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ABSTRACT

Hormone-based reproductive management programs 
can be beneficial to improve dairy cow’s reproductive 
performance. This study aimed to compare the economic 
impact of reproductive management programs using 
systematic hormonal treatments to individual cows with 
a specific DIM range, with a reproductive management 
program using cow-specific hormonal treatment based 
on a veterinary diagnosis of ovarian dysfunction dur-
ing a fertility check. An existing individual cow-based, 
dynamic, and stochastic bio-economic simulation model, 
mimicking the production dynamics of a 200 cow-herd in 
daily time steps, was extended with ovarian dysfunction 
and fertility inputs. Four hormone-based reproductive 
management programs were modeled. In the default re-
productive management program, reflecting the current 
reproductive management of Dutch herds, lactating dairy 
cows are inseminated based on detection of estrus and 
noncyclic dairy cows are treated with hormones based 
on a veterinary diagnosis of ovarian dysfunction dur-
ing a fertility check. Hormone treatments prescribed by 
the veterinarian for anestrus, cystic, and subestrus cows 
were an 8-d progesterone-releasing intravaginal device 
(PRID)-synch protocol (PRIDsynch), an Ovsynch pro-
tocol, and a PGF2α treatment, respectively. The 3 other 
reproductive management programs reflected systematic 
hormonal treatments to cows at specific DIM and in-
cluded (1) a Double-Ovsynch protocol for times AI (TAI) 
with nonpregnant cows submitted to a resynchronization 
protocol (FTAI), (2) a Double-Ovsynch protocol for TAI 

with nonpregnant cows detected in estrus or submitted 
to a resynchronization protocol (FTAI+ED), and (3) de-
tection of estrus with cows not detected submitted to a 
PRIDsynch protocol (ED+TAI). All nonpregnant cows 
were submitted to a resynchronization protocol based on 
the absence (PRIDsynch) or presence (Ovsynch protocol) 
of a corpus luteum. The annual mean net economic return 
(NER) was calculated for all reproductive management 
programs. Compared with the default reproductive man-
agement program, the highest NER was observed for 
the FTAI+ED reproductive management program with 
€23,764 higher net revenues, followed by the FTAI and 
the ED+TAI reproductive management programs with 
€19,550 and €14,314 higher net revenues, respectively. 
Overall, systematic hormone-based reproductive man-
agement programs gave higher costs due to more hor-
mones administered and higher calving and feed costs 
due to more pregnant cows. Nevertheless, the additional 
revenues of milk and calves in the systematic hormone-
based reproductive management programs outweighed 
the total cost. For instance, the FTAI+ED reproductive 
management program gave €8,953 higher total cost per 
year compared with the default but with €32,654 higher 
revenues. In summary, reproductive management pro-
grams where hormones were systematically used gave 
economic advantages over the current default repro-
ductive management program in which hormones are 
administered to individual cows based on a veterinary 
diagnosis of ovarian dysfunction during a fertility check.
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INTRODUCTION

Reproductive performance of dairy cows is associated 
with the economic performance of a dairy farm. For in-
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stance, shorter days open (Meadows et al., 2005; Galvão 
et al., 2013), a shorter calving interval (Inchaisri et al., 
2010), a higher 21-d pregnancy rate and a better service 
rate (Giordano et al., 2011, 2012; Ricci et al., 2020) were 
associated with a higher profitability of dairy farms. The 
profitability due to improved reproductive performance 
is mainly associated with higher milk revenues (Mead-
ows et al., 2005; Inchaisri et al., 2010). Implementing a 
good reproductive management program, however, also 
requires additional costs (e.g., costs for reproductive 
hormones). Therefore, all factors related to reproductive 
performance in dairy farms need to be considered for 
deciding on a reproductive management program.

Several hormonal synchronization strategies with 
timed AI (TAI) exist to improve dairy cow’s reproductive 
performance. The Ovsynch protocol has been commonly 
used in synchronization programs for TAI worldwide 
(Caraviello et al., 2006; Fricke and Wiltbank, 2022), this 
protocol consists of GnRH and PGF2α-based treatments 
to synchronize ovulation of lactating dairy cows for 
TAI 10 d after the first GnRH treatment (Pursley et al., 
1995). Modifications of the Ovsynch protocol exist and 
encompass additional hormone injections (i.e., Double-
Ovsynch protocol) or supplements such as progesterone 
to optimize its efficacy (i.e., progesterone-releasing in-
travaginal device [PRID]-synch protocol; Santos et al., 
2016; Stevenson and Britt, 2017; Hölper et al., 2023). 
The PRIDsynch protocol gave higher pregnancies per 
AI of dairy cows compared with Ovsynch protocol 
(Hölper et al., 2023). Moreover, the implementation of 
the Double-Ovsynch protocol increased submission rate 
and pregnancy per AI of dairy cows compared with other 
synchronization protocols (Souza et al., 2008; Herlihy et 
al., 2012; Santos et al., 2017).

Reproductive management programs using hormonal 
synchronization protocols are applied in different ap-
proaches worldwide. A group-based approach imple-
ments a routine use of hormone protocols to a group 
of cows to synchronize their ovulation facilitating the 
reproductive management of dairy farms (Herlihy et al., 
2011; Colazo and Mapletoft, 2014; Stevenson, 2016). 
Such an approach is especially applied in larger dairy 
herds to synchronize the estrous cycle of group of cows 
or in production systems with seasonal calving (Fricke 
and Wiltbank, 2022). Another approach is an individual 
cow-based systematic approach, in which hormones are 
administered to individual cows with a specific DIM 
range for a TAI. This way, a cow can achieve a shorter 
calving to first AI interval and a higher submission rate 
(Fricke et al., 2014; Rial et al., 2022). A less systematic 
cow-based approach also exists, and includes the deci-
sion to use hormones to individual cows based on a vet-
erinary diagnosis of ovarian dysfunction during a fertility 

check (KNMvD, 2020; van der Laan et al., 2021). Such 
diagnosis-based reproductive management programs are 
applied in multiple European countries (with smaller 
herd sizes and a year-round calving pattern), such as in 
the Netherlands (van der Laan et al., 2021; Wicaksono et 
al., 2023).

Previously, economic simulation studies have com-
pared several hormone-based reproductive management 
programs (Galvão et al., 2013; Ricci et al., 2020; Li et 
al., 2023). Those studies showed that in synchronization 
programs, the more systematic use of hormones resulted 
in an improved reproductive performance and higher 
economic benefit. However, no economic studies exist 
that compared a reproductive management program with 
a cow-specific hormonal treatment based on a veterinary 
diagnosis of ovarian dysfunction during a fertility check 
with a more systematic application of hormones to indi-
vidual cows with a specific DIM range.

This study aimed to compare the economic impact of 
reproductive management programs using systematic 
hormonal treatments to individual cows with a specific 
DIM range with a reproductive management program us-
ing cow-specific hormonal treatment based on a veteri-
nary diagnosis of ovarian dysfunction during a fertility 
check. A stochastic bio-economic model has been devel-
oped to estimate the net economic return (NER) of those 
reproductive management programs.

MATERIALS AND METHODS

Overview of Cow Simulation Model

The bio-economic simulation model used in this study 
was an adaptation and extension of the cow simulation 
model described by Edwardes et al. (2022). The simula-
tion model was developed in R-studio software for Win-
dows version 1.4.1103 (R Core Team, 2021). The model 
was a Monte Carlo individual cow-based dynamic and 
stochastic model, simulating a dairy herd of 200 cows 
in daily time steps. In short, the daily milk production 
of each cow was modeled following the Wilmink (1987) 
lactation curve. The daily feed requirements of each cow 
were expressed in the VEM (feed unit lactation) energy 
system, which are the energy requirements in feed units 
for lactation (Van Es, 1978; Remmelink et al., 2016). 
All dairy cows have a fixed dry period length of 56 d 
(Table 1), whereas the voluntary waiting period (VWP) 
depended on the reproductive management program. 
Probabilities for estrus detection and pregnancy were 
included (explained in the “Fertility-Related Input” sec-
tion). Cows were bred a maximum of 6 times, and only 
when their daily milk yield was above 20 kg. Infertility 
culling was decided for an open cow with a daily milk 
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yield below 15 kg. In addition to the culling decision 
for infertility, culling for general reasons (due to non-
reproductive health disorders) was also modeled. The 
probability of general culling was calibrated to meet the 
overall culling rate of 30% (Mohd Nor et al., 2014). A 
mortality of 6.7% of all culled cows due to general cull-
ing was included (Rutten et al., 2014). An empty place 
due to a culled cow will be replaced immediately by a 
replacement heifer (on the following day). Input values 

on cow factors and their relation with milk production 
used in the bio-economic model are described in Table 1.

The model was adapted by adding additional repro-
duction dynamics including the ovarian dysfunctions: 
anestrus, cystic ovarian disease (COD) and subestrus. In 
addition, fertility-related events such as the probability 
of estrus detection and successful pregnancy based on 
several hormone protocols were added (Table 2). Values 
for the input parameters were based on scientific litera-
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Table 1. Input values on cow factors used for simulating cows in the bio-economic model to evaluate different hormone-based reproductive 
management programs

Parameter   Description   Value   Source

Parity distribution   Probability of a cow being in parity 1 
to ≥5

  0.29, 0.25, 0.19, 0.13, 0.15   CRV, 2022

Maximum parity   Assumed maximum reachable parity   10   Authors’ expertise
Dry period length   Prepartum dry period length (d)   56   Inchaisri et al., 2010
Daily weight gain   Average daily weight gain (kg/d) until 

the end of second lactation
  0.13   Kok et al., 2017

Daily milk production   Factors responsible for shape of 
Wilmink lactation curve1

      Kok et al., 2017

α
  Parity 1       31.6    
  Parity 2       40.6    
  Parity 3       44.1    
b            
  Parity 1       −0.0447    
  Parity 2       −0.0708    
  Parity 3       −0.0835    
c       −16.1    
k       0.06    
Daily energy requirement  
  (VEM2)

           

  Growth   Daily growth energy requirements in 
parity 1 and 2

  660, 330   Van Es, 1978

  Prepartum   Daily energy requirements during stage 
of pregnancy from 4 mo to last month 
before calving

  450, 850, 1,500, 2,700   Remmelink et al., 2016

Culling            
  General culling   Probability is distributed over each daily 

time step:
      Calibrated input to get overall annual 

culling rate of 30%
      Parity 1   2.74e−5   Mohd Nor et al., 2014

    Parity 2   2.74e−5  
    Parity 3   8.22e−5  
    Parity 4   1.10e−3  
    Parity ≥5   2.74e−3  

  Mortality           Rutten et al., 2014
    Probability of mortality of all culled 

cows due to general culling
  0.067    

  Infertility culling   Decision to stop inseminate a cow:       Authors’ expertise
    Maximum insemination   6  
    Maximum insemination after 

pregnancy loss
  3  

    Milk yield threshold (kg)   <20    
  Daily milk yield threshold (kg) to cull 

cows
  15   Edwardes et al., 2022

  Milk loss   Milk loss due to pregnancy  
  −
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n   Input to get best fitting curve on milk loss 
of Bohmanova et al., 2009; Inchaisri et al., 
2010; Lainé et al., 2017

1α, b, c, and k are factors responsible for the shape of the curve to obtain the expected daily milk yield for a cow in a particular parity (Wilmink, 1987; 
Edwardes et al., 2022).
2The feed requirements estimated as energy requirements in feed units for lactation (VEM, Van Es, 1978).
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ture as much as possible. The following sections describe 
the extensions of the cow simulation model in terms of 
simulation procedures and model inputs and explain 
the hormone-based reproductive management programs 
evaluated. 

Simulation of Reproduction Events  
and Reproductive Conditions

The estrous cycle of a cow was modeled as a sched-
uling event, and the first ovulation event after calving 
was simulated by a uniform distribution of 15 to 25 d 
(Crowe et al., 2014). The subsequent estrus event was 
then modeled by a uniform distribution every 19 to 
26 d (Remnant et al., 2018). After a VWP of 65 d, the 
detection of estrus was simulated for a cow that had a 
scheduled estrus event based on the cow estrous cycle. 

Given the probability of an estrus detection to an estrus 
cow, the cow was inseminated and with a certain prob-
ability of successful pregnancy subsequently checked for 
pregnancy by a veterinarian 32 ± 3 d later. Pregnant cows 
continued their lactation until dry off or were culled for 
general reasons, whereas nonpregnant cows went for the 
next estrous cycle or were culled because of general rea-
sons or infertility.

Ovarian Dysfunctions

The probability of a cow having an ovarian dysfunc-
tion was determined by its incidence rate and attributed 
risk factors (Table 3). During the time window of occur-
rence (DIM) that the condition could occur, the cow had 
a probability to develop an ovarian dysfunction. Cows 
having an ovarian dysfunction did not express estrus and 
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Table 2. Input values on fertility used in the bio-economic model on evaluating different hormone-based reproductive management programs

Parameter   Description   Value   Source

Voluntary waiting period   Voluntary waiting period for first insemination after 
calving (d)

       

      Default1 and ED+TAI2   65   Authors’ expertise
    FTAI and FTAI+ED3   77  

First ovulation event   First ovulation after calving   Uniform (15–25)   Crowe et al., 2014
Subsequent estrus event   The subsequent estrous cycle   Uniform (19–26)   Remnant et al., 2018
Estrus detection            
  Base probability   Base probability of estrus detection   0.5   Tippenhauer et al., 2021; 

Uniform-Agri, 2024; 
Expert

  Probability after prostaglandin shot   Detection probability after estrus induction with 
prostaglandin

  0.51   Stevenson et al., 1989

  Risk factor: relative production level   Relative risk of estrus detection rate based on 
relative production level value of <0.9, 0.9–1.1, >1.1, 
adjusted for the milk lactation stage after the peak of 
milk yield (6 wk postpartum)

  1.1, 1, 0.9   Inchaisri et al., 2010

Pregnancy            
Default reproductive management program            
  Base probability   Base probability of successful pregnancy after 

insemination number 1 to ≥6
  cow-specific   Inchaisri et al., 2011a

  Risk factors   Relative risk on conditions        
    Anestrus   no: 1, yes: 0.6   Santos et al., 2009
    COD   no: 1, yes: 0.88   Fourichon et al., 2000

Systematic reproductive management  
  programs

           

  Base probability   Successful pregnancy probability based on previous 
hormonal protocol treatments

       

    Double-Ovsynch   0.45   Santos et al., 2017
    Ovsynch, PRIDsynch   0.35   Santos et al., 2016
    PG estrus induction   0.414   McDougall et al., 2021

  Risk factors   Relative risk on systematic reproductive management 
program

       

    Parity: 1 and ≥2   1.2, 1   Santos et al., 2009
    Calving season: summer, autumn, winter, spring   1, 0.98, 1.13, 1.7   Santos et al., 2009

Pregnancy loss   Probability of pregnancy loss from 60 d of gestation 
until calving

  0.02   Albaaj et al., 2023

1Default reproductive management program reflecting the current Dutch situation regarding reproductive management with PRIDsynch being applied 
to an anestrus cow, Ovsynch to a cystic cow, and prostaglandin to a subestrus cow.
2Detection of estrus followed by timed artificial insemination (ED+TAI): PRIDsynch was applied to cows without estrus and nonpregnant cows with-
out CL, and Ovsynch to nonpregnant cows with CL.
3Fixed-Time Artificial Insemination (FTAI) and FTAI with estrus detection (FTAI+ED): Double-Ovsynch was applied to all cows and ended with 
FTAI, Ovsynch was applied to nonpregnant cows with a corpus luteum (CL), and PRIDsynch to nonpregnant cows without CL.
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were not detected when the cow was at the scheduled 
day of the estrus event. The condition of a cow having 
an ovarian dysfunction was modeled according to the 
definitions introduced by Peter et al. (2009): The first 
condition was true anestrus due to inactive ovaries (anes-
trus type I and II), which was defined as inactive ovaries 
or less active ovaries that have follicular growth and 
deviation, followed by either atresia or regression. This 
causes delay of cyclicity in the next following estrous 
cycle. The second condition was cystic ovarian disease 
(anestrus type III or COD), which was defined as a de-
viation, growth, and establishment of a dominant follicle 
(>20–25 mm in the absence of a palpable corpus luteum 
[CL], which exists for >14 d), but it fails to ovulate and 
becomes a persistent follicular structure/cystic (follicular 
or luteal cyst). The third condition was subestrus, which 
was defined as a normal cycling cow with ovulation but 
having a suboptimal estrus expression and lack of estrus 
detection for insemination. This condition causes a non-
detection of estrus and can be diagnosed by the presence 
of CL in the ovaries.

The probability for a cow to resume cyclicity (Prc) at 
the day of the scheduled event of estrus after a VWP of 
65 d was defined by a binomial (B) process:

Prc = B (1, [1 − Panoest] × Rpar × Rmp × Rcs),

where Panoest is the base risk of anestrus, Rpar the parity 
related risk factor, Rmp the milk production level related 
risk factor, and Rcs the calving season related risk factor 
(Table 3). The probability of a cow having COD (Pcod) at 
the day of the scheduled event of estrus after a VWP of 
65 d, was modeled by a binomial process:

Pcod = B (1, Icod × Rpar × Rcs),

where Icod is the base risk of COD, and Rpar and Rcs the 
parity and calving season related risk factors, respective-
ly (Table 3). For the rest of the cows that were not having 
anestrus or COD conditions, a subestrus condition prob-
ability of 15% was assigned, as determined by a calibra-
tion process to have an overall visual estrus detection rate 
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Table 3. Input values on ovarian dysfunctions and fertility diagnosis used in the bio-economic model on evaluating different hormone-based 
reproductive management programs

Parameter   Description Value   Source

Anestrus1        
  Incidence   Base rate 0.215 Opsomer et al., 2000
  Occurrence   Time window of occurrence (DIM) Uniform (42–65) Peter et al., 2009
  Risk factors   Relative risk on resuming cyclicity:    
      Parity: 1 and ≥2 0.83, 1 Santos et al., 2009

    Relative production level: ≤0.25%,  
  0.26–0.50%, 0.51–0.75%, ≥0.76%

1, 1.07, 1.08, 1.05 Santos et al., 2009

    Calving season: summer, autumn,  
  winter, spring

1, 0.97, 0.88, 0.92 Santos et al., 2009

Cystic ovarian disease2        
  Incidence   Base rate 0.085 Laporte et al., 1994
  Occurrence   Time window of occurrence (DIM) Uniform (42–105) Inchaisri et al., 2011b, Rhodes et al., 2003
  Risk factors   Relative risk    
      Parity: 1, 2, 3, 4, 5, 6, ≥ 7 1, 1.37, 0.95, 0.9, 

0.73, 0.47, 0.23, 
0.2

Laporte et al., 1994

    Calving season: summer, autumn,  
  winter, spring

1, 1.8, 1, 0.54 Laporte et al., 1994

Subestrus3        
  Incidence   Base rate 0.15 Calibrated input; van Eerdenburg et al., 2002
Veterinarian diagnosis        
  Pregnancy check   Timing for pregnancy check after 

insemination (d)
30 Authors’ expertise

  First fertility check (default reproductive  
    management program)

  Timing for the first fertility check 
after the end of voluntary waiting 
period (d)

60 Authors’ expertise

  Next fertility check (default reproductive  
    management program)

  Timing for the next fertility check 
after insemination (d)

30 Authors’ expertise

  Corpus luteum (CL) check (systematic  
    reproductive management program)

  Probability based on CL status: CL+, 
CL−   

0.7, 0.3 Wijma et al., 2018

1Inactive ovaries or less active ovaries that have follicular growth and deviation, followed by either atresia or regression causing the delay of cyclicity.
2There is deviation, growth, and establishment of a dominant follicle (>20–25 mm in the absence of a palpable CL, which exists for >14 d), but it fails 
to ovulate and becomes a persistent follicular structure/cystic (follicular or luteal cyst).
3The cow is normal cyclic including ovulation but with suboptimality of estrus detection or estrus expression causing a nondetection of estrus.
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of 50% (Tippenhauer et al., 2021; Uniform-Agri, 2024; 
P. L. A. M. Vos, Utrecht University, the Netherlands, per-
sonal communication).

Fertility-Related Input

All fertility-related model inputs are shown in Table 2. 
Estrus detection was assumed to be visually performed 
by the farmer and was corrected for the relative produc-
tion value of the cow (Inchaisri et al., 2010). Estrus 
detection rate was defined as the number of cows with a 
detected estrus over cows with a scheduled estrus event 
based on the cow estrous cycle. Estrus detection (Pod) 
was modeled by a binomial distribution:

Pod = B (1, Bod × Rrpl),

where Bod is the base risk of estrus detection and Rrpl the 
relative production level related risk factor (Table 2).

After estrus detection, cows were artificially insemi-
nated with conventional semen. In the default scenario, 
the diagnosis-based reproductive management program 
(van der Laan et al., 2021; explained later in detail), the 
probability of a successful pregnancy was based on a 
previous observational Dutch study, in which a success-
ful pregnancy was defined as a successful insemination 
until a calf is born following Inchaisri et al. (2011a). 
The final multivariable logistic regression model from 
that study was incorporated in the current bio-economic 
model to calculate the base risk of successful pregnancy 
as determined by the characteristics of each simulated 
cow (i.e., number of inseminations, parity, season of AI, 
time of AI related to peak milk yield, DIM at AI time, 
milk yield at AI time and 4 interaction terms with DIM; 
Inchaisri et al., 2011a). The risk of successful pregnancy 
for each number of inseminations (Inchaisri et al., 2011a) 
is described in Appendix A. Pregnancy (Ppreg-default) in the 
default reproductive management program was deter-
mined by a binomial process congruent to the base risk 
of successful pregnancy and relative risks for anestrus 
and COD risk factors as follows:

Ppreg-default = B (1, Bpreg-default × Ranoest × Rcod),

where Bpreg-default is the base risk of successful pregnancy 
after insemination in the default reproductive manage-
ment program based on Inchaisri et al. (2011a), and Ranoest 
and Rcod the risk factors on the occurrence of previous 
anestrus and COD, respectively (Table 2).

In the reproductive management programs in which 
hormones were systematically applied (explained later), 
the pregnancies per insemination estimates of random-

ized controlled trials applying several hormone protocols 
(Santos et al., 2016, 2017; authors’ expertise; Table 3) 
were used to define the base probability of successful 
pregnancy. Pregnancy in the reproductive management 
programs with a systematic hormone use (Ppreg-systematic) 
was subsequently adjusted by several cow-level risk fac-
tors, namely parity, calving season, and the occurrences 
of anestrus and COD, and was modeled by a binomial 
distribution:

Ppreg-systematic = B (1, Bpreg-systematic × Rpar  

× Rcs × Ranoest × Rcod),

where Bpreg-systematic is the base risk of successful preg-
nancy after insemination for the systematic reproductive 
management programs based on hormone protocol ap-
plications, Rpar and Rcs the parity and calving season re-
lated risk factors, respectively. Ranoest and Rcod represent 
the risk factors on the occurrence of anestrus and COD, 
respectively (Table 2). For the systematic reproductive 
management program which involves detection of estrus 
(explained in the next section), the base risk of success-
ful pregnancy followed the default reproductive manage-
ment program.

Pregnancy loss was simulated with a probability of 2% 
during the period 60 d of gestation until calving (Albaaj 
et al., 2023). The probability was set to 0% during the 
first 60 d because pregnancy losses were included in the 
reported pregnancies per AI (Santos et al., 2016, 2017) 
in this time period. A cow with a pregnancy loss had 
afterward a maximum of 3 inseminations. If the third 
insemination was not successful, the cow was culled for 
infertility.

Reproduction Dynamics with Hormone-Based 
Reproductive Management Programs

Four hormone-based reproductive management 
programs were defined and modeled.  The default re-
productive management program reflects the current 
reproductive management of Dutch dairy herds, in which 
hormones are only administered to individual cows based 
on a veterinary diagnosis of ovarian dysfunction during 
a fertility check (van der Laan et al., 2021). The second 
to fourth reproductive management programs reflect 
systematic hormone use by administration of hormones 
to individual cows at a specific DIM range, namely the 
fixed-time artificial insemination (FTAI) reproductive 
management program, FTAI with detection of estrus 
reproductive management program (FTAI+ED), and 
detection of estrus followed by TAI (ED+TAI) reproduc-
tive management program.

Wicaksono et al.: ECONOMIC EFFECT OF REPRODUCTIVE HORMONES
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Default Reproductive Management Program

Cows that were detected in estrus after the end of the 
VWP were inseminated and then subjected to a pregnancy 
check by a veterinarian (Figure 1a). Cows that showed es-
trus after a previous insemination will be re-inseminated. 
Cows that did not show estrus or were not detected until 
60 d after the end of the VWP were assigned a fertility 
check by a veterinarian. To a nondetected cow, hormone 
protocols were applied based on a veterinary diagno-
sis during a fertility check (based on the definitions of 
ovarian dysfunctions provided above) and following the 
fertility treatment guidelines as developed by the Dutch 
society of cattle veterinarians on optimizing hormone 
use and reproduction management (KNMvD, 2020). A 
schematic representation of each hormone protocol can 
be found in Figure 2, while detailed descriptions can be 
found in Appendix B. The PRIDsynch protocol was ap-
plied to an anestrus cow, whereas the Ovsynch protocol 
was applied to a cow with COD. Both treatments were 
followed by a TAI. To a subestrus cow, luteolysis was 
attempted with prostaglandin, after which estrus had to 
be detected again with a given probability. If estrus was 
detected after prostaglandin treatment, the cow was in-
seminated. If estrus was not detected in a cyclic cow, the 
next veterinary check was modeled in 32 ± 3 d.

FTAI Reproductive Management Program

For each cow, the FTAI reproductive management pro-
gram started at 50 ± 3 DIM, ended at 77 ± 3 DIM, and 
involved FTAI after calving using the Double-Ovsynch 
protocol (Souza et al., 2008; Santos et al., 2017) for all 
cows regardless of their reproductive cyclicity (Figure 
1b). An inseminated cow was checked for its pregnancy 
and continued its lactation until the next calving when 
pregnant. A nonpregnant cow was checked for the pres-
ence of a CL by a veterinarian. The positive CL cow, with 
a probability of 70% (Wijma et al., 2018), was assigned 
to the Ovsynch protocol, whereas the negative CL cow 
was assigned to the PRIDsynch protocol. Both protocols 
were followed by insemination until the enabled maxi-
mum number of inseminations (Table 1).

FTAI+ED Reproductive Management Program

In the FTAI+ED reproductive management program, 
Double-Ovsynch was applied for each cow for first 
AI as for the FTAI program. Then the estrus detection 
probability for consecutive inseminations was applied 
(Figure 1c). After the insemination following estrus 
detection, there were 2 options. First, when no signs of 
estrus were detected, a pregnancy check followed 32 ± 3 
d after insemination. The CL check was modeled for the 

nonpregnant cow similar to the FTAI reproductive man-
agement program. Second, when estrus was observed 19 
to 26 d after insemination, the cow was subjected to a 
next insemination.

ED+TAI Reproductive Management Program

Figure 1d illustrates the reproduction dynamics in the 
ED+TAI reproductive management program. As in the 
default reproductive management program, the estrus 
and the ovarian dysfunctions were simulated after the 
VWP period of 65 d. The cow detected in estrus was in-
seminated. The nondetected cow for the first scheduled 
estrus event 26 d after the end of the VWP period of 65 
d (due to anestrus, COD or subestrus) was submitted to 
a PRIDsynch protocol. This was performed at the maxi-
mum DIM of 91 d, and it was followed by an insemi-
nation at the end of the hormone protocol (after 10 d). 
Thereafter, 3 options were possible. First, a pregnancy 
check was assigned when the cow did not show any es-
trus signs within 32 ± 3 d after insemination, after which 
pregnancy was diagnosed and cows would have their 
next parity. Second, a CL check was performed for the 
nondetected estrus cow within 32 ± 3 d and followed by 
a specific hormone protocol based on the CL status, as in 
the FTAI reproductive management program. Third, the 
cow was re-inseminated after estrus was detected within 
19 to 26 d.

Economic Calculations and Analysis

Based on the biological outputs that were derived from 
the model, the economic outputs were calculated. The 
economic outputs were then used to determine the net 
partial economic results of the 4 hormone-based repro-
ductive management programs. The economic in- and 
outflows were calculated for all cows in daily time steps 
throughout a 1-yr time period and were summed the year. 
The economic calculations included milk returns, feed 
cost, culling costs, and different kinds of costs related to 
reproduction and hormone use.

Milk returns, feed costs, and culling costs were ex-
plained in detail by Edwardes et al. (2022). In short, the 
milk revenues were estimated based on the daily milk 
production with average fat and protein percentages and 
followed the lactation curve, which was modeled ac-
cording to Wilmink (1987). Daily milk revenue was cor-
rected in case of a pregnancy, and included a loss in milk 
production from the fifth month of pregnancy onward 
(Bohmanova et al., 2009; Lainé et al., 2017). Feed costs 
were calculated based on the daily feed requirements of 
each cow and expressed in VEM (Van Es, 1978; Rem-
melink et al., 2016). A depreciation method was used 
to calculate the culling costs (Edwardes et al., 2022), 

Wicaksono et al.: ECONOMIC EFFECT OF REPRODUCTIVE HORMONES
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Figure 1. Reproduction dynamics of the cow simulation model according to the 4 hormone-based reproductive management programs: (A) the 
default reproductive management program; (B) the fixed time insemination reproductive management program; (C) the fixed time insemination with 
detection of estrus reproductive management program; and (D) the detection of estrus reproductive management program. VWP = voluntary waiting 
period; COD = cystic ovarian disease; FTAI = fixed-time artificial insemination; CL = corpus luteum. Infertility culling = open cows with a daily 
milk yield below 15 kg were culled for infertility reasons.
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including the replacement heifer rearing cost to replace 
the culled cow and the revenue from the slaughter weight 
of the culled cow. Cost of mortality was incorporated in 
the culling cost, including the replacement heifer rearing 
cost to replace the dead cow, the opportunity cost from 
the slaughter weight of the dead cow, and the carcass re-
moval cost. All economic related input values used in the 
simulation model are shown in Table 4. The calculation 
of different costs related to reproduction and hormone 
use were added to the model and explained in the follow-
ing sections.

Hormone and Insemination Costs

Costs of hormones were calculated based on the ap-
plied hormone protocol. It accounted for the number of 
hormone doses (Appendix B) multiplied by the hormone 
protocol-specific prices per dose (or unit in case of pro-
gesterone; Table 4). Similarly, insemination costs were 
estimated by multiplying the number of inseminations by 
the price of semen per insemination. Labor costs were 
included for the implementation of hormone protocols 
and the application of inseminations, which both were 
assumed to be performed by the farmer. These costs were 
expressed by the hourly wage rate of the farmer and the 
duration of hormone application or insemination, includ-
ing the preparation and administration time.

Veterinary Service Costs

Costs for veterinary services included time for preg-
nancy checks (all reproductive management programs), 
ovarian dysfunction diagnoses (default and ED+TAI 
reproductive management programs) and CL checks 
(FTAI, FTAI+ED, and ED+TAI reproductive manage-
ment programs). These costs were calculated considering 
the call out fee price on a per visit basis, added by the 
veterinarian hourly rate and the veterinary check dura-
tion on a per cow basis.

Calving Costs

Costs of calving included the calving management 
costs, the rearing costs for the survived calves and the 
carcass removal for the dead calves. In agreement with 
Dutch legislation regarding the transport of young ani-
mals, the rearing duration of survived calves in a dairy 
herd was 14 d. Thereafter, female calves moved to the 
young stock unit of the dairy herd and male calves were 
sold. The calving management costs were accounted 
in every calving event and accommodated the costs of 
labor, peri- and postpartum disorders, and disease and 
dry-off treatments (Inchaisri et al., 2010). The probabil-
ity of calves to survive until 14 d of age was modeled 
by a binomial process. For the surviving calves, the 

Wicaksono et al.: ECONOMIC EFFECT OF REPRODUCTIVE HORMONES

Figure 2. Schematic description of each reproductive hormone use protocol as applied in the different hormone-based reproductive management 
programs (PRID Delta = progesterone; FTAI = fixed-time artificial insemination). The second prostaglandin dose (in Ovsynch and PRIDsynch) was 
only applied in the systematic hormone-based reproductive management programs.
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rearing costs for 14 d included the farmer’s labor to rear 
the calves and the milk replacement cost. For the dead 
calves, the calving management costs and the cost of 
carcass removal were accounted.

Economic Analysis

To compare the economic effect of the 4 hormone-
based reproductive management programs, the mean 
annual NER was estimated for all 4 reproductive man-
agement programs using a partial approach. The annual 
NER for each program was determined as follows:

NER R Cn s i t n s
total

ti
i t n s
total

t
, , , , , , , = −( )

==

( )

=
∑∑
1

362

1

200

1

3655200

∑∑
=i t

,

where NERn,s is the annual net economic return for itera-
tion n in the hormone-based reproductive management 
program s, Ri t n s

total
, , ,
( ) the total annual revenue for cow i in 

time step t consisting of milk yield revenues and calf 

revenues, and Ci t n s
total
, , ,
( ) is the annual total costs consisting 

of several costs, namely: feed, insemination, hormones, 
labor, veterinary services, calving, and culling. Eco-
nomic outputs were expressed by the mean and 5th and 
95th percentiles. In addition, the difference in NER be-
tween the 3 systematic hormone-based reproductive 
management programs with the default diagnosed-based 
reproductive management program was calculated.

Model Simulation

Model Calibration and Validation. Parameters were 
calibrated to ensure the accuracy of model inputs. Model 
outputs were then internally and externally validated. 
The validation of calibrated inputs was conducted in 
5 rounds by the authors. For internal validation, the 
processes included an output reliability check after ad-
justing several inputs, the trace and track on the outputs 
of individual cows during each time step, and the face 
validity assessment to the model. An external validation 
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Table 4. Economic input values used in the bio-economic model on evaluating different hormone-based reproductive management programs

Parameter   Description or unit Value Source

Milk price   Average monthly price of milk with average fat and protein (€/
kg) for the period 2021–2023

0.46 Wageningen Economic Research, 2023

Calf price   Average monthly price of 1- to 14-d-old male and female calves 
(€/calf) for the period 2021–2023

65 Wageningen Economic Research, 2023

Feed price   Average monthly price (€/kVEM1) for the period 2021–2023 0.35 Wageningen Livestock Research, 2023
Hormone costs        
  GnRH price   €/dose 3.5 Authors’ expertise
  Prostaglandin price   €/dose 3.5
  Progesterone price   €/unit 14.55
Insemination costs        
  Conventional semen price   €/insemination 20 Blanken et al., 2022
Farmer labor costs        
  Hourly wage   €/h 23 Blanken et al., 2022
  Insemination time   Farmer time for insemination (min/cow) including preparation 

and administration
10 Authors’ expertise

Protocol duration        
  Double-Ovsynch   Accumulative time (in minutes) per treatment per cow with 1 min 

per hormone injection, including preparation and administration
7 Authors’ expertise

  Ovsynch   4
  PRIDsynch   4
  PGF2α (estrus induction)   1
Veterinary costs        
  Hourly wage   €/h 139.2 Edwardes et al., 2022
  Call out fee   €/visit 31.35  
  Diagnosing time   Veterinarian time for diagnosing pregnancy or reproductive 

conditions (min/cow)
5 Edwardes et al., 2022; 

authors’ expertise
Culling cost   Rearing heifer price (€/animal), for every replacement heifer that 

enter the herd to replace a culled cow
2,342 Mohd Nor et al., 2015; reparametrized in 

2019
  Carcass dressing percentage 60 Rutten et al., 2014
  Averaged monthly third-grade meat price (€/kg) for the period 

2021–2023
3.3 Wageningen Economic Research, 2023

  Carcass removal price (€/animal) 47 Rendac, 2023
Calving cost   Calving management cost (€/calving) 152 Inchaisri et al., 2010

  BW (kg) for milk replacement 42 Mohd Nor et al., 2012
  Milk replacement (kg) 4 Mohd Nor et al., 2012
  Milk replacement price (€/kg) 2.25 Blanken et al., 2022

1The feed requirements estimated as energy requirements in feed units for lactation (VEM, Van Es, 1978).
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was conducted by the comparison of model outputs to 
relevant literature.

Model Convergence. Model convergence was ana-
lyzed by running the model in which the variance of the 
incidence of anestrus, COD, and subestrus; the estrus 
detection rate; and the total number of milk yield and 
cows culled were graphically observed. This procedure 
showed that the model equilibrated at around 400 itera-
tions. Five hundred iterations were consequently run in 
each simulation to ensure stability. Parity distributions 
stabilized at the end of yr 7; entailing a 7-yr burn-in pe-
riod. Reproductive management programs were therefore 
implemented in yr 8 and model output was derived in 
yr 9 to allow a full implementation of the reproductive 
management programs across all cows in the herd.

Sensitivity Analysis

To evaluate the sensitivity of the NER for different 
input values, sensitivity analyses were conducted for 
each hormone-based reproductive management program. 
The NER of each reproductive management program 

was calculated for every adjusted value in the sensitivity 
analysis, and their difference with the default reproduc-
tive management program was determined afterward. 
Additionally, this value was compared with the dif-
ference in NER based on the original parameter value 
(Tables 5 and 6).

The biological input parameters included in the sen-
sitivity analysis were the probability of successful preg-
nancy, ovarian dysfunctions’ incidence rates, and estrus 
detection probability. Values used in the sensitivity 
analysis were based on literature findings and authors’ 
expertise. The probability of pregnancy of the Double-
Ovsynch protocol was changed from 45% to 42% and 
52.7%, representing the minimum and the maximum 
probability of pregnancy of the Double-Ovsynch proto-
col (Santos et al., 2017) and of the Ovsynch/PRIDsynch 
protocol from 35% to 31.7% and 38.9%, representing the 
minimum and the maximum probability of pregnancy of 
the Ovsynch/PRIDsynch protocol (Santos et al., 2016). 
For values that were uncertain and had no reference, such 
as the incidence of ovarian dysfunctions, fixed intervals 
(i.e., ± 20%) were used. The estrus detection rate was 

Wicaksono et al.: ECONOMIC EFFECT OF REPRODUCTIVE HORMONES

Table 5. Average (and 5th and 95th percentiles) annual reproduction and production levels for different hormone-based reproductive management 
programs in a 200-cow dairy herd

Parameter Default1

Systematic hormone-based reproductive management program

FTAI2 FTAI+ED3 ED+TAI4

Calving interval (d) 419 (350; 522) 377 (352; 480) 374 (352; 450) 395 (349; 469)
Calving to first AI (d) 115 (69; 159) 77 (74; 80) 77 (74; 80) 93 (68; 101)
Calving to pregnancy (d) 170 (100; 269) 126 (104; 194) 122 (104; 191) 145 (99; 216)
Number of AI to pregnancy 1.6 (1.0; 3.0) 1.4 (1.0; 3.0) 1.5 (1.0; 3.0) 1.6 (1.0; 3.0)
Number of culled cows 49 (38; 60) 44 (35; 54) 43 (34; 54) 41 (32; 52)
Number of hormone protocol  
  applications

188 (162; 216) 307 (286; 329) 256 (243; 270) 224 (200; 250)

Number of Double-Ovsynch  
  applications

— 206 (197; 216) 210 (201; 219) —

Number of Ovsynch  
  applications

14 (8; 21) 71 (55; 87) 32 (23; 42) 78 (62; 95)

Number of PRIDsynch  
  applications

46 (37; 56) 30 (21; 40) 14 (8; 20) 146 (123; 170)

Number of estrus induction by  
  prostaglandin

128 (104; 153) — — —

Number of cows submitted to  
  hormone protocols5

110 (98; 121) 200 (198; 200) 197 (194; 199) 139 (129; 150)

Labor time on hormone  
  protocol (min)

155 (108; 210) 922 (340; 1,491) 827 (144; 1,519) 897 (780; 1,000)

Labor time on AI (min) 3,011 (2,780; 3,240) 3,041 (2,840; 3,260) 3,110 (2,910; 3,340) 3,145 (2,930; 3,360)
Total number of calves born 148 (138; 158) 170 (161; 179) 173 (165; 182) 161 (152; 170)
Net milk yield (kg) 1,700,431 

(1,669,436; 1,733,443)
1,759,751 
(1,729,595; 1,788,085)

1,767,967 
(1,739,248; 1,793,473)

1,744,099 
(1,716,636; 1,775,401)

1Default reproductive management program reflecting the current Dutch situation regarding reproductive management with PRIDsynch being applied 
to an anestrus cow, Ovsynch to a cystic cow, and prostaglandin to a subestrus cow.
2FTAI = fixed-time artificial insemination. 
3FTAI with estrus detection (FTAI+ED): Double-Ovsynch was applied to all cows and ended with FTAI, Ovsynch was applied to nonpregnant cows 
with a corpus luteum (CL), and PRIDsynch to nonpregnant cows without CL.
4Detection of estrus followed by timed artificial insemination (ED+TAI): PRIDsynch was applied to cows without estrus and nonpregnant cows with-
out CL, and Ovsynch to nonpregnant cows with CL.
5Number of individual cows that received at least one hormone protocol.
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adjusted to 30%, representing a poor visual detection by 
farmers (Inchaisri et al., 2010), and 80%, representing 
an enhanced estrus detection rate when sensors are used 
(Kamphuis et al., 2012; Rutten et al., 2014).

Sensitivity analyses were also performed for the eco-
nomic input parameters namely milk, calf, and hormone 
prices. Values used in the sensitivity analysis were ad-
justed to low and high values based on authors’ expertise 
or on lowest and highest market prices in the Netherlands 
in the last 5 yr (Wageningen Economic Research, 2023).

RESULTS

Reproduction and Production Effects

The mean annual simulation results regarding re-
production and production outcomes for the different 
hormone-based reproductive management programs 
are presented in Table 5. The mean calving interval 
was 419 d for the default reproductive management 
program, whereas the systematic hormone-based repro-
ductive management programs resulted in shorter aver-
age calving intervals (FTAI+ED = 374 d, FTAI = 377 
d, ED+TAI = 395 d). The same trends were shown for 
other reproductive performance outputs (i.e., calving to 
first AI and calving to pregnancy). The highest mean 
total number of culled cows was obtained from the 
default reproductive management program (49 cows), 
whereas the systematic hormone-based reproductive 
management programs gave less culled cows on aver-
age (FTAI+ED = 43 cows, FTAI = 44 cows, ED+TAI = 
41 cows). The systematic hormone-based reproductive 
management programs submitted more cows to hor-
mone protocols, and the highest mean number of rounds 
of hormone protocols used was obtained from the FTAI 
reproductive management program (307 rounds of hor-
mone protocols applied to 200 cows). In the systematic 
programs that includes estrus detection, the proportion 
of the open cows after first AI which were detected in 
estrus and being re-inseminated before the pregnancy 
check, was 21.5% and 40.4% for the FTAI+ED and 
ED+TAI programs, respectively.

For the production output, the default reproductive 
management program resulted in 148 calves (incorpo-
rated both male and female calves) and 8,502 kg/cow of 
milk on average, whereas the systematic hormone-based 
reproductive management programs resulted in a higher 
net production of calves and milk with the FTAI+ED 
reproductive management program having the highest 
mean values (173 calves and 8,840 kg of milk/cow), 
followed by FTAI program (170 calves and 8,799 kg of 
milk/cow) and ED+TAI program (161 calves and 8,720 
kg of milk/cow).

Economic Effects

Table 6 describes the mean total annual economic out-
comes of the 4 hormone-based reproductive management 
programs. The default reproductive management program 
gave the lowest milk and calf revenues with a difference 
of €31,067 and €1,587 for the milk and calf revenues, 
respectively, compared with the FTAI+ED reproductive 
management program, which gave the highest revenues. 
In terms of costs, the default reproductive management 
program gave the lowest cost on some cost parameters 
when compared with the systematic hormone-based re-
productive management programs, including feed, calv-
ing, semen, hormones, and labor on AI and hormones. 
However, different results were obtained for the costs 
on veterinary service and culling, where the default 
reproductive management program gave the highest 
costs. The FTAI reproductive management program gave 
€9,148 higher costs compared with the default reproduc-
tive management program, followed by the FTAI+ED 
(€8,953) and ED+TAI (€6,635), respectively. Despite 
these higher costs, the highest NER was observed for 
the FTAI+ED reproductive management program with 
€23,764 higher net revenues, followed by the FTAI and 
the ED+TAI reproductive management programs with 
€19,550 and €14,314 higher net revenues, respectively, 
compared with the default reproductive management 
program.

Sensitivity Analysis Outputs

The sensitivity analysis showed that the most influ-
ential parameter for the NER was the estrus detection 
rate (Table 7). Increasing the estrus detection rate to 80% 
resulted in a difference in NER that was €8,563; €10,432; 
€7,621 lower for the FTAI, FTAI+ED, and ED+TAI re-
productive management programs, respectively, when 
compared with the base value of 50%. Decreasing this 
rate to 30% resulted in an increased difference in NER on 
the systematic hormone-based reproductive management 
programs. The economic parameter to which the NER 
was the most sensitive was milk price. Decreasing the 
milk price resulted in a lower difference in NER between 
the FTAI (€7,741), FTAI+ED (€8,471), and ED+TAI 
(€5,574) reproductive management programs compared 
with the default reproductive management program, 
whereas increasing this parameter resulted in a higher 
difference in NER for the systematic hormone-based 
reproductive management programs. In contrast, chang-
ing the incidence rate of ovarian dysfunctions with 20% 
resulted only in a small change in the difference in NER 
for the systematic hormone-based reproductive manage-
ment programs compared with the default reproductive 
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management program, making those parameters the least 
influential (Table 7).

DISCUSSION

The developed stochastic bio-economic simulation 
model described for the first time the economic con-
sequences of systematic hormone-based reproductive 
management programs in comparison with the default 
diagnosis-based reproductive management program that 
is currently applied in Dutch dairy farms. Compared with 
the default reproductive management program, the high-
est NER was observed for the FTAI+ED reproductive 
management program with €23,764 higher net revenues, 
followed by the FTAI and the ED+TAI reproductive 
management programs with €19,550 and €14,314 higher 
net revenues in a 200-cow dairy herd, respectively. Re-
sults indicated that reproductive management programs 
with a more systematic use of hormones give economic 
advantages over the default hormone-based reproductive 
management program in dairy farms. These differences 
were predominantly caused by less culling of lactating 
cows due to fertility and more milk and calves produced 
per cow per year. These findings might give dairy farm-
ers economic considerations to start implementing sys-
tematic reproductive management programs to gain more 
profit for their business.

The findings in this study were in agreement with 
other studies that simulated several hormone-based re-
productive management programs based on individual 
cow-based treatments. These studies, simulating popula-
tions of dairy cows (Ricci et al., 2020) and heifers and 
lactating cows combined (Li et al., 2023), showed an 
economic benefit when hormones were applied more 
systematically. Moreover, the current study corroborated 
with a previous simulation study whereby combining 
the FTAI and detection of estrus (which was applied in 
FTAI+ED reproductive management program) gave a 
higher profit compared with applying the FTAI or detec-
tion of estrus only (Galvão et al., 2013). Those studies 
were only comparing the economic effect among system-
atic hormone-based reproductive management programs, 
whereas this simulation study also compared systematic 
reproductive management programs with the default re-
productive management program in which hormones were 
used only based on the veterinary diagnosis of ovarian 
dysfunctions during a fertility check (i.e., reproductive 
treatments or estrus induction), which is current practice 
in many countries. In addition, 3 different reproductive 
disorders—true anestrus, COD, and subestrus—were 
modeled, whereas they were not included in the previous 
simulation studies.

The simulation model showed that a systematic use of 
hormones, relying in the combination of different proto-
cols, resulted in better reproductive performances (i.e., 
shorter calving interval, calving to first AI, and calving 
to pregnancy) compared with the default reproductive 
management program. This was confirmed by a random-
ized clinical trial determining that hormone treatments 
result in better reproductive performance at cow level 
(Galvão et al., 2009; Santos et al., 2017). The model 
results were also supported by a recent Dutch ecologi-
cal study suggesting that a higher use of hormones was 
associated with better reproductive performance at herd 
level (Wicaksono et al., 2023).

The FTAI+ED program gave the best technical outputs 
(i.e., calving interval, calving to first AI and calving to 
pregnancy) with a slight difference in results compared 
with FTAI, and followed by ED+TAI. The application 
of the Double-Ovsynch protocol at 50 ± 3 DIM in the 
FTAI+ED and FTAI programs ensured that the cow had 
her first AI within 77 DIM. This reduced the interval of 
calving to first AI by respectively 16 and 38 d compared 
with the ED+TAI and default programs. The reduction 
of the calving to pregnancy interval was as expected be-
cause the Double-Ovsynch protocol resulted in a higher 
probability of successful pregnancy, as well as a 100% 
service rate through TAI (Nowicki et al., 2017; Santos 
et al., 2017). Compared with the systematic programs, 
the default program did not use any resynchronization of 
estrus for the nonpregnant cows after a pregnancy check. 
Hormones were only applied based on a veterinary diag-
nosis for the nondetected cows. Consequently, with the 
default management program cows are re-inseminated 
later, thus resulting in a lower reproductive performance.

The 3 systematic hormone-based reproductive man-
agement programs gave a higher NER than the default 
reproductive management program, with FTAI+ED be-
ing the most beneficial. More systematic reproductive 
program that use more hormonal treatments gave the 
highest economic benefit than less systematic program 
(Ricci et al., 2020). Based on Giordano et al. (2011), 
the 2 reproductive programs using 100% TAI were more 
beneficial than the reproductive programs using 100% 
ED. Another study showed that TAI combined with the 
detection of estrus gave a higher economic benefit than 
FTAI or detection of estrus only (Galvão et al., 2013). 
However, some of the costs within the systematic hor-
mone-based reproductive management programs of the 
current study were higher. Calving cost was higher than 
in the default reproductive management program because 
more cows were pregnant, resulting in more calves pro-
duced. This subsequently raised the feed cost. Obviously, 
because more hormones were used, hormone cost and 
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cost of labor associated with hormone administration 
were also higher. Therefore, the total costs were higher 
for the systematic hormone-based reproductive manage-
ment programs compared with the default reproductive 
management program. Nevertheless, the additional reve-
nues of milk and calves in the systematic hormone-based 
reproductive management programs outweighed the total 
costs, giving a higher annual NER compared with the 
default reproductive management program.

Model input parameters were acquired from particular 
references, which may result in model outcomes that dif-
fer from other situations. These include the probability 
of successful pregnancy after the application of hormone 
protocols and the incidence of ovarian dysfunctions. To 
solve this limitation, sensitivity analyses were conducted 
to evaluate possible different input parameters. Through 
this method, different possible outputs could be obtained, 
which would be applicable to various situations (Kirkeby 
et al., 2021). In addition, to generate outputs that mimic 
real situations, accurate farm-specific input parameters 
need to be considered to help farmers make their own 
decisions based on the model’s outcomes.

As any other simulation model, this study had some 
limitations. This study simulated the reproductive man-
agement program of a dairy farm under Dutch circum-
stances, which implements an individual cow-based 
approach for hormone applications. This may also be 
common to dairy herds with a year-round calving pat-
tern in other European countries. The results of this 
study therefore only represent those given conditions and 
cannot be directly compared with herds implementing a 
group-based approach in other countries. Also, model-
ing the occurrence of general culling was simplified by 
using a constant daily probability. This probability was, 
however, made cow-specific based on the parity of the 
cow, and final results indicated a realistic overall culling 
probability (similar to the overall culling rate of 28% in 
the Netherlands (Kulkarni et al., 2023). In the systematic 
programs that include estrus detection, the proportion of 
open cows after first AI that were detected in estrus and 
re-inseminated before the pregnancy check (21.5% for 
the FTAI+ED program and 40.4% for the ED+TAI pro-
gram), can be considered low (Tippenhauer et al., 2021; 
Uniform-Agri, 2024). This likely results in an underesti-
mation of the true effect of the 2 systematic reproductive 
management programs. The proportion of cows open 
might be improved when a higher visual estrus detection 
rate is achieved. In the default program, a waiting period 
of 60 d after the end of the VWP to conduct a “fertil-
ity check” was included. This suggested interval can be 
considered as being long. This assumption also partly ex-
plains the poor reproductive performance in comparison 
with the systematic reproductive management programs. 

In contrast, this specific management is promoted in the 
current Dutch hormone use guideline (KNMvD, 2020), 
encouraging dairy farmers to prudently apply reproduc-
tive hormones.

The estrus detection rate was the most influential pa-
rameter for the annual NER in the sensitivity analysis. As 
such, it plays an important role in the decision to imple-
ment the systematic hormone-based reproductive man-
agement programs in dairy herds. Decreasing the estrus 
detection rate to 30% resulted in an increased difference 
in NER for the systematic hormone-based reproductive 
management programs. It thus indicates that system-
atic hormone-based reproductive management programs 
would be more beneficial for dairy farms with poor estrus 
detection (e.g., those with poor visual detection by the 
farmer). Meanwhile, systematic hormone-based reproduc-
tive management programs would be less cost-effective 
in dairy farms which already have a high estrus detec-
tion rate. Herds with a low submission risk due to a low 
detection rate would economically benefit more from the 
systematic hormone-based reproductive management pro-
grams than herds with high submission risk (Archer et al., 
2015). A better estrus detection could be achieved through 
enhancing visual estrus detection by farmers or using 
sensors (Crowe et al., 2018). However, the reproductive 
management program with systematic use of reproductive 
hormones still gave the best reproductive performance 
outputs thus maximizing its economic performance.

Optimizing hormone use in dairy farms is a complex 
decision-making process that involves several aspects. 
Here we investigated the relationship between a system-
atic hormone-based reproductive management program, 
the reproductive performance of the cow and the associ-
ated economic benefits. Although allowed (Lane et al., 
2008), there is societal pressure to reduce hormone use in 
dairy farms (Pieper et al., 2016; Higgins et al., 2013). The 
weight of these aspects may differ between countries and 
stakeholders but must be taken into account when try-
ing to improve reproductive performance in dairy herds 
alongside other management strategies such as adequate 
feeding and proper housing, good heat detection, and a 
correct insemination moment.

CONCLUSIONS

Reproductive management programs with a more sys-
tematic use of hormones (i.e., administrating hormones 
to individual cows at a specific DIM range) provided 
substantial economic advantages over the current default 
reproductive management program for Dutch conditions 
in which hormones are administered to individual cows 
based on a veterinary diagnosis of ovarian dysfunctions 
during a fertility check. The differences are predomi-
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nantly caused by a reduced culling of lactating cows due 
to fertility and more milk and calves produced per cow 
per year because of a shorter calving interval. Result of 
the sensitivity analysis showed that systematic hormone-
based reproductive management programs were less eco-
nomically beneficial in herds with a high estrus detection 
rate. Decisions to implement more systematic reproduc-
tive management programs, therefore, will be dependent 
on the reproductive performance of those farms and need 
to be made farm specific.
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APPENDIX A 

Explanation on Calculating the Probability  
of Successful Pregnancy Based on Inchaisri  
et al. (2011a)

The probability of successful pregnancy was deter-
mined by the characteristics of each simulated cow 
using the final multivariable logistic regression model 
output from Inchaisri et al. (2011a). The output of that 
multivariable logistic regression is shown in Table A1. 
From that output, after correcting for cow characteris-
tic parameters and interactions, the mean probability of 
successful pregnancy based on the number of insemina-
tions was 0.45 (95% CI = 0.43–0.46), 0.42 (95% CI = 
0.40–0.43), 0.41 (95% CI = 0.39–0.43), 0.38 (95% CI = 
0.35–0.41), 0.33 (95% CI = 0.29–0.37), and 0.27 (95% 
CI = 0.21–0.34) for the first, second, third, fourth, fifth, 
and sixth insemination, respectively.

APPENDIX B

Hormone Protocols Specification

Four reproductive hormone protocols (Double-
Ovsynch, Ovsynch, PRIDsynch, and estrus induction) 
were incorporated into the reproduction part of the 
simulation model. Figure 2 specifies details of each hor-
mone protocol on the type of injections, its time order, 
and insemination strategy at the end of the protocol. 
The Ovsynch protocol was described in a previous study 
(Wijma et al., 2018). It is included in the current Dutch 
hormone use guideline (KNMvD, 2020) and represents 
the default hormone-based treatment. In this protocol, 
hormone treatment is followed by a FTAI on d 10. In 
the systematic hormone-based reproductive management 
programs, the Ovsynch protocol had an additional second 
prostaglandin injection 24 h after the first administration. 
The PRIDsynch protocol had a similar sequence com-
pared with the Ovsynch protocol but with an additional 
intravaginal progesterone hormone implant (PRID Delta) 
inserted at the first 7 or 8 d of the protocol (Santos et al., 
2016; Wijma et al., 2018; KNMvD, 2020). The Double-
Ovsynch protocol, based on Santos et al. (2017), was 
modeled as a systematic reproductive management pro-
gram, and ended with a FTAI on d 27. The last protocol 
represents the common Dutch herd reproductive manage-
ment program and the estrus induction procedure with 
prostaglandin administration followed by an artificial 
insemination if estrus was detected during some time 
period (KNMvD, 2020).
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Table A1. Output of the multivariable logistic regression analysis on parameters affecting the probability of 
successful pregnancy (Inchaisri et al., 2011a)1

Variable B SE P-value

Intercept −0.30    
  A serial number of inseminations     <0.01
  The first insemination Referenta — —
  The second insemination 0.13b 0.06 <0.05
  The third insemination 0.08b 0.08 NS2

  The fourth insemination −0.02c 0.12 NS
  The fifth insemination −0.37d 0.18 <0.05
  The sixth insemination −0.76d 0.29 <0.01
Parity     <0.01
  Parity 1 0.21a 0.05 <0.01
  Parity 2 0.15a 0.05 <0.01
  Parity 3 0.11a 0.06 <0.05
  Parity 4 0.03a 0.06 NS
  Parity ≥5 Referentb — —
Breed3      
  100% HF Referenta — —
  50% to <100% HF 0.09b 0.01 <0.01
  51% to 100% MRY 0.22c 0.04 <0.01
  Others 0.37d 0.06 <0.01
Last calf3     <0.01
  Female Referenta — —
  Male −0.05b 0.01 <0.01
  Twin −0.16c 0.04 <0.01
  Still birth −0.28d 0.03 <0.01
Season of insemination     NS
  Spring 0.02a 0.04 NS
  Summer −0.05b 0.05 NS
  Autumn 0.04a 0.04 NS
  Winter Referentc    
Time of inseminations related to time of peak milk      
  Insemination before peak yield −0.28a 0.03 <0.01
  Insemination after peak yield Referentb — —
DIM at insemination date (d) 0.005 0.001 <0.01
Daily milk yield at insemination date (kg) −0.00009 0.00002 NS
Interaction      
Daily milk yield at insemination date × DIM −0.00007 0.00003 <0.01
Season of insemination × DIM     <0.01
  Spring × DIM −0.0006 0.0003 <0.1
  Summer × DIM −0.0011 0.0003 <001
  Autumn × DIM −0.001 0.0003 <0.01
  Winter × DIM Referent — —
A serial number of inseminations × DIM   <0.01
  The first insemination × DIM Referent — —
  The second insemination × DIM −0.0022 0.0006 <0.01
  The third insemination × DIM −0.0021 0.0006 <0.01
  The fourth insemination × DIM −0.0022 0.0007 <0.01
  The fifth insemination × DIM −0.0011 0.0009 NS
  The sixth insemination × DIM −0.0001 0.0012 NS
Parity × DIM     <0.05
  Parity 1 × DIM −0.0007 0.0004 <0.1
  Parity 2 × DIM −0.0001 0.0004 NS
  Parity 3 × DIM 0.0003 0.0004 NS
  Parity 4 × DIM 0.0006 0.0005 NS
  Parity ≥5 × DIM Referent — —
a–dIndicate significant (P < 0.05) differences of estimated mean probabilities of successful inseminations between 
parameter classes after adjusting for other parameters in the final multivariable model.
1The ratio of generalized chi-squared statistic and its df equals 1.00 and estimated coefficients (b), SE for the 
coefficient and significant level are given for each cow-specific factor. HF = Holstein Friesian; MRY = Dutch Red-
and-White.
2NS = nonsignificant.
3In this simulation model 100% HF breed, and half male and half female calf for the last calf were assumed.
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