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ABSTRACT

PREPARTUM SELECTION OF HOLSTEIN HEIFERS TO
MAXIMIZE PROFIT OF MICHIGAN DAIRY PRODUCERS

By

Brian R. Radke

Based on the culling optimization and simulation literature, it can be concluded that the
Michigan dairy industry has an excessive cull rate. The corollary is that producers have an
excess of heifers, dictating the need for a method of prepartum heifer selection. Selecting
heifers on the basis of lifetime profit corrected for the opportunity cost of postponed
replacement will maximize producer profit. While this profit measure can not be calculated
prior to death, it has moderate correlation with first lactation milk production. Estimated
breeding values (EBV) which are functions of the heifers’ parents’ predicted transmitting
abilities (PTA) are the only widely available data on which to base heifer selection
decisions. While theoretically and intuitively parents’ PTA should predict subsequent
daughter milk production, and therefore, lifetime profit corrected for the opportunity cost
of postponed replacement, empirical support for this relationship was lacking. Based on
the data of 5,123 Michigan Holstein heifers, parents’ PTA of milk, fat, and protein
available just prior to the heifers’ calvings account for under 7% of the within herd
variation in milk production. While diffuse, the distribution of within herd rank
correlations between predicted mature equivalent milk production, based on genetic
evaluations, and the actual mature equivalent milk production, was skewed to the left
suggesting the evaluations may be useful in prepartum heifer selection. The omission

ofheifers which were culled prior to first lactation, did not appear to cause selection bias in
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the sample data. It also appeared herd could be modeled as a random effect. Despite
evidence that first lactation milk production did inﬂ;xence producers’ culling decisions,
parents’ PTA of milk, fat and protein estimated after the birth of 5,619 Michigan Holstein
heifers were unable to predict heifer culling during rearing or first lactation. This also
suggested Michigan producers were not basing their culling decisions on genetics. There
appeared to be little difference in the voluntary nature of voluntary versus involuntary
cullings casting doubt on the existence or utility of such a culling classification scheme.
Modified Box-Complex, a search algorithm, was used to determine optimal heifer
selection rules under three scenarios. Separate data sets of 58 and 57 Michigan herds were
used to derive and test the rules, respectively. The objective of the rule was to maximize
average profit per heifer, summed over all herds in the data set, subject to a given
proportion of heifers being selected. Profit was a function of the returns to heifer sales
which varied across the four raising periods the rule operated over and lifetime profit
corrected for opportunity cost of each heifer estimated from first lactation milk
production. Genetic data consisted of PTA milk, fat, protein, and associated reliabilities of
each parent in each of the four periods. Considerable sampling error was encountered in
terms of rule performance between the samples used to derive and test the selection rules.
Regardless of scenario, selection based on EBV of milk in the most profitable period to
sell heifers performed comparably to the rule developed by Complex. Use of either of
these rules resulted in a $20 per heifer improvement in profit over random selection. While
heifer selection based on EBV milk is more profitable than random selection, only a

portion of the profit available in heifer selection is being captured.
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Chapter 1

STATEMENT OF THE RESEARCH ISSUE AND INTRODUCTION

Statement of the Research Issue

There is a lack of thought, much less knowledge, in the area of prepartum Holstein
heifer selection. Numerous optimization and simulation models suggest the culling rate of
cows in Michigan dairy herds is excessive, resulting in a 2% to 40% decrease in producer
profit. These studies indicate a method of heifer selection is required.

Given the need to select only a portion of the available heifers, it would be
desirable to select those animals which will subsequently be most profitable. This contrasts
the naive method of random heifer selection employed in culling optimization studies.
Genetic information, including milk, fat, and protein estimated breeding values (EBV) and
their associated reliabilities, are the most viable data on which to base heifer selection
decisions. An EBYV, the estimation of an animal’s genetic merit for the respective trait, is
the sum of its parents’ predicted transmitting abilities (PTA) for the trait.

However, the utility of a profit maximizing decision rule for heifer selection based
on genetic information is not clear for a number of reasons. Firstly, the relationship
between profitability and the genetic information is not known. Secondly, it is not clear
how the value of the genetic information updated every six months over the two year
period of heifer rearing will compare to the rearing costs of those periods. Finally, the

decision rule is complicated by its dynamic nature - heifer selection in previous rearing



periods will alter the subsequent heifer population on which selection is practiced, and this
must be considered by the decision rule.

Random heifer selection should improve producer profitability and cash flow
versus a scenario where heifers are not selected, but may not be intuitively appealing to
producers. A profit maximizing method of heifer selection will not only further improve
producer profitability, but may also be more acceptable to managers thereby encouraging

them to utilize the management technique of heifer selection.

Introduction

Michigan milk producers face an increasingly competitive market, not only
nationally but as well internationally. Least cost and efficient production are necessary to
survive in commodity markets. The call for attention to the economically important issue
of culling has been made (Nelson, 1994). As well “additional research is required to
determine how dairy replacement systems reflect the lifetime productivity and profitability
of the dairy cow” (Heinrichs, 1993).

Briefly, Chapters 2 through 5 of this dissertation consist of literature review.
Chapter 6 contains a summary of the literature review and the three hypotheses that were
generated as a result. The following three chapters (7, 8, and 9) each evaluate one of the
hypotheses. Chapter 10 summarizes the dissertation and discusses potential areas of
further research.

While much of the literature review uses mathematical explanations, intuitive

explanations of the concepts are also provided. Chapters 2 and 3 consider the economics



of asset replacement theory, also known as capital budgeting. While capital budgeting is
not directly applied in this dissertation, the current research is highly predicated upon
studies which have applied this theory to dairy herds. As this wealth of work on optimal
culling rates in dairy herds has been largely overlooked, it is important to review this
literature along with its associated methods. Given an understanding and acceptance of the
results from this large body of literature, the logic of the necessity of a method of heifer
selection will become clear.

Following a brief introduction to neoclassical production economics, Chapter 2
reviews standard replacement theory using Net Present Value analysis. While some models
of dairy herd culling have employed this technique, it is not particularly appropriate to the
current problem for various reasons including the replacements are not identical to the
animals they replace. These models are however useful for gaining an intuitive
understanding of the replacement issue, as well as, stressing the importance of time
horizon, model specification, and opportunity costs. Despite the lack of sophistication,
these models suggest dairy cow culling, at least in the Netherlands, may be greater than
that to maximize profit.

Chapter 3 considers dynamic programming optimization and simulations of dairy
herd culling. A number of studies will be considered to stress the diversity of these
models, in terms of modeling approach, and assumptions. Despite the diversity of these
models (including the country modeled), the results are remarkably similar - culling rates

to optimize profitability are less than those currently employed by the dairy industry. This
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literature iS tediously reviewed because despite the consensus, it is unfortunately not well
understood by the dairy industry or its advisors.

The simulation studies help to provide some understanding of why maximum
culling rates d0 not maximize income. The excessive culling rates used by the dairy
industry may maximize milk production and genetic gain. However, the industry and its
advisors have failed to consider the cost of these gains, namely the opportunity cost of the
heifers.

Chapter 3 concludes with a discussion of why the dairy industry as a whole has too
high a culling rate. This is not a trivial concern as the research presented in Chapters 2 and
3 suggests the industry is acting inefficiently and irrationally from an economic
perspective. Included in the discussion of the potential motivations of the dairy industry is
my argument that involuntary culls simply rarely exist.

The conclusion to be drawn from Chapters 2 and 3 is that many Michigan dairy
producers have too high a culling rate. This directly suggests these producers have an
excess of heifers, necessitating a method of heifer selection.

The weakness of these culling models is their modeling of heifer selection, which
was often random or arbitrarily based on some genetic parameter. Given that all
replacement heifers are not required, Chapter 4 considers the potential methods of ranking
heifers for maximum profit. Lifetime profit corrected for the opportunity cost of
postponed replacement is revealed to be the economically correct objective in heifer
selection. This value is shown to be moderately correlated with first lactation milk

production.
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Currently estimated breeding value, based on parents’ PTA, is one of the few
indicators of first lactation milk production, and by association, lifetime profit corrected
for the opportunity cost of postponed replacement. Chapter S critically evaluates the
Selection Index estimation of genetic value.

Chapter 6 summarizes the major points from the literature review. It is apparent
that estimates of genetic value currently represent the only readily available means of
heifer selection. Chapter 6 then presents the three hypotheses which were evaluated in this
research.

While parents’ PTA should have some predictive ability for subsequent first
lactation milk production and therefore be useful in heifer selection for maximum profit,
surprisingly this theoretical relationship has not been empirically evaluated to any degree.
In keeping not only with the standard methodology of economics, but as well, the
scientific method of logical positivism it was deemed important to empirically examine the
theory. So prior to generating a heifer selection rule based on genetic estimates it was
deemed important to return to the basics of evaluating how well genetics predicted
subsequent milk production. This research is presented in Chapter 7.

With some indication that genetics may be useful in heifer selection, the research
turned to exploring a method of heifer selection. Producers are likely making the correct
decisions as to which animals they are culling, the problem is the late timing of the
decision. By waiting until after freshening to decide which animals to cull, producers are
paying too high a price to make this correct decision - the value of the decision is less than

its cost. If genetics could predict which animals the producers would subsequently cull, a
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very good heifer selection rule with a powerful motivational influence to lower dairy
producers’ culling rates would result. Chapter 8 considers the ability of genetic indices to
predict culling during rearing or the first lactation. As well, some light is shed on the
voluntary nature of what has traditionally been deemed voluntary versus involuntary culls.

Following the use of econometric methodology to elicit a method of selecting
heifers using parents’ genetic estimates, Chapter 9 turns to an operations research
approach. Modified Box-Complex, a search algorithm, was used to derive a potentially
dynamic method of heifer selection to maximize producer profit. This approach
incorporated the multi-period nature of heifer selection, where every six months during the
rearing process new improved genetic estimates were produced and there was an
economic consequence, either positive or negative, associated with raising the heifers for
that period. Given the proportion of heifers to be selected, the rules consisted of the
proportion of heifers and the weightings for the genetic information in each period. Using
a sample of herds which was used solely for testing the rules, Complex’s rule was tested
against the profits associated with random heifer selection and a rule based on genetic
theory.

Chapter 10 provides a summary of this dissertation, and discusses potential

avenues of further research.
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Chapter 2

PRESENT VALUE MODELS

Livestock culling is fundamentally a replacement issue. This chapter will briefly
introduce the standard neoclassical production economics approach to input selection.
Finding this technique inadequate in the assessment of durable assets, the Net Present
Value (NPV) method of capital budgeting will be employed to optimize increasingly
complex replacement models. The flexibility of these models will be showcased by
addressing the issue of the optimal calving interval, before turning to the animal
replacement decision. It will become apparent that the dynamic and complex nature of
replacement in general, and dairy cattle in particular, is frequently underestimated. For
example, these results highlight that the approach of collecting milk production data on
dairy cows with the goal of assessing the most profitable time for insemination is so
simplistic as to be meritless.

While even the moderately complex analytical models presented in this chapter are
not fully adequate to address replacement decisions in dairy herds these models and their
applications do provide some insight into the problem. These models provide intuition into
the understanding of capital asset replacement theory decisions including the importance
of choosing the appropriate model and time horizon for a given problem, as well as,
considering the opportunity costs of replacement. Applying standard replacement theory, I
also explain why if genetics is useful in heifer selection, such a selection scheme should be

associated with a higher culling rate among the cows than a herd which randomly selects
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heifers. Turning to applications of these NPV models in the literature, numerical versions
of the models which suggest that as of the mid-1980s, culling strategies in the Netherlands
were undesirable and associated with excessive culling rates are reviewed. Applying an
understanding of NPV models and replacement economics, the result that the profit
maximizing culling rates were most sensitive to the price of the replacement relative to the
cow and minimally influenced by milk price or rate of genetic improvement are explained.
Finally, Van Arendonk’s (1991) application of replacement theory revealing that neither
lifetime profit nor profit/day correctly rank animals based on profit is reviewed along with
the economically correct method of ranking cows.

Production economics is the area of neoclassical economics which considers the
selection and application of constrained inputs to maximize an objective, commonly profit.
Inputs used in production can be classified according to their functional life span:
expendables are instantaneously and completely consumed in the production process,
while durable inputs or assets have the potential to supply services for multiple periods
(Robison and Barry, 1996). Production economics tends to focus on the comparative
static analysis of instantaneous production functions utilizing expendable inputs; all
dynamic or intertemporal components are ignored (Beattie and Taylor, 1993). Feeding a
dairy cow to produce milk is an example of such a production function, and can be

mathematically represented as
m=f° 2.1)

where m = milk production

JS=level of feed supplied
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a = the productivity of feed in milk production.

The profit (r) from such a production function is a function of the prices of milk (P) and
feed (4).

n=Pf% - Af 2.2)
Equating the marginal cost of the feed with the marginal value product of the milk reveals
the profit maximizing level of the feed input. As we will see in the next chapter, failure to
understand or use this simple static profit maximizing decision rule has resulted in poor
advice on optimal culling rates from dairy industry advisors.

Given the optimal input level, static analysis can then be conducted to assess the
effects of changes in any of the parameters on the optimal level of feed.

However, even simple extensions of the above problem can not be adequately dealt
within a standard production economics framework. Consider a situation where the
amount of feed available is limited for a given period of time, for example the inventory of
feed is fixed at level F until time period 7 when the next harvest will occur. Intuitively it
can be reasoned that the production functions are now temporally related. Decisions made
in any time period will have ramifications on subsequent periods. So the feed available in a

given period (7) is a function of the total amount available and the amount previously fed.
-1
Osf,sF-;)f, 1<t<T 2.3)

Equations (2.1) and (2.2) then become

m, = f, 2.49)

10
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Y x, =Y (Pf,” - Af,) s.t. Equation (2.3) @2.5)
=1

=1

The solution will then consist of a time path of optimum feed levels in each period. Static
analysis of this problem is rarely appropriate given that changes in f; will have
ramifications on the amount fed in time periods greater than 7. Comparative static analysis
is apropos in a dynamic system only in the special situation in which the time periods are
uncoupled. This requires, at a minimum, a nonbinding feed constraint which reduces the
problem to solving Equation (2.2) T times.

Given that static analysis may not be suitable for solving situations involving
expendable inputs, it is not surprising that this technique is inadequate for dealing with
production using durable assets, which by definition have multiple period lives. Consider a
feed wagon purchase decision, the initial cost of the wagon will be borne when purchased
in the first period, while returns and expenses associated with operation of the wagon will
be realized in subsequent periods. And finally, at the end of its useful life, a return or cost
will likely be associated with retirement of the asset.

Capital budgeting is one technique used to analyze the economics of assets or
inputs which generate costs and returns over multiple periods. While payback, accounting
return on investment (i.e., return on equity, or return on assets), benefit-cost analysis (or
profitability index), and internal rate of return have all been used to assess the profitability
of capital assets, net present value is the method of choice. NPV is the only method which
unambiguously considers all the cash flows generated by an asset, the time value of
money, does not make overly rigid reinvestment assumptions, and provides a unique

solution (Robison and Barry, 1996). The formula for NPV in discrete time is

11
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_ - R V(n)
NPV =-V, +,§(1+r)’ +(1+r)"

(2.6)

where V, = the initial investment in the asset

R, = is the net cash flow in time period ¢

n = the life span of the asset

V(n) = the (salvage) value of the asset in time period n
r = the discount rate of the challenger.

The challenger is the next best alternative use of the investment, while the defender is the
asset explicitly being considered and for which the NPV is being calculated. The discount
rate which is associated with a particular challenger and should be adjusted for risk and
taxes (Robison and Barry, 1996). While the challenger may be a interest bearing
investment, it is incorrect to generally define 7 as the interest rate. This incorrect definition
of r in not uncommon. If nothing else such a definition begs the question which interest
rate - that associated with a chequing account, savings account, certificate of deposit,

treasury bill, grade of private or public bond?

Equation (2.6) can be equivalently expressed in continuous time as

NPV = Vg + }R(:)e-"dz +e™V(n) 2.7
0

Now consider the simple decision of when to sell a cull dairy cow, assuming no
replacement (Perrin, 1972). The decision rule is derived by setting the derivative of the
objective function (VPV in Equation (2.7)) with respect to the choice variable (time) equal

to zero (Beattie and Taylor, 1993).

12



dNPV

pr = R(n)e™™ +V'(n)e™™ —re™™V(n)=0 (2.8)

Equation (2.8) can be simplified to

R(n)+V'(n)=rV(n) 2.9)
Negativity of the second derivative is required for a global maximum. Equation (2.9)
reveals that the optimal time to sell is the period in which the current period return, R(n),
plus the change in salvage value, V'(n), are equal to the opportunity cost of the salvage
value, rV(n). The original cost of the animal does not influence the decision of when to sell
the animal. This is an application of the economic principle of ignoring fixed cost in
subsequent decision making. Clearly then, optimizing the decision of when to cull the
animal does not necessarily result in a non-negative net present value.

More complex replacement problems will now be considered. The vehicle for this
analysis will be the selection of the optimal lactation length of a dairy cow. This problem is
appropriate to consider not only because it is the focus of a large body of contemporary
research, but as well, it will serve to highlight some other issues. Namely, that the solution
technique must be customized to the problem being considered -- static analysis is not
necessarily appropriate for all expendable inputs, and capital budgeting is not limited to
only strict capital assets. The lactation length decision also makes apparent the complexity
of even a seemingly simple problem, and the necessity of the optimal lactation length as an
input to optimal culling decisions.

Consider first that, assuming a constant dry period length, the optimal lactation
length can be equivalently stated as the optimal calving interval or time of conception.

This problem then is one of optimal replacement, but the factor being considered for

13
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replacement, the lactation, does not fit the strict definition of a capital asset, since it is not
a separate physical entity with investment and salvage values. In contrast, the animal itself,
is a strictly defined capital asset. As this optimal calving interval problem is explored it
should become apparent that solving this problem is integral to solving the problem of
actual cow replacement.

Consider a simple model of a lactation which accounts only for the daily net

returns (/(1)) of a single lactation.

NPV = fl(:)e'"dz (2. 10)
0

For a global maximum, strict concavity(NPV’ > 0, and NPV " < 0), is required in the
neighborhood of the solution to the first order condition (Beattie and Taylor, 1993). If it
can be assumed that daily returns, which are equivalent to net marginal profit, follow the

same general shape as the lactation curve, a global maximum is assured.

The profit maximizing decision of when to end the only lactation will obviously be

the equimarginal rule of static production - continue milking the cow until the net return

is zero (Equation (2.12)).

_“”z V e lmpe™ =0 @.11)

I(m)=0 (2.12)

This simple single lactation model overlooks the reality that a lactation is often

ended in preparation for a subsequent lactation. The problem is truly one of optimal

14




replacement of a cyclical production function, namely lactations. A more realistic NPV
model can then be respecified in Equation (2.13). It includes a constant dry period cost
and arbitrarily assumes culling after the third lactation, and, similar to the problem above,
assumes all lactations are identical. Notice that while multiple lactations of a single animal
are considered, the fundamental decision is lactation length, as animal replacement is not

considered.

NPV =-V, + Il(t)e'"dt +e™™ (Zl(t)e'"dt - c] + e"("‘"’)(’Zl(t)e'"dl - c]

+e T(mimim) gy

(2. 13)

where ¥, = the initial purchase price of the animal

(1) = the net lactational returns

¢ = the cost associated with the constant length dry period

SV = the salvage value of the cow at the end of the third lactation

n; = the length of lactation i.
The cost of the dry period is accrued at the beginning of the subsequent lactation. Note
that the cost of the dry period in the third lactation had been omitted since with a constant
salvage value the animal would be sold prior to the dry period. Making c a function of
would permit the cost of the dry period to vary with the length of the lactation. Taking the

derivative of NPV with respect to each »,

dNPV
d”3

= e (ny)e™™ — pe~r MM Sy = 0 2.14)

dNPV
dn,

=e™I(ny)e™™ -re""""z’(Tl(:)e'"dz - c) —pe~TM*mmI gy = 0
0
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(2.15)

n
DY _ liny)e™ —re™ Ul(t)e"’dt —c] - re"‘"'*"z)[ [He)edr - c)
dn, o 0 (2.16)
—re”"(mmiml oy _ 0
These first order conditions for a maximum can be restated as
Kny) = rSV 2.17)
m
Kny)=r| [Kt)e"dt +e™ ™SV -c (2.18)
0

I(n,) = r{?l(t)e"'dt —c+e™™ {?I(t)e"‘dt —c+ e""’SVB (2.19)
0 0

Equation (2.17) suggests that the animal should be sold in that period of the third lactation
in which the net profit is equal to the opportunity cost of salvage. Comparing the decision
rules for the third lactation (Equation (2.17)) and the single lactation (Equation (2.12))
reveals that since the right hand side (RHS) of Equation (2.17) is positive, I(n3)>I(m).
Recall that in the neighborhood of the optimal length of lactation the profit function must
be increasing at a decreasing rate (i.e., the function must be strictly concave) so the
marginal profit is decreasing. Therefore, a higher net marginal profit function (/(ny)
corresponds to a shorter lactation length and unambiguously n;<m. Intuitively this makes
sense since the RHS is the opportunity cost of postponed culling in the last lactation. Once

sold the salvage value could be invested in the challenger at rate 7. So once marginal profit
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drops to this level it is optimal to sell. Obviously this will occur prior to the net lactational
returns dropping to zero. There is a cost associated with not culling the animal, and as a
result the level of profit at which the animal is sold will be higher than if this cost is not

considered.

Solving for SV in Equation (2.17) and substituting into Equation (2.18) results in

Equation (2.20).

Kny) = r(?l(t)e'"dt - c) +e"™l(ny) (2. 20)
0

From Equation (2.20) it can be deduced that 7,< n;, for the RHS of Equation (2.20)
includes not only the discounted salvage value opportunity cost of Equation (2.17), but
also the opportunity cost of the third lactation less the cost of the dry period. Since the
marginal profit of the last day of the second lactation must be greater than that of the third
lactation, the second lactation must be shorter than the third.

Dividing Equation (2.18) by 7 and substituting into Equation (2.19) results in
Equation (2.21) which reveals that n,< n;, since again, the first lactation confronts all
those opportunity costs that the second faced, discounted back another lactation, as well

as the opportunity cost of the second lactation itself.
In,) = r(?l(t)e"' dt - c) +e"™l(n,) (2.21)
[}

The optimal lactation length is then a function of the number of subsequent lactations with

n;<n;<ns; <m. Clearly then, the simple lactation decision rule of Equation (2.12), by
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ignoring the cost of the dry period and the opportunity cost of future lactations,
overestimates the optimal length of all lactations, and therefore, calving intervals.

Even intuitively, it is apparent that the calving interval decision is dynamic. The
rationale behind shorter calving intervals is to forego the lower returns associated with the
end of lactation, in order to return the animal to peak production when returns are
supposedly higher, ignoring the peri-parturient risks for the animal. Using this reasoning, it
should be apparent that the consideration of a single lactation is an inappropriate method
of problem formulation.

This simple model can provide insight into what factors should be considered when
assessing when to breed a cow. Given identical milk and profit functions, which would
approximate production of mature cows, the optimal calving interval is a function of the
rate of decline of milk production and profit, in other words, persistency of milk
production. Peak level of milk production, which is felt to be a good indicator of the area
under the lactation curve, is relevant only when levels of production will vary in
subsequent lactations as occurs with animals in their first or second lactation. In terms of
first lactation animals the breeding decision is now a function of both persistency and total
production — when to end the generally highly persistent, but lower yielding first lactation
to enter the higher production, lower persistency mature lactations. Notice that assuming a
constant length dry period, the shorter the calving interval the greater the proportion of
time spent in the dry period. So even with poorly persistent mature cows, very short
lactations which maximize the amount of time the animal spends in or near peak

production may not be economically optimal. Thus, the rationale for the argument that
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given the ability to maintain persistency, such as with bovine somatotropin, the optimal
calving interval will be extended. (Of course this assumes that the use of bST is
economically sound, and ignores issues such as the shift in the proportion of the herd
milking and dry at any point.) The simple model indicates as the cost of the dry period
increases, ceteris paribus, the lactation length increases. This cost could included not only
obvious items such as feed, but as well, the potential cost of periparturient disease. It
should also be apparent that the suggestion of a single optimal calving interval for all the

animals in a herd is inappropriate, as is the “cost of a day open” concept.

Given this analysis, the inappropriateness of collecting empirical milk production
data on cows to then determine the optimal insemination period is obvious. At a minimum
for such an analysis, as the previous models showed, all future lactations would need to be
considered. Practically such an analysis would need to account for the censored nature of

the data due to culling.

Also, consideration of only a single animal’s lactations is only appropriate if that
animal is not replaced. In reality, most dairy herds operate under a binding herd size
constraint, and the sale of a current asset is required for the introduction of a new asset.
So ultimately the insemination decision includes not simply when to inseminate but as well
who to breed, and at what point breeding should no longer be continued. To address the
issue of asset replacement, infinite replacement models will now be considered. While
these models can apply to any asset, the finite lives and therefore lactations of individual

cows, are not particularly suitable for such examples, so attention will focus on animal
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replacement. Following the review of infinite models, the role of individual animal

lactations in these models will the broached.

Assuming an infinite time horizon of identical replacement, this problem can be

modeled as
L] n3
NPV = [g(t)e™"dt + ™ ]‘g(t)e-"d: +e7 ™) [o(t)e™"dt + - 2.22)
o 0 0
Where g(7) = net cash flow in period ¢
gn)=-Vy + I g(t)e™dt +e ™V (n)
o

and n; = the life span of animal j, j = 1,...c0.

The optimal life span of each asset is again determined by taking the derivative of NPV

with respect to each n;.
m n3
VPV _ gim)e™ —re™™ | glt)e™"dt ~ re~ ") [ glt)e "t +--= 0 (2. 23)
dn, 0 0
n3 nq
“;,VP Y = glmyde™ —re™™ [ glo)e™ds - re™ 2™ [ gle)e ™t 4= 0
2 0 0

(2. 24)

Due to the infinite time horizon all the first derivatives are the same and therefore n;, = n,

=m = ... = n,. Equation (2.22) can then be restated as
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NPV =(1+e™™ +e7" 47" ---)fg(z)e-"dz (2.25)
0

- 1 f -n
_(1—e_m)£g(t)e dt (2. 26)
with first order condition
dNPV ( 1 ) —m re” ¢ —nt
= — |g(me™™ - ——— [ glt)e™"dr = 0 2.27)
dn 1-e (1 —e™ )2 '!;

r
1—e'"')

gln) = ( fetnemar (2. 28)
[+]

The integral in Equation (2.28) is simply the present value of a replacement, while

(1—’_") is the annuity factor. As a result, the right-hand side is the annuity or average
-e

return from future replacements. Equation (2.28) then represents the standard decision
rule of asset replacement - replace when the marginal (annual) value of the defender (the
LHS of Equation (2.28)) equals the average (annual) present value of the challenger
(Faris, 1960). The maximum average value of a subsequent replacement can be considered
the opportunity cost of postponed replacement. As alluded to in the lactation replacement
model, as the number of future replacements increases so does the opportunity cost of
replacement, so the optimal life span of an asset with infinite replacement will be shorter

than if a finite number of replacements were available.

21






Finally consider the case of continuous improvement of the asset (Robison and

Barry, 1996) as is expected in livestock, due to genetic improvement.

NPV, = Tg(i)e-"dt +(1+h)e™™ TS(I)C—"dI +(1+ h)2e~rmivm) Tg(t)e‘"dt e
(4] 0 °

(2.29)

Where h represents the rate of improvement between successive assets. The optimal life
span of each asset is again determined by taking the first derivative of NPV with respect to
each n,, where the i subscripting simply serves to distinguish this NPV model with

improvement from that of Equation (2.22) without improvement of replacements.

MPK p— - AQ" - 2 -r(m;+ )"31' -r
——L =gln,)e™™ —(1+hyre™ [ g(t)e™"dt —(1+ h)?re™"™*"2) [ g(1)e™"dt +---= 0
dny, 0 0
(2.30)
“Z; Vi o (14 Bglmg e ™ — (14 hy2re™™ | gle)e™d
° (2.31)

n4i
~(1+h)2re 2% [g(t)e™dt +---= 0
]

Dividing both sides of Equation (2.31) by (1+h),

dNPV,
dny,

= g(nZI )e'"’t’i - (1 +h)re"mz,- 'Tg(’)e-"d’ _ (1 +h)2re-r('91*":|i) ’Tg(t)e-"d’ +..=0
0 0
2.32)

22




Comparing Equations (2.30) and (2.32), it is again apparent that the first order derivatives
are identical and n, =n,, =n,, =---.

Equation (2.29) can then be restated as

NPV, =[1+(1+h)e""’ +(1+h)2e™™ +(1+h)3e ™ +---]Tg(t)e'"dr (2.33)
1]

1 "
T | ——— -nd’ .
(1—(1+h)¢""’)£g(’)e .39
with first order condition
dNPV':( 1 ) ge - IR ot nar =0 (2.35
dn,  \1-(1+h)e™ stn ke (1-(1+h)e'"")2 1“-’“’ @39

r(1+h) j glt)e"dt (2. 36)

8n)= (1—(1+h)e'"") o

This first order condition assumes the function is well behaved (h>0, g'(¢) >0

and g” < 0). By comparing Equations (2.28) and (2.36), it is apparent that n,<n. Having
previously seen the effect of opportunity costs on the optimal length of asset life, it is not
surprising that the length of each assets’ life is shorter with improvement than without.
And that the greater the rate of improvement the greater the decrease in length of asset
life.

dg(n,) r k -rt dn,
= gemdi>0 - ZL<o @.37)
d o (1-(ene™ )2 { dh

23




A constant optimal asset life (e.g., n,, = n,, = n,, =---) with constant improvement is not
as intuitive a result.

The inverse relationship between the rate of improvement of the asset and the
optimal asset lifetime bears emphasizing and will be used in Chapter 3. In Chapter 3, I
review herd culling models which employ two different methods of heifer selection:
random and based on genetics. Now due to genetic improvement from generation to
generation even with random selection the potential replacement heifers are improving.
However, if genetic indices are useful in heifer selection, then by definition the rate of
improvement under this selection scheme should be greater than that under random
selection. If this is the case, then the optimal length of the cows’ lives should be shorter
than under random selection. Ceteris paribus, failure to find a shorter cow life (i.e., higher
culling rate) with genetic selection as opposed to random selection would suggest genetic
indices are not useful in heifer selection.

Burt (1965) showed that under conditions of uncertain replacement (i.e.,
involuntary culling) and risk neutrality, the decision rule for the infinite horizon was simply
to replace when the expected net current period return equaled the expected weighted
average net return from the potential replacement.

While the preceding results have provided analytical results which aid in
understanding the culling problem and solutions, they present limited application to
solving actual culling decisions for two reasons. First, recall that the opportunity cost of
postponed replacement is the average present value of potential replacements. This then

requires optimization of all future replacements with respect to all choice variables. For
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example Equation (2.13), the NPV for a single animal derived from it’s three potential
lactations, could then be substituted for g(#) in Equation (2.25). Even with identical
replacement, solving this problem would then require simultaneous consideration of four
first order conditions, one each for », n,, n,, and n;. Analytical solutions then become
tedious due to the large number of simultaneous equations. Second, the net revenue flows
of a dairy cow are very variable throughout a given lactation and across lactations. At the
extreme, consider the negative returns during the dry period, which are in fact preparatory
for the subsequent lactation. This lack of identical net return or profit functions over time
and between challenger and defender realistically removes the possibility of analytical
solutions. As we shall see this also presents difficulties in numerical analysis of these
problems.

The numerical technique of comparing the marginal profit of the defender versus
the average annual profit of the challenger, also known as the marginal net revenue
approach, has been modeled for replacement decisions. Renkema and Stelwagen (1979)
developed the primary model used for NPV analysis of the culling decision.

In their model the earned income, under Dutch conditions, for a lactation was
calculated as gross revenue from milk and calves, less cost of feed and sundries, the
change in slaughter value was also considered. Assuming a 12 month calving interval and
a constant mature equivalent milk production, the earned income was calculated for
lactations 1 through 14. Incorporating the probability of disposal at the end of the next
lactation, the expected marginal profit associated with the next year was calculated. With

the cost of the replacement heifer and the marginal expected earned income for every
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lactation, the non-discounted average annual income of the replacement heifer associated
with successive lactations could have been calculated, permitting the determination of the
optimal lifespan of the replacement. However, instead the replacement’s lifespan was
assumed to be 4.2 lactations, approximating the average productive life of the typical
Dutch Friesian. The analysis was repeated with a higher level of milk, and as well, the
assumption of identical replacement was relaxed by repeating the analysis using a 1% rate
of genetic improvement in milk production.

Many of the assumptions of the model are unsatisfying and potentially biasing. For
example, the assumption of culling at the end of the lactation versus at day 205 was
subsequently found to overestimate profitability by 30% (Van Arendonk, 1984). Care is
needed in extrapolating this model of a single challenger and defender to a herd situation.
To make this extension all animals in the herd are required to be homogeneous with
respect to the 12 month calving interval and mature equivalent milk production. While the
model can compare a genetically superior replacement to a cow, it cannot represent a herd
with multiple levels of genetic capability. This is a drawback of all such marginal revenue
models (Van Arendonk, 1984).

Although the decision rule approximated that of the marginal revenue optimization
model, note the lack of discounting, without having optimized the length of the
replacement’s life, it could easily be argued that this model is actually a simulation rather
than an optimization. Simulation versus optimization will be more fully discussed in

Chapter 3.
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Given the shortcomings of this model, the result nonetheless are interesting. It was
determined that increasing herdlife from an average productive life of 3.3 to 5.3 lactations
increased annual earned income by 20%. This simplified model suggests the benefit of
prolonged productive life, this benefit was minimally affected by genetic improvement.
The economic return from longer life was much more sensitive to the net cost of
replacement (i.e. cost of replacement heifer less salvage value of the culled cow) than
changes in the milk price.

The realism of this model was increased by assuming culling at day 245 of lactation
and used in a traditional simulation model (Korver and Renkema, 1979) which will be
discussed under simulations in Chapter 3.

The model was also further updated and expanded to include the time value of
money and optimal insemination decisions (Dijkhuizen, Renkema and Stelwagen, 1984).
The potential calving interval was 345 to 525 days, and at 20 day intervals the replacement
decision as well as the insemination decision for the current lactation was made.
Replacement was possible in future lactations only at day 225. At each heat (20 day
interval) the animal was to be inseminated if the sum of her expected future marginal
revenues in the case of pregnancy, less the annuity of the average replacement, was
greater than zero. The correlation between length of successive calving intervals was 0.6.
This cumulative future difference between the defender and challenger is actually the
decision rule used in the original model, in place of that stated. Full numeration of

expected returns for each animal are then required.
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If it was deemed uneconomical to inseminate, the animal was not culled until the
point in her lactation where the expected returns for the remainder of the lactation were
less than the annuity of the replacement. A 1% annual genetic increase in milk production
was assumed.

While it is not clear, it appears that similar to the original model, the lifespan of the
replacement has not been optimized, but rather arbitrarily chosen.

The results were in the form of critical production levels by lactation, and days at
insemination below which it is not optimal to inseminate a cow. These guides indicate that
a young cow which is average or above average in level of production can profitably be
inseminated up to 8 to 9 months post partum, suggesting the culling strategy in the
Netherlands was not optimal. While the results were not sensitive to the price of milk,
since this affected the returns of both replacements and defenders, changes in the cost of a
replacement did affect the critical production level. As expected from theory, the model
found the greater the persistence of milk production, the longer it was profitable to
inseminate open cows. The authors never calculated the distribution of productive lives in
the herd to determine whether rational expectations were fulfilled (i.e., if the assumed
length of the replacement’s productive life equaled that of a herd resulting from following
the guide). Failure to fulfill the self-expectation nullifies any apparent solution. This may
have been what the authors were referring to as “more insight is desired into the economic
consequences of making replacement decisions over a number of years with different herds
on the above mentioned criteria”. Also note that future replacements are a function of the

animals currently in the herd and management, including culling. So the simple static
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comparison of a defender with a genetically superior heifer is over simplified. The dynamic
nature of the problem is clear - decisions made today affect future decisions.

While the realism of the model has been increased through the modifications some
unrealistic assumptions, such as the timing of future culling still remain. These
simplifications are a direct function of this marginal method of analysis. As was discussed
previously, permitting net return or profit functions to vary over time and between
challenger and defender would require calculation of all expected net revenue for all
potential future decisions. As the number of potential decisions increases, the complexity
and number of calculations quickly become overwhelming.

Kuipers (1980) also produced a marginal net revenue model to evaluate the
expected marginal profit of a challenger over the remainder of the current lactation and
first six months of the subsequent one. This poor choice in time horizon for consideration
of the marginal value of the challenger underestimated the value of younger animals, since,
as noted earlier, production and net revenue increase over the initial lactations.

It is only recently that the concepts from replacement theory models have been
applied to other avenues such as cow ranking for profitability (Van Arendonk, 1991). A
large amount of literature has focused on the contributions of such factors as increased
length of herdlife and milk yield on cow profitability. The most common profit functions
used to determine the dependent proxy variable for profit have been lifetime profit and
profit per day of life. Van Arendonk realized that the former implies no replacement or
implicitly a non-binding herd size constraint. Profit per day of life implies identical

replacement, which is unrealistic due to genetic improvement and the lack of systematic
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differences between heifers available for replacement of different cows. The failure to
account for the opportunity cost of future replacement has resulted in the possible
nullification of a large amount of previous work. This area will be considered further in
Chapter 4.

In summary, this chapter focused on the optimal calving interval decision, as well
as, animal replacement. It was apparent that even these simple problems are complex and
increasingly difficult to solve due to the number of choice variables, the intertemporal and
often dynamic nature of the problem. The importance of considering model specification
and time horizon also were evident. While these models provided some intuitive insight
into some of the underlying principles of these solutions, such as the importance of
opportunity costs, ultimately they were unable to answer the complex question of the
optimal herd level culling and replacement strategies. Simplified numerical models
suggested the potential for improvement in culling strategy, at least under Dutch
conditions. The difficulty with numerical analysis was the requirement to consider all
potential future decisions and returns. A subset of these dynamic problems, namely those
that can be recursively stated, can be solved with greater ease through dynamic
programming. This technique and the results of replacement models using this technique

will be addressed in Chapter 3.
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Chapter 3

DYNAMIC OPTIMIZATION AND CULLING MODELS

From Chapter 2 it was evident that while the traditional NPV approach to animal
replacement lent some intuition to the understanding of the problem, it was not
particularly well suited to actually solving these problems. In this chapter another solution
technique, dynamic programming, will be reviewed. After defining the model through an
example, analytical dynamic programming will be covered to gain familiarity with the
model and its methods. Numerical dynamic programming solutions, a much more practical
approach to complex dynamic problems such as livestock replacement will follow. Given
this foundation the results of dairy cattle culling studies utilizing dynamic programming
and optimization will be reviewed. While tedious, consideration of these models, in at least
a superficial way, is necessary for two reasons. First, in order to draw proper conclusions
about the culling issue based on the results of these models, the diversity of the models
must be realized. And second, these models should be reviewed for this area of
management tends to be overlooked by the industry despite the wealth of knowledge in
this area. These studies are summarized in Tables 3.7 and 3.8 at the end of the chapter.
The issues of voluntary and involuntary culling and simulation versus optimization will
also be considered. The conclusion will be that the market is operating inefficiently
through excessive culling, corroborating evidence of this inefficiency is presented. I then

try to resolve why the market is operating in an economically irrational manner.
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To introduce dynamic programming an analytical solution to a simple replacement
model will be used. Analytical models tend to be quite general, utilizing symbols rather
than numbers. The advantage of this method is that it will provide some insight into the
solution, as the models in Chapter 2 did. Numerical analysis, where the values of the
parameters are used, is easier to operationalize to get actual results especially in complex
problems.

Consider the problem of when, in its lifetime, to sell an animal without

replacement. This is an example of a simple optimal stopping problem. Reconsider

Equation (2.6) from Chapter 2
NPV = -Vy+3 R_, Y0 (3.1)
m(1+r) (1+r)"
The objective is to maximize the profit given that the animal is present so the initial
investment may be omitted
R, Vin) 3.2)
=m(1+r) (A+r)
The net cash flow in any lactation (;) can be denoted as
%, = R(n,)+d/V, 1<t<T 3.3)

The notation has been altered slightly so R(n,) explicitly recognizes that the returns in a
lactation from milk production are a function of the lactation number »,. As was discussed

in Chapter 2, in order to optimize the culling decision, the length of the lactation needs
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also to be optimized. To maintain simplicity assume that the R(n are already optimized
with respect to lactation length.

Let d; be a dichotomous choice or control variable with

0 if the animal is not culled at 7
= (3.9

1 if the animal is culled at ¢
V: remains the salvage value of the animal in period 7, and T is the maximum potential
lifespan of the animal, after which the animal has no value, Vr.;=0.
Equation (3.2), in dynamic programming termed the objective functional, can then

be generically restated

maxpr,(n,,d,)+ B““":n(”:n-dnn )+t BTnT(nT.d, ) 3.9
where f=1/141, and /<t <n.

In traditional dynamic programming terminology, 7 is the return function
representing the immediate period return associated with n, the state variable, and d,, the
control variable. The state variable or vector, if more than one state variable, define the
state of the system in period . In period ¢, the decision maker cannot affect the state
variables, they are taken as given. The decision maker has direct control over the control
variable or vector, d; in period 7. The transition equation, which links the state and control

variables, for this problem is
M) = My + 1 ifd,=0

M= 0 (1<i < T-1) ifd=1 (3.6)
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This simple transition equation states that if the animal has not been culled, it will proceed
to the next lactation. Obviously once the animal has been culled, there can be no
subsequent returns. Notice that the current state variable is a function of the previous

control variable

n,n=8 (”r 'dt) ()

This then defines the problem as being recursive (i.e., the current controls are only a

function of previous, not future, controls). To see this note that

n =g (nl—‘l'dl—‘l) (3' 8)
n_y= gt-2(”1—2'd1-2) 3.9
ny = g(m,d,) (3.10)

Sequential substitution of Equations 3.8 through 3.10 into 3.7 reveals
nl+1 :g‘(""d1'd2'°"ld[—1ld() (3. 11)

Lagging Equation (3.11) one period and substituting into Equation (3.5) reveals

T
max) B'%,(m.d,.d5,....d,_y.d,) 3.12)

t=]
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The return function in any period is then only a function of the current and previous
controls. S_ince dynamic programming solves problems recursively, this specialized
recursive problem structure is required for this technique. Calculus of variations and the
maximum principle are other techniques appropriate for solving recursive dynamic
optimization problems. The former requires the transition equation have the restrictive
form of depending solely on the current control and not the current state (i.e.,
ne.1=g{d,)). The maximum principle is useful in continuous time formulations, where it is
also known as control theory. Control theory utilizes the Hamiltonian as a method to solve
differential equations. Solving stochastic infinite horizon problems using control theory is
quite complex and not well suited to numerical analysis. In discrete time the Hamiltonian

reduces to the Lagrangian, which gives the same results as dynamic programming.

Dynamic programming then reduces to selecting the optimum set of policy
functions from a space of functions, d;=h,n,). This formidable task is made easier through

the use of the principle of optimality.
Suppose {h, }'T_1 is a set of policy functions that solve the recursive problem

Equation (3.5). Now consider the modified problem

maxiB‘n,(n,,d,) (3.13)

Imj

Let {h,‘ }'T Ibe the optimal policy functions for the modified problem. The principle

of optimality states that for the periods i to 7, h=h, . Notice that it is the optimal policy

function that is being chosen, not the optimal control choice. The principle of optimality
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then suggests that the optimal policy functions are invariant to the earlier time periods.
The optimum function is selected such that it is unaffected by changing circumstances.
Notice that as the state variables change the control variables will change but not the
policy function. Also the principle of optimality does not necessarily suggest the policy
function is time invariant (i.e., 4,=h,.,). These points will become more clear with an
example.

Based on the principle of optimality Equation (3.5) can be restated in Bellman’s

current period value function.

V,(n) = mpx{Br, (n,.d,) + B2V, ()} (3. 14)

subject to the transition Equations (3.6), /<t <'T, and given n,.

The principle of optimality and the recursive nature of the problem permit a simple
technique to solve for the optimal policy functions over a space of functions. Dynamic
programming starts at the terminal period and solves for the optimal policy function for
each time period in a sequentially recursive fashion. The result will be a time path of

control variables given an initial value of the state variable.

Substituting the specific form of the return function (Equation (3.3)) into Equation

(3.14) reveals
V,(n,) = mpx{BR(n,) + BV, +BV,01(m,.1)] (3.15)

subject to the transition Equations (3.6), /< <7, and given n;.

The terminal period value function is denoted
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Vr(or) = mpx{BRiny )+ BV + BV ()} (3.16)

T denotes the end of the animal’s life, and as a result V7. (nr.;)=0. So the decision rule
will be to cull the animal at 7, if it has not occurred previously. The terminal period policy

functions are:

d1~=

{0 ifn, =0
(3.17)

1 ifn, =T

Due to the categorical nature of the control variable, the solution technique to this
problem does not involve the standard technique of differentiation, since due to its
discontinuous nature the equation is not differentiable. This then presents another problem
with analytical results, including NPV techniques, which was not addressed in the previous
chapter.

Notice that the solution is a policy function; the control variable being a function
of the state variable. As the state variable changes the optimal control variable will
correspondingly change. This optimal policy function for the terminal period will,
however, never change regardless of how far back into time the problem is worked.

Substituting Equation (3.17) into (3.16), the terminal period value function is

BR(T)+BVy ifn, =T
Ve(ng)= . (3.18)
ifn, =0
At 1=T-1, Bellman’s equation becomes
Vialnry) = ax{BR(T) +Bdr_Vry +BVr(ng )} 3.19)

T-1
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If culling has not already occurred there are two possible options for the period 7-1. If the

animal is not to be culled, dr., =0, and culling occurs in the final period, so

Vrifnr.)=BRT)+F [R(D)+V1] (3. 20)
Or the animal may be culled, dr.; =1, and V(n;)=0. The returns generated would then be

Vra(nr.)= BR(T-1)+ V1.
The decision rule for 7-1, then is

0 ifVry <B[R(T)+V;]
dr_y = (3.21)

1 ifVpy 2B[R(T)+V7]

This decision rule is similar to those from Chapter 2, cull the animal now if the salvage
value today is greater than or equal to the discounted returns from lactation and salvage

value in the next lactation. Culling when the terms are equal has arbitrarily been assumed.

BR(T)+Bmax{Vr_, B[R(T)+V;]}  ifnyy=T-1
0 ifn,_,=0

Visa(nr_y) = { 3.22)

Notice from Equation (3.18) that BR(T)+ SVr =V{nz) so all terms from Equation (3.19)
are represented in Equation (3.22).

Similarly, for period 7-2, the animal can be culled in which case the returns are
PR(T-2)+ PVr.; 3. 23)

or alternatively, culled later with returns

BR(T-2)+ B (R(T - 1)+ max{V;._, B[R(7')+V,]}) (3.24)
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which can be restated using Equation (3.22) as

BR(T-2)+BVr.(T-1) (3.25)
The decision rule is then
0 if ¥y <BVro(nry)
dr_z = . (3. 26)
1 if Vi, 2BVr(nr)
With the current period value function being
BR(n;_3)+ Bma"{Vr-z' BVr_i(nr_ )} ifnp_,=T-2
Via(np_3) = (3.27)
ifnT_z =0
In general then, Bellman’s equation becomes
BR(t) + Bmax{V: BV (n:+1 )} ifn, =1t
Vi(n,)= (3. 28)
ifn, =0
The optimal decision rule or policy function is characterized as
0 if Vt < BV1+1 ("14-1)
d, = . 3.29)
1 ifV, 2BV,(n.,)

The rule is then to cull now if the optimized discounted returns from all future periods are
less than or equal to the current salvage value. Despite the recursive nature of the solution

technique the results are forward looking considering the possible future returns.
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This analytical approach can be easily modified to include replacement and effects
of uncertainty of the state variables. Uncertainty is introduced to dynamic programming
through making the transition equation dependent on an identically and independently
distributed random variable with a mean of zero, &.,. In the context of the present
example this error term could include the probability of unplanned death. Equation (3.7)

would be modified to
nugy=8 (n,,d,,8,+1) (3. 30)

Since the random shock is unknown when the control variable is chosen, the future path of
the state variables is uncertain. The stochastic version of Equation (3.15), the current

period value function with the specific return function is

V,(n,) = max{BR(n,) + BV, + EBV,o1(m,.1)} (3.31)

where E, is the expectation operator conditional on information available at time 7. At ¢,
R(ny) and V, are known with certainty. Since the expectation of &., is zero, the stochastic
aspect of the problem is eliminated (Bellman, 1957). The approach to solving the problem
is again one of determining the set of optimal policy functions, d;=h4n,). Notice however
that since 7, is a stochastic variable and 4 is a function of the state variable, the time path
of the control variables is itself a stochastic process.

Substituting the policy function into the transition equation reveals

nay =8 (n,,h, (nr ):814-1) (3. 32)
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The sequence of state variables then follows a Markov process, in that the current state
contains all the relevant information for predicting future states. While this may seem quite
restrictive, using vectors, autoregressive processes can also be represented as Markov
processes.

It is a simple matter to introduce the returns from multiple animals into the
objective functional to represent replacement. Iteration of Bellman’s equation would
simply continue for more periods. Solving dynamic programming problems through
iterations requires some consideration for the time horizon of the problem. As the example
illustrates the farther back in time one goes the less critical the generally arbitrary value of
the terminal state becomes. As iterations continue into the past it is possible for the system
to enter a steady state, where the policy functions are time invariant (i.e., &= hy.;).

Analytical problems are not easily adjusted to solve for multiple state and control
variables. Rather numerical analysis is more amicable to such complex problems. There are
a number of methods for numerical analysis of dynamic programming problems. The full

enumeration of future possible states will be examined here.

The terminal value function is a vector with the number of elements equal to the
number of possible states. The state and control variables are members of a finite defined
set. For numerical analysis, a finite state Markov chain is used. A probability matrix
contains the probabilities of being in a certain vector of the state variables in 7+ / given a
present vector of the state variables. For a given state vector the terminal period value
function is calculated through consideration of the return function and terminal value

function for every possible control vector. The control vector associated with the
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maximum value of the terminal period value function is the optimal control policy for the
given state vector at 7-1. This is repeated for every value of the state vector, resulting in

an optimal control vector for every possible state vector for the terminal period.

In this full enumeration approach iteration occurs backwards in time. The period
value function for 7-1, is calculated similarly to the original iteration. The terminal period
(T) value function, is determined by using the finite state Markov chain to weight the
possible value functions in 7" by the probability of the respective state vector occurring
given the state vector in 7-/. (This is simply an application of Burt’s (1965) idea from
Chapter 2 that the expected value is a function of the summation of each possible value
weighted by it’s probability of occurrence.) Summing the current return function, and the
terminal value function gives the current period value function in 7-/. The optimal policy
function for period 7-/, is a vector of state variables and the associated control variables
which maximize the respective state variable’s current period value function. The policy

function from the first iteration is then the optimal policy function for the next period (i.e.,

7).

By assuming identical future replacement the marginal net revenue approach from
Chapter 2 is a special case of dynamic programming (Burt, 1965).

The advantages of numerical solutions are the relaxation of the model
requirements such as continuous differentiability. Also there is no need to solve numerous
analytical simultaneous equations. The disadvantages are the lack of intuition provided by
the model, which is important not only in gaining insight into the general or specific

problem, but as well, greater difficulty in realizing errors in the problem formulation or




solution technique. These models also require a large body of information which is
commonly not available. For example transition probabilities between all possible
combinations of states are required.

Highly complex dynamic optimization programs are available to solve for
management decisions in dairy herds. Van Arendonk’s model (Van Arendonk, 1985a; Van
Arendonk and Dijkhuizen, 1985) will the be primary focus as it is the most sophisticated
and widely used model. While components of the model have been validated at least for
Dutch conditions (Van Arendonk, 1985), in general the complexity of dynamic
optimization models make their evaluation quite difficult, for due to their large size full
disclosure of the model is not possible. Furthermore, the accuracy of those parts presented
is often not obvious, for example, there is little data on which to base evaluation of
probabilities of conception for each combination of days in milk, and animal age. Model
evaluation will then be based, not only on the inputs used in the model, but also on how
well its description of the herd matches generally accepted parameters (i.e., income over
feed cost). Some of the inputs and assumptions, as well as, outputs not necessarily directly
related to the culling issue will then be reported. Sensitivity analysis will reflect the
robustness of model results to input changes. Following this the last source of model
validation - comparison of the results with other optimization and simulation models will
be considered. Tables 3.7 and 3.8 contain selected results of some of the optimization and
simulation models, respectively, that will be reviewed in this chapter.

The objective of Van Arendonk’s stochastic dynamic programming model is to

maximize the expected present value of the monthly net revenue stream for a replacement
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heifer and her replacements over a 15 year planning horizon. The control variables are the
replacement and insemination decisions. The model operates recursively, starting in the
final month of the planning horizon, where the terminal value of animals was carcass
(salvage) value. The optimization then proceeds backwards, at each month making the
decision to replace or keep the animal based on which decision coupled with the
respective subsequent optimum decisions yielded the greater expected value of net
revenue. In considering the insemination decision, the probability of conception, cost of
insemination, and expected net revenues calculated from milk and fat yields, calf values,
carcass values, feed costs, health costs and housing costs (Van Arendonk, 1985) were
considered. The model has been updated numerous times.

One collaboration was with Rogers and McDaniel (1988) to adjust the model to

US dairy conditions. Briefly, the state variables and the number of levels of each variable

were:
lactation number 12
stage of lactation 16
milk yield in past lactations 15
milk yield in present lactations 15
time of conception 6

Cows were considered for insemination in months 2 through 7 of lactation.
Voluntary replacement was defined as replacement due to the decision making of the
model. Involuntary culling reasons included mastitis, other health disorders, milking speed,
t"mpel'a.mem, pendulous udders, other husbandry related disorders, and death. The
Mmonthly probabilities of involuntary culling and associated economic costs by parity were

©xogenous to the model. The proportion of involuntary culling ranged from 20% in the
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first month of lactation to 4% in the last month. First lactation animals had the lowest
probability of involuntary culling at 10%, while the parity 12 animals had a 30% chance.
Cows were not considered for voluntary culling prior to the second month of lactation,
and sale of an animal was not necessarily concurrent with the decision to cull the animal.

The repeatability of milk yield was assumed to be 0.55 for adjacent records and
0.50 for those two years apart. Conception rates were assumed to be independent of the
previous calving interval and milk yield in the previous and present lactation. The marginal
probabilities of conception decreased with increased parity and increased from month two
to five of a given parity before declining slightly in the sixth and seventh months of
lactation. For example the marginal probabilities of conception in the second and fifth
month for a first parity animal are respectively 0.30 and 0.52, whereas the comparable
numbers for a fifth parity animal are 0.29 and 0.49. Genetic improvement in first lactation
cows was assumed to be $10/year. Improvement in older cows was calculated based on a
0.9 genetic correlation between first and later lactations, and age factors for milk yield.

The annual discount rate of 4% was used in determination of the expected net
present value from a replacement heifer over the 15 year planning horizon, in earlier use of
the model the optimum replacement policy was not influenced by a reduction in the
planning horizon from 20 to 15 years (Van Arendonk, and Dijkhuizen, 1985). This present
value was then converted to a yearly annuity for purposes of comparison among various
management alternatives. Strictly speaking, reinvestment at the discount rate and an
infinite time horizon are required for an annuity to be an appropriate measure of

profitability (Robison, and Barry, 1996). Prices and parameters were chosen to be
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representative of American Holstein dairy farms in 1986. Milk price was $24.64/100 kg
with a $0.3696 fat differential. The base price of a mixed ration with 16% crude protein
and 1.72 Mcal NE/kg DM was $0.084/Mcal NE,. Energy requirement, after accounting
for mobilization of body reserves, limited DMI. Average 305 d mature equivalent milk
yield was 8000 kg with 3.6% fat test. Price per unit of semen was $13.

All calves were sold at one week of age, with heifers being valued at $75 more
than bull calves. Carcass values were calculated from body weight, dressing percentage
(46.4 to 49.2%), and price per kilogram of carcass weight ($1.793 to $3.032) and varied
from $571 to $521. An unlimited supply of freshening 24 month old heifers, at a real cost
of $1100 each, was assumed.

Of the 259,200 potential combination of state variables, profit after conception
was calculated for 14,940 combinations and future profitability for 174,300 (Van
Arendonk, 1988). Cost of management and labor for milk harvest were not included.

The optimum average culling rate was 25.1% (8.6% voluntary and 16.5%
involuntary), which was lower than the estimated national average of 31%. Following first
lactation, where 35% of replacements were voluntary, the marginal voluntary culling rate
declined until the sixth lactation. Only high producing cows were kept for many lactations
because otherwise the net revenues from the lower producing cows were sufficient to
compensate for the decline in fertility and increased probability of involuntary culling. The
optimum policy resulted in an average calving interval of 377 days, with 38% of the cows

having intervals of greater than 13 months. Table 3.1 is a reproduction from the paper.
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Table 3.1. Production, as a percent of the mean production for that parity, below which
insemination would not be optimum by parity for the base scenario (8000 kg ME).
Month in lactation

Parity 3 5 7

1 78 82 86
2 78 82 86
3 78 82 90
4 82 86 90
S 86 90 94
6 90 94 102
7 94 98 106
8 98 106 110
9 106 110 118
10 110 118 126
11 122 126

12

Feed costs represented 42% of the value of milk yield for an average cow, and
marginal feed costs represented about 24% of any additional amount of milk yield for a
cow.

Table 3.2. Selected results of sensitivity analysis of altering base' scenario assumptions on
the optimum culling policy.

Yearly Culling Rates (%)
Scenario Annuity (3) Overall Involuntary  Voluntary
Base 443 25.1 16.5 8.6
9600 kg ME 732 26.8 16.3 10.5
$19.71/100 kg milk 73 23.5 16.8 6.7
$29.57/100 kg milk 814 27.6 16.2 114
$0.067/Mcal NE, 599 258 16.4 94
$0.101/Mcal NE, 286 248 16.6 8.2
$1000/freshening heifer 476 28.0 16.0 13.0
$1200/freshening heifer 412 23.7 16.8 6.9

1. 8000 kg ME, $24.64/100 kg milk, $0.084/Mcal NE,, $1100/freshening heifer.
The effect of the sensitivity analysis on the yearly annuity is as expected with

increased output or output price, or decreased input prices being associated with increased

49



profitability and vice versa. The overall optimum culling rates maintain a narrow range and
never attain the estimated current national average.

The unexpected increased voluntary culling rate associated with increased milk
production is due to an increased absolute difference in production between younger and
more mature animals as a result of estimating production on a proportional basis relative
to the mature equivalent (Rogers, Van Arendonk, et al., 1988b). Nevertheless, the
difference in the optimal policy is minimal. This insensitivity of optimal policy to herd level
of production is expected, contrary to conventional wisdom, by simply reflecting on the
earlier replacement models. The choice is between the current animal and the replacement,
increasing the production and profit of each has no effect on the relative difference and
therefore little effect on the replacement policy.

Similarly, altering milk price or feed cost had little effect on the optimal policy. In
contrast, the culling rates were highly sensitive to the cost of the replacement. Lowering
heifer costs by 9% increased voluntary culling in all lactations, but none more so than the
doubling in first lactation.

The authors concluded “culling rates in the US may be higher than optimum. Our
model suggests they should be near 25% in most situations. Perhaps farmers who manage
well could eliminate rearing of replacements with undesirable pedigrees or purchase less
replacements and improve their profits....increased culling to improve yield per cow may
not be justified due to an increased number of replacements needed.”

These results are consistent with the optimum policies generated by the same

model under Dutch conditions (Van Arendonk, and Dijkhuizen, 1985) which tend to have
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lower beef prices, calf values and feed costs than the US. The model suggested the
optimal Dutch culling rate was 28%, and sensitive to a change in the difference between
heifer price and carcass value, but insensitive to changes in milk, feed or calf prices or
conception rate. This study compared modeling animals with 15 levels of milk production
on a mature equivalent basis versus simply assuming average production, corrected for
age, of all animals. The variation in production between present and replacement cows
was important when considering the effects of changes in production or price situations on
optimum replacement policies. Doubling then quadrupling the rate of genetic improvement
in milk revenues minus feed costs resulted in minimal effects on culling rate. This failure
for genetic progress to affect the optimal policy is not surprising given Equation (2.37).
For given a low rate of improvement (i.e., h = 1%) it can be seen that the effect on the
optimal life will be minimal. Also, as expected based on the explanation in Chapter 2,
insemination continued longer with higher persistency of milk production but again the
effect on herd life was slight.

A sister paper provides some interesting insight into the dynamics of total culling
rate, involuntary and voluntary culling (Rogers, Van Arendonk, et al., 1988b). As is
evident in Table 3.3, increased voluntary culling partially compensated for the lowered
involuntary culling. The increase in yearly annuity associated with a lowered involuntary
culling rate was due to lower net replacement costs (cost of heifer less carcass value),
decreased frequency of low yielding cows and increased productive life of high yielding
cows. The latter two effects were responsible for over 50% of the increase in the annuity

indicating that forced reduction in the intensity of voluntary culling is a major cost
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associated with excessive involuntary culling. This fact is further highlighted by the last
two rows of Table 3.3 where the economic loss associated with involuntary cows was
removed. Of the $113 gain in yearly annuity associated with reducing the base level of
involuntary culling to only infertile cows, only $32 was associated with the direct financial
losses of those involuntarily culled, while the remainder was associated with reductions in
net revenues due to limited opportunities for voluntary culling. Once the coefficient of
variation for milk yield was made consistent, altering the involuntary culling probabilities
using the 9600 ME level of production as the base had similar results as the 8000 kg ME
base. Lowering involuntary culling by one cow per year in a 100-cow herd improves net
revenue by approximately $750 to $900/yr (a 1.6% to 1.3% increase). This finding that
lowering the involuntary culling rate resulted in a considerable increase in the annuity, and
a lesser decrease in the overall culling rate due to a somewhat compensatory rise in
voluntary culls, was also produced under Dutch conditions (Van Arendonk, 1985a). This
suggests that management should concentrate on the lowering of involuntary culls as a
method of achieving lower culling rates. As with any model, prior to embracing
recommendations the model and its assumptions must be compared with reality. The
evaluation of whether management should focus on decreasing involuntary culls will be
postponed until a general discussion of voluntary and involuntary culling which follows

later in the chapter.
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Table 3.3. Resulting yearly annuity and culling rates when average ME was 8000 kg,
including and not including the financial losses' associated with cows involuntarily culled.

Percent of base involuntary Yearly Culling Rates (%)

culling probabilities Annuity ($) Overall Involuntary  Voluntary
120 420 272 19.4 7.8
100 443 25.1 16.5 8.6

80 465 23.4 13.6 9.8

0 556 16.8 1.6 15.2
100 475 24.5 16.8 7.7
80’ 492 23.9 13.8 9.1

1. All financial losses from reduced carcass value, idle production factors, lowered milk
yield prior to disposal, and health costs associated with involuntary culling.
2. Cows still not pregnant at the eighth month of lactation.

The results of the model appear valid, and the general conclusion that the optimal
culling rate should be under 30% for US conditions can be made, and the potential for
sizable economic loss is present due to non-optimal culling policy.

Van Arendonk (1987) subsequently investigated the effects of ignoring variation of
variables in the optimal culling rate as determined by his dynamic programming model.
The base culling rate was 23.8%. The resulting optimal culling rates, in parentheses,
follow the respective omitted variables. It was determined that excluding the variation in
carcass value due to age, stage of lactation, and reason for replacement (25.1%), or
ignoring the feed cost (27.8%) variation increased culling especially among the first
lactation animals. The results were similar when the objective was maximization of milk
m@a (26%), or the scenario where all cows were inseminated and kept if they
conceived (16.8%).

Congleton and King (1985) estimated future incomes from an extremely
sophisticated biological simulation model (Congleton, 1984) which only assumed culling

at 180 days if open and a maximum of 4 services. All other culling reasons were simulated.
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Voluntary culling occurred if the NPV of a heifer was greater than that of the cow
currently in the herd. The NPV of a cow was the sum of her own discounted cash flows
for the time horizon weighted by their probability of occurrence, and the sum of her
potential replacements’ discounted cash flows for the time horizon weighted by their
probability of occurrence. Similarly, the NPV of the potential replacement heifer included
her and all her potential replacements’ weighted discounted cash flows. Using a dynamic
program they found relatively few cows (21%) were culled compared to most commercial
dairy herds. Their results suggest culling of first lactation animals should be limited to that
due to involuntary culling. They also found that increasing the time horizon beyond two
calving intervals increased the culling rate to its maximum of 21% at the maximum six
lactation time horizon.

A simple dynamic program of Irish conditions (Killen and Kearney, 1978) included
a twenty-year time horizon, no variation in production within a lactation was modeled and
culling was assumed to occur prior to the initiation of a lactation. The optimal culling rate
was found to vary from 1/5 to 1/6 as the price of milk, level of herd production, and
involuntary culling rates were varied to represent conditions in the industry over the
previous two decades.

A Canadian dynamic programming culling model also illustrated the effects of
model time horizon, as well as, modeling animal weight (Stewart, Burnside et al., 1977).
The state variables consisted of lactation number (7 levels), estimated 305-day milk yield
(11 levels), average 305-day milk fat % (7 levels), and body weight (5 levels). A 12 month

calving interval was used, culling occurred at 60 days post partum. The probability of
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culling and some of the transition probabilities were based on Canadian cow records.
Annual genetic improvement of milk production of 0.9% per year was included.

Heavier cows required higher milk production to be kept. Increasing milk price or
decreasing feed price resulted in more intensive culling of lighter cows, although
subsequently this effect was deemed to have such a minor impact on profit that it could be
omitted from the model. In contrast to most other studies the optimal policies were
insensitive to net cost of replacement (replacement cost less salvage value). Use of a 5
year rather than 10 year time horizon resulted in more intensive culling. Altering the
feeding regimen from comn silage and hay providing the roughage to haylage as the sole
source altered the optimal policy for only 6% of the states. The actual optimal culling rates
were not mentioned.

A subsequent paper (Stewart, Burnside et al., 1978) also found that the policies
did not change when the effect of genetic improvement in production was removed. The
simplification of an average replacement heifer was overcome by incorporating a
probability distribution of possible replacement heifers into the model. The probabilities of
weight, milk production and fat test of the heifer were included. The authors found that
the specification of an average replacement tends to underestimate the replacement value,
but the effect appeared minor as the optimal policies changed for only 3.3% of the states.

This issue of a standard replacement is not new. Ben-Ari et al. (1983) recognized
that unlike traditional replacement theory heifers cannot be considered standard
replacement items. Kristensen (1987), in his dynamic programming replacement model for

dairy cows, incorporated this concept by including the breeding value of the sire as a state
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variable. The advantage of using each parents’ genetic information was suggested. The
model predicted heavier culling among animals of lower genetic value.

There is general agreement among the optimization models that the optimal culling
rate is between 20 to 30% of the herd. This assumes that culls are sold for beef and not
dairy. This suggests that most herds will not need all their potential replacement heifers.
The optimal culling rates were sensitive to the relative cost of a replacement versus that of
the culled animal, but was not sensitive to most other parameters including genetic trend
or herd level of milk production. The greatest economic gain from reduced culling is
lowering that due to involuntary reasons.

Initially it may be curious that all the models, except for Congleton and King
(198S), assumed a base rate of involuntary culling when in fact the purpose of the models
was to optimize culling decisions. This assumption is pragmatic. While all culling has an
economic component, in order to optimize involuntary culling it must be modeled. The
modeling of the reasons for involuntary culling require a very detailed, data intensive
model. For example, consider the disease of mastitis. To incorporate this disease
occurrence one would need to know the transition probability from each state vector to all
the potential state vectors. The later would reflect the varying severity and duration of
potential mastitis episodes. While survival analysis can assist with determination of the
transition probabilities the economic impacts in terms of treatment costs are also required.
While dynamic optimization models including the stochastic occurrence and optimal
culling decisions related to single diseases such as mastitis are starting to be developed

(Houben, Huirne, et al., 1994) they are not very prevalent. The biological and economic
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data required for these models are generally not available. The issue of voluntary versus
involuntary culling as it applies to actual dairy farms will be addressed further in the
chapter.

The model of Rogers et al. did not include the effect of seasonality. Two models
suggest the potential impact of season on the optimal culling policies. Under Dutch
conditions (Van Arendonk, 1986) the optimum policy for inseminating and replacing cows
was greatly affected by the seasonal variation in production, and to a much smaller extent,
in calf prices and feed costs. Variation in prices of replacement heifers and salvage
animals, as well as, conception rate played a minimal role in causing the new policies
under the effect of seasonality. Under southern US conditions (DeLorenzo, Spreen et al.,
1992) seasonality of milk price, replacement cost, and conception rate were included in
the model. The resulting decision rules were significantly different than those generated
without seasonality. Use of the new policies resulted in monthly milk over and
underproduction that mimicked that actually found in Florida. The seasonal effects on
conception rates and lactational performance are the main factors determining the seasonal
pattern and optimal culling rate nearer 40% (McCullough and DeLorenzo, 1996).

Another management problem which should ideally be solved with the replacement
problem is the optimal feeding regime (Kennedy, 1986). If feed prices are not stochastic,
the optimum ration need only be optimized once for each possible state vector.

The dairy dynamic programming models only considered optimization of
insemination and culling policy ignoring the effects of other management decisions. Similar

simplified models are the norm in beef cow replacement as well. A recent beef cow
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replacement paper (Frasier and Pfeiffer, 1994), however, also included the decisions of
breeding season length and winter nutrition. A sensitivity analysis of long-term capital
gains exclusions, feed costs, cost of replacement females and returns from weaned calves
and cull cows, showed very stable feeding and breeding policies. Similar to the results
from the dairy models, the optimal culling policy varied drastically with a unilateral change
in the cost of replacement, while simultaneous changes in the prices for both cows and
calves had little effect on the policy. The study also highlighted the effects the relative
easing of capital gains taxes can have on optimal replacement, since the returns from
home-raised replacements culled from the beef herd are considered capital gains.

Tronstad and Gum (1994) in their study, cited the use of stochastic rather than
deterministic livestock prices as the reason that their model of beef cow culling found it
may be profitable to keep nonpregnant cows in contrast to previous models.

Congleton (1988b) considered the effect of uncertainty of future production and
milk price state variables in estimation of future income. It is possible that the optimal
decisions will vary with the realized future state. The example used is that with a drop in
future milk price the mature cow, with higher production in the next few lactations, would
be preferred over the younger animal. In a highly simplified analysis the advantage of
increased predictive value of animal performance far outweighed the benefit of more
accurate prediction of future milk prices.

Another problem with dynamic programming is that unless producers have the
capacity to run these programs for their specific situation, the ability to apply the results is

questionable. For McCullough and DeLorenzo (1996) showed that while varying
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individual inputs rarely caused meaningful changes in optimal policy, varying multiple
inputs consistently resulted in meaningful changes. While with the advancement of
computer technology, repeating the computer runs is not as great an impediment as it was
a decade ago, this approach still provides little into insight into the reasons for the culling
decisions or the cost of not following the recommendations. Tronstad and Gum (1994)
used Classification and Regression Trees (CART), to provide advice on culling decisions.
The process generates two binary decision trees, one each for open and pregnant cows,
which provides an easy to understand set of culling rules, with the associated cost of
ignoring the recommended action. While the percent of animals correctly classified by
CART, as compared to the DP, at the terminal node of the decision tree was as low as
64%, the overall accuracy of CART was 95% and 99.5% of correctly classified “open”
and “pregnant” cows respectively. Using the decision rule of CART yielded over 99% of
the expected returns from the DP. The use of CART in conjunction with spring and fall
calving increased expected wealth by 10% over the simple rule of thumb of culling all
open cows in the fall with spring-only calving.

Finally, a difficulty with optimization models is that only a point estimate of the
returns from the policy is given, with no indication of the variation in the potential returns.
Repeated simulation is a method to evaluate the distribution.

This is an appropriate place to make the distinction between simulation and
optimization. Notice that all optimization models contain simulations. Generally a
mathematical model is being used to simulate some phenomenon (i.e., the profits

generated by a Holstein cow in her third lactation.) However not all simulation models are
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able to optimize. While this may seem so obvious as to be trivial, it is often overlooked.
Some of the confusion may be due simply to that fact that computers are often used to
solve both types of problems.

The advantages of simulations are their ability to compare results between optimal
policies and with those currently used, validate dynamic models and describe the transition
to optimized structure of the herd (DeLorenzo, Spreen et al., 1992).

Consider a recent (1996) paper by Galton, Everett, Van Amburgh and Dauman
concerning the economics of extended calving intervals with use of bST. The result of this
study is “a 18.0 month calving interval is recommended for improved animal performance
and herd profitability”. The simple fact that this was a simulation, not an optimization
study, appears to have escaped the authors. At best, the correct conclusion from this study
is that under the conditions and assumptions of the simulation the bST cows with an
extended calving interval had greater returns than the traditional management group with a
13.2 month calving interval. (Even this result is suspect due to a number of fundamental
flaws in the study design, including, but not limited to, ignoring the increased physical and
economic pressure bST treatment places on the milking cow facilities, using a single point
estimate for length of herd life rather than a distribution, assuming different culling rates
between treatments, and a time horizon bias that favors the bST animals.) Assuming that
bST does impart an economic benefit, it is entirely possible that a 17, 19, 20, or even a
13.2 month calving interval is superior to one of 18 months. Consider that if the goal of
the study was not simply to promote bST but rather increase producer profitability there

are a myriad of other potential management changes that could be considered, some of
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which may have less associated risk. Such a biased and misinterpreted study only provides
disinformation and misleads those without the expertise or time to assess the study.
Unfortunately confusion over simulation and optimization and the correct interpretation of
equally simplistic studies are not uncommon. Obviously the appeal of such models is their
simplicity, but it is not clear what is being accomplished by oversimplifying a complex
problem.

Other simulations have been more fruitful. Dijkhuizen and Stelwagen (1988)
revealed the robustness of the culling guide generated by Van Arendonk’s dynamic
program among varied reproductive efficiencies. Their simulation model included
stochastic production, heat detection, conception rate and involuntary disposal. Feed
intake, body weight and prices were deterministic. The culling guide produced a higher
return over the policies of retaining all cows which conceive within 240 days, or no
insemination beyond 160 days of lactation, under all combinations of heat detection rate
(HDR) (50, 70, 90%) and conception rate (40, 60, 80%). But the difference was small
under conditions of poor reproductive performance due to the limited ability to make
culling decisions. Updating the guide which was created assuming 70% HDR and average
conception rates per lactation that varied from 0.47 to 0.63 (Van Arendonk and

Dijkhuizen, 1985) to reflect the poor reproductive performance had minimal improvement
on the returns.

A deterministic model of Irish conditions (Allaire, and Cunningham, 1980)
provides insight into the effects of voluntary culling based on level of production. Three

levels of involuntary culling (15, 20, 25%), and three levels of replacement cost relative to
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beef price (0.94, 1.26, 1.57) were simulated for 16 years. Maximum allowable levels of
voluntary culling were 26, 19, and 11%, for involuntary levels of 15, 20, and 25%,
respectively. Replacement occurred at the beginning of the following year. Results
presented are for the final year. The greater the involuntary culling level the lower the
annual milk production per cow, as mature high producing cows are replaced with lower
producing heifers. For a given level of involuntary culling the increase in milk production
per cow rises then plateaus and may then decrease as voluntary culling increased. Also as
the involuntary culling decreased, the voluntary level to maximize production increased.

Table 3.4. Simulated level of total culling to maximize objectives under varying
conditions.

Level of involuntary culling
15% 20% 25%

Maximum culling 42% 39% 36%
Culling to maximize milk production 33% 38% 36%"
Culling to maximize annual NPV per cow, low 2% 39%'  36%'
rearing costs’

Culling to maximize annual NPV per cow, medium 30% 34%  36%'
rearing cost’
Culling to maximize annual NPV per cow, high 23% 27% 30%
rearing cost*

1. Maximum allowable.

2. Ratio of heifer cost to cull value of 0.94.

3. Ratio of heifer cost to cull value of 1.26.

4. Ratio of heifer cost to cull value of 1.57.

The authors conclude that the intensity of voluntary culling should at most be 3 to 8% in
addition to the involuntary replacement rate when the market price for a replacement
exceeds 1.5 times their cull value. Under the high rearing cost, the maximum culling rate

lowered NPV by about 10% from its maximum.

Allaire (1981) subsequently updated the model to study the effect of genetic

improvement. Six policies were modeled:
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Replacements enter with no change in genetic merit for yield.

(1) Involuntary culling only at a rate of 20%.
(2) Voluntary culling above the 20% base rate of involuntary culling.

Replacements enter at genetic merit for yield reflecting expected response from selection.
(3) Voluntary culling, replacements from random sample of dams, no change in
(4) Voluntary culling, replacements from best of potential dams, no change in sire
merit.
(5) Voluntary culling, replacements from best of potential dams, sire merit
increases 0.5% annually (= 28 kg milk).
(6) Voluntary culling, replacements from best of potential dams, sire merit
increases 1.0% annually (= 56 kg milk).
All voluntary culling was for milk yield based on estimated real producing ability. Potential

replacements were selected based on their estimated breeding values using only dam
information, as for a given policy sire merit was constant. Replacement rates of 20 to 39%
were considered over a 20 year time horizon. The rearing cost of a replacement was 1.3
times her beef value. All replacements entered the milking herd at 2 years of age, all
culling occurred at the end of each year.

The 30 to 35% replacement rate which maximized milk production exceeded that
of the 25 to 27% rate which maximized NPV per cow. A 40% culling rate lowered NPV
by approximately 15 to 20% versus the rate to maximize NPV per cow. The greater the
genetic progress the higher the NPV, but “cow replacement rates necessary to maximize
NPV of the herd are insensitive to the influence of a continuously genetic trend in milk

between 0% to 1.0% per year”. The results appeared insensitive to the relative cost of
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replacements. The author noted that in 1979, Ohio Dairy Herd Improvement herds
consisted of 30% first lactation cows.

The net marginal revenue model reviewed in Chapter 2, was used to compare
various strategies of selecting cows during the first lactation (Korver and Renkema, 1979).
Given a particular strategy, the culling decisions were optimized. It was assumed that
potentially 40% of the herd could annually be replaced by heifers. Four culling policies
were considered:(1) Ill-health or insufficient production are reasons for disposal. (2)
Removal only for ill-health. (3) Low producing cows are removed at the highest possible
rate during the first lactation. (4) Similar to 3 but no calves are raised from cows that
leave the herd due to low production. Policy one was considered to reflect typical Dutch
culling policy. The effect of the culling policies on future genetics of the herd was ignored.
The results are presented in Table 3.5.

Table 3.5. Results of Dutch simulation of four selection policies during first lactation.

Culling Policy
1 2 3 4
Percent of Available Heifers Used 58% 51% 100% 85%
Ave. Culling rate 23% 20% 40% 34%
Ave. Productive Life (lact.) 43 49 35 39
Ave. Annual Earned Income per Cow (Dfl) 1363 1351 1246 1315
Percent Increase in Income Over Policy 3 9.4% 8.4% 0.0% 5.5%

While the authors correctly note that these results do not imply policy one is
optimal (since this is a simulation study), the disadvantage of heavy culling policies (3 and
4) is apparent, at least under the assumptions and conditions of the study. The higher milk
production of the older animals is insufficient to compensate for the higher cost of rearing

young stock and the unfavorable age distribution (more younger animals in the herd). Also




the critical production levels, relative to the average first lactation production for the herd,
below which first lactation cows should be culled were calculated. Using this information
and assuming a normal distribution of milk production with a 15% standard deviation of
phenotypic intra-herd milk yield, about 20% of the first lactation cows should be culled
based on production.

The authors suggested that instead of assuming replacement heifers have average
productive capacity, they could be ranked according to their estimated breeding value.
This ranking, as well as, lower rearing cost or higher salvage values will increase the
culling of first lactation cows.

Pearson and Freeman (1973) used a deterministic model to simulate the effect of
four culling systems on the milk production of US commercial Holstein operations. The
four cow selection systems were: (1) only enough females were raised to replace
involuntary losses, estimated breeding value (EBV) was used to select those calves to
raise; (2) selection on EBV based only on the cow’s own record; (3) selection of the
youngest cows; (4) all voluntary selection during the first lactation based on EBV. Under
systems 2 to 4 all females were allowed to freshen. Each herd was simulated for twenty
calvings with 13 month calving intervals. Profit functions were quite complete including
returns from milk, bull and cull heifer calves, cull dairy cows and those sold for dairy,
fixed costs per herd, interest costs for livestock, expenses associated with artificial
insemination, feed, rearing of heifers and an additional cost of milk for higher production
based on rolling herd average. While the study included the effects of different herd sizes

and levels of herd production, the rank of selection systems remained unchanged.
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Table 3.6. Results of US simulation of four selection policies'.

Culling Policy
1 2 3 4
Genetic gain/period (kg) 56 57 53 56
Actual production gain/period (kg) 67 68 62 69
Ave. Profit with low rearing costs™ $211 $229  $192  $218
Ave. profit with medium rearing costs>* $189  $188 $151 $218
Ave. profit with high rearing costs™* $167  $147  $110 __ $136

1. Using intense sire selection (equivalent to PD>363 kg).

2. Salvage values held constant.

3. Estimated ratio of replacement cost to salvage value of cull is 1.3.

4. Estimated ratio of replacement cost to salvage value of cull is 1.5.

5. Estimated ratio of replacement cost to salvage value of cull is 1.9.

Selection can be characterized as: (1) high intensity low accuracy; (2) accuracy increases
with each lactation, but intensity decreases; (3) selection pressure is zero; (4) intensity and
accuracy of selection are high. Policies 1, 2, and 4 result in genetic improvement at nearly
the same rate. The higher production of 2 and 4 is due to the positive environmental effect
resulting from selecting on the cows’ own records. With sire selection intensity equal to
the 2% theoretical rate of genetic improvement, policy 1 had the slowest rate of genetic
and phenotypic improvement.

System 1 was more profitable than expected by its lower production due to the
smaller cost of replacements. The advantage of system 1 increased with the cost of
replacements as this overshadowed the increased returns associated with higher milk
production. The low and medium rearing costs appear inappropriate for application to the
present day. The effect of the sire selection system (2% genetic gain/year, sires with PD >
363 kg, or sires 91 kg 2 PD 2 -91 kg) on profits were greater than that of the cow

selection. The authors note that if calf selection is required, some selection should be

reserved to remove the mistakes made earlier and allow for an adverse sex ratio.
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A simulation model estimated milk yield based on dams’ and sires’ breeding
values, the effects of health problems including reproductive disorders and mastitis were
included (Congleton and King, 1984). It is not clear why culling was based on cost per
unit of production during present lactation including the preceding dry period. This basis
for the culling decision would likely be biased against first lactation animals and increase
their culling. Pregnant cows could be culled at the end of lactation, while infertile cows
could be culled after 305 days of lactation. The time horizon was 30 years. Using this
questionable decision criterion the optimum culling rate was 20% to maximize discounted
returns. Increasing herd life from 3.4 lactations to 4.2 linearly increased discounted income
by $518.96 per lactation.

Congleton (1988a) conducted a simulation on the effect of culling on predicted
production or income on herd profitability and genetic trend. Future production was
estimated using previous performance and repeatability of complete lactation production.
Culling on profitability was a two stage affair. First the herd was screened with Kuiper’s
short-term MaxAMR to identify potential cull candidates (estimate returns from cows
through the next ten months of the next lactation). These animals were then ranked on
long-term income using cow attrition data. The order of the use of the two screens seems
intuitively backwards.

One of these two criteria were used to select a cow for culling when a heifer
freshened (20% as many bred heifers as milking cows were targeted for cow replacement
resulting in a constant herd life regardless of culling method, heifers were selected on

breeding values). Since this would entail culling many cows after breeding, the third
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culling option was not to breed the lowest producing cows and remove them when
maximum income had been produced for the lactation. Herds were simulated with varying
intensities of nonbreeding on production and then culled on either production or income.
A 20 year time horizon was simulated.

Culling on projected income increased herd income by 4.3 to 4.8%, and decreased
the genetic gain to 65.3 to 86.2% of that observed with cow selection on production.
(Breeding only the highest producing cows increased herd income by 4.3% to 5.7%).

Even the simulation model of Kuipers (1980) which, as discussed in Chapter 2,
underestimated the value of younger animals by using an inappropriately short time
horizon, found selling 30% of the heifer calves, rather than raising them all, gave higher
returns to management of about $50/cow/year for all selection methods. This simulation
model considered culling of cows based on their genetic index.

The results of these simulation studies agree with those of the dynamic
programming models. The cost of replacements is such that maximizing genetic progress
or milk production through increased culling is not economical. The realization that the
use of all replacements does not maximize profit is comforting from an economic
perspective. These models are simply portraying the fundamental, at least under certainty,
decision rule of profit maximization which appeared trivial in the previous chapter since it
was 80 obvious. Namely continue to use more of an input (heifers) until the cost of doing
so exceeds the return (i.e. use an input until the marginal input cost exceeds the marginal

value product).
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Marginal value product is the product of the physical marginal product and the
additional gross revenue generated by the employment of the extra unit of input. In a
competitive market the cost of inputs and outputs is constant, so the marginal physical
product essentially drives the profit maximizing decision. These studies then suggest that
as more and more heifers are used their returns decrease, this is simply a statement of the
well accepted theory of diminishing marginal productivity of inputs.

By focusing on using all potential replacements the industry is reflecting its output
bias. To maximize output, inputs will be used as long as they contribute anything to output
(i.e. as long as the marginal physical product is greater than zero). Obviously this decision
rule will result in more use of the input than the profit maximizing level of input. This is
supported by the studies which found that the replacement rate which maximizes milk
production exceeds that which maximized economic returns. The two levels of input will
be equal only if the price of the input is zero. The traditional biological focus of herd
management then has implicitly assumed zero cost of inputs.

The optimal culling rates are sensitive to the cost of the replacements relative to
the salvage value of the cull. However, if replacement rates are excessive it appears the
greatest gain to be made is through lowering involuntary culling.

Prior to considering the actual culling rates in Michigan and whether all
replacements are being used, a more careful assessment of the definition of culling rate is
required. Up until now culling rate has been loosely defined. Following this, the

partitioning of culling into voluntary and involuntary will be critically considered.
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Many of the studies mentioned previously focused on average productive herd life
as a measure of culling rate. Productive herd life is the average length of time an animal
spends in the herd starting with the first calving. Average productive life can also be
considered the expectation of life (Rendel and Robertson, 1950). They state “if one-
quarter of the population is replaced each year, then obviously the expectation of life is 4
years.”

The definition of culling rate (C) is not explicitly defined in the optimization papers.
Rather the studies report the culling rate (i.e. 25%) and the optimal average herd life (i.e.
47.8 months). The average herd life (/) is actually the average productive life of the
animals in the herd. This is calculated as the summation of the proportion of the herd in

each respective lactation, assuming the distribution of ages is in a steady state.

H=SnP (3.33)

1=1

where n, = the length of lactation number i in months,

P; = proportion of herd in lactation i.
P; is equal to the marginal culling rate for lactation i (C,) multiplied by those animals that
have not been previously culled.

Equation (3.33) can then be restated as

H =1C, +2C,(1- C,)+3C3(1- C,)(1- Gy )+.......... +nc,ﬁ(1-c,) (3.34)

=1
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To calculate the average culling rate based on the average herd life, the marginal

propensity of culling in each lactation is assumed equal.

*

H=1C+2C(1-C)+3C(1-C)?* +4C(1-C)3+.......... +nC(1-C)'  (3.35)
H=3nc(1-c)"" 3. 36)
n=1

Equation (3.35) reveals the sum to be an infinite linear geometric series. Using the

notation of Robison and Barry (1996, pg 95) R = 0, and a=r = CA1-C) so (1+r) =
a-0)*.

H(1-C)=1C(1-C)+2C(1-C)? +3C(1-C)*+.......... +nC(1-C)" (3.37)
Subtracting (3.37) from (3.35),

H-H(1-C)=C+C(1-C)+C(1-C)*+C(1-C)3+.......... +Cc(1-¢)™!

HC=C[1+(1—C)+(1—C)2+(1-C) tornt (1-C)'|-nC(1- O

- [1-0)+ (-0 + (-0 +....cot (1= €)' -mc1-CY

Dividing by C, and substituting b for (1-C),
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1 1-b .
= ZUSO[T,n:l - nb

1-» 1-(1-C) 1-14Cc ¢
Wh = = =
% 1-C 1-C_ _1-C

Asn = w, US,(1-b/b,n)=>b/1-b.
Since C>0, (1-C) <1 asn =, n{1-C)" = 0. Therefore as the potential number of

lacations approaches infinity, the value of the series converges to

If the average culling rate is 25%, the average herd life should then equal the inverse of
the culling rate which is 4.0 years or 48 months which is that predicted. The 47.8 in the
article differs slightly because not all culling is done at the end of a year and the marginal
culling rates per lactation are not all equal. The age structure of the herd is a function of
the marginal culling rate each lactation or year, so herds with identical culling rates can
vary in average age (Sattler and Dentine, 1989). This then establishes the definition of
culling rate to be the number of animals culled in a year divided by the average herd size.
The average culling rate among Michigan herds on official DHIA test was 37% in
1996 (Michigan Dairy Herd Improvement Association, 1996). However, few Michigan
DHIA herds will have this high a number reported on their production records. For

Michigan DHIA calculates the culling rate as the number culled divided by all the animals
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that were present in the herd at anytime through the year (Ferris, 1987), this is commonly

referred to as the herd turnover rate (70).

S
TO—1+S versus C =

where S is the number of animals sold, and / is the average herd inventory.

Therefore, the culling rate, C, equals 70

So a herd turnover of 30% is equivalent to a culling rate of 43%. It is likely that
Rogers et al. (1988a) in stating the average US culling rate was 31%, and thus not
significantly different than their determined optimal culling rate, assumed this was directly
comparable to their definition of culling rate (i.e. C). Whereas, this 31% truely represented
the herd turnover, with a resulting C of 45% which is considerably higher than the optimal
culling rate as determined by the dynamic program.

The proportion of first lactation animals in a herd is not an appropriate indicator of
herd culling. For consider that while at any one time only a single first calf heifer may be in
the herd, one could actually have culled 52 in a year if they were, on average, kept in the
herd for only 1 week. It does, however, represent the minimum culling rate.

Evidence from Ontario (Ontario DHI Corporation, 1997) suggests the distribution
of culling rates across herds is symmetrical. So it is quite possible that over half the

Michigan dairy herds have culling rates significantly in excess of the suggested optimum.
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Only a high death loss or sales of heifer calves would prevent the average producer from
possessing an excessive heifer inventory. The presence of excess heifers is supported by a
survey of heifer management practices of producers comprising 78% of the US dairy cow
population and calf rearing population (Heinrichs, Wells et al., 1994). This survey found
that only 25.8% of herds sold any heifers prior to parturition.

If producers are interested in selecting heifers to lower their culling rate, it must be
recognized that this culling rate is dynamic. In making the transition to freshening fewer
heifers, the culling rate among the heifer population will decrease as the number of heifer
calves produced by first calf heifers drops.

Assuming herd size is constant and no heifer culling in practiced, O,, is the number
of offspring (as a percent of herd size) in period 0 due to calve in the next year, and C is
the excessive nonoptimal herd culling rate in period 0. In period one a level of heifer
culling, C,,, is required to achieve the desired adult herd culling rate C" in period 1 (i.e., C;

=C"

C'=0,(1-G,,)
Gy1-C

o

As a result of heifer culling prior to their calving, there will be a smaller subsequent heifer

population, O;.

0,=0, -[C° ;C] (3. 38)

The denominator accounts for the sex ratio.

74



Because after the first period the culling rate in the adult herd equals the optimal

rate, if the optimal herd culling rate remains constant, so too will the number of offspring

and the heifer culling rate.
o,=o,—(c"c)=o,-[c 'CJ=01, 5n0y=0y=05 =.......... =0,
2 2
c* c’ (o c .
Ch2=1-01 =1-0_2=1-03= .......... =1-O’.' ..C,,z—C,,a'—'Ch‘— .......... =Ch,,

Heifer culling settles into a lower steady state rate after the initial period of higher culling,

noting that in this context a period is the length of time for a heifer to freshen.
IfCy =43%,C° =30% and O, =5

. C . 03 _ Ano.
Cy, =1 0-1 0.5-0.40-40,6

o

o, =oa—(c°;C J:o.s-(w)ﬂ«:«%

c°_, 03
=1-—=-032=32%
0, = 044

Chz = 1"‘

Algebraic manipulation reveals the relationship between the initial heifer culling
rate and the subsequent steady state level.
(l:f"_‘) =1- (QLQJ
(1-Cw) 20,

As discussed previously the culling models assumed a base level of involuntary

(3. 39)

culling for the pragmatic reason of not having to model the underlying biological

processes. Consideration of Table 3.1 is disturbing because it suggests that many
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producers have been culling animals for infertility, generally accepted as an involuntary
cull, when the optimal choice would have been to continue to inseminate. In analyzing
culling records of Canadian dairy cows, Dohoo and Dijkhuizen (1993) determined that
reproductive culling was occurring too early, and that it was economically justifiable to
persist in breeding dairy cows much later into lactation than is often considered feasible.
The recommendations of the optimization and simulation models were to lower culling
rate preferably by decreasing the rate of involuntary culls. It would appear that this is
possible, simply by reconsidering the definition of voluntary and involuntary culling.

Webster (1994) defines involuntary as “not done of one’s own free will, not done
by choice” or “not consciously controlled, automatic”, an example given for the latter is
sneezing. I propose that in the use of the term involuntary with regards to culling, the first
definition reflects the accepted meaning of the adjective. However, the second definition
actually portrays involuntary culling in the US dairy industry.

It is apparent that with the exception of death and absolute sterility there is no such
thing as an involuntary cull. Culling is solely an economic decision. To recognize this
consider the following question: given a four year old cow rated excellent in
conformation, with a 30,000 Ib ME would you cull her for reason X? Where reason X is
any reason for which an animal may be culled. If she has mastitis or infertility, commonly
cited reasons for involuntary culling, and yet you would not sell her then by definition it
can not be an involuntary cull.

The recognition that culling is fundamentally an economic issue has been proposed

(Fetrow, 1987). However, this distinction purely for the purpose of semantics serves little
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purpose. The distinction is important if the involuntary/voluntary culling paradigm is
resulting in “not consciously controlled” culling decisions. Stressing the economic nature
of culling decisions may be a method to encourage the dairy industry to critically evaluate
their culling decisions.

The presence of producers who purchase the culls of others at beef price and then
milk these cows is empirical evidence that many in the dairy industry are not correctly
valuing their culls. This incorrect valuation could be due to their failure to critically
evaluate their assumptions and beliefs concerning the optimal culling rate and involuntary
culls.

I am troubled by my suggestion that the market is operating inefficiently by having
too high a culling rate. I base this irrationality on the following arguments: as the past few
chapters have highlighted, the optimal culling rate is highly complex and not intuitively
obvious, furthermore its relation to profit is even less clear. The behavior of producers is
consistent with bounded rationality, where knowledge of the optimal cull lies outside the
bounds. Milk output is easier to measure and maximization of milk production is often
used as a proxy for profit maximization. The suggestion that the higher than optimal
industry culling rates are the result of attempting to maximize milk production is
supported by some of the culling studies. Then we need to resolve why we never realized
that at these higher culling rates the marginal value product of a heifer was less than her
marginal cost. I believe this is due to overestimation of the value of genetic improvement
in the heifer and her potential future offspring. As the models show, the rate of genetic

improvement has little effect on the optimal culling rate and vice versa. Finally, the focus
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by veterinarians and animal scientists on herd health and heifer rearing has resulted in
increased survivability of heifers and thereby provided the potential fuel to fire the
excessive culling rates due to increased heifer pressure.

In summary, the evidence is overwhelming that the optimal culling rates for
Michigan dairy producers are 20 to 30%, assuming culls are sold for salvage value. This
assumption is appropriate for most commercial herds. Despite varying models with
varying assumptions and conditions, as well as, different solution techniques these results
are very robust. Perhaps the greatest criticism of these models, in terms of truely
optimizing the culling rate, is in the widespread use of the industry involuntary culling rate
as a baseline parameter. Despite the uniformity of the studies’ results the industry has been
slow to adopt the recommendation of lower culling rates. In order to lower the culling rate
some potential replacements must be culled. The models described assumed random
selection or arbitrary selection of heifers based on some genetic estimate of potential for
milk production. Selected results of the culling optimization and simulation studies are
presented in Tables 3.7 and 3.8, respectively. Chapter 4, will explore the issue of heifer

selection.

78



BIBLIOGRAPHY

Allaire, F. R. 1981. Economic consequences of replacing cows with genetically improved
heifers. J. Dairy Sci. 64:1985-1995.

Allaire, F. R, and E. P. Cunningham. 1980. Culling on low milk yield and its economic
consequences for the dairy herd. Livest. Prod. Sci. 7:349-359.

Bellman, R. 1957. Chapter 1 (page 40) in Dynamic Programming. Princeton University
Press, Princeton, New Jersey.

Ben-Ari, Y., I. Amir, and S. Sharar. 1983. Operational replacement decision models for
dairy herds. J. Dairy Sci. 66:1747-1759.

Burt, O. R. 1965. Optimal replacement under risk. J. Farm Econ. 47:324-346.

Congleton, W. R. 1984. Dynamic model for combined simulation of dairy management
strategies. J. Dairy Sci. 67:644-660.

Congleton, W. R. 1988a. Dairy cow culling decisions. 2. Profitability and genetic trend in
herds with culling on production versus income. J. Dairy Sci. 71:1905-1915.

Congleton, W. R. 1988b. Dairy cow culling decisions. 3. Risk of culling on predicted
income (An application of Bayes criterion) J. Dairy Sci. 71:1916-1925.

Congleton, W. R, and L. W. King. 1984. Profitability of dairy cow herd life. J. Dairy Sci.
67:661-674.

Congleton, W. R, and L. W. King. 1985. Culling cows on predicted future profitability
with a variable planning horizon. J. Dairy Sci. 68:2970-2983.

79



Delorenzo, M. A, T. H. Spreen, G. R. Bryan, D. K. Beede, and J. A. M. Van Arendonk.
1993. Optimizing model: Insemination, replacement, seasonal production, and cash flow.
J. Dairy Sci. 75:885-896. '

Dijkhuizen, A. A, and J. Stelwagen. 1988. An economic comparison of four insemination
and culling policies in dairy herds, by method of stochastic simulation. Livest. Prod. Sci.
18:239-253.

Dohoo, I. R, and A. A. Dijkhuizen. 1993. Techniques involved in making dairy cow
culling decisions. Compend Contin Educ Pract Vet 15:515-520.

Ferris, T. 1987. Michigan DHI records manual. Guide to record use, herd evaluation and
explanation of report forms. Cooperative Extension Service, Michigan State University.

Fetrow, J. 1987. Culling dairy cows. Proc 20th Annu Meet AABP:102-107.

Frasier, W. M., and G. H. Pfeiffer. 1994. Optimal replacement and management policies
for beef cows. Amer. J. Agr. Econ. 76:847-858.

Galton, D. M, R. Everett, M. Van Amburgh, and D. Dauman. 1996. Economics of
extended calving intervals with use of bST. Proceedings 1996 NE Dairy Producers
Conference.

Heinrichs, A. J.,, S. J. Wells, H. S. Hurd, G. W. Hill, and D. A. Dargatz. 1994. The
national dairy heifer evaluation project: A profile of heifer management practices in the
United States. J. Dairy Sci. 77:1548-1555.

Houben, E. H. P., R. B. M. Huime, A. A. Dijkhuizen, and A. R. Kristensen. 1994.
Optimal replacement of mastitic cows determined by a hierarchic markov process. J. Dairy
Sci. 77:2975-2993.

Howard, R. A. 1960. Dynamic Programming and Markov Processes. M.I.T. Press,
Cambridge, Massachusetts.

80



Kennedy, J. O. 1986. Chapter 7 Livestock Management, pg 194 in Dynamic
Programming: Applications to Agriculture and Natural Resources. Elsevier, London.

Killen, L., and B. Kearney. 1978. Optimal dairy cow replacement policy. Ir. J. Agric.
Econ. Rur. Sociol. 7:33-40.

Korver, S., and J. A. Renkema. 1979. Economic evaluation of replacement rates in dairy
herds II. Selection of cows during the first lactation. Livest. Prod. Sci. 6:29-37.

Kristensen, A. R. 1987. Optimal replacement and ranking of dairy cows determined by a
hierarchic process. Livest. Prod. Sci. 16:131-144.

Kuipers, A. 1980. Development and comparison of selection criteria for cows and bulls
with a dairy herd simulation model. Ph.D. Thesis, Univ. Wisconsin, Madison.

McCullough, D. A,, and M. DeLorenzo. 1996. Effects of price and management level on
optimal replacement and insemination decisions. J. Dairy Sci. 79:242-253.

Michigan Dairy Herd Improvement Association. 1996. Annual summary of production
records.

Neufeldt, V. (ed). 1994. Webster’s New World Dictionary of American English, 3rd
College Edition. Macmillan, New York, New York.

Ontario DHI Corporation. 1997. Provincial management centre benchmarks - 1996.

Pearson, R. E., and A. E. Freeman. 1973. Effect of female culling and age distribution of
the dairy herd on profitability. J. Dairy Sci. 56:1459-1471.

Rendel, J. M., and A. Robertson. 1950. Some aspects of longevity in dairy cows. Empire
Journ. of Exper. Agric. 18:49-56.

Robison, L. J., and P. J. Barry. 1996. Present Value Models and Investment Analysis. 1st
ed. The Academic Page, Northport, Alabama. Ch 1, 2, §, 8, 11, 21.

81



Rogers, G. W, J. A. M. Van Arendonk, and B.T. McDaniel. 1988a. Influence of
production and prices on optimum culling rates and annualized net revenues. J. Dairy Sci.
71:3453-3462.

Rogers, G. W., J. A. M. Van Arendonk, and B.T. McDaniel. 1988b. Influence of
involuntary culling on optimum culling rates and annualized net revenues. J. Dairy Sci.
71:3462-3469.

Sattler, C. G., and M. R. Dentline. 1989. Trends in herd age structure and the relationship
with management characteristics in Wisconsin Holstein herds. J. Dairy Sci. 72:1027-1034.

Stewart, H. M,, E. B. Burnside, and W. C. Pfeiffer. 1978. Optimal culling strategies for
dairy cows of different breeds. J. Dairy Sci. 61:1605-1615.

Stewart, H. M., E. B. Burnside, J. W. Wilton, and W. C. Pfeiffer. 1977. A dynamic
programming approach to culling decisions in commercial dairy herds. J. Dairy Sci.
60:602-617.

Tronstad, R., and R. Gum. 1994. Cow culling decisions adapted for management with
CART. Amer. J. Agr. Econ. 76:237-249.

Van Arendonk, J. A. M. 1985. A model to estimate the performance, revenues and costs
of dairy cows under different production and price situations. Agric. Syst. 16:157-189.

Van Arendonk, J. A. M. 1985a. Studies on the replacement policies in dairy cattle. II.
Optimum policy and influence of changes in production and prices. Livest. Prod. Sci.
13:101-121.

Van Arendonk, J. A. M. 1986. Studies on the replacement policies in dairy cattle. IV.
Influence of seasonal variation in performance and prices. Livest. Prod. Sci. 14:15-28.

Van Arendonk, J. A. M. 1987. Contribution of variables to the optimum policy for
insemination and replacement of dairy cows. J. Anim. Breed. Genet. 104:35-43.

82



Van Arendonk, J. A. M. 1988. Management guides for insemination and replacement
decisions. J. Dairy Sci. 71:1050-1057.

Van Arendonk, J. A. M. and A. A. Dijkhuizen. 1985. Studies on the replacement policies
in dairy cattle. ITI. Influence of variation in reproduction and production. Livest. Prod. Sci.
13:333-349.

83



$'0 ‘90 'SS313014 dWAUSD 18] lpuowt .7
£0 °5°0 :a381 [InD "unjoau] saye Aqpuouws - | g1 "108] Juasad ui pjRIA YT VS ‘poid
90 ‘1'0 :‘PR'A AN (1D | s1 suonesej ysed paik YT }201SAI]
9°0 ‘s°0 U WA | (S'¥°0°12) w Z1) pajepow 91 uoneIae Jo 33mig PU[[oH | uopuary
L'1-°0'1- U IJPH |  %S'ST | 1:60~| Amoydxaiou- Z1 uouese| jo saquinN | 0 ‘5861 UBA
10%] uow .7 9 uoydaouoo Jo Juul] 0§ ‘poid
1aye Anpuows - | g1 "108] Juasasd ul pIRIK NI }o0ISaAI]
7°0- ‘€°0- o1y AoueuBaig uoneIoR] Jo | ¢ suonede| ised pRIA TN uozmpyfiq
70 ‘c'o Auasisig | (1'9 ‘6°€l) puow o/ - .2 91 uouedE| Jo 33e§ PUBJ[OH | %2 Juopudly
7T ‘p'1-:30ud JpeH %07 1:60~ | woy Apguow- Z1 uouepe|josaqumN | S| ‘6861 UBA
1R[] fpuow .7 9 uoudaouod 3o Junur
£0 ‘p0 :;9181 [|nD "UnjoAu] Jaye Ajtpuows - | g1 198] Juasaid ul piaik YN s Aieq f
‘€°0 “€°0 ‘PRIA AN uoneIoe| Jo | ¢ suouede| ised pRIL TN [PURQIN
‘€050 U AN | (9'8 ‘1°91) puow o/ - .2 91 uoneioe| Jo 33§ ‘SN | % Yuopuasy
‘T'1- ‘9'0-:90u4 1J1H %S? 12 wouy Afpuotu- Tl uogee|jo JaquaN | - ¢ ‘8861 |uBA ‘siedoy
%L 198] Wpuows ¢ Z1 Ysay tpuopy
Ay[euoseas Jay® Appuow - L uoudasuoo jo Sunuiy, s Areq [
inoprm uoneIos Jo | g 198] Juasaid ut pRIA TN ‘SN | ozwasoRQ
$'0- °5°0- -1y uondaouo) puow g - € 91 uoneioe] Jo 33mg ‘Bpuo}f ?
‘€L’1- ‘90Ud JJRH %8€ I'€7~ | woy Appuow- Zluoneoejjosequmn | ¢ ‘9661 | Y8nojinJoN
9583130(] “958a10U] “Areyunjoau]) | mo) 8O (sreaf) | papspoN
o1l 3umm) owiBun) | [nD | % uoweUNLISU] SqEUEA AW uozuoy | Aguno) |  Ewmof
pwndo jo sopouseigary | puwndg | syl | jo Sumng Al | RmIX | Clopny
"OIqUIRAR SARMB SI3J104 VORISISS 9510y Wopus1 “AITep J0u JANYBNE]S 10§ PIOS STND 9215 PIoY JURISUOD ‘suondiumsse diseq

‘sorprys uoneznundo Sjjnd Jo SNS3I PARPRS 'L '€ IqBL

84



(9s8310U1 946" 0 949'| ¥) J8IL/QOGS OF OSLS AQ SWOOUT 12U SISBIIOUI PIAY MOI-(( | © UI [[Nd Arejunjoaut ss3j dUQ

‘[oros
ny ‘uodyg
.m< . —. - h—
(€°LD) puejas] | Asumay
%07 Iyl ~ 6 uonueIde| Jo squInN | 0 ‘8L61 2w
uore}oe|
tuasaid pue jsed ppIk NI
11 M09 Jo 938 10§ g Arq
(L scn) paisn(pe [opows uogemwis ‘SN Sury »
%17 WO JWwoout Jou paunodsiq | 1001 | ‘6861 | uowjduo)
(Arjunjop | souq
3582199(] ‘95810U] ‘Areyunjoauy) | mo) 8uin) (sre34) | pajopop
;9181 3um) sRiBum) | D | % uousunUISY] SI|qeLIBA ABIS uozuoy | Aguno) | ewmof
pundo josonouseigauy | pwndg | peyeH | jo Sunuy suny | Rmex | ‘lopny

‘(Pauoo) 'L o|qeL

85



ojR1 Fuimd ¢4,01 St snsiaA]
el JuyINd %497 WPIM %07 03 ST PIsEUL Yo W ohau
(%6£) siuswaoejdo ‘a3 jo uono
1 Jo asn pum Mmoo 1ad uononpoid Y[ wnwIxey uoyeoe) st uogonposd y|r ‘SN |PsAeg [
%6€ O} 0T 318l [IND [BI0], ‘%07 #1es Surind Arejunjoau| [:¢'| Jo pua dunny opstuuuRieq] 0T ‘1861 | Ay
“JUSW 219UA pIay uo jordll uoye)oe|
pawi| pey SuijMd M09 JO ANSUIUT % 6 Aq Jyjo 1uasaid jo uononpoid g Aireq
PISEAIIUY SUOHBIOE] £°C O €€ WOL I PIoy uiseald uoue;ey Joyunpsos ‘SN 8ury
'suoneoe] °g 38 3yoid umwi Jopud 3uind  uo paseq uin)f  0f ‘p861 [ uow(duo)
'%98 0} §9 PUAL I
PasSEaIIdP pue ‘e, ¢ 0} p AQ IW0IUT PIIY PISBAIIUY xapui 331pad ‘SN |ws Areq f
uononposd snsiaA swodul pajdsfoad uo Sunpn, UOo UORIII3S I9JIBH] 0T ‘8861 | uoie[duo)
%l %S asn aru ipim yyoad paseasduy
%IT  %SE 861 ‘dzIPig % yuopuasy ue 3uino Areyunjoaut
woy dru Jurpno payrjdwis Jo asn) ‘QoueULIOL
%PT %S 091 Asp Aq jueudaid jou ji [n) 3agonpoida
%y %0C 5 ‘I3 [ :SfRAIUI S Poid
gy Aoueudalg Aep o7 w1 aye[nut NO0ISIAIY
SOUBULIOIS sfeAsajul £ep 07 Ajreonseyooy PusjloH lademjals %
aayonpoidal pue saidajens SNOLIBA Jopun sajey Suln)y 1:6'0 | ujpuow ./ - .74 01 {p3uaj uoy Sl ‘8861 | wezmipifiq
a7e1 AoueuBaid 9,9 © 10J SINUIAD ‘JoB] fuous uondad
19U UT 9SBIIOUT &, 9 B SNSISA ‘9j81 AdusuBaid o[ ®© 10 w€ J9Y8 Anpuow 4 jo s3unuiy o[ Yt ‘g A f
94, 0 SINUIAI JIU PISBAIIUY S[AAI] uononpoid £ 1Samo uoye;oey 9661 ‘0Zua10d ‘SN | ozuaio1ag
Y} U1 MO AUR 1O UOHEBIOB] JO LRUOW [, JSYE MOO Jo yuow 2 yano[nyd epuoj] z®
SuneunUASW Jou UBYY JHPRI ‘SUOISIAP [Ewndo JO IS [:€Z~ | - ,,€ WOY Afpuow Jopow 3uisny 01 | ‘9661 [yBnojmOON
$30ud
SHNsY pus SOLBUIOS Mmo) 3umm) (s1e3f) | pajepoN
ImD | 7 uoneunuasUY uozuoy | Anuno) | wmMof
AYBH| o Sumng PIqEUBA WIS | Wil | @ WX | “lopny

"SSIpNYS UORUIWITS FUL[IND JO SNse1 PAIIS 8 € IIqEL

86



oad u
ITWAIDIUL 9, 1T © puk ‘ssaiBoid onousd rejruis A1sa i

$59] %S ‘Ul pAINsaI Ag U0 SuRIISs pue SafeUId) | [eAsquy s Lreq
[Buruaysayy uew sayges ‘(A€) anfea 3urpadiq pajewnsd uo uoyeioe| Jo GO€ Aep|  SutAfed yuow ] 'S | wewsaly
S3A[BD Sunddjes pue ‘sasso] Arejunjoaut Ajuo Sudeidoy] 1:6'1 | 01 soud Suipnd ou- sysuuuddql  zZ ‘€L61 | % uosredq
fpuow .8 Jo pud
%¥°6 2181 19M0] Yaim Jjoad paseasdug| 18 [eAOWIAI A]
uononpoid moj UOBUTLIASUL
%€ SOWIRAWOS 1O SSAU||I JOJ [BAOWDI 210j3q pue Suia, suoyeoe| | 10§ ‘poid
uoneloB| Is1y ul Jaye stguowt 7 ¥ ‘TeAsauy FO01SaAlT]
%0p uononpoid moj 10§ Surjnd wnwirxew - Joyeasay ‘Ajpuowy  Suiafed uow 7| puejjoH | Bwauay
gy 3uiny ‘Se13aens 3y 3urmo uoneloe] 1+ dusinuRR Q| ‘6L61 | % 1Ay
%0t %Lt< %ST
%Lt %6¢ %0T ‘NS poid
%ET %EE %S1 TN PR ¥ooIsaAr]
woud xew o], yw xwwo)  Amumjoau] Yjrw moj uo Sutfn puejol] |weySunuun )y
53181 uljin) 191 OSIIMLIS 91 | ‘0861 | %21V
seoud
SINSIY PUB SOLIBUOS mo) 8und (sreaf) |papepoN
Im) | % uonsunuasu] uozuoy | Aquno) |  ewmof
/RJeH|  JoSunuig SOIqUUBA TS | owil | P | ‘Jopny

‘(pJucd) "3°¢g 3|qeL

87



Chapter 4

HEIFER SELECTION

In order to lower the replacement rate, not all heifers can enter the milking herd.
The models reviewed in Chapter 3 generally assumed random selection of heifers or
selection based on genetic parameters. The failure of producers to accept random selection
may be one reason for the industry’s failure to reduce the culling rate. The discovery of a
method to predicting culling or production of heifers in the first lactation may encourage
producers to select heifers and thereby reduce their culling rate. This chapter will review
the goal of heifer selection, namely profitability, and the parameters available to estimate
animal profit. Methods of selection for profitability will then be reviewed.

The goal of heifer selection is to maximize profitability. Given a choice among
heifers, those with the highest profit are desirable. Unfortunately it is not a simple matter
to assess which animals are most profitable. Absolute profit is not available for any
animals, rather the dairy industry uses profit functions to estimate the profit of a given
animal so the importance of various traits in the explanation of animal profit can be
determined. These profit functions vary in method of estimation and completeness
(Pearson and Miller, 1981). As will be discussed in Chapter 5, these equations are also
used to weight the genetic value of traits used in multiple trait selection indices.

Tigges et al. (1984) found relative net income (RNI), calculated using information
available from dairy herd improvement associations, to be highly correlated with total

profit (r = 0.97) and profit per day of herd life (r = 0.92) calculated using more extensive
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economic information such as returns from protein yield and cost of mastitis and breeding.
In comparing varying measures of profitability Cassell et al. (1993) found such high
correlations between relative net income and discounted relative net income, the latter was
of little utility.

Aside from the issue of the completeness of the profit function, the measure of
profitability is a contentious issue. As discussed in Chapter 2, Van Arendonk (1991)
noticed that use of lifetime profit implied no replacement while profit per day implicitly
assumed identical replacement. He noted that each of these ignore the opportunity cost of
replacement and therefore neither is an appropriate measure of animal profitability. Van
Arendonk showed these erroneous assumptions have drastic ramifications on the value
estimates of the two traits, production and herd life (Weigel et al., 1995a), most important
in the determination of profit. He showed that using total lifetime profit as the dependent
variable, the regression coefficient for first lactation milk production was correct, while
using profit per day of productive life as the dependent variable correctly estimated the
herd life coefficient. But in each case the value of herd life relative to production was
greatly overestimated. Weigel et al. (1995b) further refined this point by estimating an
opportunity cost for each lactation, removing the assumption of a constant opportunity
cost.

Considerable confusion exists in the literature over results comparing measures of
profit that don’t include opportunity cost and those that do. Weigel et al. (1995a)
determined the genetic correlation between RNI and relative net income corrected for

opportunity cost (RNIOC) to be 0.97. The phenotypic correlation between RNI and
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RNIOC has been reported as 0.95 (Cassell et al., 1993), and 0.92 (Weigel et al., 1995a).
Some (Norman et al., 1996) have incorrectly interpreted these results as evidence for
ignoring the opportunity cost adjustment. This despite Cassell et al.’s (1993) conclusion
that results of herd management or selection practices using RNI corrected for
opportunity cost could differ from those using RNI. This is not surprising given that the
variance of the RNI has been reported as 2.5 (Cassell et al., 1993), and 3.5 (Weigel et al.,
1995a) times that of the corrected RNI. Correcting the profit increased its heritability to
0.17 from 0.12 (Weigel et al., 1995a). Since the validity of the literature using profit
equations not corrected for opportunity cost is questionable, and studies using the
adjusted equations are available, the results of the former will not be considered.

Another source of confusion exists in the literature concerning Van Arendonk’s
paper (1991). He showed the regression coefficient between profit not including
opportunity cost, and herd life was overestimated. Since this result was in the context of
multiple regression, including milk production as an independent variable, this implies that
the partial correlation between profit not including opportunity cost and herd life, given
production, was overestimated. It does not necessarily imply that the simple correlation
between profit not including opportunity cost and herd life was overestimated as has been
reported (Cassell et al., 1993).

Given, that lifetime profitability is not apparent until the end of an animal’s life, it is
not a useful method of selection prior to the end of that life. The literature has tended to
focus on indicators of lifetime profitability that are apparent early in the productive life of

milk cows. No work has considered indicators apparent prior to productive life.



The phenotypic correlations between first lactation actual milk and total lifetime
milk are 0.54 and 0.88 for RNIOC, and 0.52 and 0.96 for RNI (Cassell, Smith and
Pearson, 1993). First lactation milk production was found to have a 0.86 genetic
correlation, and a 0.57 phenotypic correlation with lifetime production among Canadian
Holsteins (Jairath et al., 1995). Weigel et al. (1995a) determined the genetic correlation
between the RNI corrected for opportunity costs and first lactation ME milk production to
be 0.80, and similar to the previous study, a phenotypic correlation of 0.51. Some physical
traits such as dairy form and udder depth had reasonably high correlations with RNIOC
(Weigel et al., 1995a). Age at first calving has a small negative correlation with RNIOC
(Cassell, Smith and Pearson, 1993). Both Weigel et al. (1995a) and Cassell et al. (1993)
found herd life had a correlation of approximately 0.70 with RNIOC.

Weigel et al. (1995a) considered the reliability of indirect prediction of sires’
RNIOC using type, first lactation yield, and proxies for herd life. Table 4.1 is a partial
reproduction of a table in the paper.

Table 4.1. Approximate reliabilities of RNIOC from combination of mature equivalent
yield of milk and fat during first lactation (yield), 14 linear type traits and final score

(type), and total months in milk to 84 months of age (MIM), and MIM predicted from 36
months of age (PMIM).

Approximate reliability of RNIOC

Variables Maximum 80 EPN'
Type 48 32
Yield .67 .59
Yield and type 75 .64
Type and PMIM .70 .36
Yield and PMIM 5 .60
Yield, type and PMIM .80 .65
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Table 4.1 (cont’d).
Yield and MIM .90 .70

Yield, type and MIM 91 72
1. Effective progeny number, represents the accuracy of a first-crop evaluation of a well-sampled Al bull.

Type characteristics provide little additional information in the prediction of
RNIOC, and are unsuitable as a method of heifer selection as only animals that have
freshened are evaluated.

Herd life, or a proxy, is an important variable in the determination of profit.
However, it is unsuitable as a method of heifer selection. Its heritability is low, and while
the USDA is producing productive life genetic evaluations for cows and bulls, heifer
evaluations of productive life are not produced.

To restate, ideally heifer selection would be based on lifetime profit corrected for
the opportunity cost of postponed replacement. While RNIOC can not be measured and is
not recorded, first lactation milk production is widely available and moderately correlated
to RNIOC. This then suggests that selection of the highest producing first lactation heifers
will likely result in selection of the most profitable animals. We then turn to prediction of
first lactation milk production.

Compared to herd life, the yield traits have higher heritability. And studies have
been completed on the ability to predict future production. These studies fall into general
types of predictors - genetic and physiological. As few studies have considered the ability
of genetic estimates from the USDA'’s current Animal Model to predict subsequent heifer
performance, performance of estimates from the earlier Modified Contemporary

Comparison will also be considered.
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Dams’ genetic index for milk production from the Modified Contemporary
Comparison was found to have a 0.18 correlation with daughter first lactation ME
production deviated from herdmates. This result was slightly less than the 0.20 expected
(McGilliard and Freeman, 1976). Linear regression of the measure of daughter first
lactation production on dam index was 1.15 which differed from the expected unity.

Powell et al. (1977) determined the average correlation between actual daughter
performance for milk production, deviated from contemporaries, and that predicted from
sire pedigree index using the Modified Contemporary Comparison was 0.40 for Holsteins,
slightly below the expected 0.45. The regression coefficient between the two was near the
expected 1.0 suggesting selection based on sire predicted differences should be successful.

Powell and Norman (1988) found an average correlation of 0.19 between the
daughter’s deviation of milk yield from contemporaries and the dams’ genetic index for
milk production from the Modified Contemporary Comparison, which was lower than
expected. The correlation increased as the repeatability of the dams’ indices increased, as
the number of daughter records rose, and with a higher level of herd milk production.
Selection was expected to be effective given a regression coefficient of approximately one
between daughters’ deviation and the dams’ index.

A problem with each of the preceding studies is that a considerable period of time
was used to collect the data, so parent indices were calculated years after a daughter’s
production. In heifer selection, it is the estimate of the parents’ indices at the time of

selection that is relevant.
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Since 1989, when the USDA began using the Animal Model for estimating genetic
merit, only two domestic empirical studies have considered the ability of parents’ PTAs to
predict a heifer’s subsequent performance. Estimated genetic indices are produced for all
dairy animals with identified parents who are on a production test program. The indices,
which are updated every six months, and are generally provided at no extra cost to those
enrolled in a production test program.

Other empirical studies (Ferris and Wiggans 1990, 1991; Samuelson and Pearson,
1995) have considered the ability of parents’ PTAs to estimate the performance of
artificial insemination sires, through the performance of the sires’ daughters. Since these
sires tend to have genetically elite parents, with generally high reliabilities, the results of
these studies are not directly applicable to daughter performance.

Based on 76,871 daughters, VanRaden et al. (1989) found the regression
coefficients of daughter performance on EBVs “were near the (theoretically) expected
value of 1.0” with correlations that ranged from 0.20 to 0.49. Performance of daughter a
was measured as yield deviation (YD,) which according to Wiggans and VanRaden (1989)
is defined as

YD, =y, - M, - PE, - (sire, herd,)
such that y represents standardized milk yield; M, PE and sire -herd are the effects of
management group, permanent environment and herd-sire interaction, respectively for a.
Management group includes effects for herd, year and season of calving, parity and
registration status, as well as their interaction. This equation for YD can be compared with

the USDA animal model of milk yield standardized for season and age at first calving,
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Ya = Go + M, + PE, + (sire,herd,) + U, + e,
where G is EBV, U is unknown parent group, and e is the error for a.

In heifer selection the producer is interested in predicting y,. While the use of YD
as a dependent variable serves to decrease the error variance, the results are not directly
applicable to heifer selection. For a producer is paid based on is unlikely to know the value
of M,, PE,, (sire, herd,) and therefore, can not derive YD, from y,. The prediction of y,,
not YD,, is of primary importance to the farmer because this is the basis on which the
producer is paid.

On a small sample of 37 Holstein heifers, Mao et al. (1991) measured the serum f3-
lactoglobulin from 16 to 1 week prepartum. They found consistent positive correlations (r
= 0.3 to 0.6) between the serum protein over this 16 week period and first lactation,
second lactation or the sum of the two, ME milk yield. In a subsequent paper (Mao and
Bremel, 1995), the 0.034 coefficient of determination for prediction of first lactation 305d
milk yield (i.e., y.) of 26 Holstein heifers using only parent average of genetic merit for
milk production was improved to 0.211 with the inclusion of the serum B-lactoglobulin
level at the 26th week of pregnancy. Stating the residual (u,) from the Mao and Bremel’s
regression in terms of effects accounted for in the VanRaden study, the lower multiple
coefficient of determination of the former is expected.

u, = M, + PE, + (sire, herd,) + U, + e, - herd,

The correlations between 305d milk yield and the log of B-lactoglobulin, and

parent averages for milk, protein and fat were, respectively, 0.456, 0.185, 0.149, and -

0.003. The authors note “The PA (parent average) is normally used as a selection criterion
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for heifer replacements.” Similar suggestions have been made to sell heifer calves from
inferior parents (Jones and Rogers, 1995; Franck, 1994) however no specific
recommendations as to what method or when to conduct selection is presented.

While physiological measurements present potential methods for heifer selection
they are not routinely collected on heifers, and B-lactoglobulin is not produced until late in
the rearing period when the animal is pregnant.

Weight gain from 350 to 462 days of age had a genetic and phenotypic
correlations of 0.33 and 0.67 with first lactation 308 day milk yield (Lin, McAllister et al.,
1985).

The ability of at least the genetic indices for milk to predict production, which is a
major component of animal profitability, suggests their potential utility in heifer selection.
However, two issues are not resolved. Firstly, there is no proof that the heifers’ milk index
which equally weights the PTA milk of each parent is optimal. Furthermore, given the
potential 5 genetic indices for each parent in each period it is not clear how each of these
should be used. Lastly, the genetic indices are simply estimates which are updated over
time. It is not clear when in a heifer’s life selection should occur. Specifically, which of the
10 pieces of genetic information, available every six months during rearing, should be used
and how they should be used in heifer selection.

There are also other benefits from heifer selection besides increasing herd
profitability. Aside from short-term improvement in cash flow, heifer selection will also

reduce the nutrient loading on the land, this issue will become increasingly important as
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environmental restrictions become more prevalent and strict (Schmit and Knoblauch,
1995).

The importance of opportunity cost has resurfaced in this chapter. Likely, due to
the industry’s ignoring the work on the optimal culling rate, and therefore the need for
heifer selection, no work has been completed on heifer selection for maximum profit.
From the literature it can be determined that production is important to animal
profitability. Genetic indices for milk have been shown to hold some promise for the
selection of higher producing animals. The current availability and ease of access make
genetic indices a potential method of heifer selection. While the use of genetic indices for
heifer selection has been suggested, details and empirical results to support these

statements are lacking. Chapter 5 will consider the estimation of genetic values of animals.
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Chapter S

SELECTION INDEX THEORY

From Chapter 4 it is apparent that genetic evaluations currently present the only
potentially viable methods on which to base selection of heifers prior to calving. A
familiarity with the methods and assumptions made in estimating an animal’s genetic value
is then warranted. This chapter will start with a brief review of genetic effects and the
assessment of genetic variance and covariance. The goals, methodology, and assumptions
of the Selection Index (SI) model for a single trait are examined. The effects of the various
assumptions on the model are explored. Multiple trait selection is then reviewed, followed
by miscellaneous issues which further cast doubt on the optimality of SI. By the
conclusion of this chapter it will be apparent that, due to the assumptions made, SI
evaluation of an animal’s value is not optimal, even more critical to heifer selection, it is
not clear that heifers will even be correctly ranked. Based on this inability to correctly rank
heifers for selection, combined with the effect of Mendelian sampling which greatly
increases the prediction error of the index, the value of genetic indices in heifer selection is
questionable.

The approach to genetic evaluation and SI in this chapter is heavily based on
Selection Index and Introduction to Mixed Model Methods by Van Vleck (1993),
supplemented with relevant information from the literature. Given the context of this
chapter is understanding the estimation of a heifer’s value based on her parents’

information, examples will appropriately focus on such estimations.
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The theoretical composition of genotype, as well as, the determination of genetic
covariance between individuals is fundamental to understanding selection theory and its
assumptions. So each of these issues will be addressed prior to reviewing selection theory.

The genotype of an animal can be broken down into linear genetic effects and
epistatic or nonlinear genetic interaction effects. An additive genetic effect is the aggregate
effect of allelic substitution at a particular locus. The sum of all additive genetic effects
over all loci is the additive genetic value (G,) of the animal, also known as the estimated
breeding value (EBV).

Let A; =5, A, =2 where A, is the i* allele of gene A. If only additive effects exist,
the phenotypes resulting from each allelic combination are:

AlA;=5+5=10
AA;=5+2=17
AA;=2+2=4

A dominance genetic effect is the average effect of allelic substitution at a
particular locus less the additive genetic effects. The sum of all dominance genetic effects
over all loci is the dominance genetic value (Gp) of the animal.

Suppose, similar to the above example, B, = 5, B, = 2 but a dominance effect of
+1 occurs then

BB, =10
BB,=7+1=38
B;B,=4

An additive by additive genetic effect is the average effect of substituting a pair of
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alleles at different loci less the additive genetics effects. The sum of all specific effects of
non-allelic gene pairs is the additive by additive genetic value (G4) of the animal.

Expanding the first example, let A, =5, A; =2, C, =1, C, =0, and an additive by additive

effect of +3 occurs when A, and C, are in common.

AlA AlA; A2A;
CiC, | 12+6=18 | 9+3=12 6
CiC; | 1143=14 | 8+3=11 S
CC 10 7 4

An additive by dominance genetic effect is the average effect of substituting an
allele at one locus and an allelic pair at another locus. It is calculated as the difference
from the additive, dominance, and additive by additive genetic effects. The sum of all such
effects is the additive by dominance genetic value (G,p) of the animal.

As in the second example, let B, = 5, B, = 2, C, = 1, C; = 0, with a dominance effect of
+1 on the B locus, and an additive by dominance effect of -4 when the genotype B,B,C; is

present.

B |B| B 1Bz B2B2

CC 12 10-4=6 6
C]Cz 11 9-4=5 5
C.C, 10 8 4

Further higher order epistatic effects can be defined. Given the number of genes
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and alleles in any mammal’s genome, the number of potential effects quickly approaches
infinity.
The total genetic value of an animal can then be represented by

G=G,+Gp+Gu+Gpp+Gup+ Guaut Guup+ Gupp+ . . .. (5.1)

Selection theory also relies on the genetic variance or covariance. With the
reasonable assumption of independence among the different type of genetic effects, the

genetic variance can be represented by
2 2 _ 2 2 2 2 2 2 2
E{G°l=05 =05, +05, +05, +05, +05,, +0G,, +0G,, +* (5.2)
where E is the expectation operator, and the genetic value is defined to have zero mean.

Now consider the genetic covariance between individuals i and ;.

_ 1,02 0,1 2 2,0 2 0,2 2 1,1 _2
E[GG,]= 066, =9 d,o;, +a,d; o; +a,d, oG, *ta; d, 0G,,9 4y 0G,,
(5.3)

3,0 2 2,1 2 1,2 2
+a,°d, OG., ta d; 0G,.p, ta, 4, OG . +°°

where a;; = the fraction of additive gene effects in common between individuals i and j,
and d; = the fraction of dominance effects in common by descent.
These coefficients are calculated using simple probability theory. Equation (5.4) is the

model of genetic covariance between a parent (P) and an offspring (O).

1 1 1 0 1 2 1 0 1 1
Ooy0, = (5) 0°oy, +(E) 0'og, +(5) 0o, +(5) 0oy, +(—2-) 0oy, +

5.9
1’ 1’ '
(E) 000'3;“ +(E) Ol Uém +(5) Ozaém + oo
Given that the offspring receives half of its genes from each parent there is a (0.5)"
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probability that the two share » non-allelic genes in common. Notice the fraction of
dominance effects in common by descent is zero between this pair. In fact this null
coefficient for a biallelic locus is used for all but full siblings for whom it is 0.25. Given
that at least one parent has a heterozygous genotype and exhibits dominance effects, the
probability of an offspring having the same genotype at this locus is 0.50 not zero,
regardless of the other parent’s genotype.

The unexpected null coefficient is the result of the model used to determine the
relationship between individuals. These coefficients consider only genes in common which
source from a common ancestor. This is certainly a reasonable assumption for additive
genes which are simply linear interactions. The null coefficient is appropriate when using
the identical by descent criteria, since heterozygosity is required for dominance effects and
one allele of each locus is transmitted from parent to offspring there is no opportunity for
the dominance effect to be identical by descent. Considering the purpose of Equation (5.3)
is to quantify the similarity of the genetic effects of the two individuals, regardless of the
source of that similarity, ignoring the identical in state genes, those not from a common
ancestor, misrepresents the true composition of genetic covariance and hence the interest
in DNA sequencing.

It is also clear that as the number of non-allelic genes and/or allelic pairs increases
the coefficients decrease in magnitude. This is the frequently cited reason for routinely
ignoring any higher order epistatic effects. However, in determining whether a right hand
side element of Equation (5.3) is so small as to be ignored, the variance of the genetic

effect itself should also be considered.
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The result of this assumption of no interaction effects of order two or higher, and

the assumption of identical by descent is to reduce Equation (5.4) to
1
GGOGP = Ea . (5. 5)

This simplification is used for all but full sib genetic covariances for whom a dominance
effect may be included.

Reliable estimation of variance/covariance components for genetic parameters is
one of the major tasks for any livestock improvement scheme. Maximum likelihood is a
method of estimation that empirically results in asymptotically unbiased estimates in the
face of selection (Rothschild, Henderson, and Quaas, 1978; Schaeffer, and Song, 1978). A
major drawback of this method is the variance estimates of a mixed model are biased since
the fixed effects are treated as known, resulting in overestimation of the degrees of
freedom. According to Meyer (1983) and Harville (1972) restricted maximum likelihood
(REML) overcomes this problem by maximizing only that part of the likelihood that is
independent of the fixed effects. Empirically REML also appears to remove any selection
bias from the estimates (Meyer, 1983). In the genetics literature it is common to ignore the
potentially complex distributional properties of the estimator. This may be due to the work
by Harville (1972) where it was suggested that the REML estimates derived under
normality may be reasonable estimators even when the form of the distribution of the
estimate is unspecified.

The REML covariance estimate is then set equal to the product of the additive

genetic variance and the appropriate a,. The result is a potentially exaggerated additive
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genetic variance for all relationships, since all the elements of the right hand side of
Equation (5.3) are allocated to either the additive genetic variance or the residual term.

Tempelman and Bumnside (1990) showed that this exaggeration can be sizable.
Their study revealed the identical in state dominance variation for Canadian Holsteins’ first
lactation milk and fat were, respectively, 15 and 75 percent of the additive genetic
variance. Despite similar standard errors for each of the estimates, the former was not
statistically significant due to a high coefficient of variation (i.e., standard error divided by
the mean).

A second Canadian paper (McAllister, Lee, Batra, et al., 1994) indirectly
investigated the presence of dominance effects between dairy breeds. In acceptance with
previous studies, this experiment showed a significant heterotic effect in Holstein x
Aryshire F, females. Heterosis is defined as the realized phenotype less the expected
phenotype calculated as the average additive effect of the two breeds. The necessary
conditions for a heterotic or crossbreeding effect are the presence of dominance effects
and different gene frequency between the two breeds.

This paper is of interest for two reasons. Firstly, while heterotic effects were
generally accepted to occur, conventional wisdom among animal breeders held that the
dominance effects of crossbreeding were insufficient to compensate for the much lower
production of the Aryshire parent. As a result it was accepted that, despite heterosis, the
F, would have lower production than the higher producing Holstein parent. This study
found no significant difference between the Holstein x Aryshire F, female and the purebred

Holstein line for lifetime milk production. This suggests the presence of a much stronger
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dominance effect than generally accepted by the industry. This paper also gave evidence of
how heterosis may vary with the period over which a given trait is considered, thereby
bringing into question the ability to extrapolate the aforementioned first lactation results of
Tempelman and Burnside to production in general. For example the heterosis effect was
3.7% for first lactation yield and 16.5% for lifetime milk production. Lifetime heterosis
effects were 20.0, 17.2, 17.9 and 20.6% for lifetime fat yield, protein yield, milk value and
annualized discounted returns.

Clearly it is extremely difficult if not impossible to estimate dominance effects
resulting from identical in state genes. Estimation of other variance effects would require
supplemental equations to solve for the extra parameters. It is only recently that inroads
have been made in the inclusion of dominance effects in genetic evaluations (Misztal,
1997). Furthermore, the number of equations required to estimate higher order genetic
variance components is overwhelming. This model, as all others is a tractable
simplification of reality, and should not be judged on its realism. As with any model it
should be judged on its performance, this may include theoretical results or the ability of
the model to mirror reality. It is in this assessment of the model that its assumptions
become critical. For failing to recognize the assumptions, and their effects on the results,
leads to the model being accepted as reality, and therefore beyond reproach.

Given these theoretical models, the fundamental challenge in selection is to choose
those individuals with the greatest genetic merit for the trait(s) of choice to be used as

parents of the next generation (), i.€.,

max AG = ug, - M6 (5.6)
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where | is the average genetics of the total population.

This challenge is heightened by the fact that rarely can the genetic effects be
directly observed, and this is especially common in economically important production
traits. Rather the breeder must attempt to deduce the genetic value of the animal when

only phenotype (P) is apparent.

P, =u+G +PE +1TE, 5.7

Where P, = the phenotype of individual i in period j
= the population mean
G, = the total genetic value of i deviated from the population mean
PE; = the permanent environmental effect on P, deviated from the population
mean
TE, = the temporary environmental effect of period j on P, deviated from the
population mean.

E, the total environmental effect on P; is equal to the sum of 7E;and PE,.
Heritability in the narrow (#°) and the broad (h?) sense can now be defined, the former is

the most common definition,

o
h? = (5. 8)
Op
2 oG
h, =—c2; (5.9)
Op

where o2 is the phenotypic variance in the population, and is easily estimated.
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Notice that overestimation of the additive genetic variance results in overestimation of
narrow heritability.

Armed with an understanding of the various genetic effects and an understanding
of the assumptions made in estimating genetic covariance we can proceed to review
selection theory. Two models have been used for animal selection: Selection Index (SI)
and the Animal Model, the latter is the current method of genetic analysis used by the
USDA. Hazel et al. (1994) and Philipsson et al. (1994) provide reviews of the past,
present and future of SI. SI employs all the same assumptions as the Animal Model. For
SI all phenotypic and genetic variances and heritabilities, genetic and phenotypic
covariances for using multiple traits are assumed known (Vandepitte, and Hazel, 1977).
The former also requires all fixed factors be known. Fixed factors include all those
nongenetic factors, excluding temporary and permanent environmental effects, which
affect phenotype. Fixed factors, represented by u in Equation (5.7), include effects due to
year and age of the animal. Despite this one difference in the practical application of the
models, all the theoretical assumptions and results of each model are identical. Since these
assumptions are more explicit in the SI, it will be the method reviewed here.

The goals of the SI are:

1) Minimize the prediction error variance or E[7-I]* where T is the true value and

I is the index. This is equivalent to maximizing ry;, the correlation between the true

value and its prediction.

2) Maximize the probability of correctly ranking animals.

3) Maximize the true value of the selected group.
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In the development of selection theory the main emphasis, rightly so, was on goals 2 and
3. However, the solution to even a simple formulation of this problem was mathematically
intractable without the assumption that the P;, the phenotype of individual 7, and 7 must
have a bivariate normal distribution (Williams, 1962). Under these conditions, goals two
and three can be maximized through maximizing r7;. Clearly selection will result in a
truncated distribution if the r;; > 0, and as a result the normality assumption will be
violated to some degree, and goals 2 and 3 may not be realized. Potential violation of this
normality assumption is not a trivial problem, from the perspective of individual animal
breeders it is the correct parametric ranking of animals which is of importance, and will
permit maximum genetic progress. Under certain conditions the SI indices are unbiased
when the population consists of individuals who were themselves selected (Goffinet,
1983).

Geneticists have considered the effect of ignoring the changing population
parameters as selection occurs. This change is frequently ignored, and the selection
coefficients are not updated as the population changes. Under conditions of an
infinitesimal genetic model and an infinite population size, the effect of updating the
selection coefficients was found to be negligible with less than a 1.5% loss of aggregate
genetic progress per generation (Villanueva and Kennedy, 1993).

The only data available to predict an animal’s true genetic value is the phenotype
of relatives, and perhaps its own phenotype. By definition, relatives are expected to have
more genes in common with the individual than the population at large. The general linear

selection index model for individual a (/) can then be expressed as dependent on the
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phenotypes of a number of animals (X, X, ..., X ), where a is not necessarily a member

of N.
I=b,X;+ b X+ ... +buXy (5.10)

Whm:“=P1'ﬂ.

All that remains then is to determine the values of the bs.

O

max ry = (5.11)
SR ;;aga,z

A logarithmic transformation results in a linear objective function.

1 1
{'7‘23‘108(’11 )=log(on) - Elos(aﬁ )- Elos(af) 5. 12)
' h=|

o] =bloy +2bbyoy y + +2bbyoyy +biok +2bboy i
(5. 14)
+ot 2bbyoy x, ot byok,
This unconstrained maximization problem is solved by taking the first derivative of the
objective function with respect to each b, recognizing that the variance of T is independent
of the current bs. (Notice, however, thata§ is a function of the index, assuming the index
is at all useful (r7>0) and has been used for selection, the variance of T is then dependent

on previous bs.)

5 log(ry) _Om _ blo'}l +b,0y x, ++byoy x, -0
b, on o}
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2
Sloglr,) om, _ boy x, +b,0x, ++byoy x,

2

=0 (5. 15)
&b, Oy o

2
5108(’1‘1)_ Ormxy _b'axlxn +sz’X2X~ +‘"+bNaX~

2 =0
Sby O o,

Redefining this system of simultaneous equations in standard linear notation, with the

primed symbol designating a transpose, reveals
Pb = kc (5. 16)

where
P = variance - covariance matrix of the X, = E(XX’)

X=[X, Xy e XNI
b=[b1 b, --- bNI
2

k = the scalar ZL-
Or

¢ = covariance vectorof 7 and X,

Since the scalar k does not affect the relative magnitude of b, it can arbitrarily be set equal

to unity. Equation (5.10) can then be restated in linear notation as
T=I=bX (5.17)
with
b=P¢ (5.18)

Since the b vector is a function of P and c it is important to consider how each of these
matrices are estimated. Once an understanding of the assumptions made in estimating b

are gained, we will turn to actual use of an index. First derivation of ¢, the covariance
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between the true value and the phenotypes, is reviewed. This covariance is a function of
the desired true value which is being selected for. The most commonly used true value in
the dairy cattle industry is estimated breeding value (EBV) or the additive genetic effect of

individual a, then the first element of ¢ is

aml = GG&Xl (5. 19)

=E[G, X|]

=E[G, G]+E[G,E|]

=E[G, G, +G,Gp +G, Gy +G, Gup +G, Gpp +G, Guuy
+ GA.GMD, +GA¢GADD| +‘"] +E[GAGE\]

O1x, = 82106, (5. 20)
where a,, is defined analogously to that used in Equation (5.3).

In arriving at the final expression of Equation (5.20), the phenotype of individual 1
has been decomposed into a genetic and environmental effect. Using the results of
Equations (5.2) and (5.3), the covariance of the true breeding value and 1’s genetic effect
is estimated to be represented by Equation (5.20). Since the strong assumption of zero
expected additive genetic-environmental effect covariance was made, the genetic
covariance equals the covariance between the £BV and X;. Clearly this later assumption
abstracts from reality. It is not hard to imagine additive genetic-environmental interaction.

Intuitively, consider a genetic trait such as nervousness or shyness, individuals possessing

such a trait will perform better with a quiet gentle manager (environment) than not. The
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independence between the genetics and environment is then refuted and furthermore, a
role of management is to capitalize on this potential interaction. Preferential treatment,
which will be discussed more later in the chapter, can be considered selective exploitation
of a environment-genetic interaction. While a model to account for this genetic-
environment covariance has been developed by Schaeffer and Henderson (1983), it is not
employed by the USDA.

Even ignoring the assumption of zero additive genetic-environmental covariance,
Equation (5.20) does not accurately represent the covariance between the additive genetic
value of a and the genotype of individual 1 for the desired trait. Recall that earlier in the
discussion of estimation of genetic covariance it was shown that the additive genetic
covariance was overestimated because, it in effect, included some genetic covariance other
than the additive portion. Tempelman and Burnside (1991) showed that omitting the
dominance portion from an animal model resulted in a 4% overestimation of the additive
variance for milk. If the goal of selection is to maximize progress in the additive genetic
effect of a trait, the net effect on ¢ is ambiguous, since ignoring the genetic-environment
covariance underestimates ¢, while the additive genetic covariance is slightly
overestimated.

The diagonal elements of P are phenotypic variances while the remaining elements
are covariances. Each type of element may be calculated using individual records or the
average of multiple records. The estimation of each will be assessed in turn, starting with
estimations using single records.

Since the phenotypic variance of an individuals single record is the expectation of
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the population variance, the variance elements of P based on single records per individual
are readily available from the population being studied and therefore no extra estimation is
required for SI. However, this assumes homogenous variance among all lactations. Van
der Werf et al. showed that ignoring variance heterogeneity resulted in sire evaluations for
milk based on progeny records being 157 kg lower than that expected based the sires’
EBVs.

The nondiagonal elements of P estimated from the data are again unbiased, and are
represented by Equation (5.21). However, as can be seen from (5.22), in SI the
assumptions made in the estimation of the non-diagonal elements of P are similar to those
used in determining c. Specifically, SI assumes that the only source of phenotypic
covariance is additive genetic variance, and as a result the additive genetic variance is
overestimated.

ox.x, =E[G, +E)G, +E,)]

(5.21)
=E[G,G, +G,E, + G,E, + E,E,]

=a,0¢, (5.22)
Equation (5.22) then does not accurately reflect the additive genetic covariance.
Also, many strong assumptions are made concerning the environmental interactions. If, as
argued previously, the environment of an animal may interact with its genotype, given that
the genotypes of the animals are related, it would not be surprising to find that the
genotype of one animal covaries with the environment of the other. The assumption of no

covariance between the environmental effects of the two animals may also be strong.
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These assumptions will result in the underestimation of these non-diagonal elements of P.

The elements of P may themselves be an average if multiple records are available.
The source of these multiple records include an individual with more than a single record,
or records from a homogenous group of relatives (i.e., 20 daughters all with comparable
single records). Taking the first example of multiple records on an individual animal, the
phenotypic variance of this individual is then actually the squared standard error (i.e. the
variance of a mean), which will be less than the variance of a single record. The initial
assumptions made in estimating the standard error are: the variance of each record is the

same, and the covariance between each pair of records is identical.

2 2
_noy+n(n-0o,, oy+{n-1)o,,

2 5.23
O’x‘ nZ n ( )
The covariance between records of a single animal, X;, can be represented as
ox.x: =ElG, + PE, + TE, )G, + PE, + TE,)|
(5. 24)
=0G+0p + Ore,1E, *+OGrE, * OpPetE, +OGIE, *+OpPETE, +20GPE
Making the strong assumption of zero covariance among all terms leads to

Where A4, the animal effect, is the sum of all permanent effects on the animal (i.e., G +

PE). While Equation (5.23) can then accurately be denoted as

2 a2
ot =k *‘: Doy (5. 26)
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geneticists commonly employ the concept of repeatability (R) in this calculation where

2 2 2
R=e—202% _Z4 (5.27)
oG+ Opr + O Oy
By ignoring the interaction effects in Equation (5.24), Equation (5.23) is then
underestimated through the use of
2 2
oy +(n-1)Ro
)2?‘ =2X ( ) X (5. 28)

n

When X; is the average of a single group of equally related relatives then Equation

(5.24) becomes

Oxx = E|G, + PE, + TE,XG, + PE, +TE,,)]

(5.29)
=066, *OpepE, Y O1E7E, Y OGPE, Y OGIE, t OPETE,

+0G,pe, Y OG,1E, + OPE,TE,
The strong assumption that all terms, other than the first, are zero is generally made. Note
this implies no environmental covariance even though animals may be in the same herd
(i.e., environment). The inclusion of herd in the model would account for this
environmental covariance. Given that genetic-environmental interactions occur for a given
animal, that the environments of two animals aren’t independent, and that genetic
covariance exists it logically follows that the genetic-environmental interactions in
Equation (5.29) are not zero either. The assumption of importance only of additive genetic

effects is invoked to arrive at

Oy v = a.-.aéA (5. 30)
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It is then apparent that P, is an unbiased estimate of P. However, in using these
estimates of phenotypic variance, SI makes simplifying assumptions. Given the bias in ¢,
the estimate of ¢, and that many of the elements of P are not equivalent to that required
for SI theory, bis not equal to the optimal b, however the degree of inoptimality is

indeterminant. Progress in selection will then be less than potentially possible, but more
importantly, it is likely that the level of bias in the relative values of the bs (the elements
of b ) will vary across individuals so the paramount rankings of individuals may be
incorrect and less reliable than suggested by SI theory.

Having assessed the RHS and LHS of Equation (5.16), b for EBV can now be
derived. Consider estimating the EBV of a heifer (H) for milk production given the single
milk production record of her dam (D) and the effect of the sire. Since the sire cannot
produce milk, his effect is represented by his relatives. For this simple example, we
consider that the sire has a daughter who has completed a record. This daughter is a half
sib (S) to H, as they are assumed to have different dams. This example can be extended to
consider multiple records on multiple relatives of each of H’s parents. The index can then
be represented as

In=[b, b {i‘s’] (5.31)

From Equation (5.16)

Pb

[
(]

where
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The off-diagonal elements of P are zero since the dam and half sib, are assumed to be
unrelated (i.e. aps= 0). From Equation (5.20), the elements of ¢ are expressions of the
additive genetic variance weighted by one half for D as the heifer receives half of her
genes from each parent. The weight for S is one quarter, reflecting that she and H have

different dams.

b=P'c
={a}2 0 }[ 0502, H o.5h2] (5-32)
0 o0]02503 | |0.25K

Upon reviewing the definition of heritability in Equation (5.8), it is not surprising that the
bs will always be functions of the heritability of the trait (in this case, milk production)
since P is the phenotypic variance-covariance matrix, while ¢ contains the additive genetic
variance. Equation (5.33) represents the more general index coefficients for a parent, as
derived by Van Vleck, where n is the number of records of the parent, and R is
repeatability.

0.5nh?
b, =—2200 5.33
Pam 1+ (m-1)R (.33

The relative size of b, is proportional to the strength of the relationship between
the individual being indexed and individual 1. Ceteris paribus, the size of b, will also

increase as the number of 1’s records increase. In reality, each parent would likely have
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more than a single record so the bs would vary among parents. In general, sires would be
expected to have more records and therefore contribute more information to their
daughters’ EBV.

The estimation of the average additive genetic value that will be transmitted to
progeny is widely used in the dairy industry. Every six months the USDA calculates the
equivalent of bpXp, and bsXs and labels them predicted transmitting abilities (PTAs). In
other words, PTAs are one half the estimated additive value of an individual. So to
determine the milk EBV of a heifer all that is required is to sum the PTA milk of the dam
and sire. PTAs are routinely published for pounds of milk, fat, and protein, as well as,
dollar value of milk and fat yield in cheese production.

The EBV of an animal is an estimate of the mean additive genetic value. We are,
therefore, not only interested in the variance of that estimate, but as well, its accuracy, or
the degree of correlation between the estimate and the true value.

Since X is a random variable, / is also a random variable with a variance. Recalling
the linear notation for I used in Equation (5.17) and the definitions of P and ¢ from

Equation (5.16),

o? = E[b’XX'b]=b’E[XX'} = b'Pb (5. 34)

oy = E[Tb’X]=bE[TX]=b'c (5. 35)

As a result the variance of the index and the covariance between the trait and index can be

shown to be equal.

o} =bPb=cP'PP'c=cPc=bc=0y (5. 36)
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0,07 b'cor

However, since b # b,6? # o7, and 6, # oy, and therefore, 7, #7;,. The variance of

o _ b b'c
oF (5.37)

and the covariance of /T are also functions of 4, the relationship weighting and the
additive variance, while accuracy is a function of /. For a given trait, heritability is
constant, as is the additive genetic variation. Accuracy is then a function of the strength of
the relationship between the 1 and a, with increased records helping to increase accuracy.
As a pedagogical device in deriving the accuracy of the heifer’s EBV index, it will be
assumed that sires have records. Then the accuracy of the heifer’s EBV index based on her

parents’ records is

[ 0Smph* _0snsh* 050,

2
Or O'G‘

(5. 38)

1 nph? ngh?
- \/Z[H(n,, R, T 1+(ns —I)RS)
where n; and R; are respectively the number of records and repeatability of parent j. The
previously determined values of the b and ¢ vectors were inserted into Equation (5.37),
and since the true value being e<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>