
Chapter 4 

Economic Optimization of Dairy Heifer Management Decisions1 

Abstract 

A farmer exercises control over the heifer rearing unit in two main areas: a nutritional 
plane of growth and the moment of msemination. The two management controls interact with 
biological aspects of growth thereby influencing future profitability of the dairy heifer. A 
dynamic programming model was developed to optimize these decisions for individual 
heifers, using the hierarchic Markov process (HMP) technique. HMP provides a method to 
model a wide variety of heifer calves, differing in age, season, body weight, reproductive 
status and prepubertal growth level. Under Dutch conditions the optimal rearing strategy 
resulted in an average calving age of 22.6 months at a calving weight of 564 kg. Faced with 
the scarcity of exact information on the interrelationships of rearing strategies with the 
productivity of the dairy replacement, the strength of this heifer model lies in the field of the 
sensitivity analyses by providing valuable information regarding the critical components of 
heifer rearing. 

4.1 Introduction 

Raising replacement heifers incurs one of the highest costs of the dairy operation and 
represents 15 to 20% of the total milk production costs (Heinrichs, 1993; Stelwagen and 
Grieve, 1992). As a component of the management system, the rearing of replacement heifers 
is often overlooked. 

The objective of rearing dairy heifers is to produce high-quality dairy replacements at 
low costs. A basic approach in reducing rearing costs is to shorten the non-productive rearing 
period by lowering the parturition age. In the Netherlands, the rearing period of dairy heifers 
lasts 26 months on average. Manipulation of the feeding regimen could reduce the age at 
which the heifers are able to conceive to even less than 9 months, making a rearing period of 
18 months possible (Hoffman and Funk, 1992). However, because of various biological 
interrelationships with growth rate, the ultimate economic outcome of such a reduction in 
rearing time will depend on the balance between several positive and negative impacts. 

Paper by Mourits, M.C.M., Huirne, R.B.M., Dijkhuizen, A.A., Kristensen, A.R., 
Galligan, D.T., Agricultural Systems 61 (1999): 17-31. 

39 



Possible advantages such as decreased feed costs, greater cumulative production per month of 
age, a shorter generation interval and lower overhead costs must be weighed against possible 
disadvantages such as lower conception rates, increased dystocia, reduced milk production 
per lactation and reduced longevity (Heinrichs, 1993; Hoffman and Funk, 1992). 

Rearing decisions interact with underlying biological aspects of growth, thereby 
influencing future profitability. A thorough understanding of the fundamental elements of 
heifer rearing is lacking. To maximize profitability, farm managers need insight into the 
potential impact of their management decisions on technical performance and economic 
results. An estimation of these impacts by means of an economic model could therefore be 
helpful in supporting farmers in their management decisions. During the past decade, several 
management decision support models have been developed to optimize dairy cow 
replacement policies. In all of these models the emphasis is on the mature cow, thereby 
simplifying the rearing aspects (Mourits et al., 1997). 

The objective of this chapter is to describe a stochastic dynamic programming (DP) 
model developed to optimize the rearing strategy for individual heifers, using the hierarchic 
Markov process (HMP) technique. In the model, heifer rearing is modelled as a separate 
farming activity; the model starts with newborn calves and ends with full-grown heifers to be 
sold at market prices. The optimization of the rearing strategy takes into account management 
decisions with respect to growth rate, insemination and replacement. 

4.2 Materials and methods 

4.2.1 Markov decisions and Dynamic Programming 

In this study the heifer rearing problem is structured as a Markov decision process. In 
Markov decision problems, the system modelled is observed over a finite or infinite time 
horizon split up into periods or stages. At each stage, the state of the system is observed and a 
decision affecting the system has to be made. Depending on the state and the decision made, 
an immediate reward is obtained. Conform to the Markovian property (Howard, 1960), the 
immediate reward and state transition probabilities are independent of the history of the 
system. 

Dynamic programming is a mathematical technique which is especially of value in 
situations where a sequence of decisions has to be made, as is the case with heifer rearing. To 
solve general Markov decision problems by DP, several optimization techniques are 
available. The most commonly applied method is called value iteration (Bellman, 1957). 
Value iteration makes it possible to handle large models and is exact when optimization 
occurs under a finite planning horizon. Under an infinite planning horizon, value iteration can 
be used to approximate the optimal policy. Another relevant optimization technique is policy 
iteration (Howard, 1960). Policy iteration can be used for optimization under an infinite 
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planning horizon and is in that case exact. Because of the more complicated mathematical 
formulation involving a solution of large systems of simultaneous linear equations, the 
method can only handle rather small models of a few hundred states (Kristensen, 1988). 

In order to combine the computational advantages of the value iteration method with 
the exactness and efficiency of the policy iteration method, Kristensen (1988) developed an 
efficient DP dgorithm, i.e. the hierarchic Markov process (HMP). The HMP technique makes 
it possible to give exact solutions for models with even large state spaces and, therefore, 
contributes to the circumventing of the so-called 'curse of dimensionality' (Kennedy, 1986). 
This curse is a major problem in relation to application of Markov decision processes to real 
world problems. Since the state space is represented by discrete levels of state variables, 
models tend to become very large, resulting in high memory requirements and high 
computation costs. Houben et al. (1994) presented a dairy cow replacement model which 
contained 6.8 million states. Despite the size of the model, optimization was still possible, 
due to the use of the HMP technique. 

4.2.2 Optimization within HMP 

Within HMP, a series of Markov decision processes, called subprocesses, is built 
together in one Markov decision process, called the main process. The number of states in the 
main process determines the number of subprocesses. State variables of the main process 
concern permanent traits that vary among animals but are constant over time for the same 
animal (e.g. genetic background). Traits that vary over time for the same animal are defined 
as state variables in the subprocesses. Each state in the main process represents a separate 
subprocess with a finite number of stages (i.e. maximum lifespan of an animal). The stage 
duration in the main process equals the total length of the corresponding subprocess. The 
reward in a state of the main process is determined from the total rewards of the 
corresponding subprocess (Kristensen, 1988; Houben et al., 1994). 

HMP determines the optimal policy by maximizing (or minimizing) some predefined 
objective function. The objective function depends on the situation modelled; it may 
represent the total expected rewards, the total expected discounted rewards, the average 
reward per stage or the average reward over some kind of physical output (Kristensen, 1991). 
The heifer rearing process is characterised by high initial costs and a final revenue at the end 
of the rearing period. Time preference for money may have an impact on the final optimal 
decision strategy. The objective function in this study is therefore the maximization of the 
total present value of expected net returns per heifer place. 

Within the rearing model, the iterative optimization procedure of the HMP 
(Kristensen, 1988) contains the following three steps; (to avoid ambiguity, the states and 
decisions of the main process will be denoted by Greek letters) 
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- Step 1 
Choose an arbitrary policy a. Go to step 2. (The map of policies of subprocesses is 

denoted a, while a policy for a subprocess is denoted s.) 

- Step 2 
Solve the following set of linear simultaneous equations 

Fa(cr) = f a ( a ) + XE(B|a^)(o-)P^(o-)F^(o-), a,j9=l,..,u 
0=1 

where 
Fa(rj) = total present value of expected future rewards in state a under 

policy o, 
fa(o") = me immediate reward in state a of the main process, 

(= present value of entire subprocess) 

J p ^ d . s ) , s=<r(a) 
i=l 

Pi(0) = probability of starting at state i in subprocess a, 
fi(t,s) = total present value of expected rewards from the remaining part of 

the process under policy s, when present state and stage are i and t 
respectively, 

\(t,s), t = T 

'r i(t,s) + b.(t,s)|lp i j(t,s)f j(t + l,s), t=T-l , . . , l 

ri(t,s) = immediate expected reward in state i at stage t under policy s, 
bj(t,s) = discount factor in state i at stage t under policy s, 
Pij(t,s) = transition probability from state i in stage t to state j in the following 

stage under policy s, 
It = number of states at stage t, 
E(B|a,P)(o") = the conditional expected discount factor under policy a given state a 

in present stage and state p in the following stage of the main 
process, 

Pap(o) = transition probability from state a to state P in the main process, 
E(B|a,p)(0)P(ip(a) = combined value of conditional expected discount factor and 

transition probability given state a in present stage and state P in the 
following stage of the main process, 
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£p,(0)q ,(l,s), s = «T(a) 
i=l 

qi(t,s) = expected discount factor from the remaining part of the process 
under policy s, present state i and stage t. During the last stage (T) 
of subprocess a, the transition from state a to state p in the 
following stage of the main process is determined by state i, 

0, t = T, i*j3 

.b,(t,s), t=T , i = /J 
b i (t,s) 2 p y ( t , s ) q j (t + 1,8), t =T -

u = number of subprocesses. 

- Step 3 
For each subprocess a, find by means of the recurrence equations a policy s' of the 

subprocess: 
r m a^{r i(t ,d) + b i(T,d)TF.} t = T 

r. (t,d) + b, ( t , d ) £ P i j (t, d) (t +1) I, t = T -

d 1 

max I 

where 
Vai(t) = maximum total present value at subprocess a, state i, and stage t, 
TFj = terminal value depending on final state i of subprocess a at stage T. 

The decision d'(t,i) maximizes the right-hand side of the recurrence equation of state i at 
stage t. Those decisions determine the new policy s'. Set c'(ci) = s' for a = l,..,u. If the new 
policy equals the old policy, terminate the optimization process, because then an optimal 
policy has been found. Otherwise, redefine the old policy according to the new policy and go 
back to step 2. 

4.2.3 Stages, state variables and decisions 

The parameters of the heifer model have been chosen to represent the Dutch Black 
and White dairy cattle population. Input variables are based on the results of a literature 
review (Mourits et al., 1997). 
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- Main process 
In the heifer model the only state variable included in the main process (a) is month 

of birth. Seasonal effects on prices of feed, milk, meat and calves and on the expected milk 
production can substantially influence economic results. Heifers born in different months but 
reared at the same growth rate differ in their net revenues. Similar to the calendar months, 12 
monthly birth-classes are distinguished, resulting in 12 subprocesses (u). Together with 
information on stage number, this state variable determines the month during a certain stage 
in a subprocess. The month in which a heifer is replaced (=action in subprocess) determines 
the month of birth of the replacing heifer calf (=next state in main process). Because of this 
sequencing, the transition probabilities of the main process (Paß) are dependent on the policy 
of the subprocess (a). The stage length in the main process is equal to the maximum duration 
of the rearing period, which is set at 30 months. Decisions are only defined in the 
subprocesses, because a decision in the main process is equal to an entire policy (s) in the 
corresponding subprocess. 

- Subprocesses 
Each subprocess consists of the same set of stages, state variables and decisions but 

starts at a different month of birth. After birth a fixed weaning period is modelled, resulting in 
weaned calves at an age of 2 months and a body weight of 75 kg. Optimization of the rearing 
decisions starts, therefore, at the age of 2 months. The maximum age of a heifer (maximum 
rearing period) equals 30 months. Decisions are made on a monthly basis, resulting in a total 
of 29 stages. Because of the HMP structure, the successive stages of the subprocesses 
correspond to the age of the heifer and age as such no longer needs to be included into the 
state space. At each stage (t), the state (i) of a heifer is described by the following state 
variables (number of classes in brackets): body weight (173), reproductive state (32) and 
maximum prepubertal growth rate (3). 

Body weight (BW) is the main state variable. It determines the onset of puberty, and 
influences feed costs, slaughter value, expected milk production and market price. The BW 
variable represents the actual live weight of the heifer, corrected for the weight of foetal 
tissue. Maximum BW is set at 612 kg. The number of BW classes depends on the interval 
between the gain strategies modelled. In the first stage BW equals 75 kg. After the first stage, 
BW can only be one of the weights out of a range of 90.25 kg to 611.8 kg with 3.05 kg-
intervals. The number of possible BW varies per stage from only one state in the first stage 
up to 49 BW states in the seventeenth stage. 

The reproductive state is divided into 32 classes; one class describing the prepubertal 
state, 22 classes the cyclic states, and 9 classes describing the pregnancy states. The cyclic 
state depends on the oestrus number and the moment of first insemination (see Appendix for 
more details). 
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A prepubertal growth rate beyond the recommended growth rate of 0.7 kg per day is 
assumed to have a negative influence on future milk production ability. Because of this 
influence the maximum prepubertal growth rate is included as a 'memory' state variable. The 
variable is thereby divided into 3 rate classes for maximum prepubertal growth rate < 0.7 
kg/day, > 0.7 and < 0.9 kg/day, or >0.9 kg/day. 

A combination of values of BW, reproductive state and prepubertal growth rate with 
age and season defines a state in the model. Besides these defined states, 12 additional states 
are included to describe the replacement state. The replacement state is divided into 12 
monthly classes to define the month of replacement. 

The model selects one of the following decisions (d(t,i)) as optimal; 

1. KEEP-decisions; Keep the heifer at least one more month in pursuance of one of the 
following weight gain strategies: 500, 700, 900 or 1100 grams per day. These four 
decisions can be made for all animals with a reproductive state of less than 7 months of 
pregnancy. During the last 2 months of pregnancy it is assumed that the only possible 
growth rate equals 300 grams per day. 

2. LNSEMTNATE-decisions; Keep the heifer at least one more month in pursuance of a 
growth rate of 500, 700, 900 or 1100 grams per day and inseminate her when seen in 
oestrus. Insemination can occur during the cyclic reproduction states, until 22 months of 
age. 

3. REPLACE-decision; Replace (sell) the heifer at current season, age, weight, pregnancy 
state and prepubertal growth rate. In the model the decision to replace results in an 
immediate replacement at the beginning of the month. Heifers, which are 9 months 
pregnant, are automatically sold. 

Besides the defined 29 stages, one additional stage is added to the subprocesses 
(T=30), containing only the 12 replacement states. Based on the state distribution in this last 
stage, the transition probabilities in the main process are calculated. By means of these 
probabilities, the main process links the subprocess to subsequent subprocesses, depending 
on the month of replacement of the heifer. In Table 4.1 the characteristics of the model are 
summarised. 

4.2.4 Transition probabilities 

Uncertainty in the processes of reproduction and involuntary disposal is represented 
by three groups of transition probabilities. 
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- Onset of puberty 
Research has demonstrated that the onset of puberty is determined by BW. In general 

heifers start to cycle at approximately 43% of their mature BW. For the Dutch Black and 
White dairy population this coincides with an average BW of 275 kg. In the model the 
probability of puberty is normally distributed over the BW classes with an average BW at 
puberty of 276.3 kg and a variation coefficient of 10%. This means that puberty occurs within 
the BW range of 220 kg to 332 kg. 

- Conception 
The marginal probability of conception is calculated from the probability of first 

and/or later inseminations occurring and the probability that conception takes place after 
insemination. Because the stage interval is one month, the conception probabilities are 
calculated for monthly periods. For a more detailed description, see the Appendix. Heifers 
which fail to conceive after 6 cyclic months are replaced. 

- Disposal 
Disposal not subject to decision making in the model is referred to as involuntary 

(Van Arendonk, 1985). The probabilities of involuntary disposal during each month of age 
are 0.6,0.4, and 0.2 % for months 2 to 4 respectively and 0.15% for subsequent months. 

The transition probabilities py(t,d) are calculated as a multiplication of the 
probabilities of puberty, conception and involuntary disposal. A heifer enters one of the 
replacement states when it is voluntarily or involuntarily replaced within a particular season. 
The heifer remains in this replacement state until the last stage. 

Table 4.1 Characteristics of the heifer rearing model 
State variable of main process (a) 

Month of birth 12 classes 

State variable of subprocess (i) 
Body Weight 173 classes 
Reproductive state 32 classes 
Prepubertal growth rate 3 classes 
Replacement state 12 classes 

Number of stages (T) 30 

Decisions (d(t,i)) 
Keep 5 growth rates 
Inseminate 4 growth rates 
Replace -
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4.2.5 Economic Components 

In the current model heifer rearing is modelled as a separate farming activity. The 
model starts with new-born calves which are bought from the clairy cow enterprise. Grass and 
silage consumed by the dairy heifers are assumed to be produced on the farm itself. The costs 
of housing and regular labour supplied by the farmer are considered to be fixed costs and are 
therefore not included. Net revenues per heifer originate therefore from the heifer rearing 
enterprise and grassland exploitation and form the compensation for the housing, labour and 
management supplied. 

- Costs 
In the model heifer calves are bought one week after birth. The calf costs are based on 

an average live weight of 38 kg and a base price per kg of Dfl 6.60 (Dfl 1« US$ 0.50) per kg 
of live weight. The seasonal variation in this base price is presented in Table 4.2. Due to this 
seasonal variation, heifer calf costs vary from Dfl 329 for calves born in July to Dfl 188 for 
calves born in March. 

Table 4.2 Per calendar month effects on base prices of calves, heifers and carcass weight 
(Dfl 1 » US$ 0.50)". 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Prices (Dfl) 
calves (kg"') -1.18 -1.49 -1.66 -0.18 +1.77 +1.95 +2.06 +0.79 -0.07 -0.47 -0.73 -0.97 
dairy heifers -35 -55 -65 -45 +10 +15 +25 +45 +50 +55 +20 -20 
carcass (kg 1) -0.34 -0.20 -0.04 +0.06 +0.27 +0.29 +0.24 +0.14 +0.08 -0.03 -0.19 -0.27 
"Based on (Jalvingh et al., 1993). 

The calculation of the monthly feed intake and costs is based on the linear 
programming (LP) model presented by Mourits et al. (1997). The objective function of this 
model is to minimize the cost of a feed ration providing adequate levels of both energy and 
protein, within the limits of the dry matter intake. For each combination of state variables and 
gain strategy, a least cost ration is determined. The feedstuffs used in this model are typically 
those fed in practice, with grass and concentrates in summer (May through October) and 
silage and concentrates in winter (November through April). 

The costs of the weaning period are set at Dfl 150 per heifer, while insemination costs 
equal Dfl 30. During the first stage veterinary costs are Dfl 10. This amount reduces to Dfl 8 
in the second stage, to Dfl 5 in the following 9 stages, and to Dfl 3 afterwards. 

The discount factors in the model account for the time preference of costs and 
revenues using a real annual interest rate of 5% (i.e. market rate minus inflation). 
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- Revenues 
In the Netherlands most farmers use homegrown heifers as replacements. A clear 

market system for replacement heifers is therefore lacking. The value of a replacement heifer 
depends on the month of calving and the expected milk production ability. The expected milk 
production ability is influenced by the prepubertal growth rate and the BW at calving 
(Foldager and Sejrsen, 1987; Hoffman and Funk, 1992). By defining a system based on 
premiums, the market value of a replacement heifer is estimated relative to a predefined 
standard heifer. For the definition of the standard heifer, the characteristics of an average 
Dutch heifer are used (Table 4.3). 

Table 4.3 Characteristics of standard heifer. 
BW at calving (kg) 525 
Max. prepubertal growth rate (g/day) 700 
Market price (DflY heifer) 2100 
Milk production 

milk (kg) 6800 
fat content (%) 4.41 
protein content (%) 3̂ 48 

The market price of an average replacement heifer equals Dfl 2100. The premium for 
calving month is based on the differences in the seasonal market prices (Table 4.2). The 
highest market price of an average heifer is achieved in October (Dfl 2155), while the lowest 
price is achieved in March (Dfl 2035), implying a difference of Dfl 120. 

The average BW at calving is approximately 525 kg. Assuming the average market 
price to be related to this average BW, the premium on the BW at calving has to be related to 
this BW class. As demonstrated in several field surveys (Heinrichs and Hargrove, 1987; 
Hoffman and Funk, 1992; Keown and Everett, 1986) and experiments (Van Amburgh and 
Galton, 1994), the effect of a higher BW at first calving is an increase in milk production. 
The effect of calving weight on milk yield is mainly due to environmental causes such as feed 
and management. Genetic correlations of BW at calving with milk yield traits are generally 
low (Lee, 1997). Persuad, Simm and Hill (1991) found a genetic correlation between first 
calving weight and a 182-day milk yield of 0.06 (phenotypic = 0.12). Lee et al. (1992) 
estimated the correlation between calving weight and a 168-day milk production at 0.05 
(phenotypic = 0.19). Genetics determines the potential for an embryo to grow into a highly 
profitable adult cow, whereas feeding and management determine the extent to which that 
potential will be realised. Heavier cows have no greater genetic propensity to yield milk than 
lighter cows. However, better-grown heifers eat more forage and can tolerate more 
concentrate consumption without digestive or metabolic disorders. A good body condition at 
calving is therefore essential for a high milk yield (Lee, 1997). Based on the results of 
Persuad, Simm and Hill (1991) the environmental correlation equalled 0.26 within a 
production period of 182 days, resulting in an environmental regression coefficient of 7.1 kg 
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of milk yield per kg calving weight. The 168-day inilk yield data of Lee et al. (1992) resulted 
in an environmental correlation of 0.27 and a regression coefficient of 3.8 kg of milk yield 
per kg of calving weight. Expressed as a percentage of the corresponding average milk 
production, the regression coefficients coincided with 0.17% and 0.13% respectively. 
Because of higher energy requirements at the beginning of the lactation, the influence of a 
heavier weight at first calving is supposed to be stronger during the first part of the lactation. 
The environmental regression coefficient between calving weight and a 305-day milk yield is 
therefore expected to be lower than 0.15%. 

In this study the relation between calving weight and milk production is assumed to be 
linear for BWs < 570 kg. Heifers with a BW of 1 kg above (or below) the standard weight of 
525 kg are expected to produce 0.1% more (or less) than the predefined standard production 
of 6800 kg milk. The influence of BW at calving on the expected milk production (EMP) in 
the first lactation can be described as follows: 

EMP = SMP x ( 1 + 0.001 x (B W - 525)), for B W < 570 kg 
EMP = SMPx (1 + O.OOlx(570 - 525)), for BW > 570 kg 

where SMP equals the standard milk production of 6800 kg. 
Several studies have demonstrated a curvilinear relationship between prepubertal 

growth rate and subsequent milk production. Based on the data presented by Foldager and 
Sejrsen (1987), S0rensen (1989) expressed the reduction in the production of Danish heifers 
as follows: 

M p ^ l , for x< 0.6 kg/day 

M p r e P =0.67 + 1.30xxl.25x2, for x> 0.6 kg/day 
where M p r e p is the relative milk production ability, due to the energy level in the critical 
period and x is the average daily gain during the critical period. The feeding level that causes 
a reduction in milk yield potential varies between breeds (Sejrsen and Purup, 1997). For the 
larger Holstein heifers in the model it is assumed that the milk production ability is depressed 
if the prepubertal daily gain exceeds 700 grams. The relative impact of growth rate beyond 
this critical rate is estimated by the same equation after inclusion of an adjustment factor of 
6/7: 

M p r e p = l , for X< 0.7 kg/day 

M p r e p =0.67 + 1.30(Xx6/7)xl.25(Xx6/7)2, for X > 0.7 kg/day 
where X represents the maximum prepubertal growth rate. 

The total economic impact of the expected milk production ability is determined by 
Premiummiuc = (M^p * EMP - SMP) * p, where p represents the milk price corrected for feed 
cost (net return per kg of milk) and corresponds to Dfl 0.62 per kg of milk. 

Besides the influence on milk production, BW at calving also influences the 
occurrence of dystocia (= complications around parturition). However, a quantification of this 
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relationship is difficult because of the many possible effects dystocia has on the health of 
dam and calf (Erb et al., 1985). In the model the premium for the influence of BW on 
dystocia is based on the expected effect on calf mortality and veterinary cost, and is equal to 
Dfl (-0.40 * calf price - 300) for heifers with a BW lower than 425 kg, Dfl (-0.23 * calf price) 
for heifers with a BW between 425 kg and 475 kg and Dfl 0 for heifers with a BW higher 
than 475 kg. 

Based on the valuation system as defined above the market value of a replacement 
heifer equals: 

Market Price = 2100 + Premium(Season) + Prermiim^ik) + Premium(dystocia) • 

To simplify the system, the market value of heifers less than 9 months pregnant is set 
equal to the slaughter value. Slaughter value is calculated from BW, dressing percentage and 
price per kilogram of carcass weight. The dressing percentage is set at 50%, while the base 
price per kilogram of carcass weight equals Dfl 5.30. Monthly deviations expressed as 
deviations from these prices are presented in Table 4.2. 

4.2.6 Immediate expected reward 

With the above costs and revenues, the immediate expected rewards A(t,d) for state i 
at stage t are calculated as follows: 

where 
Tifokeeprafc) = immediate expected reward for state i at stage t and decision keeprate is to 

keep the heifer at least one more month in pursuance of one of the defined 
growth rates (300,500,700,900,1100 g/d), 

- Keep 

r i ( t - k e e P r a t e ) = ' 

keep3 = keep in pursuance of 300 g of BW gain per day, 
keep5.i i = keep in pursuance of 500,700, 900, or 1100 g of BW gain per day, 
CQ = costs of replacement calf at state i, 
WC = costs of weaning period, 
FC(t(keeprate) = feed costs of determined growth rate at stage t, 
VC(t) = veterinary costs at stage t, 

50 



Repi = reproductive state of state i (see Appendix), 
G7 = seventh month in gestation, 
X. = replacement state defined by month of replacement, and 
T = last month in rearing period. 

- Inseminate 

Tj^ insm^n) 
f-FC(t, 

H » . 
insm 5 n )-VC(t)-IC, t<22, Rep. = open 

i = A1,..,Aj2 

where 
ri(t,insm5.n) 

IC 

= immediate expected reward for state i at stage t and decision insms-n is 
to inseminate the heifer and to keep her for at least one more month in 
pursuance of a growth rate of 500,700,900, or 1100 g/d, 

= insemination costs. 

• Replace 

r(t,repl) = 
SE.(t), 
Market price; (t), 
0, 

Rep. <G9 
Rep. =G9 
i = Aj,..,A12 

where 
rj(t,repl) 

G9 
SEi(t) 

= immediate expected reward for state i at stage t and decision repl is 
to replace (sell) the heifer at the beginning of the month, 

= 9 months of gestation, and 
= carcass value for state i at beginning of stage t. 

4.2.7 Retention pay-off (RPO) and Insemination Value (IV) 

For each decision at each state and stage, the HMP algorithm generates the expected 
present value of net returns (Vai(t)), assuming optimal decisions in the future. After the 
determination of the optimal rearing policy these values can be used to evaluate the impact of 
a decision at a certain stage by two key figures: retention pay-off (RPO) and insemination 
value (IV) (Van Arendonk, 1988). 

RPO„ (t) = maxCVV (t, keep ̂ ) , V^ (t.insm ̂ ) ) - V^ (t, repl) 
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The RPO of a heifer is the total extra profit to be expected from keeping or 
inseminating a heifer in pursuance of one of the defined growth strategies until her optimal 
calving (or selling) age, compared with immediate replacement, taking into account the risk 
of involuntary disposal. The IV is the extra profit to be expected from inseminating a heifer 
in pursuance of one of the growth strategies, compared with leaving her open for at least 1 
more month in pursuance of the same growth rate, taking into account the risk of no 
conception and involuntary disposal. 

4.3 Model behaviour 

Model behaviour is studied by evaluating a basic (default) situation, based on the 
default input variables described. Economic and technical results are presented at farm level. 
Rearing rate decisions are illustrated and discussed by means of RPO and IV values. 

4.3.1 Basic situation: Economic and technical results 

The HMP model yields optimum decisions for all possible states of a heifer. Table 4.4 
shows the average farm results after applying these decisions in the basic situation, reflecting 
the economic and technical results of heifers born in an 'average' season of birth. The 
optimal rearing policy resulted in an average annuity of the present value of expected net 
returns per heifer per year of Dfl 337 (housing and fixed labour costs not included). The 
average discounted rearing cost equalled Dfl 753 per heifer per year. 59.8% (Dfl 450) of 
which was due to feed costs of heifers older than 2 months. 

Table 4.4 Optimum results based on an average season of birth within the basic situation. 
Discounted net returns (Dfl/yr per heifer) 337 
Discounted rearing cost (Dfl/yr per heifer) 753 
Discounted feed cost (Dfl/yr per heifer older than 2 mo) 450 
Age at puberty (mo) 12.1 
Calving age (mo) 22.6 
Calving weight (kg) 564 
% of heifers (age >2 mo) involuntarily culled 3.8 
% of heifers (age >2 mo) reared as dairy replacements 95.1 
% of heifers (age >2 mo) reared as beef heifers 1.1 

The optimal policy resulted in an average calving weight of 564 kg at an average 
calving age of 22.6 months. Only 3.8% of the heifers older than 2 months were involuntarily 
culled. Of the remaining 96.2%, most heifers were reared as dairy replacements (98.9%). 
Less than 2% were sold at the beef market, due to insufficient reproduction i.e., heifers still 
open after 6 cyclic months. 

Average age at puberty coincided with 12.1 months at a BW of 285 kg. Based on 
these results the optimal average prepubertal daily gain corresponded to 682 g/day. Table 4.5 
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shows the distribution of age at the onset of puberty. More than 70% of the puberty occurred 
within the age interval from 11 up to 14 months. 

Average age and BW at calving corresponded with 22.6 months and 564 kg 
respectively, resulting in an average postpubertal daily gain of 871 g/day. Table 4.5 displays 
the distribution of age at calving. Under the optimal strategy, 64.2% of the heifers calved 
between the age of 21 and 24 months. Only 12.2% had a calving age of older than or equal to 
25 months. Basic results demonstrated a narrow distribution of BW at calving; 78.9% of the 
heifers calved at a BW between 560 and 575 kg. Only 7.4% had a calving BW of less than 
535 kg. 

Table 4.5 Relative distribution of age at puberty and at calving. 
Age at puberty % Age at calving % 
< 10 months 1.2 < 21 months 7.7 
£ 10 and < 11 months 10.0 £ 21 and < 22 months 16.8 
> 11 and < 12 months 22.7 i 22 and < 23 months 25.0 
£ 12 and < 13 months 29.5 > 23 and < 24 months 22.4 
> 13 and < 14 months 23.0 £ 24 and < 25 months 15.9 
£ 14 months 13.6 £ 25 months 12.2 

The average distribution of calvings per calender month is shown in Figure 4.1. 
Because of the seasonal differences in revenues, preference existed for October as calving 
month (13.8%), while July was the least preferable calving month (2.8%). Differences in net 
returns of successive months resulted in a concentration of calvings within the fall period. 

0 T 1 1 1 1 1 1 1 1 1 1 1 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Calving month 

Figure 4.1 Relative distribution of calvings per calving month. 
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4.3.2 Rearing decisions 

Since the model consists of more than 600,000 states and 10 alternative decisions, it is 
impossible to show the optimal rearing policy as a whole. Instead the RPO or IV values of 
some specific states will be used to discuss the impact of different state variables and 
decisions. 

- Prepubertal period 
In Figure 4.2, the effects of BW, prepubertal state and average daily gain (ADG) on 

RPO are shown for heifers of 6 months of age. For this figure heifers were born in January or 
July and had a maximum prepubertal ADG of 700 g/day and a precyclic reproduction state. 
As mentioned before, the prepubertal state is determined by the maximum prepubertal ADG. 
The expected impact of maximum prepubertal growth rate on subsequent milk production 
had a considerable influence on the RPO-values. Growth rates beyond the 700 g/day resulted 
in less preferable prepubertal states and therefore in lower RPO-values. 

Figure 4.2 Effect of ADG, BW and month of birth (January or July) on retention pay-off (RPO) 
for heifers of 6 months of age (maximum prepubertal ADG = 700 g/day). 

Differences in the RPO-values of heifers born in January and the RPO-values of 
comparable heifers born in July illustrate the effects of seasonal differences in costs and 
revenues. The present value of expected net returns given the current state (i) of the heifer, 
the decision to replace her at stage t and optimum decisions in the future (Voj(t, repl)) 
considerably differed per month of birth. At an age of 6 months the present value of expected 
net returns at replacement was approximately Dfl 250 lower for January heifers than for July 
heifers. The impact of Voj(t, repl) on resulting RPO-values was therefore smaller for heifers 
born in January. 
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Due to the expected month of calving and seasonal feed costs the negative impact of 
an ADG of 900 g/day was greater for heifers born in My. For heifers raised prepubertally at 
1100 g/day it was mostly more profitable to rear them as beef heifers. The expected impact of 
a prepubertal growth rate of 1100 g/day on the RPO values of July heifers was therefore 
weakened. For heifers of 6 months of age and born in January the economically optimal state 
and decision turned out to be a BW of 154 kg under a growth rate of 700 g/day. For heifers 
born in July these values were 160 kg and 700 g/day. 

- Cyclic period 
For heifers in their first cyclic period at an age of 13 months, the effects of BW and 

ADG on IV-values are shown in Figure 4.3. Heifers in this figure were born in January or 
July and had a maximum prepubertal growth rate of 900 g/day. msemination should be 
delayed for heifers born in January, until the heifers have reached a BW of 285 kg. To 
prevent the heifers from getting too heavy, the ADG of 500 g/day was preferred to the ADG 
of 900 g/day for heifers with a BW of more than 334 kg. Represented by a first cyclic period 
and a prepubertal growth of 900 g/day, for July heifers it was more profitable to leave them 
open. Additional calculations showed that it was economically optimal to inseminate July 
heifers at an earlier age or at a lower state of the maximum prepubertal growth rate. For the 
defined states in Figure 4.3 it was no longer profitable to rear the heifers as dairy 
replacements; the optimum policy resulted in raising the heifers for the beef market. 

II I I I I I I I I I 
II I I I I 111 I I 

-60 
CM CM CM CM 

BW (kg) 
1500 g/day 1900 g/day 

-60 
• m 

CM CM CM CM 

BW(kg) 
en m 

1500 g/day 1900 g/day 

Figure 4.3 Effect of (ADG), BW and month of birth (January or July) on insemination value (IV) 
for heifers in their first cyclic period at an age of 13 months (maximum prepubertal 
ADG = 900 g/day). 
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- Gestation 
In Figure 4.4, the effects of BW and month in gestation on the RPO-value are shown 

for heifers born in January and July respectively. Those heifers were 20 months of age and 
had a maximum ADG during the prepubertal period of 700 g/day. The RPO-values were 
based on the keep decision in pursuance of an ADG of 900 g/day. 

The RPO-value of a certain month in gestation was strongly correlated with BW; for 
heavier heifers it was economically more profitable to be in a later stage of gestation than for 
the lighter animals. July heifers which were less than 3 months pregnant and weighted more 
than 527 kg were replaced. 

Figure 4.4 Effect of BW, month of birth (January or July) and month in gestation (Pregnant = 2,4 or 6 
months) on retention pay-off (RPO) for heifers of 20 months of age (maximum prepubertal 
ADG = 700 g/day, ADG = 900 g/day). 

-Rearing rates 
The rearing rates can be ranked according to their RPO values. Figure 4.5 shows the 

optimum rearing pattern and BW per stage for a heifer born in an 'average' season of birth, 
based on the average ages of 12 months at puberty and 22 months at calving. Until puberty 
(12 mo), the optimal ADG equalled the critical prepubertal growth rate of 700 g/day. Once 
cycling, the heifer should be inseminated as soon as possible in pursuance of 900 or 1100 
g/day. As long as the heifer is not pregnant, the remaining time period until calving is 
uncertain. Because of this uncertainty, differences in RPO values for a 900 and a 1100 gram 
growth were very small during the first two cyclic months; maximum variation equalled Dfl 
8. Once pregnant (14 mo), the heifer should be reared at the highest rate to achieve the most 
optimum BW at calving, ending with the predefined 300 gram growth per day during the last 
2 months of gestation. 
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Figure 4.5 Optimum rearing pattern. 

4.4 Discussion 

In the default situation, the optimal rearing policy resulted in an average calving 
weight of 564 kg at an average calving age of 22.6 months. Discounted net returns coincided 
with Dfl 337 per heifer per year. States within a stage and decisions per stage could be ranked 
according to their RPO and IV key values. Ranking prepubertal rearing rates demonstrated a 
considerable impact of the prepubertal critical growth rate on the optimal rearing policy 
(Figure 4.2). With regard to feeding costs (=60% of total variable costs) it would be more 
profitable to reduce the prepubertal period to the minimum age at puberty of 7 months by 
increasing the ADG. However, expected penalties for rearing rates above the critical 
prepubertal rate exceeded the savings of feed costs, resulting in an optimal prepubertal 
growth rate of 700 g/day and an average prepubertal period of 12 months. At present, the 
interrelationships of rearing strategies with the productivity and profitability of the dairy 
replacement are not well understood (Mourits et al., 1997). Additional research is needed but 
will be limited because of the cost associated with rearing experiments. Faced with this lack 
of information, the strength of this heifer model lies in the field of the sensitivity analyses by 
providing valuable information regarding the critical components of heifer rearing. 

BW gain can be divided into an increase in structural tissue and in fat deposition. 
Structural growth starts slowly, reaches a maximum at puberty and slows down thereafter 
(Judge et al., 1989). Besides an increase in fat deposition with developmental stage, higher 
energy diets also result in a proportionally higher fat deposition. In general, a body condition 
score at calving of more than 3.5 should be prevented (Hoffman, 1997). Excessively 
conditioned heifers (body score >3.5) are not of productive benefit and only result in an 
increased potential for metabolic disorders. Therefore, in assessing the optimum growth 
pattern of a replacement heifer, factors associated with body composition should also be 
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considered. Research information on the relationship of BW, growth rate and growth pattern 
with body condition is critically lacking. Consequently, only BW is used in this model to 
define the optimum body size. The resulting optimal policy is therefore only valid if the body 
condition score at calving is between 3 and 3.5. While preventing excessive conditions by 
monitoring body conditions at regular intervals, it will be economically optimal to rear at 
modest levels prepubertally, to inseminate early and to rear at higher rates postpubertally. 

Within the sensitivity analyses, calculations will demonstrate to which extent the 
optimum policy and economic results are influenced by limitations in growth levels during 
certain periods of time (like gestation) to prevent excessive body conditions. 

In the present model the valuation of full-grown heifers is based on a system of 
premiums. GaUigan et al.(1995) used in their study the lifetime gross margin values as 
calculated by Jalvingh et al. (1993) to value full-grown heifers. These values show the 
seasonal benefits of month of first calving. The calculation of these lifetime gross margins 
was based on a predetermined optimal dairy cow decision policy. However, one of the input 
variables in the determination of these optimum dairy cow decisions was the cost of a 
replacement heifer, and as demonstrated by Van Arendonk (1985), this cost could 
considerably affect the optimum msemination and replacement decisions on dairy cows. The 
lifetime gross margins are therefore indirectly a result of the heifer price used. A valuation 
system based on these gross margins is therefore less valid, because it estimates the value of a 
heifer on some preliminary assumptions of the same value. 

The valuation system in the present model only takes into account the expected 
impact on milk yield during first lactation. Long term effects of prepubertal growth rate and 
calving season on expected future profitability are not considered. Inclusion of these effects 
would result in a better understanding of the main components with regard to the rearing of 
homegrown heifers. In such a scenario rearing heifers is no longer seen as a separate activity 
but as an integrated aspect of the dairy enterprise. In the future, such a model could be 
developed by linking the present heifer model to a dairy cow replacement optimization 
model. 
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Appendix 

The marginal probability of conception is calculated from the probability of heat 
detection and the probability that conception takes place after insemination. Because the 
stage interval is one month, monthly periods are used to calculate the conception 
probabilities. For example, the period of 442.25 to 472.75 days of age is used to calculate the 
marginal probability of conception at 15 months of age. The average oestrous cycle, however, 
lasts 21 days. Based on a stage interval of 30.5 days (1 month), the number of oestrus varies 
among the successive stages. In the model, it is assumed that the occurrence of first oestrus is 
equally distributed over the decision period. Furthermore, a constant cycle length of 21 days 
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is used for heifers which remain open after a previous insemination. The probability of 
conception during a certain cyclic stage, in which oestrus A and B occur, then depends on 1) 
the proportion of empty heifers which is inseminated for the first time, 2) the proportion of 
heifers which is inseminated during oestrus (A) but fails to conceive and reaches a following 
oestrus (B) during the same month, and 3) the proportion of heifers which is not detected 
during oestrus (A) but reaches a following oestrus (B) during the same month. 

Heifers which fail to conceive after 8 oestrus are replaced. These assumptions have 
resulted in the definition of the following 32 reproductive state-classes; 1= prepubertal state, 
2= first cyclic period, 3= second cyclic period without previous insemination, 4= second 
cyclic period with previous insemination, 5= third cyclic period without previous 
insemination, 6= third cyclic period with first insemination during the first cyclic period, 7= 
third cyclic period with insemination during the second cyclic period, ..=...., 22= sixth cyclic 
period with first insemination during the fifth cyclic period, 23= empty state after 6 cyclic 
periods, 24= one month pregnant, ..= ..... and 32= nine months pregnant, where a cyclic 
period lasts 30.5 days and relates to the oestrous cycle as demonstrated in Table A4.1. The 
probability of conception during cyclic period i, pi, is calculated from the following equation; 

m m 

P i =l ¥ j c j +(I f « k i V ) d j c j 
where Fy represents the proportion of empty heifers which is inseminated for the first time, 
during oestrus j in cyclic period i, dj is the heat detection rate of oestrus j , Cj is the conception 
rate after insemination during oestrus j , fyH denotes the proportion of empty heifers which is 
mserninated for the first time during oestrus 1 in cyclic period k, qyu is the probability of a 
heifer, inseminated for the first time during oestrus 1 in cyclic period k, fails to conceive until 
the jth oestrus in cyclic period i, and m is the maximum number of oestrus considered. Fy can 
be determined from Table A4.1. For example, if a heifer is inseminated for the first time 
during the second cyclic period, the first insemination occurs for 69% during the second 
oestrus, and for 31% during the third oestrus. The conception rate and detection rate are 
dependent on oestrus number. The conception rate coincides with 55% and 65% for oestrus 
numbers 1 and 2, and with 70 % for higher numbers, while the detection rate equals 40% for 
the first oestrus, 60% for the second cycle, and 70% for all oestrous cycles afterwards. 

The marginal probability of conception during cyclic period i, pcj, is calculated as 

P c i = C month x Pi > f° r * *s ^ ^ m t c v c u c period of insemination, and 
i-l 

P C i = C m o n u , X P i / ( 1 - X P j ) 

where C m o n t h represents the seasonal impact of month of insemination on the marginal 
probability of conception (Jalvingh et al., 1993). 
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Table A4.1 The proportion (%) of oestrus within the defined cyclic periods. 
Cyclic period Oestrus number 

1 2 3 4 5 6 7 8 9 
1 100 31 
2 69 62 
3 38 93 25 
4 7 75 56 
5 44 87 18 
6 13 82 49 
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