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Graphical Abstract

Summary
Pregnancy diagnosis is important to characterize fertility earlier and on a larger proportion of individuals. In the 
present study, such information was exploited to derive genetic parameters for fertility in nulliparous Italian 
Holstein heifers. A selection index for heifer fertility was developed using selection index methodology, and 
phenotypic variation of heifer fertility traits across systematic environmental effects was estimated. The present 
study demonstrated that although lowly heritable, heifer fertility manifested ample and exploitable genetic 
variation for selective breeding. The derived selection index can be included in the national breeding objective 
as an additional source of information for fertility. Efforts should be made on the collection of pregnancy 
diagnosis to improve the genetic evaluation of fertility. 

Highlights
•	 Pregnancy diagnosis allows determination of heifer fertility traits earlier.
•	 Reduction of censored data is achievable by exploiting pregnancy diagnosis.
•	 Exploitable additive genetic variation exists for heifer fertility.
•	 Heifer ability to conceive at first service can be improved by selective breeding. 
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Abstract: Excellent fertility performance is important to maximize farmers’ profit and to reduce the number of culled animals. Although 
female fertility of adult cows has been included in Italian Holstein breeding objectives since 2009, little has been done to quantify 
genetic variation of heifer fertility characteristics so far. The aim of the present study was to estimate genetic parameters of 4 fertility 
traits in nulliparous Italian Holstein heifers and to develop an aggregate selection index to improve heifer fertility. Data were retrieved 
from the national fertility database and included information on insemination, calving, and pregnancy diagnosis dates. The investigated 
phenotypes (mean ± standard deviation) were age at first insemination (AFI, mo; 17.25 ± 2.89), nonreturn rate at 56 d from the first 
insemination (NRR56, binary; 0.78 ± 0.41), conception rate at first insemination (CR, binary; 0.61 ± 0.49), and interval from first to last 
insemination (IFL, d; 26.09 ± 51.85). Genetic parameters were estimated using a 4-trait animal model that included the following fixed 
effects: herd-year of birth and month of birth for AFI, and herd-year-season of birth and month-year of insemination for IFL, NRR56, and 
CR; the animal additive genetic effect (fitted to the pedigree-based relationship matrix) was considered as a random term. An aggregate 
index was developed from the estimated additive genetic (co)variance matrix by considering CR as the breeding goal and AFI, NRR56, 
and IFL as selection criteria. Heritability estimates from average covariance matrices ranged from 0.012 (CR) to 0.015 (IFL), with the 
exception of AFI (0.071). Conception rate at first insemination was strongly correlated with both IFL (−0.730) and NRR56 (0.668), and 
weakly to AFI (−0.065), and the relative emphasis placed on each selection criteria in the aggregate index was 10%, 47%, and 43% for 
AFI, IFL, and NRR56, respectively. The results of the present study suggest that heifer fertility should be considered as an additional trait 
in the breeding objectives of Italian Holstein.

Fertility is essential for dairy farmers to sustain and maximize an-
nual farm profit. In young stock, poor fertility increases the non-

productive period and increases costs, leading to reduced longevity 
and lifetime milk production (VanRaden et al., 2004; Wathes et 
al., 2014). Although lowly heritable, fertility exhibits exploitable 
additive genetic variation and is negatively genetically correlated 
with production performances (Wall et al., 2003; VanRaden et al., 
2004; Berry et al., 2014). For these reasons, female fertility has 
become an important driver of breeding decisions in the dairy in-
dustry and is nowadays included in merit indices worldwide (Cole 
and VanRaden, 2018). In general, the main goal is to improve 
conception and daughter pregnancy rates, favor shorter calving 
intervals in lactating cows, and reduce the number of heifers that 
fail to conceive. The advantages of heifer fertility traits are that 
they are available early in life (before 18 mo of age) and they are 
genetically correlated with fertility of lactating cows (Tiezzi et al., 
2012). Subsequently, some countries also include heifer fertility 
traits in their genetic evaluations and most of them consider only 
conception rate at first insemination (CR) or nonreturn rate at 56 d 
(NRR56; Fleming et al., 2019).

In Italy, heifer fertility data for dairy and dual-purpose cattle 
breeds, including inseminations and calving dates, have been 
stored nationally for a long time, and since 2015, pregnancy di-
agnoses have also been routinely collected and stored. These data 

are important from different points of view. For example, early 
information on pregnancy status is helpful to improve reproductive 
efficiency and pregnancy rate in cattle (Fricke, 2002), and it can 
reduce the amount of censored data on traits such as days open and 
interval from first to last insemination (IFL; Wiggans and Good-
ling, 2005). Therefore, information on heifer fertility, combined 
with pregnancy status data, can be exploited to support farmers in 
their breeding decision process. The objective of the present study 
was to quantify genetic and nongenetic variation of fertility in nul-
liparous Italian Holstein heifers.

Data used in the present study were retrieved from the national 
fertility database managed by the National Breeders Association of 
Italian Holstein, Brown, and Jersey (ANAFIBJ, Cremona, Italy) 
for the national genetic and genomic evaluation and thus did not 
involve animals; prior ethical approval was deemed not to be re-
quired. The data set contained information on first inseminations 
(n = 5,596,046), pregnancy diagnosis (n = 1,561,743), and calving 
events (n = 4,863,802) recorded since 1994. Furthermore, animal 
ID, event date, service sire, service code (e.g., AI, natural service), 
and service sire code (e.g., national or foreign daughter proven or 
genomic bull) were available for each event. A detailed descrip-
tion of the data quality assessment and editing procedures can be 
retrieved from Biffani et al. (2003).
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Briefly, the aim of the quality control process was to identify the 
most reliable information to be retained for genetic and genomic 
evaluations by identifying calving events within an appropriate 
biological gestation range (i.e., 240 to 300 d), and in which the ser-
vice sire of the successful insemination is effectively the sire of the 
newborn animal registered in the herdbook. Only fertility-related 
events collected on nulliparous heifers were extracted from the na-
tional database and used in the present study. Traits considered for 
subsequent genetic analysis were age at first insemination (AFI, 
mo) restricted to be between 9 to 27 mo, IFL (d), NRR56, and CR. 
For IFL, a value of 1 was attributed when only one insemination 
occurred and it was followed by a subsequent calving or confirmed 
by pregnancy diagnosis. When more than one insemination was 
necessary to achieve pregnancy, IFL was calculated as the differ-
ence between the first and the last insemination if followed by a 
calving, or if pregnancy was confirmed on the last insemination. 
When IFL was >230 d and conception was confirmed (or calving 
occurred), IFL was set to 230 d. Moreover, if the last insemina-
tion occurred less than 300 d from the first insemination (and 
conception was not confirmed nor calving occurred), IFL was set 
to missing. Otherwise, IFL was calculated as the difference from 
the first to the last insemination but with a penalty of 64 d (i.e., 3 
estrous cycles). All these steps allowed us to reduce the propor-
tion of censored records and therefore to also include phenotypic 
information on the least fertile animals. Regarding NRR56, 0 was 
attributed only to heifers for which the second insemination oc-
curred within 56 d from the first insemination and 1 otherwise. 
Moreover, NRR56 was set to missing if the second insemination 
was within 14 d from the first service. Finally, CR was set to 1 
if the first and only insemination was followed by a calving or a 
positive pregnancy diagnosis.

Fertility traits were first analyzed through a univariate linear 
animal model to estimate variance components, which were then 
used as starting values in a 4-trait animal model to estimate addi-
tive genetic and residual covariances among traits. (Co)variance 
components were estimated using the software AIREMLF90 
(Misztal, 2008). To reduce computational time, 10 random sub-
sets of 100 herds each were extracted from the entire fertility 
data set. This generated 10 data samples on which (co)variance 
components were estimated. Each herd (and related heifer fertility 
observations) was represented only once across the 10 generated 
data samples. Additive genetic (G) and residual (R) (co)variance 
matrices estimated in each of the 10 different subsets were then 
averaged; phenotypic (P) (co)variance matrix was calculated as the 
sum of G and R. Pedigree of animals in each subset was traced 
back up to 6 generations, when available. In case of 1 or 2 missing 
parents, unknown ancestors were assigned to genetic groups based 
on animal origin and year of birth. The multivariate linear mixed 
model in matrix notation was as follows:
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,

where y is the vector of phenotypic observations (AFI, IFL, 
NRR56, and CR), b is the vector of fixed effects (herd-year of birth 

and month of birth for AFI, and herd-year-season of birth and 
month-year of insemination for IFL, NRR56, and CR), a is the 
vector of random additive genetic effects, e is the vector of random 
residuals, and X and Z are incidence matrices relating the corre-
sponding fixed or random effects, respectively, to the dependent 
variable. Variances of the random effects were assumed to be equal 
to var a a( ) = Aσ2 and var ee( ) = Iσ2, where σa

2 and σe
2 are the ad-

ditive genetic and residual variances, respectively, A is the pedi-
gree-based relationship matrix, and I is an identity matrix of ap-
propriate order. Genetic parameters were calculated on the average 
G and R matrices of the 10 subsets. Heritability was calculated as 
σa a e
2 2 2σ σ+( ), and genetic (ra) and phenotypic (rp) correlations 

were assessed as cov x y a x a ya ,( ) ( ) ( )σ σ  and cov x y p x p yp , ,( ) ( ) ( )σ σ  
respectively, where cov denotes the genetic (a) or phenotypic (p) 
covariance between trait x and y, and σ denotes the genetic (a) or 
phenotypic (p) standard deviation of trait x or y, respectively. The 
use of a linear animal model was preferred over the use of thresh-
old animal models for NRR56 and CR. Indeed, linear animal mod-
els, applied also to binary traits, produce EBV that are strongly 
correlated with EBV generated from threshold animal models, and 
are much easier to be implemented in routine genetic evaluation 
and less computationally demanding (Malchiodi et al., 2017). Fi-
nally, least squares means of the fixed effects were estimated using 
a univariate linear mixed model by including the aforementioned 
fixed effects (fitted separately and not as interactions) for AFI, IFL, 
NRR56, and CR, and by adding herd as a random effect. The 
analysis was performed using the software Echidna (Gilmour, 
2020) on the entire national heifer fertility database.

To generate individual weights for EBV to be combined in the 
aggregate index (I) for heifer fertility, CR was considered as the 
sole breeding goal and AFI, IFL, and NRR56 were considered as 
selection criteria. The I can be calculated as I = b′EBV, where b is 
the vector of selection criteria individual weights and EBV is the 
vector of selection criteria EBV (Dekkers and Gibson, 1998). Ac-
cording to Schneeberger et al. (1992), b can be derived as 
b G G vI IT= −1 , where GI is the matrix with genetic (co)variances 
between traits in I (AFI, IFL, NRR56), GIT is the matrix with ge-
netic covariances between traits in I and the breeding goal (CR), 
and v is the vector of economic values which were assumed to be 
1 for all traits. Relative emphasis placed on each individual selec-
tion criterium i was calculated through the following equation 
(Berry, 2015):

	 Relative emphasis =

=∑
b

b
i i

j

n
j j

σ

1
σ
,	

were σi and σj are the genetic standard deviations of the trait i and j, 
respectively. The I was then standardized to mean 100 and standard 
deviation 5 for proof publication within the national genetic and 
genomic evaluation.

Descriptive statistics of AFI, IFL, NRR56, and CR, as well as the 
heritability, and genetic and phenotypic correlations from average 
G and P (co)variance matrices are presented in Table 1. Mean ± 
standard deviation of AFI, IFL, NRR56, and CR were 17.25 ± 2.89 
mo, 26.09 ± 51.85 d, 0.78 ± 0.41, and 0.61 ± 0.49, respectively. Her-
itability was the greatest for AFI (0.071) and it ranged from 0.012 
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(CR) to 0.015 (IFL) for the other traits. However, the coefficient 
of genetic variation (CVa) was the lowest for AFI (2.75%) and the 
greatest for IFL (21.22%). The CVa for NRR56 and CR was 5.88% 
and 9.99%, respectively. Conception rate was weakly genetically 
correlated with AFI (−0.065) and strongly correlated with both IFL 
(−0.730) and NRR56 (0.668); these latter 2 correlations were very 
close, in magnitude and direction, to their phenotypic counterparts 
(Table 1). Age at first insemination was also weakly correlated 
with IFL (rp = −0.089; ra = 0.050) and NRR56 (rp = 0.006; ra = 
0.152). The standard errors of heritability estimates of the 4 heifer 
fertility traits at each run ranged from 0.01 to 0.03, and standard er-
rors of genetic and phenotypic correlations from 0.01 to 0.08. The 
low heritabilities estimated in the current study were expected and 
consistent with those reported for Canadian Holstein nulliparous 
heifers (Jamrozik et al., 2005). Results were also in agreement with 
Liu et al. (2008), who estimated heritability of 0.012 and 0.015 for 
heifer and cow NRR56, respectively, and 0.014 for heifer IFL in a 
joint genetic evaluation using Holstein, Red dairy cattle, and Jersey 
data from Germany, Austria, and Luxemburg. Muir et al. (2004) 
reported higher heritability estimates for NRR56 (0.030) and AFI 
(0.190). The present study on heifer fertility is the first one carried 
out in Italian Holsteins. Indeed, Tiezzi et al. (2012) investigated 
genetic variation of these traits in Italian Brown Swiss dairy cattle, 
with heritability estimates that agreed with those of the present 
study. Genetic correlations estimated in the present study corrobo-
rate those reported in previous studies (Jamrozik et al., 2005; Liu et 
al., 2008) in terms of both direction and magnitude, with AFI being 
only weakly genetically correlated with other heifer fertility traits 
(Muir et al., 2004; Jamrozik et al., 2005). The relative emphasis, 
in absolute value, of the traits included for the calculation of I was 
10%, 47%, and 43% for AFI, IFL, and NRR56, respectively, and 
reflects the genetic correlations between the selection criteria (AFI, 
IFL, and NRR56) and the breeding goal (CR). The exclusion of 
CR from I was because CR is measurable only once calving has 
occurred, or after a positive pregnancy diagnosis, therefore CR is 
not measurable in some individuals and could also create a bias in 
genetic and genomic evaluations, as CR information would not be 
available for the least fertile daughters. In light of this, encourag-
ing the collection of pregnancy check can be a viable solution to 
overcome this issue. Although data on pregnancy diagnosis are 
currently available at the national level, this source of information 
is not routinely collected by all farmers, and it has been introduced 
recently in the national fertility database. However, the number of 
registered pregnancy diagnoses on heifers increased from 180,779 
in 2015 to 264,700 in 2021, with northern regions contributing the 
largest proportion (77.90%), followed by southern (13.60%) and 
central regions (8.50%). This reflects the national distribution of 

Holstein herds, which are mainly located in the Po valley (North-
ern Italy; i.e., the area more suited to intensive dairy farming). The 
results of the present study are of great importance for the national 
Holstein breeding program not only to provide the farmers with 
useful information to optimize breeding decisions to improve fer-
tility, but also because genetic proofs of heifer NRR56 can be used 
to participate in Interbull (2022) Multiple Across Country Evalua-
tion (MACE) for the trait “maiden heifer ability to conceive” (T1). 
Proofs of this trait differ among countries participating in MACE, 
yet the genetic correlation between Holstein T1 of Italy and T1 of 
other countries ranges from 0.808 to 0.924, and this correlation is, 
as expected, stronger with countries that have defined T1 as in the 
current study (April 2022 evaluation run).

Figure 1a depicts the least squares means of AFI across months 
of birth. Although the effect was statistically significant, differ-
ences across months of birth are of little biological impact. Indeed, 
AFI was the largest for animals born in January and February 
(18.45 mo; SE = 0.15) and the smallest for animals born between 
August and October, with the minimum in September (18.23 mo; 
SE = 0.15). Least squares means across years of birth indicated 
that AFI progressively shortened from 19.16 mo (SE = 0.15) in 
1994 to 17.17 mo (SE = 0.15) in 2018. Raising young stock is a 
significant cost for farmers (up to 15–20% of total milk production 
costs; Hutchison et al., 2017), and therefore farmers might prefer 
to voluntary anticipate animals’ productive life. The reduction of 
AFI across calendar years is consistent with previous studies in US 
(Hare et al., 2006) and Canadian heifers (Duplessis et al., 2015), 
and could therefore be related to management (e.g., better calf-
raising practices) but also to genetic factors. For example, intense 
selection for higher milk production may have increased the need 
for replacement heifers due to unfavorable genetic correlations to 
other functional traits (Brito et al., 2021). Figure 1b depicts the least 
squares means of IFL, NRR56, and CR across months of insemina-
tion. All traits had an erratic and similar trend and denoted poorer 
fertility performances (i.e., high IFL, and low NRR56 and CR) in 
September compared with the remaining calendar months of the 
year. The similarity of the trend among these traits is likely related 
to the strong genetic and phenotypic correlations between IFL, 
NRR56, and CR. Although differences among least squares means 
of months of insemination within traits were significant, their bio-
logical impact was negligible. An indefinite pattern of the month of 
insemination effect has been observed also by Kuhn et al. (2006), 
who reported higher CR in April and July and lower in Septem-
ber, October, and November. Regarding the year of insemination, 
results from the linear mixed models indicated that IFL, NRR56, 
and CR deteriorated. In particular, IFL changed from 21.23 d (SE = 
0.19) in 1994 to 24.28 d (SE = 0.15) in 2020. Similarly, in the same 
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Table 1. Descriptive statistics, heritability (in bold, on the diagonal), genetic correlations (below the diagonal), and phenotypic correlations (above the 
diagonal) of heifer fertility traits

Trait1

Descriptive statistics

 

Genetic parameter

Mean SD Minimum Maximum AFI IFL NRR56 CR

AFI, mo 17.25 2.89 9 27   0.071 −0.089 0.006 0.048
IFL, d 26.09 51.85 1 294   0.050 0.015 −0.309 −0.729
NRR56 0.78 0.41 0 1   0.152 −0.256 0.013 0.763
CR 0.61 0.49 0 1   −0.065 −0.730 0.668 0.012

1AFI = age at first insemination; IFL = interval from first to last insemination; NRR56 = nonreturn rate at 56 d; CR = conception rate at first insemination.
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time span, NRR56 decreased from 0.88 (SE = 0.001) to 0.78 (SE = 
0.001), and CR from 0.68 (SE = 0.001) to 0.63 (SE = 0.001), sug-
gesting that, although EBV for cow fertility, as an aggregate index, 
has been included in the national Holstein selection index since 
2009, little benefit has been achieved for heifer fertility. Although 
within trait genetic correlations between heifer and adult cows 
fertility attributes have never been estimated in Italian Holstein 
so far, Tiezzi et al. (2012) demonstrated that the genetic correla-
tions between fertility traits measured in Brown Swiss lactating 
cows and maiden heifers was moderate to weak (0.348 for CR and 
0.349 for NRR56 between heifers and first-parity cows, and 0.637 
and 0.636 for CR and NRR56 between heifers and second-parity 
cows). Therefore, the correlated response to selection may prove 
insufficient. This evidence justifies the inclusion and subsequently 
the direct selection also for heifer fertility traits in the national 
breeding program, as currently done in other countries (Miglior et 
al., 2017). Indeed, heifer fertility traits have gained more relevance 
into selection indices worldwide (Miglior et al., 2017) and, for ex-
ample, since 2014 heifer CR has been included in the US selection 
indices (Cole and VanRaden, 2018).

The present study supports that, as heifer fertility traits are 
available early in life, their inclusion into the genetic evaluation 
would be beneficial to improve the overall fertility of the dairy 
herd. Moreover, new available information on pregnancy diagno-
ses allows new traits to be collected early in life, such as IFL. The 
aggregate heifer fertility index calculated in the present study can 

be included in the aggregate index of cow fertility, which is already 
published within the national genetic and genomic evaluation and 
has been included in the Italian Holstein breeding objective since 
2009. Moreover, results of the present study can be useful to pro-
vide farmers with more detailed information on foreign AI bulls 
without daughters in Italy but available for the national market 
thanks to the participation in Interbull MACE for the trait dairy 
heifers’ ability to conceive (T1 trait) as well as due to genomic 
evaluation.
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