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ABSTRACT

The objective of the study was to estimate the ge-
netic relationships between detailed reproductive traits
derived from ultrasound examination of the reproduc-
tive tract and a range of performance traits in Holstein-
Friesian dairy cows. The performance traits investi-
gated included calving performance, milk production,
somatic cell score (i.e., logarithm transformation of
somatic cell count), carcass traits, and body-related
linear type traits. Detailed reproductive traits included
(1) resumed cyclicity at the time of examination, (2)
multiple ovulations, (3) early ovulation, (4) heat detec-
tion, (5) ovarian cystic structures, (6) embryo loss, and
(7) uterine score, measured on a 1 (little or no fluid
with normal tone) to 4 (large quantity of fluid with a
flaccid tone) scale, based on the tone of the uterine wall
and the quantity of fluid present in the uterus. (Co)
variance components were estimated using a repeat-
ability animal linear mixed model. Genetic merit for
greater milk, fat, and protein yield was associated with
a reduced ability to resume cyclicity postpartum (ge-
netic correlations ranged from —0.25 to —0.15). Higher
genetic merit for milk yield was also associated with
a greater genetic susceptibility to multiple ovulations.
Genetic predisposition to elevated somatic cell score
was associated with a decreased likelihood of cyclicity
postpartum (genetic correlation of —0.32) and a greater
risk of both multiple ovulations (genetic correlation of
0.25) and embryo loss (genetic correlation of 0.32).
Greater body condition score was genetically associated
with an increased likelihood of resumption of cyclicity
postpartum (genetic correlation of 0.52). Genetically
heavier, fatter carcasses with better conformation were
also associated with an increased likelihood of resumed
cyclicity by the time of examination (genetic correlations
ranged from 0.24 to 0.41). Genetically heavier carcasses
were associated with an inferior uterine score as well
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as a greater predisposition to embryo loss. Despite the
overall antagonistic relationship between reproductive
performance and both milk and carcass traits, not all
detailed aspects of reproduction performance exhibited
an antagonistic relationship.
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calving, carcass

INTRODUCTION

Historical intensive selection for milk production in
dairy cows has succeeded in increasing milk yield, but
has done so to the detriment of functional traits such
as animal health (Berry et al., 2011a) and reproduc-
tive performance (Veerkamp and Beerda, 2007; Berry
et al.,, 2014). Reproductive traits are now routinely
included in national breeding goals to improve repro-
ductive performance while still achieving genetic gain
for milk production (Miglior et al., 2005). Reproductive
traits included in dairy cow breeding objectives, how-
ever, have almost exclusively been limited to producer-
recorded traits such as calving interval or days open.
Detailed reproductive traits, including the ability of the
cow to resume and express estrus postpartum, estab-
lish and maintain pregnancy, as well as cow uterine
health, can provide a greater insight into reproductive
performance. Detailed reproductive traits, measured by
hormone levels (Royal et al., 2002a; Berry et al., 2012)
and ultrasound examination of the reproductive tract
(Carthy et al., 2015), have been shown to be genetically
associated with traditional reproductive traits. Little
is known, however, about the effect of current breed-
ing strategies on the detailed aspects of reproductive
performance such as follicular dynamics and uterine
health.

Extensive studies have documented the antagonistic
genetic relationship between milk production and tradi-
tional reproductive traits (Berry et al., 2014). Greater
milk production has been associated with a reduction
in cyclicity postpartum (Royal et al., 2002b; Fitzger-
ald et al., 2014b) and an increased likelihood of both
cystic structures (Hooijer et al., 2001; Zwald et al.,
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2004; Fitzgerald et al., 2014b) and multiple ovulation
(Fitzgerald et al., 2014b). Although generally confined
to traditional reproductive traits, the genetic correla-
tions between reproductive performance and other per-
formance traits (e.g., type traits, BCS, live weight) have
also been documented in several populations (Berry et
al., 2014). Inferior genetic merit for calving interval has
been reported to exist in dairy cows genetically pre-
disposed to a greater risk of calving difficulty (Eaglen
et al., 2013). Corresponding genetic associations with
detailed aspects of reproductive performance in lactat-
ing dairy cows are, however, lacking.

The objective of the present study was to estimate
the genetic relationships between detailed reproduc-
tive traits, derived from ultrasound examination of the
reproductive tract, and a range of performance traits
in Holstein-Friesian dairy cows. Performance traits
considered included calving performance (i.e., calving
difficulty and perinatal mortality), milk production,
carcass related traits, BCS, and body size. The results
of this study will fill a knowledge gap on the genetic
parameters necessary to quantify the implications of
current breeding strategies on the underlying, more
detailed components of reproductive performance.

MATERIALS AND METHODS
Data

Records were available from the Irish Cattle Breed-
ing Federation (Bandon, Co. Cork, Ireland) database
on (1) ultrasound examination records of the reproduc-
tive tract, (2) calving performance, (3) individual cow
milk production, (4) carcass traits, and (5) linear type
traits. Supplementary data on animal pedigree, breed
composition, and cow parity were also available.

Detailed Reproductive Traits. Detailed reproduc-
tive traits were derived from ultrasound examination of
the reproductive tract carried out by one commercial
company (Reprodoc Ltd., Fermoy, Co. Cork, Ireland)
using real-time B-mode ultrasound scanner with a
5-MHz transducer. Ultrasound examinations were per-
formed at various time points postpartum at the discre-
tion of the producer. Data were available on 194,880
ultrasound records from 114,306 lactations on 72,120
dairy cows in 894 herds. The traits have been described
in detail by both Carthy et al. (2014) and Fitzgerald et
al. (2014a). The detailed reproductive traits included
(1) the resumption of cyclicity (CYC), (2) multiple
ovulation (MO), (3) early ovulations (EO), (4) detect-
ed heat (DH), (5) cystic structures (CS), (6) embryo
loss (EL), and (7) uterine score (USC).

Resumption of cyclicity was defined as having resumed
normal estrus cyclicity at the time of examination and
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was defined in this study as the presence (CYC = 1) or
the absence (CYC = 0) of a noncystic corpus luteum
(CL) on the ovaries at the time of examination (Carthy
et al., 2014). Multiple ovulations were defined as the
presence of >1 CL (MO = 1) on one or both ovaries
at the time of examination in cycling cows (Fitzgerald
et al., 2014a). Early ovulation was defined as ovulation
having occurred (EO = 1) or not (EO = 0) by 15 d
postpartum. Date of ovulation was determined by the
size and density of the CL up to 6 d postovulation,
after which an accurate ovulation date could not be
determined. Therefore, EO could only be determined
from ultrasound examinations up to 21 d postpartum;
if examination occurred >21 d postpartum EO was set
to missing.

Detected heat was only defined within a herd’s Al
breeding season; if no ovulation was detected by ultra-
sound examination during this period, DH was set to
missing. If an insemination occurred within 5 d of the
estimated date of ovulation, determined by ultrasound
examination, then heat was assumed to have been de-
tected (DH = 1). If no recorded insemination existed
within +5 d from the date of ovulation, heat was as-
sumed not to have been detected (DH = 0).

Cystic structures were defined as the presence (CS
= 1) or absence (CS = 0) of a cystic structure (>25
mm; follicular or luteal) on the ovaries at time of ul-
trasound examination (Carthy et al., 2014). Uterine
score, measured on a scale from 1 to 4, was based on
the tone of the uterine wall, the size of the lumen, and
the quantity of fluid present in the uterus (Carthy et
al., 2014). Uterine score was defined as (1) little or no
fluid (<2 mm) with normal tone and normal lumen,
(2) small quantity of fluid (2-5 mm) with normal tone
and slightly enlarged lumen, (3) large quantity of fluid
(5-60 mm) with moderately flaccid tone and enlarged
lumen, and (4) very large quantity of fluid (>60 mm)
with a flaccid tone and very enlarged lumen.

Embryo/fetal loss was assumed to have occurred if
an embryo was deemed to be unviable (i.e., no detect-
able heartbeat) at the time of ultrasound examination
(EL = 1). However, if a subsequent calving date was
less than 260 d from date of examination (<3% of re-
corded unviable embryos), embryo loss was assumed
not to have occurred (EL = 0). Predicted calving date
was calculated from the estimated gestational age of
embryo/fetus at the time of examination, assuming
283 d gestation length (i.e., average gestation length of
different dairy breeds; Norman et al., 2009). If a cow
was determined pregnant at ultrasound examination
and the subsequent calving date was greater than 30
d after predicted calving date then embryo/fetal loss
was assumed to have occurred (EL = 1). If subsequent
calving date was less than 30 d after estimated calving
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date then embryo/fetal loss was assumed not to have
occurred (EL = 0). With the exception of an embryo
determined unviable at ultrasound examination, if sub-
sequent calving dates for a pregnancy diagnosis were
not yet available (i.e., calving date is in the future) then
EL was set to missing.

Consistent with the national evaluations, data from
cows with a calving interval <300 or >600 d were dis-
carded (Berry et al., 2013). If no record of a subsequent
calving date existed, records of cows calved >600 d
by the time of ultrasound examination and identified
as nonpregnant were discarded. After ultrasound ex-
amination, treatment may have been recommended
for a selection of the reproductive tract classifications;
however, no knowledge was available on whether or
not any treatment subsequently occurred. Therefore,
any ultrasound examinations for the remainder of that
cow’s lactation were discarded, with the exception of a
pregnant diagnosis. Only herds that had greater than
80% of their cows examined in a calendar year were
retained. Only Holstein-Friesian cows were retained for
inclusion in the present study because of a paucity of
records from other dairy breeds. Contemporary groups
of herd-year-season of calving were defined based on
an algorithm described in detail by Berry and Evans
(2014). Within a given herd, the algorithm groups
animals together that calve around the same period.
Contemporary groups were defined for each detailed
reproductive trait separately. Herd-year-seasons that
contained less than 5 animals were removed from the
analysis.

Calving Performance Traits. Data were available
on 5,872,465 calving events from 2,218,544 dairy cows
in 19,637 herds between the years 2008 and 2013. In
Ireland, calving difficulty is a producer-recorded trait
scored on a 4-point scale: (1) no assistance, (2) some
assistance (assistance by one person), (3) considerable
assistance (assistance by more than one person or as-
sistance with calf puller), and (4) veterinary assistance
(including cesarean). Stillbirth is also producer-record-
ed and was defined as whether or not a calf was dead
or died within 24 h of calving; it is a legal requirement
to record animal mortality in Ireland. Parities >10
were discarded and parities >5 were grouped together
as parity 5+4. Only calving records with a known sire
of both the calf and the Holstein-Friesian dam were
retained. Contemporary groups of herd-year-season of
calving were defined for both dystocia and perinatal
mortality separately using the algorithm described pre-
viously; contemporary groups containing fewer than 5
records were discarded.

Milk Production Traits. Data were available on
2,787,918 individual cow 305-d milk, fat, and protein
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lactation yields from 1,169,354 cows in 11,618 herds be-
tween the years 2008 and 2013. Milk fat concentration,
protein concentration, and fat-to-protein ratio were
calculated. Somatic cell count was normalized to SCS
by taking the natural logarithm of lactation geometric
mean somatic cell count. Milk, fat, or protein yield re-
cords greater than 4 standard deviations from the mean
were discarded. Only lactation lengths between 100 and
400 d from Holstein-Friesian cows with a known sire
were retained. Parities >10 were discarded and parities
>5 were grouped together as parity 5+. Contemporary
groups of herd-year-season of calving were defined
based on an previously described algorithm. Records
from contemporary groups with less than 5 animals
were discarded.

Carcass Traits. Data were available on carcass
fat, carcass conformation, and carcass weight from
4,162,212 animals born in 96,857 dairy herds between
the years 2007 and 2014. Carcass data are collected on
the progeny of Holstein-Friesian cows as well as on cows
themselves when culled. Carcass weight was measured
approximately 2 h after slaughter after the removal of
the head, legs, thoracic and abdominal organs, internal
fats, and hide. Carcass conformation and carcass fat
grade were scored using the EUROP classification sys-
tem (where E = excellent, U = very good, R = good, O
= fair, and P = poor); the EUROP classification grades
were transformed to a 15-point linear scale, as outlined
by Hickey et al. (2007). Cows were defined as females
that calved at least once; only cows greater than 15 mo
of age and less than 240 mo of age were retained. For all
other animals (i.e., females who never calved or males),
only Holstein-Friesian animals greater than 10 mo and
less than 41 mo old with carcass weights between 150
and 550 kg were retained. Contemporary groups were
defined separately for cows and all other cattle, thereby
treating progeny carcass traits separately from cow car-
cass traits. Contemporary groups of herd-year-season of
slaughter for cow carcass records and herd-year-season
of slaughter by sex for progeny carcass records were
defined using the algorithm previously described; only
contemporary groups containing greater than 5 records
were retained.

Linear Type Traits. Linear type traits are a sub-
jective assessment of the physical characteristic of cows
measured on a scale of 1 to 9. Linear type traits scored
in Ireland include body-related traits, udder-related
traits, feet-related traits, and other traits; only body-
related traits were considered in the present study.
Data were available on 180,035 linear type traits assess-
ments from primiparous Holstein-Friesian dairy cows in
4,835 herds between the years 2004 and 2014. Only the
first classification record per cow, undertaken within
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the first 305 d of lactation, was retained. Each trait
was adjusted within classifier by year of inspection to
a common variance. Only cows with a known sire were
considered in the analysis. Contemporary groups of
herd-year-season of classification were defined using the
algorithm previously described; contemporary groups
containing less than 5 records were discarded.

Data Analysis

For computational reasons, a random sample of herds
for the performance traits was taken; no such sampling
was applied to the detailed reproductive traits. The fi-
nal number of records per trait is in Table 1 (detailed
reproductive traits and calving performance) and 2
(milk production, carcass traits and linear type traits).
The pedigree of each animal was traced back at least 4
generations (where available); the number of animals in
the pedigree depended on the traits included in the
analysis; for the detailed reproductive traits the pedi-
gree included 133,280 animals. Coefficients of heterosis
and recombination loss for each animal was calculated

2 2
2 2 sire; +dam;
as 1— E 5 ~dam;, and 1— g _

i—1 2 ’
spectively, where sire; and dam; are the proportion of
breed i (across the 2 breeds Holstein and Friesian) in
the sire and dam, respectively (VanRaden and Sanders,
2003).

Variance components were estimated by restricted
maximum likelihood in ASREML (Gilmour et al., 2009)
using an animal linear mixed model with the exception
of the calving performance traits where a sire-maternal
grandsire model was used. Genetic correlations between
traits were estimated using a series of bivariate animal
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linear mixed models. The following models for the de-
tailed reproductive traits were used:

P = u+ parity + HYS + stage + Het + Rec
2
+ ZBreedi + animal + pe, + pe,, + e,
i=1

Q = pu+ parity + HYS + Het + Rec
2
+ ZBreedi + animal + pe, + pe, +e,
i=1

where P is the observed trait of CYC, CS, MO, DH,
and USC (i.e., multiple measures during lactation), and
@ is the observed trait of EL and FO, u is the mean of
trait, parity is the fixed effect of parity (1, 2, 3, 4, or
5+4), HYS is the fixed effect of contemporary group,
stage is the fixed effect stage of lactation at time of
examination (0 to 14, 15 to 39, 40 to 84, 85 to 149, 150
to 300, and >300 d postcalving), Het is the fixed effect
of the coefficient of heterosis, Rec is the fixed effect of

the coefficient of recombination loss, Z;Breedi is

proportion of each breed; (i = Holstein and Friesian),
animal is the random genetic effect, pe, is the random
permanent environment effect across lactations, pe, is
the random permanent environment effect within lacta-
tion, and e is the random residual effect.

Models used for the performance traits were

Y = p+ parity,, + sex,; + HYS + Het,,,,

2
+ Recy,, + ZBreedj + sire +mgs + pey,,., +e,
i=1

Table 1. Number of records (n), mean (p), additive genetic standard deviations (o,), heritability (h’* SE in
parentheses), and repeatability (t; SE in parentheses) estimates for the detailed reproductive traits and calving

performance
Trait! n v O, h? t
CYC 47,209 0.87 0.09 0.07 (0.010)*** 0.67 (0.010)***
MO 40,602 0.07 0.04 0.03 (0.006)*** 0.24 (0.010)%**
EO 1,036 0.42 0.22 0.10 (0.082)
DH 1,135 0.90 0.06 0.04 (0.066)
CS 27,803 0.03 0.01 0.002 (0.003) 0.50 (0.010)***
Usc 46,536 1.39 0.10 0.02 (0.006)*** 0.24 (0.010)%**
EL 40,465 0.08 0.04 0.02 (0.006)* 0.66 (0.005)%**
Dystocia 102,496 1.22 0.17% 0.21 (0.015)%%*

0.05° 0.03 (0.005)*#*
Stillbirth 102,745 0.06 0.05> 0.06 (0.009)*

0.02° 0.01 (0.003)%***

'CYC = resumption of cyclicity; MO = multiple ovulation; EO = early ovulation; DH = detected heat; CS =
cystic structures; USC = uterine score; EL = embryo loss.

*Direct component.
*Maternal component.
*P < 0.05; *¥*P < 0.001.
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X = p+ parity + HYS + Het + Rec
2
+ ZBreedi + animal + pe, +e,
i=1

2
Z = pu+age+ HYS + Het + Rec + ZBreedj
i=1
+ animal + e,

2
U=p+HYS+ DIM + Het 4+ Rec + ZBreedi
i=1
+ animal + e,

where Y, X, Z, and U are the observed calving perfor-
mance, milk production, carcass, and linear type traits,
respectively; p is the mean of trait; parity is the fixed
effect of parity (i.e., 1, 2, 3, 4, or 5+); age is the fixed
effect of age at slaughter; sex,,is the fixed effect of the
sex of the calf; HYS is the fixed effect of contemporary
group; DIM is the fixed effect of a linear regression on
days in milk at time of examination; Het is the fixed
effect of the coefficient of heterosis of the animal; Rec is
the fixed effect of the coefficient of recombination loss
of the animal; Z;Breedi is the proportion of each
breed; (i = Holstein and Friesian); Het,,, is the fixed
effect of the coefficient of heterosis of the dam; Recy,,
is the fixed effect of the coefficient of recombination
loss of the dam; animal is the random genetic effect of
the animal; sire is the random genetic effect of the sire
of the calf; mgs is the random genetic effect of the ma-
ternal grand-sire sire of the calf; pe, is the random
permanent environment effect across lactations; and e
is the random residual effect. The direct and maternal
components for calving performance were assumed to
be uncorrelated.

RESULTS
Descriptive Statistics

Summary statistics for the detailed reproductive
traits and performance traits are in Tables 1 and 2,
respectively. The mean percentage of cows that had re-
sumed cyclicity at the time of ultrasound examination
was 87%; 42% had resumed cyclicity by 15 d postpar-
tum. The mean prevalence of CS and EL in the data set
was 3 and 8%, respectively. Just over 71% of cows had a
normal uterine environment (i.e., USC = 1) at the time
of examination, whereas 8.8% of cows exhibited poor
uterine environments (i.e., USC >2). The percentage of
calving difficulty scored as slight assistance, consider-
able assistance, and veterinary assistance were 24, 5,
and 4%, respectively. The prevalence of stillbirth in the
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data set was 6%. Mean 305-d milk, fat, and protein
yvield was 6,878, 271, and 235 kg, respectively. Mean
fat-to-protein ratio was 1.16 with a phenotypic stan-
dard deviation (after adjusting for fixed effects) of 0.10.
Average cow carcass weight was 300 kg and the average
progeny carcass weight was 321 kg. Cows had worse
carcass conformation (2.80 units) and greater subcuta-
neous fat (6.45 units) compared with progeny carcass
conformation (4.37 units) and fat (5.89 units).

Variance Components

Heritability estimates for the detailed reproductive
traits (Table 1) have been described and discussed
in detail elsewhere (Carthy et al., 2015); heritability
ranged from 0.002 (CS) to 0.10 (EO). The heritability
of direct and maternal calving performance traits was
also low (0.01 to 0.21; Table 1); the direct heritability
for both dystocia and perinatal mortality was greater
than the corresponding maternal heritability. The heri-
tability of milk production traits ranged from 0.25 to
0.29 for the yield traits and from 0.59 to 0.60 for the
milk composition traits (Table 2); the heritability of
SCS was 0.16. The coefficient of genetic variation of
these traits varied from 4.7% (protein concentration)
to 8.3% (fat concentration). The heritability of the car-
cass traits ranged from 0.16 to 0.25 for the cow carcass
traits and from 0.22 to 0.28 for the progeny carcass
traits (Table 2). The coefficient of genetic variation of
the cow carcass traits varied from 5.8% (cow carcass
weight) to 16.1% (cow carcass conformation) and the
progeny carcass traits varied from 4.4% (progeny car-
cass weight) to 12.6% (progeny carcass conformation).
The heritability of the body-related type traits ranged
from 0.15 (BCS) to 0.45 (stature; Table 2). The coef-
ficient of genetic variation for the body-related type
traits ranged from 9.0% (body depth) to 16.7% (rump
angle).

Correlations Between Detailed Reproductive Traits
and Calving Performance

Increased direct dystocia (Table 3) was associated
with a better uterine score and a greater likelihood of
early ovulation (genetic correlation of —0.33 and 0.53,
respectively), whereas increased maternal dystocia was
associated with a worse uterine score and a reduced
likelihood of early ovulation (genetic correlation of
0.29 and —0.80, respectively). The direct component
of stillbirth was associated with a reduction in cyclicity
and a poorer uterine environment (genetic correlation
of —0.43 and 0.65, respectively). The direct component
of stillbirth was also associated with a better ability to
detect heat (genetic correlation of 0.38).
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Table 2. Number of records (n), mean (n), additive genetic standard
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deviations (o,), heritability (h% SE in parentheses) and repeatability (t;

SE in parentheses) estimates for milk production, carcass traits, and linear type traits

Ttem n n O, h? t
Milk production
Milk yield (kg) 148,041 6,878 516.84 0.29 (0.008) 0.56 (0.003)
Fat yield (kg) 148,041 271 19.46 0.25 (0.008) 0.50 (0.003)
Protein yield (kg) 148,041 235 15.04 0.25 (0.008) 0.54 (0.003)
Fat concentration (%) 148,041 3.96 0.33 0.59 (0.008) 0.71 (0.002)
Protein concentration (%) 148,041 3.43 0.16 0.60 (0.008) 0.71 (0.002)
Fat-to-protein ratio 148,041 1.16 0.07 0.45 (0.008) 0.60 (0.003)
SCS (log, units) 148,041 4.68 0.32 0.16 (0.008) 0.35 (0.004)
Carcass
Cow carcass weight (kg) 92,662 300.3 17.45 0.25 (0.012)
Cow carcass conformation (1 to 15) 92,662 2.80 0.45 0.20 (0.011)
Cow carcass fat grade (1 to 15) 92,662 6.45 0.71 0.16 (0.010)
Carcass weight (kg) 88,501 320.5 14.06 0.25 (0.015)
Carcass conformation (1 to 15) 88,501 4.37 0.55 0.28 (0.015)
Carcass fat grade (1 to 15) 88,501 5.89 0.48 0.22 (0.014)
Body linear type traits (scale 1 to 9)
Stature (short to tall) 99,347 6.31 0.65 0.45 (0.010)
Body depth (shallow to deep) 99,347 5.66 0.51 0.22 (0.010)
Chest width (narrow to wide) 99,347 5.22 0.64 0.24 (0.010)
Rump angle (high to low) 99,347 4.07 0.68 0.36 (0.011)
Rump width (narrow to wide) 99,347 5.62 0.55 0.24 (0.010)
BCS (thin to fat) 99,347 4.89 0.53 0.15 (0.011)
Angularity (nonangular to angular) 99,347 5.88 0.57 0.26 (0.010)

'All heritability and repeatability estimates were different (P < 0.001) from zero.

Correlations Between Detailed Reproductive Traits
and Milk Production

Greater genetic merit for milk yield was associated
with a reduction in CYC (genetic correlation of —0.25)
and an increased likelihood of MO (genetic correla-
tion of 0.18). Greater fat and protein yield were also
associated with a reduced likelihood of CYC (genetic
correlation of —0.22 and —0.15, respectively). Greater
protein concentration was genetically correlated with
an increased likelihood of CYC (genetic correlation of
0.18) as well as a reduced likelihood of MO (genetic
correlation of —0.21). Greater fat concentration was
associated with a reduced genetic predisposition to EL
(genetic correlation of —0.17). The genetic correlations

between fat-to-protein ratio and most detailed repro-
ductive traits were not different from zero except for
the genetic correlation between fat-to-protein ratio and

L (Table 4).

Genetic predisposition for elevated (i.e., worse) SCS
was associated with a reduced likelihood of CYC (ge-
netic correlation of —0.32) and a greater likelihood of
both MO (genetic correlation of 0.25) and EL (genetic
correlation of 0.32).

Correlations Between Detailed Reproductive Traits
and Carcass Traits

Genetically heavier cow carcasses were associated
with an increased likelihood CYC at the time of ul-

Table 3. Genetic correlations (SE in parentheses) between detailed reproductive traits and calving performance’

Dystocia Stillbirth

Item Direct Maternal Direct Maternal

CYC 0.16 (0.115) 0.04 (0.128) —0.43 (0.127)** —0.19 (0.167)
MO —0.17 (0.210) 0.38 (0.207) 0.19 (0.237) 0.10 (0.264)
EO 0.53 (0.231)* —0.80 (0.240)*** —0.36 (0.360) —0.05 (0.381)
DH 0.16 (0.185) —0.21 (0.234) 0.16 (0.185)* —0.21 (0.234)
CS —0.15 (0.164) 0.10 (0.172) 0.38 (0.187) 0.19 (0.213)
UsC —0.33 (0.112)** 0.29 (0.123)* 0.65 (0.097)%*** —0.06 (0.155)
EL 0.17 (0.407) 0.59 (0.401) 0.23 (0.410) 0.44 (0.416)

'CYC = resumption of cyclicity; MO = multiple ovulation; EO = early ovulation; DH = detected heat; CS =
cystic structures; USC = uterine score; EL = embryo loss.

*P < 0.05; ¥¥P < 0.01; ***P < 0.001.
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Table 4. Genetic correlations (SE in parentheses) between the detailed reproductive traits and milk production’

Ttem CYC MO EO DH CS USsC EL
Milk yield —0.25 0.18 0.14 —0.14 0.02 —0.14 0.16
(0.059)*** (0.086)* (0.176) (0.124) (0.185) (0.089) (0.111)
Fat yield —0.22 0.01 0.25 —0.18 —0.01 —0.13 —0.02
(0.059)*** (0.088) (0.189) (0.122) (0.189) (0.090) (0.114)
Protein yield —0.15 0.06 0.32 —0.09 —0.09 —0.06 0.15
(0.060)*** (0.088) (0.210) (0.123) (0.189) (0.090) (0.112)
Fat concentration 0.04 —0.14 0.10 —0.11 0.12 0.02 —0.17
(0.047) (0.075) (0.144) (0.088) (0.167) (0.075) (0.099)*
Protein concentration 0.18 —0.21 0.14 0.02 —0.12 0.12 0.01
(0.048)*** (0.074)** (0.154) (0.094) (0.170) (0.080) (0.096)
Fat-to-protein ratio —0.09 —0.03 0.25 —0.14 0.18 —0.10 —0.22
(0.050) (0.077) (0.189) (0.095) (0.183) (0.078) (0.103)*
SCS —0.32 0.25 0.05 0.05 0.21 —0.14 0.32
(0.064)*** (0.091)** (0.202) (0.136) (0.205) (0.097) (0.119)%**

'CYC = resumption of cyclicity; MO = multiple ovulation; EO = early ovulation; DH = detected heat; CS = cystic structures; USC = uterine

score; EL = embryo loss.
*P < 0.05; **P < 0.01; ***P < 0.001.

trasound examination (genetic correlation of 0.24), a
greater number of multiple ovulations (genetic correla-
tion of 0.20), and a poorer USC (genetic correlation of
0.22). Genetically fatter cows were also associated with
an increased likelihood of CYC (genetic correlation of
0.41). Superior cow carcass conformation was associ-
ated with a greater likelihood of CYC (Table 5). Except
for the genetic correlations between carcass fat grade
and USC, the genetic correlations between the detailed
reproductive traits and progeny carcass traits were not
different from zero (Table 5).

Correlations Between Detailed Reproductive Traits
and Body-Related Type Traits

The genetic correlation between BCS and CYC was
moderately positive (0.52), indicating cows in better
condition have, on average, a greater likelihood of hav-

ing resumed cyclicity at the time of examination. Body
condition score was not genetically associated with any
other of the detailed reproductive traits (Table 6), al-
though a tendency was found for better condition cows
to resume cyclicity very early postpartum (<15 d) as
well as having a greater likelihood of being detected
in estrus (i.e., DH). Although weak, a significant asso-
ciation was also found between rump width and CYC.
Genetically wider chests and less angular bodies were
associated with a superior CYC (genetic correlations
of 0.28 and —0.42, respectively). Although associated
with large standard errors, wider cows had a tendency
to be genetically predisposed to EO (Table 6). The
genetic correlations between body depth and EL indi-
cated deeper bodies were predisposed to a greater likeli-
hood of EL (Table 6). No associations were detected
between the body-related type traits and CS, USC, or
MO (Table 6).

Table 5. Genetic correlations (SE in parentheses) between the detailed reproductive traits and carcass traits'

Ttem CYC MO EO DH CS USC EL

Cow carcass weight 0.24 0.20 0.43 0.07 0.05 0.22 0.16
_ (0.069)*** (0.094)* (0.280) (0.190) (0.229) (0.093)** (0.129)

Cow carcass conformation 0.32 0.16 —0.08 —0.36 —0.22 0.17 0.14
(0.069)*** (0.103) (0.336) (0.193) (0.240) (0.102) (0.134)

Cow carcass fat grade 0.41 0.06 0.13 —0.37 —0.53 0.30 0.12
(0.069)*** (0.108) (0.331) (0.21) (0.354) (0.101) (0.139)

Carcass weight 0.06 0.12 0.36 —0.10 0.68 —0.11 0.07
(0.088) (0.121) (0.322) (0.251) (0.343) (0.116) (0.156)

Carcass conformation 0.17 —0.03 0.01 0.25 0.06 0.17 0.08
(0.084) (0.116) (0.342) (0.233) (0.248) (0.111) (0.145)

Carcass fat grade 0.11 0.08 —0.30 0.25 —0.20 0.29 0.30
(0.089) (0.119) (0.312) (0.233) (0.268) (0.110)* (0.137)

!CYC = resumption of cyclicity; MO = multiple ovulation; EO = early ovulation; DH = detected heat; CS = cystic structures; USC = uterine

score; EL = embryo loss.
*P < 0.05; **P < 0.01; **P < 0.001.
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Table 6. Genetic correlations (SE in parentheses) between the detailed reproductive traits and linear type traits'

Ttem CcYcC MO EO DH CS UsC EL
Stature —0.06 0.15 0.26 0.02 0.01 0.03 0.10
(0.059) (0.086) (0.224) (0.177) (0.198) (0.087) (0.124)
Body depth 0.01 0.07 0.49 —0.01 0.25 0.05 0.31
(0.069) (0.098) (0.265) (0.195) (0.216) (0.097) (0.140)*
Chest width 0.28 —0.06 0.63 0.19 0.17 0.06 —0.05
(0.067)*** (0.096) (0.306 (0.192) (0.212) (0.096) (0.130)
Rump angle 0.07 —0.15 0.16 —0.21 0.16 0.02 —0.14
(0.063) (0.094) (0.225 (0.177) (0.230) (0.092) (0.129)
Rump width 0.16 0.10 0.55 —0.02 0.17 0.06 0.03
(0.068)** (0.099) (0.237 (0.197) (0.228) (0.097) (0.134)
BCS 0.52 —0.04 0.56 0.29 0.15 0.07 —0.05
(0.073)%5* (0.114) (0.317 (0.222) (0.243) (0.115) (0.154)
Angularity —0.42 0.07 —0.10 —0.24 —0.01 —0.01 0.04
(0.064)*** (0.096) (0.249 (0.197) (0.207) (0.096) (0.072)

!CYC = resumption of cyclicity; MO = multiple ovulation; EO = early ovulation; DH = detected heat; CS = cystic structures; USC = uterine

score; EL = embryo loss.
*P < 0.05; **P < 0.01; ***P < 0.001.

DISCUSSION

Since the inclusion of reproductive traits in breeding
objectives to achieve a more balanced, holistic breeding
objective, the decline in reproductive performance has
halted and in many populations improved (Berry et
al., 2014). The association between the commonly used
traits for reproductive performance, calving interval
and days open, and the detailed aspects of reproduc-
tive performance are, however, not unity (Carthy et al.,
2015), suggesting a possible difference in the underlying
genetic control of these reproductive traits. Therefore,
to determine the effect of current breeding strategies
on underlying reproductive performance, the genetic
relationships between detailed reproductive traits and
performance traits included in breeding goals must first
be established. Thus, the objective of the present study
was to estimate the associations between detailed re-
productive traits, collected during routine ultrasound
examinations of the reproductive tract, and both per-
formance and functional traits included in many dairy
cow breeding goals.

Variance Components

Variance components for the detailed reproductive
traits are discussed in detail elsewhere (Fitzgerald et
al., 2014b; Carthy et al., 2015). In brief, the detailed
reproductive traits were lowly heritable (<0.10), al-
though considerable genetic variation was detected
as evidenced by the genetic standard deviation of the
binary traits ranging from 0.01 to 0.22. The greatest
heritability and genetic variation was observed for traits
related to cyclicity (CYC, EO, and DH). Heritability
estimates for the calving performance traits, with the

expectation of direct dystocia, were also low (<0.06).
The direct component of the calving performance traits
was more heritable than the respective maternal com-
ponent, corroborating heritability estimates from UK
(Eaglen et al., 2013) and Dutch (Eaglen and Bijma,
2009) dairy populations. Milk production, carcass
traits, and body type traits exhibited considerably
greater heritability estimates than the reproductive
and calving performance traits, but nonetheless were
consistent with reported heritability estimates in other
international populations (Hoekstra et al., 1994; Pryce
et al., 2000; Berry and Evans, 2014).

Reproductive Traits and Calving Performance

The maternal component of a difficult calving was
associated with a reduced likelihood of ovulating early
postpartum; however, no association was detected be-
tween maternal calving difficulty and cyclicity, indicat-
ing a difficult calving may result in a poorer ability to
resume cyclicity early postpartum but not affect overall
cyclicity. The genetic correlations between direct calv-
ing difficult and early ovulation indicate that a calf
born through difficult calving is genetically predisposed
to earlier ovulation postpartum once the heifer calf be-
comes a cow. The results obtained in the present study
are consistent with those documented by Eaglen et al.
(2013) who reported a greater genetic predisposition to
maternal calving difficulty was associated with a longer
calving interval whereas direct calving difficulty was
associated with superior nonreturn rates. In the present
study, the association between genetic predisposition to
stillbirth and cyclicity suggests that sires with a greater
incidence of stillbirth will also produce daughters less
likely to resume cyclicity postcalving.
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Reproductive Traits and Milk Production

The antagonistic genetic correlations in the present
study between the detailed reproductive traits and milk
production corroborate the now generally accepted
antagonistic genetic relationship (Berry et al., 2104),
indicating that the documented genetic antagonisms
with milk production affect several different aspects of
reproductive performance, although the strength of the
relationship varies with the different detailed aspect of
reproductive performance.

In particular, the observed antagonistic genetic corre-
lation between milk production and CYC in the present
study corroborates the previously documented genetic
correlations with other cyclicity traits, measured both
traditionally (calving to first service; Kadarmideen et
al., 2000; Veerkamp et al., 2001) or from hormonal
profiles (commencement to luteal activity; Pryce et
al., 2000; Veerkamp et al., 2000; Royal et al., 2002a).
From a subset of the data set used in the present study,
Fitzgerald et al. (2014b) documented that cows with
the highest predicted transmitting ability for milk
production were 50% less likely to have resumed cyclic-
ity at the time of ultrasound examination compared
with their lower predicted transmitting ability contem-
poraries. Moreover, based on the genetic parameters
estimated in the present study, a 100-kg greater ge-
netic merit in 305-d milk yield is, on average, expected
to result in a 0.4 percentage unit reduction in CYC,
whereas a 10-kg increase in milk fat and protein yield
is expected to translate into a 1.0 and 1.5 percentage
unit reduction in CYC, respectively. In some produc-
tion systems, synchronization programs are advocated
as an approach to mitigate the effect of selection for
milk production on the likelihood of a cow cycling early
postpartum. However, the heritable genetic variation
for CYC observed in the present study and elsewhere
(Berry et al., 2014) for postpartum return to cyclicity-
associated traits suggests that such approaches may
only serve to perpetuate the issue of anestrus especially
if heifer replacements are retained from such cows. Her-
lihy et al. (2011) reported that despite the increase in
submission rate observed in dairy cows subjected to
synchronization programs, no difference was observed
in pregnancy rate between synchronized and nonsyn-
chronized cows; this therefore suggests that hormonal
intervention is not a suitable long-term alternative to
a breeding program to negate the effect of selection for
milk production on overall reproductive performance.

Many dairy cow breeding goals now include tradi-
tional (generally producer generated) measures of re-
productive performance as a means to slow down, halt,
or reverse unfavorable genetic trends in all aspects of
reproductive performance. No genetic correlation ex-
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isted between milk yield and CYC in the present study
after adjusting for genetic differences in calving inter-
val, assuming a genetic correlation of 0.46 (Berry et al.,
2014). Selection on calving interval in national dairy
breeding programs may, therefore, overcome the unfa-
vorable association that exists between milk production
and CYC; whether that is achieved will be dependent
on the relative emphasis on both milk production and
calving interval and also on the other traits included
in the breeding goal. For example, selection for milk
production traits, assuming the current economic val-
ues in the Irish national breeding goal (—€0.09, €1.04,
and €6.64 for milk, fat, and protein yield, respectively),
and calving interval (—€12.43), would result in a
5-percentage-unit increase in CYC per genetic standard
deviation improvement in the index. This, however, was
achievable due to the high relative emphasis (64%) on
calving interval within this index because of the impor-
tance of reproductive performance in seasonal calving
production systems as exist in Ireland (Berry et al.,
2013). If, however, calving interval was not included
in the index, 7% emphasis on cyclicity is required to
prevent any deterioration in cyclicity.

Contrary to previously documented genetic correla-
tions between milk production with both cystic struc-
tures and uterine infection, no such association was
detected in the present study. An unfavorable genetic
association has been previously documented between
CS and milk production (Hooijer et al., 2001; Koeck
et al., 2012). However, methods of detection of cystic
structures vary between studies, and this could con-
tribute to the inconsistency in results among studies.
Furthermore, the lower prevalence of CS in the popula-
tion used in the present study may also be contributing
to the differences among studies. Likewise, the present
study did not directly measure uterine infection, but
rather evaluated the tone and fluid present within the
uterus. The previously documented unfavorable genetic
association between milk production and uterine infec-
tion has been estimated from diagnosed metritis events
(P6s6 and Méntysaari, 1996), which are a more reliable
measure of uterine infection than that used in the pres-
ent study.

Energy balance postpartum has been documented to
be an important factor determining reproductive suc-
cess (Butler and Smith, 1989). Body fatness in particu-
lar is mobilized in periods of negative energy balance to
maintain milk production (Roche et al., 2009). Milk fat
concentration tends to increase, whereas milk protein
concentration tends to decrease in periods of negative
energy balance (Grieve et al., 1985); for this reason,
fat-to-protein ratio has often been cited as a potential
indicator of energy balance and the health status of the
cow (Heuer et al., 1999). Nonetheless, phenotypic corre-
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lations between fat-to-protein ratio and other measures
of energy balance have been shown to be close to zero
(McParland et al., 2011). No genetic associations were
detected in the present study between fat-to-protein
ratio and the detailed reproductive traits, further cor-
roborating the results documented by Fitzgerald et al.
(2014b) who failed to detect any differences in detailed
reproductive traits among cows who were low, aver-
age, or high genetic merit in fat-to-protein ratio. The
results of the present study, in conjunction with those
of Fitzgerald et al. (2014b) and elsewhere (McParland
et al., 2011), therefore suggest that the benefit of us-
ing fat-to-protein ratio as an indicator of detailed re-
productive performance at an individual cow level is
questionable.

Greater SCS is an indication of, among others, a
response to mastitis infection (Harmon, 1994). Cows
with greater genetic predisposition to elevated SCS
may allocate more energy to combat infection at the
expense of other bodily function such as reproductive
performance. Cows that are genetically predisposed to
greater SCS not only had an inferior genetic merit for
CYC in the present study but also had a greater likeli-
hood of EL, both of which could be contributing to
documented antagonistic genetic correlations that exist
between SCS and traditional reproductive traits, such
as calving interval (Haile-Mariam et al., 2003).

Reproductive Traits and Body Fatness,
Size, and Shape

Body condition score is a subjective measurement of
body fat used to determine body reserves and is well
known to be associated with reproductive performance
(Roche et al., 2009). Dairy cows with genetically bet-
ter BCS have also been documented to, on average,
have superior genetic merit for traditional reproduc-
tive traits (Pryce et al., 2000; Berry et al., 2003) and
commencement of luteal activity (Royal et al., 2002b).
Likewise, (subcutaneous) carcass fat, a trait similar to
BCS, has been previously reported to genetically as-
sociated with a shorter calving interval in beef cows
(Berry and Evans, 2014). These previously documented
favorable associations between the ability to resume
cyclicity and body fatness were further supported
in the present study, irrespective of whether the fat-
ness phenotype was BCS or carcass subcutaneous fat.
However, genetically greater subcutaneous carcass fat
was also associated with a poorer uterine environment,
although no association was detected between BCS and
the uterine environment in the present study. Using
the (co)variance components estimated in the present
study, a 1 unit increase in genetic merit in BCS (scale
1 to 9), would result, on average, in a 7 percentage
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unit improvement in the ability to resume cyclicity. The
genetic correlations that existed between BCS and the
detailed reproductive traits were generally consistent
with those estimated with angularity, which is geneti-
cally very similar, yet opposite in scale, to BCS (Berry
et al., 2004).

A paucity of studies have quantified the genetic as-
sociations between carcass traits and reproductive per-
formance, particularly in dairy cows. However, genetic
correlations between live weight and reproductive per-
formance suggest that greater live weight is associated
with a shorter interval to both first service (Berry et al.,
2003) and luteal activity (Veerkamp et al., 2000). The
genetic correlation between carcass weight and CYC in
the present study is consistent with those reported from
other populations between live weight and cyclicity re-
lated traits (Veerkamp et al., 2000), suggesting that
genetically heavier animals resume cyclicity earlier.
However, when carcass weight was adjusted for differ-
ence in genetic merit for BCS, the genetic correlation
between carcass weight and cyclicity was not different
to zero. Thus, the favorable association that exists be-
tween carcass weight and cyclicity could be almost en-
tirely explained by the greater energy reserve available
in heavier cows. The existence of phenotypic (Berry et
al., 2011b) and genetic (Berry et al., 2003) associations
between BCS and live weight is well known. Despite the
genetic association between heavier animal weight and
earlier postpartum return to estrus, genetically heavier
animals have, on average, poorer pregnancy rates and a
longer interval to conception (Berry et al., 2003). Simi-
larly, genetically heavier beef cows are expected to have
longer inter-calving intervals (Berry and Evans, 2014).
Coupled with the genetic correlations in the present
study between carcass weight and USC, these results
altogether suggest genetically heavier animals have a
compromised ability to conceive.

The observed genetic correlations in the present
study between CYC and the remainder of the body-
related traits were generally consistent with previously
documented correlations between body-related traits
and both calving interval (Pryce et al., 2000; Dal Zotto
et al., 2007) and calving to first service interval (Berry
et al., 2004); genetically smaller, wider, less angular
cows had a greater likelihood of having resumed cyclic-
ity by the time of ultrasound examination. The angle
of the rump has been suggested to be associated with
an increased risk of uterine infection postpartum (Wall
et al., 2005). The upward angle of the vaginal canal in
cows with high pins has been suggested to cause dif-
ficulty in expelling uterine fluid postpartum, leading to
prolonged infection (Wall et al., 2005). No evidence was
found, however, in the present study of an association
between rump angle and USC. Furthermore, if an as-
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sociation exists between rump angle and uterine infec-
tion, rump angle would be expected to be also associ-
ated with other measures of reproductive performance,
such calving interval and calving to first service, which
is not widely documented (Pryce et al., 2000; Dal Zotto
et al., 2007).

CONCLUSIONS

The results of the present study suggest that, despite
the known antagonistic genetic relationship between
milk production traits and traditional reproduction
performance, not all detailed aspects of reproductive
performance exhibited an unfavorable relationship.
After accounting for BCS, the initial favorable relation-
ship between carcass weight and the ability to resume
cyclicity no longer existed. The antagonistic genetic
relationship that existed between the carcass traits and
traditional reproduction performance could be under-
pinned by the unfavorable genetic relationship between
carcass traits and both the uterine environment and
embryo loss.
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