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Dynamic programming applied to the dairy cow replacement decision

J.G. CREQUER AND A.T.G. McARTHUR

Department of Economics and Marketing, PO Box 84, Lincoln University, Canterbury, New Zealand.

ABSTRACT

This research addresses the question “when should dairy cows be replaced?”. A stochastic dynamic programming model was used
to derive optimal replacement policies based on age, time of calving, and milk production performance. The policy indicated whether
an animal in a particular state should be kept or culled. A method of calculating the correlation co-efficient between the average of k
and k +1 performances was devised, which enabled the bivariate normal distribution to be used in determining the probability of
transitting from one performance class to another. The results of the study suggest that the main emphasis on culling should be on the
first lactation performance.
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INTRODUCTION

In the past dozen years there has been increasing
research in the area of animal replacement. In particular, a
number of models have been developed to determine re-
placement policies for dairy cows. These models are now
being tested as an aid to dairy farmers in deciding which
cows to keep or cull (for example, De Lorenzo et al. [1992]).

This paper presents some of the results from a dy-
namic programming model originally developed by
McArthur [1973,1975] and extended by Crequer [1995] to
include time of calving inter alia. The raison d’etre of this
research was to determine replacement policies for dairy
cows, answering the question “when should dairy cows be
replaced?”. The dynamic programme’s optimal culling
policies can be used to check rule of thumb replacement
policies based on herd test data on milk production, time of
calving, and age.

METHOD

A stochastic dynamic programming model was for-
mulated to determine optimal replacement policies for
dairy cows. The policy generated by such a model is in the
form of an optimal decision for an animal in any state. A
state is defined here by an animal’s performance class,
calving interval and lactation number. These three compo-
nents will now be discussed in turn.

In order to decide the worth of an animal to the herd,
the dollar value of its performance is required. Since the
payment for actual milk production is a function of milk fat,
protein, and milk volume, a linear combination of these
three traits and their value was calculated. This was termed
the performance value.

The second aspect of the cow’s state is its time of
calving. This was modelled by defining five three-weekly
intervals, with the probability of moving from one interval
to another being dependent on the current calving interval
and the probability of conception.

Animals in this model were kept for up to ten lactations.
It was assumed that any cows which completed ten lactations
were sold for their salvage values, and replaced. The im-
portance of age is twofold: younger cows have a lower
productive ability than mature cows, and the probability of
failure varies with age. Failure is defined as culling for
reasons other than death or performance, and includes
infertility, metabolic disorders and mastitis. The probabil-
ity of death was considered to be constant across all ages.
The probability of death or failure was based on data given
by Harris [1989].

Figure 1 shows diagramatically a representation of the
system modelled. At the left is the start of year t, with a
decision between keeping or culling a cow to be made. The
cow is in some performance class i , calving interval j and
has had k lactations. If the cow is kept, the upper half of the
diagram is followed. If the cow survives, it may move from
its present performance class (i) to another class (q) with
probability Piq/k. More will be said of this probability later.

FIGURE 1: Decision tree for the system modelled.
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The cow may also move from the jth calving interval to
another interval (r) with probability Sjr . At this point the
cow will have moved to a (possibly) new pair of perform-
ance class and calving interval, and will have one more
lactation (k +1). If the cow does not survive, it will either
fail or die. In this model it is assumed that failed animals
produce at expected levels, while animals which die pro-
duce nothing. In each case the cow is replaced, but only the
failed animal will earn a salvage value.

On the lower half of the diagram the cull option is
depicted. The immediate return is the value of the culled
cow, and the immediate cost is that of a heifer replace-
ment. If the replacement survives, it may move to any of
the performance classes and calving intervals with equal
probability (1/u and 1/v respectively, where u is the number
of performance classes and v is the number of calving
intervals). The boundaries of performance classes are
defined as deviations from the current genetic level of
continuously improving artificial breeding replacements.
If the replacement fails or dies it is replaced as above.

Two further cases are not shown in figure 1. First, an
animal which has completed ten lactations is culled and
replaced. Secondly, a replacement animal must be kept for
at least one lactation.

Before considering the transition between perform-
ance classes, other relevent details will be mentioned. No
allowance has been made in the model for economic gains
from selecting heifer calves as replacements. The level of
culling influences the selection differential of the cows-to-
breed-cows path of improvement. However, Rendel and
Robertson [1950] showed that this path was relatively
unimportant.

Performance was measured in dollars rather than
physical units. In other studies of this kind, measures such
as milk fat, volume, or fat corrected milk have been used.
However, with the current New Zealand payout structure,
value is a function of milk fat, protein and milk volume.
Rather than model three separate traits of the cow, the
variables were combined into one linear measure of per-
formance. The model allows a cow’s average performance
to fall in one of fifty classes. This number of classes is used
to obtain a discrete approximation to the continuous nor-
mal distribution.

The probabilities of a transition between one of the
classes of performance and another are required for dy-
namic programming. However, these probabilities must
also take account of the number of performances that are
being correlated. That is, for a given repeatability, the
correlation between an average of k-1 and k performances
will be less than the correlation between k and k + 1
performances. The calculation of this correlation is an
original part of this work, and permits the use of the
bivariate normal distribution to calculate the probability of
transitting from one production class to another. If the
average performance of a cow with k performances is
known, and the cow transits to a class where average
performance is based on k + 1 performances, then the
performance over the extra lactation can be determined.

The dynamic programming model itself uses a
bounded horizon and value iteration is used to arrive at the

optimal solution. The programme calculates the present
value initially of a place in the herd over a specified time
horizon. This is perhaps more realistic than an unbounded
horizon, since a farmer will usually plan to retire from
farming after some years. Moreover, the dynamic pro-
gramming algorithm converges in a few years to a stable
solution, so that increasing the time horizon beyond 20
years makes no material difference to the optimal policy.
Another advantage of employing a bounded horizon is that
the genetic improvement of replacement animals can be
incorporated in the model.

A summary of the parameters employed in the model
is shown in table 1.

RESULTS

The solution indicated by the model suggests that
culling on performance should be focused on the first
lactation. Using the parameters in table 1, the following
schedule of percent of animals culled in each lactation was
calculated (table 2). This suggests that the extended re-
cording of herd information may not be necessary for
performance culling. This result was subjected to sensitiv-
ity analysis, and the finding was found to be robust to shifts
in input parameters.

TABLE 1:  Parameters employed for initial solution of dynamic
programming model.

Cost of Replacement $1,000
Ratio of Cull Value to Replacement Cost 0.7
Mean Performance Value $909
Standard Deviation of Performance Value $157
Interest Rate 7.5%
Rate of Annual Genetic Gain 1%
Conception Rate  66.7%
Repeatability 0.55

TABLE 2:  Percent of replacement animals culled on performance in
each lactation.

Lactation 1 2 3 4 5 6 7 8 9
Percent culled 22.1 1.3 0.4 0.2 0.1 0.1 0.0 0.0 0.0

DISCUSSION

In the light of the above results, the effect of various
culling rules was investigated. Three culling rules were
compared:
rule one Cull on performance in all lactations using the

optimal rule shown by the dynamic program-
ming model.

rule two Cull on performance in the first lactation only,
following the decision rule from the dynamic
programming model.

rule three Cull the lowest 8% of cows on performance in
each lactation.

The results are shown in table 3
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3. The model leaves out the feed requirements for cows
of different ages.

4. The model, as formulated, assumes the same fate for
all culled cows, that is, they are sold for beef. It may
be necessary to consider two separate salvage values:
one for those cows sold for beef, and a second for
those cows sold to other farmers.

5. Additional external and internal benefits arising from
culling on performance in all lactations need to be
estimated. Internal benefits may arise from improved
selection of cows to breed cows, and external benefits
may arise from improved selection of cows to
breed bulls.

CONCLUSION

A dynamic programming model incorporating per-
formance class, time of calving, and lactation number has,
subject to the parameters and structure of the model,
shown that a near optimal result can be obtained by culling
on the first lactation only. This result corresponds to that
developed by McArthur [1985], where a simulation model
was reported which used the results from an earlier version
of this model incorporating only performance class and
lactation number.
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The number of replacements required for cows culled
on performance is the highest under the first rule, but the
two “model derived rules” require more replacements than
the third rule. The average age of the herd is lower under
the heavy culling of rule one, but is lowest under the rule
three. This is to be expected because the same level of
culling is applied to all age groups, thereby reducing the
proportion of older cows in the herd. The highest average
age is where cows are only culled on their first lactation.

Finally, the present value of a first lactation animal is
shown. This is calculated over the time horizon of 20
years. It represents the dollar value of a place in the herd
of a cow in her first lactation. Note that the difference
between culling on the first lactation only (rule two) and
optimal culling on performance in all lactations (rule one)
is $2.16 over 20 years. An arbitrary rule of culling the
lowest producing 8% of cows (rule three) resulted in the
lowest present value.

Current Limitations and Future Research
There are a number of limitations which should be borne
in mind when considering the results of this model.

1. The measurement of performance value is perhaps
not as complete as that of the productive worth index
calculated by the Livestock Improvement Corpora-
tion. An interesting comparison should be made by
culling a herd using this dynamic programming model,
and using the production worth index.

2. It is assumed that the repeatability is the same be-
tween all lactations. This assumption needs replacing
with up-to-date estimates. However even with rela-
tively low repeatability values (0.30) similar culling
results were obtained.

TABLE 3:  The effects of the three culling rules on herd characteristics.

rule one rule two rule three

Cows culled on performance
as a percent of the total herd 5.2% 4.9% 2.2%

Average age of the herd in years 4.63 4.66 4.61

Present value of the average expected
production of a first lactation animal

calculated over 20 years $8,189.11 $8,186.95 $6,477.18


