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Abstract

A dynamic performance model was integrated with a model that optimised culling and insemination policiesin dairy herds
using dynamic programming. The performance model estimated daily feed intake, milk yield and body weight change of
dairy cows on the basis of availability and quality of feed and potential milk yield. A set of cow-states was defined by
lactation number (1 to 12), calving interval (11 to 16 months), potential milk yield (15 levels) and stage of lactation (months
1 to 16). Actua performance was obtained taking into account potential performance, feed properties, and feed intake
congtraints. Biological and economical parameters used in the model represented actual production circumstances in Costa
Rican herds. Eight feeding strategies combining two forages and four concentrate alocation systems were simulated.
Different feeding strategies resulted in maximal changes of 6.8 mo. in optimal average herd-life, US$26.1 in monthly income
per cow and 1.9% in replacement rates, while average calving interval was not affected. The main difference was found
between feeding strategies based on flat ratios of concentrate compared with feeding strategies based on daily milk yield.
Feeding flat ratios of concentrate altered the course of profitability due to restriction of the variation in feeding costs between
cows and its effect on animal performance. Average herd-life and monthly income under the optimal feeding strategy were
highly sensitive to changes in milk price, but less sensitive to changes in price of concentrates or price of forage. Calving
interval was not sensitive to any of the factors. Comparison of optimal policies with actual parameters obtained from field
data indicated that cows are being culled close to the optimal herd-life with calving intervals longer than optimal. The model
is an efficient tool to study interactions between nutrition, reproduction and breeding at the animal and herd level. O 2000
Elsevier Science BV. All rights reserved.

Keywords: Dynamic programming; Dairy cattle; Optimisation; Breeding policies; Intake prediction

_ 1. Introduction
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E-mail address: johan.vanarendonk@alg.vf.wau.nl (JA.M. van The theory of optimal culling policies in dairy
Arendonk). farming is largely developed (Van Arendonk, 1984,
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1985b, 1986; Houben et al., 1994; Kristensen, 1994).
Some practical applications have already been intro-
duced in commercial dairies (Delorenzo et al., 1992;
McCullough and Delorenzo, 1996). This theory
relies on the use of dynamic programming and the
principle of optimality (Bellman, 1957). According
to this principle, a cow of a particular age should be
kept in the herd as long as her margina profit is
greater than the expected average profit of a young
replacement cow (Lehenbauer and Oltjen, 1998).
The principle has been extended to determine the
optimum time to inseminate a cow. In that case, the
expected present value of the cash flow when the
cow was inseminated is compared with that if she
had been kept open at the same time (Van Arendonk
and Dijkhuizen, 1985; McCullough and Del orenzo,
1996). A cow should be inseminated if the antici-
pated loss from a longer calving interval is less than
that of leaving the cow open and replacing her later
in lactation.

Culling and insemination policies have a direct
effect on the profitability of the dairy enterprise (Van
Arendonk, 1987; Lehenbauer and Oltjen, 1998).
Sub-optimal decisions will reduce the profitability of
the dairy enterprise, and the degree of reduction may
vary according to production circumstances. These
production circumstances to some extent determine
the optimum policies (Van Arendonk, 1985b, 1987;
McCullough and Del orenzo, 1996).

So far optimisation of replacement policies has
been based on anima performance models in which
production determines feed intake. In nutritional
models, however, it is often assumed that the pro-
duction potential, intake capacity and the feeding
regime determine the actual intake and production.
The relationships among production potential, intake
capacity and actua performance is ignored in most
models describing the performance of animals (e.g.,
Van Arendonk, 1985a). Knowledge of these relation-
ships is essential to quantify the impact of different
feeding regimes with variation in feed quality on
optimal management strategies for cows.

Dairy farming in Costa Rica is characterised by a
large variation in production circumstances, especial-
ly with regard to feeding strategies (Van der Grinten
et al., 1993; Baars, 1998; Herrero et al., 1999). As a
consequence, production costs and productivity also
vary among farms. Feeding strategies depend on

factors such as location of the farm, season, prices
and availability of by-products. Tools for determin-
ing optimal culling and insemination policies are not
yet available for these farms and decisions are
currently made in an empirical way. For such a tool
to be developed and applied at farm level, it must be
flexible enough to account for al possible variations
in production circumstances, in particular the feeding
regime. Recently, an animal performance model that
incorporates relationships between potential product-
ion, feeding regime and actual production has been
developed (Herrero et al., 1996, 1997). The model
uses information on feed and animals to predict
intake of grass and supplements, as well as milk
yield and body weight change in dairy cows.

The objective of the present study was to integrate
the anima performance model of Herrero (1997)
with the replacement model of Van Arendonk and
Dijkhuizen (1985) into a Culling and Insemination
Decision Support System (C&I-DSS). The model
was to be used to determine the impact of feeding
strategies on optimisation of replacement and insemi-
nation policies in Costa Rican dairies.

2. Material and methods
2.1. Information sources

The study used information on production circum-
stances on dairy farms of Costa Rica, although the
method can be applied to different situations. Bio-
logical parameters required as input to C&I-DSS
were calculated from data provided by Universidad
Nacional de Costa Rica (UNA) and have been
reported in previous studies (Vargas and Solano,
1995a,b,c; Herrero, 1997; Solano and Vargas, 1997;
Vargas et al., 1998ab, 2000; Herrero et a., 1999).
Data for these studies were collected from 1985 to
1997 on dary farms in Costa Rica, which had
participated in a project that focused on the collec-
tion and analysis of data related to health, milk yield,
and reproduction performance in order to provide
advice to farmers and to identify adequate manage-
ment practices (Pérez et al., 1989). Additional data
related to current production circumstances, feed
properties, and prices were collected from the local
dairy industry or from governmental institutions.
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2.2. General approach

The C&I-DSS is composed of two complementary
models (Fig. 1). Details on these two models are
described in the literature (Van Arendonk, 1985g;
Herrero, 1997). We will give a general description
here and details on parameters and components that
were modified in order to integrate models and fit
local circumstances.

The first model, the animal performance model,
was a modification of a nutritional model developed
by Herrero (1997). This model uses information for
a user-defined feeding strategy for the farm and
animal characteristics (e.g., status of cows) to pro-
vide estimates of feed intake and animal perform-
ance.

The second model, the replacement model, was a
modification of a model developed by Van Arendonk
and Dijkhuizen (1985) to optimise culling and
insemination policies. Their model uses information

Feeding strategies Cow states

e Feed availability e Lactation number

e Feed properties e Stage of Lactation
e Milk-yield level

e Calving interval

-Potential feed intake

-Potential milk yield

.

Performance

-Actual feed intake
-Actual milk yield
-Body weight change

e Conception Probabilities e Feed costs e Milk price
e Transition probabilities e Carcassvalue e Sundry costs
¢ Involuntary culling rates e Calf value e Interest rate

e Discount factor

Replacement

-Optimum Culling/AI policies

-Herd Characteristics

Fig. 1. Generd structure of the Culling and Insemination Decision
Support System (C&1-DSS).

provided by the animal performance model to find an
optimum set of culling and insemination policies
making use of dynamic programming methodology.
The replacement model also uses economic parame-
ters, conception probabilities, involuntary culling
rates and production transition probabilities. Op-
timum culling and insemination policies obtained
from the replacement model for every herd feeding
strategy were summarised and compared.

2.3 Feeding strategies

Eight different feeding strategies were evaluated
(Table 1). These strategies were applied on a herd
basis and were based on information collected in
earlier studies (Van der Grinten et al., 1993; Baars,
1998; Herrero et al., 1999). These strategies repre-
sent different degrees of nutritional management
found in Costa Rican dairies. The strategies differed
in the type of forage on which cows were grazing,
the quantity of concentrates cows were given and the

Table 1
Feeding strategies used as input for the Anima Performance
model

Strategy Grass® Stage of lactation

0-100d 101-200d 201 d—end

of lactation

BAS Kikuyu ~ MC2:1° MC3:1 MC4:1
COM Kikuyu MC3:1 MC3:1 FR3
FIX Kikuyu FR6° FR4 FR2
REL Kikuyu MC4:1 MC4:1 MC4:1
BAS2 Star MC2:1 MC3:1 MC4:1
COM2 Star MC3:1 MC3:1 FR3
FIX2 Star FR6 FR4 FR2
REL2 Star MC4:1 MC4:1 MC4:1

®Grasses: Kikuyu grass (Pennisetum clandestinum); 600 g
NDF/kg DM; 16% CP, potentia degradability of NDF 58%,
degradation rate of NDF 3.8%/h. Star grass (Cynodon nlemfuen-
sis); 800 g NDF/kg DM; 7% CP, potential degradability of NDF
50%, degradation rate of NDF 3.0%/h. Degradation rate of
soluble carbohydrate 15%/h for both grasses. Solubility and total
digestibility of CP were estimated at 30 and 80%, respectively, for
both grasses.

® MC, milk-concentrate ratio, for each ‘n’ kg/day of milk, 1 kg
of concentrate (NDF 120 g/kg DM, soluble carbohydrate 570
g/kg DM, of which 70% is present as starch, CP 180 g/kg DM,
solubility of CP 33%, total digestibility of CP 85%, fat 30 g/kg
DM) was offered.

“FR2,3,4,6, flat ratio. A fixed amount of 2, 3, 4, or 5 kg of
concentrate, respectively, offered in the daily ration.
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way the concentrate was allocated during three
different stages of lactation. Two different grasses
were considered in combination with four different
concentrate allocation systems. A basic strategy
(BAS) was defined reflecting the most common
practice found in dairy farms in Costa Rica. Accord-
ing to this practice, cows are fed according to milk
yield (milk/concentrate ratio, see notes Table 1) in
three consecutive stages of lactation (0—100 d; 101—
200 d; 201 d—end of lactation), as described by
Herrero et a. (1999). A second strategy (COM) was
evaluated in which concentrate was fed using milk/
concentrate ratios during the first two stages of
lactation (0—100 d; 101—-200 d) with a fixed amount
(flat ratio) fed during the third stage (after 200 d).
Two further strategies were analysed; one was based
on a regular milk/concentrate ratio (REL) identified
as an optimal strategy in an earlier study (Herrero et
a., 1999), and the other was based on a flat ratio
(FIX). During the dry period, all cows were assumed
to eat grass only.

24. Cow status

Status of cows was described by four state vari-
ables (Table 2), namely lactation number (1 to 12),
stage of lactation (1 to 16 mo.), potential milk yield

Table 2
Description of input and output variables used in the Animal
Performance model

Variable Units Possible
vaues

Input variables

L actation number - 1to 12

Stage of lactation® mo. 1to 16

Milk-yield level” Fraction 0.7 to 1.3

Calving interval classes mo. 11to 16

(+open cows)

Output variables

Body weight change kg/d Dynamic
Actua forage intake kg DM /cow/day Dynamic
Actua concentrate intake kg DM /cow/day Dynamic
Actua milk yield kg/cow/day Dynamic

*Maximal number of lactation stages depended upon the
calving interval class.

® Fifteen classes obtained as a fraction of mature equivalent
milk production (level 1.0).

level (0.70 to 1.30, see notes Table 2) and calving
interval (11 to 16 mo.).

2.5. Sructure of the C&1-DSS

25.1. Animal Performance model

The model is designed to predict feed intake,
digestion and animal performance of dairy cows
consuming grass, grains and other supplements (Her-
rero, 1997). The rationale behind the mode is that a
ruminant of a given body size, in a known physio-
logical state, and with a target milk-yield level, will
have an actual forage intake determined by physical
or metabolic constraints imposed by feed properties
and animal status (Herrero, 1997; Herrero et d.,
1998). The model was largely based on the work of
Illius and Gordon (1991, 1992), Russell et al.
(1992), Sniffen et a. (1992), and AFRC (1993), and
can be divided into two functional sections.

First, a dynamic section predicts actual feed intake
and digestibility as a function of the nutritional
quality of feeds on offer and a range of possible cow
states (Herrero, 1997). The model simulates the flow
and digestion of feeds through the gastrointestinal
tract and consequent supply of nutrients to the
animal. This section uses a series of first-order
differential equations estimating intake, pool sizes of
feed fractions in the rumen, small and large intes-
tines, pools of digested material and excretion of
indigestible residues. This intake section of the
model has previously been tested with data from 23
tropical and temperate forages and the mean predic-
tion error was 7% (Herrero, 1997).

Secondly, a static section of the model predicts
nutrient requirements and animal performance, i.e.
actual milk yield and body weight changes, on a
daily basis from the estimates of feed intake and
nutrients supplied from the dynamic section. Body
reserve tissues are mobilised or deposited, depending
on whether the energy balance is negative or posi-
tive. Two pathways controlling intake are used in the
model. The first control is the physical constraint on
intake caused primarily by low digestibility, while
the second control is a metabolic constraint, i.e. if
the supply of nutrients equals the requirements, the
cow stops eating. This section of animal performance
has been previoudly tested on data obtained from
Costa Rican farms (Herrero, 1997).

262
263

264

265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307



309
310
311
312
313
314

315
316
317
318
319
320
321
322
323
324
325

326

327

328
329
330
331
332
333
334
335
336
337
338
339

341

342

345

347

349
350

351

352

LIVEST1970

B. Vargas et al. / Livestock Production Science 1 (2000) 000—000 5

Estimates of daily feed intake, milk yield and
body weight change are subsequently summed on a
monthly basis, as required by the replacement model.

The most important input and output parameters of
this model are specified in Table 2. For more specific
details, see Herrero (1997).

2.5.2. Moddl specification

Biological parameters used as input to the model
were to represent the situation of the Holstein cattle
population in Costa Rica. Mature equivalent milk
production was set to 6392 kg/cow/lactation with
12.1% milk solids, 3.6% fat, 3.0% protein and 4.5%
lactose (AMHL, 1992), produced by an average cow
(milk-yield level 1.00) in sixth lactation, with a
l-year calving interval in the absence of genetic
improvement and voluntary replacement. The lacta-
tion curve was described by a diphasic model:

a, X b,(1—tanh’(b, X (t—c,)) +a, X b, X (1 —
tan’(b, X (t — c,)

which was chosen on the basis of a previous study
(Vargas et a., 2000). Parameters a,, b,, c,, a,, b,
and c, were set equal to 436.0, 0.01537, 41.7365,
4590.5, 0.003854 and 154.9, respectively, for first
lactation, and 349.8, 0.01894, 37.9415, 5446.8,
0.00409 and 98.7 for second and later lactations
(Vargas et al., 2000). Age correction factors for milk
yield and milk components (Appendix A) were taken
from earlier studies (AMHL, 1992; Vargas and
Solano, 1995h).

To calculate the mean and limits of the remaining
milk-yield levels, i.e. below or above 1.00, a normal
distribution of production across milk-yield levels
was assumed, with a coefficient of variation of 12%
(Van Arendonk, 1985b). This figure corresponds to
the variation expected within the herd. The range of
variation comprised 15 levels, which ranged from
0.70 to 1.30 times the average mature equivalent
production.

Body weights of cows at the beginning of each
lactation (Appendix A) were established according to
a Brody function fitted to growth data of local cattle,
with

y (kg) = 578.3(1 — 0.944 exp’~*°®)
with t the age in weeks (Solano and Vargas, 1997).

Changes in body weight were restricted to a maxi-
mum of 10% of the body weight at the beginning of
the lactation. In addition, body weight change was
restricted to a maximum of 0.8 kg/d. These restric-
tions were defined on the basis of actua variation in
body weight observed for Holstein cattle in Costa
Rica (Solano and Vargas, 1997).

2.5.3 Replacement model

Information on feed intake, milk yield, body
weight change and carcass value obtained from the
animal performance model, and economic parame-
ters, allowed estimation of monthly costs and re-
venues for each cow state. Optimal culling and
insemination policies were obtained using this in-
formation by dynamic programming (Bellman,
1957). The model used was based on Van Arendonk
and Dijkhuizen (1985). With this model, the objec-
tive function to be maximised is the total expected
discounted returns of present and replacement cows
over a given planning horizon. In the present study,
the planning horizon was set to 180 one-month long
stages (15 yr), and the monthly discount factor was
set to 0.957*%

Optimisation was performed by iteration on values
(Kristensen, 1994) starting at the end of the planning
horizon, when the value of any cow is equal to her
carcass value (Van Arendonk, 1985b). Using this
information the maximum present value of net
returns anticipated from cows and the corresponding
optimum decisions were determined at the start of
the preceding stage. The process was continued
backwards, stage by stage, until the present time was
reached.

One-month long stages were chosen in such a way
that a decision on culling or insemination could be
made a monthly intervals (Van Arendonk and
Dijkhuizen, 1985). Voluntary replacement or insemi-
nation of a cow was nhot considered up to 2 mo. after
calving. From 2 to 7 mo. after calving the optimum
decision for an open cow was chosen from three
alternatives: inseminate the cow with a calculated
probability of success, leave her open, or replace her
immediately. For the remaining months of the lacta-
tion of open and pregnant cows the alternatives were
to keep or to replace the cow.

Parameters used in the replacement model are
given in Table 3. In addition to performance and
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Table 3 _ _ _ _ sion making in the replacement model, such as cow
Description of input parameters used in dynamic programming mortality, disease, madtitis, temperament, or udder
Variable Units Possible and teat problems. Culling for reproductive problems
values was included in the decision-making process. Cows
Age at first calving?® mo. 28.0 that were open at the eighth month of lactation were
Milk price” US$/kg solids 223 considered infertile and were included in the in-
Forage price® voluntary culling rate, however these cows remained
Kikuyu grass US$/kg DM 0.0342 in the herd until the optimal time for replacement
Star grass US$/kg DM 0.0479 was reached.
Concentrate price USS$/kg 0.16 The average optimal herd-life was calculated for
Price of replacement heifer uss$ 1000 an average heifer entering the herd, based on the
Carcass value USS/kg 105 probabilities of realization of each state that resulted
Calves USS$/ unit 30.0 f the t iti babiliti ducti
Sundry costs® USS/ cow/mo. % rom the transition probabilities (pro uction, - re-
Discount rate %/ mo. 0.95412 production and involuntary culling) and the optimal

® Age at first calving (Vargas et al., 1998a,b; Vargas and Solano,
19953).

® Milk price: according to the local pricing system, producers
are paid by kg of milk solids.

© Estimated according to production costs, labour plus fertilisa-
tion (Herrero et a., 1999).

4 Sixty percent of male carcass price (US$1.6), dressing per-
centage 52%.

° From Herrero et al. (1999).

prices, the model needs conception probabilities,
transition probabilities and marginal rates of involun-
tary culling. Marginal conception probabilities for
different months within lactation (Appendix B) were
calculated from data on 37 236 parities of Holstein
cows in Costa Rica (unpublished data). Production
level of a cow was assumed to remain constant
during lactation and any transition occurred only at
the start of a new lactation. Transition probabilities
for production level, i.e. the probability of a heifer/
cow with milk-yield level m to have milk-yield level
m’ in the next lactation, were calculated as specified
by Van Arendonk (1985b), assuming a repeatability
for lactation production of 0.55 and 0.50 at intervals
of 1 and 2 years. The marginal rates of involuntary
disposal (Appendix B) were calculated from data on
910 culled cows in Costa Rica (unpublished data).
Marginal rates of involuntary disposal for months 1
to 10 within the lactation, calculated on the same
data, were set to 0.07, 0.03, 0.03, 0.03, 0.04, 0.06,
0.07, 0.06, 0.10, and 0.08. Due to lack of empirical
data, the rates for later months (11 to 16) were set to
0, i.e. dl culling was assumed voluntary. Reasons for
involuntary disposal were those not related to deci-

decisions (Van Arendonk and Dijkhuizen, 1985).
Distribution of costs and revenues for an average
cow in a herd under optimal culling and insemination
policies was calculated in the same way. For further
information on the replacement model, see Van
Arendonk and Dijkhuizen (1985).

A comparison was made between herd-life, calv-
ing interval and replacement rates for different
feeding strategies, obtained from the replacement
model, and actual rates calculated from field data on
910 Holstein cows.

2.6. Senditivity analysis

Analysis of sensitivity to changes in prices of
milk, concentrate and forage were performed with
results for feeding strategy REL as the basis for
comparison. Changes (+20% and —20%) were
done one at a time, keeping all other parameters at
their original value. The effects of these changes on
average herd-life, monthly income and calving inter-
val were assessed.

An additional sensitivity analysis was done to
assess the effect of cow fertility on monthly income
and average herd-life of a herd under optimal culling
policies. Changes in fertility were associated with
changes in conception probabilities (see Appendix
B). First, al cows were assumed to have a calving
interval of 11 mo. by setting conception probabilities
at month 2 after calving equal to 1.0, while those for
months 3 to 7 were set to 0. The same procedure was
applied for months 3 to 7, changing the conception
probabilities of the respective month to 1.0 (see
Appendix B), while the remaining were set to 0. In
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this way, fixed calving intervals between 12 and 16
mo. were simulated.

3. Results and discussion
3.1. Potential vs. actual performance

The use of different feeding strategies had a direct
effect on milk yield and body weight change, as
shown in Fig. 2 for a cow in 6th lactation with a
12-mo. calving interval. Three production levels
(0.7, 1.0 and 1.3) in combination with four diets
(BAS, COM, FIX and REL) are illustrated. Potential
milk yield was achieved only when nutrients from
feeds were available in the quantity and quality
necessary to fulfil the requirements of a cow. If the
requirements were not fulfilled, the cow showed a
decrease in milk yield and growth, which was the
case for strategies REL (Fig. 2ab) and FIX (Fig.
2c,d,ef). In the case the requirements were fulfilled,
as with strategies BAS and COM, the cow was able
to reach its potentia milk yield (Fig. 2a,c,e) and,
when there was a surplus, also gained weight by fat
deposition within the limits imposed by metabolic
congtraints (Fig. 2b,df).

None of the feeding strategies was able to provide
al nutrients required to produce the potential milk
yield for al possible cow-states, as illustrated for
milk-yield levels 0.7, 1.0 and 1.3 (Table 4). The
frequency of states in negative balance ranged from
2.3% for cows with low milk-yield level (0.7) under
strategy COM, to 100% for strategy FIX2 for cows
with high milk-yield level (1.3). The absolute reduc-
tion in milk yield averaged across cow-states ranged
from 0.9 kg/d for strategy COM with average milk-
yield level (1.0) to 9.7 kg/d for strategy FIX2 with
high milk-yield level (1.3). Occurrence of negative
energy balance was more likely for cows with higher
milk-yield levels (Table 4). Better performance, i.e.
a lower proportion of cow-states with a negative
energy balance, was achieved for strategies using
Kikuyu grass compared to strategies using Star grass.
This trend was consistent across milk-yield levels.
The reason for this difference is due to the com-
position of the two forages. Kikuyu in general terms
has a higher quality than Star grass (Table 1). Star
grass has 7% lower protein content than Kikuyu

grass and therefore results in less effective rumen
degradable protein, which leads to a lower microbial
production in comparison to Kikuyu grass. Star grass
aso has a higher NDF concentration, which together
with a lower rate of cell wall degradation exerts a
more pronounced physical constraint on intake and
digestion than Kikuyu grass. As a consequence, the
lower quality of Star grass increased the frequency of
cow-states with a negative energy balance.

3.2 Change in parameters describing optimal
policies

The effects of feeding strategies on parameters
describing optimal replacement and insemination
policies are shown in Table 5.

The parameter showing the most variation was
average monthly income per cow, which ranged
from US$33.5 for strategy FIX2 to US$59.6 for
strategy REL. Strategy REL resulted in the highest
monthly income (Table 5), even though nutrient
reguirements were not efficiently fulfilled (Table 4),
because the reduction in milk yield was also com-
pensated by a reduction in feed. In an earlier study,
Herrero et a. (1999) found that this strategy was
aso the most efficient when considering simultan-
eously the subgtitution effects between concentrate
and pasture intake, and patterns of growth and
utilisation of Kikuyu grass in a highland region of
Costa Rica. Overal, this strategy leads to the most
efficient use of land, labour and other resources for
meeting milk quotas. Strategy COM resulted in the
second highest monthly income because of the low
incidence of cow-states with a negative energy
balance and lower feed costs compared to strategy
BAS. The most common practices in specialised
dairy herds in Costa Rica, BAS and BAS2, are more
efficient in fulfilling the nutritional requirements
(Table 4). However, as a result of the low milk/
concentrate ratio (2:1) during the first stage in
lactation, there was an excess of nutrients, which
made these strategies more expensive in comparison
to COM or REL. An earlier study (Baars, 1998) also
showed oversupplementation with concentrates in
these herds. Strategies based on fixed ratios, i.e. FIX
and FIX2, were less profitable because they did not
fulfil requirements of nutrients for a large proportion
of cow-states (Table 4). The large reduction in milk
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Fig. 2. Milk yield (a,c,e) and body weight change (b,d,f) of cows in sixth lactation, 12 mo. calving interval and milk-yield levels 0.70 (g, b),
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1.00 (c, d) and 1.30 (g, f) consuming Kikuyu grass plus a commercial concentrate offered in four different alocation systems (BAS, COM,

FIX and REL).
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Table 4
Percentage of cow-states in a negative energy balance and average
reduction (kg/d) in milk yield per milk-yield level and feeding
strategy

Strategy ~ Milk-yield level

Cow-states with Reduction in milk

negative balance (%) yield (kg/d)

0.70 1.00 1.30 070 1.00 1.30
BAS 17.2 8.8 35 1.9 18 13
COM 2.3 12.3 29.17 15 09 2.7
FIX 28.6 57.5 90.3 14 5.3 8.2
REL 72.2 20.4 6.0 4.1 2.7 2.8
BAS2 25.6 17.1 19.7 1.9 1.8 11
COM2 4.0 19.1 334 2.7 14 33
FIX2 375 92.8 100.0 2.3 5.0 9.7
REL2 85.1 75.7 78.8 4.4 2.4 2.4

yield and body weight was not compensated by the
reduction in feed costs. Strategy REL2 also resulted
in the second lowest monthly income due to poor
performance on Star grass, which resulted in a higher
incidence of cow-states with negative energy bal-
ance.

The second parameter consistently affected by
feeding strategy was herd-life. Optimal average herd-
life ranged between 63.0 mo. for strategy COM2 and
69.8 mo. for strategy FIX2 (Table 5). The main
difference in estimates of herd-life was between
strategies based on fixed ratios, FIX and FIX2, and
the remaining strategies. When fixed amounts of
concentrate were given in the daily ration, regardless
of the production potential of the cow, profitability
followed a different pattern from the case when cows

were fed according to production. Fixation of feed-
ing costs resulted in slightly lower optimal replace-
ment rates (Table 5), which as a consequence
increases herd-life.

Other parameters were less affected by feeding
strategies. The optimal calving interval ranged be-
tween 368.7 for FIX and 370.3 d for BAS (Table 5).
This narrow range was expected because this param-
eter relates to culling and conception probabilities
used as input to the model (Van Arendonk and
Dijkhuizen, 1985), and which were kept at the same
level for al feeding strategies. A more realistic
approach would have been to reduce conception
probabilities for cow-states depending on the size of
the negative energy balance.

For herd-life, values of 44 mo. (Van Arendonk and
Dijkhuizen, 1985) and 32 mo. (McCullough and
Delorenzo, 1996) have been found for Holstein
cattle in temperate countries. Cardoso et al. (1999b)
reported an estimate of 54.9 mo. for Holstein-
Friesian cattle in the south-eastern region of Brazil,
which is closer to our results. For Holstein cattle in
Costa Rica, however, severa factors differed sig-
nificantly, such as lower mature equivalent product-
ion, lower body weight curves and lower conception
probabilities. Analysis of local dataindicated that the
actual average herd-life in Costa Rican Holstein
cattle was about 61 mo. corresponding to a replace-
ment rate of 19.6%. The average calving interval was
385 d and cows were culled after 4.7 lactations on
average. Comparing actual data with the results
presented in Table 5 shows that, regardiess of the
feeding strategy, cows were culled close to the

Table 5
Parameters describing optimal culling and insemination policies for a herd of a fixed size according to feeding strategy
Parameter Feeding strategy
BAS COoM FIX REL BAS2 COM2 FIX2 REL2

Herd-life (mo.) 64.1 63.4 67.4 63.8 63.3 63.0 69.8 64.0
Calving interval (mo.) 370.3 369.4 368.7 369.9 369.6 369.3 369.5 369.9
Replacement rate (%) 18.7 18.9 17.8 18.8 19.0 19.1 17.2 18.8
Voluntary (%) 85 8.8 7.2 8.3 8.7 8.9 6.2 8.2
Involuntary (%) 10.2 10.1 10.6 10.5 10.1 10.2 11.0 104
Time to culling

(d after calving) 2475 217.0 220.0 218.9 235.9 2111 226.1 219.1
Monthly income

(US$/cow) 55.7 59.1 48.2 59.6 53.0 55.7 335 47.3
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optimal time and a longer than optimum calving
interval. However, this result might also be due to
the fact that long calving intervals, i.e. above 16 mo.,
were not allowed in the model.

The distribution of costs and revenues for an
average cow in a herd of a fixed size after applying
optimal insemination and culling policies is given in
Table 6. To aobtain these results the probability of
realisation of each cow-state is implemented in
calculation of average performance, which provides
a better understanding of the interaction between
feeding strategies and culling policies and the final
effect on revenues for an average cow when optimal
culling policies are applied.

Potential milk yield was never achieved for all
cow-states because of an extremely high yield in
some cases together with the effect exerted by
metabolic constraints. However, strategy BAS was
close to achieving this potential milk yield because
the realised milk yield was only 0.1 kg/mo. lower
(Table 6). Milk production traits for cows fed FIX,
FIX2 and REL2 were substantially less than others.
The difference between potential and realised milk
yield was over 100 kg/mo. for cows given FIX2
rations. The lower quality of Star grass reduced milk
yield when the concentrate fed in the ration was

Table 6

insufficient, as occurs with strategies FIX2 and
REL2.

Milk production traits did not differ substantialy
among strategies BAS, BAS2, COM, COM2 and
REL. However, the average body weight and feed
intake for cows fed BAS, BAS2, COM and COM2
were consistently higher than for those fed REL. The
better quality of these feeding strategies was used
mostly to increase body weight instead of milk yield.
Cows fed a REL ration produced only 10 kg less
milk on average and were approximately 40 kg
lighter, but feed intake and costs were also substan-
tially lower, which trandated into a higher average
income. Clearly, the relative differences between
milk price plus feed prices, carcass value and
replacement costs determine to what extent a given
feeding strategy will result in a higher average
income. In this sense, the model successfully inte-
grates nutritional (feeding strategies) and manage-
ment aspects (replacement policies) to obtain a final
estimate of profitability for a herd in equilibrium.

3.3 Insemination decisions

When strategies based on milk/concentrate ratios
are used, minimal milk-yield level for a profitable

Average performance, feed intake and distribution of costs and revenues for a cow in a herd of a fixed size with optimum culling and

insemination policies according to feeding strategy

Parameter Feeding strategy

BAS COM FIX REL BAS2 COM2 FIX2 REL2
Potential milk yield (kg/mo.) 502.8 503.6 502.8 503.3 503.6 503.9 502.0 503.0
Realized milk yield (kg/mo.) 502.7 499.7 430.8 492.6 502.7 497.3 381.5 457.4
Fat (kg/mo.) 18.1 18.0 154 17.7 18.1 17.9 136 16.4
Protein (kg/mo.) 15.0 14.9 12.7 14.7 15.0 14.8 11.3 136
Concentrate intake (kg DM/mo.) 195.8 165.3 105.2 125.9 196.3 165.5 104.9 125.8
Forage intake (kg DM/mo.) 194.7 208.8 218.9 2231 190.1 203.9 2125 215.3
Average body weight (kg/cow) 583.3 574.1 515.6 549.6 578.4 5731 509.8 538.1
Milk revenues (US$/mo.) 135.4 1345 1155 132.6 1354 133.8 102.2 123.1
Average carcass value (US$/cow) 3185 3134 2815 300.1 315.8 312.9 2784 293.8
Caf value (US$) 29.1 29.1 29.1 29.1 29.1 29.1 29.1 29.1
Costs of concentrate (US$/mo.) 313 26.5 16.8 20.1 314 26.5 16.8 20.1
Cost of forage (US$/mo.) 6.7 7.1 7.5 7.6 9.1 9.8 10.2 10.3
Sundry costs (US$/mo.) 27.3 273 272 273 273 273 27.2 27.2
Replacement costs” (US$/mo.) 10.6 10.8 10.7 11.0 10.8 10.9 10.3 11.0
Average income” (US$/mo.) 62.1 65.4 55.9 69.2 59.3 62.0 40.3 57.0

* Replacement cost=(cost of replacement heifer —average carcass value)/herd-life.
® Income over feed, replacement and sundry costs. Involuntary culling not taken into account.
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Table 7

Minimal milk-yield level® required for an insemination at months 3 and 7 to be profitable for cows in lactations 1 to 11 (Lac) under different

feeding strategies

Lac Month 3 Month 7
BAS CcoM FIX REL BAS2 COM2 FIX2 REL2 BAS COM FIX REL BAS2 COM2 FIX2 REL2

1 0.70 0.70 0.70 0.76 0.70 0.76 0.70 0.76 0.76 0.76 0.70 0.80 0.80 0.80 0.70 0.80
2 0.76 0.76 0.70 0.76 0.76 0.76 0.70 0.76 0.76 0.80 0.70 0.80 0.80 0.80 0.70 0.80
3 0.76 0.76 0.70 0.76 0.76 0.76 0.70 0.76 0.80 0.80 0.70 0.80 0.80 0.80 0.70 0.80
4 0.76 0.80 0.70 0.76 0.76 0.76 0.70 0.76 0.84 0.84 0.70 0.84 0.84 0.84 0.70 0.84
5 0.84 0.84 0.70 0.80 0.84 0.84 0.70 0.80 0.88 0.88 0.88 0.84 0.92 0.88 0.70 0.88
6 0.88 0.88 0.70 0.84 0.88 0.84 0.70 0.84 0.92 0.92 0.92 0.88 0.96 0.92 0.70 0.88
7 0.92 0.88 0.70 0.88 0.88 0.88 0.70 0.84 0.96 0.96 0.96 0.92 0.96 0.96 0.70 0.92
8 0.96 0.92 0.76 0.88 0.92 0.92 0.70 0.88 1.00 1.00 104 0.96 1.00 1.00 0.70 0.96
9 1.00 0.96 0.76 0.92 0.96 0.96 0.70 0.92 1.04 104 112 1.00 1.04 1.04 0.96 1.00

10 1.04 1.00 0.80 0.96 1.04 1.00 0.70 0.96 1.04 1.08 124 1.04 1.08 112 112 1.04

11 130 108 0.84 1.00 112 104 0.70 1.00 116 116 130 112 112 116 112 1.08

“Milk-yield level is given as a fraction relative to the mature equivalent milk yield.

insemination increased as the cow became old, as
illustrated in Table 7 for cows in third and seventh
month after calving. For a cow in first lactation the
minima milk-yield level required for a profitable
insemination at the third monthafter calving ranged
from 0.70 for BAS, COM and BAS2, to 0.76 for
REL, COM2 and REL2. For a cow in fifth lactation
the minimal milk-yield level ranged from 0.80 for
REL and REL2 to 0.84 for REL. At the seventh
month, the differences across feeding strategies held,
but the minimal milk-yield level required for a
profitable insemination was higher. At later lacta-
tions, a profitable insemination was obtained only for
cows with above average milk-yield levels. Earlier
studies reported similar trends (Van Arendonk and
Dijkhuizen, 1985; Cardoso et al., 1999a,b).

When feeding strategies based exclusively on flat
ratios are used, FIX or FIX2, the trend is different
(Table 7). In this case, cows with relatively low
production potentials were still profitable at later
lactations. As mentioned earlier, fixation of costs due
to flat ratios of concentrate had a direct effect on the
course of profitability for a cow. Fixed feeding
means that not all cows fully express their potential
and absolute differences in milk production would
become smaller.

When the production potential of the cow was
low, the relatively high amount of concentrate on
offer increased feeding costs. On the other hand, if
the production potential was high, the cow would
tend to compensate for lack of nutrients by increas-

ing grass consumption. When this was not possible,
milk yield was reduced with direct consequences on
profitability.

For cows voluntary culled, the optimal time to cull
after calving ranged from 211.1 for COM2 to 247.5
d for BAS. For Holstein cattle, estimates of 234 d
(McCullough and Delorenzo, 1996) and 235.4
(Cardoso et al., 1999b) have been reported. For
crossbred Holstein X Zebu cattle an estimate of 181 d
was found (Cardoso et al., 1999a). The actual time to
culling after calving for Costa Rican Holsteins was
257 d, which is higher than the range found for the
present study, meaning that the cows are milked
longer than the optimum before being culled. The
reason might be a lack of replacement heifers.

34. Senditivity analysis

A sensitivity analysis on feed prices was per-
formed using the strategy with the maximum month-
ly income, REL, as a basis for comparison (Table 8).

Decreasing the forage price by 20% caused only a
US$1.4 increase in monthly income per cow, while
other parameters stayed unchanged. Increasing for-
age price by 20% caused a reduction of US$1.4 in
monthly income and a decrease in replacement rate
by 1%. The small changes in the parameters were
due to the relatively low costs of forage.

Milk price was the parameter with the greatest
effect on replacement policies. A decrease in milk
price of 20% caused an increase of 3.4 mo. in
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Table 8

Sensitivity analysis on effects of prices of feed and milk on parameters describing optimal replacement policies in a herd of a fixed size

Parameter Alternative scenarios

Strategy Forage Milk Concentrate

REL price price price

—20% +20% —20% +20% —20% +20%
Herd-life (mo.) 63.8 63.8 63.7 67.2 59.7 63.8 64.1
Calving interval (mo.) 369.9 369.9 369.9 370.2 369.5 369.9 369.9
Replacement rate (%) 18.8 18.8 17.8 17.9 20.1 18.8 18.7
Voluntary replacement
rate (%) 83 83 71 7.1 9.8 8.3 8.2

Monthly income (US$) 59.6 61.0 58.2 339 85.4 63.6 55.6

optimal herd-life and decreased the replacement rate
by 0.9%, while monthly income was also reduced by
US$26.7. An increase of 20% in milk price caused a
reduction of 4.1 mo. in optima herd-life, while
replacement rate and monthly income increased by
1.3% and US$25.8, respectively. No significant
changes were observed in average calving interval.
Similar results have also been found in previous
studies (Van Arendonk, 1985b; Cardoso et 4.,
19993).

A decrease in the price of concentrates did not
change estimates of optima herd-life, calving inter-
val or replacement rate, but monthly income was
increased by US$4. An increase in the price of
concentrates caused a small increase of 0.3 mo. in
optimal herd-life and reduced monthly income by
US$4. Optimal calving interval and replacement rate
were ailmost unchanged. Van Arendonk (1985b) also
reported similar results for changes in feed prices.
The low sensitivity to changes in concentrate price in
the present study can be due to the fact that the diet
used as a basis for comparison was REL, which

Table 9

maximised forage intake. In summary, optimal herd-
life, monthly income and replacement rates showed
high sensitivity to changes in milk price, and low
sengitivity to changes in price of concentrates or
price of forage. Calving interval was not sensitive to
any of the factors.

Results of sensitivity analysis of cow fertility to
monthly income and herd-life estimates are shown in
Table 9. Maximum income was achieved with the
shortest calving interval and the lowest herd-life. The
reduction in monthly income when calving interval
increased from 11 to 12 mo. was only 1.3% and
increased to 16.8% when calving interval was set to
16 mo. The reduction became larger for longer
calving intervals. Comparison of these results to the
estimate of US$59.6 obtained when using actual
conception probabilities, shows that the additional
increase in monthly income that can be achieved by
further reduction of the calving interval is some-
where less than US$4. The extent to which this extra
profit might be cost-effective depends greatly on the
costs needed to increase fertility levels.

Sensitivity analysis on effects of fertility on estimates of monthly income and herd-life for an average cow in a herd of a fixed size under

optimal replacement policies using feeding strategy REL

Parameter Actua Fixed calving interval® (mo.)
fertility® 11 12 13 14 15 16
Monthly income
(US$/cow) 59.6 63.37 62.56 60.93 58.65 55.97 52.70
Herd-life (mo.) 63.8 65.53 69.71 72.57 77.43 81.23 80.85

# Actual conception probabilities were used (see Appendix B).

® Fixed calving intervals were assumed by setting the conception probabilities of the respective column in Appendix B to 1.0, while

keeping the remaining at O.
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924 4. Conclusion average herd-life is close to the optimum, but that
calving interval is too long. According to the present

925 The present results indicate that feeding strategies results, lifetime profitability of cows from Costa
926 have an important effect on optimum average herd- Rican herds could be raised by increasing levels of
927 life and monthly income. Feeding strategies affect fertility.
928 herd-life by changing the optimal time of insemina- The integration of the performance and the re-
929 tion, optimal time to culling within the lactation and placement models provides an efficient tool to study
930 minimal milk-yield level needed for a profitable the effect on cow profitability of interactions be-
931 insemination. The course of profitability for a cow tween nutrition, reproduction and breeding at the
932 aong the lactation clearly varies according to the animal and herd level. It can be used to find adequate
933 feeding strategy, especialy when comparing re- management practices for a broad range of pro-
934 dtricted against production-based feeding strategies. duction circumstances, including sub-optimal feeding
935 Restricted feeding aters the normal course of practices. Further parameterisation of the effects of
936 profitability because of fixation of feeding costs and sub-optimal production circumstances on biological
937 its effect on production. Individual feeding is not a parameters included in the model is still needed.
938 feasible practice in Costa Rican dairies. Therefore,
939 the course of profitability for an individual cow
940  within the herd can be far from optimum. Insemina-
941  tion and culling decisions should be made with this Acknowledgements
942 fact taken into account.
943 Comparison of the results for optimal policies The authors thank Stichting Samenwerkings Ver-
944  obtained in the present study to the actual situation in band [0-instellingen and Wageningen University
945 Costa Rican Holstein cattle indicates that actual (SAIL), The Netherlands, for the financial support.
965 Appendix A. Multiplicative age adjustment factors for milk components (factors for milk yield were
966 taken from Vargas and Solano, 1995b, fat and protein content from AMHL, 1992) and body weight
967 (body weight per lactation from Vargas and Solano, 1997a. Changes in body weight within lactation
968 according to the growth curve (Vargas and Solano, 1997a) and feeding strategy) at calving
%
978 Lactation Milk Fat Protein Body
8%? yield content content weight (kg)
088 1 0.795 1.015 0.951 412
o8 2 0.944 1.045 0.986 485
998 3 1.010 1.045 0.994 526
o080 4 1.020 1.060 1.000 548
1008 5 1.041 1.000 1.000 548
1008 6 1.000 0.998 0.999 548
1010 7 0.993 0.993 0.996 548
1011 8 0.986 0.987 0.992 548
1012 9 0.976 0.979 0.988 548
1013 10 0.962 0.971 0.983 548
1014 11 0.946 0.961 0.977 548

12 0.926 0.951 0.971 548
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Appendix B. Marginal conception probabilities per lactation and insemination month, marginal
involuntary culling rates (ICR, %) per lactation (Lac) and reduction in milk production (%) per
lactation caused by involuntary culling
Lac Conception probabilities (months 2 to 7) ICR Reduction
2rd mo. 3th mo. 4th mo. 5th mo. 6th mo. 7th mo. (%) in milk (%)
1 0.37 0.45 0.41 0.40 0.35 0.35 0.08 30
2 0.40 0.48 0.45 0.45 0.39 0.43 0.10 32
3 0.41 0.48 0.48 0.46 0.41 0.40 0.15 34
4 0.39 0.51 0.47 0.46 0.40 0.45 0.13 36
5 0.37 0.47 0.45 0.46 0.42 0.36 0.22 38
6 0.39 0.46 0.43 0.43 0.41 0.42 0.29 40
7 0.38 0.45 0.44 0.45 0.40 0.41 0.31 40
8 0.35 0.47 0.38 0.46 0.51 0.50 0.33 40
9 0.29 0.46 0.49 0.51 0.48 0.47 0.35 40
10 0.27 0.44 0.47 0.49 0.47 0.45 0.37 40
11 0.26 0.43 0.45 0.47 0.45 0.43 0.39 40
12 0.25 0.41 0.43 0.45 0.43 0.41 0.41 40
References (Eds.), Agricultural Systems Modelling and Simulation. Marcel

AFRC, 1993. Energy and protein requirements of ruminants. An
advisory manual prepared by the AFRC Technical Committee
on Responses to Nutrients. CAB International, Wallingford,
UK.

AMHL, 1992. Technica report. Asociacion de Mejoramiento de
Hatos Lecheros, Costa Rica, 31 pp.

Baars, R.M.T., 1998. Nutrition management, nitrogen efficiency
and income over feed cost on dairy farms in Costa Rica. J.
Dairy Sci. 81, 801-806.

Bellman, R., 1957. Dynamic Programming. Princeton University
Press, Princeton, NJ.

Cardoso, V.L., Ramos Nogueira, J., van Arendonk, JA.M., 1999a.
Optimum replacement and insemination policies for crossbred
cattle (Holstein FriesianXZebu) in the south-east region of
Brazil. Livest. Prod. Sci. 58, 95-105.

Cardoso, V.L., Ramos Nogueira, J., van Arendonk, JA.M., 1999b.
Optimal replacement and insemination policies for Holstein
cattle in the southeastern region of Brazil: the effect of selling
animals for production. J. Dairy Sci. 82, 1449-1458.

DelLorenzo, M.A., Spreen, T.H., Bryan, G.R., Beede, D.K., van
Arendonk, JA.M., 1992. Optimising model: insemination,
replacement, seasonal production, and cash flow. J. Dairy Sci.
75, 885-896.

Herrero, M., Fawcett, R.H., Dent, JB., 1996. Integrating simula-
tion models to optimise nutrition and management for dairy
farms: a methodology. In: Dent, JB. et a. (Ed.), Livestock
Farming Systems: Research, Socio-Economics and the Land
Manager. EAAP Publication, Vol. No. 79. Wageningen Pers,
Wageningen, The Netherlands, pp. 322—-326.

Herrero, M., 1997. Modelling dairy grazing systems: an integrated
approach. PhD thesis, University of Edinburgh, UK.

Herrero, M., Dent, J.B., Fawcett, R.H., 1998. The plant—animal
interface in models of grazing systems. In: Currie, B., Peart, R.

Dekker, New York, pp. 495-542.

Herrero, M., Fawcett, R.H., Dent, JB., 1999. Bioeconomic
evaluation of dairy farm management scenarios using inte-
grated simulation and multiple-criteria models. Agric. Systems
62, 169-188.

Houben, E.H.P, Huirne, R.B.M., Dijkhuizen, A.A., Kristensen,
A.R., 1994. Optima replacement of mastitic cows determined
by a hierarchic Markov process. J. Dairy Sci. 77, 2975-2993.

Ilius, AW., Gordon, 1.J., 1991. Prediction of intake and digestion
in ruminants by a model of rumen kinetics integrating animal
size and plant characteristics. J. Agric. Sci. 116, 145-157.

Illius, AW., Gordon, 1.J., 1992. Modelling the nutritional ecology
of ungulate herbivores: evolution of body size and competitive
interactions. Oecologia 89, 428—434.

Kristensen, A.R., 1994. A survey of Markov decision program-
ming techniques applied to the animal replacement problem.
Eur. Rev. Agric. Econ. 21, 73-93.

Lehenbauer, T., Oltjen, JW., 1998. Dairy cow culling strategies:
making economical culling decisions. J. Dairy Sci. 81, 264—
271.

McCullough, D.A., DelLorenzo, M.A., 1996. Evauation of a
stochastic dynamic replacement and insemination model for
dairy cattle. J. Dairy Sci. 79, 50-61.

Perez, E., Baaijen, M.T., Cappella, E., Barkema, H., 1989.
Development of a livestock information system for Costa Rica.
In: Kuil, H., Paling, RW, Huhn, JE. (Eds), Livestock
Production and Diseases in the Tropics. Proceedings of the
VIth International Conference of Institutes for Tropical Vet-
erinary Medicine, Utrecht, The Netherlands, pp. 221-224.

Russell, J.B., O’ Connor, J.D., Fox, D.G., Van Soest, PJ., Sniffen,
C.J, 1992. A net carbohydrate and protein system for evaluat-
ing cattle diets: |. Rumina fermentation. J. Anim. Sci. 70,
3551-3561.

1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107



1158

1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133

LIVEST197/0

16 B. Vargas et al. / Livestock Production Science 1 (2000) 000—000

Sniffen, C.J., O'Connor, J.D., Van Soest, PJ.,, Fox, D.G., Russell,
J.B., 1992. A net carbohydrate and protein system for evaluat-
ing cattle diets: Il. Carbohydrate and protein availability. J.
Anim. Sci. 70, 3562—-3577.

Solano, C., Vargas, B., 1997. Growth of dairy replacement heifers
of Costa Rican dairy farms 1. Mathematical description of the
growth of Holstein and Jersey heifers. Arch. Latinoam. Prod.
Anim. 5, 21-36.

Van Arendonk, JA.M., 1984. Studies on the replacement policies
in dairy cattle. I. Evaluation of techniques to determine the
optimum time for replacement and to rank cows on future
profitability. Z. Tierziichtung Zichtungsbiol. 101, 330—-340.

Van Arendonk, JA.M., 1985a. A model to estimate the per-
formance, revenues and costs of dairy cows under different
production and price situations. Agric. Systems 16, 157-189.

Van Arendonk, J.A.M., 1985b. Studies of the replacement policies
in dairy cattle. I1. Optimum policy and influence of changes in
production and prices. Livest. Prod. Sci. 13, 101-121.

Van Arendonk, JA.M., Dijkhuizen, A.A., 1985. Studies of the
replacement policies in dairy cattle. I11. Influence of variation
in reproduction and production. Livest. Prod. Sci. 13, 333—349.

Van Arendonk, JA.M., 1986. Studies on the replacement policies
in dary cattle. 1V. Influence of seasonal variation in per-
formance and prices. Livest. Prod. Sci. 14, 15-28.

Van Arendonk, JA.M., 1987. Contribution of variables to the

optimum policy for insemination and replacement of dairy
cows. J. Anim. Breed. Genet. 104, 35-43.

Van der Grinten, P, Baaijen, M.T., Villalobos, L., Dwinger, RH.,
Mannetje, L., 1993. Utilization of kikuyu grass (Pennisetum
clandestinum) pastures and dairy production in a high dtitude
region of Costa Rica. Trop. Grass. 26, 255-262.

Vargas, B., Solano, C., 1995a. Projection and adjustment factors
for lactational milk production of dairy cows in Costa Rica
Arch. Latinoam. Prod. Anim. 3, 131-148.

Vargas, B., Solano, C., 1995h. Calculation of correction factors for
daily milk production in dairy cattle of Costa Rica. Arch.
Latinoam. Prod. Anim. 3, 149-164.

Vargas, B., Solano, C., 1995c. Genetic and environmental trends
in milk production of dairy cattle in Costa Rica Arch.
Latinoam. Prod. Anim. 3, 165-176.

Vargas, B., Pérez, E., Van Arendonk, JA.M., 1998a. Anaysis of
test day yield data of Costa Rican dairy cattle. J. Dairy Sci. 81,
255-263.

Vargas, B., van der Lende, T., Baaijen, M., Van Arendonk, JA.M.,
1998b. Event—time analysis of reproductive traits of dairy
heifers. J. Dairy Sci. 81, 2881-2889.

Vargas, B., Koops, W., Herrero, M., Van Arendonk, J.A.M., 2000.
Modeling extended lactations of dairy cows. J. Dairy Sci. 83,
1371-1380.

1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157



