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Interest in dairy cow health continues to grow as we better understand health’s relationship with produc-
tion potential and animal welfare. Over the past decade, efforts have been made to incorporate health
traits into national genetic evaluations. However, they have focused on the mature cow, with calf health
largely being neglected. Diarrhoea and respiratory disease comprise the main illnesses with regard to calf
health. Conventional methods to control calf disease involve early separation of calves from the dam and
housing calves individually. However, public concern regarding these methods, and growing evidence
that these methods may negatively impact calf development, mean the dairy industry may move away
from these practices. Genetic selection may be a promising tool to address these major disease issues.
In this review, we examined current literature for enhancing calf health through genetics and discussed
alternative approaches to improve calf health via the use of epidemiological modelling approaches, and
the potential of indirectly selecting for improved calf health through improving colostrum quality.
Heritability estimates on the observed scale for diarrhoea ranged from 0.03 to 0.20, while for respiratory
disease, estimates ranged from 0.02 to 0.24. The breadth in these ranges is due, at least in part, to differ-
ences in disease prevalence, population structure, data editing and models, as well as data collection
practices, which should be all considered when comparing literature values. Incorporation of epidemio-
logical theory into quantitative genetics provides an opportunity to better determine the level of genetic
variation in disease traits, as it accounts for disease transmission among contemporaries. Colostrum
intake is a major determinant of whether a calf develops either respiratory disease or diarrhoea.
Colostrum traits have the advantage of being measured and reported on a continuous scale, which
removes the issues classically associated with binary disease traits. Overall, genetic selection for
improved calf health is feasible. However, to ensure the maximum response, first steps by any industry
members should focus efforts on standardising recording practices and encouragement of uploading
information to genetic evaluation centres through herd management software, as high-quality pheno-
types are the backbone of any successful breeding programme.
� 2024 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

The dairy industry is trending away from conventional calf-
rearing practices, meaning alternative methods to control calf dis-
ease are needed. Genetic selection can be a valuable tool, and cur-
rent literature shows the potential for calf disease genetic
evaluation. However, large ranges in heritability estimates exist,
mostly due to differences in model approach, population structure
and recording practices. Most importantly, emphasis should be
placed on encouraging consistent accurate data recording going
forward. Furthermore, alternative approaches such as incorporat-
ing epidemiological modelling theory with current quantitative
genetic approaches, and selection on colostrum traits should be
considered as potential avenues to further improve calf health.
Introduction

In recent years, there has been a notable shift towards prioritis-
ing animal health, driven by increasing awareness of how diseases
disease
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can negatively impact dairy cattle performance. Additionally, there
is a growing interest of the public in agricultural production
(Svensson and Hultgren, 2008; Alonso et al., 2020). For example,
in Canada, national genetic evaluations for dairy cattle now contain
various health-related traits, including mastitis resistance, ketosis,
hoof lesions, displaced abomasum, fertility disorders, and more
(Koeck et al., 2012; Beavers and Van Doormaal, 2013, 2018;
Jamrozik et al., 2016, 2021; Miglior et al., 2016; Malchiodi et al.,
2017; Fleming and Van Doormaal, 2020). However, these traits
are measured on adult cows; early-life health traits have received
comparatively less attention until recently. Several progressive
studies have highlighted the potential of genetic selection to
improve calf health (Henderson et al., 2011; Gonzalez-Peña et al.,
2019, 2020; Haagen et al., 2021; Zhang et al., 2022; van
Staaveren et al., 2023; Lynch et al., 2024). Additionally, Zoetis
became the first commercial animal health company to include calf
disease traits within a genomic test, as part of CLARIFIDE� Plus
(Zoetis, 2022). Although these efforts are promising, to our knowl-
edge, there is no national genetic evaluation for calf disease traits
to date. Conventional methods to control calf disease have centred
on the early removal of the calf from the dam and rearing calves in
single pens (Flower and Weary, 2003; Beaver et al., 2019), with
consequently limited interaction with conspecifics and reduced
disease transmission (Ventura et al., 2013; Pempek et al., 2017).
Despite reduced disease transmission, the dairy industry may be
encouraged to shift back to group housing and increased cow-
calf time for several reasons. These reasons include poor public
opinion of calf social isolation and early removal (Hötzel et al.,
2017; Placzek et al., 2021), the demonstrated benefits of group
housing for social support (Duve and Jensen, 2012; Costa et al.,
2016), and improved feeding behaviour of group-housed calves
(De Paula Vieira et al., 2012; Costa et al., 2015; Jensen et al.,
2015). Additionally, the other conventional method of treating calf
diseases with antibiotics is not necessarily desirable long term due
to concerns with antibiotic use and antimicrobial resistance, which
further underlines the need for other strategies to improve calf
health. Therefore, calf health will become an even bigger area of
interest and genetic selection may become a valuable tool to
reduce disease incidence in dairy calves.

Before discussing potential avenues for enhancing calf health
through genetic selection, the fundamental elements of calf health,
diseases, and effects on performance should be discussed. Two
major calf disease classes are gastrointestinal disease (henceforth
referred to as diarrhoea) and respiratory disease. Diarrhoea is char-
acterised by persistent loose stool lasting multiple days, accompa-
nied by signs such as decreased appetite, lethargy, dehydration,
and fever (Renaud et al., 2020; Springer and Yost, 2022). This dis-
ease primarily affects calves within the 1st 2–3 weeks of life, with
the timing of infection often associated with specific pathogens
(Blanchard, 2012). Common pathogens implicated in diarrhoea
can be viral (e.g., bovine rotavirus, bovine coronavirus, bovine viral
diarrhoea virus), parasitic (e.g., Cryptosporidium parvum, Eimeria
spp.) and bacterial (e.g., Escherichia coli K99, Salmonella spp.,
Clostridium perfringens) (Foster and Smith, 2009; Cho and Yoon,
2014). Escherichia coli K99 generally affects calves within the 1st
3 or 4 days after birth, bovine rotavirus is most infectious between
4 and 14 days old, Cryptosporidium parvum and bovine coronavirus
are commonly observed between the first and 3rd week of life, and
Salmonella can affect a calf at any point in its early life (McGuirk,
2008; Foster and Smith, 2009; Brunauer et al., 2021).

Respiratory disease encompasses infections that affect both the
upper and lower respiratory tracts and can be caused by both
viruses and bacteria (Gorden and Plummer, 2010). Respiratory dis-
ease commonly occurs before the age of 6 months, especially when
maternal antibodies begin to diminish, combined with environ-
mental stressors (Donovan et al., 1998; Taylor et al., 2010). To pro-
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vide a practical framework for characterising respiratory disease, it
can be split into three distinct groups, as described by (Callan and
Garry, 2002). Firstly, respiratory disease encompasses conditions
such as shipping fever pneumonia and enzootic calf pneumonia
where bacterial and viral agents attack the respiratory tract of
the animal. Second is acute interstitial pneumonias which refers
to acute inflammatory conditions affecting the interstitial tissue
of the lungs more selectively. Lastly, metastatic pneumonia refers
to infections that spread to the lungs from a primary site of infec-
tion in another part of the body. This can occur when pathogens
enter the bloodstream and reach the lungs, leading to secondary
pneumonia. As evident, diarrhoea and respiratory disease can be
caused by a multitude of pathogens making control of the diseases
very difficult on farm. This is apparent when considering the inci-
dence rates for both diseases across the literature, with diarrhoea
generally reported between 23 and 44%, while respiratory disease
ranged from 12–22% (Windeyer et al., 2014; Urie et al., 2018;
USDA, 2018).

Disease expression is further complicated when considering the
components that control it: the interaction of the pathogen causing
the disease, the host’s natural resistance to the pathogen, and the
environment in which both live (Leblanc et al., 2006). Management
practices can help alleviate pathogen burden in the environment,
including management of the calving pen, bedding material, hous-
ing dynamics, and feeding (Renaud et al., 2018; Karle et al., 2019).
Efforts to enhance host resistance have primarily revolved around
vaccine programmes and prophylactic antibiotic treatment
(Woolums, 2021; Uyama et al., 2022). Vaccine programmes are
commonplace in dairy herds, with approximately 75% of herds vac-
cinating against bovine viral diarrhoea in the USA (APHIS, 2008).
Roughly 25% of calves receive antimicrobial treatment, primarily
due to diarrhoea or respiratory disease cases. Among calves diag-
nosed with diarrhoea or respiratory disease, 69 and 88% receive
antimicrobial treatment, respectively (Urie et al., 2018). However,
growing global concern around the emergence of antibiotic-
resistant bacteria and vaccine-resistant viruses, coupled with their
often-limited effectiveness at preventing disease transmission,
diminishes the attractiveness of these interventions (Gibson and
Bishop, 2005; De Oliveira et al., 2020).

In addition to respiratory disease and diarrhoea being highly
prevalent and difficult to control, previous work has also estab-
lished that calf disease negatively impacts production efficiency.
(Nor et al., 2013) reported a 6% increase in rearing costs in heifers
exhibiting disease during calfhood. (Sischo et al., 1990) found that
calf disease accounted for 4% of total lifetime costs. Estimates for
the cost per case of diarrhoea ranged between 73 and 128 USD
(Pro Earth Animal Health, 2017; Roche et al., 2020), while the cost
per incident of respiratory disease case ranged between 42 and 282
USD (Dubrovsky et al., 2020; Overton, 2020). Cost variability is due
to several factors, including the severity of the disease, the age of
the calf, and management practices (e.g., disease intervention
strategies). The associated costs of these diseases not only arise
from medical intervention and labour costs but also from effects
on production such as average daily gain and future milk potential.
In a meta-analysis of 27 studies, (Buczinski et al., 2021) reported
that calfhood respiratory disease reduced heifer average daily gain
by 0.067 kg/d. For diarrhoea, the literature is less definitive, with
studies reporting a decrease of up to 0.03 kg/d (Donovan et al.,
1998; Stanton, 2011), while others found no significant effect
(Virtala et al., 1996). Concerning production, cows with a single
case of diarrhoea when they were calves produced 344 kg less
energy-corrected milk than healthy animals during the first lacta-
tion (Svensson and Hultgren, 2008). Similarly, heifers experiencing
respiratory disease produced 121.2 kg less milk during their first
lactation compared to healthy animals (Buczinski et al., 2021).
These findings show the influence of calf illnesses on animals mak-
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ing the transition from calfhood to the milking herd and help
explain why respiratory disease and diarrhoea are the primary rea-
sons behind involuntary culling and mortality until first calving
(Waltner-Toews et al., 1986; Wathes et al., 2008; Zhang et al.,
2019b). Preweaning mortality rates in dairy calves range from 5–
11% (Murray, 2011; Urie et al., 2018; Winder et al., 2018; Zhang
et al., 2019b), with diarrhoea (53–56%) and respiratory disease
(21–23%) accounting for roughly 75% of preweaned calf mortality
(NAHMS, 2007; Murray, 2011). For the postweaning period, mor-
tality is between 2 and 7%, of which respiratory disease accounts
for roughly 50% of cases (NAHMS, 1996; Winder et al., 2018;
Santman-Berends et al., 2019; Zhang et al., 2019b; Peel, 2020).

Clearly, calf disease can have a substantial impact on farm pro-
ductivity, and that societal concerns regarding current rearing
practices of dairy calves need to be addressed. Genetic selection
may be a tool to address these issues long term and needs to be
further explored. The objective of this review is to examine the cur-
rent literature on genetic selection for enhancing calf health and to
discuss the key opportunities and challenges that are likely to arise
in implementing routine genetic selection. This review compares
current genetic estimates, exploring the impact of recording prac-
tices and calf-specific information on model estimates. Further-
more, alternative approaches to improve calf health via
epidemiological modelling approaches, and the potential of indi-
rectly selecting for improved calf health through improving colos-
trum quality are discussed.
Comparing current genetic approaches

Current genetic parameters in the literature for diarrhoea and
respiratory disease are summarised in Table 1. Studies that esti-
mated parameters using a threshold model had their values con-
verted to the observed scale. This transformation was completed
Table 1
Summary of genetic parameters in the literature for diarrhoea and respiratory disease in

Paper Country Breed Diagnosis Tra

Lynch et al., 2024 Canada Holstein Producer RES

DIA

Zhang et al., 2022 China Holstein Veterinarian RES

DIA

Yin et al., 2022 Germany Holstein Producer & Veterinarian RES
DIA

Haagen et al., 2021 USA Holstein Producer RES
DIA

Quick et al., 2020 USA Holstein Veterinarian RES
Johnston et al., 2020 Ireland Mixed Producer RES

DIA
Gonzalez-Peña et al., 2020 USA Jersey Producer RES

DIA
Gonzalez-Peña et al., 2019 USA Holstein Producer RES

DIA
Mahmoud et al., 2017 Germany Holstein Producer & Veterinarian RES

DIA
Neibergs et al., 2014 USA Holstein Laboratory RES
Henderson et al., 2011 Canada Holstein Veterinarian RES
McCorquodale et al., 2013 Canada Holstein Veterinarian RES

RESP = Respiratory disease; DIAR = Diarrhoea; h2
l = Heritability on liability scale; h2

o= He
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using the method described in the appendix of (Dempster and
Lerner, 1950) by Alan Robertson:

h2
o ¼ h2

l �z2
pð1� pÞ

where h2
o is heritability on the observed scale, h2

l is heritability on
the underlying liability scale, p is the proportion of affected individ-
uals in the population of interest, z is the height of the standard nor-
mal curve at the truncation threshold for the corresponding value of
p. Theoretically, the threshold model is better for disease traits
because it respects the discrete nature of the trait by fitting a
non-Gaussian distribution (Roff, 1996). However, with large num-
bers of records, model fit and animal ranking do not differ signifi-
cantly between linear and threshold models. This lack of
difference means both models are viable options for the genetic
evaluation of disease traits (Jamrozik et al., 2005; Koeck et al.,
2012). Across the literature, heritability estimates on the observed
scale for diarrhoea ranged from 0.03 to 0.20, while those for respi-
ratory disease estimated ranged from 0.02 to 0.24 (Table 1). These
large ranges can be attributed to differences in disease prevalence,
population structure, data editing and model approach, and/or data
collection practices. This section will highlight how each of these
points can lead to differences in reported values. Furthermore, the
value of incorporating genomic information into genetic evalua-
tions of calf disease traits is discussed.

Effect of prevalence and population structure

The linear model, which estimates parameters on the observed
scale, does not account for prevalence. Heritability estimates when
using a linear model are maximised when prevalence nears 50%,
and approach 0 when prevalence nears 0 or 100%. This is because
phenotypic variance of binary disease traits is determined by the
dairy calves.

its Sample size
(# herds)

Prevalence Minimum
disease
incidence

Model h2
l h2

o

P 158 273 (288) 19% 1% Linear NA 0.03
Threshold 0.05 0.02

102 438 (180) 26% 5% Linear NA 0.04
Threshold 0.06 0.03

R 65 642 (122) 19% 1% Linear NA 0.04
Threshold 0.07 0.03

39 965 (61) 28% 5% Linear NA 0.06
Threshold 0.10 0.05

P 184 563 (31) 4% NA Linear NA 0.05
Threshold 0.08 0.02

R 12% Linear NA 0.06
Threshold 0.10 0.04

P 112 563 (53) 28% NA Threshold 0.10 0.06
R 176 904 (53) 22% 0.17 0.09
P 10 527 (16) 12% 1% Threshold 0.10 0.04
R 11 603 (16) 44% 0.08 0.05
P 1 017 (6) 19% NA Linear NA 0.24
P 727 (32) 5% NA Linear NA 0.09
R 24% NA 0.20
P 276 134 (90) 14% 0.5% Threshold 0.06 0.02
R 186 505 (90) 37% 0.08 0.05
P 1 331 626 (188) 21% 0.5% Threshold 0.04 0.02
R 741 484 (118) 26% 0.05 0.03
P 31 396 (43) 28% NA Threshold 0.07 0.04
R 21% 0.06 0.03
P 2 763 (NA) 50% NA Linear NA 0.13
P 7 372 (36) 38% NA Linear NA 0.10
P 1 588 (16) 10% NA Linear NA 0.04

ritability on observed scale.
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prevalence of the disease. If prevalence is close to 0 or 100%, there
is limited phenotypic variance, while as prevalence reaches 50% it
is maximised, better-enabling prediction of genetic differences
between animals. Furthermore, at these extremes in prevalence,
genetic variation is largely due to non-additive effects, namely epi-
static effects (Dempster and Lerner, 1950). The threshold model
estimates parameters on the liability scale, which accounts for
prevalence in the population. This explains why liability scale her-
itability estimates are larger. Observed scale and linear scale esti-
mates will become closer as disease prevalence nears 50% in a
study population. For example, (Zhang et al., 2022) had a preva-
lence of 4% for respiratory disease, and in this study, the difference
between the observed scale heritability estimate and the liability
scale heritability estimate was 4 times smaller (0.02 vs 0.08)
(Table 1). In contrast, (Haagen et al., 2021) had a diarrhoea preva-
lence of 44%, and the difference between the observed and liability
scale estimates was 1.6 times smaller (0.05 vs 0.08). Lynch et al.
(2024) further confirmed the impact of prevalence on observed
scale estimates when comparing different data inclusion criteria
with respect to minimum herd-year disease incidence (1 vs 5%),
which in turn impacted the prevalence across analyses. From
Table 1, we can see that the magnitude of the difference between
observed and liability scale estimates is less when the analysis
had a disease prevalence closer to 0.5. Together, this shows the
impact that prevalence has on the observed scale estimates, and
therefore, should always be considered when comparing heritabil-
ity estimates across studies.

Population structure is another factor that can impact the size
of the heritability estimates. One issue with calf disease traits is
that accurate recording of information can be difficult, and as a
result, parameters are often estimated on relatively small groups
of animals (<3,000) on limited herds (McCorquodale et al., 2013;
Neibergs et al., 2014; Johnston et al., 2020; Quick et al., 2020).
The issue with small datasets is that sires may be poorly dis-
tributed across herds, potentially causing a confounded effect
between sires’ genetic effects and herds’ environmental effect. If
a sire only has records from a single herd, it is hard to untangle
the environmental influence versus the sire’s influence on the phe-
notype, often resulting in inflated estimates either positively or
negatively. As additive variance is directly related to the variance
of the estimated breeding values, this can lead to an overestima-
tion of heritability within a population. This effect on heritability
estimates was shown by Neibergs et al. (2014) who analysed two
datasets from California and New Mexico, using exclusively geno-
mic relationships. The heritability estimate for respiratory disease
when locations were analysed separately was 0.21 for both loca-
tions. When the locations were analysed together, the heritability
estimate dropped to 0.13. Both estimates are high relative to other
studies with much larger datasets, which may be partially linked to
the aforementioned effect of sire distribution. However, it is essen-
tial to acknowledge that other factors, such as genotype-
environment interaction and degree of genetic connectedness
across contemporary groups within the population, may also con-
tribute to variations in heritability estimates (Roso et al., 2004;
Zhang et al., 2019a). Overall, care needs to be given when inter-
preting heritability estimates on small samples of animals, as it
is possible that estimated effects may be biased.

Recording practices

The success of long-term genetic selection programmes is dic-
tated by the recording of accurate and high-quality phenotypes
(Coffey, 2020). As mentioned, disease prevalence greatly influences
heritability on the observed binary scale, influencing the potential
rate of genetic change. Therefore, efforts should be made to help
develop a cost-effective data pipeline with standardised protocols
4

for recording calf disease traits. The first step when adding a new
phenotype of interest to genetic evaluations is to define the trait.
This is a challenge when it comes to both diarrhoea and respiratory
disease, as laboratory testing is required for accurate etiologic
diagnosis (Cho and Yoon, 2014). Since this type of analysis is not
feasible for most farmers, visual appraisal and clinical examination
by either farmers or veterinarians is the common practice
(McGuirk and Peek, 2014). Common signs of diarrhoea include
watery faeces and lethargy (Renaud et al., 2020), while respiratory
disease signs include coughing, fever, nasal discharge, and changes
in respiration rate (McGuirk and Peek, 2014). Given the subjective
nature of visual appraisal, variation in definition can exist, leading
to many cases being misdiagnosed. Producers tend to diagnose
cases with relatively low sensitivity (more likely to miss identify-
ing sick animals), but higher specificity (more likely to correctly
identify healthy animals) (Sivula et al., 1996). Knauer et al.
(2017) reported that producers could identify the health status of
group-housed calves with a sensitivity of 26% and a specificity of
97%. Low sensitivity leads to an under-representation of disease
prevalence due to a higher amount of false negatives. Therefore,
to maximise selection potential, methods to increase recording
consistency need to be considered. Possible avenues to help
improve the consistency of recording are scoring systems, which
help remove the subjectivity of the tester, to provide a more objec-
tive evaluation, and to allow for greater consistency across testers
(Hayes et al., 2010). Probo and Veronesi (2022) and Wilson et al.
(2023) have reviewed current scoring systems. Examples for respi-
ratory disease include the Wisconsin scoring system (WIS score)
and the California scoring system (CAL score) (McGuirk, 2008;
Love et al., 2014). Buczinski et al. (2015) reported a sensitivity
and specificity of 62.4 and 74.1% for the WIS score, respectively.
For the CAL score, sensitivity and specificity were reported to be
89.4 and 90.8%, respectively (Love et al., 2014). The Kappa coeffi-
cient of agreement between the WIS score and CAL score was esti-
mated to be 0.85, indicating excellent agreement between
methods (Aly et al., 2014). For diarrhoea, most methods centre
around faecal consistency scoring (Lewis and Heaton, 1997;
Lesmeister and Heinrichs, 2004; Renaud et al., 2020). Faecal consis-
tency has been reported to be used currently by dairy farmers as a
decision tool regarding treatment for diarrhoea (McGuirk, 2008).
Unfortunately, no studies relating to the sensitivity or specificity
of faecal consistency scoring were found in the literature by the
authors, which would be of great value to the industry. Overall,
these methods help improve the diagnosis of disease and provide
an opportunity to increase the consistency of recording practices.
A concerted effort from industry to encourage the use of these
methods will further maximise the potential of genetic selection
for calf disease traits.

Apart from accurate recording of the disease, collection of speci-
fic calf and disease information should also be encouraged. Specific
calf information includes colostrum (quality, quantity, and timing
of administration), calving difficulties, and calf vitality scoring.
Colostrum intake and successful passive transfer is a crucial deter-
minant as to whether a calf exhibits morbidity and will be dis-
cussed in detail later in this review (Mee, 2008; Furman-Fratczak
et al., 2011). In a meta-analysis, (Raboisson et al., 2016) reported
that the adjusted risk in calves with failure of passive transport
(FPT) for respiratory disease and diarrhoea were 1.75 and 1.51,
respectively. (Lombard et al., 2007) reported that calves born to
dams having severe dystocia had greater odds of treatment for res-
piratory disease (1.7) and digestive disease (i.e., diarrhoea) (1.3).
Calf vitality scoring considers characteristics of newborn calves
that relate to suckling reflex, standing, time to lift head, and colos-
trum intake (Barrier et al., 2012). Several methods relating to scor-
ing calf vitality have been proposed (Mee, 2008; Murray-Kerr et al.,
2018; Probo and Veronesi, 2022). However, many of these methods
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have failed to be adopted on a commercial level, likely due to the
complexity of the scores and missing recommendations for inter-
vention (Homerosky et al., 2017; Probo and Veronesi, 2022). Fur-
thermore, conflicting relationships between calf morbidity and
calf vigour have been reported (Sorge et al., 2009; Tora et al.,
2021; Alemu et al., 2022). From a genetic selection perspective, calf
vitality scoring at this point will not benefit current approaches.
However, with the development of better indicators of calf vitality,
it may be a resource to consider in the future.

Specific disease information includes the duration of the dis-
ease, to enable a classification of the severity of the disease. This
will allow for clearer distinctions between the phenotypes and
may help improve model performance (Lynch et al., 2024).
Throughout this section, we have identified numerous sources of
information that may help improve our potential for genetic selec-
tion of calf health. It must be noted that it is likely unfeasible to
expect producers to collect all information noted above, so a con-
certed effort from industry is required to identify which informa-
tion they feel producers can collect routinely and effectively.
Data editing and modelling approach

Across the literature, there are differences in model approaches
due to factors such as population structure and recording practices.
To highlight the impact of these differences when comparing mod-
elling approaches, we can look at the studies by Gonzalez-Peña
et al. (2019) and Henderson et al. (2011). For respiratory disease,
these studies had the largest difference in heritability estimates
(2 vs 10%) (Table 1) when removing studies with small datasets
(<3 000 records). This discrepancy may be because two very differ-
ent samples of animals were analysed, as we know population
structure and the relatedness of animals can have a large impact
on variance components. Further reasons for this difference could
be due to collection practices, incidence thresholds, and model fac-
tors. Gonzalez-Peña et al. (2019) analysed records from 183 herds
compared to Henderson et al. (2011) who had phenotypes col-
lected by veterinarians at a single facility that reared calves from
36 farms. Therefore, Henderson et al. (2011) had the advantage
of trained professionals for diagnosing respiratory disease, and
there was a high level of consistency in diagnosis since all animals
were reared in one facility. Gonzalez-Peña et al. (2019) likely had
variation in definition and recording practices across herds within
their analysis. Gonzalez-Peña et al. (2019) set a minimum herd-
year disease incidence of 0.5%, while it was not specified for
Henderson et al. (2011) we assume this was because they were
all reared at the same facility. The impact of including herds with
very low incidence revolves around the impact of prevalence on
model estimates. Furthermore, though it is not stated how many
herds had very low incidence, it would be very rare for a herd to
have an incidence around 1%, with between 5 and 15% reported
as the gold standard target for both respiratory disease and diar-
rhoea (Dairy Calf and Heifer Association, 2019; RSPCA, 2021). In
most cases, this would be due to under-recording of cases, due to
reasons highlighted in the previous section. Under recording may
impact model performance as some sick animals that were not
recorded will be assumed healthy. If we compare the model factors
between papers, the major difference is that Henderson et al.
(2011) incorporated specific calf information, including calf weight
upon arrival at the rearing facility and serum total protein informa-
tion (as an indicator for successful passive transfer). This added
information further accounts for environmental variation associ-
ated with calf diseases, increasing the heritability estimate of the
trait. The aim here is not to suggest superiority in approach from
either study but to highlight the possibilities with these traits
and to show that with excellent data collection and collection of
5

further calf information, it is possible to greatly improve our heri-
tability estimates and in turn our potential response to selection.

It must be noted that Henderson et al. (2011) estimated heri-
tability of respiratory disease as part of a multiple trait analysis
with umbilical disease and bloat, and therefore may benefit from
other trait information within their model. The benefits of multiple
trait analysis for respiratory disease and diarrhoea together have
been reported, with genetic correlations between the traits ranging
from 0.15 to 0.62 (Mahmoud et al., 2017; Gonzalez-Peña et al.,
2019; Haagen et al., 2021; Zhang et al., 2022; Lynch et al., 2024).
As previously mentioned, these large ranges may be a result of dif-
ferences in prevalence across traits and population structure
within studies. Of these studies, only Lynch et al. (2024) compared
heritability estimates between univariate and multivariate analy-
sis, in which they reported increases in estimated heritability for
respiratory disease when diarrhoea information was included in
the model. Biologically, the positive genetic correlation between
respiratory disease and diarrhoea is logical. Dairy calves experienc-
ing a disease are more likely to suffer a second illness later in life
(McCorquodale et al., 2013). Diarrhoea can lead to dehydration,
anorexia, and impaired immune function (Schinwald et al., 2022),
which are all risk factors for developing the respiratory disease
(Gorden and Plummer, 2010). Together, these points suggest that
respiratory disease and diarrhoea should be analysed together in
a multiple-trait analysis, to maximise selection potential.

Genomic information

Genomic information has been incorporated into several stud-
ies of calf health throughout the literature (Neibergs et al., 2014;
Mahmoud et al., 2017; Gonzalez-Peña et al., 2019, 2020;
Johnston et al., 2020; Quick et al., 2020; Haagen et al., 2021; Yin
et al., 2022). For variance component estimation, the inclusion of
genomic information was found to show little difference compared
to conventional pedigree-based methods (Gaddis et al., 2014;
Gonzalez-Peña et al., 2019). The value of genomic information is
by increasing the accuracy of selection, particularly in low heri-
tability traits, such as calf disease (VanRaden et al., 2009). Conven-
tionally, for low heritability traits, sires required many phenotypes
to achieve a high accuracy estimated breeding value. However,
through genomics, high accuracies can be achieved when no phe-
notypic information is available on an animal, provided the refer-
ence population is representative of the current population of
animals (García-Ruiz et al., 2016; Wiggans et al., 2017). Young sire
reliabilities have nearly doubled since the introduction of genomic
selection across all traits (Fleming and Van Doormaal, 2022). Selec-
tion decisions can therefore be made earlier in life, reducing the
generation interval, and leading to an increased response to selec-
tion (Schefers and Weigel, 2012). As a result of genomic selection,
the rate of genetic gain has been doubled. For example, the net
merit index has increased at 85 USD per year since 2010, compared
to 40 USD in the previous 5 years (Wiggans and Carrillo, 2022). In
Canada, the Pro$ index increased at 102 CAD per year prior to
genomics, and 246 CAD per year postgenomics (Fleming and Van
Doormaal, 2022). Genomics will play a large role in any future
genetic evaluation. Therefore, studies should incorporate genomic
information if it is available when analysing calf disease traits.

Limitations of current approaches

Throughout this section, we have highlighted current practices
that are being suggested and implemented for improving dairy calf
health. However, there are several limitations to these current
approaches such as: (1) the effect of prevalence and population
structure on estimates, leading to inflated genetic parameter val-
ues that likely are not representative of the population, (2) the lack
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of calf information, such as colostrum intake and dystocia, which
are known to play a pivotal role in calf disease expression, and
(3) limited recording practices to ensure consistent accurate infor-
mation is being recorded across herds. Even though there are
opportunities to improve each of these challenges, alternative
strategies to improve calf health exist, which are discussed in the
following section.
Alternative approaches

We have outlined the current genetic approaches to improve
calf health. However, as mentioned, there are several limitations
with current strategies. A number of intriguing avenues of research
have emerged to investigate novel or alternative strategies to
improve calf health. We have identified two main areas of interest:
(1) epidemiological approaches and (2) investigating the role of
colostrum, which are discussed in the following sections.
Epidemiological approach

The ultimate goal of disease control is eradication of the disease
whereby all animals remain healthy. However, this is theoretically
impossible to achieve from a classical quantitative genetics per-
spective, as additive genetic variance on the observed binary scale
will approach 0 as prevalence approaches 0 (Dempster and Lerner,
1950). As mentioned previously, this is because when prevalence is
close to 0, there is limited phenotypic variance, reducing your abil-
ity to differentiate between animals genetically (Hulst et al., 2021).
Furthermore, current methods focus on the susceptibility of indi-
viduals to disease, disregard information from group members
(Lipschutz-Powell et al., 2014), and assume that the observed phe-
notypic differences represent differences in host resistance to a
given pathogen (Lipschutz-Powell et al., 2013). This approach is
unrealistic though, as it assumes that exposure to a pathogen is
constant over time, equal among individuals, and purely due to
the environment (Lipschutz-Powell et al., 2013). For this reason,
it is likely that conventional genetic methods are capturing only
a fraction of genetic variation of disease data (Lipschutz-Powell
et al., 2012; Bishop and Woolliams, 2014).

The incorporation of epidemiological theory into quantitative
genetics provides an opportunity to better determine the level of
genetic variation in disease traits (Bishop and Stear, 1997; Bijma
et al., 2022). This stems from the ability to allow for the positive
feed-back dynamics of disease transmission to be accounted for
(Anche et al., 2014; Bijma et al., 2022). The basis of this positive
feed-back dynamic is as follows; if an animal is immune to a
pathogen, this has a positive effect on animals around them, as
they will not spread the pathogen. If many animals within a group
are immune, this positive feedback effect will be compounded, to
the point where the pathogen can no longer spread, and thus die
out completely. On the other hand, if an animal is very susceptible
to a disease, they will become sick and aid in the spread of disease.
This increases the likelihood of animals around them becoming
sick, potentially resulting in an outbreak within a group of animals
(Bijma et al., 2022). An example of this positive feedback effect is
seen with herd immunity via vaccination protocols, whereby com-
plete eradication of a disease can be achieved without the full pop-
ulation being vaccinated, as the pathogen is unable to spread (Fine,
1993).

The key parameter in epidemiology to access this positive feed-
back mechanism and the impact of disease interventions on epi-
demic risk is the basic reproductive ratio, which represents the
average number of secondary cases caused by an infected individ-
ual in a susceptible population (Diekmann et al., 1990). The basic
reproductive ratio has a threshold value of one, which dictates if
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a disease outbreak can happen. If it is less than one, the epidemic
will die out, but if it exceeds one, outbreaks may occur
(Diekmann et al., 1990; Anche et al., 2014; Tsairidou et al., 2019).
The basic reproductive ratio is controlled by the transmission rate
of the disease and the resulting recovery rate from infection. Across
the literature, most studies have concentrated on the genetics of
the transmission rate, which is determined by two host traits,
the host’s susceptibility to contracting a disease, and a host’s infec-
tivity to transmit the disease (Anche et al., 2014; Lipschutz-Powell
et al., 2014; Biemans et al., 2017; Tsairidou et al., 2019). From an
epidemiology perspective, both susceptibility and infectivity can
be seen as indirect genetic effects (IGEs), which are when the geno-
type of one individual affects the phenotype of a second individual
(Griffing, 1967; Muir, 2005; Bijma, 2014). These IGE can drastically
affect the rate and direction of response to selection, which has
been shown both theoretically and experimentally (Griffing,
1976; Lipschutz-Powell et al., 2012; Anche et al., 2014). One reason
for this is that greater genetic variation may exist in infectivity
compared to susceptibility, enabling faster rates of genetic change.
Across generations, natural selection has reduced genetic variation
in susceptibility, as it is linked to an individual’s fitness (Lipschutz-
Powell and Woolliams, 2012). However, infectivity is not linked to
an individual’s own fitness, and therefore, genetic variation would
not have been impacted by natural selection (Boddicker et al.,
2012).

Epidemiological models unravel the genetic heterogeneity in
both susceptibility and infectivity traits, and respect the impact
each animal has on its contemporaries compared to conventional
quantitative genetic approaches (Nath et al., 2008; Doeschl-
Wilson et al., 2011). From a calf health perspective, there is a shift
towards group housing of young livestock which increases the
interaction of animals from a young age (Costa et al., 2015;
Jensen et al., 2015; Placzek et al., 2021). It would be possible to
apply epidemiological theory discussed above through the record-
ing of animal groups/pens to determine which animals were
exposed to each other at each point of calfhood. This of course
becomes difficult from a management perspective to continuously
track, especially on large enterprises. However, with continuous
incorporation of precision livestock technology, such as sensor
data, it may be feasible to automatically track calves via ear tags,
to record calf location at any point in time, and is already commer-
cially available for adult cows (Wolfger et al., 2017; Costa et al.,
2021a).

Colostrum

One of the major determinants for whether a calf develops
either respiratory disease or diarrhoea is the quantity and quality
of colostrum that they received and when they receive it. There-
fore, a possible proactive measure to help reduce calf disease
would be genetically selecting for traits related to colostrum qual-
ity of the dam and antibody absorption of the calf. The importance
of colostrum feeding in calf rearing has been well-documented, as
it profoundly influences health and long-term performance (Khan
et al., 2011; Ballou, 2012; Hammon et al., 2020). Colostrum is the
first milk that a cow releases postcalving, and is rich in antibodies,
also known as immunoglobulins (Ig), and other nutrients that pro-
vide the calf protection from disease early in life (McGrath et al.,
2016). The importance of feeding colostrum stems from dairy cows
not having an epitheliochorial placenta, meaning passive immu-
nity cannot be transferred to the neonate during gestation
(Robbers et al., 2021). Therefore, calves solely rely on the transfer
of immune constituents through initial feedings from the dam
via colostrum. Within colostrum, there are three major Ig, IgG
(80–90%) is considered the most important, while IgM and IgA
make up about 7 and 5%, respectfully (Stilwell and Carvalho,
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2011; Godden et al., 2019). Colostrum quality varies among ani-
mals (Gilbert et al., 1988) and is determined by numerous factors,
including volume, collection time, Ig concentration, and bacterial
levels (McGuirk and Collins, 2004; Godden, 2008). Timing of feed-
ing is also important. To ensure successful passive transfer of Ig,
the calf must consume colostrum shortly after birth, ideally within
2–3 h (Weaver et al., 2000; Godden, 2008). If colostrum feeding is
delayed or is of low quality, FPT can occur (Raboisson et al., 2016).
FPT occurs when the calf serum IgG concentration falls below
10 mg/mL (Pritchett et al., 1991; Faber et al., 2005; Beam et al.,
2009), and is associated with increased calf mortality and morbid-
ity rates (Mee, 2008; Furman-Fratczak et al., 2011). FPT rates vary
across the literature, falling somewhere between 19 and 40%
(Beam et al., 2009; Raboisson et al., 2016; Abuelo et al., 2019).
Together, this highlights the importance of colostrum in calf dis-
ease prevention. Furthermore, it is common practice in many herds
to pool colostrum to help reduce labour requirements (King et al.,
2020), and therefore, improving colostrum quality at the cow level
may have greater effects at the herd level. However, the benefits of
pooling colostrum must be weighed against the potential for dis-
ease transmission, especially in herds with endemic infectious dis-
eases such as Johne’s Disease or Bovine Leukaemia Virus (Godden,
2008; Williams et al., 2014).

To evaluate if a trait is suitable for genetic selection, certain cri-
teria should be considered, as described by (Shook, 1989). This
includes that the trait needs to be clearly defined, cost-effective
and easy to measure, it must exhibit significant genetic variation
and be heritable, and there must be economic value to improving
the trait. Colostrum quality can be defined by the concentration
of Ig within colostrum, while calf absorption ability can be defined
as the level of Ig within calf serum 24 h postfeeding. Colostrum
quality and calf absorption ability can be directly determined by
radial immunodiffusion (RID), which is considered the gold stan-
dard measurement (Bartens et al., 2016; Ahmann et al., 2021).
Though RID is highly accurate and repeatable, it is expensive and
time-consuming reducing its merit for a potential measure on a
large-scale genetic programme (Costa et al., 2021b). For colostrum
quality, several other measurement methods have been proposed,
including the use of enzyme-linked immunosorbent assay (ELISA)
(Gelsinger et al., 2015), near-infrared spectroscopy (NIRS) (Rivero
et al., 2012; Costa et al., 2021b), and Brix refractometer (Quigley
et al., 2013; Bartier et al., 2015). Like RID, ELISA tests are time-
consuming and require lab work. NIRS and Brix provide the most
promise, with both being rapid and cost-effective measures for
determining colostrum quality. Genetic and phenotypic correla-
tions between NIRS and RID were estimated to be 0.85 and 0.77,
respectively (Costa et al., 2021b), while phenotypic correlations
between Brix and RID have ranged from 0.64 to 0.75 (Bielmann
et al., 2010; Quigley et al., 2013; Gelsinger et al., 2015), showing
good potential as indicator traits of RID values. One challenge with
calf absorption ability is that it requires a blood sample, making
recording more difficult and time-consuming, while also being
quite invasive to the animal. For genetic selection on calf absorp-
tion ability to be feasible, long-term alternative measures will need
to be identified. One area of interest to predicting calf serum Ig
concentration is through calf saliva, which is less invasive and
easier to record (Johnsen et al., 2019; Silva et al., 2023). Johnsen
et al. (2019) reported a strong positive correlation (r = 0.7) between
saliva IgG and serum IgG. However, all sampled calves in this study
had serum IgG levels above 10 g/L., meaning it is unknown how
calves with FPT (i.e., serum IgG < 10 g/L) can be predicted by saliva
IgG. Therefore, further work is required to determine if saliva can
be used as an indicator of FPT.

For selection, traits also need to have genetic variance and be
heritable. Though limited, several studies have estimated the her-
itabilities of colostrum-related traits, including colostrum yield,
7

IgG concentration, total solids (Brix %), serum total protein, serum
IgG, and numerous associated natural antibodies. Heritability esti-
mates for colostrum yield range from 0.04 to 0.21 (Conneely et al.,
2013; Soufleri et al., 2019), IgG concentration ranged from 0.10 to
0.40 (Gilbert et al., 1988; Conneely et al., 2013; Cockrum et al.,
2016; Martin et al., 2021; Cordero-Solorzano et al., 2022), and total
solids (Brix %) ranged from 0.27 to 0.41 (Soufleri et al., 2019;
Cordero-Solorzano et al., 2022). For calf absorption ability, the her-
itability estimate for serum total protein was 0.07 (Cordero-
Solorzano et al., 2022), while serum IgG estimates ranged from
0.18 to 0.56 (Gilbert et al., 1988; Burton et al., 1989; Martin
et al., 2021; Cordero-Solorzano et al., 2022). The large range in esti-
mates could be due to many factors including differences in popu-
lation structure, colostrum and serum measurement methods, and
phenotyping strategies. However, it is clear that there are much
higher heritability estimates for colostrum traits compared to
health traits, which are typically below 0.1. Colostrum traits have
the advantage of being a continuous variable which removes the
issues classically associated with binary disease traits. The advan-
tage of this is due to the clearer distinction between animals phe-
notypically, which increases the ability to identify genetic
differences amongst animals. However, in many cases, heritability
estimates were not different from zero, with many studies report-
ing high SEs. This is likely due to the limited amount of data within
certain studies. Therefore, further research is still required to bet-
ter determine the genetic influence on colostrum-related traits.

The last criterion for genetic selection relates to the economic
importance of the trait. When discussing colostrum traits, we are
mainly concerned with helping to reduce FPT by maximising the
quality of colostrum and the calf’s ability to absorb the associated
antibodies, so economics should be related to the impact of FPT.
(Raboisson et al., 2016) reported that the average marginal cost
for FPT ranged from €60 to €121 for dairy calves and €80 to €140
for beef calves. These values stem from the fact that FPT is a lead-
ing reason behind preweaning morbidity and in-turn mortality.
(Raboisson et al., 2016) also reported that the adjusted risks of
FPT (and 95% confidence intervals) for mortality, respiratory dis-
ease, diarrhoea and overall morbidity were 2.12 (1.43–3.13), 1.75
(1.50–2.03), 1.51 (1.05– 2.17) and 1.91 (1.63–2.24), respectively.
Preweaning mortality rates in dairy calves range from 5 to 11%
(Murray, 2011; Urie et al., 2018; Winder et al., 2018; Zhang
et al., 2019b) and in the UK, it was reported that calf mortality
costs roughly 60 million pounds/year (Department for
Environment, 2003). Given this large economic impact, reducing
FPT is of great interest, showing the value of improving
colostrum-related traits through genetic selection.

Genetic selection for colostrum traits has promise for improving
overall calf health. Some challenges going forward will include the
standardisation of recording methods to measure colostrum traits.
For long-term genetic evaluation, one method should be decided
upon and encouraged to be used by producers to ensure consis-
tency of testing practices. Another potential challenge is the issue
of hypergammaglobulinemia, which refers to the overproduction
of immunoglobulin (Beuvon, 2021) and has been related to dis-
eases in numerous species including humans and dogs (Buadi
et al., 2011; Colopy et al., 2019). Evidence of hypergammaglobu-
linemia in dairy cattle were not found by the authors but caution
would be suggested when selecting colostrum traits, particularly
related to immunoglobulin production to fully understand its
impact on the dairy cow.
Conclusions

Management of dairy calf health is likely to become a greater
area of interest as conventional methods of disease control (e.g.,
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early removal from the dam, single housing) become less attractive
due to societal pressure and the apparent impact on overall calf
development. One result of this shift will be group housing, which
will expose young calves to higher levels of pathogen. To combat
the potential impact of this exposure, genetic selection may be a
valuable asset. Throughout this review, we have detailed current
genetic practices to help improve calf health and highlighted the
areas where we see opportunities and challenges, most notably
with respect to improving data recording practices. Furthermore,
we have detailed alternative approaches, such as incorporating
epidemiological modelling to better understand disease transmis-
sion, and reviewed the potential of selection on colostrum traits
as a proactive measure to improve calf health. Overall, enhancing
calf health through genetic selection is attainable. However, to
optimise response, initial actions by industry stakeholders should
prioritise the standardisation of recording practices and the pro-
motion of data uploads to herd management software, as high-
quality phenotypes are the backbone of any successful breeding
programme.
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