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Abstract
Dairy cow fertility is currently measured using two traits: the proportion of cows mated within 21 days of the start of mating 
(PM21) and the proportion of cows that calve within 42 days of the start of calving (CR42). These traits indirectly measure a cow’s 
genetic propensity to return to a fertile state after calving. Both PM21 and CR42 have low heritability (0.05 and 0.03, respectively) 
and fertility is suspected to have much stronger genetic drivers than indicated by these lowly heritable components. The purpose 
of this study was to explore genetic and environmental factors that contribute to dairy cow fertility using a stochastic simulation 
model. The model traces the reproductive life of cows from birth until their second calving date using environmental and genetic 
variables to simulate fertility phenotypes. The model demonstrated that even when significant genetic variation was simulated 
in underlying fertility traits, this variation appears only weakly as genetic effects using the current fertility traits evaluated for 
genetic selection purposes. Potential alternative traits (e.g. gestation length, heifer puberty trait, strength of oestrus expression or 
post-partum anoestrous interval) were shown to have potential to add value when identifying sires whose daughters calve earlier 
in the season.
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Introduction
Reproductive ability of dairy cows is a major driver of 

profit in dairy farming, especially in seasonal, pasture-based 
systems. Poor dairy cow fertility increases reproductive 
intervention and mating costs, restricts days in milk, and 
can lead to premature culling restricting the productive 
life of the cow. Culling for poor reproductive performance 
limits farmer ability to cull animals on production and 
thereby reduces the rate of genetic gain for production traits. 
Maintaining high reproductive efficiency in dairy cattle is 
a challenge, and its success involves several distinct, but 
sequential, biological events leading to birth of a healthy 
calf. Since 2002, fertility has been included in the New 
Zealand economic selection index, Breeding Worth (BW). 
The fertility breeding value is expressed as the percentage 
of cows within a herd expected to calve within 42 days 
of the planned start of calving (CR42) and includes as a 
predictor of CR42, the proportion of cows mated in the first 
21 days of mating (PM21; Harris et al. 2006). These traits 
indirectly measure a cow’s genetic propensity to return to a 
fertile state after calving and to become pregnant in a time 
frame that will allow her to maintain a 365-day calving 
interval. Both PM21 and CR42 have low heritability (0.05 
and 0.03, respectively). However, it is suspected that there 
are much stronger genetic drivers than indicated by the 
low heritable components of these fertility traits. There are 
underlying and interacting biological events that contribute 
to fertility that may not be effectively captured in the PM21 
and CR42 traits due to masking by random environmental 
factors during young stock rearing, the dry period and 
lactation, reproductive management interventions, and 
recording errors. 

Mathematical modelling can help unravel the effects 
of multiple factors on reproductive performance, or 
conversely, integrate these to characterise an animal’s 

reproductive state more efficiently (Vetharaniam et al. 
2010). Results from stochastic simulation models that 
represent the events and effects that apply to practical dairy 
farm systems can be used to make informed choices such as 
which reproductive technologies to use (short-term), which  
management procedures to apply (mid-term), or which 
strategies for genetic selection to adopt (long-term) (Blanc 
et al. 2001; Beukes et al. 2010). 

The objective of the research described in this paper 
was to explore genetic and environmental factors that 
contribute to dairy fertility by developing and utilising a 
stochastic simulation model. This will help to quantify key 
underlying determinants of genetic variation in fertility and 
to develop strategies to capture extra genetic variation in 
fertility, which could lead to improved genetic evaluation 
of dairy cows and their sires.

Methods
Model description

The stochastic fertility model was built in R (R Core 
Team 2014) and used to simulate 20,000 heifers (progeny 
of 200 sires and 20,000 dams, parents were assumed to be 
unrelated and not inbred) per replicate, with 100 replicates. 
The simulation began by assigning a sire and dam to each 
heifer. True breeding values (TBVs) for 13 genetic traits 
(Table 1) were assigned to both sires and dams using genetic 
parameters summarised in Table 1. The eigendecomposition 
of the positive definite variance-covariance matrix was used 
to generate genetically correlated TBVs (Ripley 1987). 
Genetic parameters used to generate TBVs were derived 
from the literature and are summarised in Table 1 and Table 
2. Heifer TBVs were then simulated using the parental 
average of TBVs plus simulated Mendelian sampling term.
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Table 1 Parameters from the literature used in the stochastic fertility model (Banos & Coffey 2010; Berry et al. 2002 & 
2003; Coffey et al. 2006; Harris et al. 2006; Heuer et al. 2007; Koeck et al. 2014; Koenen et al. 2001; Lee et al. 1992; 
Lopez et al. 2004; Macdonald et al. 2005; McDougall 2001; McNaughton et al. 2002 & 2007; Mialon et al. 2000; Pancarci 
et al. 2002; Pryce & Harris 2006; Pryce et al. 2000; Roche et al. 2007; Roelofs et al. 2005; Roxström et al. 2001; Royal et 
al. 2000; Veerkamp et al. 2000; Xu et al. 1998)

Trait h2 Mean Phenotypic SD Genetic SD
Oestrus expression (hours in oestrus) 0.10 9.80 5.12 1.62
Body condition score (BCS) at calving 0.32 4.72 0.64 0.36
Change in BSC from calving to mating 0.19 -0.43 0.68 0.30
Milk yield (litres) 0.33 4406 361 207
Postpartum ovulation (interval from calving to luteal activity) 0.14 26.3 10.2 3.80
Number of services per conception 0.05 1.40 0.24 0.05
Calving difficulty (%) 0.05 7.40 6.80 1.50
Gestation length maternal (days) 0.21 281.5 4.48 2.05
Gestation length direct (days) 0.41 281.5 4.48 2.87
Calf weight at 100 days (% mature weight) 0.40 0.22 0.025 0.016
Post-weaning growth rate (% mature weight gained per day) 0.20 0.0017 0.00024 0.00011
Age at puberty (days) 0.33 342 30 17
Mature live weight (kg) 0.39 480 33 21

Table 2 Genetic correlations used as inputs for the stochastic fertility model. Data taken from (Banos & Coffey 2010; 
Berry et al. 2002 & 2003; Buttchereit et al. 2011; Cassandro 2014; Coffey et al. 2006; Dechow et al. 2002; Grosshans et al. 
1997; Kaps et al. 2000; Knauer et al. 2010; Lee et al. 1992; Lopez et al. 2004; Mäntysaari et al. 2002; Mialon et al. 2000; 
Morris & Cullen 1994; Olds & Seath 1953; Pryce et al. 2000 & 2001; Pryce & Harris 2006; Roche et al. 2007; Roxström 
et al. 2001; Royal et al. 2000; Smith et al. 1989; Spicer et al. 1990; Vallimont et al. 2010; Veerkamp et al. 2000 & 2001; 
Winkelman et al. 2010).
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Heifers were then assigned a birthdate from a user-
defined random distribution. Calf rearing conditions and 
pre-mating growth rates were simulated using a combination 
of environmental and genetic factors to influence the timing 
of puberty onset. User-defined parameters determined the 
proportion of heifers that were artificially inseminated (AI; 
here, 21% based on industry average incidence), in which 
case the model assumes that AI involves the use of oestrus 
synchrony treatments at the planned start of mating (PSM). 
First mating date was simulated using puberty onset and 
synchrony variables as well as environmental factors. A 
base fertilisation rate of 0.9 was applied for heifers that were 
inseminated at their second or later oestrus. For heifers bred 
by AI, a 0.12 reduction in fertilisation rates was assumed, 
while heifers inseminated at their first oestrus were assumed 
to have their probability of conception reduced by 0.34 and 
fertilisation prior to first oestrus was always unsuccessful. 
After conception, embryo survival was simulated from the 
heifer’s genetic potential for fertility (derived from the 
number of services per conception trait), and was further 
influenced by the number of oestrous cycles since puberty, 
and by how many embryos were present. If an embryo 
is lost or the heifer fails to conceive on the first mating, 
further mating events (and subsequent embryo survival) 
were simulated providing the time of mating was still 
within the mating season. 

Gestation length was simulated from genetic 
parameters (both the mother’s maternal genetic effects 
and the simulated calf’s direct genetic effect) and 
environmental factors such as calf sex, calf breed and 
twin pregnancies. First calving date was calculated from 
successful conception date and gestation length. Milk 
yield, body condition score (BCS) at calving and change in 
BCS from calving to mating were also simulated. Change 
in BCS influences how rapidly a cow returns to a fertile 
state after calving. The first post-partum ovulation and 
oestrus date were simulated. High milk yield affects the 
first post-partum oestrus by decreasing oestrus expression 
and by increasing subsequent cycle lengths. Low BCS at 
mating also affects post-partum anoestrus by increasing the 
likelihood of silent oestrus (ovulations not accompanied by 
an oestrus). A proportion of cows (70%) were randomly 
assigned a truncated first cycle.

The proportion of anoestrous dairy cattle identified 
and treated with CIDR devices was set at 95%. These cows 
were assumed to be mated at the PSM. Fertilisation rate 
in cows was simulated in the same manner as in heifers 
except that cows have a longer AI season and tend to have 
more variability in the rate of successful oestrus detection. 
Modelling of embryo survival for cows was similar to the 
approach for heifers, except that cow fertility was also 
dependant on the level of calving difficulty observed. 
Gestation length was simulated as described above to 
estimate the next calving date.

Derived industry fertility traits
Cow records generated from the simulation were used 

to assign industry-equivalent phenotypes to each cow.  

The three main phenotypes of interest were calving season 
day (CSD) defined as the number of days between planned 
start of calving and a cow’s calving date, CR42 and PM21 
(Harris et al. 2006). The two calving traits CSD and CR42 
were considered at the time of second calving, while the 
mating trait (PM21) was considered following the first 
calving (as in the current genetic evaluation system).

Additional simulated traits included in the genetic 
evaluation of fertility merit were age at puberty (measured 
by an activity meter with simulated errors around the 
true age at puberty), conception rate to first heifer mating 
(binary), heifer pregnancy diagnosis after conclusion of the 
breeding season, gestation length of the cow prior to first 
calving, heifer calving rate (binary), heifer calving rate in 
21 days, heifer calving season day, post-partum anoestrous 
interval (days from calving to first farmer observed oestrus), 
post-partum ovulation interval (days from calving until first 
post-partum ovulation), BCS at mating, and change in BCS 
from calving to mating (i.e., in peak lactation).

Genetic analysis
The model produced simulated cow phenotypic 

records (y) for both underlying traits, and also for derived 
industry fertility traits which were then analysed in ASReml 
(Gilmour et al. 2009) using the following univariate sire 
model:

yij = µ + sirei + eij,

Where µ was the overall mean, sirei was the random 
genetic effect of the sire i of the cow, and eij was the random 
residual term. For each trait and replicate the sire genetic 
variance (Vs) and residual variance (Ve) were estimated. The 
heritability was calculated as:

h2 = 4Vs / (Vs+Ve).

 As the univariate analysis was used, genetic 
correlations between traits were approximated using the 
correlations between estimated breeding values (EBVs) 
for those traits weighted by average accuracy of prediction. 
For this paper, the main focus was on evaluating the genetic 
correlations between derived industry fertility traits with 
CSD and CR42. The current fertility breeding value used 
in the national Breeding Worth index is CR42, although 
recent research (Bowley et al. 2015) suggests that this 
might be better replaced with CSD, which is a continuous 
version of the same trait.

 Model outputs were simulated and stored for 100 
unique replicates to reduce the sampling error. Genetic 
analyses were undertaken separately after every iteration 
and results were averaged over the number of replicates.

Results
The estimated heritabilities of the underlying 

simulated traits were very similar to those specified in Table 
1 and they are not reported. Heritabilities for the derived 
industry fertility traits are shown in Table 3 along with 
their correlations with CR42 and CSD. The heritabilities of 
CR42 and PM21 were 0.01 and 0.05, respectively, which 
are low and in an alignment with recent estimates (Harris 
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et al. 2006; Bowley et al. 2015). Many of the other derived 
industry fertility traits had higher heritabilities, for example, 
gestation length, age at puberty, post-partum ovulation 
interval, BCS at calving, and BCS change between calving 
and mating all had heritabilities higher than 0.15. Both 
heifer and cow calving season day had higher heritabilities 
than their binary counterparts.

Genetic correlations of model-derived traits with 
CR42 and CSD (Table 3) followed similar patterns for 

both calving traits, however they are stronger for CSD 
compared with CR42 for the majority of traits. Exceptions 
were post-partum intervals, PM21 and BCS traits. The 
strongest difference between correlations with CR42 and 
CSD was observed for gestation length and heifer calving 
traits, both binary and continuous, with CSD having 
stronger correlations with those traits than CR42. Genetic 
correlation between CSD and CR42 was -0.93.

Table 3 Estimates of heritability of model-derived traits and their genetic correlations with CR42 and calving season day 
(CSD); standard errors (SE) in parenthesis

Trait h2
Genetic correlation 

with CR42 with CSD
Age at puberty (activity meter) 0.175 (0.017) -0.125 (0.004) 0.130 (0.002)
Conception to first heifer mating 0.043 (0.005) 0.097 (0.004) -0.112 (0.003)

Heifer pregnancy diagnosis 0.035 (0.004) 0.100 (0.004) -0.111 (0.003)

First gestation length 0.250 (0.024) -0.466 (0.004) 0.739 (0.002)
Heifer calving rate 0.029 (0.003) 0.146 (0.004) -0.162 (0.003)
Heifer calving rate in 21 days 0.016 (0.002) 0.452 (0.004) -0.634 (0.003)
Heifer calving season day 0.044 (0.005) -0.491 (0.004) 0.727 (0.003)
Post-partum anoestrus interval 0.087 (0.009) -0.392 (0.004) 0.280 (0.003)

Post-partum ovulation interval 0.180 (0.018) -0.390 (0.004) 0.277 (0.003)

PM21 0.053 (0.006) 0.663 (0.004) -0.616 (0.002)
Body condition score (BCS) at calving 0.146 (0.015) 0.388 (0.004) -0.289 (0.003)
Change in BCS from calving to mating 0.201 (0.020) 0.145 (0.004) -0.107 (0.003)

CR42 0.011 (0.002) --- -0.933 (0.002)
CSD 0.042 (0.005) -0.933 (0.002) ---

Discussion
The results obtained in this study showed that 

while genetically almost the same as CR42, CSD was 
demonstrated to be a better trait for evaluation of cow 
fertility than CR42, due to a higher heritability and stronger 
genetic correlations with other traits. This confirms our 
earlier findings based on the industry data that CSD is a 
superior trait (Stachowicz et al. 2014).

Post-partum interval to rebreeding may be a useful 
new selection criterion but it is reliant on a farmer heat 
detection and has lower heritability (compared with post-
partum ovulation interval), which may undermine the value 
of the trait. Automated recording systems that capture first 
heat of all cows, including those calving early and already 
cycling by the time conventional pre-mating heat checks 
start, might be useful, particularly if post-partum ovulation 
interval has a stronger genetic correlation with other 
underlying fertility traits than assumed here in this current 
model.

First gestation length and heifer calving patterns (heifer 
calving rate in 21 days and heifer CSD) have demonstrated 
their potential as useful traits. Conversely, age at puberty 
and heifer calving rate may have limited value, because of 
their lower genetic correlation with cow calving traits, and 
practical difficulties in determination of age at puberty.

Post-partum ovulation interval and BCS at calving 
have promising genetic parameters as candidates for new 
fertility traits. BCS in heifers at day 60 of lactation is 
already used as a correlated predictor trait in the national 
fertility genetic evaluation model and this result supports 
its continued use. There would be marginal additional value 
from including the change in BCS between calving and 
mating, as it has weaker genetic correlations with calving 
traits compared with BCS at calving. 

These results suggest that the low heritability of 
current fertility phenotypes observed in the industry data 
is a consequence of many random non-genetic factors 
that impact the timing of mating and calving in a typical 
farm system. The alternative hypothesis is that pedigree 
errors and failure to record reproductive interventions such 
as induction of early calving and progesterone treatment 
of non-cycling cows contribute to the low heritability. A 
recent study using data from the national herd fertility 
trial indicated that missed recording of reproductive 
interventions and pedigree errors were contributors to the 
low heritability, but only by relatively modest amounts 
(Bowley et al. 2015). In this study we simulated perfect 
pedigree assignment and recording, and minimal influence 
of reproduction intervention on the quality of data available.
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