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ABSTRACT

A DYNAMIC SIMULATION MODEL OF GROWTH
AND FEMALE REPRODUCTION OF BEEF CATTLE
By

Margaret Ruth Schuette

This thesis describes in detail the development of a computer model
which simulates the growth in body weight of beef cattle in response to
user-prescribed sets of normal and subnormal feed levels; and the repro-
ductive performance of beef females as affected by age and body condition.
Although oriented towards the cow/calf operation, it includes all age and
sex classes of beef cattle and may be operated selectively to stuay a
particular group of animals--mature cows, growing heifers, and growing
and mature steers and bulls.

Programed in FORTRAN, the model is composed of a main executive
routine which envelopes a series of subroutines which, in turn, comprise
the herd demography, nutrition dynamics, and reproduction dynamics compo-
nents. Aside from setting the initial conditions and parameter values,
calling the primary subroutines, and controlling the printing of simula-
tion results, the executive routine is designed for continuous, multiple
computer runs. It also permits variable parameter values to be changed
at any user-specified time during the run. The herd demography component
accounts for aging and weight changes of the various populations and
shifts animals from one function group to another in accordance with the
herd management parameters. Given roughage and concentrate allocations
with their respective TDN levels, the nutrition component determines the

feed intake and the utilization of energy for maintenance, lactation,



Margaret Ruth Schuette

and growth by cattle subpopulations. The reproduction component then
computes the age and weight at puberty, the post-calving interval to first
estrus, the pregnancy rates, and the calving rates and timesiof females
according to their age, weight, and body condition.

Upon testing, the model was found to be relatively stable when
the time increment used was between 0.03846 and 0.050 years. Larger
values resulted in the underestimation of feed intake by growing cattle
over the time interval. With normal feed inputs, simulated growth results
compared favorably with actual growth data. Reproductive performance
also appeared to be within the bounds of reality.

Two sets of simulation runs were made to test the effects of various
subnormal feed levels upon growth and reproduction of females. The first
set consisted of six trials where TDN values varied from 99 to 75% of
normal while feed dry matter allocations remained normal. The second
set was the inverse; TDN values remained normal while the dry matter
allocations varied from 99 to 75% of normal. In both sets, as total energy
intake decreased, age at puberty and post-calving interval to first estrus
increased while pregnancy rates decreased. Weights at puberty decreased
in the first set, but remained constant in the second set. From these
and other preliminary trials, it would appear that changes in TDN induce
a greater response from cattle than do changes in allocation level.

All of the equations and information used for model development as
well as the data against which the model was tested were abstracted from
various research reports.

Although weak points do exist, a number of recommendations have
been made towards improving and expanding the model--that it might become

a valuable instrument for teaching and research.
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INTRODUCTION

For years, animal scientists have been searching for more efficient
methods of producing beef, as well as ways to produce a more efficient
beef animal. 1In the past fifty years, Western countries have seen much
progress towards this goal through improved management, nutrition, and
breeding of the beef herd. However, the recent high feed-grain prices,
feed shortages due to drought, and the diethylstilbesterol controversy
are cause for a reexamination‘of current methods of feeding cattle. Can
the feedlot operator afford not to feed costly high energy rations? What
are the long term effects of underfeeding upon the breeding herd? What
is the best alternative for the producer when a feed crisis does occur?
Extensive research studies may answer some of these questions, but they
are expensive in terms of time and money and cannot easily test the many
policy alternatives. Computer technology, however, offers a system where
many pieces of information can be combined into a program which can gen-
erate alternative solutions to problems such as those mentioned.

The purpose of this thesis is not to specifically answer these
questions, but to describe the development of a computer simulation model
that, when expanded, would be capable of analyzing various beef manage-
ment policies. 1In its present form, this model is designed to sim-
ulate the effects of low quantity and/or low energy value of feed intake

upon the growth of beef cattle and the reproduction of beef females



over a given time horizon. Although this model has been incorporated
into the beef enterprise model by Jaske (1976), this model can be
operated as an independent unit and will be discussed as such. The
reader should note that male reproduction is not considered in this
model since bulls are a small fraction of the herd population and
artificial insemination is readily available. Emphasis has, therefore,
been given to the growth and reproduction of females.

The model was developed solely from information available in
the literature. Therefore, the parameters used and the simulation
results are not necessarily characteristic of Michigan or of the

Midwest.



I. LITERATURE REVIEW

Nutrition-reproduction

Interest in the effects of poor nutrition upon reproduction in
cattle began with work by Hart, et al.(191l1) where in two trials dairy
heifers and cows were fed four different rations made up of corn, wheat,
and oat plant parts and a mixture of the three. The most striking
results were that the corn-fed group reached first postpartum estrus
in four to six weeks and produced strong vigorous calves, but the wheat-
fed group reached first estrus in ten to eighteen weeks and produced
small weak calves.

Further experimentation by Hart, et al.(1917) was done using
different mixtures of wheat and corn plant parts and alfalfa hay.
Except for the ration containing hay, the higher the wheat content,
the poorer the reproductive performance. Because knowledge about ani-
mal nutrition was limited, the researchers attributed the poor perfor-
mance of wheat-fed animals to poor mineral content and toxic substances
in the wheat embryo.

As new information became available through the discovery of
essential vitamins and minerals, Hart, et al.(1924) reexamined their
earlier work and concluded that the wheat-fed cattle had suffered from
vitamin A and calcium deficiencies.

Research up to that time had therefore suggested that heredity,
nutrition, and hormones were important factors in reproduction: that

there was some optimum state of nutrition necessary as reflected by the
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increased fecundity of animals fed more heavily before and during the
breeding season (Murphey, et al., 1925).

Many of the early studies on the effects of underfeeding upon
reproduction were done with rats. In their reviews of these studies,
Friedman and Turner (1939) and Guilbert (1942) reported that low levels
of energy and protein severe enough to cause marked retardation of
growth in the immature animal or weight losses in adults results in ces-
sation of estrus and failure to ovulate. They also reported that a
vitamin A deficiency causes death of the fetus or birth of non-viable
young.

Cattle, sheep, and swine were also adversely affected by low intake
of energy, protein, and vitamin A (Friedman and Turner, 1939; Guilbert,
1942; Phillips, et al., 1945; Reid, 1949; Reid, et al., 1951; Robertson,
et al., 1951; and Van Horn, et al., 1951). There was apparent disagree-
ment concerning the importance of the level of protein intake by cattle
and its relationship to reproduction. Guilbert (1942) reported "irregu-
larity of estrus" in cattle fed low levels of protein even though
Friedman and Turner (1939) had stated that attempts to study the effects
of a single dietary ingredient were complicated by an apparent lower
palatability of the ration causing below normal feed intake. Another
factor which might have complicated such studies was that forages low
in protein were also low in phosphorus, although under common cattle
management conditions, the possibility of protein deficiency was remote
(Reid, 1949). And yet, Phillips (1942) stated that ruminants were able
to systhesize protein by means of rumen bacteria; thus their protein
requirements were less exacting than those of animals with simple

stomachs (monogastrics).



In order to better understand the effects of low levels of
nutrients, particularly energy and protein, upon reproduction in female
cattle, a number of experiments have been conducted over the years
which study various phases of the female's reproductive and life cycles.
A number of studies have been made on the effects of various levels of
energy upon puberty (or first estrus) in dairy heifers (Crichton, et al.,
1959; Sorenson, et al., 1959; and Reid, et al., 1964) and in beef heifers
(Wiltbank, et al., 1957; Wiltbank, et al., 1965; Clanton and Zimmerman,
1970; Maree and Harwin, 1971; Short and Bellows, 1971; and Holloway and
Totusek, 1973). There is general agreement that low levels of energy
intake delay the onset of puberty, regardless of whether these levels are
fed from birth to eighty weeks of age (Sorenson, et al., 1959) or from
seven to twelve months of age (Short and Bellows, 1971).

In a study of the factors affecting age and weight at puberty,
Arije and Wiltbank (1971) stated that heifers which grew faster before
weaning tended to reach puberty at an earlier age and heavier weight;
that those which grew faster after weaning tended to be heavier, but not
necessarily younger at puberty. This latter point may, in part, be
explained by Wiltbank (1966) where weaned heifers were wintered to gain
about 0.2 kg and 0.4 kg per day. It was found that when post-weaning
gains are at a low level, small differences in gain have a major effect
on age at puberty; but at high level post-weaning gains, differences in
average daily gain do not have a major effect on age at puberty. It was
concluded that after the animal reaches a certain critical weight, vari-
ation in average daily gain has little or no effect on age at puberty.

Data presented by Short and Bellows (1971) were in agreement

with Wiltbank (1966), Clanton and Zimmerman (1970), and Arije and Wiltbank
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(1971) . Heifer calves with similar initial weights were wintered to gain
0.23, 0.45, and 0.68 kg per day for 153 days (from seven to twelve months
of age) and then moved to pasture. Those fed the low level reached puberty
at 433 days of age weighing 238 kg; medium level at 411 days, 248 kg; and
high level at 388 days, 259 kg; even though the low level group had the
highest weight gain on pasture and the high level group the lowest.

The dairy heifers studied by Sorenson, et al. (1959) consumed 60,
100, and 140% of recommended TDN levels (Morrison, 22nd edition) from
one to eighty weeks of age. Here, the age and weight differences for the
low and medium groups were similar to those of Short and Bellows (1971).
However, animals in the high group reached puberty twelve weeks earlier,
but at about the same weight as those in the medium group. Reild, et al.
(1964) reported the same differences in age at puberty, however, there
were small differences in weights and there was no trend towards lighter
welght with delayed puberty.

Crichton, et al. (1959) completed a study of dairy heifers which
were reared on four different nutritional regimes from birth until two
months before first calving. Designated HH, HL, LH, and LL (L = low
level, H = high level), the H level was 110%, and the L level.was 70%
for the first six months and 607 thereafter of the 1934 Ragsdale feed
recommendations; the heifers were changed to their second feed level at
44 weeks of age. The ages and weights at puberty for the HH and HL
groups were consistent with those given in the reports as described above.
The LH group seemed to follow the trend described by Arije and Wiltbank
(1971) - that high postweaning gains result in heavier weights, but not

necessarily younger age at puberty. The HL group did not correspond to
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any other research data; it was the last group to reach puberty, yet
weight at puberty was between that of the LL and HH groups.

The study by Wiltbank, et al. (1957) included not only three differ-
ent levels of energy, but three different levels of protein within each
level of energy as well. Here the energy levels were full-fed, two-thirds
of full-fed, and maintenance; the protein levels were 0.23, 0.15, and
0.06 1b of digestible protein per hundredweight of body weight. The times
from the begining of the experiment ot first estrus followed the patterns
of other energy experiments and were 125, 159, and 203 days for the high,
medium, and low energy groups respectively. There was, however, no consis-
tent pattern of average daily gains for the protein groups; yet, the aver-
age times to first estrus were 152, 132, and 204 days for the high, medium,
and low protein levels respectively. From this as well as the data of
Bedrak, et al. (1964), Wiltbank, et al. (1965), and Clanton and Zimmerman
(1970), it is evident that low levels of protein intake depress feed intake
and thus lower the energy level consumed.

The source of protein in the diet can also be a factor in delayed
puberty. Bond and Oltjen (1973) fed beef heifers, from 84 days until 3
years of age, three different diets where the protein sources were urea,
isolated soy protein, and natural ingredients. Each diet contained similar
crude protein and calorec analyses. Although the weights at puberty were
similar, age at puberty for those on the urea diet was 300 days later than
for those on the other diets. The delay in puberty was in part attributed
to lower palatability and utilization of the urea diet which resulted in a
lowered nutritional level.

All of the studies presented point to energy as the primary nutri-
tional factor involved in delayed puberty in heifers; the role of protein

remains less exacting. The physiological effects of underfeeding in calves
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is the continued growth of the skeleton and essential organs at the expense
of muscular fat and tissue; ovaries remain underdeveloped and estrogens are
not secreted in sufficient quantities such that accessory organs remain
small. Whether or not the ovaries remain nonfunctional depends upon the
severity and duration of underfeeding (Roubicek, et al., 1956; Wiltbank,
et al., 1965; and Asdell, 1968).

The effects of nutrition level on subsequent reproductive ability
have been examined. Holloway ahd Totusek (1973) studied three preweaning
management systems for replacement heifers under range conditions; weaning
at 140 days, 120 days, and creep-feeding and weaning at 120 days. Although
there was no consistent delay in puberty for the early weaned group, they
tended to have lower calving and weaning percentages. The calves from the
creep-fed group had the heaviest birth weights but the lightest weaning
weights due to the low milk yields of their dams. This suggests that the
normal 240 day weaning is preferable for replacement heifers.

In the work by Short and Bellows (1971), described earlier, all hei-
fers detected in estrus were artificially bred during a 60-day breeding
season. Eighty-three versus 24 and 7% of high, medium, and low groups,
respectively, reached puberty before the breeding season, and 100, 97, and
80% of the high, medium, and low groups reached puberty by the end of
breeding. In the low group, fewér heifers became pregnant that were bred,
and fewer were able to maintain pregnancy as compared to the other groups.
Thus the final pregnancy rates were 87, 86, and 50% for the high, medium
and low groups respectively.

Christenson, et al.(1967), Absher and Hobbs (1968), Bellows, et al.
(1972), Corah, et al.(1975), and Falk, et al.(1975) have studied the effects
of prepartum energy on reproduction of heifers. All of these studies showed

that low levels of energy delay the return to estrus after calving;



this can lead to a reduced pregnancy rate as indicated by Bellows, et al.
(1972) . There is some indication that the percentage of live calves
weaned may also be lowered (Falk, et al., 1975). Under more severe
conditions, birth weights are reduced causing a slower rate of growth

in calves (Christenson, et al., 1967) and lower weaning weights

(Corah, et al., 1975).

Second-calf and older cows are similarly affected by low nutri-
tion. Cattle fed very low levels of energy in the last three to four
months of pregnancy gave birth to lighter-weight calves, produced less
milk, and therefore weaned lighter calves than those fed higher levels
(Hight, 1966; and Corah, et al., 1975). The effects of pre- and post-
calving energy intake have been investigated by Wiltbank, et al.(1962),
Dunn, et al.(1964), Wiltbank, et al.(1964), Wiltbank, et al.(1965),
Hight (1968), Dunn, et al.(1969), and Bond and Wiltbank (1970). As
before, birth and weaning weights of calves, and milk yields are affected
by level of energy (and protein) intake (Wiltbank, et al.,1965; Hight,
1968; and Bond and Wiltbank, 1970).

Perhaps more important, in terms of new information, are the
effects of energy level upon postpartum estrus and pregnancy rates.
Prepartum energy level appears to have the greater influence upon time
to first estrus (Wiltbank, et al., 1962; Dunn, et al., 1964; and Dunn,
et al., 1969) although there is evidence that above and below normal
energy levels may also exert significant influence as shown by Wiltbank,
et al. (1964). That pre-calving energy level loses its influence upon
postpartum estrus after about 100 days (Dunn, et al., 1969) is evi-
denced by comparing high-low (HL) groups with low-high (LH). As

previously stated, the LH groups are delayed in returning to estrus,
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but then the numbers coming into estrus increase at a faster rate than
those of the HL groups; in the end, the LH groups have as many as, or
more than the HL group in estrus (Wiltbank, et al., 1962; and Dunn,

et al., 1969). In contrast, data show that pregnancy rate is more greatly
influenced by postpartum energy level than prepartum level; final preg-
nancy rates of LH groups were as high or higher than those of HH groups
(Wiltbank, et al., 1962; Dunn, et al., 1964; and Dunn, et al., 1969).
Conversely, Corah, et al. (1975) found no significant influence of
prepartum energy level upon the interval to postpartum estrus; the animals
were initially in "excellent" condition. Wiltbank, et al. (1962)

stated that a lack of ovarian activity for cows on low levels of energy
may be the result of a failure to release gonadotrophin and/or to

produce gonadotrophic hormone. A theory is put forth, with supporting
evidence, that: '"perhaps both body condition and available energy are
important factors affecting ovarian activity in the beef cow".

Many other studies have been concerned with the level of nutrition
during winter and some of the results are similar to those previously
discussed. Low winter energy levels can delay puberty and postpartum
estrus (Joubert, 1954; Pinney, et al., 1962a; Wiltbank, et al., 1966;
and Clanton and Zimmerman, 1970), and decrease birth weights and
weaning weights (Pinney, et al., 1962a; and Pinney, et al., 1962b).
Cattle that are wintered under range conditions and given protein
supplement tend to have shorter intervals to postpartum estrus (Pinney,
et al., 1972; and Kropp, et al., 1973) and higher milk yields (Kropp,
et al., 1973). Similarly, drought or extreme range conditions may
result in a conception rate of only 417% (Carroll and Hoerlein, 1966) or

a calving rate of 48% (Speth, et al., 1962). But with energy
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supplementation, a conception rate of 77% (Barr and Barns, 1972) or a
calving rate of 72% (Speth, et al., 1962) can be achieved.

As important as nutrition is to reproductive performance, to feed
supplemental energy to improve conception rate when the level of nutri-
tion is otherwise adequate is, at best, futile (Bellows, et al., 1968;
and Loyacano, et al., 1974) and may prove detrimental in terms of

calving difficulty and reduced milk yield (Pinney, et al., 1962a).

Computer programs

Since the invention of the digital computer, there has developed
many new techniques for analyzing agricultural problems. Linear pro-
grams have been developed to formulate balanced rations for dairy
(Howard and Shook, 1975) and beef cattle (Church, et al., 1963). Such
programs have been expanded to include optimization. Booth (1975), for
example, describes a program which formulates least-cost rations for the
dairy herd and selects the optimum milk production level for maximizing
income above feed costs.

Herd management has been aided with computerized record-keeping
systems (Lineweaver and Spessard, 1975; and Premier Corporation, personal
communication) and with genetic evaluation programs such as those used
by the U.S.D.A.-D.H.I.A. (Dickenson, 1975).

Others have used linear programming to describe various beef
production systems. Villareal (1966) has modeled the feedlot aspect of
the California beef industry. Optimization techniques are used to
determine the best geographical sources of feed and feeder calves, and
to weigh the costs of internal beef production versus the importation of

beef to meet consumer demands for beef.
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Ely and Allison (1975) have modeled the individual feedlot oper-
ation. The program selects the ration to be fed, the rate of gain of
the cattle, and the weights of cattle to be purchased, fed, and sold
which maximize profit for beef cattle gain over feed, cattle, labor,
and overhead costs.

Schwab (1974) has developed a beef/forage decision-making model
which evaluates cow-calf and calf-yearling operations. The model
considers specific forages, soil management groups, forage harvesting
and storage, building and machine investment, and labor and machine hours.
With user specified management policies, the model optimizes the allo-
cation of farm resources required to maximize farm income.

Similarly, Wilton, et al. (1974) have modeled an on-farm inte-
grated beef production enterprise which includes cropping, feeding and
breeding activities with associated land, labor, animal housing, and
crop storage requirements. Wilton and Morris (1975) use a similar model
to determine the optimal production program given breeding system, i.e.
straight-bred or cross-bred, reproductive rate, and cow size.

Although useful for systems that are linear and deterministic,
many biological systems are too complex and contain non-linear and/or
stochastic elements; such systems are not well suited to linear program-
ming. Simulation techniques, however, permit the methodical study of
such dynamic systems over a particular time period.

Smith (1973) and Vickery and Hedges (1974) have developed similar
models to study sheep-grazing systems. Smith (1973) gave emphasis to
pasture growth rate as affected by radiation, leaf area, soll moisture;
and defoliation rate as affected by sheep stocking rate, herbage on
offer, and pasture height. Total effects are measured in terms of

sheep liveweight output.
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Vickery and Hedges (1974) use the same type of pasture growth
component but adjust for the age of plant parts as a function of fre-
quency and intensity of grazing and season of the year. Herbage digest-
ibility is accounted for in the green-dead herbage ratio with the assump-
tion that digestibility declines with age. This moéél is more detailed
in that it accounts for animal energy balance, weight change, wool growth,
energy loss, and mortality.

A group of animal scientists at Texas A&M University have been
modeling various aspects of beef production for a number of years. Long
and Fitzhugh (1970), Long, et al.(1971a), Long, et al.(1971b), Cartwright,
et al.(1975), Fitzhugh, et al.(1975), and Long, et al.(1975) have used
both linear programming and simulation to evaluate the effects of various
breeding systems, mature sizes, management, heterosis and complementarity
upon efficiency of beef production. Simulation results indicate that
heterosis and complementarity add to net efficiency, but which cow size
is best may well depend upon the management system to be used.

Related to the above work is a model described by Joandet (1974)
which simulates the female population and nutrition dynamics. A compo-
nent of this is a female reproduction model developed by Sanders (1974)
which simulates the occurrence of estrus and conception of cows and
heifers during a specified time period.

Some rather detailed physiological functions have also been modeled.
Blincoe (1975) has simulated iodine metabolism and applied it to lac-
tating and non-lactating cattle and sheep. It was found that thyroid
function was not affected by lactation in cattle, but that there were
marked effects in sheep since they excrete high concentrations of iodine

in their milk.
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Rice, et al.(1974) used a modified version of the model by Smith
(1973) as a component in a model which simulates growth and senescence of
forage and its intake, assimilation, and utilization by the grazing rumi-
nant. The rumen digestive process, which has two-directional causality
with feed intake, is followed through to the allocation of digested
energy and protein for body maintenance, pregnancy, lactation, and growth.

In contrast, the dairy enterprise model described by ?mith and
pgdue\(1974) focuses on the entire herd and its management; land re-
sources and cropping systems; buildings, machinery, and labor; finan-
cial and economic environment. It models both biological and economic
systems. Most agricultural simulation models are of this form.

Halter and Dean (1965) used simulation towards improving managerial
decisions on range-feedlot operations in California under the uncer-
‘tainties of weather and prices. The decision points tested were (1) the
purchasing rates of feeders for the range and the rate of transfer to
the feedlot for finishing; and (2) the purchasing rates of feeders
directly for the feedlot. With initial weights and feedgng\parameters
held constant, the performance of the alternative decision policies were
tested over a simulated distribution of price and range conditions. A
policy was regarded as more successful if (1) it raised the mean income
while variance in income was held constant or lowered; or (2) it lowered
variance of income while it raised or held the mean level of income.

Simulation has also been used to study alternative policles towards
improving beef production in developing countries. Husain (1970) used
simulation to appraise a cattle breeding/fattening ranch in the Columbian
Livestock Project. The model includes herd development, revenue and expen-

diture, income, cash flow, financial return, and economic return routines.
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Lehker (1970) and Posada (1974) have developed models to study
alternative methods of beef production and the transition from traditional
to modern methods. They also included costs and revenue to the farmer
and the government from such changes.

Manetsch, et al. (1971) have developed a global model to be used
as a planning tool for developed and underdeveloped countries. Based
upon the Nigerian agriculture and economy, the model is comprised of
three submodels: (1) the Northern annual crop-beef model simulates the
production of beef, subsistence food, and cash crops within four distinct
crop regions; land allocation, modernization, population, and processing.
(2) The Southern perennial-annual crop model simulates the production
and marketing of several food and cash crops while reflecting the comp-
etition and interaction of these crops in four different regions repre-
senting different ecological and natural conditions. It also simulates
land allocation-modernization decisions, population and processing.

(3) The nonagricultural model calculates employment requirements, import-
export balances, government revenues and the components of the national
income accounts. It can interact with the agricultural models receiving
data on agricultural inputs, exports and investments, and determine

the quantity of food and other agricultural raw materials demanded by

the nonagricultural sectors.

Jaske (1976) has modeled a beef cattle enterprise, primarily the
land extensive cow/calf operation. It includes cattle demography, forage
growth, feed stock accounting, nutrient impacts upon growth and repro-
duction, management decision-making, and financial routines. The model
is designed to be a practical tool capable of investigating the effects
of management decisions on the physical and financial variables of

interest to decision makers.



IT. MODEL DESCRIPTION

This model is oriented towards the cow/calf operation, although
routines are included for feeder cattle. Such factors as variable geno-
types and heterosis effects have already been explored and, therefore,
are not included here (Long and Fitzhugh, 1970; Long, et al., 197la;
Sanders, 1974; Cartwright, et al., 1975; Fitzhugh, et al., 1975; and
Long, et al., 1975). Direct environmental effects such as temperature
and disease have also been excluded. At present, feed quality is measured
only by total digestible nutrients (TDN) content. Monthly milk yields
and mortality rates are fixed in the model, i.e. they do not change
according to the nutrition level or body condition.

The beef cow typified by this model is a British breed of medium
frame with a mature weight of 505 kilograms (kg). Upon entering the
breeding herd at two years of age with her first calf, she may remain

productive for as long as ten years.

General organization

The model uses a modified SIMEX1l format (Manetsch, 1975) which
consists of a main program to set initial conditions, call subroutines,
and control the printing of output; and numerous subroutines which per-
form the various mathematical operations. These subroutines can be
classified into the following functional groups: (1) herd demographics,

(2) nutrition dynamics, and (3) reproduction dynamics.
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Herd demographics requires age, sex, and function disaggragation;
birth and mortality rates, number of births within each class of repro-
ducing females, and average body weights of each subpopulation.

Nutrition dynamics requires average daily dry matter intake of
feeds according to the amount available, rumen capacity of the animal, and
reproduction-lactation status; energy requirements for body maintenance,
gain, and lactation; determination of average daily weight change after
requirements for maintenance and lactation have been met, and after
weight loss due to calving has been accounted for.

Reproduction dynamics requires determination of age and weight at
first estrus (puberty) in heifers based upon time of birth, weaning
weight, and average weight change since weaning; determination of first
postpartum estrus and conception rates based upon body condition after
calving and at breeding.

Each of the subroutines will be discussed according to the func-
tional group in which it belongs. Since certain subroutines may fall
into more than one of these groupings, they will be discussed according

to their primary function.

Program BEEF

Program BEEF is the executive routine used for this model and is
a modified version of the SIMEX] routine described by Manetsch (1975).
The routine permits NRUN consecutive simulation runs where for each rum,
model variables are assigned a predetermined set of initial conditioms,
values are assigned to the controllparameters, and default values are
assigned to the variable model parameters. This latter group are spe-

cially noted in the Glossary of Terms found in Appendix A.
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The model requires certain exogenous inputs for each run. These
include initial herd structure, size, and body weights; delay lengths,
number of stages in each delay, and mortality rates; initial reproductive
status variables; initial calving period, average time at which heifers
reach one year of age, age at which calves are to be weaned, and time of
weaning; and feed levels along with their respective TDN values.

Each simulation run has a duration of DUR years with NITER = DUR/DT
simulation cycles, where DT is the time increment per cycle in years.
Subroutines HDMOG4, WEIGHT, MGMT, and NUTRN are called in every cycle or
as otherwise prescribed by some time parameter.

New values can be exogenously assigned to the variable model
parameters whenever subroutine NAMLST is called. This is a relatively
simple routine which checks the list of variable parameters for a name
identical to one appearing on a data card. If they match, a new value is
assigned to that parameter. The process is repeated until the end of the
data string is encountered.

In contrast to SIMEXl, two parameters have been added to BEEF which
add greater flexibility to the program. TMLST is the first time after
initialization that subroutine NAMLST can be called, and TMINT is the
time interval between consecutive callings of NAMLST. Since both of
these terms are variable parameters, subroutine NAMLST can be called at
any desired time within the run. This feature was added so that feed
allocations might be changed according to the anticipated needs of the
breeding herd during the course of a particular run. This also allows
for changes in the timing of events such as weaning or the breeding
season.

Unlike the model developed by Jaske (1976) where the simulation run
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is stopped at various decision points, this model runs continuously for
NRUN*DUR simulation years. Thus if any changes are to be made via
subroutine NAMLST, such changes must be carefully planned, particularly
their timing, before the run is started.

Program BEEF also controls the printing of simulation results.
Printing frequency is ordered by BEGPRT, the time at which printing begins;
PRTVL1, the initial time interval between printouts; PRTCHG, the time at
which the frequency of printing is to be changed; and PRTVL2, the sub-
sequent time intervals between printouts as directed by PRTCHG. Two
different levels of printout are also possible. The value assigned to
SELPRT determines if the output is to be of selected variables, whereas
DETPRT determines if there is to be a detailed output. All of the terms
controlling the printout are variable parameters, thus the operator can
have frequent detailed outputs at the begining and end of a run with less
frequent selected outputs during the interim.

There are two small computational routines in BEEF. The first is
a set of simple arithmetic equations which determine some reproductive
status values. The second is a series of equations which determine the
mean body weight and the standard deviation of the mature cow population.

Figure 1 illustrates the structure of program BEEF as well as the

calling sequence of the primary subroutines.

Herd demographics

The set of subroutines which comprise herd demographics are HDMOG4,
BIRTH2, BIRAT, and WEIGHT. Together these routines simulate the change
in herd populations and body weights over time. HDMOG4 and WEIGHT were
developed by Jaske (1976) to which the reader is referred for a detailed

description of these subroutines and the delay routines.
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[READ NUMBER OF RUNS |

IRUN=1

LSET CONTESE PARAMETERS |

[SET_VARIABLE MODEL,PARAMEEFRS AND INITIAL CONDIT]ONSJ

PRTVL=PRTVL1
TIMLST=TMLST

YES

PRTVL=PRTVL2]

NO READ NEW VALUES
FOR PARAMETERS

TI<TIMLST

1
YES —{TIMLST=T+TMINT]

[cALL HDMOGUL]
[CALL WEIGHT]

CALL MGMT

[CALL NUTRNI€

PRTIME=T+PRTVL[ COMPUTE CURRENT FEMALE
REPRODUCTIVE STATUS

PRINT
SELECTED
QUTPUT

PRINT
DETAILED
QUTPYT

Figure 1. Flowchart of program BEEF
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Subroutine HDMOG4 is designed to maintain herd populations on a
disaggregated basis by sex, age, and function, thus resulting in the
following nine herd cohorts:
POP1(t) = current number of mature cows,
POP2(t) = current number of replacement heifers,
POP3(t) = current number of bred heifers,
POP4(t) = current number of mature bulls,
POP5(t) = current number of young bulls,
POP6(t) = current number of steers,.
POP7(t) = current number of male calves,
POP8(t) = current number of female calves,
POP9(t) = current number of market heifers.

Each population can be mathematically defined as

KK

i
POP, (t) = j{l SUBPOP 4 (t) (D
where,
DELAY, (t) *RIN, . (t)
SUBPOP 4 (t) = KKy (2)

for distributed delays; or for discrete delays,

SUBPOP , (t) = DT*RINy4(t) 3)

RINi (t) = intermediate delay rate corresponding to the (KKi +1- j)th

3
subpopulation of cohort 1i;

KKi(t) = the number of stages in the delay or subpopulations of cohort 1;

DELAYi(t) = time required to pass through the aging or maturation interval

for cohort i.

Cohorts 1,4,5,6, and 9 are modeled by distributed delays, whereas cohorts

2,3,7, and 8 are modeled by discrete delays.
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All of the delay routines include the proportional loss rate
ADDRT; (t)
PLRy(t) = DRy(t) - POP4(t) (4)
where DRi(t) = the annual mortality rate for cohort i,

ADDRIi(t) = the annual rate of additions to cohort 1i.

Since this model is designed to study the effects of low nutrient
intake upon growth and reproduction, weight losses can and do occur.
Unless some constraint is built into the model, negative gains over a
long period of time can bring weight down to zero at which point a mode
error occurs. However, little or no information is available concerning
the degree of weight loss necessary for death to occur. Until such
information is available, the following equations are used in HDMOG4 as

a safety measure:

if IDGAINij(t-dt)I > Wy 5(t-de), (5)
then RINiq(t) =0,q=KK; +1-3
and DELAYj (t)
SUBPOPij(t) = KKy * RINiq(t) =0,
where wij(t) = the average body weight of SUBPOPij(t),

DGAINij(t) = average daily gain of SUBPOPij(t).
The number of calves born per year to each of the three reproducing
cohorts is computed,

Bi(t) = By(t-dt) + BRi(t)*RPOPi(t)*DT (6)

where Bi(t) is equivalent to BCOW(t), BREP(t), and BBRD(t) for cohorts
1,2, and 3 respectively; BRi(t) is the current annual birth rate for
cohort i; and RPOPi(t) is the number of females in cohort i of breeding
age. Both RPOPi(t) and BRi(t) are computed by subroutine BIRTH2 which

is called each cycle by subroutine HDMOG4.
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Because distributed delays simulate the maturation process rather
than chronological aging, a special device is required to track the 2-
year old heifer subpopulations as they enter cohort 1 until their first
calving season is completed. Such tracking is necessary if the effects
of nutrition upon reproduction are to be accurately recorded for the two
heifer populations. This function is performed by subroutine BIRTH2

by saving the KKith subpopulation values in COWNEWk (t) from the time

A
BEGCAV(t) - DEL to time ENDCAV(t) where;
BEGCAV(t) = the time in the current year that the calving period begins,
ENDCAV(t) = the time in the current year that the calving period ends,
DEL = ENDCAV(t) - BEGCAV(t) + DT.
At time BEGCAV(t) the numbers of females that are of breeding age
are summed for each of the first three cohorts. To summarize the number

of heifers\calving, any that have been tallied by COWNEWk (t) are

3
deducted from RPOP)(t) and added back to RPOP2(t) or RPOP3(t). RPOPi(t)

is computed on every pass until time ENDCAV(t). Thus,

KK1 KCNTK
RPOP1(t) = SUBPOPy, (t) - § ) COWNEW, , (t) (7
=1 i=1 2=1
for mature cows; and
KCNT, KKy
RPOP; (t) = ] ~COWNEW;, (t) + )  SUBPOP,(t) (8)
k=1 J=NRy

for heifers, where
KCNT; (t) = the number of heifer subpopulations which have passed into
cohort 1,
NRi(t)= the minimum delay stage separating young from old heifers

in cohort i.
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Subroutine BIRAT is called by BIRTHZ at time BEGCAV to compute
BFRACin(t), the accumulative percentage of females in each cohort calv-
ing over the entire calving period in D time increments, where
D = 0.01923 years. For heifers;
if A < CTIMgy(t) <B,
KKy INBy

)) L " (CPATjji(t) - CPAT44y_,(t))*SUBPOPy4(t)
BFRAC;, (t) = BFRACj j_; + J=NRj k=)

RPOPi(t)
9

otherwise, BFRAC; (t) = BFRAC; , ,(t), n =2, . . . , INTCAV.

where, A = BEGCAV(t), . . . , BEGCAV(t) + (INTCAV - 2)*D

B

BEGCAV + D, . . . , BEGCAV + (INTCAV - 1)*D

INTCAV = int(ENDCAV(t) - BEGCAV(t)) + 1.005
D
CTIMijk(t) = the calving time of the jth subpopulation in cohort 1
as a result of conception in the kth estrus in the
breeding season.
CPATijk(t) = fraction of the jth subpopulation in cohort 1 to
have calved by CTIMijk(t).

This mechanism is illustrated in Figure 2.

The equations for mature cows operate similarly, but involve an
additional weighting factor, WFj(t), which is used to estimate the fraction
of SUBPOPlj(t) which was in SUBPOPl’j_l(t) at the previous breeding period.

Again, this is necessary because of the use of a distributed delay for

cohort 1.
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Figure 2. 1Illustration of BFRACip(t) computation

The equations then become;
if A < CTIM1j-1,k < B,

ALPHA = (CPAT) 4 ) i (£) = CPATy 4, 4, (©))*WFy(t)

otherwise, ALPHA = 0;
and if A< CTIM]jk(t) < B,
BETA = (CPAlek(t) - CPAle,k_l(t))*(l - WFj(t))
otherwise, BETA = 0;

and KK,
BFRAC,,(t) = BFRAC) ,_,(t) + ] (ALPHA + BETA)*SUBPOP ,(t)

= (10)
RPOP, (t)

The values of BFRACin(t) are then returned and used by subroutine
BIRTH2 to compute the current annual birth rate, BRi(t), for each of the
three cohorts during the calving season. This is accomplished by use

of the linear interpolation function TABLIE (Llewellyn, 1965) and is
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Figure 3. Illustration of BRi(t) computation

illustrated in Figure 3. Outside the calving season COWNEij(t),
RPOP4 (t), and BRy(t) are set to zero and the values of BFRACin(t) are
no longer used. The general structure of subroutine BIRTH2 is given

in Figure 4.

The last subroutine in herd demographics is WEIGHT. It operates
parallel to HDMOG4 by updating average body weights according to pop-
ulation shifts and average daily gains, DGAINij(t), in the corresponding

subpopulations. Thus;

t
t
(1 - BETA;;(£))*{Wy 4 ) (t=dt) + L_dtDGAINi’j_I(T)dT} (11)

where BETAij(t) is the fraction of animals remaining in the same sub-

population from the previous time period.
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YES |STORE NUMBER OF HEIFERS
SIFTING INTO COHORT,

BEGCAV+DT<ST<ENDCAV+DT/2

NO IF
T=BEGCAV
YES
CALL COMPUTE
BIRAT p
YES DETERMINE RPOP
—DURING CALVING PERIOD

NO

SET REPRODUCTION POPULATION

VARIABLES TO ZERO

A
[COMPUTE BIRTH RATES |

Figure 4. Flowchart of subroutine BIRTH2
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Thus subroutines HDMOG4, BIRTH2, BIRAT, and WEIGHT simulate the
births, deaths, aging, and weight changes of the herd populations over

a given time period.

Nutrition dynamics

The nutrition dynamics component is comprised of subroutines
NUTRN, COWCYC, GROFEM, GROMAL, and CNVRT. Called by program BEEF,
subroutine NUTRN might be regarded as a herd status-checking and control
routine.

The first major function of NUTRN is to determine the values of
IPREG(t) and LAC(t), switches designating the current pregnancy and
lactational status of the herd. IPREG(t) is determined by a complex
series of IF statements., In essence, they ask (1) in what stage of the
reproductive cycle is the herd, and (2) what is the sequence of events
within the current cycle. For example, (a) is BEGCAV(t)<t<ENDCAV(t),
or is ENDCAV(t)<t<EBMX(t), where EBMX(t) is the end of the breeding
season; and (b) is TBRD2(t)<ENDCAV(t)<TBRD;(t), or is ENDCAV(t)<TBRD;(t)<
TBRD2 (t) where TBRD;(t) and TBRD,(t) are the times breeding begins for
cows and heifers respectively. The statement series is divided into two
sections (1) if BEGCAV(t)<t<ENDCAV(t) and t<EBMX(t); and (2) if
BEGCAV(t) <ENDCAV(t)<t and t<EBMX(t). Within each of these sections it
must be determined whether cows or heifers are bred first and whether
breeding for one or both groups begins before or after ENDCAV(t). Also
considered is whether or not one or both groups was bred the previous
year and whether or not they are to be bred in the current year. Every
possible rational combination in timing of reproduction events has been
considered in order to provide a maximum of flexibility - a total of

some thirty combinations. For this model, an example of an irrational
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combination of events is to begin breeding heifers and/or cows before
the calving season begins, i.e., TBRDi(t)<BEGCAV(t). Therefore, if
IPREG(t) = 0, no cows or heifers are pregnant;

= 1, only heifers are pregnant;

2, only cows are pregnant;

3, both cows and heifers are pregnant.

LAC(t) is determined simply on the basis of whether or not any of
the three groups of reproducing females have calved during the time
interval (BEGCAV, TW) where TW is the time in the current year that
weaning is to take place; that is, if BCOW(t), BREP(t), or BBRD(t) > O
for cohorts 1,2, and 3 respectively. Thus, if

LAC(t) = 0, no cows or heifers are lactating;

1, both cows and heifers are lactating;

2, only cows are lactating.
No allowance has been made for "only heifers are lactating' since heifers
have, or are at the point of, merging into cohort 1.

At time BEGCAV(t), the final subpopulation pregnancy rates for
heifers, Hijm(t), and cows, PCP, (t), are saved in the term OLDCPij(t).
This allows for the next breeding season to begin before the current
calving season has ended, as both old and new values would be necessary
for various computations until the calving season has ended.

As previously mentioned, the operator has the option of breeding
or not breeding cows or heifers during a given year. If the decision is
not to breed, subroutine NAMLST is used to set TBRDy(t) = -1 and DURBy(t)
= 0, and subroutine NUTRN will then set the appropriate reproduction
variables to zero or an initial value. Caution is advised in using this

option as the various alternatives in the timing of the value changes for
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TBRDi(t) and DURB4(t) have not been fully explored, where DURB;(t) is
the duration of the breeding period for cohort 1{i.
In order to compute milk yields during the lactation period, it
is necessary to know the number of months in the calving period, ML(t),
and the time elapsed since the begining of calving, TEBC(t). These
values are computed;

ENDCAV(t) - BEGCAV(t)
ML(t) = int DM + 1.005 (12)

and TEBC(t) = t - BEGCAV(t) (13)

where DM = 0.08333 years.

Because of the necessary delay length of 1.5 years for cohorts 2
and 3, there is a time period, from weaning until the end of the fol-
lowing calving period, where there may be two distinct groups of heifers
within the same cohort. These are the heifers which have been recently
weaned and heifers which have been bred and will be moving into cohort 1
as they reach two years of age. There are a number of instances where
computations must be made with regard to one group but not the other.
thus some variable term to demarcate these groups is required. The
rationale for the computation of this term, NRi(t), is that the minimum
age difference between the youngest subpopulation of weaned heifers and
the youngest subpopulation of bred heifers is GEST, the length of the
gestation period. The following computations are therefore made during

each simulation cycle;

(GEST)
MXP = KZ + int k DT J+ 0.5 (14)
1f MXP > RK;, NRy(t) = KZ - 1

otherwise, NRi(t) = MXP

where KZ is the youngest subpopulation of cohort 1i.
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In order to estimate the time of first postpartum estrus and concep-
tion rates, the average postpartum or yearling condition of the sub-
populations of females to be bred in the coming season must be determined.
This is done by subroutine NUTRN at time BEGCAV. In practice, condition
is assessed according to the animal's apparent fatness or thinness.

Since such a subjective measurement is most difficult to simulate, actual
and expected body weights are used to estimate condition.

Brody (1945) describes growth as occurring in two phases (1) self-
accelerating or increasing slope, and (2) self-inhibiting or decreasing
slope. The self-accelerating phase is described by the equation;

W = Xedt (15)
where W is weight at time t; X is theoretically the value of W at time
t = 0; and q is the instantaneous relative rate of growth., The self-
inhibiting phase, however, is described by the equation;

W= A - Be"kt (16)
where W is weight at time t; A i1s the mature weight; B is an age
correction parameter; and k is the relative growth rate with respect to
the growth yet to be made.

To compute expected weight (versus simulated actuallweight) at
a given age, these equations were adapted in a manner similar to that of
Sanders (1974) where it is assumed that both equations adequately describe
growth in weight at the time of puberty or about one year of age. This
also assumes that, like dairy cows, beef cows reach about 86, 95, and 98%
of their mature wither height at one, two, and three years of age respec-
tively; and that W = kH4'3 is true, where H is wither height. In con-
trast to Sanders (1974) where mature weight is 480 kg and the time

unit 1s days, the equations were adapted to a mature cow weight
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of 505 kg and a time unit of years. Thus the equations used by this

model are;

WMIN,  (t) = THETA*COWMWT %e S TG *AGE () (17)
for heifers where, AGE(t) < 1l year, is the age of the animal,
SIG = 0.80168832,
COWMWT = 505 kg,
THETA = 0.23460278,
and, -0.879*(AGE(t) - 1)
WMIN; 4 (t) = COWMWT*(1 - 0.477%e ) (18)

where AGE(t) > 1 year.

Condition is then estimated as;
Wig(t)
PPW () = wulﬁij(t) (19)

for non-pregnant cows or heifers in the jth subpopulation of cohort 1.
Where there are pregnant animals, the weight that will be lost as a result
of calving is deducted from the weight of the pregnant fraction to give
the average postpartum weight of the subpopulation. In this case
condition is estimated by;

PPW;;(t) = Wjg(t) - OLDCPy4(t)*GEST*GGEST*365 (20)
T WMINY j(t)

where GGEST = 0.192 kg, the average daily gain due to gestatiom.

After all of the above computations have been made, subroutine
NUTRN proceeds to call subroutine ALAC (to be discussed later) and sub-
routines COWCYC, GROFEM, AND GROMAL in the combination prescribed by

KALLER. That is;
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if KALLER

n
o

no nutrition-growth subroutines are called,

= ], only COWCYC is called,

= 2, only GROFEM is called,

= 3, only GROMAL is called,

= 4, COWCYC and GROFEM are called,

= 5, COWCYC and GROMAL are called,

= 6, GROFEM and GROMAL are called,

= 7, all nutrition-growth subroutines are called.
This mechanism allows the operator to study a particular group or groups
of cattle - mature cows, growing heifers, and growing and mature steers
and bulls - without the extra time and cost of superfluous computations.

The final set of computations performed by NUTRN are to update

BEGCAV, ENDCAV, TYRING, and TWEAN at the appropriate times, where TYRLNG
is the time in the year when the average age of the youngest group of
heifers is one year; and TWEAN is the time in the year when calves are to

be weaned. Thus, if t = TW(t),

BEGCAV(t) = min(TBRD (t), TBRD (t)) + GEST + int(t) (21)
ENDCAV(t) = EBMX(t) + GEST + 0.0l (22)
TYRLNG(t) = 1.0 + TW(t) - TCVWN (23)

where TCWWN is the average age at which calves are to be weaned;
and if t = BEGCAV(t),

TWEAN(t) = BEGCAV(t) + ENDCAV(t) - BEGCAV(t) + TCVWN - int(t)
2 (24)

The general structure of subroutine NUTRN is given is Figure 5.

Subroutine COWCYC computes the estimated feed intake and weight
changes for the lactating, non-lactating, pregnant, and non-pregnant

mature cows in cohort 1. This population consists of ten subpopulations
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[COMPUTE REPRODUCTIVE TIMING VALUES |

IF
BEGCAV<T<EBMX YES

DETERMINE HERD
PREGNANCY STATUS

DETERMINE HERD
LACTATION STATUS

SAVE PCP AND HP VALUES]

ADJUST CALVING VARIABLES |

[COMPUTE LACTATION CONTROL VARIABLES]

A
{COMPUTE SEPARATION POINT BETWEEN HEIFER GROUPS |

A

DETERMINE POSTPARTUM OR
YEARLING BODY CONDITION

[CALL COWCYC ] CALLING OF
A" SUBROUTINES
[CALL GROFEM | DEPENDS UPON
THE VALUE OF |
[CACL GROMAL | KALLER

, ENDCAV, TYRLNG |

COMPUTE TWEAN |

Figure 5. Flowchart of subroutine NUTRN



35

whose ages range from two to ten years. The reproduction variables for
cows and heifers are computed by subroutine REPRO which will be discussed
in ; later section of this thesis.

Feed is allocated on a population or cohort basis where RHGALi(t)
is the roughage allocation for cohort i, and CNCAL;(t) is the concentrate
allocation for cohort i. The TDN value of these feeds is then given by
TDNRi(t) for roughages and TDNC;(t) for concentrates, these are inputted
as kg TDN/kg feed on a 100% dry matter basis. Both types of feed can be
allocated in two ways: (a) kilograms of dry matter per cohort per DT,
or (b) as fractions of body weight per animal per day. For most prac-
tical purposes, method (a) would be used since feeds are harvested, stored,
mixed, and fed in bulk. For research, however, it is desirable to specify
more exacting feed levels thus method (b) would be used.

The operator directs the computer as to which method is being used
by means of the switch KFEEDQ. For method (a), KFEEDQ must equal zero (0)
so that the allocations per animal per day will be computed;

RHGPC(t) =  RHGAL{(t) (25)
POP; (t) *DAYS

for roughages, and

CNCPC(t) =  CNCAL, (t) (26)
POP 4 (t) *DAYS

for concentrates, where DAYS = DT*365. KFEEDQ must be set to one (1)
for method (b), and the average daily individual allocations become;
RHGPC(t) = RHGALi(t)*Wij(t) (27)
CNCPC(t) = CNCALi(t)*Wij(t) (28)
for the jth subpopulation of cohort 1.

Since 2- and 3-year-old cows are still growing in body size and
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weight, their feed allocation by method (b) is increased by the multi-
plier CFY(t), where
Wis(t)
CFY(t) = 2 - COWMWT (29)

The average maximum feed intake per individual as a fraction of
body weight, PD(t), is computed by means of the linear extrapolation
function TABEXE (Llewellyn, 1965) from a table of dry matter intake
values, PDIk, versus body weights given by Fox (c. 1975b). This is
illustrated in Figure 6. The maximum kilograms of dry matter intake,
DDMI(t), is then;

DDMI(t) = PD(t)*Wij(t) (30)
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Figure 6. Computation of fractional feed intake PD(t)

If there are lactating cows, as specified by LAC(t), the next
major operation of subroutine COWCYC is to determine the number of lac-
tating cows, SCPOP(t), and their average milk yield, AVMIK(t), for the
jth subpopulation. SCPOP(t) is computed using function TABLIE and

PCCjk(t) to find the fraction of cows which calved during the nth month,
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or fraction thereof, in the calving season, n =1, . .,
MOMX<TEBC(t) /DM. PCCjk(t) is the fraction of cows calving in the kth

CDIF interval from time BEGCAV to ENDCAV, where CDIF = 0.03846. Thus,

MOMX MOMX
SCPOPy 4(t) = nz CPOP_(t) = nz (CWy = CW,_,)*SUBPOP , (t) (31)
=1 =1

where MOMX is the number of months which have passed within the calving
season or the total number of months within the calving season. AVMLK(t)
is computed using function TABEXE and YMILK, to find the average daily
milk yields, AMIK(t), at DM intervals during the period TEBC(t) - DM*

MOMX to TEBC(t), where YMIIK, is the average daily milk yield for the

kth month of lactation. Thus,
MOMX
AVMLK ; (t) = 1 AMIKy (t)*CPOPy (t)
k=) (32)

SCPOPj(t)

If BEGCAV(t)<t<ENDCAV(t), consideration must also be given for the 2-
year-old heifers entering cohort 1. Since it is most difficult to deter-
mine the distribution of these heifers among the cohort 1 subpopulations,
it is assumed that almost all of them are contained in subpopulations 1
and 2 during this time interval. Thus the number in SUBPOP;,(t) is
estimated as;

HEIFC(t) *SUBPOP11 (t)
PROPHF; (t) = SUBPOP11(t) + SUBPOP12(t) (33)

and 1in SUBPOPlz(t) as,

PROPHF, (t) = HEIFC(t) - PROPHF;(t) (34)
2 KCNT,
where HEIFC(t) = J ] COWNEW , (t) (35)
n=1 k=1

In this instance, the fraction of heifers calving during the nth month
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is determined from PCClk(t), the average fraction of heifers calving

in the kth CDIF interval from time BEGCAV to ENDCAV. Thus,

MOMX MOMX
SCPOP, (t) = I ccow (t) +HC (t) = § (CW - O _))
n=] n=1
(36)
(SUBPOP,, (t) - PROPHF,(t)) + (HF, - HF__;)*PROPHF,(t)
MOMX
and AVMLK,(t) = ) AMIK, (£)*(HC(£)*0.95 + CCOW(t))
k= (37)
1
SCPOPj(t)

Since there is general agreement that lactation stimulates
voluntary feed intake (Campling, 1966; Marsh, et al., 1971; Jordan,
et al., 1973; and Church and Pond, 1974), a multiplier was derived from
the NRC (1970) tables for lactating and dry pregnant cows. It was
computed simply by finding the mean increase in dry métter consumption
of lactating over dry pregnant cows of the same body weight. This

multiplier was computed as 1.4425. Thus for lactating cows,
DDMI(t) = PD(t)*1.4425*Wij(t) (38)

The actual feed consumption then depends upon the total dry matter

allocation per animal, RCPC(t); that is
RCPC(t) = CNCPC(t) + RHGPC(t) (39)

Although lactating cows will have a higher DDMI(t) than non-lactating
cows, the computations for actual intake are similar for the two groups;
if DDMI(t) < RCPC(t),

CNCPC(:)}

DIC(t) = DDMI(t)*(RCPC(t) (40)
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DIR(t) = (DDMI(t) - DIC(t))*CFD (41)

otherwise,
DIC(t) = CNCPC(t) (42)

DIR(t) = RHGPC(t) *CFD (43)

where DIC(t) and DIR(t) are the actual dry matter intakes of concen-
trates and roughages respectively, and CFD is a correction factor for
digestibility of roughages.

The roughage and concentrate dry matter consumed by lactating

cows is given by,

DIRLj(t) = DIR(t)*SCPOPj(t) (44)
DICLj(t) = DIC(t)*SCPOPj(t) (45)

and for non-lactating cows,
DIRNLj(t) = DIR(t)*(SUBPOPij(t) - SCPOPj(t)) (46)
DICNL4(t) = DIC(t)*(SUBPOP;4(t) - SCPOPj(t)) (47)

The average dry matter intake of roughages,DMIRj(t), and concentrates,

DMICj(t), then become,

DMIRj(t) = DIRL,(t) + DIRNL.(t) (48)
SﬁBPOPij (t)
DMICj(t) = DICL;(t) + DICNL,(t) (49)

SﬁBPOPij(t) -

Neville and McCullough (1969) have determined the TDN and metab-
olizable energy (ME) requirements for maintenance, lactation, and gain
of lactating and non-lactating beef cows. The results of their study are
used in this model to simulate TDN utilization by the cows in cohort 1.
Here again there are separate computations for lactating and non-

lactating cows.
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For lactating cows, the TDN requirements for maintenance, RTM,
and lactation, RTL, are;
RTM(t) = le(t)*0.0108 (50)

RTL(t) = AVMLKj(t)*0.3041 (51)

The average daily weight change of lactating cows 1s then;

GL;(t) = (DIR(C)*TDNRl(t) + DIC(t)*TDNCj (t) - RTM(t) - RTLgt)]*scpopj(c)

2.30
(52)

However, for non-lactating cows,

RTM(t) = wlj(t)*0.00BI (53)
and the weight change becomes,
GNLj(t) = DIR(t)*TDNR1(t) + DIC(t)*TDNC1(t) - RTM(t) *

1.80
(SUBPOPlj(t) - SCPOPj(t)) (54)

If BEGCAV(t)<t<ENDCAV(t), the number of cows calving in the interval
(t,t+dt) and the number of cows currently pregnant must be computed.
Function TABLIE is used to find the fraction of SUBPOPlj(t) that have
calved by time t, CVB, and the fraction that will have calved by time
t+dt, CVA, from the values given in PCCjk(t). The daily rate of weight

loss due to calving, WLCV(t), for this group of cows is then computed;

WLCVj(t) = (CVA - CVB)*SUBPOP] s (t) *GGEST*GEST (55)
DT

During the calving period, the current number of cows pregnant
may consist of those which have not yet calved and those which have
calved and have been rebred, i.e., where calving and breeding seasons

over-lap. Thus, the number of mature cows pregnant, COWPj(t), is computed;
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COWPj(t) = CPNEWj(t) + OCPj(t) (56)
where OCPj(t) = SUBPOPlj(t)*OLDCPlj(t) - SCLACj(t)

(t))*PCP

CPNij(t) = (SUBPOPlj(t) - ocp (t)

3 j+1
and SCLAC(t) is the number of mature cows less heifers which are
lactating.

The daily gains due to gestation for this group are estimated as,

GPj(t) = COWPj(t)*GGEST (57)

During this time period, separate computations are made for sub-
populations 1 and 2 because of the heifers entering cohort 1. Thus
the rate of weight loss due to calving becomes;

WLCV, (t) = (PHCV, (t) + PCCV,(t))*GESTAGGEST (58)
J J-
DT

where PHCV and PCCV are the number of heifers and cows in SUBPOPlj(t)
that will be calving during the interval (t, t+dt).

The gains due to pregnancy then are;

GPj(t) = (OCPj(t) + OHP,(t) + CPNEW, (t))*GGEST (59)

3 3

where OCPj(t)

OHPj(t) = {PROPHF&(t)*OLDCPll(t)} + SCLAC

{(SUBPOPy 4 (t) - PROPHFJ(t))*OLDCPi’j+1(t)}— SCLAC, (t)

j(t) - SCPOPj(t)
CPNEW, (t) = {SUBPOP (t) - OCPj(t)}*PCP

3 (t) ~ OHP

13 3 10

Outside of the calving period, these computations are simply;

WLCVj(t) = 0.0,

h|
GPj(t) = GGEST*COWPj(t) (61)

COWP, (t) = PCPj+l(t)*SUBPOP1j(t), (60)
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The average daily weight change, DGAINlj(t), over the time interval

(t, t+dt) for the jth subpopulation of cohort 1 is then computed;

DGAIN) 4 (t) = GLy(t) + GNL,(t) + GP,(t) - WLCV,(t) (62)
SUBPOP1 §(t)

The final computations made by subroutine COWCYC are to summarize
the feed consumed by the cohort and the current reproductive status. The
total roughage and total concentrate dry matter consumed over the interval
(t, t+dt) are given by;

KK
TDMIR, (t) = ZiDMIR (t) *DAYS*SUBPOP,  (t) (63)
j= 3 3

KK
and TDMIC, (t) = ziDMICj(t)*DAYS*SUBPOPij(t) (64)
=1

The roughage and concentrate TDN consumption are given by;
RIDNi(t) = TDMIR, (t)*TDNR, (t) (65)
and CTDNi(t) = TDMICi(t)*TDNCi(t) (66)
The current fractions of pregnant and lactating mature cows
are computed;
KK1
) COWPj(t)

CURPRG) (t) = j=1
POP1(t) - HEIFC(t)

(67)

KK
)) SCLAC, (t)
CURLAC1(t) = j=1

POP1(t) - HEIFC(t)

(68)

Subroutine COWCYC thus describes the utilization of energy by
mature cows of a given reproductive status; accounting for cows which are
pregnant or open, lactating or non-lactating. The structure of this

subroutine is illustrated by Figure 7.
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Figure 7. Flowchart of subroutine COWCYC
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GROFEM is a subroutine which computes feed intake and energy utili-
zation by heifers. It also computes age and weight at first estrus as
well as the changes in feed intake and utilization, and weight changes
resulting from changes in reproductive status. This subroutine considers
the following heifer cohorts;
POPg(t) = female calves,
POPg(t) = market heifers,

POP,(t) = replacement heifers,

POP;3(t) bred heifers,
from the time of birth until two years of age.

The roughage and concentrate allocations per heifer per day,
RHGPC(t) and CNCPC(t), are computed in the same manner as described for
cows in subroutine COWCYC, equations (25) - (28). In contrast to sub-
routine COWCYC, where feed utilization and weight gains are based upon
TDN intake, subroutine GROFEM uses the California net energy system
developed by Lofgreen and Garrett (1968). Although this system may
prove less accurate in estimating gains for bulls, light-weight cattle,
or animals in a severe environment, it appears to be more desirable than
the TDN and ME systems (Dickie, et al., 1973; Knox and Handley, 1973;
and N.R.C., 1976).

Since the energy value of feeds 1s inputted in terms of TDN,
subroutine CNVRT is called to convert it into net energy available for
maintenance (NE3), and net energy available for gain (NE;) in terms of
Mcal/kg dry matter of feed. This subroutine is a computerized version
of the equations given by Lofgreen and Garrett (1968) and the N.R.C.

(1976), and therefore become;
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ME = TDN*3.6155 (69)
FL = 2.2577 - 0.2213*ME
F = 10"
EM = 77/F

EG = 2.54 - 0.0314*F

where ME is the metabolizable energy in Mcal/kg dry matter; F is the
grams of dry matter per unit of wij(:).75 required to maintain energy
equilibrium; and EM and EG are NE; and NEZ respectively. Thus, TDNRi(t)
becomes EMARi(t) and EGARi(t) - net energy available for maintenance
from roughages, and net energy available for gain from roughages - and
similarly, TDNC4(t) becomes EMACi(t) and EGACi(t).

There is no information available regarding the voluntary
intake of, and the preference for, milk, roughages, or concentrates by
the beef calf prior to weaning. Crampton and Harris (1969) imply that
the rumen of the very young dairy calf is not fully developed until
about four months of age, although Sims, et al.(1975) have noted beef
calves consuming forage during the second month after parturition. For
this model, it has therefore been assumed that the calf will consume
only its dam's milk until it is TAMD = 0.15 years of age, after which it
will consume both milk and roughages and/or concentrates with a preference
for milk ﬁntil weaning.

Although young, rapidly growing cattle consume more feed per unit
of size than adult cattle (Church and Pond, 1974), specific estimates of
dry matter consumption by the unweaned calf are lacking in the literature.
Fox (personal communication) has given a "rule of thumb" estimate of
DMX = 0.095 kg dry matter/kg waj(t)-75. From preliminary simulation trials

and the dairy calf feeding schedule suggested by Crampton and Harris (1969),
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this figure overestimates intake for calves on the all-milk diet. This
problem was solved by using the Beltsville growth standards for Holstein
heifer calves (U.S.D.A., 1954) to derive an equation which computes the
maximum dry matter intake of calves on an all-milk diet. The Beltsville
standards contain estimated body weights and daily gains at ten-day
intervals from birth to one year of age; only data up to 60 days of age
was used for this equation. Fresh cow's milk contains 130% TDN on a
100% dry matter basis (Crampton and Harris, 1969) which converts to
a NE: value of 4.6659 Mcal/ kg dry matter and a NEZ value of 2.0218

Mcal/kg dry matter. The equations,
NE; = 0.077*W+75%0.93, (70)
and NE; = (0.05603*gain + 0.01265%gain?)*W+’5%0,93 (71)

glve the daily net energy required for maintenance at a given weight,
NE;, and the net energy required to achieve a given rate of gain at a
given weight, NE;, for growing heifers (N.R.C., 1970). The multiplier
0.93 is used to adjust NE requirements when no growth stimulants are
used (Fox and Black, unpublished report) as is the case throughout this
model.

The estimated dry matter intake of milk required to achieve the

gains of the Beltsville standards were thus computed;

r r
DMM = N—E': + Eg (72)
NE'm NEg

Since the resulting DMM values were not proportional to W‘75, another
factor TSC(t), age of the animal in years, is included to increase the

accuracy of prediction. The equation for the expected milk intake,
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EMINT(t), is therefore of the form;
EMINT(t) = a*W(t)+’5 + TSC(t)*B.

The term o is solved by substituting the computed DMM value for the
Holstein heifer, where the estimated birth weight is 42.5 kg and the

estimated average daily gain is 0.27 kg. Thus,

0.376 kg DMM = a*16.6 (73)

and a = 0.022603

And B is solved using all subsequent age groups, i.e., where
TSC(t) > 0. Thus,
n

y oMMy - aMw,.75 ‘I
B = 1i=1 t TSC{ ;) = 2.115 (74)

n
where n is the number of age groups included. In computer form,the

equation becomes;

EMINTj(t) = 0.022603*WM3j(t) + 2.115*TSCj(t) (75)

where WMa, (t) = Waj(t)-75.
The average daily milk available to the calves in cohort 8, MLK,
is computed with function TABEXE using the milk yields YMILKk and the

value TSCJ(t). The value of MLK on a 100% dry matter basis is,
DMMILK(t) = MLK*0.12 (76)

where 0.12 is the fraction of dry matter per kilogram of milk (Crampton
and Harris, 1969). For calves where TSCj(t) < TAMD, is' true, DMMIK(t) <

EMINT(t) is also true.
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However for calves where TSCj(t) > TAMD, DMMLK(t) remains as
computed in equation (76) and the maximum dry matter intake, DMI(t), is
computed;

DMIj(t) = DMM*WMij(t) an

It follows that if RCPC;(t) > (DMI;(t) - DMMLK;(t)),

then DMIRj(t) = RHGPCj(t)*CFD*[DMli(t) - DMMLK}(t)] (78)
RCPCj(t)
and DMICJ(t) = CNCPC, (t)*(DMI4(t) - DMMIK,(t) (79)
RCPCy (t)
Otherwise,
DMIRj(t) = RHGPC, (t) *CFD (80)
and DMICj(t) = CNCPCj(t) (81)

There is a set of equations common to all of the cohorts in sub-
routine GROFEM which compute the total net energy available for gain.
The amount of feed required for maintenance is computed;

(t) = 0.077%WMy 4 (£) *DI 4 (t) (81)
3 (EMAR, ; (E) *DMIR, ; (€) + EMAC, , (€) *DMIC, (€))*CFE

My

and the total net energy available for gain is;

EGyy(t) = (EGARij(t)*DMIR{1(t) + EGACij(t)*DMlC{}(t)]*

- DIij (t)
(DIij(t) - FMij(t))*CFE (82)
where DIij(t) = DMIRij(t) + DMICij(t) (83)

CFE = 0.93, the adjustment factor for when no growth stimulants
are used.
For cohort 8, these equations are adjusted to include the consumption of

milk. Where calves consume roughages, concentrates and milk, equation
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(81) has EMAMj(t)*DMMLKj(t) added to the denominator, equation (82)
has EGAMj(t)*DMMLKj(t) added to the numerator, and equation (83) has
DMMLKj(t) added to the right-hand side terms. However, where only milk

is consumed the equations become;

FMej(t) = 0.077*WMg . (t) (84)
EMAMej(t)*CFE
and
EGej(t) = EGAMaj(t)*CFE*(DMMLKaj(t) - FMsj(t)) (85)

where EMAM and EGAM are NE2 and NEZ for milk respectively.

In either case,

DMMLKBj(t)

if } < FMBj(t):

DIej(t)
then EGej(t) < 0.
That is, if the total dry matter intake is less than that required for
body maintenance, the animal will make-up the difference by drawing upon
body reserves and therefore lose weight.
The equations which determine average daily gain, DGAINij(t), over

the time interval (t, t+dt) for heifers are;

A = 0.003139 + (o.osoe*scjﬁc)] (86)
WM, 4 (€))7
and
DGAIN, . (t) = A5 - 0.05603 (87)
J 0.0253

As such, these equations from N.R.C. (1970) assume that all weight gains
will be positive. Since this model is as much concerned with weight losses
as gains, a guided assumption has been made that the energetics of weight

loss are the same as those of weight gain (Ullrey, personal communication).
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Thus where EGij(t) is negative, its absolute value must be used in
equation (86), and the quotient of equation (87) must be multiplied by
(-1) to prevent a computer mode error.

Total feed and TDN consumption of each heifer cohort for the time
interval (t, t+dt) is computed as in equations (63) - (66) in subroutine
COWCYC.

Cohort 9, market heifers, is physiologically a homogeneous group
which simplifies the modeling of feed intake and utilization. As in
subroutine COWCYC, maximum dry matter intake is linearly extrapolated

from the PDI, values and computed by equation (30) as;
DDMIij(t) = PDij(t)* Wij(t) (30)

Actual dry matter intake is then computed,

1€ DDMI,,(t) < RCPC;(t),

DMICij(t) = DDMIij(t)*CNCPCiiigl (88)
RCPCij t)
DMIRij(t) = (DDMIij(t) - DMICij(t))*CFD (89)
otherwise,
DMIRij(t) = RHGPCiJ(t)*CFD (91)

The remaining computations are described by equations (81) - (83),
(86), (87), and (63) - (66).

The computations for replacement and bred heifers, cohorts 2 and 3,
contain the same basic equations as described for cohort 9, but are
complicated by reproductive functions. 1In this model, the only major
difference between the two cohorts is age groupings. However, within each

cohort, the population is potentially very heterogeneous in terms of
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physiological function. As previously mentioned, during the time interval
from TW to ENDCAV, there are usually two distinct groups of heifers in
each cohort, the recently weaned, rapidly growing heifers and the older
pregnant heifers. In addition, during the period BEGCAV to ENDCAV there
may be older heifers which are pregnant and non-lactating, non-pregnant
and lactating, or non-pregnant and non-lactating. The subroutine must
account for all of these groups when computing feed utilization and weight
changes.

If there are any older heifers which are lactating, LAC(t) = 1,
the number that are lactating, SCPOP(t), and the additional energy
required for maintenance and milk production must be computed. As in
subroutine COWCYC, the average daily milk yield, AMIK,(t), for the group
of heifers, CPOP,(t), which calved during the kth month of the calving
season, k = 1, . . ., MOMX<TEBC(t)/DM, is linearly extrapolated by
function TABEXE from YMILK,. SCPOPj(t) and CPOP, (t) are determined as in
equation (31) except that values are linearly interpolated from PHCijk(t),
the fraction of the jth subpopulation of heifer cohort 1 calving during
the kt® CDIF interval from BEGCAV to ENDCAV.

As with lactating mature cows, the maximum dry matter intake, DDMI(t),
is increased by the multiplier 1.4425 - see equation (38). The actual
dry matter intake of roughages and concentrates is then computed as in

equations (40) - (45). The average net energy required for lactation 1is

given by;
ELACy4(t) + EML,4(t)
AELyq(t) = s%npopij(:) i (92)
MOMX
where  ELAC;y(t) = 0.690% ] AMLK) (t)*CPOP, (t)*0.95 (93)
k=1
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In equation (93), the value 0.690 is the amount of net energy in Mcal
required to produce one kilogram of milk containing 3.57% fat. This value
was taken from a table of nutrient requirements for milk production given
by Foley, et al. (1972) and is approximately equal to the 0.3041 kg
TDN/kg milk given by Neville and McCullough (1969).

The value 0.024 used in equation (94) is the additional Mcal per
kilogram WM of net energy required for maintenance of lactating heifers.
It was derived by computing the NE_ that would be required for a lac-
tating heifer using the equations of Neville and McCullough (1969) given
weight and TDN, and comparing it with the NE required by a non-lactating
heifer using equation (70), given the same weight and TDN values. The
resulting term is an average of several comparisons.

The maximum and actual feed intakes for non-lactating heifers are
computed by equations (30), (40) - (43), (46), and (47). The average dry
matter intakes of roughages and concentrates for the subpopulation are
then given by equations (48) and (49).

If there are any pregnant heifers and if the calving season has
begun, weight changes due to pregnancy and calving must be determined.
The number of heifers pregnant within a given subpopulation at a given
time is determined according to the current stage of the herd reproductive
cycle and the age group of the subpopulation. During the heifer breeding
season, the number of animals pregnant is determined by the average
times that estrus periods occur during the breeding season, PTijk(t),
and the fraction of heifers, HPijk(t), that are pregnant following the
kth estrus period. The underlying assumption is that with each successive
estrus period that the cow is exposed to a bull or bred by artificial

insemination (A.I.), the greater the probability that she will become
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pregnant. Thus on a group basis, this means an increasing percentage of
pregnant cows as the number of exposures increases.

From the end of the breeding season until BEGCAV, the fraction of
heifers pregnant in the jth subpopulation is the last value entered in
HPijk(t) as designated by the counter ICOUNTij(t). Thus the fractional
gain due to pregnancy prior to calving is determined by;

During the calving period, the number of older heifers that are still
pregnant and have not merged into cohort 1 is computed;

COWPij(t) = OLDCPij(t)*SUBPOPiJ(t) - SCPOPij(t) (96)

and the fractional gain due to pregnancy is;

GPij(t) = GGEST*COWP4 4(t) 97)
SUBPOPij(t)

The fraction of older heifers calving in the time interval (t, t+dt)
is estimated by differencing the fractions HFB and HFA that will have
calved by time t and t+dt as determined by function TABLIE from the values

of PHCiJk(t). The fractional rate of weight loss due to calving is then

WLCVij(t) = (HFAij(t) - HFBiﬁét))*GGEST*GEST (98)

Because of these reproductive functions, the equations which deter-
mine energy utilization by the subpopulations in cohorts 2 and 3 vary
somewhat from those previously described. The feed required for main-
tenance is computed;

(0.077*WMy3(t) + AELy4(t))*DI 4(t)
j(t) = (EMARij(t)*DMIRij(t) + EMACij(t)*DMIC J(t))*CFE (99)

whereas the energy available for gain, EG,;(t), is determined as in
i3

equation (82). The average daily gain then becomes;
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DGAINy 4 (t) = A-50-02525603 + GPyy(t) - WLCVy4(t) (100)

where the value of A is determined by equation (86).

As previously mentioned, the current reproductive status of heifers
is tracked until they have completed their first calving season. The
heifers which have reached 2 years of age and merged into cohort 1 are
saved by subpopulation in COWNEWik(t). When the number of subpopulations
which have merged is known, KCNTi(t), the number of these heifers which
are lactating can be computed; |

MOMX
SCPOP,, (t) = nzl (OHF, - OHF, _)*COWNEW,, (t) (101)
where the OHF values are linearly interpolated from PHCijk(t) at DM
intervals. The number of two-year old heifers pregnant prior to calving
is;
COWP;, (t) = HPy,  (t)*COWNEW,, (t) (102)
and those still pregnant during calving are computed;

COWP4y (£) = OLDCP) () *COWNEW,, (t) - SCPOP, (t) (103)

Thus for the entire cohort, the fractions of heifers that have been bred
and are pregnant, CURPRGi(t), and lactating, CURLACi(t), are computed;

KK

1 KCNT4
CURPRGy (t) = ] (COWPyj(t) + HPjy(t)*SUBPOP44(t)) + kzl COWP{k (t)
=1 -
HSUM; (t) + SCNEW;(t) (104)
KRy KCNT,
CURLAC;(t) = ] SCPOPyy(t) + ] "SCPOPyy(t) (105)
1=1 k=1

HSUM; (t) + SCNEW4(t)
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Figure 8. Flowchart of subroutine GROFEM
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where, HSUM;(t) = total number of heifers currently in cohort i which
have been bred;
SCNEWi(t) = the total number of 2-year old heifers from cohort i
which have merged into cohort 1.

Subroutine GROFEM is, t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>