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Preface

“Breeding Focus 2021 — Improving reproduction” is the fourth workshop in the series.
The Breeding Focus series was developed to provide an opportunity for exchange between
industry and research across a number of agricultural industry sectors. With this goal in
mind, workshops have included presentations across multiple agriculturally relevant animal
species to take participants outside their area of expertise and encourage them to think outside
the box. Reproduction is a main driver for profitability and genetic gain. We will discuss
existing knowledge, identify gaps and explore genetic and management strategies to improve
reproduction further in multiple species.

Successful reproduction is a complex characteristic comprising the formation of reproductive
cells, successful mating and fertilisation, embryonic and fetal growth and eventually a successful
birthing event. In livestock species, reproduction traits have mostly low heritabilities, which
makes it challenging to improve reproduction as part of a multiple trait breeding objective.
The complexity arises not just from the cascade of processes required to result in successful
reproduction, but the relevant traits are different in males and females and they are influenced
through health and fitness, nutrition, climate and other environmental and management factors.

Challenges to the improvement of reproduction can vary widely for different species. For less
domesticated species such as abalone, the ability to produce and reproduce the animals in
captivity presents a major challenge. In bees, reproduction has not been given great attention
and little research has been undertaken to understand the underlying genetics of drone and
queen reproduction. However, in all industries reproduction is recognised as the basis for
genetic and economic gain. It directly influences the selection intensity that can be applied.
It also determines how many animals are not required for replacement and can be sold. In
all industries, irrespective of the challenge, cost-effective and easy to measure phenotypes of
reasonable heritability are central. New technologies and approaches enable the development
of novel phenotypes for genetic improvement which will be combined with a growing amount
of genomic data in livestock species and together these developments provide new and exciting
opportunities to improve reproduction further.

We would like to thank everyone who has contributed to this event for their time and effort:
the authors for their contributions to the book and presentations, the reviewers who all readily
agreed to critique the manuscripts. We would like to express a special thanks to Kathy Dobos
for her contributions into the organisation of this workshop and the publication. Thank you!

Susanne Hermesch and Sonja Dominik

Armidale, May 2021
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New phenotypes for genetic improvement of fertility in

dairy cows

Irene van den Berg', Melissa Stephen?, Phuong N. Ho', Mekonnen Haile-Mari-
am’, Claire Phyn?, Susanne Meier?, Chris Burke?, Nicole Steele? and Jennie E.
Pryce'?

'Agriculture Victoria Research, AgriBio, Centre for AgriBioscience, 5 Ring Road, Bun-
doora, Victoria 3083, Australia

2DairyNZ Ltd, Hamilton, New Zealand
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Abstract

While the inclusion of fertility in dairy cattle breeding programmes has improved the genet-
ic trend for fertility, further increases are desirable, especially in pasture-based systems such
as those in New Zealand (NZ) and Australia, where maintaining compact, seasonal calving
intervals is an important objective to match pasture growth to feed requirements of the cow.
There is interest in the use of novel traits to aid the improvement of fertility, because tradition-
al phenotypes derived using mating and calving data have low heritabilities. Potential novel
traits include mid-infrared spectroscopy predicted fertility (MFERT), age of puberty, serum
biomarkers, traits derived from sensor technology, body condition score and conformation.
In this chapter, we focus on MFERT (using Australian data) and age of puberty (using NZ
data), because these traits can potentially be available on large numbers of animals compar-
atively early in life. We estimated the heritability of MFERT (0.18 + 0.04), the heritability of
traditional fertility traits (ranging from 0.02 £ 0.00 to 0.04 + 0.00) and the genetic correlations
between MFERT and traditional fertility phenotypes (0.06 £+ 0.15 to -0.53 + 0.10). Based on
our estimates of genetic parameters for MFERT and the number of records currently available,
including MFERT in the fertility index is unlikely to increase the response to selection, but this
may change when more records for MFERT become available. Age of puberty has been re-
cently measured in approximately 5,000 NZ Holstein-Friesian heifers. Preliminary analysis of
age of puberty, obtained by monthly blood progesterone testing, indicates that the heritability
is between 0.20 and 0.30. Both MFERT and age at puberty have heritabilities higher than most
traditional measures and may be useful for the development of fertility Estimated Breeding
Values that use multiple sources of information, including traditional fertility traits.
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Introduction

Fertility is a trait of great importance to most dairy farmers. After all, lactation is dependent on
parturition (i.e., reproduction). In broad terms, “fertility” is defined as the ability to produce
offspring. In the dairy industry, female fertility refers to the ability of a cow to conceive and
maintain pregnancy within a specific time period; where the preferred time period is deter-
mined by the particular production system in use. The relevance of certain fertility parameters
may therefore differ between production systems, and evaluations of female fertility data have
to account for these differences. Variation exists, however, in the relative importance of fer-
tility in national breeding objectives. In some countries, it is economically more valuable to
produce extra milk rather than improve fertility, while in others there is a strong link between
pasture production profiles and milk lactation profiles (Berry et al., 2014; Pryce et al., 2014). To
optimize pasture usage, calving patterns need to align with the initiation of grass growth and,
therefore, good fertility is essential.

Female fertility is a complex trait with low heritability because it is a combination of several
traits. For example, it is desirable to have a cow that returns to cyclicity soon after calving,
shows strong signs of oestrus, has a high probability of becoming pregnant when inseminated,
has no or few fertility disorders and has the ability to keep the embryo/foetus for the entire ges-
tation period. For heifers, all characteristics except the first are essential. Multiple physiologi-
cal functions are involved including hormone systems, defence mechanisms and metabolism,
so a larger number of parameters may affect fertility function or dysfunction.

Historically, selection for increased milk production contributed to a decrease in fertility in
dairy cattle due to the unfavourable genetic correlation between milk production and fertility
(Haile-Mariam and Pryce, 2019). To counter this decline, fertility has been included in most
dairy cattle breeding programmes around the world (Berry et al., 2014; Ma et al., 2019). In
Australia the first dairy female fertility Estimated Breeding Values (EBVs) were released in the
early 2000s, with six-week-in-calf rate derived from calving interval, lactation length, preg-
nancy rate, first service non-return rate and calving to first service interval. At a similar time,
New Zealand introduced a fertility EBV also focused on six week in-calf rate, but including
resumption of cyclicity (Harris et al., 2005). While this has led to an increase in the genetic
trend of female fertility (Figure 1), further genetic improvements of fertility are desirable. Fer-
tility still remains the most common culling reason in the Australian dairy industry (Workie et
al., 2019), and pregnancy losses are costly (de Vries, 2006). Therefore, continuous selection for
and further improvement in fertility is an important objective for the dairy industry.

In this chapter, we give an overview of traditional fertility phenotypes and novel fertility phe-
notypes, focussing on mid-infrared spectroscopy and age at puberty as case studies.
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Traditional fertility phenotypes

Various measures of fertility exist, and the appropriate phenotype for selection depends on the
production environment and the breeding objective. Traditionally used fertility traits include
the interval from calving to first insemination, days open, calving interval, conception rate,
non-return rate, interval from first insemination to conception and the number of inseminations.
In Australia, the fertility breeding objective includes six-week-in-calf rate mainly derived from
calving interval. Calving interval was chosen because it 1) has an abundance of data, as farmers
generally always collect calving data and 2) it captures both aspects of fertility, i.e., concep-
tion and submission for insemination. However, it is censored, as only the most fertile cows
re-calve. In New Zealand, the current breeding objective is six-week in-calf rate (that is, the
likelihood of a cow to calve within the first six weeks of the calving period as a three-year-old).
Three-week submission for mating rate as a two-year-old is used as a predictor trait (Harris et
al., 2005). The breeding objective in NZ will soon be replaced by a continuous version, known
as calving season day, defined as the difference in days between calving and the planned start of
calving (PSC) (Amer et al., 2016). PSC is defined as the average calving date of the first 3 to 10
percent of calvings observed within herd and season, minus three days (Bowley et al., 2015).

While traditional fertility phenotypes (from mating and calving records) are cheap and easy to
record, they are strongly influenced by environmental factors such as management decisions
and poor oestrus detection, resulting in low heritabilities (Haile-Mariam and Pryce, 2019).
Even though heritabilities of these fertility traits are low, the amount of genetic variance is
sufficient for genetic improvement (Pryce and Veerkamp, 2001; Berry et al., 2014), as demon-
strated by the reversal of the genetic trend for fertility. To obtain accurate breeding values, it
is recommended that bulls have at least 100 daughters with fertility records (Philipsson and
Lindhé¢, 2003). In practice, however, this is often not the case, limiting the accuracy of fertility
breeding values and thereby the response to selection. New phenotypes could help improve
the response to selection, either by more accurately defining the fertility breeding objective, or
serving as indicator traits for fertility.

The introduction of genomic selection has benefited low reliability traits, such as fertility. Ge-
nomic only proofs (i.e., available at birth) in Australia have average reliabilities of 45%, bulls
with small daughter groups (~n=70) and genomic information have average reliabilities of fer-
tility proofs of 86%, while larger groups have reliabilities of about 93% (DataGene, April 2020
Australian Breeding Value (ABV) run). As expected, the relationship between genomic ABVs
(at birth) and ABVs of the same set of bulls when evaluated using their daughters is similar to
the published genomic reliability, i.e., explaining about 46% of the variation, with little bias
(Figure 2).
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Figure 1. Phenotypic trend of calving interval in Australian Holstein and Jersey cows (left) and
genetic trend of fertility Australian Breeding Value (ABV) in Holstein bulls (right)
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Figure 2. Genomic only Australian Breeding Values (ABVs) of bulls in 2015 and their ABVs in
2020 with (>50) daughters (DataGene, April 2020). The red line shows the regres-
sion of GEBV on ABV
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New phenotypes

To increase the response to selection for fertility, new phenotypes for fertility should be 1) ge-
netically correlated with the desired fertility breeding objective, 2) heritable, and 3) available
on a large number of individuals. Various novel traits have been proposed and investigated for
their use as indicator traits to improve fertility, including mid-infrared (MIR) spectroscopy pre-
dicted fertility (Ho et al., 2019), age of puberty (Fortes et al., 2012), serum biomarkers (Luke
et al., 2019), traits derived using sensor technology (Ismael et al., 2015), body condition score
and confirmation traits (Gonzalez-Recio et al., 2016).

Here, we use two case studies of potential selection criteria that could improve fertility of dairy
cows, one from Australia describing the potential use of mid-infrared spectroscopy and the
other from New Zealand, describing age at puberty. Finally, we discuss the opportunities to use
other novel phenotypes.

Mid-infrared spectroscopy (Australian case study)

Material outline

Recently, Ho et al. (2019) demonstrated how MIR spectroscopy can be used to phenotypically
predict whether a cow conceives at the first insemination and accurately distinguish between
high and low fertile cows. Because MIR spectroscopy uses a milk sample, MIR predicted fer-
tility (MFERT) would potentially be available on all cows with milk records in the first weeks
of lactation, hence earlier and on a much larger number of cows than the current fertility traits.
However, genetic parameters of MFERT are unknown. Therefore, we estimated the heritabil-
ity of MFERT and genetic correlations between MFERT and traditional fertility phenotypes
(calving interval (CI), lactation length (LL), calving to first service (CFS) and pregnancy rate
(PREG:; a binary trait, coded 1 if a cow conceived within the mating period and 0O if she did not
conceive)).

Phenotypes from up to 618,856 Holstein cows were used to analyse CI, LL, CFS, PREG and
MFERT (Table 1). Milk samples collected between 2016 and 2018 from 29 commercial Aus-
tralian dairy herds were used to obtained MIR spectra at Hico Pty Ltd (Maffra, Victoria, Aus-
tralia), TasHerd Pty Ltd (Hadspen, Tasmania, Australia) and DairyExpress (Armidale, New
South Wales, Australia) using Bentley Instruments NexGen Series FTS Combi machines. Sub-
sequently, partial least squares discriminant analysis was used to develop prediction equations
for MFERT using the mixOmics R package of Lé Cao et al. (2011). More details on the deri-
vation of MFERT are described by Ho et al. (2019). Heritabilities of and genetic correlations
among traits were estimated with an animal model and the AIREMLF90 software (Misztal
et al., 2014), using three generations of pedigree to estimate genetic relationships between
animals. Fixed effects included in the model were herd-year-season, age-parity and month of
calving.

Breeding Focus 2021 — Improving Reproduction 63



van den Berg et al.

To assess the potential benefits of including MFERT in a fertility index, we compared the ac-
curacy of two indices: one with only traditional fertility traits, and one with traditional fertility
traits and MFERT. For both indices, CI was the main objective. We assumed there were always
60 progeny records available for MFERT, but varied the number records for the traditional
fertility traits, with 0, 10, 30 and 60 progeny records for each of the traditional fertility traits
(CI, LL, CFS and PREG).

Genetic parameters

Heritabilities for traditional fertility traits were low, varying from 0.02 for PREG to 0.04
for CI and LL (Table 1), which is consistent with previously published fertility heritabilities
(Haile-Mariam et al., 2013). The heritability of MFERT was larger than that of the traditional
fertility traits (0.18). However, the relatively large standard error (0.04) indicates the uncertain-
ty of the estimate and the importance of a larger dataset to estimate genetic parameters more
precisely.

The genetic correlations and standard errors between MFERT and traditional fertility traits
are presented in Table 1. Correlations were low to moderate, varying from -0.53 for CFS to
0.06 for PREG, with relatively large standard errors for all traits (0.10-0.15) in comparison to
other dairy traits. Genetic correlations between MFERT and CI, LL and CFS were significantly
different from zero, indicating the potential of using MFERT as an indicator trait for fertility.
However, a larger dataset of MFERT is required to provide more accurate estimates of genetic
correlations.

Table 1. Number of records (n), heritabilities (h’) and genetic correlation (r g) between calving
interval (Cl), lactation length (LL), calving to first service (CFS), pregnancy rate
(PREG) and fertility predicted using mid-infrared spectroscopy (MFERT), se = stan-

dard error
Parameter CI LL CFS PREG MFERT
n 618,856 598,732 357,110 302,069 4,124
h% &+ se 0.04 +£0.00 0.04+0.00 0.03+0.00 0.02 £0.00 0.18 £0.04
r,+se -0.35+0.12 -0.32+0.13 -0.53+0.10 0.06 +£0.15 -

Accuracy of selection indices

The accuracies of the different indices including only traditional fertility traits (TFERT) or
traditional fertility traits and MFERT (TFERT+MFERT) are presented in Figure 3. When the
number of progeny records for MFERT is much larger than the number of records for TFERT
(60 records for MFERT and 10 for TFERT), including MFERT in the fertility index increased
the accuracy from 0.34 to 0.43. An index based on 60 MFERT records and no TFERT re-
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cords yielded an accuracy of 0.30, which was slightly lower than an accuracy using 10 TFERT
records. When the number of traditional fertility records increases, the benefit of including
MFERT in the index decreases, and when the number of records for traditional fertility traits
equals that of MFERT, there is no benefit due to the inclusion of MFERT in the index.

Based on our estimates of genetic parameters for MFERT and the number of records currently
available, including MFERT in the fertility index is unlikely to increase the response to selec-
tion. This may, however, change when the number of MFERT records surpasses the number
of fertility records. In Australia, this is not the case and the benefits of including MFERT in
the fertility index are currently limited because MIR data has not been routinely stored until
recently. However, because of the usefulness of MIR for prediction of multiple other import-
ant phenotypes such as energy balance, metabolic profiles and milk fatty acids, the number of
cows with MIR records and thus MFERT is expected to increase and may eventually surpass
the number of records for traditional fertility traits. When this happens, genetic parameters can
be estimated more accurately, and MFERT could potentially be used to increase the response
to selection for fertility.

0.6
o~
g 0.4
3
g m TFERT

0.2 TFERT+MFERT

0
0 10 30 60
nProg TFERT

Figure 3. Accuracy of selection indices containing only traditional fertility traits (TFERT) or
traditional fertility traits and MIR predicted fertility (TFERT+MFERT). We assumed
60 progeny records for MFERT and 0, 10, 30 or 60 progeny records for traditional
fertility traits (nProg TFERT)

Age of Puberty in heifers (New Zealand case study)

Age of puberty was initially measured in a purpose-bred herd of 500 Holstein-Friesian heif-
ers with extremely divergent fertility EBVs. Weekly blood sampling was performed to detect
elevated plasma progesterone concentrations (> 1 ng/mL), which indicated that a heifer had
reached puberty. Heifers with positive fertility EBVs (n = 250) were found to reach puberty at
a younger age (358 vs. 385 days; SD 6 days), a lighter liveweight (274 vs. 294 kg; SD 4.3 kg),
and at a lower percentage of predicted mature liveweight (51 vs. 55%) than their herd mates
with negative fertility EBVs (n = 250) (Meier et al., 2021). This finding suggests that age of
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puberty may be predictive of a cow’s reproductive performance later in life. Subsequently, a
second large-scale data collection initiative was carried out, where the age of puberty trait was
estimated in approximately 5,000 Holstein-Friesian heifers, farmed at 54 locations throughout
3 regions of New Zealand. The objectives of this large-scale study were to: 1) establish a feasi-
ble method for measuring age of puberty at scale, 2) quantify the heritability of the trait ‘age of
puberty’ in a large NZ dairy cattle population and 3) quantify the genetic correlation between
‘age of puberty’ and reproductive performance later in life.

Establish a feasible method for measuring age of puberty at scale

Age of puberty was obtained using two methods. The first method involved blood sampling
the animals to measure their plasma progesterone concentrations. Animals were deemed to
have reached puberty when their plasma progesterone concentrations were elevated, indicating
that they had ovulated. All 5,000 animals enrolled in the study were blood sampled on three
occasions at approximately 10, 11 and 12 months of age. This approach, while feasible for a
proof-of-concept study of this size, would be difficult to implement at a national scale. There-
fore, genetic analysis of these progesterone data will include investigating the merit of fewer
blood tests per cow. The second method involved monitoring animal activity (using pedometer
sensors attached to one hind leg to measure step counts and lying/standing behaviours) of a
subset of approximately 2,000 heifers in 17 herds over a 10-week period. A period of increased
activity can indicate an oestrus event, which may provide a suitable method for estimating
timing of puberty at a larger scale. Activity data can also inform a wide range of animal health
monitoring and management decisions on-farm and going forward it is possible that the collec-
tion of early-in-life activity data becomes routine within commercial farming operations. With
this in mind, an age of puberty phenotype based on activity data could be a viable approach at
a national scale in future years.

Heritability of age of puberty

Existing literature indicates heritabilities for age of puberty ranging from 0.10 to 0.56, depend-
ing upon the methodologies used (Smith et al., 1989; Fortes et al., 2012). Preliminary analysis
of age of puberty obtained in our population by monthly blood testing indicates that the herita-
bility of age of puberty is between 0.20 and 0.30 (Stephen et al., unpublished results). We are
yet to complete the analysis of age of puberty obtained via activity monitoring. However, the
continuous capture of data may provide a more heritable measure of timing of puberty relative
to monthly blood testing.
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Genetic correlation between age of puberty and reproductive performance later in
life

The 5,000 animals involved in this study will complete their first lactation by June 2021. Re-
production traits such as intervals to first mating date and conception date, and submission,
pregnancy and subsequent re-calving rates, will be obtained for our analysis to determine the
value of age at puberty as a suitable predictor for improving genetic gain in fertility. In addi-
tion to these somewhat routinely recorded reproduction phenotypes, a subset of approximately
2,000 animals will wear activity monitoring devices from calving through to the end of mating.
We will use these data to determine oestrus behaviour-based traits such as the interval to their
first post-calving oestrus event, oestrous cycle length, and strength and duration of their oestrus
events. If promising results are achieved, then further research will examine age of puberty and
other novel traits across crossbred and Jersey breeds and determine relationships with repro-
ductive performance in second or greater lactations.

Serum biomarkers

Using improved biological knowledge of the processes underlying fertility may help to define
more precise phenotypes, that could have a higher heritability than traditional fertility traits.
Serum biomarkers involved in reproductive processes may be potential indicator traits for fer-
tility. For example, Anti-Miillerian hormone is involved in ovarian growth and has a moderate
heritability of 0.36 and may be a promising biomarker for fertility (Nawaz et al., 2018). Other
serum biomarkers such as beta-hydroxybutyric acid, fatty acids and urea have been associated
with fertility, health, and production (Ospina et al., 2010; Raboisson et al., 2017). Recently, for-
mulae have been developed to predict these serum biomarkers using MIR spectroscopy (Luke
et al., 2019). Especially for urea, genetic correlations between MIR predicted urea and mea-
sured urea were not significantly different from 1, ranging from 0.96 to 0.98 depending on the
model used (van den Berg et al., 2021). While our preliminary analyses of Australian Holstein
cows did not find significant genetic correlations between urea and fertility traits (van den Berg
et al., unpublished results), it may be worth re-estimating these correlations on a larger dataset
to assess the potential use of urea as an indicator trait for fertility, as it could be available on all
cows with milk samples. Furthermore, applying metabolomic finger-printing approaches such
as regressing nuclear magnetic resonance against known health/fertility biomarkers may reveal
novel biomarkers that could be of use for identifying cows in negative energy balance (Luke
et al., 2020) or other aspects of fertility. In addition, bringing together sophisticated molecular
phenotyping approaches with genomic sequence data may help to identify variants to help
improve genomic prediction.

Sensor technologies

Submission rate traits, such as display of oestrus, could be automated to a large degree. Sen-
sor technology may offer opportunities to improve the accuracy of oestrus detection. Possible
sensors include activity tags, infrared thermography and visual assessments of mounting indi-
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cators. Ismael et al. (2015) reported heritabilities ranging from 0.02 to 0.16 for oestrus traits
derived using electronic activity tags fitted on cow neckbands to measure cow activity. The
highest heritability was obtained for interval from calving to first high activity, which had a
genetic correlation of 0.96 with the traditional phenotype interval from calving to first insem-
ination. Stevenson et al. (2014) showed the potential of automated activity monitor to predict
ovulation. While sensor technologies show potential as indicator traits, it may be challenging,
at least in the short term, to obtain a large enough reference population with sensor phenotypes.

Body condition score and conformation

Body condition score (BCS), angularity and several conformation traits are genetically correlat-
ed with fertility and may be used as indicator traits for fertility, as is currently the case in New
Zealand. De Jong (2005) and Harris et al. (2005) reported heritabilities of 0.43 and 0.19 of BCS,
respectively, and genetic correlations between BCS and various fertility traits ranging from -0.43
to 0.49. Biffani et al. (2005) showed the potential of angularity as indicator trait for fertility, with a
heritability of 0.17 and genetic correlation with fertility traits between 0.03 and 0.38. Gonzalez-Re-
cio et al. (2016) used udder texture, bone quality, angularity and body condition score to derive
energy status, that was subsequently tested in a multi trait fertility index. Inclusion of the energy
status trait in the index increased the reliability of the fertility breeding value by 30%.

Conclusions

There is a wide range of traits that are genetically correlated with fertility and have a higher
heritability than traditional fertility phenotypes. In practice, the benefits of the inclusion of
such traits depends on the number of records available, the cost involved to record them, their
genetic correlation with the fertility trait in the breeding objective, their heritability and the age
at which they are recorded. Phenotypes available at younger age shorten the generation interval
and consequently increase the response to selection. Both MFERT and age of puberty have a
higher heritability and are available earlier in life than traditional fertility traits. On top of this,
MFERT would potentially be available on all cows with an early herd test, which is approxi-
mately 50% of the Australian dairy cattle population. With genomic prediction, breeding values
for both MFERT and age of puberty would be available on all genotyped individuals earlier in
life, which could aid further improvement of fertility.

Acknowledgements

We would like to acknowledge the support of the DairyBio program, which is jointly funded
by Dairy Australia (Melbourne, Australia) and Agriculture Victoria (Melbourne, Australia) and
The Gardiner Foundation (Melbourne, Australia). The NZ fertility genetics case study is a part
of a large programme of work titled ‘Pillars of a new dairy system’. This programme is funded
by NZ dairy farmers through DairyNZ Inc. and by the Ministry of Business, Innovation and
Employment (MBIE). Additional support for the NZ fertility genetics workstream is received

68 Breeding Focus 2021 — Improving Reproduction



New phenotypes for fertility in dairy cows

from AgResearch, LIC and CRV Ambreed. This research involves a multi-disciplinary team
of collaborators led by DairyNZ, including AbacusBio, AgResearch, Cognosco (a division of
Anexa Animal Health Centre), Massey University, Monash University, New Zealand Animal
Evaluation Limited, Oamaru Vets, Okato Vets, Queensland University of Technology, Univer-
sity of Queensland, VetEnt, and Victoria University of Wellington.

References

Amer, PR, Stachowicz, K, Jenkins, GM, Meier, S (2016) Short communication: Estimates of genetic
parameters for dairy fertility in New Zealand. Journal of Dairy Science 99, 8227-8230.

Berry, DP, Wall, E, Pryce, JE (2014) Genetics and genomics of reproductive performance in dairy and
beef cattle. Animal 8, 105-121.

Biffani, S, Marusi, M, Biscarini, F, Canavesi, F (2005) Developing a genetic evaluation for fertility
using angularity and milk yield as correlated traits. /nterbull Bulletin 33, 63.

Bowley, FE, Green, RE, Amer, PR, Meier, S (2015) Novel approaches to genetic analysis of fertility
traits in New Zealand dairy cattle. Journal of Dairy Science 98, 2005-2012.

de Jong, G (2005) Usage of predictors for fertility in the genetic evaluation, application in the Nether-
lands. Interbull Bulletin 33, 69.

de Vries, A (2006) Economic value of pregnancy in dairy cattle. Journal of Dairy Science 89, 3876-3885.

Fortes, MRS, Lehnert,SA, Bolormaa, S, Reich, C, Fordyce, G, Corbet, NJ, Whan, V, Hawken, J, Re-
verter, A (2012) Animal Production Science 52, 143-150.

Gonzalez-Recio, O, Haile-Mariam, M, Pryce, JE (2016) Improving the reliability of female fertility
breeding values using type and milk yield traits that predict energy status in Australian Holstein cattle.
Journal of Dairy Science. 2016, 99, 493-504.

Harris, BL, Pryce, JE, Xu, ZZ, Montgomerie, WA (2005) Fertility breeding values in New Zealand, the
next generation. /nterbull Bulletin 33, 47.

Haile-Mariam, M, Bowman, PJ, Pryce JE (2013) Genetic analyses of fertility and predictor traits in
Holstein herds with low and high mean calving intervals and in Jersey herds. Journal of Dairy Science
96, 655-667.

Haile-Mariam M, Pryce JE (2019) Advances in dairy cattle breeding to improve fertility/reproduc-
tive efficiency. In “Advances in breeding of dairy cattle’. (Eds J van der Werf, JE Pryce) pp.139-172
(Burleigh Dodds Science Publishing)

Ho, PN, Bonfatti, V, Luke, TDW, Pryce JE (2019) Classifying the fertility of dairy cows using milk
mid-infrared spectroscopy. Journal of Dairy Science 102, 10460-10470.

Ismael, A, Strandberg, E, Kargo, M, Fogh, A, Levendahl, P (2015) Estrus traits derived from activity
measurements are heritable and closely related to the time from calving to first insemination. Journal
of Dairy Science 98, 3470-3477.

Lé Cao, KA, Boitard, S, Besse, P (2011) Sparse PLS discriminant analysis: Biologically relevant fea-
ture selection and graphical displays for multiclass problems. BMC Bioinformatics 12, 253.

Breeding Focus 2021 — Improving Reproduction 69



van den Berg et al.

Luke, TDW, Rochfort S, Wales WJ, Bonfatti V, Marett L, Pryce JE (2019) Metabolic profiling of ear-
ly-lactation dairy cows using milk mid-infrared spectra. Journal of Dairy Science 102, 1747-1760.

Luke, TDW, Pryce, JE, Wales, WJ, Rochfort, SJ (2020) A Tale of Two Biomarkers: Untargeted |H NMR
Metabolomic Fingerprinting of BHBA and NEFA in Early Lactation Dairy Cows. Metabolites 10, 247.

Ma, L, Cole JB, Da 'Y, VanRaden PM (2019) Symposium review: genetics, genome-wide association
study, and genetic improvement of dairy fertility traits. Journal of Dairy Science 102, 3735-3743.

Meier, S, McNaughton, LR, Handock, R, Amer, PR, Beatson, B, Bryant, JR, Dodds, KG, Spelman, R,
Roche, JR, and Burke, CR (2021) Heifers with positive genetic merit for fertility traits reach puberty
earlier and have a greater pregnancy rate than heifers with negative genetic merit for fertility traits.
Journal of Dairy Science 104, 3707-3721.

Misztal, I, Tsuruta S, Lourenco, D, Masuda, Y, Aguilar, I, Legarra, A, Vitezica, Z (2014) Manual for
BLUPF90 family of programs [Online]. Available at: http://nce.ads.uga.edu/wiki/doku.php?id=docu-
mentation (verified 11 November 2020).

Nawaz, MY, Jimenez-Krassel, F, Steibel, JP, Lu, Y, Baktula, A, Vukasinovic, N, Neuder, L, Ireland,
JL, Treland, JJ, Tempelman, RJ (2018) Genomic heritability and genome-wide association analysis of
anti-Miillerian hormone in Holstein dairy heifers. Journal of Dairy Science 101, 8063-8075.

Ospina, PA, Nydam, DV, Stokol, T, Overton, TR (2010) Associations of elevated nonesterified fat-
ty acids and B-hydroxybutyrate concentrations with early lactation reproductive performance and
milk production in transition dairy cattle in the northeastern United States. Journal of Dairy Science
93,1596-1603.

Pryce, JE, Veerkamp, RF (2001) The incorporation of fertility indices in genetic improvement pro-
grammes. BSAP Occasional Publication 26, 237-249.

Pryce, JE, Woolaston, R, Berry, DP, Wall, E, Winters, M, Butler, R, Shaffer, M (2014) World trends
in dairy cow fertility. Proceedings, 10" World Congress of Genetics Applied to Livestock Production
article 154.

Raboisson, D, Albaaj, A, Nonne, G, Foucras, G (2017) High urea and pregnancy or conception in dairy
cows: A meta-analysis to define the appropriate urea threshold. Journal of Dairy Science 100, 7581-
7587.

Smith, BA, Brinks, JS, Richardson, GV (1989) Estimation of genetic parameters among reproductive
and growth traits in yearling heifers. Journal of Animal Science 67:2881-2885.

Stevenson, JS, Hill, SL, Nebel, RL, DeJarnette, JM (2014) Ovulation timing and conception risk after
automated activity monitoring in lactating dairy cows. Journal of Dairy Science 97:4296-4308.

van den Berg, I, Ho, PN, Luke, TDW, Haile-Mariam, H, Bolormaa, S, Pryce, JE (2021) The use of
milk mid-infrared spectroscopy to improve genomic prediction accuracy of serum biomarkers. Journal
of Dairy Science, 104:2008-2017.

Workie, ZW, Gibson JP, van der Werf, JHJ (2019) Age at culling and reason of culling in Australian
dairy cows. In ‘Proceedings of the Association for the Advancement of Animal Breeding and Genetics’
23, pp 143-146 (University of New England: Armidale).

70 Breeding Focus 2021 — Improving Reproduction





