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The objective of this study was to estimate the association between detailed reproductive
phenotypes for cows categorized as divergent for phenotypic and genetic performance. The
hypothesis was that higher yielding animals, either phenotypically or genetically, would have
compromised ovarian and uterine reproductive performance. Detailed reproductive traits
including multiple ovulations, cystic ovarian structures, corpus luteum (CL) presence, and
uterine environmentwere available on 9675ultrasound records from8174 dairy lactating cows,
calved between 10 and 70 days. Cowswere categorized, within parity, into low, average, or high
for each of the performance traits. Therewas a greater likelihood ofmultiple ovulations in cows
with greater phenotypic yields (odds ratio: 1.53–1.81) and greater genetic merit for yield (odds
ratio: 1.31–1.59) relative to lower performing contemporaries. After adjustment for genetic
merit, a similar trend of increased odds (odds ratio: 1.29–1.87) of multiple ovulations in higher
yielding cows was observed compared with the lowest yielding category. There was no asso-
ciation between either phenotypicmilk composition or geneticmerit formilk compositionwith
the likelihood of multiple ovulations. The likelihood of cystic ovarian structures was highest in
cowswith greatest phenotypicmilk yields (odds ratio: 2.75–3.24), greater geneticmerit formilk
yield (odds ratio: 1.30–1.51), and even after adjustment for genetic merit there was a greater
likelihood of cystic ovarian structures in cows with the highest milk yields (odds ratio: 2.71–
2.95), comparedwith cows in the lowest category for each of themilk traits. Cowswith average
phenotypic milk yields were more likely to have a CL, compared with the lowest yielding
category (odds ratio: 1.20–1.23), and these associations remained after adjustment for genetic
merit of the trait. The likelihood of CL presence was highest in cows with the lowest genetic
merit for milk. Lower fat:protein ratio was associated with an increased likelihood of CL pres-
ence compared with cows with greater fat:protein ratio and cows with the highest phenotypic
milk compositionweremore likely to have a CL comparedwith cows in the lowest composition
category. Genetic predisposition to higher somatic cell scorewas associatedwith a reduced risk
of multiple ovulations (odds ratio: 0.69; 95% CI: 0.55–0.87) but an increased likelihood of CL
presence (odds ratio: 2.66; 95% CI: 2.09–3.37) and poorer uterine health score (odds ratio: 1.36;
95%CI: 1.20–1.55). Therewas a lower likelihoodofmultiple ovulations, cystic ovarian structures,
and poorer uterine health and an increased likelihood of CL presence in cows with superior
genetic merit for reproductive performance and survival.
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1. Introduction

Dairy cow breeding goals in the early 21st century were
broadened to include functional traits like reproductive
performance [1]. Many of these breeding goals include
aggregate reproductive phenotypes such as calving inter-
val or days open [2]. Such reproductive phenotypes are an
accumulation of several underlying, more detailed,
reproductive characteristics such as the ability of the an-
imal to return to estrus post-calving concurrent with
prompt uterine involution, the ability to express estrus, as
well as the ability to conceive and maintain a pregnancy
[2]. Although the existence of antagonistic associations
between selection for milk production and traditional
reproductive traits is already well established [2], there is
limited knowledge on the association between animals
divergent for genetic merit for milk production and
detailed reproductive traits such as follicular dynamics
and uterine environment [3,4]. Moreover, there is a
paucity of information on ovarian structures and uterine
environment among animals divergent for genetic merit
for aggregate reproductive phenotypes such as calving
interval or survival.

Therefore, the objective of the present study was to
associate both phenotypic and genetic merit for milk
production traits with detailed reproductive phenotypes
including multiple ovulations, cystic ovarian structures,
corpus luteum presence (CL presence), and uterine envi-
ronment and also to quantify the difference in such
detailed reproductive phenotypes among animals dif-
fering in genetic merit for calving interval, survival, and
somatic cell score. The hypothesis was that higher yielding
animals, either phenotypically or genetically, would have
compromised ovarian and uterine reproductive perfor-
mance. Results from the present study will be particularly
useful in elucidating the impact of selection for milk
production on ovarian structures and uterine environ-
ment and also determining if selection for aggregate
reproductive phenotypes like calving interval is effec-
tive in improving all aspects of detailed reproductive
performance.

2. Materials and methods

2.1. Ultrasound scans

Data were available from the Irish Cattle Breeding
Federation (ICBF) database on 65,030 transrectal ultra-
sound observations of the reproductive tract from 41,582
dairy cows in 828 Irish dairy between March 2008 and
October 2012. All ultrasonographic measurements were
performed by a single company (Reprodoc Ltd., Fermoy, Co.
Cork, Ireland; http://www.cowsdna.com). Ultrasonography
was performed transrectally using a real-time b-mode ul-
trasound scanner with a 5-MHz transducer. Size and
echogenicity of ovarian follicles, corpora lutea, uterine tone,
and uterine luminal fluids were interpreted, and a classi-
fication was assigned based on these combined measures.
In the present study, only ultrasound examinations from
nonpregnant cows calved between 10 and 70 days were
retained.
Detailed reproductive phenotypes were generated from
the ultrasound examination and are described in detail by
Fitzgerald et al. [5] and Carthy et al. [6]. Phenotypes
generated included multiple ovulations, cystic ovarian
structures, CL presence, and uterine score. Briefly, multiple
ovulations were described in cyclic cows by the presence of
two or more corpora on the ovary, indicating the ovulation
of two or more follicles in the previous cycle. Cystic ovarian
structures were described in nonpregnant cows by the
presence of a large fluid-filled structure (>25 mm in
diameter) on the ovary. A cystic ovarian structure was
diagnosed when the CL was <5 mm in diameter or when
the CL was absent. CL presence was described by the
identification of a CL on the ovary in the presence of folli-
cles not exceeding 25 mm in diameter. A CL could be
determined during the metestrous, dioestrous, and pro-
estrous stages of the bovine estrous cycle. Multiple ovula-
tions, cystic ovarian structures, and CL presence were
coded as binary traits for analysis. Uterine score was
described in nonpregnant cows by an assessment of the
level of luminal fluid and tone in the uterine horns [6,7].
Four uterine health scores were derived: (1) poor uterine
tone with inflammation and more than 60 mm of luminal
fluids; (2) poor uterine tone with 5 to 60 mm of luminal
fluids; (3) normal uterine tone with 2 to 5 mm of luminal
fluids; and (4) normal uterine tone with less than 2 mm
luminal fluids (Fig. 1).
2.2. Cow and herd characteristics

Breed composition of the cows were available from the
ICBF database; only cows with �75% of breed fraction
knownwere retained and consisted of only dairy herds. The
majority of the dairy cows in Ireland were Holstein-
Friesian, and 96% of the cows in the present study were
Holstein-Friesian. Typically, dairy herds in Ireland are sea-
sonal calving; in the present study, 61% of cows calved
between February andMay, 9.50% calved between June and
September, and 29.50% calved between October and
January. The average herd size was 89. Standard practice
for dairy cows in Ireland is to house animals during the
winter months with animals being turned out to pasture in
the spring.
2.3. Phenotypic and genetic milk production

Individual cow test-day records for milk, fat, and protein
yield were available from the ICBF database. A smoothing
spline with six knot points at 20, 70, 120, 170, 220, and
270 days post-calving was fitted to each cow’s individual
test-day record using ASReml [8]. Predicted milk, fat, and
protein yield on the day of ultrasonography were deduced
by interpolation and extrapolation from the fitted splines;
total solids yield was calculated as the sum of fat and
protein yield. The predicted yield traits were used to
determine milk fat and protein concentration as well as the
fat-to-protein ratio. Fat-to-protein ratio is often cited as
an indicator of energy balance [9], where a high ratio value
is proposed to signify a greater negative energy balance in
the cow.

http://www.cowsdna.com


Fig. 1. Representation of uterine health scores: (1) poor uterine tone with more than 60 mm of luminal fluids, (2) poor uterine tone with 5 to 60 mm of luminal
fluids, (3) normal uterine tone with 2 to 5 mm of luminal fluids, and (4) normal uterine tone with less than 2 mm luminal fluids.
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Predicted transmitting abilities (PTAs) are the official
measure of genetic merit for both dairy and beef animals in
Ireland and are defined as the average genetic value for a
given trait that an animal transmits to its offspring. Indi-
vidual cow PTAs for 305-day milk yield, fat yield and con-
centration, and protein yield and concentration and
somatic cell score (SCS; natural logarithm of somatic cell
count) from the December 2013 national genetic evaluation
were available from the ICBF. Genetic evaluations for the
milk production and SCS traits are undertaken using a se-
ries of multibreed univariate animal repeatability linear
models. Total solids yield and concentration were calcu-
lated from the sum of PTAs for fat and protein yield and the
sum of PTAs for fat and protein concentration, respectively.
Individual cow PTA for calving interval and survival were
also available from the December 2013 Irish national ge-
netic evaluation. Genetic merit for calving interval and
survival is estimated from a multitrait multibreed animal
model genetic evaluation of both traits for the first five
parities; also included in themultitrait genetic evaluation is
calving to first service interval, number of services, (pre-
dicted) lifespan, and 305-day milk yield.

2.4. Data edits

Daily milk yield, fat yield and concentration, protein
yield and concentration, total solids yield and concentra-
tion, and fat-to-protein ratio were standardized separately,
within parity groups (i.e., 1, 2, 3, 4, and 5þ), and categorized
as >0.5 standard deviation (SD) below the mean (i.e., low),
�0.5 SD from the mean (i.e., medium) and >0.5 SD above
the mean (i.e., high).
Cows were also categorized into three groups of equal
size (i.e., low, medium, and high) based on PTAs for milk
yield, fat yield and concentration, protein yield and concen-
tration, total solids yield and concentration, as well as SCS,
calving interval, and survival. Contemporary group of herd-
year–season of calving was defined as described in detail by
Berry and Evans [10]. Briefly, animals were grouped together,
within herd, that calved in close proximity. Initially calving
dates differing by a predefined number of days (in this study
10 days was chosen) were placed in separate contemporary
groups. Subsequently, if the number of records within any
contemporary group was less than a predefined number (10
was chosen in the present study), they were merged with a
contemporary group adjacent in time if the start date and
end date of the adjacent contemporary groups was less than
a specified number (in this study 182 days was chosen as the
threshold). Only contemporary groups with at least five re-
cords were retained. Parity records �5 were combined into
one parity group (i.e., parity 5þ). Following edits, 9675 ul-
trasound records from 8174 lactating cows in 307 commer-
cial dairy herds remained.

2.5. Statistical analyses

Factors associated with the logit of the probability of the
existence of multiple ovulations, cystic ovarian structures,
or CL presence at the time of ultrasonography were quan-
tified separately using generalized estimating equations in
ASReml [8] assuming a binomial error distribution. Factors
associated with an inferior uterine health score were
quantified using ordinal regression in ASReml [8] assuming
a multinomial error distribution of the data.
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Fixed effects considered for inclusion in all models were
parity, days in milk (included as a linear and quadratic
covariate), year, and month of scan. Both cow and
contemporary group were included in the models as
random effects. In a series of subsequent analyses, each
phenotypic milk production variable was included sepa-
rately in the model as a fixed effect with three classes (i.e.,
low, average, high). Associations between genetic merit for
milk, fat, protein, total solids, SCS, calving interval and
survival with multiple ovulations, cystic ovarian structures,
CL presence or uterine score on the day of the scan, were
also quantified individually. In a final series of analyses the
relationship between the phenotypic milk production traits
with the detailed fertility traits was quantified using a
multiple regression model which also included genetic
merit for the milk production trait under investigation; in
this instance genetic merit was included in the model as a
continuous covariate.

Predicted probability estimates for multiple ovulations,
cystic ovarian structures and CL presence in cows of
different phenotypic milk production and different genetic
merit for milk production and reproductive performance
were calculated based on a reference animal. The reference
animal was a second parity cow, averaged across all years
and months of scanning and 70 days calved.

3. Results

3.1. Multiple ovulations

The mean prevalence of multiple ovulations was 7.04%.
The likelihood of multiple ovulations increased consis-
tently with increasing phenotypic milk, fat, protein and
total solids yield but no association with fat:protein ratio
was detected (Table 1). Cows in the highest yielding cate-
gory were 1.53 to 1.81 times more likely to have multiple
Table 1
Odds ratio (95% confidence interval in parenthesis) of multiple ovulations, cys
categories of phenotypic milk yield, fat yield, protein yield total solid yield, and

Trait Multiple ovulations Cystic ovarian

Phenotypic Adjusteda Phenotypic

Milk yield (kg)
P value <0.005 0.06 <0.001
Medium 1.34 (1.07–1.68) 1.23 (0.97–1.56) 2.42 (1.49–3.9
High 1.53 (1.20–1.96) 1.29 (0.97–1.72) 3.24 (1.98–5.3

Fat yield (kg)
P value <0.001 <0.05 <0.001
Medium 1.29 (1.03–1.61) 1.31 (1.04–1.67) 2.11 (1.35–3.3
High 1.81 (1.41–2.31) 1.87 (1.43–2.45) 2.75 (1.71–4.4

Protein yield (kg)
P value <0.001 <0.001 <0.001
Medium 1.18 (0.94–1.48) 1.15 (0.90–1.45) 2.56 (1.60–4.1
High 1.65 (1.29–2.09) 1.54 (1.18–2.03) 2.99 (1.82–4.9

Total solids yield (kg)
P value <0.001 <0.05 <0.001
Medium 1.37 (1.09–1.72) 1.35 (1.07–1.71) 1.69 (1.07–2.6
High 1.69 (1.31–2.16) 1.64 (1.25–2.16) 2.93 (1.85–4.6

Fat:protein ratio
P value 0.74 0.59
Medium 1.06 (0.86–1.31) 1.17 (0.80–1.7
High 1.10 (0.86–1.41) 1.24 (0.80–1.9

a Phenotypic associations after adjustment for differences in genetic merit for
ovulations compared with cows in the lowest production
group for each of the four yield traits investigated. This
manifested itself as a predicted probability of multiple
ovulations in the highest yield group of 7.71% to 8.98% with
a predicted probability of 1.91% to 4.71% for multiple ovu-
lations in the lowest yielding group (i.e., an average dif-
ference of 1.03% units between highest and lowest yielding
categories).

Even after adjustment for the genetic potential of the
milk trait under investigation, the highest yielding cows
were at a greater risk of multiple ovulations, although not
always significantly different from the lowest yielding
category (Table 1). There was no association between
phenotypic milk composition and the likelihood of multi-
ple ovulations, with or without adjustment for differences
in genetic merit (Table 2).

Multiple ovulations were 1.21 to 1.59 more likely in
cows with the highest genetic merit for each of the yield
traits comparedwith the lowest genetic merit group for the
respective traits, resulting in a predicted probability of
between 0.39% and 1.08% units of a difference between the
category of cows with greatest and worse genetic merit for
the milk production traits. There was no association be-
tween multiple ovulations and genetic merit for milk
composition (Table 3).

The likelihood of multiple ovulations was lowest in
cows genetically predisposed to worse (i.e., higher) SCS
(Table 3). Relative to cows with the poorest genetic merit
for calving interval or survival, cows of superior genetic
merit for calving interval (i.e., shorter calving intervals) or
survival (i.e., greatest survival) had a reduced likelihood of
multiple ovulations (Table 4). The predicted probability of
multiple ovulations was 0.51% and 0.57% units lower in
cows in the elite genetic merit group for calving interval
and survival compared with cows in the respective lowest
genetic merit category (Table 4).
tic ovarian structures, and CL presence for animals in medium and high
fat:protein relative to the lowest category (i.e., OR ¼ 1).

structures CL presence

Adjusteda Phenotypic Adjusteda

<0.005 0.06 0.06
3) 2.24 (1.36–3.70) 1.03 (0.84–1.28) 1.29 (1.04–1.61)
3) 2.78 (1.60–4.83) 0.82 (0.65–1.03) 1.28 (0.99–1.67)

<0.005 <0.05 <0.05
2) 2.18 (1.38–3.46) 1.23 (1.00–1.52) 1.36 (1.10–1.69)
2) 2.74 (1.64–4.57) 0.93 (0.74–1.18) 1.14 (0.88–1.47)

<0.001 0.18 <0.001
4) 2.45 (1.51–3.99) 1.22 (0.99–1.50) 1.45 (1.17–1.81)
1) 2.71 (1.58–4.65) 1.12 (0.89–1.42) 1.58 (1.22–2.05)

<0.0001 <0.05 <0.05
7) 1.70 (1.07–2.71) 1.20 (0.97–1.49) 1.38 (1.10–1.72)
4) 2.95 (1.79–4.88) 0.89 (0.71–1.13) 1.16 (0.89–1.51)

<0.05
1) 0.77 (0.62–0.95)
2) 0.87 (0.68–1.10)

the trait.



Table 2
Odds ratio (95% confidence interval in parenthesis) of multiple ovulations, cystic ovarian structures, and CL presence for animals in medium and high
categories fat composition, protein composition total solid composition relative to the lowest category (i.e., OR ¼ 1).

Trait (%) Multiple ovulations Cystic ovarian structures CL presence

Phenotypic Adjusteda Phenotypic Adjusteda Phenotypic Adjusteda

Fat
P value 0.89 0.46 0.64 <0.05 <0.05 0.36
Medium 0.95 (0.77–1.17) 1.06 (0.85–1.33) 1.13 (0.78–1.64) 1.44 (0.96–2.14) 1.07 (0.88–1.30) 0.97 (0.78–1.19)
High 0.98 (0.77–1.24) 1.19 (0.90–1.57) 1.22 (0.80–1.86) 1.83 (1.14–2.96) 1.36 (1.08–1.71) 1.13 (0.87–1.47)

Protein
P value 0.64 0.59 <0.01 <0.005 <0.0001 <0.0001
Medium 0.94 (0.76–1.16) 0.93 (0.76–1.15) 0.92 (0.65–1.29) 0.89 (0.64–1.27) 1.35 (1.11–1.63) 1.38 (1.14–1.67)
High 0.89 (0.71–1.13) 0.89 (0.70–1.12) 0.48 (0.31–0.76) 0.47 (0.30–0.74) 2.00 (1.59–2.53) 2.07 (1.64–2.61)

Total solids
P value 0.95 0.41 0.93 0.40 <0.0001 <0.05
Medium 0.98 (0.79–1.21) 1.11 (0.88–1.39) 1.02 (0.71–1.47) 1.25 (0.85–1.86) 1.02 (0.84–1.25) 0.92 (0.74–1.14)
High 0.96 (0.76–1.21) 1.21 (0.91–1.61) 0.95 (0.62–1.45) 1.38 (0.84–2.24) 1.57 (1.25–1.97) 1.27 (0.97–1.66)

a Phenotypic associations after adjustment for differences in genetic merit for the trait.
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3.2. Cystic ovarian structures

Themeanprevalence of cystic ovarian structureswas 1.91%
in the present study. The likelihood of cystic ovarian structures
increased almost linearly with increasing phenotypic milk
yield, fat yield, protein yield and total solids yield, but no
association with fat:protein ratio was detected (Table 1).
Cows in the greatest yield category were approximately three
times (i.e., 2.75–3.24 times) more likely to have cystic ovarian
Table 3
Odds ratioa (95% confidence interval in parentheses) for multiple ovulations (M
score (US) for different levels of genetic merit for milk yield, fat, protein, total so

Trait MO CYST

Milk yield (kg)
P value <0.001 0.12
Medium 1.42 (1.13–1.78) 1.28 (0.86–1.
High 1.59 (1.27–2.00) 1.51 (1.06–2.

Fat yield (kg)
P value 0.22 0.16
Medium 1.08 (0.87–1.34) 0.90 (0.61–1.
High 1.21 (0.97–1.51) 1.30 (0.89–1.

Protein yield (kg)
P value <0.01 0.12
Medium 1.31 (1.05–1.63) 1.25 (0.84–1.
High 1.39 (1.11–1.74) 1.49 (1.02–2.

Total solids yield (kg)
P value <0.05 0.24
Medium 1.20 (0.96–1.49) 1.11 (0.76–1.
High 1.31 (1.05–1.64) 1.38 (0.94–2.

Fat concentration (%)
P value 0.06 <0.05
Medium 0.92 (0.75–1.14) 0.88 (0.62–1.
High 0.76 (0.60–0.96) 0.58 (0.38–0.

Protein concentration (%)
P value 0.06 0.15
Medium 0.82 (0.67–1.02) 0.77 (0.54–1.
High 0.78 (0.62–0.98) 0.70 (0.47–1.

Total solids concentration (%)
P value 0.13 <0.05
Medium 0.85 (0.69–1.06) 0.84 (0.59–1.
High 0.80 (0.64–1.00) 0.58 (0.38–0.

SCS
P value <0.006 0.05
Medium 0.79 (0.64–1.06) 0.73 (0.50–0.
High 0.69 (0.55–0.87) 0.62 (0.41–0.

a Referent category (i.e., odds ratio ¼ 1) was low.
structures at the time of ultrasonography compared with the
lowest yielding cows. This manifested itself as a predicted
probability of cystic ovarian structures in the highest yielding
group of 2.28% to 6.83% comparedwith a predicted probability
of 0.71% to 2.39% for cystic ovarian structures in the lowest
yielding group (i.e., average difference of 5.53% units between
highest and lowest yielding categories). Even after adjustment
for differences in the genetic potential of the yield trait under
investigation, the association between a greater likelihood of
O), cystic ovarian structures (CYST), CL presence (CL), and inferior uterine
lids, and somatic cell score (SCS).

CL US

<0.001 0.15
91) 0.70 (0.56–0.87) 1.04 (0.93–1.76)
26) 0.50 (0.40–0.62) 0.93 (0.81–1.06)

<0.05 0.95
34) 0.77 (0.63–0.94) 1.02 (0.90–1.14)
88) 0.79 (0.64–0.97) 1.00 (0.87–1.15)

<0.001 0.30
85) 0.76 (0.62–0.94) 1.08 (0.33–3.58)
17) 0.67 (0.54–0.82) 1.00 (0.87–1.14)

<0.001 0.99
64) 0.72 (0.58–0.88) 0.99 (0.89–1.12)
01) 0.64 (0.51–0.79) 0.99 (0.86–1.14)

<0.005 0.80
24) 1.14 (0.94–1.38) 1.02 (0.90–1.14)
88) 1.34 (1.07–1.66) 0.98 (0.86–1.11)

<0.05 0.42
11) 1.18 (0.97–1.43) 0.93 (0.83–1.05)
03) 1.50 (1.20–1.86) 0.94 (0.83–1.06)

<0.005 0.34
19) 1.24 (1.02–1.51) 1.02 (0.91–1.15)
87) 1.49 (1.20–1.85) 0.93 (0.27–3.30)

<0.0001 <0.0001
99) 1.59 (1.30–1.94) 1.14 (1.00–1.29)
93) 2.66 (2.09–3.37) 1.36 (1.20–1.55)



Table 4
Predicted probability (95% confidence intervals in parentheses) and odds ratio for multiple ovulations (MO), cystic ovarian structures (CYST), CL presence
(CL), and inferior uterine score (US) for different levels of genetic merit for calving interval and survival.

Trait Calving interval Survival

Predicted probabilitya (%) Odds ratio Predicted probabilityb (%) Odds ratio

MO
P value <0.01 <0.005
Inferior 1.70 1 1.89 1
Average 1.39 0.82 (0.66–1.01) 1.63 0.86 (0.69–1.06)
Superior 1.19 0.69 (0.55–0.88) 1.32 0.69 (0.55–0.87)

CYST
P value <0.005 <0.05
Inferior 2.41 1 2.09 1
Average 2.12 0.88 (0.61–1.25) 1.43 0.68 (0.47–0.99)
Superior 1.09 0.45 (0.29–0.69) 1.33 0.64 (0.43–0.93)

CL
P value <0.001 <0.001
Inferior 44.41 1 39.07 1
Average 60.13 1.89 (1.54–2.31) 51.59 1.66 (1.37–2.01)
Superior 70.46 2.99 (2.35–3.79) 63.03 2.66 (2.12–3.33)

US
P value <0.005 <0.001
Inferior 1 1
Average 0.87 (0.69–0.88) 0.78 (0.69–0.88)
Superior 0.76 (0.66–0.86) 0.76 (0.67–0.86)

a Referent animal was a second parity dairy cow, with average estimates for all years and month scanned with average reproductive performance and
70 days calved.

b Referent animal was a second parity dairy cow, with average estimates for all years and month scanned with average survival and 70 days calved.
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cystic ovarian structures with greater phenotypic yield per-
sisted (Table 1). The likelihood of cystic ovarian structures was
greatest in cows in the lowest protein composition category,
even after adjustment for genetic merit for protein composi-
tion. The odds of cystic ovarian structures was 2.08 times
greater in cows with the lowest protein composition
compared with the highest category (Table 2); this resulted in
a 1.47% unit difference in predicted probability between
lowest and highest phenotypic protein composition cate-
gories. Milk fat composition or total solid compositionwas not
associated with the likelihood of cystic ovarian structures
(Table 2).

Cows with a genetic potential for superior reproductive
performance (i.e., shorter calving interval) and improved
survival were 1.56 to 2.22 times less likely to have cystic
ovarian structures compared with cows with inferior
reproductive performance and inferior survival (Table 4).
This resulted in a 1.32% and 0.76% unit reduction in the
predicted probability of cystic ovaries for cows in the su-
perior genetic group for calving interval and survival,
respectively, compared with cows in the lowest genetic
merit categories (Table 4).

3.3. CL presence

The mean prevalence of cows that had cycled on the day
of the scan was 89.75%, where the median day of ultrasound
Table 5
Proportion of cows with CL presence at different intervals post-calving.

Statistic Days calved

10–20 days 21–30 days 3

Number of records 623 1004 1
Proportion of cows with CL 50.4% 82.07% 8
scan was 48 days. The proportion of cows with a CL present
at 10-day intervals post-calving is in Table 5; the proportion
increased consistentlywith days calved. The category of cows
with the greatest phenotypic fat yield, total solids yield, and
fat:protein ratio had a reduced likelihood of CL presence
at the time ultrasonography compared with the lowest
respective category (Table 1). This was equivalent to a 1.68%
to 4.71% unit reduction in the predicted probability of CL
presence between the lowest and greatest production cows.
Neither phenotypic milk yield nor phenotypic protein yield
were associated with CL presence on the day of ultrasonog-
raphy. After adjustment for differences in geneticmerit in the
multiple regression model, cows with average fat yield, the
highest protein yield, and average total solids yield had a
greater likelihood of CL presence on the day of ultrasonog-
raphy compared with cows in the lowest category for each of
the traits (Table 1).

Cowswith the greatest phenotypic milk fat, protein, and
total solid composition were 1.36 to 2.01 times more likely
to have a CL on the day of ultrasonography compared with
cows of lowest milk composition (Table 2). This was
equivalent to a 7.28% and 16.96% unit difference in the
predicted probability of CL presence between greatest and
lowest production categories.

Cows of greater genetic merit for milk, fat, protein, and
total solid yield had a reduced likelihood of CL presence at
the time of ultrasonography compared with cows of below
1–40 days 41–50 days 51–60 days 61–70 days

491 1799 2025 2147
8.2% 93.11% 96.25% 96.88%
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average genetic merit for the production traits (Table 3).
This meant that the predicted probability of CL presence in
cows at the time of ultrasonography was between 5.19%
and 14.60% units greater in cows with lowest genetic merit
compared with cows of greatest genetic merit for milk
production. Cows in the highest genetic merit category for
fat, protein, and total solid composition were 1.34 to 1.49
times more likely to have a CL on the day of the ultrasound
scan compared with the lowest category for each compo-
sitional trait.

Cows in the highest SCS category (i.e., worse) genetically
were 2.66 timesmore likely to have a CL on the day of the scan
compared with the lowest category of SCS cows (Table 3).
Cows in the elite genetic merit group for reproductive per-
formance and survival had a greater likelihood of CL presence
on the day of the scan comparedwith their genetically inferior
counterparts (Table 4). The predicted probability of CL pres-
ence was between 26.05% and 23.96% units greater in cows
with superior genetics for calving interval and survival,
respectively, compared with the inferior group (Table 4).

3.4. Uterine health score

The prevalence of uterine scores 1 to 4 were 1.09%,
12.71%, 20.83%, and 65.38%, respectively. No association
with uterine health score existed for any of the phenotypic
yield traits or milk compositional traits. After adjustment
for differences in genetic merit for the milk production trait
under investigation, however, cows with greater pheno-
typic milk yield were less likely to have a compromised
uterine score relative to the lowest yielding cows (OR: 0.85;
95% CI: 0.72–0.99). Genetic merit for milk production was
not associated with the likelihood of a compromised uter-
ine score. The likelihood of a poorer uterine health score
was greater in cows genetically predisposed to higher SCS
(Table 3), inferior reproductive performance, and shorter
survival (Table 4).

4. Discussion

4.1. Milk production and detailed reproductive traits

Previous research in dairy cows has generally reported
unfavorable associations between phenotypic and genetic
merit for milk production with reproductive efficiency
[3,11,12] corroborating results from the present study.

Gümen et al. [10] demonstrated that, in general, the
incidence of multiple ovulations is greater in cows in the
early postpartum period; unfortunately no information
was available in the present study on which ovulation the
ultrasound scan related to (i.e., first or consecutive ovula-
tion). Nevertheless, consistent with studies in US dairy
cows, a relationship between greater phenotypic milk yield
and a greater prevalence of multiple ovulations was
observed in the present study. Fricke and Wiltbank [13]
documented a multiple ovulation prevalence of 6.90% in
cows producing less than 40 kg milk and a prevalence of
20.20% in cows producing more than 40 kg milk. Similarly,
Lopez et al. [14] reported a mean prevalence of multiple
ovulations of 2.5% and 51.60% for cows producing low and
high milk yield, respectively. This compares with a mean
prevalence in the present study of 5.34% and 8.71% for cows
in the lowest and highest milk yield category, respectively.
Although a similar trend was observed, milk production in
Irish dairy farms is less than in US dairy production sys-
tems, which may account for the reduced overall preva-
lence of multiple ovulations in the present study.
Alterations to the hypothalamic–pituitary–gonadal axis in
high-producing cows leading to disruption of normal fol-
liculogenesis is a likely reason for the greater prevalence of
multiple ovulations in cows with greater milk yield [15]. To
our knowledge, no previous study has investigated the
relationship between geneticmerit formilk production and
multiple ovulations. The moderate genetic correlation that
exists betweenmultiple ovulations and twin births in cattle
[5] indicates that (in)direct selection for multiple ovula-
tions can increase the likelihood of twin births in cattle and
vice versa. Milk production [16] and twin birth rate [17]
have increased almost consistently in dairy cows annu-
ally, and dairy cows bearing twins have greater peak or
cumulative milk yield compared to cows with singleton
calvings [17–19]. It is therefore not surprising that, from an
evolutionary standpoint, cows that exhibit multiple ovu-
lations have greater phenotypic and genetic merit for milk
yield, in order to supply sufficient milk to support twins
calves. Additionally, in cows, ovulation rate and milk pro-
duction traits share at least a common genomic region on
BTA14 [20], indicating a potentially close genetic and
possibly evolutionary association between the two traits.

Cystic ovaries and anestrous are undesirable reproduc-
tive phenotypes that cause infertility through ovulation
failure. Similar to studies in Dutch [21], Spanish [22], and
German [23] dairy herds, cows producing more milk had a
greater incidence of cystic ovaries, presumably through
alterations to the hypothalamic–pituitary–gonadal axis,
particularly failure of the preovulatory LH surge [24,25].
Cystic ovaries have previously been reported to be posi-
tively genetically correlated with 305-day milk yield in
both Dutch [26] and Canadian Holstein [27] cows. Corrob-
orating these previously reported genetic correlations,
albeit not always statistically significant in the present
study, there was a greater likelihood of cystic ovaries in
cows genetically predisposed to higher milk production
and is a likely contributing factor to the known genetic
antagonisms between milk production and traditional
fertility traits [2]. Sometimes cited as an indicator of energy
balance [9], there was no association between the fat:pro-
tein ratio and ovarian cystic structures in the present study.
Although VanHolder et al. [28] described an association
between negative energy balance and development of
ovarian cystic structures, no general consensus exists on
the relationship between fat:protein ratio and energy bal-
ance [29], which may help explain the somewhat unex-
pected lack of an association between fat:protein ratio and
presence of cystic ovaries.

Delayed return to cyclicity postpartum is an undesirable
event that has previously been reported to become more
prevalent with selection for increased milk yield [3,30].
Furthermore, anestrous persists for longer post-calving in
cows of superior genetic merit for milk production compared
with cows of lower genetic merit for milk production [4,31].
This association is likely due to the known association
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between increased genetic merit for milk production and
greater body condition score loss [32,33], which can alter
hormonal profiles, particularly LH-pulsatility and prevent
ovulation [4,32]. Body condition score at calving is known to
be associated with traits related to return-to-estrus post-
partum [34,35]. A decline in the likelihood of the presence
of a CL at ultrasonography in cows of superior genetic merit
for milk production in the present study therefore provides
further evidence for greater anestrous in cows selected for
high milk production. In a study by Lopez et al. [36], no dif-
ference existed in the interval from calving to estrus in cows
housed in free-stall barns producing either high or low
phenotypic milk yield. Discrepancies between studies may
be due to a multitude of factors including management dif-
ferences (e.g., housing type), interval from days calved to
ultrasonography, and also past breeding programs. Ireland
operates a seasonal calving production system, so, therefore,
germplasm associated with rapid return to estrus post-
partum has historically been favored. Ultrasonography was
only performed in cows more than 50 days calved by Lopez
et al. [36], whereas in the present study ultrasonographywas
performed in any cow presented for examination from
10 days calved. Limiting the dataset to cows calved 50 to 70
did not impact on the trend of the associations betweenmilk
production and CL presence although statistical significance
in the latter analysis did not always exist; this may be due to
Type II errors because of the smaller dataset.

Fleischer et al. [23] failed to detect a relationship be-
tween milk yield and metritis, confirming results in the
present study related to uterine score. Inferior uterine
environment most likely develops at calving and is known
to be associated with dystocia [6], potentially leading to
retained fetal membranes. Even when limited to cows
calved 20 to 40 days, no association between phenotypic
yield and uterine score was detected.

Associated studies to date, however, on multiple ovu-
lations, cystic ovaries, and anestrus have only investigated
the presence of either a phenotypic or a genetic association
with milk yield, and it is not clear if the detected pheno-
typic associations are simply manifestations of underlying
genetic correlations or due to environmental associations
(i.e., management), or both. Elucidating the underlying
contributing factors was undertaken in the present study
by quantifying the association between phenotypic milk
production with detailed fertility phenotypes after adjust-
ment for differences in genetic merit for the milk produc-
tion variable under investigation. The results demonstrated
that, in general, cows with greater phenotypic milk pro-
duction had an increased likelihood of multiple ovulations
and cystic ovarian structures, irrespective of genetic merit.
Thus, farmmanagement practices can affect the prevalence
of these detailed reproductive phenotypes independent of
the genetic merit of the cow for yield. Moreover, the partial
effect of both phenotypic and genetic merit for milk pro-
duction in the multiple regression model suggest that both
cow attributes are additive.

Farm management practices such as nutrition and
body condition score (BCS) have been implicated in
multiple ovulations, cystic ovaries, anestrous, and uterine
environment. In sheep, for example, the practice of
“flushing” involves the feeding of a higher plane of
nutrition directly before and during the breeding season
with the objective of increasing the incidence of multiple
ovulations and accordingly multiple births [37]. Further-
more, López-Gatius et al. [22] demonstrated that the risk
of cystic ovaries increased by 8.4 times with a one-unit
increase in BCS, while loss in body condition was related
to anestrus [38,39]. Prepartum supplementation with
vitamin E is associated with a decreased risk of retained
fetal membranes [40], and therefore may be useful to
maintain desirable uterine conditions postpartum.
4.2. Genetic merit for udder health

Mastitis has been shown to be associated with longer
intervals to first service, increased days open, and more
serves per conception [41] and is also known to be asso-
ciated with fetal abortions [42]. In the present study, cows
genetically predisposed to increased SCS had a reduced risk
of multiple ovulations and increased likelihood of a CL
being present at examination. A positive genetic correlation
between retained fetal membranes and mastitis has pre-
viously been documented [43], and this is of biological
importance because retained fetal membranes can give rise
to undesirable uterine environments [44]. In addition,
retention of fetal membranes postpartum has been shown
to be associated within an increased risk of mastitis
compared with cows that expelled fetal membranes [45].
The association between genetic merit for SCS and uterine
environment in the current study therefore demonstrates
an association between sub-clinical mastitis and repro-
ductive performance in commercial dairy cows through its
negative effect on sustaining a healthy uterus necessary for
the establishment of pregnancy.
4.3. Predicted transmitting ability for both reproductive
performance and survival

Reproductive performance and cow survival are both
highly complex traits influenced, and contributed to, by
many underlying factors. Genetic evaluations for repro-
ductive performance in Ireland is based on calving interval
while the phenotype used in the genetic evaluation of
survival is the binary trait of whether or not a cowappeared
in the subsequent lactation [46]. What is not clear is
whether such breeding strategies, which are similar to
those operated in most national breeding programs (e.g.,
selection on days open or a derivative of such), are actually
improving all aspects of reproductive performance. Results
from the present study show that selection for improved
genetic merit for survival or reproductive performance (i.e.,
calving interval), in this population at least, is, on average,
reducing the incidence of multiple ovulations, cystic
ovarian structures, and anestrus while also improving
uterine health. Selection of cows with superior reproduc-
tive performance and survival can therefore help reduce
veterinarian and treatment costs thus benefitting the pro-
ducer economically. Moreover, it also suggests that these
detailed reproductive traits could possibly be useful in
multi-trait genetic evaluations to generate accurate esti-
mated breeding values for traditional reproductive traits.
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Multiple ovulations can impair subsequent reproductive
efficiency through its genetic correlation with twinning
rate [5], which in turn can reduce subsequent conception
rates and increase calving interval [47,48], thereby agreeing
with the associations observed in the present study. Cystic
ovaries cause temporary infertility and impair reproductive
efficiency due to the persistence of cysts for up to 10 days
[49], thereby extending the calving interval [50]. Addi-
tionally, prompt post-partum uterine involution, return to
cyclicity and clearance of uterine contaminants are all
necessary for the establishment of pregnancy. Corrobo-
rating this, cows with superior reproductive performance
and survival were more likely to have a CL present on the
day of ultrasonography. Only cows with regular estrous
cycles and expression of estrus will be inseminated.
Therefore, it is logical that calving interval is extended and
survival is reduced in cows that fail to exhibit normal
estrous activity substantiating the associations observed in
the present study.

Uterine contamination is normal in cows directly post-
calving and can recover spontaneously [51]. In some in-
stances, uterine contamination can persist and lead to the
development of clinical conditions such as endometritis
and metritis, which can have unfavourable repercussions
on reproductive efficiency [52,53]. In the current study,
cows of superior genetic merit for reproductive perfor-
mance and survival had more desirable uterine environ-
ments, dictated by less luminal fluids and normal uterine
tone. This preferred uterine environment provides the
necessary conditions for conception and maintenance of
pregnancy, thereby helping to maintain a compact calving
pattern and increasing survival compared with cows with
compromised uterine environment.

The present study confirms a role for both phenotypic
and genotypic milk production on the likelihood of multi-
ple ovulations, cystic ovaries and anestrous. In addition,
selection for cows of superior reproductive performance
and survival through breeding goals such as the economic
breeding index (EBI) in Ireland, is expected to reduce the
likelihood of multiple ovulations and cystic ovaries, in-
crease the likelihood of CL presence and improve uterine
environment in early post-partum cows.
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