzc (I11-68)

if Pygoy # 0 (i.e., cisbreeding),
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Zug = Puem " (féC (Xuief + Xllbf)/Xlﬂc)chm 'Xrlzc
(I11-68a)
where b is the numerical designation of the
fetal group of ¢ in this season
Ziool = EUN and MFN excreted by ¢ per time unit
= B Bt (I11-69)
Z10c3 = carbon from protein associated with the
EUN and MFN excretions of ¢ per time unit
= Zug1/Pu,, (TT1-70)
Zsocf = non-carbon constituents associated with the
EUN and MFN excretions of ¢ per time unit
= Zuoey " Pugg, wherefEM (I11-71)
Zsof = (0, wherefEC —[3] (I11-72)
MNXiref = Zuoef, Where FEM (I11-73)
MNXuicf = Zangf (I11-74)
MNXi17c3 = Zuoel/Pasc (I11-75)
MNXo1,, = Zaoed — Zaoel/Pase (I11-76)
Ziig = energy remaining to be respired to sustain the

maintenance requirement of group c per time
unit

Z:suc - (Znsc + Z‘“CS) ’ P”C3 (HI'77)
The energy needed (expressed by Z,,,, I1I-77) is supplied
first by the dietary fats and carbohydrates. If these are
exhausted, the reserves of the body are catabolized,
followed by the dietary protein, and then a portion of the
animal’s body protein; synthesis of protein takes priority if
possible over catabolism of protein (Maynard and Loosli,
1969, p. 143). Each of these compounds, protein, fat and
carbohydrates, has an energy to carbon ratio indicated by
parameters Pyqp, f = 3, 4, 5, respectively (Kleiber, 1961, p.
125). Protein catabolism causes nitrogen and mineral
element excretion to occur, according to parameters Puq3.
All the carbon except for that occurring in urea or uric acid
is respired. It is assumed that fats and carbohydrates are
used in proportion to their abundance if they are present in
excess.

The protein tissue of the animal, as mentioned above, can
be used in maintenance up to a certain point, depending on
the protein status of the animal. Each animal has an
optimum protein level which grows with a juvenile animal
and is a constant for adults (parameter P,,; Bailey and
Zobrisky, 1968, pp. 108-111; Schoenheimer, 1965, p. 25). It
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is assumed that there is no protein tissue storage to supple-
ment any deficiency, although it is true that in reality, small
storage may occur (Maynard and Loosli, 1969, p. 148).
Comparison of the actual protein carbon content of the
animal group to the optimum level is an indicator of the
well-being of the group; a protein carbon level that is less
than this steady state level is an indicator of malnourishment
and reflects on the animal’s fitness. Any protein in “milk”™ or
“wool” is not included in the level. Any “excess” body
protein present above a certain fraction of this optimum
level (parameter Pys,) is the amount able to be catabolized.

Zaze = energy in dietary carbohydrates and fats of
group c during this time unit
= Zareq * Pirgg + Pargs " Ziags (I11-78)
Zysq = energy in body reserves of ¢ during this time
unit
= (X“(:4 — X”(:4 — X|4C4) 4 P“c4 (I11-79)
Zsg = catabolizable energy in the dietary protein of
group c at this time unit
= Zioq Pirga (II1-80)
Zisg = catabolizable energy in available body protein

of ¢ at this time unit

= (XHCB — X1303 == chg — P-mc ‘ Xlﬂc) :

Pirca (IT1-81)
ifzdle "'-<0-. Zﬂzc,

Ziooy = amount of dietary fat carbon remaining for use
in production by group c during this time
unit

= Zarag —Bua! Bisc)~ Lusgy (I11-82)

Zioes = amount of dietary carbohydrate carbon re-
maining for use in production by group c
during this time unit

= Zyigs— (Zune/Zuse) Lo (I11-83)

BXMH = (Zirg/Zasg) " (23704 + Zizes) (I11-84)

Ziscf = Zyof, where fEM (I11-84a)

i Zisp + Zi2 22410 > Lo,

R)'(l od = (Zarg— Zaze)/Parey (I11-85)

BXoi,, = (Zuio— Zusg)/Parcq + Zargg + Zargs (111-86)

Zascd = Zises =0 (IT11-87)

Zisof = Zsiof, where fEM (IT1-87a)

if Z“C + Z“C + 242(_,2 Z‘“C‘ = Zu(_- + Z“C’

Zoga = Zugs =0 (I11-88)

RXicd = (Xined — Xisd — Xised) (I11-89)

Zasen = amount of dietary protein carbon remaining
for use in production by group ¢ during this
time unit

= Zy1c3 — (Larg — Zuzg — Z4sc) /Pireg (111-90)

Zasef = amount of non-carbon constituent f remaining

for use in production by group ¢ during this
time unit, where fEM

= Z:ncf == (Zuc = Zuc T Z“C)/P”CS ' P14f3
(IT1-91)

Urea and mineral elements are excreted:

RXiref = (Zuig — Zase — Zusg)/Parg3 * Piugs, where fEM
(111-92)

RXITCS = (Zuc = ch = 2430)/})4703 P1413/P45(_\
(I11-93)

The remainder of the carbon is respired:
BXD‘[:& = Xuc4 — ch4 7X'4C4 i i 23704 + Z37C5 +

(Zisg — Zasg — Zusg)/Purgg * (1 —Pua /Pusc)
(111-94)

ifZﬁC + Z‘HC + Z.(Jc + Zagc ? Z‘“C> ZMC + Zésc + Zﬂ’.ca

24504 = Zgacg = Z4sc5 =i (II1-95)
RXicd = (Xiics — Xised — Xieed) (I1I-96)
Zioof = Zsrcf — Zs1c3 ' Pugg, wherefeM  (I11-97)
BXH(‘_IB = (Zuc —_ Zuc — Zﬂc - ZMC = 2450)/1)4703
(III-98)
B_chf = (ZMC == Zuc e Z4ac == Zuc = Z;sc)/PncB E
P,.g3, where FEM (111-99)
RXiret = Zueg * Pugg + (Zae — Zusg — Zug —

Zase— Zisg)/Pazp3  Pragy (I11-100)



RX”CS = ZaTCB ; P14]3/P4sc + (ch s Zuc - Zuc -
Z“C_ 2450)/P41C3 ! PHI,J/P-IEC {IH-}_OI)
P\X"l” = Xnea — Xiueg — Xueg Tt Zyreg T

Zyez(1— PH::;/P“"C) H(Zarg— Zusg — Zasg —

Zone — Zase)Pargy (1 — Pus /Pasc)(111-102)

if Zoo > Zisg + Zase T Zase T Zase, animal group c dies.

If the animal group is in aestivation or hibernation,
"there is a reduced respiration rate for that season
(Schmidt-Nielsen, 1961, p. 45; Wood, 1971, p. 128), which
is able to be simulated by reducing prameter P, ., for that
season.

Discussion— Extensive studies have been performed on the
equation aXb for homeotherms and it has been found that in
basal metabolism, the metabolic size exponent for mammals
is approximately 0.75 (Kleiber, 1961, p. 212; Maynard and
Loosli, 1969, p. 414), while the proportionality coefficient
equals 70 keals per day per unit metabolic size when X is the
wet weight of the animal in kilograms. This constant can be
adjusted so that the relation holds when X is measured in
grams of carbon.

let W = fraction of protein in the animal
f = fraction of fat in the animal

then using an average carbon to protein ratio of 0.53, and
an average carbon to fat ratio of 0.76 (Kleiber, 1961, p. 43),

weight of carbon in X = (W (0.53) + B(0.76)) X =¢X

The composition of normal and starved animals is similar
with respect to the relative percentages of fat and protein in
the body (Kleiber, 1961, p. 58), and thus this conversion
factor ¢ should not vary greatly with the nutritional
standing of the animal.

let X, = wet weight of animal in kilograms

X = weight of animal in grams of carbon

then, 70 X, 0-75 = 70 (X/#.1000)0-75

Thus the basal metabolism coefficient = 70/(1000.@)0-75
keals per (gC)374,

Now, to obtain the coefficient a, an activity cost and
inefficiency cost of catabolism must be multiplied with the
basal metabolism coefficient. For other animal groups, the
same tvpes of calculations can be carried through. Thus the
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coefficients P,iom, Pisgm of IIT (II1-68) are determined.
The coefficient Py, of IT (I11-33 is exactly the same as Pryop, of
I11 in value. To obtain P, of II (11-33) the energy respired
per unit metabolic size, in carbon, (Py oy, of 111) must be
converted to grams of carbon respired per unit metabolic
size (measured in carbon). Here it is necessary to make an
assumption regarding the type of tissue the animal is
catabolizing for energy (Kleiber, 1961, p. 89).

Consider fat; there are 0.76 g of carbon per gram of fat,
and 9.5 kecal of energy per gram of fat. Thus there are
0.76/9.5 (= 0.079) g of carbon respired per kecal of energy
released. Similarly for carbohydrates, there is 0.42/4.0 (=
(0.105) g of carbon respired per keal of energy. For protein,
0.53/4.8 (= 0.110) g of carbon are respired per kcal of
energy released (Kleiber, 1961, pp. 43, 83, 125).

Since the protein and carbohydrate values are very close,
the estimate of the amount of carbon respired per unit of
energy respired, has to based on the amount of fat the
animal will use. Observation of the type of diet and whether
or not the animal will be fasting (e.g., hibernation) should
guide the choice. Once an overall ratio of grams of carbon
respired per keal of energy is obtained, this can be multipled
by Piig, of 111 to obtain Py,¢ of II.

The linear relationship in ANIMAL I is an approximation
to the curvilinear form used in I1I. If the amount of carbon
respired per time unit by an animal of each group of the
simulation is known (v ;) when that animal has a biomass
approximately equal to that at the beginning of the
simulation (perhaps determined by aXD relationship of 11),
then P, (I-25) of ANIMAL I can be determined.

total carbon respired by community = % LA
c

=

a
c c

P (ZU n /

cceoe

)

where the amount of carbon in the animal group = a
population of the animal group = 1 4

This parameter should be calculated when the average
weights of the animals are close to those occurring at the start
of the simulation. This is because the linear approximation
of the respiration relation overestimates the amount of
carbon respired for animals with biomasses higher than
those used in the above relation, and underestimates the
amount respired for those with lower biomasses. In a short
simulation the biomasses would not be expected to fluctuate
rapidly, and so the amount of carbon respired as predicted
by the linear relation from I would be close to reality. In a
very long simulation over years, there are likely to be as
many instances when the individual’s biomass is higher than
the initial value, as there are instances when the individual’s
biomass is lower than the initial value. Therefore, the
calculation above is a reasonable compromise.
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Foods cannot be used in the form in which they are
consumed; they undergo enzymatic hydrolysis to simpler
substances such as simple sugars, fatty acids and amino
acids. These simple compounds can be oxidized (deami-
nated or transaminated in the case of amino acids) to supply
energy, releasing carbon dioxide and nitrogenous wastes
(Wood, 1971, pp. 17-26; Schmidt-Nielsen, 1961, p. 39;
Maynard and Loosli, 1969, p. 143; Chapman, 1969, Chap.
VI). They can also be used as “building blocks” to form new
tissues. Consider protein digestion. The nitrogen assimilated
is considered to be totally from food protein and is thus
found, in the course of digestion, combined with carbon and
other elements in amino acids. These amino acids are
essential to protein synthesis which is, in essence, the linking
of amino acids. The carbon in amino acids is labeled
“protein carbon” in the intake, if the foods consumed are
only of plant origin. With animal foods, structural tissues of
the prey are proteinaceous and thus, in these cases,
“structural carbon” can also be in compound with nitrogen
in the form of amino acids. It can be assumed that the
nitrogen content of food proteins and animal body proteins
is approximately the same (Kleiber, 1961, p. 42), so that the
carbon (be it labeled “protein carbon™ or “structural
carbon”) assimilated with the nitrogen as protein, is present
in the nitrogen:carbon ratio needed in synthesis of
proteinaceous animal material. Any excess amino acids not
used in protein synthesis are deaminated (or transaminated)
with the nitrogen being excreted in urea, uric acid or
occasionally other nitrogenous compounds. The carbon
from the deaminated amino acids enters the tricarboxylic
acid cycle. Consider lipid and carbohydrate digestion where
the reserve carbon in the intake is an element. These
compounds are digested to fatty acids, glycerol and simple
sugars which can be further catabolized to compounds in
the tricarboxylic acid cycle (acetyl coA). The structural
carbon from plant foods is largely found in carbohydrates
which are broken down to simple sugars and later acetyl
coA, entering the tricarboxylic acid cycle. The structural
carbon assimilated from animal foods is protein and the
digestive reactions undergone are described above.

The following paragraphs refer to ANIMAL I and II only.

All the nitrogen assimilated is potentially available for use
in the growth process. The protein carbon and/or structural
carbon are used in conjunction with the nitrogen (since they
would be part of the amino acids prior to deamination) for
protein synthesis. The reserve carbon, structural carbon and
the amount of protein carbon remaining after protein
synthesis all enter the tricarboxylic acid cycle where no
distinction is made between their origins. Since, in Versions
I .and II, the energetic differences between proteins, fats and
carbohydrates are not considered, these three carbon
components can be considered to form a “pool” of carbon
which can be used in all tissue building oceurring in these
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two versions. The synthesis of animal fats begins with acetyl
coA in the tricarboxylic acid cycle. Thus all the assimilated
carbon remaining (not used in synthesis of proteinaceous
material or in combination with the nitrogenous wastes) is
available for fat synthesis in I and II (Maynard and Loosli,
1969, pp. 107, 84, 105, 135, 147; Chapman, 1969, p. 67).

The assimilated ash can be used in synthesis of tissues in
growth. The mineral elements needed for protein synthesis
are assumed to be associated with the nitrogen and carbon
in the amino acids. The skeleton in mammals is not, in I and
II, considered to be a storage area of mineral elements.
Thus, the “pool” of minerals is only decremented by use of
the minerals in the synthesis of proteinaceous and structural
tissues during growth. The remainder is excreted. This
implies that the dynamic exchange of minerals between the
skeleton and the tissues, in mammals, is at equilibrium.
That is, there is no net loss or gain of minerals from the body
of an adult animal (except if protein deficiencies should
occur; Maynard and Loosli, 1969, p. 165).

ANIMAL I

In this model the chemical composition of the animal
community remains constant -- there are constant ratios of
each chemical constituent to the total carbon. Any addition
of chemical constituents to the animal biomass must be done
s0 as not to change these proportions.

The maximum weight gain per unit of carbon assimilated
will occur when the ratios of minerals assimilated to the
carbon assimilated are the same as, or greater than, those of
the animal composition. In these cases there are no
mineral-limiting conditions and the gain equals the amount
of carbon assimilated together with the amount of minerals
that leave the animal composition unchanged. But in
certain cases, insufficient minerals will be assimilated so that
if the assimilated carbon was added to the biomass with
these amounts of minerals, the animal composition would
change. So the weight gain is reduced and will be less than
the maximum. It will consist of the amount of carbon and
other minerals that with the limiting mineral can be added
to the biomass and not change the relative chemical
composition of the animal community.

Zorg = ratio of chemical constituent f to total carbon
in animal chemical composition
= (Xigf/ féC Xiof)(for any groupc)  (1-29)
Zosof = amount of chemical constituent f that (in the

absence of limiting conditions) will be added to
¢ per time unit

Zoof " éc Zosef (1-30)

from equation 1-22



Zso = factor by which weight gain is reduced, if a
mineral is limiting

= fr[é]{ld (1, (Z”CF/Z”Cf)) (1-31)
Zsocf = amount of chemical constituent f that is added
to ¢ per time unit
= Zo- Zﬂﬂcf = GXHCF (1-32)

If there are any amounts of mineral elements remaining
that have been assimilated but not incorporated into the
weight gain these are excreted. Any excess carbon is
respired.

GXEI'Tf = g (szcf - szcf), where fEM (I-33)
GXH’YE = (), where fEC (1-34)
GRor, = (2 (Zosc — Zoocf) (1-35)

ANIMAL 11

In this model, the reserve carbon constituent of the
animal group is able to be used in the building of new
tissues, together with the assimilated carbon and mineral
elements (Schmidt-Nielsen, 1961, p. 10). Synthesis of
“protein tissue” to replace that which was respired is the first
part of this process. As mentioned previously (“Respiration™)
the “protein tissue” is considered to have constant ratios of
mineral elements to carbon (protein carbon); input
parameters Pipq. Thus an inadequate diet, either in
quantity or quality, could affect “protein” synthesis.
Insufficient mineral(s) to combine with the carbon necessary
to replace that protein carbon respired results in a “protein”
deficiency. Insufficient carbon available for the synthesis in
comparison to the amount of protein carbon respired also
would result in a deficiency of “protein.” The assumption is
made that there is no storage of “protein” in the animals,
which is a close approximation to reality (Maynard and
Loosli, 1969, p. 145; Wood, 1971, p. 80). Thus, if the
animal is not producing a special nitrogenous product (e.g.,
body tissue, milk, fetus) the only need for “protein” synthesis
is to replace that which was respired in maintenance,

73003 = amount of carbon available for building of
new tissues in c per time unit (11-44)
= Xieq + Z Zssof (I1-44)
cd e e
from equation I1-30
Zaoet = amount of mineral element f available for

building of new tissues in ¢ per time unit,
where fEM

- chf (11-45)

General-Purpose Model

Zaey = amount of carbon synthesized to “protein
tissue” by c in response to respiration losses, per
time unit

=  min (Zu3, (Zsogf/Prag3)) (11-46)
fe[M,3]
from equations I1-37, 39
Zyiof = amount of mineral element f synthesized to

“protein tissue” by ¢ in response to respiration
losses per time unit, where fEM

= ZJ]CS ) P]qfs (11-47)
yXaigf = Zaiof, where f€ [M,3] (11-48)
Zisof = amount of mineral element f available to ¢
for growth following respiratory “protein”
synthesis per time unit, where fEM
= Z'“'Cf_ Z“Cf (11—49)
FATRR = amount of carbon available to ¢ for growth

following respiratory “protein” synthesis per
time unit
s Z““CS == Z-“CB (11-50)
For each animal group, growth of each constituent occurs
at a constant rate providing there are sufficient chemical
reserves, This growth rate is input parameter P,s.. If there
are insufficient raw materials (carbon and minerals) the

growth isless than the potential maximum designated by the
input parameter,

Zysof = maximum amount of constituent f that can be
added as growth per time unit, to ¢

= PISC ) Xucf (I1-51)
Zase = maximum amount of carbon that can be added
as growth to c per time unit
eo 1
= tecuct (I1-52)
Zyse, = factor by which growth is reduced if there are

insufficient raw materials

= min (1, (Zaspf/Zaspf)s (Zsepay/Z 11-54)
EG[M]( (Zsaf of)s (Zsaeg/ Zss)) (

Laoef = amount of constituent f added to group c in
growth per time unit

= Z:xsc E Z:i:lcf (11-55)
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Any excess mineral constituents are excreted. These
represent the by-products of oxidation of the foodstuffs --
e.g., urea, salts (Schmidt-Nielsen, 1961, p. 59; Wood,
1971). Any carbon left in the “pool” is added to the reserves
of the animal group as fat (reserve carbon; Schmidt-Nielsen,
1961, p. 10).

cXupp = %(zﬂcffza,;cf),where fEM (11-57)
GXz]jf = 0, where feC (II-58)
cXuf = Zoogk (11-59)
X = T — = Z (11-60)
Fauicd s2e3 T pe Povef

ANIMAL 111

In this model there are four growth processes simulated;
juvenile body growth, fetal tissue growth, “milk” produc-
tion, and “wool” production. Protein re-synthesis, described
below, fattening and mineral storage may also occur. The
four types of growth mentioned above are able to occur
concurrently in an animal group in any season. The actual
amounts which are produced depend on the amounts of raw
materials -- dietary fats, carbohydrates and proteins, reserve
tissues from the animal’s body, and, as mentioned in
“Respiration,” a part of the labile protein tissue of the
animal. The amount of energy available also determines the
actual amount of production, as does the nutritional
standing of the animal group. Since the threee basic
compounds, fat, carbohydrates and proteins, yield differing
amounts of energy per unit of compound catabolized, and
since energy is being explicitly traced in Version III, the
carbon from the raw materials is not considered to form a
“pool” from which carbon is available for synthesis, as
happens in Versions I and II. The production process is
described later in this section,

First, consider each type of growth and the potential
amounts to be produced each time unit, beginning with
fetal tissue growth. The fetuses are considered to be animal
groups separate from the breeding groups although
respiration of the fetuses is included in the mother group’s
respiration (refer to the “Respiration” section). The
reproductive process is described in “Reproduction and
Population Changes.” The fetal growth period in viviparous
animals is the development time of the embryo up to birth.
In oviparous animals, it is the period during which the eggs
form prior to deposition, while in ovoviparous animals it is
the time during which eggs form prior to any development
of the embryo within. In this latter case, mortality of adults
after the “fetal period” should also reflect mortality in the
egg group, since the eggs would actually be developing with
the mother animal, and death in the breeding group would
infer death in the egg group. The fetal growth period may
constitute several seasons of the breeding group, but the
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restriction is made that the maximum potential growth rate
for each carbon constituent per unit steady state protein
carbon (input parameters Pisopy,) be constant over the
successive fetal growth seasons. This is an approximation to
reality, since different parts of an animal’s body develop at
different rates (Bailey and Zobrisky, 1968, p. 108).
However, since it is unlikely that there will be much data on
fetal growth rates, the simpler approach of constant growth
rates was taken. These may be calculated as described in the
following “Discussion” section. On the first day of the
fetuses’ growth, i.e., the first day of the season when
parameter Pie.y has the value one, a very small amount of
protein carbon (parameter P.) is transferred from the
mother group to the fetal group, causing the fetal steady
state protein level to be set at this amount of protein carbon.
During this time unit, the population of the fetal group is set
at the maximum postulated number of fetuses per individual
gravid animal for this season (Pysgp).

ift = P“cm and ngcm = .I.,

cXub3 = Pu=cXue3 = cX,y, (111-103)
where b is the numerical designation of the group that

constitutes the fetuses of ¢

CXllbf = P.m E P14f3 = CXan, where fEM (111-1033)

CX12Z = Puspor Xigg (TII-104)

The potential growth increments per time unit are
calculated on the fetal group’s steady state protein level,
modified by the number of fetuses per individual gravid
animal. The more fetuses born per breeding individual, the
less each weighs (Maynard and Loosli, 1969, p. 498). Figure
10 a illustrates the relationship (parameter Ps,, indicates the
“curvature” of the relationship). Thus the growth rates must
be calculated so as to predict the birthweight of a single
individual (see “Discussion™ section following). This
birthweight is the maximum weight at which an individual
can be born, or in the case of eggs, the maximum weight
that an egg will weigh upon formation. The actual
birthweight will depend on the nutritional status of the
mother group, as well as the number born.

A breeding group whose protein carbon level is lower
than that of the optimum level (protein deficient) will have
less labile protein tissue available for potential use by the
fetuses, and thus may have undersized young and/or a
reduced number of young. The number of young born, or in
the case of eggs, the number deposited, does not necessarily
equal the maximum postulated number. Malnutrition,
judged by the protein carbon deficit of the fetuses, may
cause death and reabsorption (Maynard and Loosli, 1969, p.
499). See the "Mortality” section for further details.



If during a period of malnutrition, the growth of the fetus
is slowed, it can potentially compensate once food becomes
plentiful; the potential growth increments are adjusted so
that the fetus regains its optimum weight and chemical
composition. Each carbon constituent has accompanying
amounts of non-carbon constituents in the ratios given by
the parameters P . Thus the potential amounts of each

constituent are calculated. The protein steady state level of
the fetal group is increased during each time unit. Figures
10b and 10c illustrate the form of the growth curve, when
the number of fetuses is constant.

amount of constituent f by which animal
group b is below the level of f corresponding ta
maximum growth, where f€C

Zapg

max (0, (Xist, — Xup3 T Xubg + Xupz)

Pisbfm?/Prsb3m?) (111-105)

where m’ is the numerical designation of the season of fetal
group b corresponding to season m of mother group ¢

Zash = factor by which growth increments of b are
decreased due to the number of fetuses per
breeding individual of ¢

= exp (— Psop - max (0, Xigpy/ Kigo— 1))
(I11-106)

Zashf = potential growth increment of constituent f in

fetal group b per time unit, when fEC
= (Xlﬁb . P[ﬁbfm' + Z.ﬂbf) : anb {111'107)

Zuhf = é o Zabt " Pugt, where fEM (I11-108)

cXib = Xueh Pieb3m’ - Zush (I11-109)

There is a constant amount of energy per unit carbon
associated with each of the potential increments of carbon
constituents (Ps.f). Thus the total amount of energy
incorporated in the potential growth is calculable. The
amount of energy needed to produce this growth (excluding
the energy in the tissue) is the energy needed to overcome
the inefficiency of anabolism, given by parameter Ps,.
Zsoe energy needed by breeding group c to form the
potential growth increments (excluding the
energy in the tissue) of fetal group b, per time
unit

(Eéc Zasbf Paif)  Pase (III-110)
The second form of growth is juvenile tissue growth. This

may occur in an animal group while fetal tissues are also

being formed. The amounts of each carbon constituent per
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time unit that will potentially be added to the juvenile
group biomass, are constant fractions (parameters Piyofpy)
of the difference between the group’s current steady-state
protein level, and the optimal steady-state protein level

Y
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Figure 10. (a) birth weight vs. fetus numbers, ANIMAL
I11; (b and ¢) fetal growth, ANIMAL IIIL.
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(P1sg) it will have when mature. When the juvenile group is
very young this difference is large; therefore the potential
growth increments per time unit are large. As the animals
grow, the difference decreases and the potential increments
become smaller, until they are approximately zero (if the
animals reach mature size prior to the end of the growth
period). The restriction is made that the relative growth
rates of each carbon constituent remain constant over the
growth seasons. However, it is recognized that different
tissues mature at different rates (Widdowson, 1968), and
this situation can be approximated by appropriately
adjusting the growth parameters, since the approach to
optimal mature size and composition is asymptotic. The
following “Discussion” section amplifies this point. Figures
Ila and 11 b illustrate the growth relationships, given that
there are no limiting conditions.

As with fetuses, malnutrition may stunt growth because
the potential increments desired per time unit cannot be
produced due to the lack of raw materials and energy. If
later during the designated juvenile growth season(s), food
becomes plentiful, the juvenile group can regain the weight
and chemical composition that it would have had if the
potential increments had been met (Maynard and Loosli,
1969, p. 445). It is assumed that once the growth period is
over, an underweight juvenile group remains undersized
with no further structural growth. However, since the
greater proportion of structural growth occurs early in the
development period of the juvenile (Maynard and Loosli,
1969, p. 439), the undernourished animal has the majority
of this period in which to regain full structural growth (the
growth parameters can be set to accomodate this feature).
For mammals at least, several studies have reported that in
cases of undernutrition, the growth period is extended with
the undernourished animals eventually reaching the normal
size and weight. Early, severe malnutrition has been noted
to cause permanent stunting (Maynard and Loosli, 1969, p.
445). Thus this model approximates the observed situation
in that the growth period is limited. It would take severe
stunting (i.e., large differences between actual increments
of growth and the potential increments) in the early phases
of growth to cause the individual to be permanently stunted
since it is early in the growth period that the largest
increments in structural tissue growth occur.

The potential increments in the non-carbon constituent
growth are calculated from the carbon constituent
increments through use of the ratios Pg -- each carbon
constituent having a constant amount of non-carbon
constituents associated with it.

The protein steady state level of the juvenile group grows
with it, and equals the sum of the birth protein steady state
level and the potential growth increments of protein carbon.
At the end of the growing period, the steady state level per
individual is made equal to the input parameter Py,
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numerical designation of the fetal group of
mother group ¢ in season m’

let Poyrpyr =

Zsiof = 0 if birth of ¢ has not occurred yet, where fEC

= amount of carbon constituent f in an individual
of group c at birth if birth hasoccurred

if Pispfmy * 0 and ¢ # Psyo'yy for any o', m’,
Zof =0 (I1I-111)
The growth occurring in this season is fetal growth.

it Pisofmn # 0 and ¢ # Pysoryy forany ¢, m’,

ift = Py

Zsiof = (Xief — Xisef — Xisgf)/Xigg, where f € C
(ITI-112)
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Figure 11. (a and b) juvenile growth, ANIMAL III.



The growth occurring in this season is juvenile growth.
Zssof amount of constituent f by which group ¢ is
below the level of f corresponding to maximum
growth, wheref€C

max (0, (Prsefm/Prec3m) * Kive — Zs1c3 " Xize)
b Ziigg ~ Kigp = (s —Komgg— Bt

(I1I-113)
potential growth increment of constituent f in
juvenile group c per time unit, where fEC

Pmcfm (Xl'zc ' PIKC — Xi!’ic} + Zsch (111-114)

Zsset " Pufe, where fEM (ITI-115)

_ =

Zuct T gec

Asinthe fetal growth process, there is a constant amount of
energy per unit carbon associated with each of the potential
increments of carbon constituents (Ps,f). The amount of
energy needed to produce the juvenile growth increments
(excluding the energy in the tissue) is the energy needed to
overcome the inefficiency of anabolism, given by parameter
Psse. In this model it is assumed that the inefficiencies of

growth, maintenance and tissue production are equal

(Kleiber, 1961, p. 291).

Zsso = energy needed by group c to form the potential
growth increments (excluding the energy in the
tissue) per time unit

= (.2 Zosef Prp) Pss (111-116)
fec™¢ c
lenc = Puscam* Kiee Pise — Xiop) (I11-117)

The production of “milk” is also simulated in Version III.
The restriction is made that an animal group (c’) can be
nursed over one season (m’) only, due to the method of
calculation of the length of the nursing period (see I11-1). For
the first part of the nursing period (designated by parameter
Piot) the potential amount of “milk” produced depends on
the demand of the group being nursed (Elsley, 1971, p. 396).
This demand is a constant fraction (P,#,) of the body
structural carbon of this group. As the juvenile group grows,
the body structural carbon increases, and thus the “milk”
demand increases until the end of the first part of the nursing
period, when it reaches a maximum. From this maximum
potential production level, there is a linear decrease to zero in
the amount of “milk” produced per unit body structural
carbon over the rest of the nursing period. There is an upper
limit to the production level of an animal, equal to a constant
fraction (Ps,.) of the animal’s body structural carbon. This
implies that this limit is dependent on the size of the animal.
Figure 12a represents the relationship between potential
production and time if the population of the group being
nursed does not change. Figure 12b represents the
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relationship between the potential production per unit body
structural carbon of the young animal group and time.

As mentioned in the “Feeding” section, the decrease in
“milk” production stimulates weaning of the young.

if Pisgrpy = c for any o', m',
Group cissuckling group ¢’ during its season m’.
it € Piser " Zase + Pyaetyyy (refer to “Feeding’” section),

Zssg = amount of carbon potentially produced in

“milk” by group ¢ per time unit

min(Plc'm' (X 1’5 — Xiso's — XHC'S),

1)540'(XHCS-*XI-;C54-X[4C5)} {III-IIS)

ift > Paopt * Zood + Pasghins

Amount of carbon
potentially produced per
time unit

Time

Potential amount of carbon
produced in “milk” per unit
body structural carbon
of group ¢’

Time

Figure 12. (a and b) “milk” production -- ANIMAL III.
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Zsse = min[(Pigy —Pigmy (t—Pusg * Zager —

Pd‘lc‘m')/((l — Piset) Zyspt)) (XHC'5 — Xiag's

— Xugs) P-”“C'(X”CS*X”CS_XH(:S)] (ITI-119)
Note that the “stimulation™ for the beginning of “milk”
production is the presence of the young. If there were no
individuals to nurse, no “milk” production would occur. If in
the decline period, there are no voung to consume the “milk”
produced, production stops (Maynard and Loosli, 1969, p.
523), and any “milk” stored in the nursing animal is
reabsorbed. The actual amounts of “milk” produced depend
upon the nutritional status of the nursing group. Protein
deficiencies may cause a lowering of production, as may
undernourishment (Maynard and Loosli, 1969, p. 547). The
demand for non-carbon constituents is usually relatively high
in “milk” production, and thus it is in this process that
significant amounts of mineral constituents may be
withdrawn from the storage in the skeleton of the animal
group, at least in the case of mammals (Maynard and Loosli,
1969, p. 550).

The composition of “milk™ is considered constant for each
animal group (Py):i.e., the ratio of each chemical
constituent to the total carbon is constant.

Lsoof = amount of constituent f potentially produced in
“milk”™ per time unit, by group ¢
= Zsso' Porgf (I11-120)
There is energy associated with each unit of carbon
potentially produced as “milk.” If the reserve carbon in the
“milk” was all fat, then the amount of energy per unit carbon
constituent would be the same as those for the body tissues
(Psig). However, as mentioned in the “Feeding” section, the
reserve carbon in “milk” is partially from carbohydrates and
partially from fats. Thus the energy per unit reserve carbon in
“milk™ is smaller than the energy per unit reserve carbon in
body tissues. Knowing the ratio of carbon from fats to total
carbon from carbohydrates and fats (Pss.), the former ratio
of energy to reserve carbon can be computed. The anabolism
inefficiency is assumed to be the same as for maintenance and
growth (Ps,,).
Zsrc = amount of energy needed by c to produce the
potential amounts of “milk” per time unit
(excluding the energy in the tissue)

[f‘;—c Z56Cf ' Pslf + Zssc4 ’ Pssc ’ P514 + Zsac4 )
f+4

(l—Pssc)' Ps:ﬁ)] 'Pszc (IT1-121)

where
P51 = energy per unit of carbon from carbohydrates
Ps14 = energy per unit of carbon from fats

The fourth type of growth is that of “wool”, The amount of
carbon in “wool” potentially produced per time unit is a
constant fraction of the body structural carbon of the animal
group (Psepy,). Thus the production is dependent on the size
of the animal group, as measured by its structural weight.
The composition of “wool” is considered constant for each
animal group; i.e., the ratio of each chemical constituent to
the total carbon is constant (Pagg).

= amount of constituent f potentially produced in
“wool” per time unit by group ¢

Zsacf

= Pssem " Xiies — Xises — Xuaes)) " Pusef

(111-122)

As was the case for “milk”, any reserve carbon in “wool”
may not be purely carbon from fat tissues in the “wool” --
there may be some carbohydrates. Thus with the ratios of fat
carbon to total reserve carbon for “wool” of the animal group
(Ps7c), and using the ratios of energy per unit carbon
constituent defined in the previous growth processes (Ps,g),
the total energy needed to form the “wool” can be estimated.
The inefficiency of anabolism is considered to be the same as
for all the previous growth processes (Ps,.).

= amount of energy needed by ¢ to produce the
potential amounts of “wool” per time unit
(excluding the energy in the tissue)

ZSQC

= [féc Zssof Psl{ + Zsspq - Psvc ' P514 +
f+4

Zssoq ' (1 —Psrg) - Poigl - Psgg (I11-123)

Thus, the maximum amounts of each chemical constituent
and the energy needed to synthesize the maximum amounts
of tissues are calculated. Since amino acids are the precursors
of proteins, only digested proteins can be used to synthesize
the protein components of the tissues (microbial production
of protein being ignored). Reserve tissues (fat or
carbohydrate) can be synthesized from any of the three
components -- protein, fat or carbohydrate. Energy can be
obtained for any or all of these compounds.

= total amount of constituent f needed to
satisfy all potential amounts of growth and
production by ¢ per time unit, where fEM

Zaief

= Zwa + Zificf + Zsacf + Zsscf (111:124)



from equations I1I-108, 115, 120, 122 (where
b is the fetal group of ¢ in this season)

total amount of carbon from proteinaceous
tissue needed to satisfy all potential amounts of
proteinaceous growth and production by ¢ per
time unit

Zaic3

fjs_S(zmb; + Zosof + Zssof + Zsscp)

(111-125)
from equations I11-107, 114, 120, 122
VAT = total amount of carbon from fats or proteins
or carbohydrates needed to satisfy all potential
amounts of reserve tissue growth or production
by ¢ per time unit

Ziobg + Zssod + Zoseq + Zoseq  (111-126)

from equations I11-107, 114, 120, 122

amount of energy needed to synthesize the
potential amounts of growth and production
(excluding energy in the tissues) of ¢ per time
unit

Ziog + Zsag T Zsrg T Zsyg (I11-127)

from equations I11-110, 116, 121, 123

The four types of growth discussed previously all occur
concurrently, but the extent to which each occurs is depen-
dent on the amounts of available raw materials and the con-
dition of the animal group. The potential increments are
calculated assuming the animal group to be in optimum
condition, i.e., to have a protein carbon level equal to the
optimum protein carbon level of the group. If this is so, and
the protein intake of the animal group is sufficient to meet
the potential growth increment requirements, the potential
increments are the actual increments, assuming no other
limiting conditions such as lack of energy, minerals or
carbon. If the animal group is not in optimum condition,
the protein intake has to exceed the requirements for the
potential production by the amount of protein carbon
deficit in order to attain the maximum growth increments
(once again supposing that there are no other limiting
conditions). However, when protein does become limiting,
i.e., the animal begins to draw upon its body protein tissue
without replacement occurring, there is an allocation of the
available protein to the different forms of growth which is
only partially dependent on the calculated potential
increments. Embryo growth, for example, is only slightly
affected by parental malnutrition, unless it is very severe
(Montsgaard, 1969). “Wool” production is not shut off
during periods of negative protein balance in the animal
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although it is somewhat reduced (Maynard and Loosli,
1969, p. 475; Lorin Harris, pers. comm.; Mitchell, 1962, p.
365). “Milk” production is quickly affected by lack of
available protein (Maynard and Loosli, 1969, p. 522; Flatt
and Moe, 1971, p. 341). Figure 13 represents the form of the
relationships between the proportion of maximum growth
(as given by the potential increments) desired, and the
factor indicating the protein status of the animal, assuming
there are no other limiting conditions. The protein carbon
available is the dietary protein carbon plus the “excess”
protein carbon of the animal group above a certain fraction
(Pise) of the optimum protein carbon level.

Ziso = available protein carbon of group ¢ per time
unit
= Ziscg T (Xiigd — Xised — X3 — Puase -
Xi6) (111-128)
Zoso = factor indicating the protein status of animal

group ¢ during this time unit
min (1, Zeso/[(1 — Pusp) * Xisg + Zores))
(111-129)

The curves of Figure 13 are assumed to be of the form Y
= XK where k is a parameter less than one, dependent on

the growth type and animal group (Pss,, where a = 1,
embryo growth; a = 2, juvenile growth; a = 3, “milk”
production; a = 4, “wool” production). Now, the pro-

P=amount of body protein
carbon catabolizable if
the animal group is in op-
timum condition

y=xk k<1
Y
: :
‘5'8 !
% .5 1
E% |
S5 |
S % '
i *
g I
E I
~ i
|
1
x
1

Protein carbon available
P+ requirement

Figure 13. Growth reduction (ANIMAL III).
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portions of maximum growth (as given by the potential
increments) desired are determined. These are applied to the
potential increments and to the associated energy require-
ments, to obtain the current desired growth increments. The
protein carbon needed to satisfy these increments is
compared with the available protein, and if there is
insufficient available, it is arbitrarily decided to decrease
each growth increment by 10% repeatedly, until the protein
carbon requirement is satisfied.

The first time through this iterative procedure, n = 0,
where n is the number of times the potential growth
increment is decreased by 10%.

Zoshf = amount of constituent f to be produced in fetal
growth of group b (when b is the fetal group of
¢) per time unit

= ZaPsrel -Zigpp- (0.9)1 (111-130)

Zsep =, amount of energy needed to produce the fetal
growth increments in ¢ per time unit

= ZasgTsscl Zyoy (0.9)0 (111-131)
Zgrof = amount of constituent f to be produced in
juvenile growth of ¢ per time unit
= Zoio 5902 Zsagp (0.9)0 (I11-132)
Zss = amount of energy needed to produce the

juvenile growth increments of ¢ per time unit

= ZuioF5502 Z4uy (0.9)0 (I11-133)
Zigoof = amount of constituent { to be produced in
“milk™ by ¢ per time unit
= Zio P53+ Zsgop * (0.9)1 (I11-134)
Zioe = amount of energy needed to produce “milk”
increments in ¢ per time unit
= ZuoP55c3 Zar - (0.9)0 (111-135)
VAT = amount of constituent f to be produced in
“wool” of ¢ per time unit
= Zoio Porod « Zygp + (0.9)1 (I11-136)
Ziao = amount of energy needed to produce “wool”
increments in ¢ per time unit
= ZoioFstcd - Zgog - (0.9)0 (111-137)

Loseof = total amount of f needed to satisfy all the
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growth and production increments of ¢ per
time unit, where fEM
= Zoshf T Zuozof T Zoaof T Zasgf (III-138)
21303 = total amount of carbon from proteinaceous
tissues needed to satisfy all the growth and

production increments of protein of ¢ per time
unit

= f:z‘?, 5 (Zﬁsbf + Zg'{cf = Zﬁgcf s Z”Cf)

(IT1-139)

Zaseq = total amount of carbon needed to satisfy all
growth and production increments of reserve
tissues, by ¢ per time unit

= Zospg + Zorog + Zosod + Zrigg  (111-140)

Zisg = amount of energy needed to synthesize the
growth and production increments (excluding
energy in the tissues) of ¢ per time unit

= Zooe t Zosg T Zoop + Zigg (I1I1-141)

it Zyse = Zuypg, protein carbon requirements for the growth
increments are satisfied:

if Zoag € Zi1303, increase n by 1 and resume iteration from
equation IT1-130.

There is now determined to be sufficient protein carbon
available to satisfy the growth increments designated in
I11-130, 132, 134, 136. The question of whether there is
sufficient carbon available for formation of reserve tissues
now has to be resolved. This carbon originates from the
dietary fats and carbohydrates, the reserve tissues of the
animal’s body and any available protein that is not used to
satisfy the proteinaceous growth increments. If the amount of
carbon needed (Z;;.4) is less than the amount of carbon
available, no reduction of the growth increments occurs. If,
however, carbon is limited, then each growth increment is
reduced repeatedly by 10% until the reserve tissue carbon
requirement is met. This means that the protein carbon
requirement is decreased also, thus causing more carbon to be
made available for reserve tissue synthesis.

Zise = amount of available carbon for group ¢ per time
unit

= ch4 + Z4ac5 + (X1104 = Xl:ic4 T X14C4)
+ (Zaso— Zse3) ' (1 — Py /Pusc) (111-142)

Note that not all the carbon from catabolism of protein is
usable; the nitrogen must be excreted as urea or uric acid,



compounds which contain carbon. Thus the amount of
carbon available for synthesis of reserve tissues from the
proteins is the protein carbon less the carbon in the
nitrogenous wastes.

if Z1soq € Zise. carbon requirements for growth of reserve
tissues are met;

if Zosoq > Zise, the growth increments must be decreased by
10%:i.e., nisincreased by 1, and the growth increments are
recalculated, resuming iteration from equation II1-130.

There is now determined to be sufficient protein carbon
and carbon for reserve tissues to satisfy the growth increments
designated in 1TI-130, 132, 134, and 136 for the value of n. It
now remains to be seen whether there are sufficient amounts
of non-carbon constituents available to satisfy the growth
increments. First, consider the case of nitrogen. The nitrogen
requirement is for the synthesis of proteinaceous materials;
therefore the nitrogen must be a part of amino acids. Thus,
the available nitrogen is the dietary nitrogen (since it was
assumed that all nitrogen ingested is from protein sources)
plus the nitrogen corresponding to the amount of non-dietary
protein catabolized to fulfill the protein carbon require-
ments.

VAP = available nitrogen for group c per time unit
= Z”’Cl s max[O, (ZHC:]* Z46C3)P14”}
(TII-143)

if Z730] € Ziee] > Ditrogen requirements for growth of tissues
are met;

if Z120] > Z1sc]» the growth increments must be decreased by
10%: i.e., n increased by 1, and the growth increments are
recalculated, resuming iteration from equation I11-130.

There is now determined to be sufficient protein carbon,
carbon for reserve tissues and nitrogen to satisfy the growth
increments designated in I11-130, 132, 134, and 136 for the
value of n. Now the same procedure has to be followed
through for mineral constituents. The amounts of available
minerals are the amounts consumed, plus the amounts stored
in the hard, structural tissues of the animal (Mitchell, 1962,
p. 261). It is assumed that any minerals associated with
protein tissues that are catabolized for protein growth are
also available. The methods of determining the amounts of
minerals associated with the hard structural carbon (i.e., the
minimum amounts needed to form the skeleton) and the
amounts associated with the soft body structural carbon
(proteinaceous material) are described in the “Feeding”
process.

Zvncf = chf + max [0, (27303 - 24503) ! Pn]s] i

Zoiof, wherefEM—[1]
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where

= amount of constituent f stored in the skeleton of
¢ during this time unit

Zel!cf

= {xncf —= ancf == chf) == Pnfs [(1 = Psc) *
(Xises — Xises — Xises) + (Kined — Xise3 —

Xuse)) — Pagf  Poe Kires — Xises — Xuees)
(I11-144a)

if Z-sof € Zrapf, mineral requirements for growth of tissues
are met;

if Z130f > Zioef, the growth increments must be decreased by
10%: i.e., nis increased by 1 and the growth increments are
recalculated, resuming iteration from equation III-130.

At this point, all the material requirements for the growth
increments designated in 111-130, 132, 134, and 136 for the
final value of n are satisfied. It only remains to test if the
available energy is present in sufficient quantity for the
proposed production. This energy may be produced by
catabolism of various compounds -- dietary fats, protein,
carbohydrates, reserve tissues, and labile protein tissues to a
certain extent. The ndn-proteinaceous material is utilized
first, with protein being catabolized only if necessary. For
each compound (fat, protein, carbohydrate) there is a
constant amount of energy per unit of carbon (Pirqf).

if Zosoq € Ziogq t Zases (i.e., if all the reserve tissue can be
synthesized from the dietary fats and carbohydrates, then
part of these compounds are available for energy use, plus all
the reserve tissue of the animal, and the rest of the available
protein not used in protein synthesis),

VAT = available energy for group c per time unit

= (Zuses — Zanes! (Zssca + Zases)  Zrscq) " Pares
+ [(Zased — Zaoca! (Zascq + Zascs ) - Zrsca)
(Xineq — Xuscq — Xuaed)] * Pareg + (Zoae —

Z”CS) ) P”CS (III-l44b)

if Z45C4 + Zdﬁcs + (Xllc4 - X1304 - ch4) > 27334
2 Zaseq T ZLiocs

i.e., if all the dietary fats and carbohydrates, and part of the
body reserve tissues are used in synthesizing reserve tissue,
then the available energy is determined from the body reserve
tissue remaining plus the unused available protein,
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Zang = [(Xieg — Xised — Xuspq) T Zioeq + Ziscs —
Ziseq]  Pureg + (Zosg — Zasg3) " Pareg
(I11-144c)
if Ziseq 2 Zaseq + Zoses + Kigd — Xiseg — Xiaed)
i.e., some of the unused available protein tissue must be
catabolized to supply the needed energy, since all reserve

tissue and dietary fats and carbohydrates are used to
synthesize the growth increments of reserve tissue,

ZT‘?C = (Zs;ac - 27:\03) - [27304 — Z«ac4 - Zdﬁcs -

(Xllczl = ch4 = X”C4)]/ [1 = (P|413/P4sc)]
'PHCS (1117145)

If insufficient energy can be made available for the growth
increments, the increments must be decreased.

If Zzo 2 Zyse; energy requirements for growth are met,

if Z170< Z1403 1 is increased by 1 and the growth increments
recalculated, resuming iteration from equation III-130.

Now the growth increments designated in III-130, 132,
134, 136 for the final value of n, are the actual increments for
this time unit.

GXicf = Zurof + Zusof + Zuief (I11-146)
GXisef = Zoef (IT1-147)
Xuet = Znef (IT1-148)
Cf{“bf = Zgsef, where b is the numerical designation of

the fetal group of ¢ during this season
(I11-149)

The amounts of constituents used to produce this growth
must be subtracted from the original totals. Consider the
proteinaceous material first;

if Zripg € Zeeoys lee., if the protein synthesis was ac-
complished from dietary protein only,

= amount of dietary protein carbon remaining
in ¢ per time unit after accounting for use in
protein synthesis

Z&OC

= 24603 == ZTOQB (III-150)
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if Z7a03 > Zuseas i.e., labile protein tissue of the animal was
used in protein synthesis,

Zuuc = 0 (111—151)

PSX“cf = (Zrse3 — Zusca) Piigy, where fEM+[3]

(I11-152)

The tissues that were used to synthesize the reserve tissue
growth increments, are now decremented.

if Zrsog € Zunpqg + Zises; i-e., if reserve tissue synthesis was
accomplished from dietary fats and carbohydrates only,

Ziseq = amount of dietary fat carbon remaining in
group c per time unit after accounting for use
as material in growth

= Ziscqg — |Zisca/(Ziscg + Zases)] * Zngyq
(I11-153)
AT = amount of dietary carbohydrate carbon

remaining in group c per time unit after
accounting for use as material in growth

= Zuscs (Zases/ (Zascd + Zuse5)] * Zisey
(I11-154)
Z1s03 = amount of dietary protein carbon remaining in

group c per time unit after accounting for use
as material in growth

(II1-154a)

bl Zs:)c

Zase = amount of reserve tissue catabolized by ¢ per

time unit to supply carbon for reserve tissue

synthesis in growth

=0 (III-154b)

if 24504 + Z4ﬁc5 + {X13C4 - XI3C4 - X”C‘I) = 27304
> 24504 + 24805

i.e., reserve body tissue must be used to synthesize the
reserve growth increments,

Zisgag = 0=Zues (I11-155)
Fiip = Zuseg — Zasoy + Zings) = R&XKuieq (IT1:156)
ZTivgy = Dhas (III-156a)



lf 27:104 > 24604 + Z“"CS + (Xllc4 == chz[. T Xuczl.)

i.e., some carbon from the available protein must be used in
the reserve tissue synthesis; more protein than the amount
indicated by the carbon need must be catabolized due to the
loss of some of the carbon in the nitrogenous wastes,

Tow, ™= Lol (I11-157)
RSX"C4 = Xied — Xuseqd — Xised = Zaze (IT1-158)
Zase = amount of available protein carbon from
protein catabolized to provide carbon for
reserve tissue increments of ¢ per time unit
= [Zrscq — Zaseq — Zases — (Xiieq — Xiseq —
Xiseg))/(1-Pis, /Pusc) (I11-159)
RSXi7c3 = Zug " Pu,,/Pise (I11-160)

if Z19q € Zeogs i.e., the amount of remaining dietary protein
carbon is sufficient to supply the needed carbon,

then
(III-161)

ch3 = Zauc i Z?oc

if Z7so >Zsoes i.e., the amount of remaining dietary protein
carbon is insufficient to supply the needed carbon,

then

Zueg =0 (111-162)
RSXiief = (Zrso — Zaog) * Pusgs, where FEM[3](I11-163)
RSXiref = (Zrse — Zaog) * Prsgg, where FEM  (I11-164)

The sources from which the non-carbon constituents are
taken are decremented. When body protein is catabolized to
provide amino acids for protein synthesis, the corresponding
non-carbon constituents are available for incorporation into
the growth increments. However, if body protein is
catabolized to provide energy or carbon for reserve tissue
growth, the corresponding non-carbon constituents are
excreted (IT1-164). If dietary protein, on the other hand, is
catabolized for any reason, the non-carbon constituents are
available for use in synthesis,

if Zrsof € max [0, (Zoae3 — Ziso3) * Pregg] + Ziogf, where
f&EM; if no minerals need to be taken from storage in the
skeleton to supply the needed amounts for synthesis,

Zascf = amount of non-carbon constituent f remaining
in group c per time unit after accounting for
use as material in growth, where fEM

General-Purpose Model

= Zusof + max[0, (Zyseg — Zisey) - P“fS] o

Z”Cf (111-165)

Zozof = amount of [ available to group ¢ per time unit
after accounting for use as material in growth,
where fEM

= Zuit + Zosgf (IT1-1652)
if Zosog > max [0, (Zoseg — Zase3) * Pufg] + Zuscf,

Zisof = 0, where [EM (I11-166)

MSXiiof = Zrsef — max [0, (Zise3 — Zusea) * Puegz] —

Ziacf, where fEM (ITI-166a)

Z'iicf = Z‘rscf + Zslcf - [ZTBCf — Imax [0, (Z?:;CS -

Zioc3) " Prsg3] — Zuncf], where FEM(III-167)

The sources from which the energy is obtained must now
be decremented.

Zyae, = amount of energy able to be produced from
the remaining dietary fats, carbohydrates and
body reserve tissue of ¢ per time unit

= Zucq ' Pirgg + Zises * Pargy + (Xiigg —
Xisoq — Kised — Zssg) Parod (I11-167a)

il Ziso € Zrsgq * Purgg + Zirsgs * Pares: ., the energy is
supplied by the remaining dietary carbohydrates and fats,

Zaiog = amount of dietary fat carbon remaining in ¢
per time unit after all the decrements for

growth have been accounted for

= Z?ac4 == Z-.-ac4 ¢ 2740/(27864 f P4vc4 + ZTSCS '

Pires) (I11-168)
Zsse = amount of reserve body tissue used in energy
production by ¢ per time unit
- ] (I11-168a)

= amount of dietary carbohydrate carbon re-
maining in ¢ per time unit after all the decre-
ments for growth have been accounted for
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= Zues — Zes * Zusg/ (Zaseq * Parca + Zues

*Pirgy) (IT1-169)
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Zyios = amount of dietary protein carbon remaining in
¢ per time unit after all the decrements for
growth have been accounted for

= Zue3 (ITI-169a)
GXo,, = (Zuseq + Zrags) * Zose/(Zaseq * Pareg + Lung -

Pures) (IT1-170)

if 25302274(:)27305 : P-ﬁ'cs 3 Z7a04 . P”C4; ie,, part of the
energy is supplied by the remaining reserve tissue of the body,

Zs1c3 = Zue3

Zaiog = Zaes=10 (III-171)

CX‘“” = Zucgg T Znes T (Zog — Zises * Pares —
v, Posea)/ B (I11-172)

ESXticd = (Zrae— Zunes " Parcs — Zusca " Purca) /Purcs

(111-173)
b Z“QC

if Ziso > Zssg: i.e., part of the energy is supplied by the
remaining available protein of the group,

ESX“ct} = Xieqg — Xiased — Xuueqd — Zsse = Zune
(I11-174)
Zsiog = Zuncs=0 (I111-175)
Zyig = amount of remaining available protein carbon
that must be catabolized to yeild the energy
needed by ¢ per time unit
= (Zrsg — Zsse) Pangy (IT1-176)
ESXic3 = Zasc Pus,,/Pasc (I11-177)
CX‘“” = ZTHC4 ++ Z”CS -+ (ch4 — X1304 — XHC4 =
Zasg) F Zsag (1 —Puy  /Pusg) (ITI-178)

if Z1so3 2 Zsags i.e., the remaining dietary protein supplies
the rest of the energy needed,

Zs103 = Zisey — Zssg (III-179)

if Zrspy < Zsags i.e., some of the energy comes from labile
body tissues,

VAT =0 (III-180)

ESXiief = (Zasg— Zisea) - Prag, where fEM + [3]
(IT1-181)
ESXHCf = (ZMC* chg) 'Pufg, where fEM (111—182)

As mentioned at the beginning of the description of this
process for ANIMAL III, “protein resynthesis,” fattening and
mineral storage may also occur in the animals following
allocation of the resources to the four main types of growth.

“Protein resynthesis™ is the synthesis of protein to replace
that which was used as materials for growth, i.e., to replace
the labile protein tissue which was catabolized. Only dietary
protein can be used in the synthesis, while the remaining
dietary fats, carbohydrate reserve body tissue and dietary
protein can be used to provide the energy needed for the
production of the system. The corresponding mineral
constituents needed in the synthesis may be supplied by the
dietarv mineral intake or the minerals in the skeleton storage.

Ziss = amount of protein carbon by which group ¢ is
below the optimum level during the time unit

== ch == (Xl ed— X”CS o XHCS) (III-].BS)

Zyse = proposed amount of carbon to be added to ¢ in

protein synthesis per time unit, if sufficient
energy is available

= min[ 1, Zs103/Zsse, Zasef/ (Zsse * Praga)]  Zsse,
where fEM (I11-184)

Ly = energy needed to produce the proposed syn-
thesis of protein tissue by ¢ per time unit

= Zssg* Pag' Puig (I11-185)

Ziss = energy available to produce the proposed syn-
thesis of protein tissue by ¢ per time unit

= Zsigq " Purgq + Zuigs * Pares + Pargg (Xiigg —
Xiseq — Xused — Zsse — Zase + (Zsic3 — Zasc)
D (I11-186)

Zaocf = actual amount of constituent f added to ¢ in
protein synthesis per time unit

= Zsﬁc " P|4f3 lf Zggc 2 Zg-;c
= [(ZBBC + ZBHC : P”CS)/(Z“C + Zggc . P“703)] .

Zise* Py Ziss < T (I11-187)

YXiief = Zoogf> where fEM + [3] (I11-188)



amount of f remaining for the dietary intake
after all growth and protein resynthesis de-
mands have been met, for group c per time unit
max [Zzsof — Zooef,0) (IT1-189)

The amount of mineral elements used from bone storage, if
any, must be decremented.

MYXiigf = max (0, Zooof — Ziscf), wherefEM  (I11-190)

The compounds which were catabolized to yield the
necessary energy are now decremented.

ZQ‘C

energy needed to produce the actual synthesis
of protein tissue by c per time unit

Zmlc;}'PszC‘PsxS ([II-lgl)
Zose € Zsigq ' Pireg T Zues * Pusess i.e., the energy is
supplied by breakdown of the dietary fats and carbohydrates
Zssod = amount of remaining dietary fat in ¢ per time
unit following all growth and
synthesis”

“protein

Ziroqg — Zoioq * Zoso/(Zurog Pired t Zases -

P‘”CE) (111-192}

= amount of remaining dietary carbohydrate in ¢
per time unit following all growth and “protein
resynthesis”

Zascs

ZB]CS - Z9105 ' 2940/(28104 ! P”C4 + 28105 2

Py2o5) (I1I-193)

Zysey = amount of remaining dietary protein in ¢ per

time unit following all growth and “protein
resynthesis”

ZBlcS s 29003 (111-1933)

Yxmm = (25104 + ZB[CS) ' 2949/(25104 ! P-nc4 + Z“CS )

P”C5) {111-194)

if (X104 — Xised — Xispd — Zase — Zavg) * Pared 2 ZLosg —

Zaicq * Pargq — Zoagh Piieg >0:ice., part of the remaining
reserve body tissue of the animal group must be used,

YXie4 = (Zose — Zuieq * Purcg — Zuies * Pares)/Purcq

(111-195)
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YXor,, = Zoicq + Zsies T (Zose — Zarcd * Purcq — Zaics
“Pares)/Parca (I11-196)

Zoseg = 0= Zases (111-197)

Zisc3 = Zuic3— Znoc3 (I11-197a)

if Zoag > (Xiio4 — Xised — Xiscq — Zose — Zasg) = Pargq +
Zoiog " Parpg T Zuigs ' Paress i-e., part of the dietary protein

must be used to supply the energy,

YX”C4 = X“C47X”C4_X“C47ZB!C_Z”C
(111-198)
Zascq = 0= Zoses (I11-199)
= Zoicg — Zoog3 — [Zose — Xuigg — Xisc4 —
ch5 = Zszc =t Zagc)' P47C4—Zalc4 ’ P”C4 T
Zaoios  Paresl/Pures (ITI-199a)
YX”C3 = [Zoe — (Xiigd — Xised — Xues — Zosre —
Zage) "Parpg — 29104 *Puirpq — 23105 ! Pﬂcs]/
Parey” (Pue,/Pusc) (I11-200)
YXa,, = Zsioq T Zoies + Kiied — Xised — Xised —

Zyse — Zoog) +Zug — Kuia — Xised —
Xiso§ — Zssg — Zsog) * Pared — Zsreq " Pareq —
Zsigs' P”CE]/P‘”CS - (1- Puw/Pﬁc)

(I1I-200a)

Fattening is the process whereby reserve tissues are
produced in the group. This only occurs with “excess”
carbon intake; i.e., when the amount of carbon ingested
exceeds the maintenance and growth requirements of the
animal. Reserve tissues are considered to be only fat (no
carbohydrate), and to consist of carbon, hydrogen and
oxygen, with no mineral constituents. Carbon from dietary
fats and carbohydrates can be used in this process, as well as
dietary proteins. The inefficiency of fat anabolism is usually
greater than for maintneance and growth (Kleiber, 1961, p.
291; parameter Psq.). All the dietary carbon remaining at
this point is used or respired.
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Zose = fraction of remaining dietary carbohydrate
that is used in fattening by ¢ per time unit (also
equals fraction of remaining dietary fat that is
used in fattening)

VAT = fraction of remaining dietary protein that is
used in fattening by ¢ per time unit

Losg = energy available for production of the fat
synthesized from dietary compounds by ¢ per
time unit

= (]- = Zasc} g 29504 . P""'C4 5 (l = Z”C) * 295C5 .

Pirgs + (1 — Zorp/(1 — [P”m/P“C])) " ZLose3

‘Pire3 (111-201)

Zyag = energy needed to produce the fat by ¢ per time

unit

= [ZSGC ! Zssc4 + Zsac Z9505 + ngc

Zysea] Psag P514 (I11-202)

To use all the carbon present from the diet, the energy
available is equal to the energy needed. Then an equation in
Zo1g, Zase can be found. Supposing that the carbohydrate
and fats are all used before the protein is catabolized, Z7c
and Zss can be found and thus the amount of fat produced
can also be determined.

Zose [Bman® Poig® PoF Buset’ Povesg + Bsey®
Pures + Zases * Psoe * Ps1,] + Zorg [Zose3 * Pares/
(1 —Pu /Pusc) + Zase3  Prog " Per,] = Zospq * Pargq +
Zssos " Pargs (I11-203)

if (29504 ' Psuc ! Psl4 i 295(34 ! P47c4 + Zasc5 L P4705

+ Zoses * Psog P514) = RHS of I11-203; i.e., if the coef-
ficient of Zy,, is greater than the RHS of I11-203,

Zose = RHS/coefficient of Zag,
= (Zoscq * Pureg + Zoscl * Pares + Zasey * Pareg)/
(Zascq " Psog Pﬁl,, + Zoseq " Pareq + Zoscs -
Pics + Zoses " Psoc - by, ) (111-204)

ZPTC = 1) (III~205)

if
(Zoscq * Psog " Psig + Zoseq * Pareq + Zasel " Pargs
+ Zuses * Poog * Perg) <RHS of 111-203
B =1 (I11-206)
VAR = (RHS — coefficient of Z,.,)/(coefficient of
Zove)
= (Zase3 " Purc3 — Zoseq " Psag * Poig — Zoses -
Psoc * Pa1g)/(Zose3 * Psoe * Prag + Zospg * Pargg
/(1 —Pis /Pisc)) (I11-207)
FX“ofi = Zose (Zoseq t Zoscs) T Zarg ' (Zusez) (111-208)
FXig3 = ZurlZase3/(1 —Pus, /Pasg)] " (Pre,/Pusc)
(I11-209)
FRot, = Zuseg (1 — Zusg) + Zoses (1 — Zaug) + Zosey
(1 — Zor/ (1 — Pua /Pusg))  (II1-210)
sl = Zasel (I11-210a)

Any non-nitrogenous mineral elements remaining may be
stored in the skeleton of the animal, depending on its
current status (Mitchell, 1962, p. 226). An input parameter
(Ps1qf) defines the maximum amount of each mineral that
can be associated with each unit of hard structural carbon.
Another parameter (Py.f) defines the minimum amount of
each mineral that is associated with each unit of hard
structural carbon (or collagen carbon; Fames and Posner,
1970, p. 21).

Zasof = maximum amount of mineral f able to be
stored by c per time unit, where f € M—[1]

= Pac " (Xiie5 — Xiscs — Xises) * (Pssef — Pacf)
(IT1-211)

Zaof = amount of mineral f added to skeleton storage

per time unit in ¢, where fEM—[1]

= min (Zosof — Zorof> Zosgf) (111-212)
= sMXucf
UXiref = Zasef — Zasef, where EEM—[1]  (II1-213)



Discussion—For fetal growth in Version III, the following
calculations provide a method to obtain parameters Pyoqp
(I11-105-109).

Suppose that the length of the growth period = n; let the
maximum growth rates of protein carbon, reserve carbon
and structural carbon = y |, ¥,, ya, respectively (v, i =1,
92, 3):let the maximum birth weights of protein carbon,
reserve carbon and structural carbon per individual = m ,,
M T3, Tespectively (my, 1= 1,2, 3).

Then, for some small €

steady-state protein carbon level at end of first day = &€
steady-state protein carbon level at end of second day =

e(1+Y )
steady-state protein carbon level at end of third day =
e(1+7Vv,)?
steady-state protein carbon level at end of nth day = € (1
+ .

and thus the growth increments (maximum) are caleulated,

amount i added on first day = 0

amount i added on second day =Y ; ¢
amount i added on thirdday = ¥ ; e (1 + Y )
amount i added on nthday = Y £(1 + Yl)“_2

thus the total amount of i added over the growth period
=y e+ (0 +Y )+ ..+ @ +Y NI

=y;e [((T+Y an—1 —1)/y.]
= (yyv)el@+yyn—1l_1

Fori = 2, 3 (reserve carbon, structural carbon)
m; = (Y V) el@+y ym—lo]
Fori = 1 (protein carbon)

mi— e =& [(A+y 11 —1]

Now mj, n are known with £ chosen very small, so ¥, can
be determined,

(mj—e)/e)+1=Q0+y)n—1

In[(m;—e)/e +1]=(n—DIn(l+Y,)

In(l +v,) =0/ (n—))In[(rnj—e )/ e)+1] =
(L (n—1INn(m i/ ¢ )
1+Yl=81/{n—l)ln(ni/£)

Y1=61/(n'—1)1”("i/£ )1

General-Purpose Model

Y i can be determined,
miy eV = A+ yn—li—1
Y= n; Yu/[e(@+ v )1—1—1)]

For juvenile growth rates in III, parameters Pienfm
(I11-113) can be calculated as follows,

Suppose the birth protein steady-state carbon level = f3
and the adult optimal steady-state level = p and the length

of the growing season = n

let the maximum rates of growth of protein carbon, reserve

carbon, structural carbon = Y, ¥ 4, Y, (i = 1, 2, 3),
respectively,

then, steady-state protein levelat dayone =3 = p — (p
- ﬁ) (1 == 1):

steadyv-state protein level at daytwo = f§ + (p—B )Y =
P i L ¥

steady-state protein level at day three = p—( p—f8 ) (1—
Yo+lp —p+ (P =Bl —¥I)Y.=p —(p—
Bl — v

steady-state protein level at dayn = p — ( p— B)(1 —
g —1

the growth increments of carbon type i are,

amount of i added on firstday = ¥;( p— )1 — Y l)o
amountof iaddedonday 2 =¥ ;( p— B)(1— Y)
amount of iaddedonday n =y ;(p — B)(1 —‘/.)"'I*l

thus the total amount added over the growth period
=Yi(p =B+ T —=Y)y+. ...+
(1—y )11
= Yilp— B — v =1/(—=y )]
= (Y )p—PIL—(— 1)
For protein carbon the total amount added should equal
( p — f3 ) since these rates are calculated on the assumption
that the growing animal is well nourished and reaches
optimal condition. However, since the approach to the
steady-state level of p is asymptotic, the total growth can
never equal p — f exactly. Thus an amount less than p —

B must be accepted with an error ¢ % of the total to be
added.

p— B —(e/100)( p— B) = (Y/Y)(p —B)[1—
(1— Y)" ) ie, 1 —(e/100)=1—(1—V )"

¥, =1—eln(e/100)/n
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Now p is known from the assumptions made as to the length
of the growing period. As was mentioned in the description
of the juvenile growth, the choice of & causes the growth
rate to vary so by choosing € very small, the major part of
the growth of protein carbon can occur in the early parts of
the growth period and thus the accompanying reserve and
structural carbon also occur in major proportions during the
early phases.

The amount of structural carbon added over the growth
period is assumed to be known by the investigator. For
reserve carbon addition, the amount added should not
include the amounts of fat put on by the animal due to the
fattening process, i.e., due to the process that occurs when
dietary carbon intake is higher than that needed for
maintenance and growth. The reserve carbon growth is that
of marrow in the bones, for example. It should be a very
small amount (Maynard and Loosli, 1969, p. 436).

let the amount of structural carbon added = ¢ ,
amount of reserve carbon added = ¢ ,

then g ;= (Y/ Y)(p—B)[1 —(1 — Y:)n]
Yi= divi/((p—B I —1—v)))

The ¢, p, B,
determinable.

Y., n are known and so Y i are

The energy:carbon ratios for each of the compounds,
proteins, fats and carbohydrates, are probably applicable
over many species of animals, since an “average”
composition of each compound can be assumed. For
example, Kleiber (1961, pp. 43, 83) gives “average’
composition data as follows: protein, 53% carbon, 16%
nitrogen, 1% ash; carbohydrate, 42% carbon; fat, 76%
carbon.Kleiber (1961, p. 125) also gives energetic values:
protein, 5.7 keal per gram; carbohydrate, 4.0 keal per
gram; fat, 9.5 keal per gram,

Thus parameters P5,f of Version III are calculable,

P, = (energy/carbon) for protein = (5.7/.53) kcal
per gram of protein carbon = 10.7

Ps,, = (energy/carbon) for fats = (9.5/0.76) keal per
gram of fat carbon = 12.5

Py, = (energy/carbon) for carbohydrates = (4.0/

0.42) keal per gram of carbohydrate carbon
= 9.5

The parameters Pu;of of Version III (111-143) differ from
Pyipin that tie latter are the heats of combustion energy per
unit carbon, and the former are the catabolizable energy
per unit carbon. For fats and carbohydrates these ratios are
the same. For protein, P,;.f does not include the energy lost
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in the nitrogenous compound excreted (Kleiber, 1961, Pp-
125, 264).

for mammals:
= (4.8/0.53) kcal per gram of protein carbon

catabolized
= 9.06

Picg

for birds, reptiles, insects:

(4.36/0.53) kcal per gram of protein carbon
catabolized
8.23

Pureg

Parameter Pys. of III has the value of the ratio of the
weight of nitrogen in urea or uric acid to the weight of
carbon. Urea has chemical formula (NH,),CO; uric acid has
chemical formula C;H,0;N, (Kleiber, 1961, p. 265), thus

urea: (N weight/C weight) = (26/12) = 2.33 = P,.c
(c € [mammals])

uric acid: (N weight/C weight) = (56/60) = 0.93 = Pse
(c € [non-mammals])

For the parameters denoting the composition of a
product, for example “milk” or “wool” (Pargf, IT1-120; Pyygy,
I11-122; Pys,, I11-121; Psqq, TI1-123), the following example
illustrates the method of calculation.

Kleiber (1961, p. 312) and Maynard and Loosli (1969, jo
524) give the composition of rat’s milk as: fat, 9.3%; lactose,
3.7% protein, 8.7%; ash, 2%. Using the composition data
above, 100 g of milk consists of:

fat 9.3x0.76 g carbon = 7.08 g carbon

lactose 3.7x0.42 g carbon = 1.56 g carbon

protein 8.7x0.53 g carbon = 4.61 g carbon
8.7x0.16 g nitrogen = 1.39 g nitrogen
8.7x0.1 gash = 0.87 g ash

ash 2g

SoPss. = carbon from fats/total fat and carbohydrate
carbon

= 7.08/(7.08 + 1.56) = 0.82
Peyg] = 1.39/(7.08 + 1.56 + 4.61) = 1.39/13.25 =
0.105

Piieg = 2.87/13.25 = 0.216

Poey = 4.61/13.25 = 0.348

Paioy = (7.08 + 1.56)/13.25 = 8.64/13.25 = 0.652

P“C5 0



The parameters Pug of 11 and III represent the ratio of
chemical constituent f to carbon constituent t such that

Pusgt = (nitrogen weight)/(carbon constituent weight)
Piot = (ash weight)/(carbon constituent t weight)
Pragy =1Vt

Note that if t refers to the reserve carbon constituent then
P = 0 (FEM) since it is assumed that all reserve tissues
consist of no other elements but carbon, hydrogen and
oxygen. From the composition data above, and since
protein carbon refers to carbon in labile protein tissues,

PH” = 16/53 = 0.302
P“za = 1/53 = 0.0189
P1433 = 1

If t refers to structural carbon, the situation is a little more
complicated. Parameters Py, and Pyof of 111 (II1-1444a) are
related to Py in the following manner:

Piags = (minimum weight of mineral f)/(total struc-
tural carbon weight)

= (hard structural carbon)/(total structural
carbon) * (minimum weight of mineral fin
skeleton)/(hard structural carbon) + (soft
structural carbon)/(total structural carbon) -
(weight of mineral f in proteinaceous tissue)/
proteinaceous tissue)

= Pop'Poggt+ (1—Pso) Puags
MORTALITY

Death due to predation has already been accounted for in
the feeding process in which the predator group expresses a
preference for the prey group.

The mortality discussed here is death due to non-predatory
causes such as parasites, disease, old age, and malnutrition.
It also includes predatory deaths caused by animals not in the
simulated system. The carcasses are divided into soft and
hard parts to enable the soils model to decompose these
categories at different rates.

ANIMAL I

Death occurs at a constant rate proportional to the
biomass of the animals (input parameter P,,). Figure 14
illustrates the relationship. The carcasses are divided into
soft and hard parts and added to the organic debris. The
fractions of each constituent occurring in the soft parts of

General-Purpose Model

the animal body are constant (input parameter Pqf), and
these fractions of the chemical constituents that die
constitute the soft parts of the carcasses.

Zaof = amount of constituent f from c dying per time
unit
= Py chf = DXan (I-36)
Zog = amount of f from all animal groups dying per
time unit
= %ZJICE (1_37)
Zaag = amount of f added to organic debris soft

animal parts category (d = 5) per time unit

= Zszf : Paf = DXﬂSf (1-38)

pXugt = Zasf — Zusf (1-39)

ANIMAL II

For each animal group, there is a constant mortality
rate (input parameter P5.). The protein and reserve carbon
with the accompanying mineral elements constitute the soft
parts of the carcasses. This includes the fats in the marrow of
the bones. The fraction of structural carbon that makes up
the skeleton is a constant for each animal group (input
parameter Ps.). The amounts of each mineral element per
unit of skeleton structural carbon are also constants (input
parameters Psf).

Zaiof = amount of consitiuent f of ¢ dying per time unit
= Pise" Xuicf = DXuief (11-61)
Zascs = amount of skeleton structural carbon in ¢

dying per time unit

Amount of chemical
constituent f dying
per time unit

Amount of chemical
constituent

Figure 14. Mortality (ANIMALT, 1I).
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= PSC ’ 237(:5 (11-62)
Zasef = amount of mineral element f in skeleton of ¢
dying per time unit, where f €M
= chf : Z,‘}{{C5 (11-63)
Lssof = amount of carbon constituent f (other than
structural carbon) in skeleton of ¢ dying per
time unit that is added to the organic debris
skeleton category, where fEC—[5]
=0 (11-64)
DX2|5f == % (Z“"Cf s z:;scf) (H-GS}
pXagr = ZZascf (11-66)

ANIMAL 111

For each animal group there is a constant mortality rate
(input parameter Puy.) representing the deaths due to
non-predatory causes. For fetuses this rate represents the
deaths due to prenatal cause -- it does not include the fetal
losses associated with pregnant adult losses. In addition to
these constant rates, a calculated mortality rate is obtained
based on the “condition” of the animals. The index of
“condition” is the ratio of the protein carbon level to the
steady-state protein carbon level. When this has the value
one, i.e., when the animal is in optimum condition, the
mortality rate due to malnutrition is zero. As the index
decreases, the mortality rate increases until it reaches one.
The relationship that is hypothesized is

mortalityrate = 1 —exp[a ' In((X — p)/(1 —p))]

where a, p are parameters, and X is the condition index.
Parameter a controls the curvature of the function and p is
the index at which mortality is one. The form of the curve is
depicted in Figure 15. In this description, parameters Psy,
represent ¢ and Py, represent p.

If the animal group is pregnant, the combined mortality
rate of that group due to all non-predatory causes and
malnutrition is also applied to the fetal group. The amounts
of tissues that die are added to the surface litter. If the
animal group is a fetal group the tissues that die are
reabsorbed by the parental group.

AsinI and II, the carcasses are divided into soft and hard
parts (except in the case of resorbtion). “Wool” is added to
the soft animal parts debris category, as is “milk.” All
reserve carbon and protein carbon are also added to the soft
parts debris category. The body structural carbon is divided
into “soft” structural carbon and “hard” structural carbon.
The former is the carbon which forms part of the
proteinaceous non-skeleton tissues such as ligaments and

tendons. The latter is the carbon which forms part of the
skeleton. Using the ratios Pi.p3 and considering the soft
structural carbon to be totally proteinaceous, the amounts
of nitrogen and minerals associated with these soft tissues
can be estimated. The remainder, after accounting for the
nitrogen and minerals corresponding to the protein carbon,
is then assumed to be part of the hard structural tissues.

I

Zone condition index of group ¢

= (Xieg — Xised — Xuseg)/ Ko (111-214)

VATTIS = fraction of animal group ¢ dying per time unit

due to malnutrition and non-predatory causes
= Paagm if Zioog 2 1
= limenC $P4xc

= Pzwcm + (1 — PMCm) [1 - eXP(PEEC In
((Zmlic*})uc)/(l*Pmc))] ij”C < ZIOGC < l

(I11-215)
if ity # 0 ande = Psypy for some &, m' ie., cis a

fetal group, ¢’ the parent group, resorbtion of the dead
tissues occurs:

FRX1of = Xuwef* Ziorg (111-216)
FRX1scf = Xusgf ' Ziosg (I11-217)
FHX“Cf = XHC{"ZIMC (111-218)
Xt = Xuat* Zrowe (111-218a)
¢ —
Y=1—expla ln()l(_;))]
|
[
g 14 '
2 |
= |
‘g 1
E |
|
I
|
i
1
T T
p 1 X

Protein carbon/optimum
protein carbon

Figure 15. Mortality due to malnutrition (ANIMAL III).



FRXse = (Xues—Xisgs—Xieeh) Zioie (111-218b)
Ziose's = amount of constituent f resorbed into adult
group ¢’ from fetal tissue group ¢, per time
unit, where fEM
= Xief Ziog (111-219)
Ziosers = amount of carbon from protein tissues resorbed
into adult group ¢ from fetal tissue group c,
per time unit
= (X“C‘3 2 XHCE) : Zl[}lc (111-220)
Ziospty = amount of carbon from fat tissues resorbed into
adult group ¢ from fetal tissue group ¢ per
time unit
= (Xued — Xiseq — Xiied) “ Zine + Xiagq * Pse
+ X”C4 ' Ps‘ro (111-221)
Zios's = amount of carbon from carbohydrate tissues

resorbed into adult group ¢ from fetal tissue of
group ¢ per time unit

= Xlae4 (]- = Pssc) + XHC4 E (l S PS'?C)

(ITI-221a)

if Pysey, 7 0; i.e., group e is pregnant in season m, b is the
numerical designation of the fetal group of c:

if j is the numerical designation of the animal group
with mortality rate Z,,,., equations I11-222 to II[-235 are
appliedtoj =candj=b;

if Pasoyy = 0 or Pisefyy = 0 or ¢ # Py for any ¢, m';
i.e., group cis not pregnant nor isit a fetal group,

j = conly, in IT11-222 to I11-235

Zm]-f = amount of f of j dying per time unit

= Xujf Zine = pXujf (I11-222)
DXujf = Xujt Zune (I11-223)
DXujf = Xujf Zinie (I11-224)
DXujf = Xujt Zuoie (111-225)
Zyosjf = amount of { (excluding “milk” and “wool”)

in j dying per time unit
= (Xujf — Xusjf — Xusjf) * Ziong (111-226)

General-Purpose Model

DXISJ' = Z1u4j5 (111-227)
7103 = amount of soft structural carbon of j dying
per time unit
= (1 —Pyj)* Zunsjs (I11-228)
Zyosjf = amount of mineral f of j dying per time unit in
soft tissues, where f € M
= = Zoosit ' Prapr + Ziosi * Pragg(111-229)
tEC—[S} 104jt 1aft 105 14f3
Ziwjf = amount of mineral f of j dying per time unit in
hard skeletal tissues
o thujf — Zlflﬁjf (I11-230)
DX“SF == E % [XH]f ? le]lc + Xlljf : ZlOlC =+ Zma]'f],

where fEM (111-231)

DXZISE = “E‘ %[Xujf : Zmzc + Xm]’f *Zig t+ qujf],
where fEC—[5] (III-232)

Dless = % z].]:xujf i le)lc + Xls]'f ! Zmic + Zmaj]
(I11-233)
DXegr = I EZusjf. where fEM (I11-234)
c o j
DXEIEB = % Z].Pa]' : Z[{}4]'5 (III—235)

Discussion—Suppose the percentage of the initial popula-
tion of each animal group that dies (due to causes other than
system predation) during a time period y is known and
equals p. The following calculations yield the mortality
parameters of the three models (P,,, I-36; Pis, II-61;
Paaems 111-98). For 111, the percentage dying should not
include deaths due to malnutrition.

let the number of animals in group c at the beginning of the
period n = v

let the fraction dying per time unit =
fhen,

number dying on time unit one
(l - Vc)o

T MeVe T M Ve

number dying on time unit two = n (v —n ¢ V) =
mevell — ve)

number dying on time unit n =n v (1 — v )" —1
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thus, the total number dying during time period = p, v,

=movet mevell—v)+ ... T revell
_vc)n_l)
=n.ve [1 — (1 — n M/ ngl = v

I—(1—ng"]

therefore,
pp = L ==l g 59
(In(1—pe)/n)=In(1—mg)
and
mo=1_eln((l—py)/n)

If the time period 1 is within a season of group c defined
for 111, then parameters Py, (I11-98) are calculated. If this
time period encompasses the simulation period of II, then
parameters P ¢, of IT (II-61) are defined. The parameter P,
(I-36) of I can be calculated from the previous P, values as
follows:

suppose the initial populations of each group in the
community, as simulated in I, are known and equal v

and suppose the fraction of group ¢ dying per time unit
Te

then,
total number dying per time unit = % Mo Ve
percent of total population dying =

(% ﬂch/EUc)

=Py

Since in I the ratios of the size of each population to the
total numbers are constant, the calculation above applies to
the community throughout the simulation period.

RepropucTiON AND PoPuLaTION CHANGES
ANIMAL I

The size distribution of the community is considered to be
constant so that any decrease or increase in biomass reflects
a decrease or increase in the population size. The population
is proportional to the total amount of carbon. Reproduction
is therefore not explicity modeled but it is implicitly
included through biomass increases.
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Zsagf = change in amount of chemical constituent f of
animal group ¢ due to all processes, per time
unit

= PXuef + RXuief + GXnef + DXuef
(1-40)
(from equations I-15, 25, 32, 36)
Zase = average carbon per individual of group ¢
= f\éC X:l(_\f/xlzc (1'41)
Riue = (ZoZock Lusc (I-42)

ANIMAL II

Reproduction is not modeled explicitly. There is an input
parameter, P ;.. which determines whether the amount of
structural carbon per individual of group ¢ remains constant
over the simulation, or whether it can vary. If the length of
the simulation period is less than or equal to the time
required for the development and subsequent transfer of the
animal group to another group (i.e., the generation time;
Pi:c). the structural carbon per individual is not constant.
The growth process in this case represents the development
of the individuals of the group. The proportion of each
chemical constituent remains nearly constant with possible
variations occurring in the reserve carbon due to fattening
and in the protein carbon (and associated minerals) due to
malnutrition. During each time unit the average structural
carbon per individual is calculated so that any loss in
structural carbon due to mortality can be translated into a
loss of population. Thus, there can be no increases in the
population of the group during the simulation, but
decreases may occur due to deaths.

When the length of the simulation is greater than the
generation time, the population of the group is considered to
be proportional to the structural carbon of the group, thus
assuming the structural carbon per individual to be
constant. The growth proeess, in this case, is a reproduction
process -- increases in structural carbon imply increases in
the population. The amount of reserve carbon and protein
carbon (with the accompanying minerals) per individual
may vary due to fattening and malnutrition (respectively).
Thus the size distribution of the group is considered to be
approximately constant.

VAT = change in the amount of structural carbon of
group ¢ per time unit which causes a popula-
tion change

PXHCS + DX“05 i3 CX“C5

if P,7, < simulation time period



= PX”CS + pXiies if Piye = simulation time

period (11-67)
(from equations 11-23, 59, 61)
Zuc = average structural carbon per individual of

group ¢

= Xip5/Xiee where X Xige have the initial
state variable values if P,;, < simulation time
period

= Xiie5/Xiz2c where X, 05, Xz have the current
state variable values if P,;, = simulation time
period (IT1-68)

X = ch : Z"“C
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(11-69)

ANIMAL 111

In this model, reproduction is treated explicitly. For each
pregnant group of animals there is a corresponding fetal
group into which embryo growth increments are channeled.
There is a fixed gestation period; conception occurs on a set
date with birth on a set date -- one birthday at most
occurring in a season. For each birth, there is a potential
maximum number of young per adult able to be born
(Pasepnys 111-104), each with a potential maximum weight,
Malnutrition of the adult group may cause the number of
young and/or the average weight per offspring to be less
than the maximum (see “growth” process description for
further details).

On the day of conception the population of the embryo
group is set at the maximum, with a transfer of protein
carbon and the corresponding mineral elements, from the
breeding group. This causes the fetal group to enter into the
simulation. However, the respiration, “feeding” and growth
processes of the fetal group are controlled by the breeding
group. The death process is also partially influenced by that
of the breeding group. Hence, although the embryo group is
separate from the parental group, there are still interactions
between the two groups, as would be expected.

As mentioned in “Growth”, animals need not be of
mature size to reproduce -- juvenile growth can occur
concurrently with embryo growth.

Changes in the population of a cohort can occur due to
transfer into this cohort from another, transfer out of the
cohort, migration (see later discussion of these processes),
reproduction, death, and predation. For each time unit of
simulation there is an average structural carbon biomass per
individual of each cohort. By accumulating the decrements
in structural carbon due to death and predation per time
unit for each animal group, the numbers dying per time unit
can be determined.

General-Purpose Model

VAT = changes in structural carbon of ¢ due to death
and system predation per time unit

- PXlﬁc + DXISC + FRX”C =

Xise (IT1-236)
(from eqations I111-33, 227, 218b)
VATESS = average structural carbon per individual of
animal class ¢
= [Krigy— Xisey— Xups)Xigo]l (11237

= change in population due to death and system
predation of ¢ per time unit

Zizag

= (lezclzmac) = DX'QC (I11-238)

For discussion on the transfer process see “Transfer:
ANIMAL III” and for immigration/emigration see “Migra-
tion: ANIMAL IIL.”

Xlie = Dxmc o CXIEC + TXIZC + VXJzC ¥ IXIZC *

e (111-239)

(from equations I11-238, 104, 246, 265, 256,
247)

EXCcRETION

There is no separate process for excretion. It is a by-
product of the respiration, assimilation and growth

prOCeSSeS‘
ANIMAL I
Xogp = gXage + gXu7f + cXot (1-43)
(from equations I-24, 27, 28, 33, 34)
ANIMAL Il
Xazg = EXu7g+ Ko7+ gXurg
(I1-70)

(from equations 11-32, 42, 57, 58)
ANIMAL 111

In this model, an animal group’s excreta can be
distributed throughout the soil profile. If it is added to the
surface of the soil it increments the amount of the excreta
category of the organic debris. If added to the soil horizons
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it increments the amounts of soil organic matter in these
horizons. An input parameter (Pysop) apportions the
excreta throughout the soil profile, for each season and
animal group. This parameter is an indicator of the area of
activity of the animal group.

= amount of f in the excreta of ¢ per time
unit

Zmocf

= X“cf
= gXuel + BVXinel + EXircl
+ MNXirel + BXirel + RsKurel

™ ESXchl + UX”Cl’ where f=1

(from equations IT1-50, 60, 55, 73, 92, 93, 100,
101, 164, 182, 210a)

= pvXiref T EXiref T MNXiref
+ RXurof + RSXircf T ESKitcf
+ yXirof, Where FEM—[1]

(from equations listed above, excluding IT1-50,
210 a, and including III-213)

= BVX”C3 s E}l(nc3 + MNXan
+ RXueg + RsXi7e3 + EsXirea
+ YXIT(_\S + FXITCS, where =3

(from equations III-61, 55, 75, 92, 93, 100,
101, 160, 177, 201, 209)

= EXi1cf, where FEC—(3] (111-240)
(from equation I11-55)

= amount of f added to soil horizon h by excre-
tion of ¢ per time unit

Zitocfh

ngcf ' P“chm (111-241)

Zinegg = amount of f added to soil surface by excre-
tion of ¢ per time unit

= Z“”Cf_ E Znncfh (111-242)

(111-243)

EXu7f = Z Zuuef

EXohf = {Zmdh (I11-244)

Discussion—The parameters Porop, (III-121) of TIT may be
obtained through knowledge of each animal group's activity
regime, For example, if an animal spends 50 % of its time on
the surface, 30% in the first soil horizon and 20% in the
second soil horizon, then it may be assumed that the amount
of excreta is deposited in these areas in proportion to the
time it spent in each. Thus Py;o1y = 0.3 and Pasegyy = 0.2,

TRANSFERS

This process involves transfer of animals from one animal
class to another.

ANIMAL I

There is no provision for transfers in this model.
Consequently division of groups of animals into age-classes
should be avoided unless the time period of the simulation is
such that there is no need for transfers to occur.

ANIMAL 11

As for 1, there is no provision for transfers in this model
and age-classes should not be specified unless the time period
of the simulation covers a period during which no transfers
occur.

ANIMAL 111

For every animal class (except the oldest) there is a day on
which the whole biomass and population of the class are
transferred to another group. These dates are input
parameters Pss... The group to which the class is transferred
is also determined by an input parameter (Psop).

let Z ;50 = 1if group c transfers to r during this time unit;
i.e., Py = r and this time unit = Pusg
= 0if not (I11-245)
Zinse = change in population of ¢ due to group
transfers, per time unit
= Zser* Kge ™= e (111-246)
Xy = =
Aty cETr Z,1a0, where Tr = groups that transfer
during this time unit (I11-247)
Ziuof = amount of constituent f taken from c in group
transfers per time unit
= Fiiigy " Kiigh ™ TXrrpf (111-248)
WMigg = EopBused (IT1-249)



TXNCf = Xuef Zizer (ITI-250)
X = X X (111-251)
Advarf ce Ty T ek
Txmcf = Xusef* Zuizgr (I11-252)
X - 2. 1% 11-253
Adef cETr THsef (I11-253)
"]_‘Xusc = XIBC * Z]l?cr (I11-254)
Xig = = TXus (I11-255)
S cE€Ty THee
MiGraTION
ANIMAL I

There is no process to simulate migration in this model.
ANIMAL 11
There is no process to simulate migration in this model.

ANIMAL 111

This process can also include man-management. The
times of the year during which the animals immigrate or are
brought into the system can be specified as the starting dates
of seasons (Psoey)- The time they emigrate or are taken out
of the system can also be specified as the starting dates of
other seasons (Pyiopy). Thus there are seasons when certain
groups of animals may not be present, in which case, the
model ignores all processes except for that of checking for
the animals return. Consider immigration; input param-
eters Paogfi, Paiei» Pascis Pascis Pasei designate the carbon
constituent biomasses, “wool,” “milk” carbon, the protein
steady-state level, and the population of the successive
arrivals of each animal group over the period of simulation.
Thus, for example, during one year the grazing pressure of
cattle brought onto a winter range may be light, whereas
the next year it may be heavy. Each spring, a constant
number of migrating birds may return to their breeding
grounds within the system. The model records the arrival of
the animals as a gain of chemical constituents to the system.
For emigration, all the animals of those migrating groups
leave the system at the start of the designated seasons.
Migration of birds in fall from the system to overwintering
grounds outside the system would be an example of such a
process, Removal of cattle with the advent of summer can
also be included. If it is necessary to simulate removal of
only a portion of the animal group present, leaving a fixed
population density, the starting dates of the seasons can be
adjusted so that this situation can be approximated; during
one time unit (beginning of the emigration season) all the
group can leave. During the next time unit (beginning of the
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immigration season) a number of them equal to the fixed
population density can “return.”

let Z““Ci =

IX”C

Znscf

7, 150f

lefscf

Zlucf

IXlﬂc
o,

I)'(“ilf

IXl'lcf

letZ.wci =

V).(lﬂc

VXucf

= Py Z““Ci

= Zuscf + Znacf + Z:ncf

1 if this is the ith immigration of group c since
the simulation began, and if this time unit is
a day of immigration; i.e., equals Pionpy

0 if not

(111-256)

amount of mineral f in immigrants to ¢, during
the ith immigration (excluding “milk” and
“woo0l”), where fEM

Paocti * Puft " Zuisei (IT1-257)

z
teC
amount of carbon f in immigrants to ¢ during

the ith immigration (excluding “milk” and
“wool”), where fEC

Psncfi ' Zl“’ci (III-258)

amount of chemical constituent f in “wool” of
immigrants to ¢ during the ith immigration
Pasci ' Puogt * Zuisg = [Xuect (111-259)

amount of chemical constituent f in “milk™ of
immigrants to ¢ during ith immigration

Pisct * Puck* Zusgi = TXusef (I11-260)

Psgci : Znacg (111-261)

% (féC Znscf + Pszci + P33Ci) . Z““Ci

(111-262)
g (Zuscf - Zuacf & le?cf)’ where fEM

(I1I-263)
(I11-264)
1 if this is the ith emigration of group c since

the simulation began and if this time unit is a
day of emigration; i.e., equals Py,

0 if not
= Xlzc ' Znacj (HI~265)
= Xucf ' Zlmci (I11-266)
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vXolf = ZXuef Xigi: where fEM (111-267)
VXUIJ = % féc Xllcf : Zlmci (111—268)
VXief = Xuef Zusg (111-269)
vXisof = Xusef Zuog (111-270)
vXie = Xiee Zuogi (IT1-271)

OVERWINTERING -- WINTER HIBERNATION --
SUMMER AESTIVATION

ANIMAL I

None of these processes is modeled explicitly in 1. The
effects of such behavior can be included in the simulation if
the period of simulation spans the time when hibernation or
aestivation is in progress. That is, the simulation must begin
during the hibernation and end during the hibernation, so
that the time-invariant parameters of this model will apply
throughout the whole time period. If an animal group
emerges from or goes into hibernation during the simula-
tion, the parameters must initially be given values that are
averaged over the simulation period. Then gross estimates
of the total biomass and population will be obtained
without showing the fluctuations due to these periods of in-
activity.

ANIMAL 11

In this model, the animals can be dealt with group by
group, and so the fact that one group may be in hibernation
while another is not need not affect the parameter values of
both, as it does in I. For the group that does hibernate, a
simulation of a time period encompassing the term of
hibernation would necessitate an averaging of the
parameters. Thus it would appear that in the non-hibernat-
ing periods, the animal group was less active than in reality,
while in its hibernating seasons, it was more active than in
reality.

ANIMAL II1

Hibernation and aestivation can be modeled explicitly. As
mentioned previously, for each animal group a number of
seasons are defined over the year. The investigator can
define a season during which the animal group will be
inactive. The parameters for these seasons can be set
accordingly. Thus the type of year as regards environmental
stresses upon the animal group is set prior to the simulation.
During the periods of inactivity, the animals are still
regarded as being within the system -- they are available to
predators, if such preferences are expressed by other animal
groups in those seasons. Respiration and death are the only
processes that the hibernating groups take part in. Animals
that retire underground during periods of stress and live off
their stores, can, somewhat inadequately, be simulated in

this model. In these seasons if the foods that they express
preferences for are available, according to the plant and
soils models, then they will eat these. For example, rodents
living in their burrows during winter may not be
hibernating but living off their stores of seeds. To simulate
this, the preference for seeds in this season would be satisfied
by feeding on the shed seeds on the surface. Thus, instead of
“physically” transporting the seeds to caches during the
active period of the vear, the model uses the seeds left on the
surface, as if the rodents stored only what they would eat
during winter. This underestimates the impact of the ro-
dents on the seed reserves, as they customarily remove
more seeds than they use during the winter months. Periods
of torpor, or short-term hibernation or aestivation are not
able to be simulated of direct
environmental cues,

because of the lack

“WooL” REMOVAL
ANIMAL I and ANIMAL 11
This process is not included in these versions.
ANIMAL III

This process simulates removal of “wool” at specified dates
of the year for each animal group. As mentioned previously,
“wool” can refer to several structures; for example, sheep
wool and exoskeletons of insect instars. The shedding of an
exoskeleton or the shearing of sheep is thus modeled here.
Input parameters Py, indicate the proportion of “wool” to
be removed at each date which is specified by an input
parameter (Pssgi).

letZ 20, = lifthistimeunit = Pasgj

= 0 if not
Zingf = amount of chemical constituent f in the “wool”

of c removed
= Zisog ' Purgj* Xuef = KX“cf = KXHcf
(I11-272)

KXol = Z Zucf, wherefEM (I11-273)
KXo, == (& Zimeh) (I11-274)

EFFECT OF ANIMALS ON THE SYSTEM
ANIMALI
The only effects that animals have on the simulated system

in this model are those due to actual consumption of food
materials, excretion of compounds and respiration of carbon.



ANIMALII

As in I, consumption, respiration and excretion are the
only processes that affect the system.

ANIMAL 111

Without inclusion of animal-caused transfers of materials
to organic debris categories, the effects of certain animal
groups are grossly underestimated. For example, tree-
girdling insects may consume relatively small amounts of
food, but they damage and kill vast amounts of living tissue.
In this model, a process is included that transfers an amount
of one state variable (i) to another state variable (k), the
amount transferred being proportional to the amount of the
first state variable consumed (parameters Pssjjom). Thus
clipping of vegetation by jackrabbits can be included in the
simulation as can trampling of vegetation by large
herbivores while they feed, and the killing of sheep by coy-
otes which consume only a small part of their prey before
running off, can also be included in the simulation. The
state variable into which the transfer is made need not be a
state variable representing an organic debris category. For
example, seed dispersal by rodents can be simulated by
transferring seeds from the soil surface to different seed
horizons within the soil. Here, the state variables into which
transfers are made represent the amounts of seeds in various
seed horizons.

The transfer of amounts from a set of state variables
representing the amounts of all the chemical constituents of
the subcompartment must not change the relative
proportions of these chemical constituents in the subcom-
partment. For example, transfers from the plant #3, organ
#4 subcompartment must occur at the same rate for each
chemical constituent of that subcompartment.

let Z10sj = amount of state variable i consumed by ¢ per
time unit
= Zussgfe (from equation II1-17)
or = Zlﬁpnfc (from equation (11I-19)
or = Zi1dfc (from equation I11-21)
or = Zishfe (from equation I1I-23)
or = Znyfe (from equation I11-26) (11I-275)
ALXi = Z % Puikem Zingi (111-276)
AGKk = % Zl Psoikem * Ziosi (11-277)

SUMMARY OF PROCESSES

The total changes in the state variables due to animal-
related processes are listed in this section.

General-Purpose Model

ANIMAL I

Vegetation—Herbivory.

Xlsgf = HXlsgf (from equation I-1) (I-44)
Shed seeds—Consumption.

sznf = Hsznf (from equation I-6) (I-45)
Organic debris—Consumption, d # 5, 6, 7.

Xisgp = Hxﬂdf (from equation I-9) (I-46)

Consumption, death (excluding system predation).

X,,5f = gXugs + DXﬂSf (from equations I-9, 38)
(1-47)
Consumption, death (including system predation).
Xugf = nXogf + DXugf + PXugf (from
equations [-9, 39, 18) (1-48)

Consumption, excretion, respiration, growth,

= qu’?f o Ele’{f + Rj(?l'?f
-4 GX“?f (from equations I-43, 9, 24, 27, 28,

Xal']f

33, 34) (1-49)
Soil organic matter—Consumption.
Xzzhf = HXzzhf (from equation I-12) (1-50)

Animal biomass—System predation, respiration, growth,
death (excluding system predation).

Xigt = PXucf + RXucf + GXucf
+ DXiicf (from equations 1-40, 15, 25, 32, 36)
(I-51)
Animal populations—
X]gc (see equation 1-42)

Atmospheric interactions (gain or loss to system)—Respira-
tion, growth.

g, = RXolw + G)'(u.” (from equations I-26, 35)

13
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ANIMAL II
Vegetation—Consumption.
Xiggf = HXuggf (from equation I1-15) (11-71)
Shed seeds—Consumption.
sznf = HXgpnf (from equation II-17) (11-72)
Organic debris—Consumption, d # 5, 6, 7.
Xadf = HXeagf (from equation I1-19) (11-73)

Consumption, death (excluding system predation).
le5f S HXEISf + DX“sf (from equations II-19, 65)
" (11-74)

Consumption, death (including system predation).

Xugf = pXagf + DXugr + pXugf

(from equations I1-19, 66, 28) (II-75)
Consumption, excretion, respiration, growth,
Xozt = HXaqf + pXogf + pXegf

+ GXai7f (from equations 11-70, 32, 42, 44,

57, 58) (I1-76)
Soil organic matter—Consumption.
Xaohf = pXashf (from equation I1-21) (11-77)

Animal biomasses—System predation, respiration, protein
resynthesis, growth, death, f+ 4.

Xigf = PXucf + RXuicf + yXuef +

GXqu + pXiiof (from equations 11-23, 41,
48, 59, 61) (I1.78)

System predation, respiration, protein resynthesis, growth,
death, fattening.

Xllc4 = lelcci + Bxllczi ik Yxllc4
+ GXiied + DXiiq +
FXiie4 (11-79)

(from equations I1-23, 41, 48, 59, 61, 60)
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Animal populations—
ch (see equation I1-69)

Atmosphere interactions (gain or loss from the system)—
Respiration.

Xm” = R}'(mw (from equation 11-40) (11-80)

ANIMAL 111
Vegetation—Herbivory, clipping/wastage.

= Hangf + ALXi (from equations III-18, 276)
(I11-278)

X'sgf

Shed seeds—Consumption, movement through horizons
by animals.

Xopnf = HXepnf + ALXi + AGK]

(from equations I11-20, 276, 277)  (I11-279)

Organic debris—d # 5, 6, 7. Consumption, transfers into
and out of by animal action.

Xagt = gXadf+ ALK + AcK

(from equations I11-22, 276, 277)  (111-280)

= b, consumption, predation, mortality.
Xast = HXost + pXost + DX

(from equations I11-22, 42, 231, 233) (I11-281)
d = 6, consumption, predation, mortality.
Xugt = HXngr + pXugf + DXogf
(from equations I11-22, 41, 234, 235) (I11-282)

d = 7, consumption, excretion.

Xaqp = pXa7i+ gXa7i

(from equations 111-22,243) (I11-283)

Soil organic matter—Consumption, excretion, transfers into
and between horizons through animal action.
Xzzhf = szzhf + Exwhf + ALXI' +

AGXi (from equations I11-24, 244, 276, 277)
(I11-284)



Animal biomass—

= change in chemical constituent f of ¢ from all
processes except fattening: transfers into and
from the cohort; immigration; emigration;
mortality; predation; respiration; nursing;
growth; protein resynthesis; “wool” removal;
“milk” resorbtion: metabolic nitrogen loss;
conception; fetal resorbtion; storage of min-
erals

Z"”Cf

Zisef = AXuef T TXucf + Xt
+ vXuigf + DXt + pXinef
+ Rxllef + SX“CE +
GXuicf + YXuef + kX et
+ MRXuicf + MNXuef +
CX“CE + FRXHcf + SMxl'cf
+ psXiicf + RSXiicf + MsXucf
+ EsXicf + MYXuief + ALXj
(I11-285)

(from equations 249, 248, 264, 266, 222, 27, 85, 89, 96, 98,
09, 44, 146, 149, 188, 198, 272, 67b, T4, 103, 103a, 216,
212, 152, 158, 163, 166a, 173, 174, 181, 190, 276).
X“cf

= Ziascf, Wwhere f # 4 (I11-286)

X11c4 = Zisseq T Fkncgl (from equations I11-285, 208)

(111-287)

Atmosphere interactions (gain to or loss from the system)—
Carbon: immigration, emigration, respiration, “wool”
removal, loss due to biological value considerations,
methane production, loss associated with metabolic
nitrogen loss; anabolism inefficiencies; catabolism of tissues
for energy in protein resynthesis; inefficiency of fat
production.

5((”13 = IX°'13+VX°113+ RXO’IB
G KXUlla + BVX‘“N + MPX‘“I:‘
}\/[N)l(n[13 F mem + YXDIH

+ pXor,, (I11-288)

(from equations I11-262, 268, 84, 86, 94, 102,
974, 62, 67a, 76, 172, 178, 196, 202, 210)

Immigration, emigration, “wool” removal, where fEM.
;

General-Purpose Model
Xor, = Ko + vXof + gXof (I11-289)

“Wool”—Predation, mortality, transfer from and into the
cohort, emigration, immigration, “wool” removal, growth,
fetal resorbtion.

chf = quc«f + Dxucf + AXan +
Xt + VXiicf + Xieof +
KXisef + GXuscf + FRXucf (IT1-290)

(from equations I111-29, 223, 251, 250, 269,
259, 272, 148, 217)

“Milk”—Predation, nursing, mortality, transfers into and

between cohorts, emigration, immigration, resorbtion,
production, fetal resorbtion.
Xief = pXusef + §Xiscf + DXusf +

Axlﬂcf + TX”Cf + IXlacf i3

VXisf + MBXisef + GXusgf  (111-291)

(from equations I11-31, 44, 224, 253, 252, 260,
270, 676, 147)

Excreta—Egestion; respiration; loss due to biological value
considerations; metabolic nitrogen; protein catabolism for
reserve tissue synthesis, and for energy needs in synthesis of
new tissues and protein resynthesis and fattening; unused
mineral constituents; non-proteinaceous nitrogen.

X”cf = EX”cf T BX”cf T+ BVX”Cf +

MNKire + RgXuref + ESXiref +
YXuref + Furt + pXuref +
ENXiref (111-292)
(from equations I1I-55, 92, 93, 100, 101, 60,

61,73, 75, 160, 164, 177, 182, 201, 209, 210a,
213, 50)

Protein steady-state level—Growth; predation; mortality;
fetal resorbtion; transfer into and out of the cohort;
emigration and immigration; conception.
XIGC = GXmC + P)l(lr.c + wac +

FRX 150 + TXi0e + AXuee +

vXise + Xise + CXisc (111-293)

(from equations I11-117, 109, 34, 225, 218,
254, 255, 271, 261, 104)
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APPENDIX 1
SymBoL EQuivaLENGE TABLE

The symbols used in the text are listed here with their definitions. The units used are wt-area-l-time-1 except when
indicated as follows:

* wt - area-l it energy - area-l - time-l

T time-l *** wt - wt'l - time'l

1 area ] - time-l 1T wt- wt-1

# areal I wt- energy’l
owt T111 energy - area-l
Symbol Definition
ANIMAL 1
Z, amount of carbon consumed by the community from live vegetation per time unit
Zi *amount of carbon in live vegetation
74 *amount of carbon in animal community
Z4ng amount of chemical constituent f consumed by the community from vegetation compartment (s,g) per time unit
Zsy amount of carbon consumed by the community from the shed seeds in seed horizon n per time unit
Zap *amount of carbon in seeds of seed horizon n
z’pnf amount of chemical constituent f consumed by community from shed seed compartment (p,n) per time unit
Zsg amount of carbon consumed by the community from the organic debris category d per time unit
Zog *amount of carbon in organic debris of category d
Ziogt amount of chemical constituent f consumed by the community from organic debris category d per time unit
Znp amount of carbon consumed by the community from soil organic matter in soil horizon h per time unit
Z1sp *amount of carbon in soil organic matter in soil horizon h
Zlghp amount of chemical constituent f consumed by community from each soil organic matter compartment h per
time unit
Zy amount of carbon in prey killed by predators in the system per time unit
Zisof amount of chemical constituent f of prey group c killed by predators in the system per time unit
Zids amount of chemical constituent f in prey killed by predators in the system per time unit
Zig amount of chemical constituent f in prey killed by predators in the system and consumed per time unit
Zisf amount of chemical constituent f in prey killed by predators in the system and added to organic debris skeleton
category (d==6) per time unit

Zise proportion of carbon in the community from animal group ¢

Zzncf

amount of chemical constituent f consumed by ¢ per time unit, from non-animal food sources
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Zorof total amount of chemical constituent f consumed by ¢ per time unit from animal sources

Zascf amount of chemical constituent f assimilated by c per time unit

Zoscf amount of chemical constituent f egested per time unit by ¢

Zosp amount of chemical constituent f egested per time unit

Zosof amount of chemical constituent f respired or excreted per time unit by ¢

Zas total carbon lost from system ta atmosphere per time unit due to respiration

Zorf ratio of chemical constituent f to total carbon in animal composition

Zosof amount of chemical constituent [ that (in absence of limiting conditions) will be added to c per time unit

Lo factor by which weight gain is reduced if a mineral is limiting

Zaocf amount of chemical constituent f added to ¢ per time unit

Zaiof amount of chemical constituent f from ¢ dying (excluding system predation) per time unit

Zaof amount of chemical constituent f in all animals dying per time unit (excluding system predation)

Zisp amount of chemical constituent f added to organic matter soft animal parts category (d=>5) per time unit from
the death of animals (excluding system predation)

Zisof change in amount of chemical constituent f in group c due to all processes, per time unit

Zsse average carbon per individual of group ¢

P, fmaximum postulated amount of live vegetation carbon consumed per unit animal carbon biomass per time
unit

Py, tmaximum postulated amount of carbon consumed from the nth horizon per unit animal carbon biomass per
time unit

P fmaximum postulated amount of carbon consumed from the dth category of the organic debris per unit animal
carbon biomass per time unit

Psy, tmaximum postulated amount of carbon consumed from soil organic matter of the hth soil horizon per unit
animal carbon biomass per time unit

| fraction of the total biomass of chemical constituent f that makes up the soft part of the body (no units)

P; fmaximum postulated predation level of animal prey per unit animal biomass per time unit (fraction of animal
biomass that is killed by predators in the system per time unit)

P fraction of consumed non-animal food that is assimilated (no units)

Py fraction of consumed animal food that is assimilated (no units)

P ffraction of animal biomass respired per time unit

P, fraction of animal biomass dying (excluding system predation) per time unit
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Symbol Definition

Xisgf *amount of chemical constituent f in plant group s organ g per area

X2pnf *amount of chemical constituent f in shed seed species p in seed horizon n per area

Xoiof *amount of chemical constituent f in animal group ¢ per area

Xodf *amount of chemical constituent f in organic debris category d per area

Xoshf *amount of chemical constituent f in soil organic matter horizon h per area

Xz - total loss of carbon from the system per time unit due to animal action

GXOLN loss of carbon from the system per time unit due to animal growth

R¥o, loss of carbon from the system per time unit due to animal respiration

X,ng total change in the amount of chemical constituent f in plant group s organ g per time unit due to animal action

Hxlsgf change in chemical constituent f in plant group s organ g per time unit due to animal consumption

}'(zpnf total change in chemical constituent f in shed seed species p in seed horizon n per time unit due to animal action

HXgpnf change in chemical constituent f in shed seed species p in seed horizon n per time unit due to animal
consumption

Xucf total change in chemical constituent f in animal group ¢ per time unit due to animal actions

DX, iof change in chemical constituent f in animal group ¢ due to death (excluding system predation)

GXHC{-‘ change in chemical constituent f in animal group c per time unit due to growth

pX, 1of change in chemical constituent f in animal group c due to predation in the system per time unit

PX“Cf change in chemical constituent f in animal group ¢ due to respiration per time unit

Xlﬂc {total ch:;nge in population of animal group c per time unit

Xagr total change in chemical constituent f in organic debris category d per time unit due to animal action

Hfﬂ Laf change in chemical constituent f in organic debris category d per time unit due to animal consumption

Dkglsf change in chemical constituent f in organic debris soft parts of carcasses category (d=5) per time unit due to the
death of animals (excluding system predation)

sz 16f change in chemical constituent f in organic debris skeleton category (d=6) per time unit due to death of animals
(excluding system predation)

PXHSE change in chemical constituent f in organic debris skeleton category (d=6) per time unit due to death from
predation within the system

F‘( 17f change in chemical constituent f in organic debris excreta category (d=7) per time unit due to egestion

CXEJ'?f change in chemical constituent f in organic debris excreta category (d="7) per time unit due to growth

RX217f

change in chemical constituent in organic debris excreta category (d=7) per time unit due to respiration
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thf total change in chemical constituent in soil organic matter horizon per time unit due to animal action
I-]nghf change in chemical constituent in soil organic matter horizon per time unit due to animal consumption
ANIMAL I1

legc *weighted amount of carbon in plant group s organ g as related to animal group c

Zzpnc *weighted amount of carbon in seed species p of seed horizon n as related to animal group ¢

Zsde *weighted amount of carbon in organic debris category d as related to animal group ¢

Zihe *weighted amount of carbon of soil organic matter in soil horizon h as related to animal group c

Zye *weighted amount of carbon of prey group y as related to animal group ¢

Zoc *weighted amounts of carbon of all preferred food sources of animal group ¢

Zip amount of carbon in food sources “taken” per time unit by animal group ¢

Zsg amount of carbon in animal group ¢

Zs, factor to scale the weighted amounts of carbon of preferred foods so that their sum equals the total amount of
carbon consumed per time unit by animal group ¢

ZlOSgC amount of carbon in plant compartment (s,g) consumed by animal group c per time unit

Z“pnc amount of carbon in seed compartment (p,n) consumed by animal group ¢ per time unit

Zide amount of carbon of organic debris category d consumed by animal group c per time unit

Zishe amount of carbon in soil organic matter in soil horizon h consumed by animal group ¢ per time unit

ZHyc amount of carbon in prey group y taken by animal group c per time unit

Zissgfc amount of chemical constituent [ in plant comphrtment (s,g) consumed by animal group ¢ per time unit

Zlﬁpnfc amount of chemical constituent f in seed compartment (p,n) consumed by animal group c per time unit

Zirdfe amount of chemical constituent f in organic debris category d consumed by animal group c per time unit

Zishfc amount of chemical constituent f in soil organic matter of soil horizon h consumed by animal group c per time
unit

ZlDch amount of chemical constituent f in prey group y killed by animal group c per time unit

Zaoyfe amount of chemical constituent f in skeleton of prey group y killed by animal group ¢ per time unit that is
added to the organic debris skeleton category

Z, iyfe amount of chemical constituent f in prey group y consumed by animal group c per time unit

Zisof amount of chemical constituent f in all prey groups added to skeleton organic debris category due to
predation per time unit

Zoaof amount of chemical constituent f consumed by animal group ¢ per time unit
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Symbol Definition

Zoscof amount of chemical constituent f assimilated by animal group c per time unit

Zasof amount of chemical constituent f egested by animal group c per time unit

Zoof amount of chemical constituent f egested per time unit

Zyac carbon respired by animal group c per time unit

Zosof amount of chemical constituent f potentially metabolized by animal group c per time unit

Zosof amount of chemical constituent f metabolized in respiration by animal group c per time unit

Zoof amount of chemical constituent f available for building new tissue of animal group c per time unit

Zsrof amount of chemical constituent f synthesized to “protein tissue” by animal group c in response to respiration
losses per time unit

Zaref amount of chemical constituent c available for building new tissues of animal group c following resynthesis of
“protein” per time unit

Zysof maximum amount of constituent f that can be added to animal group c as growth per time unit

Zasg maximum amount of carbon that can be added to animal group ¢ as growth per time unit

Zasc factor by which growth of animal group c is reduced if there are insufficient raw materials

Zaoof amount of chemical constituent f added to animal group ¢ in growth per time unit

Zarof amount of chemical consitutent f of animal group ¢ dying (excluding system predation) per time unit

Zascf amount of chemical constutuent f in skeleton of animal group c dying (excluding system predation) per time
unit that is added to the organic debris skeleton category

YA change in the amount of structural carbon in animal group ¢ per time unit which determines population As

Zaog **average structural carbon per individuai of animal group ¢

P fmaximum postulated amount of carbon consumed per unit amount of carbon in animals per time unit by
animal group ¢

Pig teoefficient of searching ability of animal group ¢

Pﬂsgc preference of animal group c for plant group s organ g (no units)

Pipne preference of animal group c for seed species p in seed horizon n (no units)

P: g preference of animal group c for organic debris d category (no units)

Pohe preference of animal group c for soil orga;nic matter in soil horizon h (no units)

PTyc preference of animal group c for prey group y (no units)

Psg fraction of the structural carbon that occurs in the skeleton of animal group ¢ (no units)

ratio of mineral constituent f in the skeleton to the structural carbon of the skeleton of animal group ¢ (no units)
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Symbol Definition
Piogf fraction of the amount of chemical constituent f consumed by animal group c that is assimilated (no units)
Piig proportionality constant for animal group c in the respiration relation (amount of carbon respired per time unit

by an animal with carbon content equal to 1)

Piagc power constant for animal group c in the respiration relation (no units)
Pisg fraction of respired carbon of animal group c that originates in “protein tissue” (no units)
Pik ratio of the fth constituent to the tth constituent (FEM + (3], t€C), e.g.,
Py4 . ratio of mineral 1 to carbon in “protein tissue”
Py, ,, ratio of mineral 2 to carbon in “protein tissue”
Py, ratio of carbon to carbon in “protein tissue” (=1)
Piigq = 0 VI (reserve tissue contains no minerals)
P,.3; = 1 Vt(no units)
Pisg fmaximum proportion of each carbon constituent that can be added to animal group ¢ in growth per time unit
per unit animal structural carbon
Piog fraction of animal group c dying (excluding system predation) per time unit
Py Ttime required for development and subsequent transfer of group ¢

The following 14 variables are defined exactly as in ANIMAL I:

Xisgf Xise XOila HX'sgf X“cf
XEpnf Xordf HXOI i Xﬂpnf DXuief
Xief Xashf X 1sgf HX:pnf
FX, 154 change in reserve carbon in animal group c due to excess carbon being available for fattening, following growth

per time unit
The following three variables are defined exactly as in ANIMAL I:
CGXiief
FX“cf

PX nef

YX“CF change in chemical constituent f in animal group c due to synthesis of “protein” to replace that which was
metabolized in respiration per time unit

The following 11 variables are defined exactly as in ANIMAL I:

ch . DX‘“Sf EXu?f Xzzhf
ledf DXnt CX“'?f Hxﬂhf

HXedf pXar RXai7f



133 General-Purpose Model

Svmbol

Definition

Plcm
Pﬁcm

P isgem

P ‘pnem
Psdem
Pshem

PTycm

Poct

Proct

Piiem

Pl!em

Plscm

Puft

Plecfm

Puse
Pusct
Porcf
Pasem

P25CI‘11

Prrchm

PESC

***maximum postulated carbon consumption per unit structural carbon of animal group ¢ per time unit in
season m

*

“searching ability” of animal group c¢ in season m; interacts with available foods to cause deviation of
consumption from maximum level

reference of animal ¢ for plant group s organ g in season m (no units)

preference of animal ¢ for seed group p occurring in seed horizon n in season m (no units)

preference of animal ¢ for organic debris category d in season m (no units)

preference of animal ¢ for soil organic matter in soil horizon h in season m (no units)

preference of animal ¢ for animal prey group y in season m (no units)

ratio of structural carbon in skeleton:total structural carbon in animal group ¢ (no units)

T Tminimum ratio of non-carbonaceous constituent f to structural carbon in skeleton of animal group ¢

fraction of intake of chemical constituent f that is assimilated by animal group c; assimilation efficiency. f=3:
assimilation efficiency for protein tissue; f=4: reserve tissue (fats and carbohydrates); f=5: structural tissue
(lignin) (no units)

ffenergy per unit of metabolic size that is respired per time unit by animal group c in season

exponent of the weight of an animal of group ¢ -- an expression which gives the metabolic size of the animal (no
units)

I1famount of nitrogen excreted per unit of energy respired in basal metabolism by animal group c in season m
(f=1, nitrogen; f=2, ash; =3, carbon; t=3, protein; t=4, reserve; t=>5 structural) ratio of constituent f to
carbon in tissue t: P,y = Py, = P, = 1. Reserve tissues are assumed to be totally carbon (excluding
hydrogen, oxygen considerations): Py === Py, (no units)

ftmaximum potential growth rate for carbon constituent f in group ¢, season m per unit steady-state
protein carbon (if ¢ is a fetal group); amount of carbon constituent f added per time unit to group ¢ per unit

difference between the optimal adult steady-state protein level and the current steady-state protein level (if ¢ is
a juvenile group)

“optimum protein carbon level of an adult animal from group ¢

ratio of chemical constituent f to total carbon in the wool of group ¢ (no units)

ratio of chemical constituent f to total carbon in milk of group ¢ (no units)

ffraction of group c in season m that dies per time unit (excluding system predation)

maximum postulated number of fetuses per individual gravid animal of group ¢ in season m (no units)

fraction of the excreta of animal group ¢ in season m that is added to soil organic matter in soil horizon h (no
units)

Julian date upon which animal group c is transferred to another group (no units)
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Py the numerical designation of the animal group to which animal group c is transferred (no units)

Paoci amount of carbon constituent f in group ¢ (excluding wool and milk) that immigrates into the system per time
unit for the ith immigration since the simulation began (occurs only if the Julian day equals Piiop,) (FEC)

Piigi amount of wool carbon in group c that immigrates into the system per time unit for the ith immigration since
the simulation began (occurs only if the Julian day equals Pioem)

Pasgi amount of milk carbon in group c that immigrates into the system per time unit for the ith immigration since the
simulation began (occurs only if the Julian day equals Pyoyy,)

Pasgi the protein steady-state level of group c that immigrates into the system per time unit for the ith immigration
since the simulation began (occurs only if the Julian day equals Pyoq,)

Py tpopulation of group c that immigrates into the system per time unit for the ith immigration since the simula-
tion began (occurs only if the Julian day equals Pyogpy)

Pisem equals 0 if animal group c is not being suckled in season m; equals numerical designation of the animal group
suckling group c in season m (no units)

Pisom equals 0 if animal group ¢ is not pregnant in season m; non-zero otherwise (no units)

Pyrgi proportion of wool removed from group c at the ith time unit designated by Psscj (no units)

Pasgy ith day on which wool is removed (no units)

Piem beginning Julian date of a season on which immigration into the system occurs (no units)

Piem beginning Julian date of a season on which emigration from the system occurs (no units)

Pisg fraction of the nursing period during which animal group c consumes only milk (no units)

Pisem beginning Julian day of season m of animal cohort ¢ (no units)

Piig fraction of protein assimilated by animal group c that is not used in protein synthesis due to the biological value
properties of the diet (no units)

Puse 111ratio of nitrogen to carbon (by weight) in the urea (or uric acid) excreted by animal group ¢

Puoe fraction of carbon from digested carbohydrates that is lost as methane from animal group c (no units)

Pargf 11lenergy per unit of carbon constituent f in animal group c available when catabolized

Pas, fraction of body protein carbon (total milk-wool protein carbon) of group c is able to be catabolized to meet
maintenance needs (no units)

P *initial amount of protein carbon transferred to a fetal group when pregnancy period begins

P curvature constant in relation between fraction of maximum fetal birth weight and number of fetuses per
female (no units)

Py amount of energy per unit carbon consituent f in that tissue (f=3, protein; f=4, fat; =35, structural tissues;
f=6, carbohydrates) (no units)

Piag inefficiency of growth and production anabolism: fraction of the energy in the tissue produced that is needed to

carry out the production (and which is wasted) (no units)
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Symbol Definition

Pssom numerical designation of the fetal group of mother group c in season m (no units)

Psic Tmaximum milk carbon produced per unit body structural carbon of group c per time unit

Pss.. ratio fat carbon: total reserve carbon (fat and carbohydrate carbon) in milk of animal group c (no units)

Psscm frate of wool carbon production per unit body structural carbon of animal group c in season m

Psig ratio fat carbon: total reserve carbon in wool of animal group c (no units)

Psscq exponent of the protein status factor of group c for growth type a (a=1, embryo growth; a=2, juvenile growth;
a=23, milk production; a=4, wool production) (no units)

Piyike fraction of the amount of state variable i consumed per time unit by group c that is transferred to state variable k
(i: any food item variable; k: shed seed horizons, organic debris categories) (no units)

Peog fraction of females in the population of group ¢ (no units)

Poie inefficiency of fat anabolism (no units)

Poogf fTfmaximum ratio of non-carbonaceous constituent f to hard (skeleton) structural carbon in group ¢

Pusc parameter indicating the curvature of the malnutrition mortality curve (no units)

Xlsgf *amount of chemical constituent f in plant group s, organ g

Xapnf *amount of chemical constituent f in seed group p in seed horizon n

Xiref *amount of chemical constituent f in animal group ¢

Xise i+ population of animal group ¢ per unit area

Xisef *amount of chemical constituent f in milk of animal group ¢

Xisof *amount of chemical constituent f in wool of animal group ¢

Xisg *protein steady-state level of animal group ¢

Xeigt *amount of chemical constituent f in organic debris category d

Xaspf *amount of chemical constituent { in soil organic matter in soil horizon h

BVX‘”[.@ loss of carbon from the total system due to catabolism of assimilated protein beacuse of biological value con-
siderations of the animal groups per time unit

Ff(... " loss of carbon from the total system due to respiration of carbon from the inefficiencies of production of fat per
time unit by the animal groups

CX“' L loss of carbon from the total system due to respiration of carbon from the inefficiencies of production per time
unit in the animal groups

(Xorlf gain of constituent f to the total system due to the immigration of animals per time unit

kXoi1f loss of constituent f from the total system due to wool removal per time unit



Payne 136
Symbol Definition

MNX'HH loss of carbon from the total system due to losses of carbon associated with the production of endogenous urinary
nitrogen by the animal groups per time unit

MPXN s loss of carbon from the total system due to methane production per time unit by the animal groups

Bj{"l” loss of carbon from the total system due to respiration of animal groups in maintenance

VX“llf loss of chemical constituent f per time unit from the total system due to emigration of animals

YX(]]U loss of carbon from the system due to respiration of carbon from animal groups following the inefficiency of
protein resynthesis

HX’ng change in amount of chemical constituent f per time unit in plant group s organ g due to consumption by
animals

HX:pnf change in amount of chemical constituent f per time unit in seed group p in seed horizon n due to consumption
by animals

Axucf change in amount of chemical constituent f per time unit in group ¢ due to arrival of animals from another
group

ClXqu change in the amount of chemical constituent f per time unit in animal group ¢ due to conception (transfer of
protein from mother group to fetal group)

DX“Cf change in the amount of chemical constituent f per time unit in animal group ¢ due to mortality (excluding
system predation)

EsXiiof change in the amount of chemical constituent f in animal group ¢ per time unit due to catabolism to provide
energy for production and growth ;

FX“04 change in the amount of chemical constituent f=4 (reserve carbon) per time unit in group c due to fat deposi-
tion

FBX“cf change in the amount of chemical constituent f per time unit in group ¢ (where c is a fetal group) due to resorp-
tion into the mother group following death due to malnutrition and prenatal causes

CX“Cf change in the amount of chemical constituent f per time unit in animal group ¢ due to growth and production
increments

lelcf change in the amount of chemical constituent f per time unit in animal group ¢ due to immigration of animals
into the system

KX, rof change in the amount of chemical constituent f per time unit in animal group ¢ due to wool removal

MNXHCf change in amount of chemical constituent f per time unit in animal group c due to losses associated with the
excretion of endogenous urinary nitrogen

MRXiicf  change in amount of chemical constituent f per time unit in animal group ¢ due to milk being resorbed and
becoming available for use in production and maintenance

MSX“Cf change in amount of chemical constituent f per time unit in animal group ¢ due to minerals being withdrawn

from storage in the skeleton for use in production
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Symbol Definition

MY)'{”Cf change in amount of mineral element f in group ¢ per time unit due to withdrawal of minerals from bone
storage for use in protein resynthesis

le iof change in amount of chemical constituent f in animal group ¢ due to system predation

PSXHcf change in amount of chemical constituent f in animal group ¢ due to use of labile protein tissue in protein
synthesis

RXI.Cf change in amount of chemical constituent f in animal group c per time unit due to catabolism of body tissues
for energy for maintenance

RSXUCf change in amount of chemical constituent f in animal group ¢ per time unit due to catabolism of body tissues to
provide material for synthesis of reserve growth increments

SX“Cf change in amount of chemical constituent f per time unit in animal group c due to the consumption of milk by
dependent animal groups

SMX“cf change in amount of chemical constituent f per time unit in animal group ¢ due to storage of minerals in the
skeleton

Tx“cf change in the amount of chemical constituent f per time unit in animal group ¢ due to transfer of animals to
another group

VX“Cf change in the amount of chemical constituent per time unit in animal group ¢ due to emigration of animals out
of the system

YX“Cf change in chemical constituent f per time unit in animal group ¢ due to resynthesis of protein to make up for
deficiencies

AX 120 {change in population of animal group ¢ per time unit due to arrival of animals from another group

CX”C fchange in the population of animal group ¢ due to conception

DXIZC Ichange in the population of animal group c per time unit due to all mortality

If(. o Ichange in the population of animal group c per time unit due to immigration from the system

TX”C fchange in population of animal group c per time unit due to transfer to another animal group

VX”C fchange in population of animal group c per time unit due to emigration of animals into the system

Axucf change in the amount of chemical constituent f in the milk of animal group ¢ due to arrivals of animals from
another group

DX.aCf change in the amount of chemical constituent f in the milk of group ¢ per time unit due to mortality (excluding
system predation)

Gx”cf change in the amount of chemical constituent f in the milk of group ¢ per time unit due to production

IXlﬂcf change in the amount of chemical constituent f in the milk of group ¢ immigrating into the system per time unit
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MBX”cf change in amount of chemical constituent f in the milk of animal group ¢ due to milk resorption per time unit

leacf change in amount of chemical constituent f in the milk of animal group ¢ due to predatory losses of animals in
group c per time unit

SXlacf change in amount of chemical constituent f in the milk of animal group ¢ due to suckling per time unit

Txlscf change in amount of chemical constituent f in the milk of animal group c due to the transfer of animals to
another group

Vchf change in amount of chemical constituent f in the milk of animal group ¢ due to the emigration of animals
from the system

AX“Cf change in the amount of chemical constituent f in the wool of group ¢ due to arrival of animals from another
group per time unit

DX”CF change in the amount of chemical constituent f in the wool of group c per time unit due to mortality (excluding
system predation)

FBXHcf change in the amount of chemical constituent f in the wool of fetal group c per time unit that is resorbed due to
death from malnutrition and prenatal causes

CX“Cf change in the amount of chemical constituent f in the wool of group ¢ per time unit due to production

IXHcf change in the amount of constituent f in the wool of animals of group ¢ that immigrate into the system per time
unit '

Kxﬂcf change in the amount of constituent f in the wool of animals of group ¢ due to removal per time unit

PX“cf change in the amount of chemical constituent f in the wool of animal group ¢ due to system predation

Txl‘*cf change in the amount of chemical constituent f in the wool of animal group c per time unit due to transfer of
animals to another group

Vxl"cf change in the amount of chemical constituent f in the wool of animal group ¢ per time unit due to emigration of
the animals from the system

DXNC change in the body structural carbon of animal group c per time unit due to mortality (excluding system pre-
dation)

FB}I(HC change in the body structural carbon of animal fetal group c per time unit due to resorption into the maternal
group following death due to malnutrition and prenatal causes

lesc change in the body structural carbon of animal group c due to system predation per time unit

aXisg change in the protein steady-state level of group ¢ due to arrival of animals from another animal group

CXWC change in the protein steady-state level of group ¢ per time unit, due to conception

D)‘(“’c

change in the protein steady-state level of group c per time unit due to mortality (exluding system predation)
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Symbol Definition

Finﬁc change in the protein steady-state level of fetal group ¢ per time unit due to resorption because of death from
malnutrition and prenatal mortality

CX 160 change in the protein steady-state level of group ¢ per time unit due to growth

IXlﬁC change in the protein steady-state level of group ¢ immigrating into the system per time unit

pX 160 change in the protein steady-state level of animal group c due to system predation per time unit

TX,ﬁC change in the protein steady-state level of animal group ¢ due to transfer of animals to another group per time
unit

VX 16g change in the protein steady-state level per time unit of animal group ¢ due to emigration of the animals

BVX”cf change in amount of chemical constituent f in the excreta of animal group ¢ per time unit due to excretion of
protein constituents because of biological value considerations

EXan change in amount of chemical constituent f in the excreta of animal group c due to the excretion of non-
assimilated constituents

ENX”cl change in the amount of nitrogen in the excreta of animal group ¢ due to the excretion of non-proteinaceous
nitrogen

ESXuicf change in the amount of constituent f in the excreta of animal group c due to the excretion of constituents
associated with protein catabolized to yield energy for growth and production

FX”CS change in the amount of constituent f in the excreta of animal group c due to excretion of constituents
associated with the catabolism of dietary protein to yield energy for fattening

MNchf change in the amount of chemical constituent f in the excreta of animal group ¢ due to the excretion of constit-
tuents associated with endogenous urinary nitrogen per time unit

RX”Cf change in the amount of chemical constituent f per time unit in the excreta of animal group ¢ due to wastes
produced by catabolism of protein body tissues for maintenance

RSX”Cf change in the amount of chemical constituent f per time unit in the excreta of animal group ¢ due to wastes
produced by catabolism of protein for reserve tissue synthesis

UXHCf change in the amount of chemical constituent f per time unit in the excreta of animal group ¢ due to excretion of
unused dietary mineral constituents (fEM)

YXMC{’ change in the amount of chemical constituent f per time unit in the excreta of animal group ¢ due to wastes
produced by catabolism of dietary protein to provide energy for protein resynthesis

DX“df change in the amount of chemical constituent f per time unit in organic debris category d (d=35, soft animal
parts; d=86, skeleton) due to mortality (excluding system predation)

EX“TF change in the amount of chemical constituent f per time unit in organic debris category 7 (excreta) due to

animal excretion
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HX“df change in amount of chemical constituent f per time unit in organic debris category d due to consumption by

animals
Xqi change in amount of chemical constituent f per time unit in organic debris category d due to system predation

pAzidf g p g gory 3

Exﬁﬂhf change in amount of chemical constituent f per time unit in the soil organic matter in soil horizon h due to
animal excretion

Hthf change in amount of chemical constituent f per time unit in soil organic matter in soil horizon h due to

; consumption by animals

AGXk change in state variable k per time unit due to the addition of damaged, clipped or wasted foods by animal
groups

ALXi change in state variable i per time unit due to the loss because of damaging, clipping or wasting this food source
by animal groups

legc *preference weighted amount of carbon in plant group s organ g as related to consumer group ¢

Zﬂpnc *preference weighted amount of carbon in seed group p in seed horizon n as related to consumer group ¢

VAR RS *preference weighted amount of carbon in organic debris category d as related to consumer ¢

Zihe *preference weighted amount of carbon in soil organic matter in soil horizon h as related to consumer ¢

Zsyc *preference weighted amount of carbon in animal prey group y if ¢ is not being nursed by y; in milk of group y
if ¢ is being nursed by y

Ze *preference weighted amount of carbon in food sources of consumer ¢

Zao amount of carbon in food sources “captured” per time unit by consumer ¢

Zsg ffraction of carbon from fat tissues in the total reserve carbon intake of group c per time unit

Zog ffactor to scale the weighted amounts of preferred foods so that their sum equals the total amount of carbon
consumed per time unit by consumer ¢

Zl“sgc amount of carbon in plant group s organ g consumed by animal group ¢ per time unit

Ziipne amount of carbon in seed group p in seed horizon n consumed by animal group ¢ per time unit

VATE amount of carbon in organic debris category d consumed by animal group ¢ per time unit

Zishe amount of carbon in soil organic matter in soil horizon h consumed by animal group c per time unit

Zuyc amount of carbon in the food from animal group y (prey or milk) captured by group c per time unit

lesgfc amount of chemical constituent f in plant group s organ g consumed by animal group ¢ per time unit

Zmpnfc amount of chemical constituent f in seed group p in seed horizon n consumed by animal group ¢ per time unit

Zirdfe amount of chemical constituent f in organic debris category d consumed by animal group ¢ per time unit

Zishfc amount of chemical constituent f in soil organic matter in soil horizon h consumed by animal group ¢ per time

unit
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Symbol

Definition

leyfc

Zii)yc

Z, wic
ZZnyc
Z, syfe

Z“_vfc

Zﬁf-y{c

Zeaf
Zz:'f

Zascf

Fiio

Zaocf
Zaie
Lascf
Zase
AT
2'35(:

ZGBC

Laref
ZEBC
ZJDC

Lot
i

Zlic

amount of chemical constituent f in edible parts of prey group y killed by consumer c per time unit; amount of
chemical constituent f in milk of mother group y consumed by ¢ per time unit

tproportion of prey group y killed by consumer ¢ per time unit; proportion of milk of group y consumed by
animal group ¢ per time unit

amount of chemical constituent f in prey group y killed by consumer ¢ per time unit
amount of chemical constituent f in wool of prey group y killed by consumer ¢ per time unit
amount of chemical constituent f in the milk of prey group y killed by animal group c per time unit

amount of chemical constituent f in prey group y (excluding milk and wool) killed by animal group ¢ per time
unit

amount of chemical constituent f in soft structural parts of prey group y killed by consumer c per time unit

amount of chemical constituent f in all prey groups that is added to the organic debris skeleton category per
time unit, due to system predation

amount of chemical constituent f in the wool of all prey groups that is added to the organic debris soft animal
parts category, per time unit due to system predation

amount of chemical constituent f consumed by animal group c per time unit

amount of protein carbon that would correspond to the amounts of non-carbonaceous constituents consumed
per time unit

amount of chemical constituent f consumed in protein tissues by animal group ¢ per time unit
amount of carbon that is ingested as proteinaceous structural carbon by animal group ¢ per time unit
amount of chemical constituent f assimilated by animal group c per time unit

amount of carbon from protein tissues assimilated by animal group c per time unit

amount of carbon from fat tissues assimilated by animal group c per time unit

amount of carbon from carbohydrates assimilated by animal group c per time unit

amount of assimilated protein carbon excreted and respired per time unit by animal group ¢ due to biological
value considerations

amount of chemical constituent f available for maintenance and production by animal group ¢ per time unit
amount of carbon expelled in methane production by animal group c per time unit
f fenergy for maintenance of animal group c per time unit

amount of chemical constituent f excreted by animal group ¢ per time unit associated with endogenous
urinary nitrogen loss

ffenergy needed for maintenance after energy supplied by EUN and biological value protein catabolism has
been accounted for in group c per time unit

ffenergy in dietary fats and carbohydrates of group c per time unit



Payne 142
Symbol Definition

Zasg 11 Tenergy in body fat reserves of group ¢

Zise T fcatabolizable energy in the dietary protein of group c per time unit

Zise 11 Tcatabolizable energy in available body protein of group ¢

Ziocf amount of dietary tissue (f=3, protein; 4, fat; 5, carbohydrate) carbon remaining for production by group ¢ per
time unit after maintenance has been satisfied

Zarof *amount of constituent f by which animal group c is below the level that would be achieved with maximum
growth

Zise factor by which the growth increments of group c are decreased due to the size of the litter (no units)

Zioof potential growth increment of constituent f in fetal group c per time unit

Zsoc T fenergy needed by breeding group c to form the potential growth increments of the fetal group per time unit
(excluding the energy in the tissues)

Zsiof **amount of carbon constituent f in an individual of group c at birth; equals 0 if birth has not occurred yet

Zsoef *amount of carbon constituent f by which group c is below the level of f corresponding to given juvenile growth
rates

Zsaof potential growth increment of constituent f in juvenile group c per time unit

Zsse ffenergy needed by group c to form potential growth increments (excluding energy in the tissue) per time unit

Zsse amount of carbon potentially produced in milk by group c per time unit

Zsoof amount of constituent f potentially produced in milk per time unit by group ¢

Zsi ffamount of energy needed by group ¢ to produce the potential amounts of milk per time unit (excluding the
energy in the tissue)

Zsnof amount of constituent f potentially produced in wool per time unit by group ¢

Zsoe ffamount of energy needed by group ¢ to produce the potential amount of wool per time unit (excluding the
energy in the tissue)

Zso fequals 1 if milk produced by animal group c is reabsorbed; equals 0 otherwise (fraction of milk reabsorbed per
time unit)

Zorof total amount of constituent f needed to satisfy all the potential amounts of growth and production by group ¢
per time unit

Ziag ffamount of energy needed to synthesize the potential amounts of growth and production (excluding energy in
the tissues) of group ¢ per time unit

Lo available protein carbon of group c per time unit

Zyso factor indicating the protein status of animal group ¢ during a time unit (no units)

Zascf

amount of constituent f to be produced in fetal growth of group ¢ per time unit
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Symbol Definition

Zsog T tamount of energy needed to produce the growth increment in the fetuses of mother group ¢ per time unit

Zoref amount of constituent f to be produced in juvenile growth of group ¢ per time unit

Zssc T famount of energy needed to produce the juvenile growth increments of group c per time unit

Zoogf amount of constituent { to be produced in milk by group c per time unit

Ziog f famount of energy needed to produce milk increments in group ¢ per time unit

Zaiof amount of constituent f to be produced in wool of group c per time unit

Zase T famount of energy needed to produce wool increments in group ¢ per time unit

Zrsof total amount of constituent f needed to satisfy all the growth and production increments of group c per time unit
(f € minerals); f=3, total amount of carbon from proteinaceous tissues needed to satisfy all the growth and
production increments of protein of ¢ per time unit; f=4, total amount of carbon needed to satisfy all growth
and production increments of reserve tissues by ¢ per time unit

Zysg ffamount of energy needed to synthesize the growth and production increments (excluding energy in the
tissues) of ¢ per time unit

Zsse amount of available carbon for group ¢ per time unit following the meeting of the protein requirements

YA available mineral f for group c per time unit

Ziig Ttavailable energy for group c per time unit following the meeting of the protein, reserves and mineral re-
quirements

Zisct amount of dietary minerals (fEM), protein carbon (f=3), fat carbon (f=4), carbohydrate carbon (f=5)
remaining in group c per time unit after accounting for use as material in growth

YA amount of available protein carbon from protein catabolized to provide carbon for reserve tissue increments in
group c per time unit

Zsoe amount of dietary protein carbon remaining in group c per time unit after accounting for uses in protein
synthesis '

Zarof amount of dietary carbon (f=3, protein; f=4, fat; =5, carbohydrate) remaining in group c per time unit
after all the decrements for growth and energy have been accounted for

Zys amount of reserve tissue catabolized by ¢ per time unit to supply carbon for reserve tissue synthesis in growth
and production

Zase ffamount of energy able to be produced from the remaining dietary fats and carbohydrates and from body
reserve tissue of animal group c per time unit

Lo amount of remaining available protein carbon that must be catabolized to yield the energy needed by ¢ per time
unit to meet the inefficiences of growth and production

Zse *amount of protein carbon by which animal group c is below the optimum level

Zsog proposed amount of carbon to be added to group c in protein synthesis per time unit (to account for protein

deficiencies) if sufficient energy is available to meet the costs of inefficiency of anabolism
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Symbol Definition

Ly ffenergy needed to produce the proposed synthesis of protein tissue (to account for protein deficiencies) by
group ¢ per time unit

Zgse energy available to produce the proposed synthesis of protein tissue (to account for protein deficiencies) by
group ¢ per time unit

Zeog amount of reserve body tissue used for energy to produce growth increments per time unit for group ¢

Zooef amount of constituent f added to group c in protein synthesis (to account for protein deficiencies) per time unit

Loiof *amount of constituent f stored in the skeleton of ¢

Zysof amount of chemical constituent f available to group ¢ per time unit after accounting for use as material in
growth (includes stored minerals) (fEM) '

Zosef amount of constituent f remaining from dietary intake after all growth and protein resynthesis demands have
been met for group ¢ per time unit

Zoso ffenergy needed to produce the protein synthesized in response to the protein deficiency in group ¢ per time
unit

Zosof amount of remaining dietary protein (f=23), fat (f=4), carbohydrate (f=5) in group c per time unit after all
growth and protein resynthesis

Zyoe fraction of remaining dietary carbohydrate and dietary fat used in fattening of group c following all growth and
protein resynthesis (no units)

Zoag, fraction of remaining dietary protein used in fattening of group c, following all growth and protein resynthesis
(no units)

Zasg ffenergy available for production of the fat synthesized from the remaining dietary compounds following
growth and protein resynthesis by group c per time unit

Zaog T fenergy needed to produce fat in group ¢ per time unit

Z1ong condition index of group c; fraction of the optimal protein carbon level of group ¢ at this time instant (no units)

Zio Tfraction of animal group c dying per time unit due to malnutrition and non-predatory causes

Zioscf amount of chemical constituent f resorbed into adult group c from fetal deaths per time unit

Zioscf amount of constituent f in animal group c dying per time unit (excluding system predation)

Zioscf amount of constituent f in group ¢ (excluding wool and milk) dying per time unit (excluding system predation)

VAT amount of soft structural carbon of group ¢ dying per time unit

Ziveef amount of mineral constituent f in animal group ¢ dying per time unit excluding the constituents in the skeleton

Ziorf amount of mineral constituent f in the skeleton of animal group c dying per time unit

Zyosgi amount of state variable i consumed by animal group c per time unit

Zloscf

amount of constituent f in the excreta of animal group ¢ per time unit
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Symbol Definition

Zivoeth amount of chemical constituent f added to soil horizon h by excretion of animal group c per time unit

Zivieof amount of chemical constituent f added to soil surface by excretion of animal group c per time unit

Ziagr fequals 1 if group c transfers to group r during this time unit; equals 0 otherwise (fraction transferred to r per
time unit)

Zise Ichange in population of group ¢ due to transfer to another group per time unit

Zivaof amount of constituent f taken from group c in transfers to another group per time unit

Zisef amount of constituent f in animals of group ¢ immigrating into the system per time unit (excluding wool and
milk)

Ziteof amount of chemical constituent f in wool of animals of group ¢ that immigrate into the system per time unit

Zivigf amount of chemical constituent f in the milk of animals of group c that immigrate into the system per time unit

Ziisei equals 1 if this is the ith immigration of group c since the simulation began, and if this time unit is the day of
immigration (Pjuep,); 0 otherwise (no units)

Zi1sg equals 1 if this is the ith emigration of group c since the simulation began, and if this time unit is the day of
emigration (Py,.p,); 0 otherwise (no units)

Z 1200 equals 1 if this time unit is the date of wool removal; 0 otherwise (no units)

Zioiof amount of chemical constituent f in the wool of group ¢ removed per time unit

Zizag change in structural carbon of group ¢ due to all mortality per time unit

Ziase **average structural carbon per individual of animal group ¢

Zissg ichange in population of group c per time unit due to all mortality

Zissem length of nursing season m of group ¢ (no units)

Zisoof maximum amount of mineral f able to be stored in the skeleton by animal group c per time unit

Zivigf amount of mineral f added to skeleton storage in group c per time unit

Zosscf

change in chemical constituent f of group c due to all processes except fattening
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APPENDIX 2
ProcraM LisTING oF ANIMAL III

Subroutine ANIMAL

1 SUBROUTINF ANTMAL
2 c- - —————— e ————— e e
3 c COMMON BLACKS HUST BE COMPATTABLE MITH CELLING PROTRAM
{2 Co o
5 COMMON /ACCINC/ AGATMALI.4).FPODR 0TI HZCAQ ALY
3 COMMON 7SPEC/ NCHAKsINSTPU(20) sNSPEC Vs NSPECA +HOR D Ny NFRACT s NDA Yo
T INELEMeNOLIT ¢ NCHECK » IPAY s TYRDAY sNRF2CTI2014NDEPUG SWHORTZ #NCOHI10) ¢
3 ZLTSCOM{3I0) +NCOHCU 101 s NCOHOR ¢ NFRELM ¢ NFRACT ¢+ NSPCOMe KONTH2 HORNEP LB 4
] TLTTRUNCS )¢ HREP (700 s TYRyDRYFAVESe 6} s LITCATELS) NV M OH LT SVEO 11501
10 GNVEOH( 101+ NYCOCUTIC] s NOSECSa TRUHe N UNLTo TS TO ST TLIT#JLT T4 TLHs
11 SULHYSFEOEP LG o NSEFDHINELT HSo JSTATF 2 JDAY
12 ~OMMON /TNTALS/ CYEGV (1045 1sCVEGD €1 R 1a CVEOVOIR Jy AVEGVIIDD,
13 LAVEGE (15 )0 AVEGVO AR TOMAFOTOMA (R ) ALTT T4 CLITTI15 )y TEFNVHIR e
14 2ARTOSP(LO) »TOTIG61+POPSPI10 s AVEGELE 1Ny ARTOM (30 b ALTT(15) JADPG(S
15 T4 TOTALCE) P ANTMI10/E1 v SYEG (101 0s6) e SAVEGI100 100+ VECOIID 4R}
16 GTAVEGOT1 0] v ASFEDT1CE) v ASTEDVIE) +ASFEDHEID) 4 ASEE T SEFDVER 46Dy
17 STEEDHI10#F ) s CARGHLE ]+ ADRCH CHINHIG )
18 COMMOM /STAT/ CVIGIL1SelUrE)eSTEDILIOEeF) (POPITO) & PIOMIZ4 Gl v
19 LCLTTHL5eR) sCORGIT 61, CHIN IS, E) ySHOCOVy WATARS (R ) ¢ RINCRV 2 PEPC OV
20 2TCOVER «COVERIT O) » FRENAT ¢ UM MY (3001
21 COMMON /CHANGF/ CVEGAN(1F+10+6 1+ SEEDOOILOvESF)PACRI0(T00,
z2 LCPTOMO 306D 4CLITAG L1506 COPRGILISE 1 CHINBAES 46 ) SNOCOO WATAZGLS)
2.3 24 ANNCOGPFRTOGSTCOVAG-COVERDILO) vFRFUAGIPUHMYRLI @ )
24 ——————— e ———— e
25 4 THE COMMON BLACK *OFATHS® MUST RE COMPATIILE WITH THE SURBOUTTHE
26 [ MORTLY
27 Cmmmmm -
23 COMMON /DFATHS/ TALUISIeTPTOMIZO) o NELFHZPNELEMI2FOR FAT,ETADFEI5,.30)
29 COMHON/POTTT/TRANSI1692¢17 JaNSTSEDsNSTLITsNSTORE M STPRY
30 ATHENSTON PPLS)
31 PFAL MAHHMPR:MAHMU®
32 DTMENSION FYCRETIS)
33 NTHENSTON TLVADOET146 12 TILVPRT (3002}
34 DTHENSTON TSDAD(31+6)+ISPPRFIZE02)
35 ATHENSTON TLITADE 14610 IL TTPRIES)
36 DTMENSTON 10PTAD{ILeE14IPRGPRI1G)
37 DYHENSTON 1CAPAD( 1461, TCARPRITO)
3s DTIMENSTON PCVIIDI«PPAVILE+ 101 PRF (151 PIOVILIO.C) SORCLED
39 TNTEGER SEASCN
40 LOCICAL KFOOD (G4 Fa30)
41 DTHENSTON GAMHAY(10)
4z NTHENSION OLEVFL (70 1¢PLF VD30
43 DTHENSTON NCOHTRETOI-NTRTATI30)
au DTHENSTON TVMNTRIZO4E ) HPLACT €Z0)sHTIN(2002 CHNLPTOC 410700
us DTMENSTON HGRAZE(IU)
46 DTHENSTON PROPTNI® 3001 NPATE(S +30)
47 THTEGER SUCKLNIGI0)s"ESTI6a 30 1eAPY (G 4T0)
ag DTHENSTON NUSSE (4300 WNCLASS(TO)
49 DTMENSTON DIFTPRIT) (ASSTH(5] VPROTL T )
50 DTHENSTON DEATH(C: 300 «DKI30) PKI3D)
51 DTMENSTON GRMTLK(S) (UMTLK (30)s AHTLK 13045 1eNLACTT 0 )s KEANIZ D)
52 O TMENSTON GRMNOL (5) +GROMOL LB+ X01 » AMOOLE 70451
53 DTMENSTON PONF (2430 )s STORSKI? 1701 /ASH T CE2Z) AW LHIT )
54 DTHENSION POTFLM( ) FATEFF 130} ,"HBODY( &)
55 FTHENSTON TKUT01. STAST (I, 30 14 GREMEL 1 +TRIUVIS )
56 DTMENSTON GX (30 58 1, SEXRATETO)
57 DTMENSTON SMILKP(TUs5)eSHTLKGI30 51 SHOOL (2045 ) s WENLAEZ00S)
5a DTMENSTON LGESTPIO}
53 COMHON /PARAM/ PARYVEG (90003, TFRRF{GsEe 30 1 PREFLY [ [0 )+ PREFSDIZ B0}y
60 1PREFLTIE8) «PREORC(1G) »PCAPN (7D )y SEASONEG 11014 NSF # 13014
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£4 5+ TRDUP CATCHO s CATF AT+L TTANL +LITAN?
£5 COQUIVALENCE (DUMMY.PLEVEL 1o (DUMHYB2PLEVA)
[ FOUIVALENCE (DNUMMY(31) »CHILKP Jv (NUHHYQ(T1)eSHTLKD)
67 FOUIVALENCE OUMMY(1P1)oSHOOL) « (DUKMYGITE1Y 4 SWOOLT )
63 DATA HPLACE/2040/+NIN/2D#L/
(%] NATA FNBONY/10.7¢12.5¢104719.5/
70 DATA MAHMPR/9.2/3BIRDPR/8.23/¢MAMHUR/2 .3/ ¢RTROUF/ Oy 93/
71 DATA PPAV4PREPORGPCYsPRAV/26 10040/
72 DATA WINTT/1E—4/ +PUNFN/D.07B5/ 1CATCHO/ 9,5/ rCATFA ¥ 12,5/
73 NATA FATEFF/30#0.5/+EFFIC/ 300043/
T4
75 c *eUT® TS THE MANCLIST THAT ACTS AS THE INPUT DEVTSE FOR THE
16 c PARAMETE® VALUFS AND SPECTALIZED STATE VARIASLE VALUES OF THIS
77 c SUBROUTTNE
78 L e ———— e e e —
79 WAMELIST /PUT/ TERREs JLVADDs ILVPRF4PRFFLV: TSDA M ISDPRF sPREFSD,
a0 LTLITADSTLTTPRsPREFLT . TORTAD T ORGPR + PREORG TCARAD +T CARCRPCARN Y
81 PSFASON'HSEAS P NFOODrAs MiRK+ RAIRBsPMLEVLAPLEVEL/HCH TRONTRDAT
8z ITYWNTR 4CNUB 100 NGRAZE+ PROPTH +NDATE M AXURT ySUCKLN « F ST4BARYINURTE.
83 GHMUMYNCLASS ¢ COEFF v BYPROT 4 DFATHs DKy PR UNILKs AMTLK s W ANIFATHLKS
B4 SGROWOL+ANOOL s FATWOL+SOFTSK BONF s STORSKsEFFICFATIT Fu ENBODY rCONST»
85 STKeBTRTHN+GROM »GK o SHTLKP »SHOOL sLTTEX sLTTASL,LTTAR +NTTROSEXRAT
86 Te TRANSIWINIT/RUMEN
87 WELFMZ = MELEMS + 2
88 NFLEMI = NELEMS + 3
89 NHITNHORTZ41
30 NSTSED = NVECOH = NOOCAN
It NSTLTT = NSTSFD + NSFECY » NSEEDM
92 NETORG = NSTLIT + NOLTT
93 NSTPRY = NSTORG + NHORI?
ay C
95 €
96 [ ««DETCRHING THE AVFRAGE STRUCTHRAL CARPON PIOMASS (EXCQUDTHG
a7 2 ..MOOL CARRON, TF ANY) PER INDTVTDUAL OF EAFH TMHORT, AND TAKE
98 ¢ .. THF PECTPROCAL
93 PN 1110 NZ1.NSPCOH
100 TRIOHIN)=O.
101 TE (POP(NI.LE.O.) GO TO 1115
102 Y=CATOH{NeHFRELH)-SHOOL (NyMFRELMI-SHILKP (N NFRELHY
103 TF {Y.LF,0.) 60 TO 1115
s fAMMAX (N)=POPIN) /Y
105 A0 TO 1110
106 1115 CAMMAXINIZO.
107 1110 CONTINUE
o8 -
109 FGIN COHMORY LOOF
$E0: 2 Bt
111 N0 505 HI1iNSPCOH
112 TFINCLASSINILFG.0) GO TO <00
113 HAHHER
114 MA MHUR
115 40 T0 901
116 900 CATPR = BIROPR
117 UREA = BTPDUR
118 901 CONTINUE
113 € e e e e e e e =
1Zu (3 NETEPMINT WHICH SFASON TC CURRENT FOR THE N'TH COMORT

1130

i et e g

1131

1138

1132

1139

1133
1138

CALL SESSUBIN+HS+TYRDAY)
Do 1130
ASSIMINK)
EXCRET(K)I=0.
TALIKY=O.

0.

CFFVEG
DETERMINE IF THIS IS THE DAY THAT THE N*TH COHORY T< TRANSFERRED
(TF AT ALL) TO A COHORT OF MORE ADVANCFD NEVELOP™ NT.

TF INCOHTRIN).EQ.N) CO To 11737

TF (NTRDATIN).NE,TYRDAY) "0 TO 1138
HNZNCOHTRIN)

DO 1132 K=1sNFRELM

TF {CBIOMIH#K).LE.Q.) GO TO 1131
CATOMAINN+KI=CBIOMAG (NN s K} +CBIOMIN K )
CATOHAINKISCRIOMAIH: KI=r310M (N1K)
TFISHILKPTNsK}.LE.O.) GO TO 1134
SHILKQ(HH+K) “SHILKQUNN K1 +SHTILKP (NvK)
SHILKOINsKIZSHILKOINy KI-SHILKP ( N+ K)
TF ISVOOL(NeK).LE.O.) GO TO 1132
CWOOLOINN+K)IZSWHOOLGINNs KI4SUNOL (N K]
SWOOLAIN+KIZSHOOLGINS K)-SHCOL IN+K )
CONTINUE

TF (POP(N).LE.O.) 6O 7O 1139

FOPAGA (NN ZPOPAGO INN] +POP IN)
POPAGAINI=POPAROIN}-POPIN)

TF (PLEVEL{N).LE.O.) 60 "n 1113
PLEVEINNI=PLEVOINN) +PLEVELIN)
PLEVAINIZPLEVOINI-PLEVELIN)

o TO 505

COMTINUE

DETERMINE IF THE N'TH COHNRT TS A GRATER. ANM IF 50, IF T TC

CURRENTLY TN THE SYSTEM 0P IF TT FWTEPS THTS TTHE UNTTY

TF IT IS INACTIVE IN THT® SEASONs BUT STILL TN TH SYSTFM, TCNDAF
FEEDINGE AND CROWTH

1119
1116

1118
1117
1118

1120

1135

1136
1137

1150

[
c

HYY = NGRAZEIN]

IF (NYY.NE.O) GO TO 1119

TF (ABIOMIN}.LE.O.) GO TO 505

00 561 K=1+NELEKWS

TF (CBIOMINIKIZLE.D.) 6D TO 551
CONTINUE

TF (POFIMNI.LE.O.] 6O TO 551

6 TO 1150

T= IVWNTRIHYYsNS)

GO TO (111711116+501)+T

TF (ABIOMINI.LE.D.) GO TO 505

OC 1118 K=1+NELEKS

TF (CBTOMINIK)LLE.0.) GO Y0 551

TF (POPINI.LE.O.) GO TO 551

GO To 803

TF ININCNYY),NE.1} GO TO 1120

TIF (ABIOM{NI.LE.O.) GO TN 505

00 1114 K=1+NELEHS

TF (CBIOMINtK).LF.0.) GO TO 551

IF (POPIN).LE.O.) 60 TD F71

G0 TO 1150

NT = HPLACE(NYY)

PLEVGUNYY) PLEVAINYY) ¢+ CNUBIO(&¢NT4NYY)
D0 1135 K = 1,NFRELH

TCC = CNURID(2eNTeNYY) & AMOOLIN#K)
SMOOLOIN+K) = SWOOLGINsK) + TCC
CAIOMAINIK) = CBTIOMGIN.K} + TCC

TF (K.LE.NELFHS) AGATHA(1+K] AGAING(1,K) + TCC
TF (KaBT.HELEAS) AGATHO(1.3) ABATNG(1s T ¢ TCC
TCC = CHUBIO(3IsNT+HYY) o AMTLK{NsK)
SHMILKGINIK) = SHILKGINeK) + TCC
CRIOMQIN+X) = CBIOMGIN.K) + TCC

TE (K. LE.NELTMS) AGATNQ(I+K) = AGATNO(1:K) + TCC
TF (K.GT.NELEMS) AGATHO(1+7) = AGAING(1+e™ & TCC
CONTIHNUE

L = NFRELM - NELEMS

no 1137 K=1sL
CBTOHAIN+K+NELEMSI=CB TOMA (N (K+NELENS) & CNUBTOLH & WJNToNY Y]
AGATHOI(1+T) = AGATINGIL+¢3) + CHNUBIOIG#KsNTsNYY)
DC 1136 KK NELEMS

TCC = CNURTO(8+KeNT¢NYY) o CONSTIKKeNFLEMS #K)
CEIOMAINsKK) = CBIDMO(NsXK) + TCO
AGAING(1+KK) = AGAING {1eX¥W} + TCC

CONTINUE

POPAAAINT = POPQOAIN] + CMUBTO(L+NTeNYY)
NTNINYY) = 1

&0 TO 505

CONTINUE

F EEDTNG

o e e

c

EO01

608
603

602

ROO

TF (SUCKLMINSsN)1.EG.0) GO To £00

NHARY = SUCKLN(NSeN)

TF (TYRDAY.NE «SEASON{NSNY L ANDKLACT (NI.NF .01 GO~ 0 601
TFINS.FOLNSEASINI) NLACTIN] =CEASON(1«N)+ 365 - T ASONINS.NI
IF (NS.NE.NSEASIN)) NLACTEN) = SEASON(NS+1sN) - T ASCHINSiN)
TF (IYROAY,EQ.SEASONINSNY ) ©O TO 505

TF (NS.NEJNSEASINI] G0 TP 604

TF (IYRDAY.GF .SEASONINS+N) ) IYRIESSTYRDAY

TF (IYRDAY,LT.SEASONf1sN1) TYRIGS=TYRNAY + 36°

£0 TO 607

TYRI65= TYRDAY

TF(IYRIES.GT,HLACT{N) sMEANCHI*SEASDNINSs N ) B0 TP 600
SHILKT = 0.

DO 602 K = NFRACIsNFRELM

CHILKT = SMILKT + SHTLKPINHARV 1K1

PCVYINHARVYS SHILKT

IF (SHILKT.LE+O+) PCV(NHAPV)Z D

FFFVEGS PCV(NHARV)

G0 T0Z195

VF VEGETATION CONSUMPTION
+K1 DFNOTES THE STARTING ADDRESS IN THF PPEFIRENCFE 2204y

S'ILVPRF' AND K2 - 1 THE TINISHING ACPRESS FPP THF LIST F
LFOND TTEMS FAOM PLANT WATERTAL THAT THE N'TH COHORT MILL

essesas CONSUNE IN STASON N©

TF (AVEGVD.LE.0..0R,.NOT.NFOODIL +NSeNI] PN TOP11 "



247

259
260

3519

381

147

K1=TLVADDININS)
TF INS.EQ.NSEAS(N)) GO T0Z100
H2=TILVADDIN¢NS+11-1
60 102105
2100 K2=TLVAODIN+1s11-1
[

LTHE FIRST COLUMH IN "ILVPRF® DENOTES THF THIF X NUNBER OF THE
PLANT COMORTs THE SECOND COLUMN DENOTES THE TNDEX NUMBER OF
+THE PLANT ORGAN

2105 0N2110 K=K1eKZ

T=ILVPRF (Ks1)

JTILYPRFIKs2)

c 5
C. .THE ®REFERRED FOOD TTEMS ARF WEIGHTFD RY PRF ERENCES SPECIFIC
Coonnnn +FOR THE COHOART TN THF SFASON

PRAVIL+JI=PREFLVIK)®AVEGIT+J)

TF (AVEGIT+JY.LE.O.) PRAVIIeJ) = 0.
2110 TFFVEGTEFFVEG+PRAVI I J}
c

c

CoaevesesasSHED SEED CONSUMPTION

[

Connnas THE PROCEDURPE IS AS ABOVF FOR LIVE VEGETATION CONSUMPTION

2115 TF (ASEFDT.LE.0..0R.-NOT.HFOND(2 +HSsN) ) £O TO213 7
K1=ISDADINNS]
TF (INS.EQ.NSCASINY) GO TO?120
KP=ISDADIHINS+1) -1
A0 TO2125

2120 K2=ISDADIN+1.1)-1

THE FIRST COLUMN OF *ISODPRF* DFNQTES THE SP® IES OF PLANT
FROM WHTCH THE SFED COMESs THF SECOND COLUMN DENOTES THE
. aen SEEN HORTZON FROM WHICH IT TS CATHERFD
2125 DO2130 K-K1.K2
T=ISDPFFIKs1}
JHZTSOPRF (Ke2)
opDVITeJHIZPREFSD UK} ® ASEET I Lo JH)
TF (ASFEDITI JHILLF.0.) PPDVATeUHY = Oa
2130 FFFYEGSEFFVEG+PRDV( I» )
4
c
Cevesssanss OFAD ORGANIC MATTER CONSUNPTION
c

. wes.«THE PROCFDURE IS AS BBOWE FOR LIVE YVEGETATION CONTU¥mTION
2135 TF (ALTITT.LE.0..0R.NOT.HFOOD(3:NSsN}) GO TOZ155
LITADIHsNS)
TF (HS.EG.NSEASINI] €0 To21aD
K2=ILITADINsNS+11-1
FO TOZ185
2180 K2=TLITADIN+1s1)-1

PTLITPR® LISTS THWE TNDEX NUMBERS OF THE NEAD ORGANTIC MATTER
Cae e CATEGORIFS
2145 D02150 H=K1eK2
LZILITPRIX)
PRECLY=PPEFLTI(K)#ALTT (L)
TF {ALITIL).LE-0.) PREIL) = Ou
2150 EFFVEGSEFFVEG4PRF (L}
c
[

.. - SOTL DRGANIC MATTER CONSUMPTINN

2155 TF (ADRGH.LE.O..0R.aNOTNFOODI(4sNSsN)} GO TOZLT5
K1=IORGADCHsNS )
TF {NS.EQ.NSEASINY) GO TN?160
K?=TORGAD(N+NS+11-1
e0 TOZ1ES

2160 K2?=TORGAD(N+1s1)-1

c

*TORGPR' LISTS THE INDEX HUMBFRS OF THE <OIL HORTZONT
. FROM WHICH THE SOIL CRGANIC MATIER TS5 CONSUMW D
7165 DOZ170 K-K1e¢K2Z
JH=TIORGPRIK)
PORGIJH)=PREORG K] ADRE (JHY
TF (AOPG(JH)LE.D.) PORGEJH) = O
2170 FFFVEGTEFFVEG+PORGI M)
c

c
Connnane ONSUMPTTON OF OTHER ANIMALSs TNCLUDTNG SUDXLTHA BY YOUNG
2175 TF (.NOT.HFOOD{S+NSeN)) GO TO2195
K1=ICARADIHNINS)
TF INS.EQ.NSCAS(H)) GO TOZ180
K2=TCARADIN+NS+1)-1
G0 T02185
2190 K2=ICARADIN+#1+s1}-1

4
[+
Cuvenssnses"TCARPR® LISTS THE INDEX WUKBERS OF THE PRE Y COHORTS
2185 002190 K=K1rK2
NN=ICARPRIX)
IF (NH.NEJSUCKLNINS#N)) CO TOZ1R6
SHMILKY = 0.
DOZL8TKK = NFRACI¢NFRELM
2187 SHILKT SHMILKT + SHILKPINN.KK)
PCVINN) PCARN(K) & SMTLKT
TF (SHMILKT.LE.D.) PCVINN) = O,
G0 TOZ2190
2136 PCVINN) = PCARN(K) o ABIPHMINN)
TF (ABIOHIHNI.LE.O.} PCVINN} = 0.
2170 EFFYEGTEFFVEG+PCY (NN}
2195 TF (EFFVEG.LE«0.1 €0 TD 2705

LTHE ACTUAL AMOUNT CONSUMEN IS CALCULATED - 9 CH COYO°T
LHAS A MAXTHUM CONSUMPTION CAPACTTY, THE ACTUL ANOUNT
LCONSUMED DEPENDS ON THIS PARAMETER AND THE FARAMETER WHICH
.DESCRIPES THE SFARCHTNG ABILTTY OF THE COMOR - 'B*
IF (GESTHSIHI.E0.01 GO 70220
NHARY = BABYUNSsN)
CONSUM = AINSsH) »(1.=EXP(-BINSH} ¢ EFFVFGI] =
1 {CATOM(NsHFRELM) — SWOOL(NsNFRELMI-SHILKP IN JNFRELM)
2 + CBIOWINHARY+NFRELM)- SWOOL (NHARVINFRFLH) —
3 SHILKP (NHARYV (NFREL ¥})
te 102202
2701 CONSUM = ALNSsN) + (1.-EXPI-PINS+NIsEFFVEG))
¥ (CATOMENSNFRELM] — SWOOL INeNFRELM) - SHILKPIN +NFRELH) )
2702 TF (CONSUM.GT.0.) GO ToO 275
220% D0Z200 JT1sHORGAN
nn2200 I=1RVECOH
2700 FAAVITed

e PRDVITIIH

DO 215 JH=1¢NHORIZ
215 PORGIJHI=D.

DO 220 WNZ1+NTPCOH
720 PCY{NNIZO.

6N To BOY

32
383
3an
ias
386
3187
388
389
350
391
332
393
3948
395
396
397
398
399
sco
a01
%02
803
808
%05
406
&07
508
403
810
811
w12
811
B14

416
817
418
819
820
421
a2z
423
azy
825
526
az?
nza
829
830
831
832
433
B3
EED)
436
837
438
439
840
a8l
w42
843
L
545
[L13
a87
LY
as3
450
451
452
453
854
ass
456
857
458
%59
460
461

463
LI L)

866
867
468
869
470
471
aT2
473

575
476
ar7
478
4719
480
R81

&B83
38%
585
486
487
488
489
490
591
432
433
894
435

487
438
499
s00
501
502
503
504
505
506
507

509
510
511
512
513
S14
515
516

General-Purpose Model

.THE METIGHTED AMOUNTS OF FOOD AVATLABLF ARE NNW SCALFY DOWN
.BY "RATTO® TO DETERMTNE THE ACTUAL RMOUMTS NSUMED FROM
«EACH FOOD COMPARTHENT

.THE PROPORTTON DF CARBON CONSUMED FROM EACH C OMPARTMFNT
.DETERMINES THE PROPORTION OF EACH CONSTITUENT THAT IS

+e+ CONSUMED FROM THAT COMPARTHENT

RATIO=CONSUM/EFFVEG

«ssLIVE VEGETATION
DO 235 J=1+HORBAN
No 235 I=1+NVECOH
TF (PRAVIT+J).6T.0.) GO 7O 236
PRAVITWJ) [
GO YO 235

236 PEC = PRAVII+J) » RATIO
PRAVIT.J) = PEC
DO 23D K=1aNFRELM
TF (CYEG(IsJsK).LE.O.1 GF TO 230
PEVFSPECSCYEGITs JeK)/AVEG (T2 J)
CYEGARIT 1 JoKI=SCVECRAI I+ JrK)1-PEVF
TALIK)=TALIK)+PEVF

230 CONTINUE

235 CONTINUE

c
c
Ceersnsness-SHED SEEDS

DO 245 JH=1+NSEEDH
nO 285 IT1eNSPECY
TF (PROVIT+JH1.GT.0.) 60 TO 246
PROV(I+JH) = Do
€0 YO 245

286 PEC = PRDV(IsJH) + RATIO
PRDV(T+JHY = PEC
DO 280 X=1sNFRELM
TF (SEED{T+JHeK}oLEAD.) GO TO 280
PEVFZPECeSEED (s JHeK) FASEED I Ir JH)
SEEDAQIT s JHe K) =SEEDAN (T 1 JHIKI-PEVF
TALIKI-TALIK)#PEVF

%0 CONTINUE

245 CONTINUE

vesssea-DEAD ORGANIC MATTER
DO 255 LT1sHOLIT
TF (PRE(L) .CT. O.) €0 TN 256
PRELLY = O
60 TO 25%
256 PEC = PREIL) » RATID
PRE(L) = PEC
PO 250 K=LsNFRELW
TF (CLITUIL+K)aLE.D.) GO TO 250
PEVFZPECSCLTT(Le K} /AL TTILY
CLITORIL +K)=CLITERIL KI-FEVF
TF [(L.EQ«LITANL-ORoLEQ.LITANZ) +AND.K.EQ.NELEKZ ) FRAFATZFRAFAT +
1 PEYF
TAL(KIZTALEK) +PEVF
250 CONTINUE
255 CONTINUE
¢
€
CessasnannsSOIL ORGANIC HATTER
DO 265 JHZ1eNHORT?
TF (PORG{JH}.GT.0.) 60 TO 266
PORG(JH) = 0.
60 TO 265
266 PEC = PORGIJH) « RATIO
PORGIJHY = PEC
DO 260 K=1sNFRELM
IF (CORG(JHsK).LE.D.) GO TO 2RO
PEVFZPECSCORG [ JH K} ZAORG(JH)
COPOAAIJIHe K)ZCORGOGEIHIKI-PEVE
TALIKI=TALIK}+PEVF
260 CONTINUE
265 CONTINUE
c
c

Casasa

s« s ANTHAL PREY
0D 285 HN=1+NSPCOH
TF (PCY(MN).GT.D.1 60 TO 286
PCVINN) = 0.
no 10 7285

286 PEC = PCVINN) e RATIO
PCVINN) = 0.

CosssssanasIF THE COHORT IS SUCKLING IN THTS SFASON THT FOOD CCNSUMD
CasessvenssFROM THE 'PREY® (HOTHER) COHORT IS HILK
TIF [SUCKLMINS»N}.EG.NN} GO TO 270

.IF THE COHOPT IS HOT SUCKLTMG AND IS A PRED X ORs THF AMCUNT
v.+OF EACH ELEMENT CONSUMED IS PARTITIOMFD INTP SOFT AND WARD
+..PARTS, WITH THE SOFT PARTS REING CONSUMFD AKD THE HARD FARTS
«.+BETNG ADDED TO THE LTTTER
PCY(NN) = PEC
AMORT=PEC/ABIOH(NN)
CALL MORTLY (NN+AHORT+1)
G0 TO 285
270 00 280 K = 1sNFRELH ©
TF (SHILKPINN+K).LE.O.) 60 TO 280
PEVFSSHILKP (NNsK ) /SHILK ToPEC
SHILKQENNsK)=SHILKQ(NNIK)-PEVF
CHIOMO(NNSK)=CBIOMA (NN K)-PEVF
TF (K.EQ.NELEMZ) FRAFAT = FRAFAT + PEVF & FATHLKINN)
TALIKIZTALEK) +PEVF
280 CONTTHUE
285 CONTINUE
N0 290 K=NFRACLsNFRELM
290 IF (TAL(K).6T.0.1 60 TO 795
6o To 80%
295 TF (TALINELENZ),GT.0.) FRAFAT=FRAFAT/TALINELENZ)
IF (TALINELENZ).LE.Ds) FRAFAT = O,
00 700 J=1+NORGAN
00 700 I=1sNVECOH
LLM = T +0J-1)eNVECOH
P = PRAVIIsJ) ® TRANSILLHs14N}
PRAY(TsJ) = 0.
IF (P.LE.0.) GO TO 700
DO 701 KS1+HFRELM
TF (CYEGIT+JsK) LLE.O.) GO TO TOW
PPIK) = CVEGI TsJaX)/AVEGIT4d) o P
CVEGAQITeJaK) = CVEGORITsdaK) —PPIK)
60 TO 701
708 PPIK) = 0.
701 CONTTINUE
NOTR = TRANS(LLHM12+H)}
CALL POSTTHLPPNOTR)
700 CONTINUE
DO 707 JHS1yNSEEDH
DO 702 I=1.HSPECY
LLH = I +(JH-1) @ NSPECV + NSTSED
P = PROVIIyJH) » TRANSILLHs1sN)
PRDVIT+JH) = D.




517

600

€51

ayne

TF tP.LE.O.) GO TO 702
DO 703 K-1eNFRELM
IF (SEEDIIsJHsKIaLELDOL) GO TO TOS
PPEK) = SFEO! TeJHaK)/ASEEDIIrdH) P
SFEDGA(T»dH K) = SEEDBGIT«JHyK) = PPIK)
GO0 To 703

T0S PPIK) = 0.

M3 CONTINUE
NOTR = TRANSILLM22ZaN)
CALL POSTTHIPP NOTR)

702 CONTINUF
DN TO6 LZL4NOLIT
P = PRE(L) » TRANSIL#NSTLITe1eN)
PPEIL) = 0.
TF (P.LE.D.) GO TO 70F
D0 TOT K=1+NFRELM
TF (CLITIL+K) .Lf.0.) GO TO TOB
PPIK) = CLITILKIZALITEL) o P
CLTTRAILWK) = CLITABIL.K] - PPIK)
G0 Yo 707

708 PPIK) = 0.

T07 CONTINUE
HOTR = TRANSIL+NSTLIT+2sMN)
CALL POSTTHIPP.NCTR)

706 CONTINUE
PO 702 JHZ14NHORTY?
B = PORGIJH] = TPANSI M*NSTORG:L +N)
EORGLIH) = D,
IF (P.LE.D.) GO Tn 709
0o 710 INFRELM
IF [CORGIJH+¥).LE.0.) GO TO 711
PPIK) = CORGIJH+KI/ADPGIJH] » P
CORGOAIJHIK) = CORGABEJHIK) - PPIK)
Gr Yo 710

711 PPULK) = Da

710 CONTINUE
HOTR = TRANSIJH+KSTORG#24N)
CALL POSTTNIPP.NOTR)

709 CONTINUE
N0 712 WNT1iNSPCOM
P = PCVINN] o TRANS(NN+ NSTPRY .l .H)
PCVINNY = 0.
TF (P,LE.D.) 60 TO 712
AHORT = P/ABTOMINNY
CALL HORTLY (NNsAMORT+2)

712 CONTTNUE

DETCRMINE THE AMOUNT OF rﬂovnu CONSUKED

DTETPRINFRACI) = TALINITRO)/CONSTINTTROSHFRACL)
00 1 K = 1sNELEMS
TF (CONSTUKsNFRAC1).LE.0:) 60 TO 1
DIETPRINFRACI) = AMINIC(DIFTPRINFRACL s TALIK ) /CONST (KeNFRACL])
1 CONTINUE
T = TALINFRACI) + TAL INFRELM)
TF (DIETPRINFRACIILLE. T) 60 TO &
DTETPRINFRACIY = T
cn To 7
4  TF (DIETPR(NFRAC1).0f «TALINFRACL)) CO TO 2
EXCRETINFRACL) = EXCRET(NFRACL }+TAL(NFRAFI) - DI PRINFRACI)
TALINFRAC1) = DIETPR{NFRACI)
2 FXCRETINTTRO) = EXCRETINITRO) + TALENTTRO) - NIE ©RINFRACI)
1 CONSTINITRONFRACL)
TALCNITRO) = ODIETPRINSRACL) » CONSTUNTTRO+NFRACLY
SCPROT = DIETPRINFRACI) — TAL (NFRAC1}

DO S K = 1+NELEMS

NTIETPRIK) = DIETPRINFAACI) o CONSTEKsNFRACL)
ASSINIK) = COEFFINFRACLeH) » NIETPRIK] + COEFFIK NI+ (TALIK)-
1 DIETPRIK))

S EXCRETIK) = EXCRETIK] + TALIK) - ASSIHIK}

00 & K = NFRACI+HFRELM

TF tK.EQ.NFRELK) GO TO T

ASSIMIK) = COEFFLK.H) o TAL (K1

G0 TO 3
7 T = COEFFINFRACIIN) # SCPRQT

ASSTHINFRELH) = T ¢ COEFFINFRELM/N) ¢{TALINFRFLHI- SCPROT)
3 EXCRETUK) = EXCRETIK) * (TALIK) - ASSTM{K))
&  CONTIHUF
FRAFAT = ASSIM(NELFH2)
CHO = ASSTHINELEM2) - FAY + ASSIMINFRELM) - 1
PROTEN = ASSIM(NFRACL) +
+DETERMINE HOM HUCH PROTEIN TS UHUSEMLE DUF To BIOLOGICAL
+VALUF CONSTDERATIONS

T = PROTEN s BYPROTIN)
DO 8 K = 1¢NELENS
FXCRETIK) = EYCRET(K] + T sCONSTCK.KFPACT}
3 ASSTHIK) = ASSTM{K] - TeCONSTIKsNFRAC1)
EXCRET(NFPACL) = EXCRET(NFRAC1) ¢ T #CONSTINTTROMNFRACI)/URER
FMERGY = CATPR o T

AGATNG(1+3) = AGATNGIL1s3) - Te(1l.-CONSTINTTRO+NFRACI}/UREA)

PROTEN = PROTEN - T
G e e e e e ————— el
4 HETHANE PRODUCTTION BY RUMIN
Lo e SO S B
c

TF [NCLASSIN).NE.2) GO TO 803

T = CHO * RUMEMW

CHO = CHD - T

AGAINGI1+7) AGATNO[1,3) - T
A —
(o MILK REASSORPTION

BO3 HHARV = HNURSE(NS#N}
TF [NHARV.EQ.OAND.IYRDAY.NE.SEASON INS+N)) €O TO 8@
TF INHARV.EQ.O0) GO TO 205
TF [POP{NHARY).GT.0.) 60 TO 801
805 DO 802 K = 1+NFRELM
IF (SHILKPINsK]1.LE.D.) GO TO B02
TF (K. LE.NELEMS) ASSIMIK) = ASSIHIK) ¢ SHILKP(N+K)
CBIOMA{N+¥) = CBIOHMAINs K] - SMILKPINiK)
SHILKGINWK) SHILK@IN+K] - SHILKPIN:X)
802 CONTINUE
PROTEN = PROTEN + SHILKPIN+HFRACL) + SHILKP(N:sNF T LM)
FAT = FAT & SHILKP(N+NELEMZ) * FATHLKIN)
CHO = €HO # SHILKPUNsNELENZ) #(1.— FATHLK(N})
801 CONTINUE

CHO = CHO + STORESINFLEM3sN)
PROTEN = PROTEN ¢ STORES(NFRACL«N)
FAT = FAT + STORESINELEMZ4N)

DO 808 K = 1+NELFNMS

148

1886

808 ISS!HIK) ASSIMIK) + STORESUKeNY
'NELEMT

806
806 STORFSIKlﬂl < 0.

c RESPIRATION

TF (RKINSeNl.LE.O.) GO TO 12
IF (GESTINS'N).EQ.0) €GO TO 17
HHARY = BABYCNS#N)
E = RKINSeN) #((ABIOMIN] + ABTOHINHARV)) A0PINI)
1 soRBINSsN1 = POPIM)
60 TO 18
17 E = RKINS+N) » (ABIOMENISPOPIN) JesRBINS/N) s POF(H]
18 FUN = RAIHS¥N) o E
T = EUN/CONSTINITROJNFRAC] )
D0 19 K 1+ NELEHS
EXCRETIK] = EXCRETIK] + TeCOMSTIKsNFRACL)
19 CBIOHEINK) = CBIOMQIN+K) - Te¢CONSTIKsNFRACL)
CBIOM@INsNFRACI) = CBIOMGIN+NFRACT) - T

THP = T
EXCRETANFRAC1) = EXCRETINFRACL) + FUN/URFA
ACATNGLL1+3) = AGATHOI1+3) —(T-EUN/UPER)

€ = AMAX110arE =T o CATPRP-LNERGY)
T = FAT & CATFAT + CHO « CATCHO
TF (T.LE.E) GO To 2
F = E/T
AGAINGI1+3) = AGATNQU1+3) -~ FATeF — CHOs F
CHO = CHO - CHOsF
FAT = FAT - FsFAT
THR=0.
G0 TO 12
9 T=E-7
AGIIIIGI! *3) = AGAING(1+3) - FAT - CHO

Far =

CHO = D.

TF ({CBIOMINWNELEMZ1-SWOOL (NsNELFHZ] — SHTLKP{N. N LEMZ))emAT AT,
1 LT.TY G0 70 10

CBIDOMA{N NELENZ)=CBIOMG(N+NELEMZ) - T/CATFAT

THR= T/CATFAT
AGAING(1s7) = AGATNGI1+¢3) — T/CATFAT
G0 TO 12
10 T = T —(CBIOH(H«NELEMZ)=<HOOL (NyNELFH? )~ SHILKP(N NFLEMZ) }aCA TP AT
IF (CBIOMINs NELEM? ) =SHOOL [N« NFLEMT )= SHILKPENJNELEM 21 aLE. 0.1 GO TO
552

EEYDHU!NoNELEM?! CBTOMAINsNELEMZ) ~(CBIOMINNELF¥ J-SHOOL (NeNELEM 2
) = SHILKP (HoHELFH? 1)
YHR = CBINMINsNELEMZ)-SWOOL (N/NELEH? )= SHILK PAN NP EMZY
AGATHGIL+Y) = AGAINQIT+3) —(CBIOM(NsNELFY2)—SHD DL Ny RELFY™ )=
SMILKP (NyHELEMZ 1)
552 T° (PROTENSCATPR.LT.T) GO To 11
MORE = 0
F = T/CATPR
GO TO 18
11 F = PROTEM
MORE = 1
18 PROTEN = PROTEN - £
D0 13 K = L+MELENS
EXCRET(K) = EXCRETIK) + E » CONST{K,NFRAC1)
1F  ASSIMIKI = ASSTMIK) — EeCONST(K¢NFRACT)
TT = E sCONSTINITROCNFRACL )/UREA
EXCRETINFRAC1) = EXCRETINFRACL) + TT
AGAING(1+3) = AGATNG(1+3) - tE-TT)
IF (HORE.E@.D} GO TO 12
T = T - PROTEWNSCATPR

TF(ICBIOMINeNFRACT ) -SHOOL (N#NFRACT I-SHILKP {NsNFR T 11 — PKIN}s

1 PLEVELIN)-THP) *CATPR.GT.T) GO TO 15
P il e T e e e v ey e
c ENTIRE COHORT DEATH
c

IF THERE IS INSUFFICIENT PROTETN TITSUE CAR'CNs THE COHDRT

sssesaeaoDIES,

551 CALL MORTLYINe1l.Dr2)
DO 553 K-1s+HELEMS

553 CLITEAILTTANIeK) = CLTITQOILTTANL+K) + ASSIH (K}
CLITEAILITANLI+NFRACLI=CLITGGILITANLI/NFRACL) +PROT ™N
CLIT@A{LTTANI+NELEH2) = CLITGO{LTTANLoNELEMZ)+FA T+ CHO

INDEX = 1
G0 TO a7s
c

15 F = T/CATPR
CBIOMGINsNFRACL)= CBIOMOINsNFRAC1) - F
THP = THP + E
DO 16 K = 1+HELEMS
EXCRET(K) = EXCRETIK) + EeCONST(KeNFRACL)

16 CBIOMGIMsK) = CBIOM@IN+K) - FsCONST(K:+NFRACI)
TT = € & CONSTINITRO+HFRACL) /UREA
EXCRET(NFRACL)= EXCRETINFRACL} & TT
AGATNG(1,7) = AGATNGI1+3) - (E-TT)

12 CONTINUE

c BROWTH

«THE POTENTIAL AMOUNT OF EACH CONSTITUENT TO ™ F ADDED
+«IS CALCULATED

Cencrsnesas FETAL GROWTH
DO 20 KK = 1sNFRELH
20 CREMBIKK)
EMBEGY = D.
IF (GESTINSyN).EG.O01 GO TO 25
NHARY = BABY(NSsN)
TF (LBESTPIN) «NE.0. AND IYRDAY.NELSEASONINS o N) Y G~ TD 28
IF (NS<EQ«NSEASIN}) LBESTPIN) = SEASON{L Nl + J6E° -SEASONINS 'N)
TF (NS.ME.NSEASIN)] LBESTP(N) SEASONINS+1eN) = < FASONIN™ ¢ N}
29 IF LIYROAY.NF.SEASONfNSs+N).OR.GESTENSsN) of0a-11 M0 TO 21
. DO 23 K= NFRACLe: KFRELM
23 STARTIK-NELEHMS NHARV) = 0.
¥ = BIRTHHINSs+H) s POPIN}
POPQRA (NHARY) = POPQOA(MHARV) + X
DO 22 K = 1+NFRAC1
CBIOMAINHARY+K) = CBIOHQIMHARY +K) ¢ WINIT = CONS TTMsHFRACI 1o
CBIOHGIH+X) = CBIOMGINsK) — WINIT  CONSTIK«NFRAQ )eX
22 CONTINUE
PLEVB{NHARV) = PLEVQI{HHARY) + WINITeX
21  YF (POP(NHARV).LE.D.) GO TO 25
IF (PLEVELINHARV)JLE.D«) GO TO 25
CALL SESSUB {NHARY«NSSIYRDAY)
BWFC = [ EXPU-TK{N)*AMAX1{D.+POPINHARY )/ {POP{N)s T XRATIN}) - 1.1
17 (FLOATILGESTPIN}) -1.) 1e (1.+ GPOW(LINSSeNHARWI ) ~— 1.1/
2 GROMII+NSSe+NHARY )
0o 27 K WFRACL + NFRELM
GREWBIK) = (PLEVELINHARV)SOROW (K-NELEMS: NSSeHHARW +
1 AMAY1(DarPLEVEL (NHARV) —CETOMINHARY «NFRAC 1) +SWOOL (NHARV,
2 MFRACL ) +SHILKP (INHARY ¢ HFRACL) Yo "ROWIK—N LFMS 4 NS S HHARY) /
3
L]

O«

GROWIL *HSSeNHARY) ) =
BWFC
DO 26 KK = L+MELEMS
76 GREMBIKK) = GREMBIKI+CONSTIKK:K) + BREMBIKK)



149 General-Purpose Model

787 EMBEGY = FMBEGY + GREMB(K)sENBODY(K-NELEHMS) sEFFI O NY 5 922 PFACTO = AMINLIPROTAY/({L.-PKIN))sPLEVELINI + POTPRT ),
788 21 CONTINUE 923 IF (PFACTO.6E.1.1 6O TO ET

789 PLEVOI{NHARY] = PLEVOIHHAPY 1 + PLEVELINHARV) GROW (1 PHSSe RHARY ) 924 IF (PFACT0,LE.O.) 6O T0 75

790 1 * BWFC 9z5 DECRSE = 1.

791 25 CONTINUE 926 NONCE = 1

792 821 70 TF (WLC.LT.20) G0 TO 73

793 928 75 DO 74 K=11NFRELH

794 <+« JUVENTLE GROMTH 529 GREMB K]

795 PO 37 K 930 GRIUVIK)

198 I SRJUVIK) 931 GRMTLKIK)

797 AJUVEY = 0. a3z 7% GRWOOLIK)

798 TF (GROW!] sNSeN) JLELO.) GO TO T5 233 60 Yo 80

799 NWHARV = MUM [N} 834 73 DO 62 K = 1+NFRELM

AOO IF (NHARPY.E3.0) GO T0 36 935 ¥ = PFACTO®sGKIMs1)eDECREE

BO1L CALL SESSUB (NHARVsNSSeTYRDAY ) 936 GREMBIK) = GREMBIK] = Y

8OZ TF (N.EG.BABYINSSsNHARV1) GO TO 35 937 62 FHBEGY = EMBEGY » Y

203 36 HFRACL» NFRELM 938 DO 63 K=1#NFRELH

804 T tK-NELEKS N} 46T.0.1 GO TO 71 939 Y=PFACTO#6KIN+2Z ) #DECRSE

805 W CONTINUE 380 GRJUVEKD = GRJUVIKI® ¥

806 NN 32 K = NFRACL#NFRELM a1 63 AJUYVEY AJUVEY = ¥

au7 52 START(K—NELEMSsH) ={CAIOM(N+K) - SHOOLEN+K) - SHTLXPUNK)}/POPIN) 942 NO 64 K=1sNFRELM

808 31 00 33 K = NFRACLsNFRELH ELE] ¥ = PFACTO #sGK({Ns3} * DFCRSE

409 CRJUVIK) = GROMIK-NELEMSsNSsN) e{PRLEVLINISPOPIN} - PLEVFLINI) Y CRHILK{K) = GRHILKIK) oY

810 1 + AMAX1(D.sGROM (K-NELEMS 1NSsH) /GRONL] INSOND o 95 6% AMLKEY = AMLKEY s Y

811 2 IPLEVFLUIN) - STARTI1 NP OP {N) ) ans DO B5 K=1sNFRELM

812 3 + STARTIK-NELFHSIN1ePOP{NI — FETDMENIK] + SHOOL (N4K) a7 Y = PFACTO®GK(N+4)eDECRSE

813 L} + SHILKAIN.K)Y 8 GPMODLIK) = GRWODLIKI & Y

81y NO 34 KK = 1eNELEMS 83 65 WOLEGY=WOLEGYs Y

215 I FRJUVIKKY = GRJUVIKK) + ERJUVIK) = CONSTIRKsK) 950 60 TO 6B

816 AJUVEY = AJUVEY + GRJUVIK) eENBODY(K-NFLE M) oFEFT O N) 951 c

817 33 CONTINUE 952 c

818 PLEVBIN) = PLEVAGIN] + GROWIL INSIN] s IPHLEYLIN 1P OPINY 953 CousnnsnsasPROTEIN HEEDS

819 1 = PLEVEL(HI) ass 6T NY = O

820 35 CONTINUE 955 69 TF (POTPRT.LE.PROTAV) GO TO 68

az1 956 DECASE = 0.9

az? 957 NT = NT + 1

823 +2«HILK PRODUCTTON 958 TF (NT.EQ.200 GO TO 75

82y PO 42 K=1eNFRELM 959 TOTPRT = POTPRT s DECRSE

825 a2z GPMILKIK!S O. 960 60 TO 69

826 AMLKEY = 0. %1 64 IF (NT.EQ.0) GO To 71

827 TF (HURSEINSsH}.F0.0) GO TO &5 362 PFACTOT 1.

828 NHARV = NURSE (NSiH) %Y DECRSE = DECRSE +eHT

829 TF (ARTOMINHARY).LE.D.) €0 TO 85 %4 NONCE = 3

A30 CALL SESSUB(NHARV.NSS +TYRFAY ) 965 NLC = NLC + NT

831 TF (TYPDAY.NF .SEASONIHSS KHARY J.AND LHLACTIHHARY) (NE.O) 60 T0 83 9%E &n 10 70

832 TF INSS.TO.NSEASINHARV]IINLACT(NHARV] =SEASON(1INH P V) +365-SEASON( 967 71 CONTINUE

833 1 NSSyNHAR V] LY ]

B34 TF (NSS.MF.HSTASINHARV)) NLACT INHARY )= SF 250 NINSS 41 +NHARV) - 969

835 1 SEASON (NESaNHAR V) 970 +RESERVE GROMTH TTSSUF NFEDS

836 41 IF(NSS.NE.NSEASENHARV)) 60 TO 86 ar1 HY = g

a37 TF (IYROAY.GE.SEASONINSS +NHARV 1) TYRIES = TYRDAY T2 91 RESAV = CHO +FAT+ CBIOMINeNELEH2 }-SHOOL{NINELTM2)— SHILKPCY yHEL EN2Y
838 TF (TYRDAY.LT.SEASON! LeNHARVIIIYPTRSZIYRNAYS 165 973 1 + (PROTAV-POTPRT)s{l.- CONSTINTTRO+NFRACL)/ UYFA)-THR
B39 GO0 TO &7 974 IF  (POTRES.LE.RESAV) 60 TO %

540 46  TYRIES = TYRDAY 915 DECRSE =0.9

8yl 47 TT = WEANUNHARV) eNLACT(NHARV) + SEASONENSSeNHARW a6 MT = NT + 1

382 TF [IYR3IES.LELIT) INSSNHAR V) «{CBTOMENHARVINF OCLNY 17 TF (NT.EG.200 GO TO TS

843 1 ~ SWOOL(NsHFREL H)-SHILKPUNINFRELM Y)Y 918 POTRES = POTRES ¢ DECRSE

any TF (IYRIES.GTIT) TZAMAX1(0.+A(NST)NHARV 1= A(NSS HHARY] # 979 POTPRT = POTPOT & DECRSE

aus 1 CTYRIES-IT)/INLACT (NHARY 1o (1 .- WE ANCNHARY 11 ) & 80 60 TO 91

a46 2  CBIOMINHARY «NFRELM)-SWOOLINHARY \NFRELM) ~SHTLKP I NHAPVWFRELH] 1) a8l 90 TF IHT.FG.0) GO T 97

a7 T = AMINIIT,UKILK{N)® (CBTOM (Ks NFRELMI-SHODL (NoNF RF LMI-CHILKP Ny 382 BEACTD = 1.

aua 2 NFRELH) ) 983 DECRSE = DECRSE *» NT

a4 9 0N 80 K = 1sNFRELM ELE] NONCE a

850 GRMILKIK) = Te AMILKIN#K) 985 MLC = NLC » NT

351 TF (K. LE.NELEMS) 60 Y0 a0 386 co Yo 70

352 TF [K.EG.NELEMZ) 60 TO

853 AMLKEY = AMLKFY + GRMTL KIK)eFNRIDYIK-NELEMS)eFFFIC (N) ::: c 2" [COMTIIE

854 G0 T0 40 989 ¢

855 81  AMLKEY = AMLKEY + GRHTILXI(KIs (FATMLK(N) sENRODY(K~N LFHS} + 33g CasesassassHONCARBON CONSTITUENT NEEDS

A5 6 1 11« —FATHLKIN]19ENBODYINFRELM-NFLEMS*1)1 = TFFICIN) 991 MK

857 80 CONTINUE 232 9% NT =0

858 45 CONTINUE 993 105 T = AVELMIHK)+ AHAXL{O.,(POTPRT-PROTEN )+ CONSTEMK HFRACLY )
859 € EEL] TFIPOTELMIMKILLE.T) £O TO 103

860 c 935 DECRSE = 0.9

BE1 CassrsensssHOOL PRODUCTION 996 NT = NT +1

862 DO 56 K=1:NFRELM as7 TF (NT.EQ.20) GO TO 75

863 56 ERWOOLIK] = 0. 998 POTELMINK)I= POTELMIMK Y+ DFCRSF

86 4 : WOLEEY = 0. EEE] POTPRT = POTPRT 3 DECRSE

865 TF (BROMOLINS+MI.LE<D.) GO TO 55 1000 60 To 105

866 T= GROMOLINSeH}e(CBIOM{NINFRELH] ~SHOOLINyMFRELM ) -5 MTLKP Ny NFRELM) ) 1001 103 TF (HT.EQ.0) GO To 100

867 DO 50 K=1+NFRELH 1002 PFACTO = 1.

868 ERMOOLIK)Y = T eAWDOLIN+K) 1003 DECRSE DECRSE #s NTY

869 TF (K.LE.HELFMS) GO To SO 100% NONCE = 5§

870 TF (K EQ.NELEMZ) GO TO 51 1005 HLC = HLC + NT

B71 WOLEGY= WOLEGY + GRMOOL (K) +EFFICINIsENBODY [K-NEL ¥ S) 1008 60 To 70

872 60 TO S0 1007 100 AVELM{HKI= T

873 51 MOLEGY = WOLEGY + GRWOOLIK)e (FATWOL{H) #F NRODY K= LFHS) + 1008 LIF{MK.EQ.HNELEHS) GO To 97

BT4 1 (1.- FATMOLUNI)SENBODY (NFRELH-NELFHS+11 1eTFFI™ (N} 1009 MK MK+

875 50 CONTIHUE 1010 60 TO 98

876 55 CONTINUE 1011 93  CONTINUE

877 DD 57 K T1sNELEMS 1012

878 TF (K.E0.NITRO) CO TO 58 1013

879 ASHSTOIKIZCBIOMINIK)=SHOOL [N sK )~ SHILKP{HK) 1014 ENERGY NEEDS

380 1 ~CONST(KsNFRAC1Ie [11.~SOFTSK{NI)s (CATOMING W RELMI-SWOOL(Ne 1015 KT = 0

881 2 FRELN}-SHILKPINsNFRELM1)  + CRIOM{NsNFRAC1)-SWOOL (N/NFRACL) 1016 118 TF (POTRES,GE.CHO + FAT) GO T0 110

882 3 —~SHILKPINSNFRACI}) - (CBTOM{NsNFRELH) -5 MOOLI N sNFRELK) 1017 FMEGAY = (CHC-CHO/ICHO + FATIePOTRESIeCATFHD =
883 4 ~SHTLKP (Ne NFRELH) 1*SOF TSK IN) B0 NE (K ¢+ N) 1018 1 (CBIOM{NsNELEMZ)-SWOOL (MeNELEMZ )-SHILKP N+ NFLEH 2 T MR+F A" =F AT /.
884 ASHSTOUK) = AMAXIUOa.+ASHSTOLK) ) 1019 3 (CHO + FAT)sPOTRES)SCATFAT #(PPOTAV-POTPRT )+ CATPP
885 AVELMEK) = ASSIM(K) + ASHSTOIK) 1020 G0 TO 112

286 Ge TO 57 1021 110 TF (POTRES.GE.CHO+FAT+CBIOM (NeNELFM2 1= SWOOL (HeNFLEHZ 1=SHILKPIN,
387 58 AVELHLK) = ASSIHIK) 1022 1 HELEWZ)-THR) GO TO 111

L] 5T CONTINUE 1023 £ (CBIOMINHELEM2 1~ SO OL (N ¢ NELEM2 1 SHTLKP [ oNELE HP) ~THR+CHY
289 TTIZ 0. 102 1+ FAT - POTRES)s CATFAT + (PROTAV-POTPPT) sCHTPP
290 ) 1025 co TO 112

891 NLE = O 1026 111 FNEGAY = (IPROTAV-POTPRT) —(POTRES-CHOF AT— CRTOMIN; HELEM? ) +THR+
892 NONCE 1027 1 SWOOL(N+NELEHZ)+ SHILKPIN NELEMZ) )1 /01, -CONST [NTT ROGNFRAT L) JUREA )
A93 66 POTPRT 1028 2 ¢ CATPR

898 POTRES 1029 112 IF (POTEGY.LF.ENEGAY) 60 TO 113

835 Or 60 K = 14NFRELMW 1030 DECRSE = 0.9

896 TF (K.GT.NELEMS) 60 To 72 1031 NT = NT + 1

397 POTELMEK) = GREMBIK)+GRJUVEK) +GRMILK(K) + GPWOOL(K) 1032 TF (NT.E0.201 GO TO 75

898 G0 TO 60 1033 POTEGY = POTEGY o DECRSE

899 72 TF {K.EQ.NELEWZI 60 TO 61 1034 POTPRT = POTPRT + DECRSE

200 POTPRT = POTPRT + GPEMBIKI +GRJUYIK)+GRUNOL (K)I+CRMTLK(K) 1035 POTRIS = POTRES * DECRSE

301 £0 TO 60 1036 60 TO 118

au2 51 POTRES =  GREMBIK) +GRJUVEK) » GPMODLIK] + GRHILKIK) 1037 113 TF INT.E0.0) GO TO 115

303 60 CONTINUF 1038 PFACTO = 1.

a0y TF (POTPRT,.Lf.0.) 60 TO 80 1039 DECRSE = DECRSE #+# NT

05 POTEGY = EMBEGY+AJUVE Y+ AMLKE Y+ WOLEGY 1060 NONCE = &

306 TF (NONCE.EG.11 CO 10 &7 NLC = NLC + NT

207 TF (NONCF.EQ.T) €0 TO T1 60 To 70

208 TF (HONCE.E0.8) GO TO 92 115 CONTINUE

909 TF (NONCELEQ.S) GO Tn 100 ¢

ain TF INONCE.EQ.6) 60 To 115 1085 c

a11 1086 CavessnsaesTHE ACTUAL AHOUNTS OF EACH CONSTITUENT PRODU FD ARF #OOED
912 NHARV = BABYINSN)

a3 LTH SOME CASESe TNSUFFICTFNT MATERIALS WAY AT MW ATLARLE TH DO 120 X = 1s.NFRELM

18 «THE 'POOL® OF RAN HATERIALS TO SATTSFY THF MAXIHUH RATE COF 10479 CBIOMGINIK) = CBIOMOIN/K] + GRUUVIK) ¢ GRMILKEK) + RPMOOLIK)
s -GROWTHy AND SO THE ACTUAL AMOUNTS ADDED YO HE BIOMASSES ARF 1050 SHOOLGINYK) = SWOOLOIHsK) + CRMOOL(K)

916 «DECRFASED 1051 SHILKQENsX) = SHILKQINeK) + GRMTLK{K)

a17 weesv«ANY SCALTNG NOMN THAT TS NECESSARY TS PFRF 02MER 1052 120 CBIOMGINHARYK) = CBIOHOINHARY K} + GREWPIK)

918 1053

9119 1054

920 PROTAY= POOTEN + (CBTOM(NNFRACL I-SWOOL(NeNFRACL)- SHILKPIN +NFRACT) 1055 .DECREMENT SOURCES THTT PROVIDFD MATFRIALS FCR PROTFTN
9z1 1 -PK(N}sPLEVEL(N}- THP) 1056 GROWTH



Payne

1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1071
1078
1073
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
10%0
1091
1092
1093
1094
1095
1096
1097
1098
1092
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
112u
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1161
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1178
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192

TF (POTPRT.GT.PROTEN) 60 TO 121
PROTEN = PROTEN - POTPRT
60 YO 123
121 TT = POTPRT - PROTEN
N0 122 K = 1L+NFRACL
CATOMAINIX) = CBIOMGINsK} - TT o CONSTIK NFRAC1)
122 TF {K.NE.NFRAC1) ASSIMIK) = ASSIMUK) ¢ TT+CONSTUK:HFRAC1)
PPOTEN = O,

+=«DECREMENT SOURCES THAT PROVINFD MATERIALS FOP FAT AND CH™
sesenaaGRONTH
123 YF (POTRES.GT.CHO + FAT) 80 TO 12&
CHO CHD - CHO/(CHO + FAT)ePOTRES
FAT FAT = FAT/{CHO+FAT)¢POTRES
6n 1O 125
124 Y = CHO + FAT+CBIOHM(N+NELEH2)-SHMILKPINNELEM2)—S WODL [NsNFLER™ -THR
TF (POTRES.GT.Y) CO TO 176
TTT = FOTRES- CHO - FAT
CBIOMOENSNELFM2) = CRTOMOINeNELEM?) - TTT

c
C
Ca
c.

CHO = Da
FAT = 0. *
€0 Y0 125

126 TIV = (PNTRES=Y) /(1.~CONSTI(NITRO«NFRAC 1) JURF B)
T CBINPMININELENZ) =SWOO0L (N NELEM? )=SHTLKP{NsNTLENZ)=THR

EXCRETINFPACIY = EXCPET(NFRACL) + TTVeCONSTINTTROy NFRACL)/UREA
TF (CBIOMIN/NELEMZ) 46T.0.1 CPTOMI (N+NELEM2I=CPTOM INSNELENZ) -TTT
TF (TIV.ET.PROTENY GO TO 127
PPOTEN = PROTEN - TIV
o 10 12°
127 N6 129 K=1+NFPACL
CRIOMAIN¥) = CBIOMO{N:X] —(TIV-PROTEN)s CONSTIK.N RACL)
IF (K.EQ.NFRAC1) GO TO 129
EXCRETIK) = EXCRETIK] + (TIV-PROTFH) sCONST(KsNFRT 1)
129 CONTINUE
®ROTEN = O.

+4+DECREMENT SOURCES THAT FROVINED MATFRIALS FCR MINERAL AND
~e-NITROGEN GROWTH
125700 130 K=14NELEHS
TF (POTELMIK) .GT.ASSIMEKI} GO TO 171
ASSTHIK) = ASSIMIK] — POTELHIK)
€0 T0 137
131 FBIOHG(N.K)} = CBIOH@IN.K) -(POTELMIK)I-AS<IMINKI)
ASSTM(K) = O,
132 AVELMIK) = AVELHIK) - POTELHIK)
130 CONTINUE

c
{23

Cavanan

CREMENT SOURCES THAT PROVIDED ENFRGY FOR CROMT
CHO®CATCHO ¢ FATeCATFAT

IF (POTECY.GT.E) GO T0 180

T = POTEGY/E

AGAINGI1s3) = AGATNOC14+3) — CHO#T -FATeT

CHO = CHO - CHO =

FAT = FAT - FAT s« 1

Gn TO 181
140 ACGAING(1+3) = AGATING(1+3) - €HO - FAT
CHO = 0.
FAT = D.
IF (POTEGY.GT,E + (CBTNMINeNELEMZ )=SHTILKP (N NFLEM™ -SWOOLINNELEND)
1 ~THR =TTT) = CATFAT) GO TO 142
ACATNGIL1+3) = AGAINGI1+3) - (POTFBY-E})/CHFAT
7 = (POTEGY-E)/CATFAT
CRTOMQUN(NELFEMZ) - CEIOMQUN NELFMZ2)} - 7
GO TO 141

142 2 = CBIOM{N+NELEH?)-SWOOL(H+NELEM? }-SHILKPININEL P 2V -TTT-THR
TF [CBIOMIN/NELEH2 1 .GT.0.)CETOMGIN/NELEHD =CBTIOM INNELFK2Y - 27
AGAING(1»T) = AGAING(143) - Z
F = E + Z+CATFAT
Y = (POTEGY-F1/CATPR

EXCRETINFRACL) = EXCRET(NFRACI) + Y & CONSTUNTTRfs NFRAC1 J/URFA
AGATNGI1+X) = AGATINGI1+3) - Yo (l.-CONSTINITRO.NF™ C1)/UREA)
TF (PROTEN.GE.Y) GO 7D 152

DO 153 K=1sNFRAC1

153 CBIOFAIN+K) = CBIOHBINK) —(Y-PROTFHIeCONSTIKsNFRAC]
D0 156 K = 1/HELEMS
156 FYCRETIK) EXCRETIK) + (Y-PROTEN) *CONST(K+NFRPACL
PROTEN = 0.
50 T0 18
152 SROTEN
181 CONTINUE
80 RESAVZCBIOM(NsNELEMZ)-SMOOL INeNELFH2 }- SHILKPINNOL EM21-TTT-Z-THR
i i U e
c PROTEIN SYNTHESIS
c-— L

c

1
PROTFN - ¥

DEFICT = AMAYL(O. +PLEVELIN)=(CBIOMINsNFRACL}-SHOOL (N)NFRACL)~
1 SHILKP (NeNFRACL) ))
TF (DEFICT.GT.PROTEN) DEFICT =
TIF (DEFICT.LE.O.) GO TO 168
F oz 1.
DO 160 K = 1eNELEMS
150 F = AMINI(F¢AVELM(K)/ (DEFTCTCONST(KsNFRACLID)
DEFICY = NEFICT + F
TF (DEFICT.LE.O.) 60 TO 168
TT = CHOSCATCHO ¢ (FATRESAV]SCATFAT
ENEGAV TT+({PROTEN-DEFICT 1+ CATPR
FHEEDS DFFICTEFF ICANYSENBODY(1)
TF (ENEED.GT,FHEGAV) DEFICT= (PROTEN+TT/CATPRI/( L +FFFICINI e
1 ENBODYI1)/CATFR)
N0 162 K1 sNFRACL
T = DEFICTeCONSTUK:NFRACI)
CRIOMQINIK) = CBIOHOTH#K) + T
TF (K.NE.NFRACI) GO TO 1F3
PROTEN = PROTEN - DEFICT
GO0 To 162
163 CBIOMGINK) = CBIOHQIHsK) — AMAX1(Oa.oT-ASSIHIK))
ASSIMEK) = AMAXLCASSIM{RI-Ts0.)
AVELKEK) = AVELMIK) - T
167 CONTINUE
ENEED = DEFICTSEFFICIN)*ENBOPY (1)
TF (ENEED.BT.CHO® CATCHO+FATCATFAT) GO TC 164
CHOSENEED /I CHOSCATCHO + FATs CATFAT)
FAT -ENEED®FAT/(CHOsCATCHO+FATSCATFAT]
AGATNG11+3) = AGAING(1+31 -(CHO+FAT)«ENEFD/(CHO® & T HO+FAT#CATFAT)
60 YO 169
164 ACAING(L:7) = AGATHAG(1:3) - CHO - FAT
TF (ENEED.GT.TTH GO TO 165
T = (ENEED- CHOSCATCHO-FATSCATFAT)/CATFAT
CBIOMA(NNFLEM2) = CBTOMO(MsNELEM?) - T
AGATING(L»T} = AGAINGEL43) - 7

OTEN

CHO = D.
FAT = 0.
60 TO 168
165 AGAING(1+%) = AGATHGIf1+3) - RESAV
CHO = D.
FAT = 0.

TF (CBIOMINyNELEM? ) .GT.0 CBIOMAINs NELEMD) SCPTOM™ Ne NELE»? )=RESAY

PROTEN = PROTEN - (ENEED-TT)/CATPR

IGAIN’GH. 133 = AGAINQt1+3) -(ENEED-TTI/CATPR e (1.~ MONSTINTTPD,NFRACL
} JUREADY

EIERET!HFNACU = EXCPFYINFRACL) +(ENEED-TT)/CATPPs

1288
1289
1250
1251
1252
1253
1258
1255
1256
1257
1258
1259
1260
1261
1262
1263
1268
1265
1266
1267
1268
12619
1270
1271
12712
1273
1278
1275
1276
1277
1278
1279
1280
1281
1282
1z83
1284
1z85
1286
1287
ize8s
1289

1291
1292

1328

1 CONSTINITRO¢HWFRAC1)/UREA
168 CONTINUE

[ FATTENING

T FATEFFINIENBODY(2)

1T CHO+CATCHO + FATSCATFAT + PROTFNeCATPR

IF (TY.LE.0.) 60 TO 172

CHO®T + FATsT + CHOCATCHD + FATeCATF AT

PROTEN®T ¢ PROTENSCATPR/(1,-CONSTINT TROSNFR K" 1) /URE M)
TF (XT.GE.TT! GO TO 170

X 1.

b4 ETT=xT) /YT
60 To 171
X

¥

Tr/%T

o

= CBIOHGINSNELEW?) # Xa{CHO+FAT )+ YePAOTEN

HFRAC 1) ZURE AY
PROTEN = PROTEN -1
FXCRETINFPACL) = EXCPET(NFRACL} + TeCONSTINITRO,N-RACL)/UREA
AGAING(1+T) = AGATNGIL+3) - CHO - FAT - PROTFN

172 EXCRETINITRO) = EXCRETINTTRO) + ASSTMINITRO)

DO 190 K = 1.NELEMS
TF (K.EQ.NITRO) GO To 190
T = SOFTSKIN)=(CETONINANFRELM) -SWOOL N NF PELMI =5 M7 LKP (N HFRELH) )
1 ® (STORSK(KsN)=ROHE(K/ND)
TT = AMIKIET -ASHSTOLK)eATSIHIK))
CRIOMGINWK) = CBIOKGINGK) + TT
EXCRET(K) = TXCRFTIK) + ASSTMIK) - TT

190 CONTINUE

s SRR S e P B S e AT e s e
Y = ICBIN™(N+NFR, I—SlﬁﬂLleNFRI 11 =-SHILKP IN+NF P O ) 1/PLEVEL IN)
TF (Y.6E.1.1AHDRT
TF (Y.LE.PKINY) IHORY £
IF (Y GT.PKINY2ANDaY.LTo1a) AHORT = 1. - F XPINKIN) ¢
1 ALOG L (Y-PKINI) 711 —PHAINIIY)
AMOPT = DEATHINS:N) + AMORT - AMOPTsDEATHINS Y]
TF (AMORT,.LE.O0.) GO TO 202
IF (GESTINS.HYI.EG.O0Y FO TO 200
NHARY = PABYINS«N)
CALL MORTLY (NHARV2AMO®T .7}
CALL MORTLY(NsAMORT2)
G0 TO 207
200 TF (GROWI1
NHARY = HUMINI
IF (NHARV.EQ.0) CO TC 201
CALL SESSUB (NHARVeNSS IYROAY)
TF IN.HE.RABY(INSS«NHARV)ICOD TO 201
CALL MORTLY (NeAMORT.2)
60 TOo 202
201 CALL MORTLY [NsAMORT:2)
202 CONTINUE
o kil

[ EXCRETION

*NSsN1.LE.D.) GO TO 201

THE EXCRETED CONSTITUENTS ARE DIVIDED AMONG T HT SURFACE AND
SOIL HOPTZONS ACCORDTHG TO AN INPUT PARAMET ™.
4715 o RBS JHZ1eNH1

«esoTHE CONSTITUENTS ARE ADDED DIRECTLY TO SOIL ORGANTC MATTTR
IF ANDED 7O A SOTIL HORTZON. ELSE THFEY ARF AMED TO THE
URFACE LITTER
EQ.NHI) GO To 490
po 380 A NFRELM
430 CORGEO(JH¢KIZCORENG(JHsKI+EXCRET (K)o TFRRF € JHoNSa )
885 CONTINUE
490 DO 895 K=1eNFRELH
895 CLITOAILTTEXsKIZCLITROILITEX rK J#FXCRET (KD & TERPRE (NG 1a NS o N)
IF (INDEX.NE.1) GO To 598
TNDEX = D
IF (POP{N).LE.O.) GO TO 505
POPGAAIN) = POPAGOIN] - POPIN)
G0 TO 505
c- LR
c WOOL REMOVAL

c- P e, PO

538 D0 599 KS1eMAXWRT
TF (IYRDAY.NE.NDATE(X.N1) GO TO 529
NT = K
G0 TO 605

599 CONTINUE
£0 TO 63D .

605 MRITE(Ge620) NsNDATECNT+N}

620 FORMAT(® WOOL REMOVAL FROM GROUP *yT%s " AT TTHE INTT *,1%)
DO 610 K = 1sNFRELM
T = PROPTNINTeN) = SWOOLIN+K)
WRITE(G+621)

621 FORMAT (E14.3)
SHDOLGENsX) = SHOOLAIN+K) - T
TF (K.GT.NELEMS) GO TD §1%
AGATHOILsK) = AGATNOC1eK) - T
60 TO 610

615 AGAING(LsT) = AGAING(1+3) - T

610 CONTINUE

THE POPULATION IS PROPORTIONAL TO THF STPUC URAL CARPON LESS
ANY WOOL CARHON AND MILK CARBON
N JUVENTLESs: BROWTH OF STRUCTURAL TISSUF I % NOT COUMTER
IN THIS PECKONING. L GROMTH TN APULT COMORTS IS ALSC NOT
COUNTED TN THIS RECKOHING
630 PUPUGI"H = POPRAAIN) - TBIOMIN) s GAMMAX (N)
G0 TO 505
501 IF [NININYY).HE.1) GO TO 505
NPLACE(NYY) = NPLACE(NYY) + 1
NTININYY) = O
DO 502 K = 1+NFRELM
IF (CBIOMIN+K).LE.O.) GO TO 581
TF (K«LE.HELEMS) AGATNG(1+K)=AGATHG [1+K) — CETOMIN «K}
IF (K BT.NELEMS) AGATNG(1+3) = ACATNG(1: ™ - CRIOMIN.K)
CBIOHAIN«K) = CBIOMGIMNsK) - CBTIOM (M.K)
591 TF (SWOOL(MHsK)«LE.O.) GO YO 582
SHOOLQINIK) = SWOOLBINyK) - SHOOL (N+X}
532 TF (SHILKP{NsK).LE.O.) GP TO 502
SHILKG(HK) = SHILKGINsK} - SHILKPIN:K])
502 CONTIMNUE
TIF (PLEVEL(N).LE.O.) GO TO 583
PLEYB{N) = PLEVAI{N) - PLFVELIN)
583 TF (POP(H).LE.D0.) GO 505
POPQAAIN] = POPAGAIN] - POPIN)
505 CONTINUE

(4 DEBUB ROUTINE




1329
1330
1331
1332
1333
1339
1335
1336
1337
1338
1339
1340
1391
1382
1343
1344
1345
1346
1347
1348
1343
1350
1351
1352
1353
1354
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IF (NDEBUG, EQ.0) RETURN

WRITE (£3525) IYROAY

WRITE (6+530) ((ICVEGQ@ITrJoK) T
MRITE (61535) (({SEEDA@IIs+JHsK)eT=
1NFRELH)

MRITE {€:540) ((CORGAOIJIHKE + JHE1oHHORTZ 1o K= 10 NFRE LMY
MPTTE (6:585) ((CLITEAIL+KIsL=1¢NOLTT) +K=L rNFRELM)
MRITE (6+5501 ((CATOMGINIK]IsN=1eNSPCOH )i KT 1INFRELH)
WRITE (B¢555) (POPAQQ (M) INZL +HSPCOH)

MRITE (6+5601 ((AGAINGIT+J)eI=1e30aJ"1a3)

*NVECOH) »J=1 s NORBAN +K =1 sHFRELM I
*NSPECV) s JHZ1 M SEEDH) oK=1 s

RETURN
s e i S S, e e S e e e e e D s
4 PEAD IN DATA FOR THE NAMELIST
ol s D b e e e e L S S et e o e e

THNTRY ATHPUT
READ (52PUT)

RETURN

525 FORHAT (' ANIMAL NEBUGGING®'SX »"IYPNAY -'18)
530 FORMAY (* CVFGQQ ="+10F12.E6)

535 FORMAT (* SEEDGQ 10F12.6)

540 FORHAT (' CORGAO 10F12.6)

545 FORMAT (" CLITGQ ="+10F12.6)

550 FORMAT (* CBIOMG 10F12.8)

555 FORMAT (' POPIGO 10F17.6)

S60 FORMAT (* AGATRG =*+10F17.5)

FND

Subroutine SESSUB

SUBROUTINF SESSUR (NsNSsIYPDAY)
THTEGER SEASON
COKHON /PARAM/ PARVEC (4000 }a TFRRE(Gs 6430 1 PAFFLY [ (01, PREFSDIZ 800 4
1PPEFLTIGE) sPRFORG(16) sPCARN (70 1+ SEASONIG 43014 NSE S 1301+
ZCOEFFL5530) ¢ CROME 3469300 +RX (6:30 1P RA(6 430 sRALGr T 1y ALEs Ty
3 AU6,30)aMUMITO) 2 SOFTSK (3004 FATHLKITO) oF ATWOL {00y BTRTHNIE »3 01 ¢
BCONSTE2:5) aPHLEVL (300 EFFTCE30 be PUMFH o WINTT o MAMHPR fHAMHUR, BIRDP B
51 AIROUR CATCHO#CATFAT oL TTANL s LITANZ
NSZNSFAS(N)
DO 2D IT1=1+HS
TF (I1.EQ.NS) RETURN
TFUCIYRDAY.LTSEASONE IT+14N) 1 ANDLETYRDAY LGESTA ON(IT oK1
1 60 TO 1%
G0 T0 20
15 NS=IT
PETURN
20 CONTINUE
RETURN
END

Subroutine MORTLY

R e

SUBROUTIHE MORTLY (NsAMOPT,IP)

«*N' TRANSMITS THF INMEX NUMBE® OF THF COMOR T IN WHIODY THE
ORTALITY OCCURS

AMDRT*® TRANSHITS THE FRACTION OF EACH CONSTI WEMT TYAT OIFS
TP" TRANSMTITS THE TYPE OF MORTALTTY INVOLYFN -

PREDATORY DEATH ISGFT PARTS CONS UMED)

2 NON-PRFOATORY DEATH (ALL PARTS APDFD T LITTER)
RESORBTION

COMMON /DEATHS/ TALUS5)«TATOMIZO) + NELEMZe NELENI oFRAFATSTOPESIS+30)
COHMON /SPEC/ NCHANsTNSTRU(20) sHSPECVsHSPTCA+NOREA e NFRACT +NDAYe
INELEM+NOLITe NCHECK » IDAY +TYRDAY +NRFPFTI20 )4 NDEBUG sNHORTZ+NCOHI10) #
ZLTSCOHIIO0) +NCOHCUT10) +NCOHOR s N RELMe NFRACL s NSPCOHs MONTHy HORDEP UG ) &
SLTTRUNIS ) e HREP(20) s IYRs DPYFAV(3sF) 4+ LITCATI1S) s NVECOHSLISVCO (150,
GNVCOHT 10}« HVCOCUT10) o NOSECSe TRUNe MRUNL T TSTD o JST N TLIT »JLTT o TLHy

SJULHeSEEDERPIE ) s NSEEDHINELEMSy JSTATE p JDAY

COHMON /STAT/ CVEGI15+410+6 )¢ SEEDI10+606)1 »POPITON & BTONII0r 61 s
1CLITI15¢E) 1 CORBISsE) s CHIN(S 1 6) »SNOCOVe WATARS(5) ¢+ ANCOV »PERCOV»
2TCOVFR+COVER(L10) +FREWAT 2 DUM HYI 3000

COMMON /CHANGE/ CVEGGN(15+104+6 )+ SEEDBAIL0+64EY,P2QARI30),
1CBTONG(30+6)+CLITAGIIS+6E 1+ CORGAAIIS+E Do CHMTNG QIS o6 Je SNOCOQWATABQIS)
2+ ANNCOQ+PERCOR+TCOVA@+COVFRA(10) »FRENAG«DUMNYQII M)

DTHENSION PLEVELITO) +PLFYRET D)

DIMENSION SWOOL(Z0#5) +SWOOLGIZ015)

DTYHENSTON SHTLKP(3IDe51sSHTLRGI3I0+5)

COMHON /PARAM/ PRARVEG (4000) TERRE(E+6e 3019 PREFLY (T D)1+ PREFSD(2B0) »
1PREFLYIERY +PRFORGUIGIoPCAPNI TO Vo SEASONIG s TD Ve NSF & (300 s
2COEFFI5+30)aCROWIZ+Ee30) +RK(Er J0D+RPIG 30V +RATGe D Ve AlGs 30D
3 RU6+30) sHUHII0) s SOFTSK (30 1+ FATHLKI30) oF ATHOL (30 )s BIRTHNIE 2200 »
§COMST(325) o PHLEVL (300 «EFFICCI0 s RUMENs WINT ToMAMMPR s MAMMURY BIRDP R
S5+BIRDURCATCHO«CATFAT +L ITAN1 +LITAN?

EQUIVALENCE [DUMMY.PLEVEL )+ (DUHNYG+PLEVQ)

FOUIVALENCE [DUMMY[I31) +SHILKP)e (DUMMYQU71)SHTLXG)

FOUIVALENCE (DUMMYULL1A1).SNOOL) »(DUNHYQILEL)»SHOOLID

DTHENSION S(2)

SOFT = 0.
D0 25 KS1sNELFHS
25 SHK) =

a0

TF (IP.NE.3) GO TO 1
NMARV = MUHI(N)
D0 29 K = 1«MELEW3
29 STORFSIK/NHARY] = D.
PLEVGIN} PLEVAQIN] - AHORT = PLEVELIN)
DO 26 K = 1+NFRELM
TF {(CBIOM(N+K).LE.O.} GO TO 26
¥ = CBIOMINeK) ¢ AMORT
YO0 = AMOPT (CATOMINWIK 1-SHOOLINKI-SHILKPIN 1K)
IF (KL.EQ.NFRELH) TETOMIN) = TBIOMIN) + YO
AMORT+SWOOL NsK)
YYY= AHORTeSHILKP (NeX K
CAIOMAIN'K) = CBIOMGIN+K) - Y
TF ISWOOLIN+K1.LE.Ds) 60 TO 2A
SWOOLAINsX) = SWODLQIN«K) - YY
28 TF (SHILKP{H.K).LE.0.) 60 TO0 27

27

26

1

7

General-Purpose Model

SHILK@IN+K) = SHILKQINsK) - YYY

TF (K.LE<NELENS) STORESI(K NHARV) = ¥

IF (K.EQ.NFRACL.O0R.K.EQ.NFRELM) STORFESINFRACL+HH ® V) = STORES(
1 NFPACY +NHARY) + Y
TF EK.NE,NELEWMZ) GO TO 26

STORESINELEWZ ¢ NHARV) YO + YY#FATWOLIN] + YYYeF AHLKIN)
STORES(NFLEMI«NHARV) = YYe{1l.-FATHOLINI) + YYYo( L-FATHLK(NI]
CONTINUE

RETURN

. «DECREMENTING WOOL BINMASS
DO 10 K = Le+NFRELM
IF (SWOOLINrK).LE.D.) GO YO 5
YSSWOOLIN+K} s AHORT
CBIOMOIN.K)=CBIOMAL N KILY
SUOOLQINsK)=SWOOL@INs H)=Y
CLITGOU(LTITANI KIZCLITRAILITANL sKI+Y
5 IF USHILKPIN+K).LF.0.) 60 TO 10
YSSHILKP(NsK)eoAHORT
CATONQIN+K)I=CBIOMAINs KI=Y
SHILKQIN'K)=SMILKQUNsX}=-Y
TF (IP.EQ.1) GO TO T
CLITQAQILTTANTI+K) = CLTTQRILITANI+K) + Y
60 70 10
TALIKY = TALIK) « ¥
TF (K.EQ.NELEMZ) FRAFAT = FRAFAT+ FATHLKIN)a Y

10 CONTINUE

c
c
Cana

I

T

6

w

+DECREMENTING STRUCTURAL CARBON BIOMASS (EXCIIDING WOOL)Y
TF (CBIOMENsNFRELMI-SUOOL (HeWFREL M)~ SHTLKP (N4 NFRTLH)4LEL D. )
1 60 TO 15

Y=AHORTs {CBINKINNFRELM) -SWOOL [N+ NFRELK) ~SH IL KP Ny NFREL M) }
TBIOHI{NI=TBIONIN}+Y

CBIOHG (N NFRELMI=CBIOHG (NeNFREL M) =Y

+DETERKINE THE AMOUNT OF STRUFTURAL TISSUF C W RON THAT I-
«CONSIDERED "HARD®

SOFT = Y ell, - SOFTSKIN)}
CLITOOILTTANZyNFRELH) = CLITOGILTTANZSHFRFLM) + ¥ - SOFT
PLEV@{N) = PLEVAIN) - AMORTsPLEVELIN)

DO 30 K = NFRACTIsNFRELM
TF (K.NE.NFREL™) GO To 32
¥ = SOFT
€0 To 33

TF (CBIOMIN#K) - SMODLIN+KI-SMILKPINWK}.LE.0.) B TR 3D
¥ = AMORT o (CBIOMINeNI=SWOOLINsK])-SHTLKP(N:K))
CBIOHD(NK] = CBIOHQIN+K) -

PO 31 KK = L+NELEMS

TF (K NE.NFRELM) GO To Ja

YYS YeCONST (KK NFPACIY

€0 TO 35

YYS YeCONSTUMK K}

STKK] = SUKK) + YY

CONTINUE

TFLIPLEG.1) B0 To 37

CLITOQILTTANISK) = CLITGAILITANL+X) + Y
80 To 30

TALIK) = TALIK) + ¥

IF (K.EQ.NELEHZ) FRAFAT = FRAFAT & Y

CONTINUE

DO 38 K = 1+NELEMS

TF (CBIOMIN#+K)-SHOOLIH+K)-SHILKP{N+K).LEaD.) =0 TH 36
¥ = AHORT =(CBIOMINoK I-SHOOLINsKI-SHILKPINSK))
CBIOMGIN+K) = CBIOMQIMsK) - Y

TF (IP.EQ@e1) TALIK) = TALIK) + AMTNLI(SIKIeY)

TF (IP.NE-1} CLITOOILYTANLK) = CLITEOILITANIIK) + AHTINLIS(Kh Y)
CLITRAILTTANZsK} = CLITQOILITANZ »K) + AMAX1(DarY 5 (K))
CONTINUE

RETURN

END

Subroutine POSITN

BENO N E N

1
4

SUBROUTINE POSITN(PRs+NOTR)
COHHON /SPEC/ NCHANsTHSTRUIZO) +HSPECVeNSPECA sNOR (I NaHFRACT ¢NPA Yy
AMELEM e NOLTToHCHECK s TDAY s TYRDAY sHREPF T(20 Js HNERUG sHHORT7 s NCOHIL1 0 ¢
ZLISCOHI30) +NCOHCU{10) sHCOHOR +NFRE LM« NFRACL » NSPC OHe HONTHo HORDEPIE) ¢
ILYTRUN (5 )e HREP120) s TYRe DRYFAVI 3261 o LITCATIIS) o NV T OHaLTSVED (150
BNVCOH 101+ HVCOCUL10) s HOSECS s TRUN s RRUNLT TS TO#JST M TLIT » L TTo TLHe
SJLHeSEEDEP (B )+ NSEEDHeNE LE MS o JSTATE » JOAY
COMNON /CHANGE/ CVEGRO(15+10+6)+SEFDAQIL s ErE) 2P P
1CBIOHA(30¢6) +CLITORI15+61+CORCANES 610 CHING QIR 46
2w ANNCOByPERCOO»TCOVRGCOVFRA (101 s FREMAG: DUHHYRIZI @ )
COMMON/POSTT/TRANS(1E+2+12) ¢ NSTSED+NSTLIT/NSTORG MSTPRY
DIHENSION PP{S)
IF (NOTR.LE.NSTSED.OR.NOTR.GT.NSTPRY) GO TO 1
IF (NOTR.GT.NSTORG) GO TO &
IF [NOTR.LE.NSTLIT) €0 TO 3
L = NOTR-NSTLIT
D0 7 K=1sNFRELM
CLIT@EIL %)= CLITAOILK) * PPIK)
PPIK] = O.
RETURN
T = MOD(HOTR-NSTSED HSPECV)
JH = NOTR - TsNSPECY
DO 5 K=1sNFRELM
SEED@AIT+SHeK) = SEEDAO(TadH K] + PPEK)
PP{K] = O
RETURN
JH = HOTR-NSTORG
DO B K=1:NFRELM
CORBAAIJHAS) = CORGAOIJHIK) + PPLK)
PPIK) = O
RETURN
MRITE (£02)
FORHMAT(' MISTAKF - ADDRESS OF LOCATION °C WMTCU < FFEFT OF rQrsuM~
1TTON IS TRANSFERRED®)

(30,
NOTOG MATARG (5]

sTOP
Ex



Payne

SIMULATION: ANIMAL III

The grazing of cattle on the Curlew southern grass site
was simulated over one grazing season, December 1 to Jan-
uary 22. The number of cattle brought into the system on
December 1 was 0.49/ha, each cow weighing 345 kg and
each pregnant.

At the end of the simulation, the adults had each lost 6
kg (net), while the fetuses had put on 3 kg each. The adults
were on a protein-deficient diet (80% Agropyron and 20%
Atriplex), and their body composition reflected this de-
ficiency. Energy was not a limiting factor during- the
grazing period.

The parameters used for this simulation were first deter-
mined from the literature and run with the model. The
results of this first simulation indicated that the consump-
tion parameter was too high, and upon checking with the
value given in the 1973 Curlew Validation Site report,1 this
was confirmed. Once this parameter had been adjusted, the
results of the model run were in fairly close accordance with
those reported for cattle on the Curlew grass site.

A copy of the data set (with sources) and of the simulation
output may be obtained from the author.

IBalph, D. F. (Coordinator), et al. 1973. Curlew Valley
validation site report. US/IBP Desert Biome Res. Memo.
73-1. 336 pp.
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