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Introduction
Lactation is a dynamic process of milk production to pro-

vide nutrition and immune benefits to the offspring while 
ensuring maintenance requirements of the mother are met 
(Darmon, 2009; Strucken et al., 2015). In dairy farming, milk 
is also the main product marketed for human consumption 
(Darmon, 2009) which is why farmers have worked to increase 
milk production over time. Milk production of domesticated 
dairy cows can reach 30–50 L per day or 6,000 to 12,000 Lover 
a lactation compared to 8–10 L per day and <1,000 L over lac-
tation in feral cows (Webster, 1995). Milk production in cows 

follow a dynamic curve starting with an initial rapid increase 
in milk yield in early lactation (approx. 0–45  days-in-milk, 
[DIM]), followed by a peak (approx. 46–55 DIM), and then a 
slow decline in milk yield during late lactation (approx. 56–340 
DIM) (Strucken et al., 2015). Factors such as peak milk pro-
duction, persistency and lactation length determine how the 
total amount of milk produced is distributed over lactation 
(Muir, 2004).

Since 1960, the amount of  milk produced per cow has al-
most tripled (Figure 1) which is due in part to genetics (re-
viewed by Strucken et  al., 2015; Miglior et  al., 2017; Brito 
et  al., 2021). Selection for production traits in Canada ini-
tially focussed on milk yield and milk fat yield (reviewed by 
Miglior et al., 2017). However, as technology developed also 
selection started to focus on milk protein yield and the shape 
of  the lactation curve. In particular, the lactation curve, per-
sistency (e.g., persistency of  production or rate of  decline), 
week of  peak yield and peak yield were considered (reviewed 
by Miglior et al., 2017). Different milk production traits are 
now considered in selection indices worldwide to provide a 
balanced breeding goal where milk production is no longer 
the sole objective but also includes, for example, health and 
fertility traits (Miglior et  al., 2017; Cole and VanRaden, 
2018).

Modelling lactation yield

Total lactation yields.
For the purpose of  management decisions and dairy cow 

genetic evaluations, standardized lactation lengths of  are used 
to estimate lactation yield. The International Committee for 
Animal Recording (ICAR) guidelines for genetic evaluation in 
dairy cows has standardized lactation length to 305-d (ICAR, 
2021), and has adopted guidelines and approved methods for 
computing 24-h yield and accumulated lactation yield (ICAR, 
2022). For example, in Canada the production traits that are 
used in national indices include 305-d fat yield, 305-d fat per-
centage, 305-d milk yield, 305-d protein yield, 305-d protein 
percentage (Oliveira Junior et al., 2021). With most breeding 
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•	 Genetic selection can be used to alter the shape of the 
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values estimated using a 305-day lactation, breeders are 
making selection decisions based on static values (Strucken 
et al., 2015).

Genetic evaluation of  lactation yield is based on the use 
of  models that incorporate relationships from pedigree in-
formation to predict the genetic merits of  animals using the 
best linear unbiased prediction (BLUP). Nowadays, these 
evaluations use both pedigree and genomic information (i.e., 
genomic selection) that better accounts for the realized re-
lationships. Lactation yield evaluations were first obtained 
by analyzing 305-d yields (Voelker, 1981; Pander and Hill, 
1993), which were accumulated from the linear interpolation 
of  few weekly or monthly test-day (TD) records (Olori and 
Galesloot, 1999). Test-day records provide information on 
daily lactation yield (including milk, fat and protein pro-
duction) collected from lactating cows by an official milk re-
cording officer. These TD records form the official records 
of  the cows and are usually obtained at monthly intervals 
through the lactation period; hence, a cow ends up with an 
average of  ten records per lactation. Predicted total lactation 
yield (305-d) from TD records assumes that the records are 
representative average of  each cows’ production in the sam-
pled period, which may not always be the actual case (Swalve, 
1995). Therefore, the true yield of  a cow might be different 
from the accumulated 305-d yield predicted from TD records 
(Anderson et al., 1989). Despite the differences between the 
true yield and 305-d yield, several statistical methods have 
been used to model 305-d yield predicted from TD records 
(Wiggans and Van Vleck, 1979). These statistical models typ-
ically treat 305-d yield as a single trait, resulting in relatively 
simple models with modest computational requirements. The 
principal drawback of  this statistical model is that it only 
accommodates a common environmental effect associated 
with all the records despite the fact that different lactation 
stages (i.e., trimester of  lactation) could be subjected to spe-
cific environmental effects and it assumes that the lactation 
curve is constant for all cows (Shanks et al., 1981). However, 
during the different stages of  lactation, a cow’s yield can 
be influenced by metabolic disease, climate variability, feed 

changes and stage of  pregnancy. Accounting for these spe-
cific effects in the model for each individual yield analysis 
representing the different lactation stages could allow for 
improved models.

Several authors have suggested the use of a multiple-trait 
model, in which each lactation record is classified as a different 
trait (Pander and Hill, 1993; Misztal et al., 2000). Alternatively, 
lactation records could be considered as repeated record on the 
same traits and analyzed using a repeatability model (Ptak and 
Schaeffer, 1993; Swalve, 1995). One of the weaknesses of the re-
peatability model is that it assumes lactation records collected 
at different times have a genetic correlation of unity (Jensen, 
2001). In addition, for the multiple-trait model where lacta-
tions are treated as different traits, the model could be over-
parameterized and pose computational challenges. To address 
the disadvantages presented by the repeatability and multiple-
trait models, a random regression model was proposed for 
longitudinal traits like lactation yield that are modeled by TD 
records over the course of lactation (Schaeffer and Dekkers, 
1994). Random regression models accommodate the structured 
covariance pattern that exists among the repeated records, ad-
equately adjust for the specific environment effect of the cows 
over the stages of lactation (using days in milk) and are less 
over-parameterized when compared to multiple-trait models. 
The main drawback of this methodology; however, include the 
large number of records required and the complexity of the 
models.

Persistency of lactation.
 Persistency, which can be measured based on ratios of 

partial and total yields, variation of  yields during lactation 
or the shape of  the lactation curve (Gengler, 1996), could 
give a more accurate representation of  the dynamic nature 
of  the lactation. Furthermore, it has been suggested that 
cows may benefit from extended lactation lengths to reduce 
the risk of  challenging transition periods (e.g., van Knegsel 
et  al., 2022); cows with a high persistency may be better 
suited to these longer lactations. Furthermore, with the 

Figure 1. The size of the US (left) and Canadian (right) national dairy herds in millions of cows (left y-axes) and the average milk production per cow in 
kg/y (right y-axes) between 1970 and 2020 for US and Canadian herds (data from United States Department of Agriculture, Economic Research Service & 
Agriculture and Agrifood Canada, respectively). Canadian data reflects only animals on herd recording.
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increased use of  sexed semen resulting in many more female 
replacements available (>50% of  calves born are female in 
such herds), a rapid turn-around time from lactation to lac-
tation is no longer necessary in nongrazing systems. Longer 
voluntary waiting periods have been reported to improve 
overall reproductive success without reducing the number of 
replacements available (e.g., Ma et  al., 2022). Cows with a 
high persistency tend to produce less milk than expected in 
early lactation but more milk than expected during later lac-
tation (Cole and Null, 2009). Selection for increased persist-
ency could flatten and extend the lactation curve (Muir et al., 
2004), reducing the need to dry off  high-producing animals 
and ultimately reducing the amount of  nonproductive time 
an animal spends in a herd. Consequently, persistency is of 
economic importance as well as it impacts fertility, health, 
and feed costs (Dekkers et  al., 1998). Genetic variation in 
persistency also reduces the accuracy of  genetic evaluations 
for 305-d lactation yield (Arendonk et al., 1995). However, 
while genetic evaluations have been developed for lactation 
persistency, providing separate estimated breeding values 
for persistency is not common in all countries (Jamrozik 
et al., 1997; Cole and VanRaden, 2006; Cole and Null, 2009; 
Strucken et al., 2015).

According to Gengler (1996), heritabilities for various def-
initions of persistency range between 0.01 and 0.30. Others 
have reported heritabilities ranging from 0.09 to 0.30 (Jamrozik 
et al., 1998; Muir et al., 2004; Cole and Null, 2009). However, 
it is important to recognize that not all definitions of persist-
ency have the same interpretation. Test-day models of persist-
ency are typically estimated as the difference in yield between 
two arbitrary lactation days, one near the peak and one where 
the lactation curve flattens out in late lactation. If  an adjust-
ment for level of production is not made, this can result in high 
phenotypic and genetic correlations of yield with persistency 
(Dekkers et al., 1998; Swalve, 2000; Jakobsen et al., 2003; Muir 
et al., 2004). This presents a challenge due to the difficulty of 
altering yield without altering the shape of the lactation curve. 
Cole and VanRaden (2006) demonstrated that values produced 
by the best prediction of persistency have low genetic correl-
ations with milk, fat, protein, and somatic cell score and are 
phenotypically uncorrelated with yield. Selection for milk pro-
duction later in lactation (changing the shape of the lactation 
curve) also may provide an opportunity to increase milk pro-
duction during a time in an animal’s life when energy allocation 
is possible.

Research efforts have focused on predicting lactation curves 
using different statistical models and, more recently, machine 
learning approaches (Silvestre et al., 2006; Ehrlich, 2011; López 
et al., 2015; Liseune et al., 2021). Cole et al. (2009) reported 
that it can be challenging to compute curves with satisfactory 
properties when the number of available records is limited, 
for example, when working with numerically small breeds or 
when calculating curves for very specific situations (e.g., breed-
parity-region). Appuhamy et al. (2009) showed that persistency 
is influenced by diseases, such as mastitis, in both the current 
and successive lactations.

Energy, Metabolism, Milk Composition, 
Fertility, and Sustainability Traits

Energy and metabolism traits.
Energy is required for lactation and other life func-

tions, including growth, reproduction, and health (Friggens 
and Newbold, 2007). These energy requirements and their 
partitioning changes throughout pregnancy, lactation and re-
turn to estrus cycling (Friggens and Newbold, 2007). During 
early and peak lactation cows typically experience an energy de-
ficiency as they cannot meet the high energy requirements for 
milk production because of physiological restraints on feed in-
take and mobilization of body energy reserves (Strucken et al., 
2015). This negative energy balance can affect large numbers of 
cows with between 52% and 75% of cows in excessive negative 
energy balance reported (Macrae et al., 2019). While there have 
been improvements in dairy cattle nutrition management (van 
Knegsel et al., 2007; Esposito et al., 2014), strong genetic selec-
tion on mainly one aspect, lactation, has changed how energy 
is allocated for other functions (Friggens and Newbold, 2007). 
This has led to challenges with metabolic disorders, fertility, im-
munity, and heat tolerance. These antagonistic relationships be-
tween lactation and functional traits have been explained in part 
by unfavorable genetic correlations, which means that including 
them in a selection index allows for continued, although slower, 
genetic progress in milk production, while simultaneously 
maintaining the resilience of animals (Pryce and Harris, 2006).

Energy mobilization can be observed in dairy cattle through 
the recording of an indicator trait, body condition score. In 
Canada, this score is categorical ranging from 1 to 5, where 
animals with the lowest score are thin with no fat reserves and 
animals with the highest score are over-conditioned (Mongeon 
et al., 2020). The drop in body condition score is indicative of 
the mobilization of energy reserves, which can be seen, for ex-
ample, at the beginning of a lactation period. Several studies 
have observed that heifers and cows that produced more milk at 
the beginning of a lactation period, often had larger decreases 
in body condition scores during this same period (Pryce and 
Harris, 2006; Manríquez et al., 2021; Tribout et al., 2022). This 
rapid mobilization of energy reserves can result in debilitating 
metabolic disorders in the short-term and have long-term ef-
fects on fertility and immunity.

Researchers have investigated the relationship between body 
condition score and female fertility, finding that genetic selection 
on higher milk production in early lactation likely exacerbates 
the already existing negative energy balance, seen in the larger 
decrease in body condition score, and having a negative effect on 
fertility (Van Arendonk et al., 1991; Dechow et al., 2002; Berry 
et al., 2003). With larger decreases in body condition score and 
body weight shortly after calving being associated with meta-
bolic disorders, including ketosis, displaced abomasum and 
metritis, milk fever, ketosis, and fatty liver (Frigo et al., 2010; 
Koeck et al., 2012; Stevenson et al., 2020). In addition, higher 
milk yield was associated with hyperktonemia, and fat and pro-
tein production were associated with ketosis and displaced abo-
masum (Koeck et al., 2013). Greater body weight and a smaller 
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change in body weight were favorably genetically correlated 
with infectious diseases and other diseases (Frigo et al., 2010) 
and milk yield was unfavorably correlated with ovarian cysts 
and clinical mastitis (Gernand et al., 2012; Koeck et al., 2014), 
likely because of the negative energy balance too. Even more 
far-reaching effects were observed in a study of the effect on 
females born to mothers lactating while pregnant, where the 
greater the milk yield of mothers, the larger the negative effects 
of prenatal programming on milk production, metabolic effi-
ciency and lifespan (González-Recio et al., 2012). Muir et al. 
(2004) estimated genetic correlations between persistency and 
reproductive traits that ranged from −0.17 to 0.43.

Technical properties of milk.
 In addition to increasing the overall amount of milk, fat, and 

protein, selection for desirable milk composition and quality is 
also possible. Some aspects of this selection are subject to funda-
mental laws of biochemistry—the osmotic properties required for 
milk secretion in the alveoli of the mammary gland are fixed—
but others are not. For example, many desirable isoforms of milk 
proteins are under single-gene control (e.g., A2 β-casein), and are 
associated with both human health and desirable manufacturing 
properties for cheese. It is also possible to manipulate the fatty 
acid profile of milk to more closely align it with human nutri-
tional needs (Soyeurt et al., 2009; Knutsen et al., 2022). Finally, 
milk quality traits, such as somatic cell count, provide an indi-
cator of the quality of the milk, but also the health of the animal, 
and have been included in most genetic selection programs.

However, phenotyping for advanced traits is often limited 
by cost, access to appropriate equipment, and throughput. 
Traditional milk recording programs are based on relatively 
simple analyses of milk composition: typically, fat content, true 
protein, lactose, other solids not fat, and somatic cell count. 
Some milk testing laboratories also have the equipment needed 
to record mid-infrared (MIR) spectral phenotypes. Precise fatty 
acid composition typically is determined using gas chromatog-
raphy, which is expensive and has low throughput. Detailed in-
formation about milk protein composition is usually obtained 
through mass spectroscopy, which has similar limitations. 
While MIR has been proposed as an indirect phenotype that 
is low-cost and high-throughput, it often has limited predictive 
power (Table 1). To overcome these challenges, a small number 
of direct phenotypes could be combined with a larger number 
of indirect measurements using bivariate models (Rutten et al., 
2011). The use of these tools in breeding programs will allow 

breeders to produce more milk and solids with a more desirable 
distribution of specific characteristics over time. Furthermore, 
it will allow production of milk that has more desirable prop-
erties for both manufacturers and consumers, making selection 
for peripherally associated traits like reduced methane emis-
sions possible (e.g., Shadpour et al., 2022).

Fertility and reproductive performance.
 Genetic selection for improved heifer and cow fertility re-

mains a challenge because the traits commonly used today 
focus on days open and pregnancy rate (e.g., VanRaden et al., 
2004, 2014), both of which have low heritabilities. While these 
phenotypes are easy to measure on a large-scale basis, they 
are likely to be poor proxies for the actual biology of fertility. 
Emerging traits, such as reproductive tract size and position 
score (Martin et  al., 2022), anti-Müllerian hormone levels 
(Mossa and Ireland, 2019), and endocrine fertility parameters 
(Tarekegn, 2019), may help produce faster rates of genetic 
gain than conventional fertility traits because they have higher 
heritabilities. Bull fertility remains a challenge; many aspects 
of sperm production do show a genetic component (Butler 
et al., 2020), but field fertility, commonly measured as concep-
tion rate, has a heritability near 0 (Kuhn and Hutchison, 2008). 
However, correlations of male with female fertility traits also 
are low, and there is no biologically plausible mechanism by 
which a cow’s lactation performance can directly influence the 
reproductive performance of her male offspring.

Sustainability and climate change.
Finally, to help mitigate climate change and other emerging 

challenges, this must also be considered for selection as it has 
been shown that production selection reduces heat tolerance 
(e.g., Ravagnolo and Misztal, 2000; Campos et al., 2022) while 
changes in milk yield, lactation length, or persistency may also 
alter greenhouse gas emissions (Wall et al., 2012). It might be 
argued that the ability to resist heat stress is not per se related to 
sustainability, but there are lots of cows in hot climates that are 
relatively inefficient, and even modest increases in their ability 
to breed back and produce good-quality milk may lead to de-
creases in cattle numbers, reductions in environmental impacts, 
and increased quality of life for farmers.

Greenhouse gas emissions from ruminants are complex, and 
are influenced by diet, the rumen microbiome, the host genotype, 
and interactions among all these systems (Difford et al., 2018). 

Table 1. Ability of milk mid-infrared spectra to predict fine milk composition.
Trait Correlation Application Reference 

β-Casein proteins - Differentiation between A1 and A2 β-casein proteoforms with al-
leged benefits for human health

Daniloski et al. (2022)

Fatty acids 0.43–0.93 Detailed profiling of milk fatty acids (4:0, 6:0, 8:0, 10:0, 12:0, 14:0, 
cis-14:1, 16:0, cis-16:1, 17:0, and 18:0)

Maurice-Van Eijndhoven 
et al. (2013)

Lactoferrin 0.71 Resistance to mastitis Soyeurt et al. (2012)

Milk acidity - Milk acidity is important in cheesemaking (milk coagulation prop-
erties, titratable acidity, and pH)

De Marchi et al. (2009)
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Methane emissions are highly correlated with milk fat produc-
tion, so selection for reduced greenhouse emissions is also likely 
to affect milk composition. This can be addressed through use 
of uncorrelated phenotypes (Manzanilla-Pech et al., 2021), but 
it may not be possible through genetics alone to produce high-
yielding cows with low total methane emissions. However, the 
amount of methane emitted by dairy cows per unit of milk, fat, 
and protein produced continues to decrease. While current dis-
cussions are focused on methane because of the ruminant’s role 
in its production, there also may be opportunities to reduce the 
amount of nitrogen excreted in faeces and urine (Table 2).

Discussion

Breeding goals.
Selection indices continue to evolve rapidly, with focus 

shifting away from production and fertility towards a broader 
perspective on cow profitability. Ideally, selection goals should 
be constructed with input from all sectors of the industry (Cole 
et al., 2021), but private entities sometimes construct their own 
indices for commercial exploitation (e.g., Fessenden et al., 2020). 
However, the milk recording sector has not been as flexible in 
evolving to meet current needs. Figure 2 shows the flow of infor-
mation between different sectors in the US milk improvement 
sector. The portion shaded in blue describes the current providers 

and processors of data, but that represents only one source of 
original data, on-farm testing. As technologies evolve and the 
value proposition of milk recording changes, genetic evaluation 
centers will need to be open to accepting data from more sources. 
An example of such information providers is shown in red, and 
includes milk processing plants (e.g., manufacturing properties), 
on-farm systems that do not transmit information to a central 
database (e.g., automated calf feeders), and farms that do not 
participate in milk recording programs. While supervised data 
collection from calibrated meters is the gold standard for milk 
data, factors can be applied to down-weight records that are col-
lected under less-rigorous schemes.

Novel traits.
Historically, selection for lactation-related traits has focused 

mostly on milk volume and fat and protein yields, with occa-
sional attention paid to persistency of lactation. This has been 
very successful, although some challenges have been encoun-
tered, principally the antagonism of yield with fertility. Looking 
forward, however, much more is possible. Progress is being made 
in developing fertility traits that are closer to actual biology than 
conception rates or days open, and there are opportunities to pro-
duce milk with better manufacturing properties and nutritional 
properties. However, if farmers are going to breed for traits that 

Table 2. Traits included in US genetic selection indices and the relative emphasis placed on each 
(1971—2022).

Trait1 

Relative emphasis on traits (%)
PD$  
(1971) 

MFP$  
(1976) 

CY$  
(1984) 

NM$  
(1994) 

NM$  
(2000) 

NM$  
(2003) 

NM$  
(2006) 

NM$  
(2010) 

NM$  
(2014) 

NM$  
(2017) 

NM$  
(2018) 

NM$  
(2021) 

Milk 52 27 –2 6 5 0 0 0 –1 –1 –1 0

Fat 48 46 45 25 21 22 23 19 22 24 27 22

Protein … 27 53 43 36 33 23 16 20 18 17 17

PL … … … 20 14 11 17 22 19 13 12 15

SCS … … … –6 –9 –9 –9 –10 –7 –7 –4 –3

UC … … … … 7 7 6 7 8 7 7 3

FLC … … … … 4 4 3 4 3 3 3 1

BWC … … … … –4 –3 –4 –6 –5 –6 –5 –9

DPR … … … … … 7 9 11 7 7 7 5

SCE … … … … … –2 … … … … … …

DCE … … … … … –2 … … … … … …

CA$ … … … … … … 6 5 5 5 5 3

HCR … … … … … … … … 1 1 1 1

CCR … … … … … … … … 2 2 2 1

LIV … … … … … … … … … 7 7 4

HTH$ … … … … … … … … … … 2 2

RFI … … … … … … … … … … … –12

EFC … … … … … … … … … … … 1

HLIV … … … … … … … … … … … 1
1Trait abbreviations are: PL = productive life, SCS = somatic cell score, UC = udder composite, FLC = foot and leg composite, BWC = body weight com-
posite, DPR = daughter pregnancy rate, SCE = sire calving ease, DCE = daughter calving ease, CA$ = calving ability dollars, HCR = heifer conception rate, 
CCR = cow conception rate, LIV = cow livability, HTH$ = health dollars, RFI = residual feed intake, EFC = early first calving, and HLIV = heifer livability.
2Index abbreviations are: PD$ = Predicted Difference Dollars, MFP$ = Milk-Fat-Protein Dollars, CY$ = Cheese Yield Dollars, NM$1994 = 1994 Lifetime Net 
Merit, NM$2000 = 2000 Lifetime Net Merit, NM$2003 = 2003 Lifetime Net Merit, NM$2007 = 2007 Lifetime Net Merit, NM$2010 = 2010 Lifetime Net Merit, 
NM$2014 = 2014 Lifetime Net Merit, NM$2017 = 2017 Lifetime Net Merit, NM$2018 = 2018 Lifetime Net Merit, and NM$2021 = 2021 Lifetime Net Merit.
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have added value for the milk processing sector then there needs 
to be a way for them to capture some of the added value of that 
milk. This challenge exists around many novel traits, including 
those that have high recording costs, and it is not reasonable that 
farmers bear all the cost of data collection while capturing none 
of the additional value of the milk and its components.

Milk in leading dairy countries is commonly priced on com-
ponent schemes that consider not only volume but also compos-
ition. In many emerging markets, however, farmers are paid only 
for volume. Regardless of the specific payment scheme used, many 
emerging schemes for precision management and breeding call 
for investments in on-farm and milk laboratory equipment (e.g., 
Koltes et al., 2019). This leads inevitably to the conclusion that 
there is frequently a disconnect between farmers’ investments in 
improved milk properties and payment for that milk. Growing 
consumer interest in milk components that are perceived as 
“healthy”, such as the A2 variant of β-casein, has not led to pre-
mium payments to farmers; rather, the consumer pays a premium 
to the process that they capture for themselves. This makes it diffi-
cult for farmers to invest in new feed additives, genetics, and other 
tools because there is no marginal value that they can capture.

Robustness.
It also is important to note that the environment in which 

the cow is performing, and the management available in that 
environment, are also crucial factors: high-quality genetics re-
quire high-quality management. In this context, management 
includes all nongenetic aspects of animal husbandry, including 
housing, feeding, and handling. Most notably, effects of heat 
stress—which include decreased water and dry matter intake, 
impaired fertility, and reduced productivity—have been studied 
for decades (Kadzere et  al., 2002). It is also well-established 
that environmental conditions have life-long effects on ani-
mals that begin during gestation (e.g., Cattaneo et  al., 2022). 
It is possible to identify bulls whose daughters can resist the ef-
fects of heat stress on milk production (Aguilar et al., 2009), 

and some research has focused on robustness in the context of 
genotype-by-environment (e.g., Collier et al., 1982; De Rensis 
and Scaramuzzi, 2003; Rauw and Gomez-Raya, 2015), but 
there are physical limitations that are unlikely to be improved by 
breeding alone. In particular, to realize the potential of excellent 
genetics lactating cows must be capable of shedding excess heat, 
maintaining dry matter and water intake to support lactation, 
and producing high-quality oocytes to support optimal fertility. 
Selection for greater robustness can support these goals, but 
it cannot eliminate the impact of the environment on produc-
tion. One implication of this is that there is likely no ideal cow 
for every situation; in the future, genetics will be more closely 
tailored to the locations in which they’ll be used.

Conclusions
Genetic selection to increase milk yield has been very suc-

cessful, and there is no reason to believe that selection limits are 
being reached. While most selection has focused on improving 
yield, there are also opportunities for changing the shapes of lac-
tation curves, manufacturing properties of milk, and composition 
associated with human health. Mid-infrared spectral data has 
potential for enabling low-cost, high-throughput phenotyping, 
and new genetic evaluations based on that technology are now 
entering the market. However, there remains a disconnect be-
tween farmers’ investments in improved milk properties and pay-
ment for that milk that may limit the potential of these new tools.

Acknowledgments 
This work was supported by Natural Sciences and 

Engineering Research Council of Canada and Mitacs Elevate.

References
Anderson, S.M., I.L. Mao, and J.L. Gill. 1989. Effect of frequency and spacing 

of sampling on accuracy and precision of estimating total lactation milk 

Figure 2. Flow of data between different components of a national milk recording system, including DNA and test-day milk samples collected on farms, milk 
composition information produced by milk testing laboratories, standardized records computed by dairy records processing centers, and breeding values calcu-
lated by the genetic evaluation center.



61 June. 2023, Vol. 13, No. 3

yield and characteristics of the lactation curve. J. Dairy Sci. 72(9):2387–
2394. doi:10.3168/jds.s0022-0302(89)79371-1.

Aguilar, I., I. Misztal, and S. Tsuruta. 2009. Genetic components of heat stress 
for dairy cattle with multiple lactations. J. Dairy Sci. 92(11):5702–5711. 
doi:10.3168/jds.2008-1928.

Appuhamy,  J.A.D.R.N., B.G.  Cassell, and J.B.  Cole. 2009. Phenotypic and 
genetic relationships of common health disorders with milk and fat yield 
persistencies from producer-recorded health data and test day yields. J. 
Dairy Sci. 92(4):1785–1795. doi:10.3168/jds.2008-1591.

van Arendonk, J.A.M., G.J. Nieuwhof, H. Vos, and S. Korver. 1991. Genetic 
aspects of feed intake and efficiency in lactating dairy heifers. Livest. Prod. 
Sci. 29(4):263–275. doi:10.1016/0301-6226(91)90103-w.

van Arendonk, J.A.M. van, T.T. Pieters, E.G.H.J. van den Berg, M.M.H. Pool, 
and A.A.G.J. Velthuis. 1995. Genetic variation in persistency and its impact 
on fluctuations in BLUP breeding values for milk production traits. J. Dairy 
Sci. 78((Suppl. 1):249. (Abstr.).

Berry, D.P., F. Buckley, P. Dillon, R.D. Evans, M. Rath, and R.F. Veerkamp. 
2003. Genetic relationships among body condition score, body weight, milk 
yield, and fertility in dairy cows. J. Dairy Sci. 86(6):2193–2204. doi:10.3168/
jds.S0022-0302(03)73809-0.

Brito, L.F., N. Bedere, F. Douhard, H.R. Oliveira, M. Arnal, F. Peñagaricano, 
A.P.  Schinckel, C.F.  Baes, and F.  Miglior. 2021. Review: genetic selec-
tion of high-yielding dairy cattle toward sustainable farming systems in 
a rapidly changing world. Animal. 15((Suppl.  1):100292. doi:10.1016/j.
animal.2021.100292.

Butler,  M.L., J.M.  Bormann, R.L.  Weaber, D.M.  Grieger, and M.M.  Rolf. 
2020. Selection for bull fertility: a review. Transl. Animal Sci. 4(1):423–441. 
doi:10.1093/tas/txz174.

Campos,  I.L., T.C.S.  Chud, H.R.  Oliveira, C.F.  Baes, A.  Cánovas, and 
F.S. Schenkel. 2022. Using publicly available weather station data to in-
vestigate the effects of  heat stress on milk production traits in Canadian 
Holstein cattle. Can. J.  Anim. Sci. 102(2):368–381. doi:10.1139/
cjas-2021-0088.

Cattaneo, L., J. Laporta, and G.E. Dahl. 2022. Programming effects of late 
gestation heat stress in dairy cattle. Reprod. Fert. Devel. 35(2):106–117. 
doi:10.1071/RD22209.

Cole, J.B., J.W. Dürr, and E.L. Nicolazzi. 2021. Invited Review: the future of 
selection decisions and breeding programs: what are we breeding for, and 
who decides? J. Dairy Sci. 104(5):5111–5124. doi:10.3168/jds.2020-19777.

Cole,  J.B., and D.J.  Null. 2009. Genetic evaluation of lactation persistency 
for five breeds of dairy cattle. J. Dairy Sci. 92(5):2248–2258. doi:10.3168/
jds.2008-1825.

Cole,  J.B., D.J.  Null, and P.M.  VanRaden. 2009. Best prediction of 
yields for long lactations. J. Dairy Sci. 92(4):1796–1810. doi:10.3168/
jds.2007-0976.

Cole, J.B., and P.M. VanRaden. 2006. Genetic evaluation and best prediction 
of lactation persistency. J. Dairy Sci. 89(7):2722–2728. doi:10.3168/jds.
S0022-0302(06)72348-7.

Cole, J.B., and P.M. VanRaden. 2018. Symposium review: possibilities in an age 
of genomics: the future of selection indices. J. Dairy Sci. 101(4):3686–3701. 
doi:10.3168/jds.2017-13335.

Collier,  R.J., D.K.  Beede, W.W.  Thatcher, L.A.  Israel, and C.J.  Wilcox. 
1982. Influences of environment and its modification on dairy animal 
health and production. J. Dairy Sci. 65(11):2213–2227. doi:10.3168/jds.
S0022-0302(82)82484-3.

Daniloski,  D., N.A.  McCarthy, T.F.  O’Callaghan, and T.  Vasiljevic. 2022. 
Authentication of β-casein milk phenotypes using FTIR spectroscopy. Int. 
Dairy J. 129(6):105350. doi:10.1016/j.idairyj.2022.105350.

Darmon, W.S. 2009. Introduction to animal science: global, biological, social 
and industry perspectives. 4th ed. Upper Saddle River, New Jersey: Pearson 
Education, Inc.

De  Marchi,  M., C.C.  Fagan, C.P.  O’Donnell, A.  Cecchinato, R.  Dal  Zotto, 
M. Cassandro, M. Penasa, and G. Bittante. 2009. Prediction of coagula-
tion properties, titratable acidity, and pH of bovine milk using mid-infrared 
spectroscopy. J. Dairy Sci. 92(1):423–432. doi:10.3168/jds.2008-1163.

De Rensis, F., and R.J. Scaramuzzi. 2003. Heat stress and seasonal effects on 
reproduction in the dairy cow — a review. Theriogenology. 60(6):1139–
1151. doi:10.1016/s0093-691x(03)00126-2.

Dechow, C.D., G.W. Rogers, and J.S. Clay. 2002. Heritability and correlations 
among body condition score loss, body condition score, production and 
reproductive performance. J. Dairy Sci. 85(11):3062–3070. doi:10.3168/jds.
S0022-0302(02)74393-2.

Dekkers, J.C.M., J.H. Ten Hag, and A. Weersink. 1998. Economic aspects of 
persistency of lactation in dairy cattle. Livest. Prod. Sci. 53(3):237–252. 
doi:10.1016/s0301-6226(97)00124-3.

Difford,  G.F., D.R.  Plichta, P.  Løvendahl, J.  Lassen, S.J.  Noel, O.  Højberg, 
A.-D.G. Wright, Z. Zhu, L. Kristensen, H.B. Nielsen, et al. 2018. Host gen-
etics and the rumen microbiome jointly associate with methane emissions in 
dairy cows. PLoS Genet. 14(10):e1007580. doi:10.1371/journal.pgen.1007580.

Ehrlich,  J.L. 2011. Quantifying shape of lactation curves, and benchmark 
curves for common dairy breeds and parities. Bov. Pract. 45(1):88–95. 
doi:10.21423/bovine-vol45no1p88-95.

Esposito,  G., P.C.  Irons, E.C.  Webb, and A.  Chapwanya. 2014. Interactions 
between negative energy balance, metabolic diseases, uterine health and im-
mune response in transition dairy cows. Anim. Reprod. Sci. 144(3–4):60–
71. doi:10.1016/j.anireprosci.2013.11.007.

Fessenden, B., D.J. Weigel, J. Osterstock, D.T. Galligan, and F. Di Croce. 2020. 
Validation of genomic predictions for a lifetime merit selection index for the US 
dairy industry. J. Dairy Sci. 103(11):10414–10428. doi:10.3168/jds.2020-18502.

Friggens,  N.C., and J.R.  Newbold. 2007. Towards a biological basis for 
predicting nutrient partitioning: the dairy cow as an example. Animal. 
1(1):87–97. doi:10.1017/S1751731107657772.

Frigo, E., C.D. Dechow, O. Pedron, and B.G. Cassell. 2010. The genetic re-
lationship of body weight and early-lactation health disorders in two ex-
perimental herds. J. Dairy Sci. 93(3):1184–1192. doi:10.3168/jds.2009-2313.

Gengler,  N. 1996. Persistency of lactation yields: a review. Interbull Bull. 
12:87–96. https://journal.interbull.org/index.php/ib/article/view/447/447

Gernand, E., P. Rehbein, U.U. von Borstel, and S. König. 2012. Incidences of 
and genetic parameters for mastitis, claw disorders, and common health 
traits recorded in dairy cattle contract herds. J. Dairy Sci. 95(4):2144–2156. 
doi:10.3168/jds.2011-4812.

González-Recio, O., E. Ugarte, and A. Bach. 2012. Trans-generational effect 
of maternal lactation during pregnancy: a Holstein cow model. PLoS One. 
7(12):e51816. doi:10.1371/journal.pone.0051816.

ICAR. 2021. Section 09 - dairy cattle genetic evaluation 13. Accessed March 20, 
2023. http://www.icar.org/Guidelines/09-Dairy-Cattle-Genetic-Evaluation.pdf

ICAR. 2022. Section 02 - cattle milk recording 29. Accessed March 20, 2023. 
https://www.icar.org/Guidelines/02-Overview-Cattle-Milk-Recording.pdf

Jakobsen, J.H., R. Rekaya, J. Jensen, D.A. Sorensen, P. Madesen, D. Gianola, 
L.G.  Christensen, and J.  Pedersen. 2003. Bayesian estimates of covari-
ance components between lactation curve parameters and disease liability 
in Danish Holstein cows. J. Dairy Sci. 86(9):3000–3007. doi:10.3168/jds.
S0022-0302(03)73898-3.

Jamrozik, J., G. Jamsen, L. Schaeffer, and Z. Liu. 1998. Analysis of persistency of 
lactation calculated from a random regression test day model. Interbull Bull. 
17:110–114. https://journal.interbull.org/index.php/ib/article/view/673/673

Jamrozik, J., L.R. Schaeffer, and J.C.M. Dekkers. 1997. Genetic evaluation of 
dairy cattle using test day yields and random regression model. J. Dairy Sci. 
80(6):1217–1226. doi:10.3168/jds.S0022-0302(97)76050-8.

Jensen,  J. 2001. Genetic evaluation of dairy cattle using test-day models. J. 
Dairy Sci. 84(12):2803–2812. doi:10.3168/jds.S0022-0302(01)74736-4.

Kadzere, C.T., M.R. Murphy, N. Silanikove, and E. Maltz. 2002. Heat stress in 
lactating dairy cows: a review. Livest. Prod. Sci. 77(1):59–91. doi:10.1016/
s0301-6226(01)00330-x.

van Knegsel, A.T.M., H. van den Brand, J. Dijkstra, and B. Kemp. 2007. Effects 
of dietary energy source on energy balance, metabolites and reproduction 
variables in dairy cows in early lactation. Theriogenology. 68(9):S274–S280. 
doi:10.1016/j.theriogenology.2007.04.043.

van Knegsel, A.T.M., E.E.A. Burgers, J. Ma, R.M.A. Goselink, and A. Kok. 
2022. Extending lactation length: consequences for cow, calf, and farmer. J. 
Anim. Sci. 100(10):skac220. doi:10.1093/jas/skac220.

Knutsen,  T.M., H.G.  Olsen, I.A.  Ketto, K.K.  Sundsaasen, A.  Kohler, 
V. Tafintseva, M. Svendsen, M.P. Kent, and S. Lien. 2022. Genetic vari-
ants associated with two major bovine milk fatty acids offer opportun-
ities to breed for altered milk fat composition. Genet. Sel. Evol. 54:1–13. 
doi:10.1186/s12711-022-00731-9.

https://doi.org/10.3168/jds.s0022-0302(89)79371-1
https://doi.org/10.3168/jds.2008-1928
https://doi.org/10.3168/jds.2008-1591
https://doi.org/10.1016/0301-6226(91)90103-w
https://doi.org/10.3168/jds.S0022-0302(03)73809-0
https://doi.org/10.3168/jds.S0022-0302(03)73809-0
https://doi.org/10.1016/j.animal.2021.100292
https://doi.org/10.1016/j.animal.2021.100292
https://doi.org/10.1093/tas/txz174
https://doi.org/10.1139/cjas-2021-0088
https://doi.org/10.1139/cjas-2021-0088
https://doi.org/10.1071/RD22209
https://doi.org/10.3168/jds.2020-19777
https://doi.org/10.3168/jds.2008-1825
https://doi.org/10.3168/jds.2008-1825
https://doi.org/10.3168/jds.2007-0976
https://doi.org/10.3168/jds.2007-0976
https://doi.org/10.3168/jds.S0022-0302(06)72348-7
https://doi.org/10.3168/jds.S0022-0302(06)72348-7
https://doi.org/10.3168/jds.2017-13335
https://doi.org/10.3168/jds.S0022-0302(82)82484-3
https://doi.org/10.3168/jds.S0022-0302(82)82484-3
https://doi.org/10.1016/j.idairyj.2022.105350
https://doi.org/10.3168/jds.2008-1163
https://doi.org/10.1016/s0093-691x(03)00126-2
https://doi.org/10.3168/jds.S0022-0302(02)74393-2
https://doi.org/10.3168/jds.S0022-0302(02)74393-2
https://doi.org/10.1016/s0301-6226(97)00124-3
https://doi.org/10.1371/journal.pgen.1007580
https://doi.org/10.21423/bovine-vol45no1p88-95
https://doi.org/10.1016/j.anireprosci.2013.11.007
https://doi.org/10.3168/jds.2020-18502
https://doi.org/10.1017/S1751731107657772
https://doi.org/10.3168/jds.2009-2313
https://journal.interbull.org/index.php/ib/article/view/447/447﻿
https://doi.org/10.3168/jds.2011-4812
https://doi.org/10.1371/journal.pone.0051816
http://www.icar.org/Guidelines/09-Dairy-Cattle-Genetic-Evaluation.pdf
https://www.icar.org/Guidelines/02-Overview-Cattle-Milk-Recording.pdf
https://doi.org/10.3168/jds.S0022-0302(03)73898-3
https://doi.org/10.3168/jds.S0022-0302(03)73898-3
https://journal.interbull.org/index.php/ib/article/view/673/673﻿
https://doi.org/10.3168/jds.S0022-0302(97)76050-8
https://doi.org/10.3168/jds.S0022-0302(01)74736-4
https://doi.org/10.1016/s0301-6226(01)00330-x
https://doi.org/10.1016/s0301-6226(01)00330-x
https://doi.org/10.1016/j.theriogenology.2007.04.043
https://doi.org/10.1093/jas/skac220
https://doi.org/10.1186/s12711-022-00731-9


62 Animal Frontiers

Koeck, A., S. Loker, F. Miglior, D.F. Kelton, J. Jamrozik, and F.S. Schenkel. 
2014. Genetic relationships of clinical mastitis, cystic ovaries, and lameness 
with milk yield and somatic cell score in first-lactation Canadian Holsteins. 
J. Dairy Sci. 97(9):5806–5813. doi:10.3168/jds.2013-7785.

Koeck,  A., F.  Miglior, J.  Jamrozik, D.F.  Kelton, and F.S.  Schenkel. 2013. 
Genetic associations of ketosis and displaced abomasum with milk pro-
duction traits in early first lactation of Canadian Holsteins. J. Dairy Sci. 
96(7):4688–4696. doi:10.3168/jds.2012-6408.

Koeck,  A., F.  Miglior, D.F.  Kelton, and F.S.  Schenkel. 2012. Short 
Communication: genetic association of body condition score with dis-
ease resistance in first lactation Canadian Holsteins. Can. J.  Anim. Sci. 
92(3):285–289. doi:10.4141/cjas2012-047.

Koltes,  J.E., J.B.  Cole, N.V.L.  Serão, M.  McCue, J.  Woodward, H.  Zhang, 
S. McKay, J. Lunney, L. Kramer, M. Schroeder, et al. 2019. A vision for 
development and utilization of high-throughput phenotyping and big data 
analytics in livestock. Front. Genet. 10:1197. doi:10.3389/fgene.2019.01197.

Kuhn, M.T., and J.L. Hutchison. 2008. Prediction of dairy bull fertility from field 
data: use of multiple services and identification and utilization of factors af-
fecting bull fertility. J. Dairy Sci. 91(6):2481–2492. doi:10.3168/jds.2007-0743.

Liseune,  A., M.  Salamone, D.V.  Poel, B.  van  Ranst, and M.  Hostens. 2021. 
Predicting the milk yield curve of dairy cows in the subsequent lactation 
period using deep learning. Comput. Electron. Agric. 180(1):105904. 
doi:10.1016/j.compag.2020.105904.

López, S., J. France, N.E. Odongo, R.A. McBride, E. Kebreab, O. AlZahal, 
B.W. McBride, and J. Dijkstra. 2015. On the analysis of Canadian Holstein 
dairy cow lactation curves using standard growth functions. J. Dairy Sci. 
98(4):2701–2712. doi:10.3168/jds.2014-8132.

Ma, J., E.E.A. Burgers, A. Kok, R.M.A. Goselink, T.J.G.M. Lam, B. Kemp, 
and A.T.M. van Knegsel. 2022. Consequences of extending the voluntary 
waiting period for insemination on reproductive performance in dairy cows. 
Anim. Reprod. Sci. 244(9):107046. doi:10.1016/j.anireprosci.2022.107046.

Macrae, A.I., E. Burrough, J. Forrest, A. Corbishley, G. Russell, and D.J. Shaw. 
2019. Prevalence of excessive negative energy balance in commercial United 
Kingdom dairy herds. Vet. J. 248(6):51–57. doi:10.1016/j.tvjl.2019.04.001.

Manríquez,  D., W.W.  Thatcher, J.E.P.  Santos, R.C.  Chebel, K.N.  Galvão, 
G.M.  Schuenemann, R.C.  Bicalho, R.O.  Gilbert, S.  Rodriguez-Zas, 
C.M.  Seabury, et  al. 2021. Effect of body condition change and health 
status during early lactation on performance and survival of Holstein cows. 
J. Dairy Sci. 104(12):12785–12799. doi:10.3168/jds.2020-20091.

Manzanilla-Pech,  C.I.V., D.M.  Gordo, G.F.  Difford, J.E.  Pryce, F.  Schenkel, 
S. Wegmann, F. Miglior, T.C. Chud, P.J. Moate, S.R.O. Williams, et al. 2021. 
Breeding for reduced methane emission and feed-efficient Holstein cows: an inter-
national response. J. Dairy Sci. 104(8):8983–9001. doi:10.3168/jds.2020-19889.

Martin, A.A.A., G. de Oliveira, A.M.L. Madureira, F. Miglior, S.J. LeBlanc, 
R.L.A. Cerri, C.F. Baes, and F.S. Schenkel. 2022. Reproductive tract size 
and position score: estimation of genetic parameters for a novel fertility trait 
in dairy cows. J. Dairy Sci. 105(10):8189–8198. doi:10.3168/jds.2021-21651.

Maurice-Van Eijndhoven, M.H.T., H. Soyeurt, F. Dehareng, and M.P.L. Calus. 
2013. Validation of fatty acid predictions in milk using mid-infrared spectrometry 
across cattle breeds. Animal. 7(2):348–354. doi:10.1017/S1751731112001218.

Miglior, F., A. Fleming, F. Malchiodi, L.F. Brito, P. Martin, and C.F. Baes. 
2017. A 100-Year Review: identification and genetic selection of econom-
ically important traits in dairy cattle. J. Dairy Sci. 100(12):10251–10271. 
doi:10.3168/jds.2017-12968.

Misztal, I., T. Strabel, J. Jamrozik, E.A. Mäntysaari, and T.H.E. Meuwissen. 2000. 
Strategies for estimating the parameters needed for different test-day models. 
J. Dairy Sci. 83(5):1125–1134. doi:10.3168/jds.S0022-0302(00)74978-2.

Mongeon,  M., T.  Wright, and J.  French. 2020. Body condition scoring of 
dairy cattle. Accessed December 12, 2022. https://www.ontario.ca/page/
body-condition-scoring-dairy-cattle

Mossa, F., and J.J. Ireland. 2019. Anti-Müllerian hormone: a biomarker for the 
ovarian reserve, ovarian function, and fertility in dairy cows. J. Animal Sci. 
97(4):1446–1455. doi:10.1093/jas/skz022.

Muir, B.L. 2004. Genetics of lactation persistency and relationships with re-
productive performance in Holsteins [PhD thesis]. Department of Animal 
and Poultry Science, University of Guelph.

Muir,  B.L., J.  Fatehi, and L.R.  Schaeffer. 2004. Genetic relationships be-
tween persistency and reproductive performance in first-lactation 

Canadian Holsteins. J. Dairy Sci. 87(9):3029–3037. doi:10.3168/jds.
S0022-0302(04)73435-9.

Oliveira, G.A. Junior, F.S. Schenkel, L. Alcantara, K. Houlahan, C. Lynch, and 
C.F. Baes. 2021. Estimated genetic parameters for all genetically evaluated 
traits in Canadian Holsteins. J. Dairy Sci. 104(8):9002–9015. doi:10.3168/
jds.2021-20227.

Olori, V., and P. Galesloot. 1999. Projection of partial lactation records and 
calculation of 305-day yields in the Republic of Ireland. Interbull Bull. 
22:149–153. https://journal.interbull.org/index.php/ib/article/view/589/589

Pander, B.L., and W.G. Hill. 1993. Genetic evaluation of lactation yield from 
test day records on incomplete lactation. Livest. Prod. Sci. 37(1–2):23–36. 
doi:10.1016/0301-6226(93)90062-m.

Pryce,  J.E., and B.L.  Harris. 2006. Genetics of body condition score in New 
Zealand Dairy cows. J. Dairy Sci. 89(11):4424–4432. doi:10.3168/jds.
S0022-0302(06)72490-0.

Ptak,  E., and L.R.  Schaeffer. 1993. Use of test day yields for genetic 
evaluation of dairy sires and cows. Livest. Prod. Sci. 34(1–2):23–34. 
doi:10.1016/0301-6226(93)90033-e.

Rauw, W.M., and L. Gomez-Raya. 2015. Genotype by environment interaction 
and breeding for robustness in livestock. Front. Genet. 6:310. doi:10.3389/
fgene.2015.00310.

Ravagnolo, O., and I. Misztal. 2000. Genetic component of heat stress in dairy 
cattle, parameter estimation. J. Dairy Sci. 83(9):2126–2130. doi:10.3168/jds.
S0022-0302(00)75095-8.

Rutten,  M.J.M., H.  Bovenhuis, J.M.L.  Heck, and J.A.M.  van  Arendonk. 
2011. Predicting bovine milk protein composition based on Fourier 
transform infrared spectra. J. Dairy Sci. 94(11):5683–5690. doi:10.3168/
jds.2011-4520.

Shadpour,  S., T.C.S.  Chud, D.  Hailemariam, G.  Plastow, H.R.  Oliveira, 
P.  Stothard, J.  Lassen, F.  Miglior, C.F.  Baes, D.  Tulpan, et  al. 2022. 
Predicting methane emission in Canadian Holstein dairy cattle using milk 
mid-infrared reflectance spectroscopy and other commonly available pre-
dictors via artificial neural networks. J. Dairy Sci. 105(10):8272–8285. 
doi:10.3168/jds.2021-21176.

Schaeffer,  L.R., and J.C.M.  Dekkers. 1994. Random regressions in animal 
models for test-day production in dairy cattle. Proc. 5th World Congr. 
Genet. Appl. Livest. Prod. 18:443–446.

Shanks, R.D., P.J. Berger, A.E. Freeman, and F.N. Dickinson. 1981. Genetic 
aspects of lactation curves. J. Dairy Sci. 64(9):1852–1860. doi:10.3168/jds.
S0022-0302(81)82775-0.

Silvestre, A.M., F. Petim-Batista, and J. Colaço. 2006. The accuracy of seven 
mathematical functions in modeling dairy cattle lactation curves based on 
test-day records from varying sample schemes. J. Dairy Sci. 89(5):1813–
1821. doi:10.3168/jds.S0022-0302(06)72250-0.

Soyeurt, H., C. Bastin, F.G. Colinet, V.M.-R. Arnould, D.P. Berry, E. Wall, 
F.  Dehareng, H.N.  Nguyen, P.  Dardenne, J.  Schefers, et  al. 2012. Mid-
infrared prediction of lactoferrin content in bovine milk: potential indicator 
of mastitis. Animal. 6(11):1830–1838. doi:10.1017/S1751731112000791.

Soyeurt, H., A. Gillon, S. Vanderick, P. Mayeres, C. Bertozzi, and N. Gengler. 
2009. Estimation of heritability and genetic correlations for the major 
fatty acids in bovine milk. J. Dairy Sci. 90(9):4435–4442. doi:10.3168/
jds.2007-0054.

Stevenson,  J.S., S.  Banuelos, and L.G.D.  Mendonça. 2020. Transition dairy 
cow health is associated with first postpartum ovulation risk, metabolic 
status, milk production, rumination, and physical activity. J. Dairy Sci. 
103(10):9573–9586. doi:10.3168/jds.2020-18636.

Strucken, E.M., Y.C.S.M. Laurenson, and G.A. Brockmann. 2015. Go with 
the flow—biology and genetics of the lactation cycle. Front. Genet. 6:118. 
doi:10.3389/fgene.2015.00118.

Swalve, H.H. 1995. The effect of test day models on the estimation of gen-
etic parameters and breeding values for dairy yield traits. J. Dairy Sci. 
78(4):929–938. doi:10.3168/jds.S0022-0302(95)76708-X.

Swalve,  H.H. 2000. Theoretical basis and computational methods for dif-
ferent test-day genetic evaluation methods. J. Dairy Sci. 83(5):1115–1124. 
doi:10.3168/jds.S0022-0302(00)74977-0.

Tarekegn,  G.M., P.  Gullstrand, E.  Strandberg, R.  Båge, E.  Rius-Vilarrasa, 
J.M. Christensen, and B. Berglund. 2019. Genetic parameters of endocrine 
fertility traits based on in-line milk progesterone profiles in Swedish Red 

https://doi.org/10.3168/jds.2013-7785
https://doi.org/10.3168/jds.2012-6408
https://doi.org/10.4141/cjas2012-047
https://doi.org/10.3389/fgene.2019.01197
https://doi.org/10.3168/jds.2007-0743
https://doi.org/10.1016/j.compag.2020.105904
https://doi.org/10.3168/jds.2014-8132
https://doi.org/10.1016/j.anireprosci.2022.107046
https://doi.org/10.1016/j.tvjl.2019.04.001
https://doi.org/10.3168/jds.2020-20091
https://doi.org/10.3168/jds.2020-19889
https://doi.org/10.3168/jds.2021-21651
https://doi.org/10.1017/S1751731112001218
https://doi.org/10.3168/jds.2017-12968
https://doi.org/10.3168/jds.S0022-0302(00)74978-2
https://www.ontario.ca/page/body-condition-scoring-dairy-cattle
https://www.ontario.ca/page/body-condition-scoring-dairy-cattle
https://doi.org/10.1093/jas/skz022
https://doi.org/10.3168/jds.S0022-0302(04)73435-9
https://doi.org/10.3168/jds.S0022-0302(04)73435-9
https://doi.org/10.3168/jds.2021-20227
https://doi.org/10.3168/jds.2021-20227
https://journal.interbull.org/index.php/ib/article/view/589/589﻿
https://doi.org/10.1016/0301-6226(93)90062-m
https://doi.org/10.3168/jds.S0022-0302(06)72490-0
https://doi.org/10.3168/jds.S0022-0302(06)72490-0
https://doi.org/10.1016/0301-6226(93)90033-e
https://doi.org/10.3389/fgene.2015.00310
https://doi.org/10.3389/fgene.2015.00310
https://doi.org/10.3168/jds.S0022-0302(00)75095-8
https://doi.org/10.3168/jds.S0022-0302(00)75095-8
https://doi.org/10.3168/jds.2011-4520
https://doi.org/10.3168/jds.2011-4520
https://doi.org/10.3168/jds.2021-21176
https://doi.org/10.3168/jds.S0022-0302(81)82775-0
https://doi.org/10.3168/jds.S0022-0302(81)82775-0
https://doi.org/10.3168/jds.S0022-0302(06)72250-0
https://doi.org/10.1017/S1751731112000791
https://doi.org/10.3168/jds.2007-0054
https://doi.org/10.3168/jds.2007-0054
https://doi.org/10.3168/jds.2020-18636
https://doi.org/10.3389/fgene.2015.00118
https://doi.org/10.3168/jds.S0022-0302(95)76708-X
https://doi.org/10.3168/jds.S0022-0302(00)74977-0


63 June. 2023, Vol. 13, No. 3

and Holstein dairy cows. J. Dairy Sci. 102(12):11207–11216. doi:10.3168/
jds.2019-16691.

Tribout, T., S. Minéry, R. Vallée, S. Saille, D. Saunier, V. Ducrocq, P. Faverdin, 
and D. Boichard. 2022. Genetic relationships between weight loss in early 
lactation and daily milk production until 305  days in Holstein cows. In: 
Proceedings of the 12th World Congress on Genetics applied to Livestock 
Production. Rotterdam, The Netherlands; p. 4.

VanRaden,  P.M., A.H.  Sanders, M.E.  Tooker, R.H.  Miller, H.D.  Norman, 
M.T. Kuhn, and G.R. Wiggans. 2004. Development of a national genetic 
evaluation for cow fertility. J. Dairy Sci. 87(7):2285–2292. doi:10.3168/jds.
S0022-0302(04)70049-1.

VanRaden,  P.M., M.E.  Tooker, J.R.  Wright, C.  Sun, and J.L.  Hutchison. 
2014. Comparison of single-trait to multi-trait national evaluations for 
yield, health, and fertility. J. Dairy Sci. 97(12):7952–7962. doi:10.3168/
jds.2014-8489.

Voelker,  D.E. 1981. Dairy herd improvement associations. J. Dairy Sci. 
64(6):1269–1277. doi:10.3168/jds.s0022-0302(81)82700-2.

Wall, E., M.P. Coffey, and G.E. Pollott. 2012. The effect of lactation length 
on greenhouse gas emissions from the national dairy herd. Animal. 
6(11):1857–1867. doi:10.1017/S1751731112000936.

Webster,  J. 1995. Animal welfare, a cool eye towards Eden. London, UK: 
Blackwell Scientific Publishing.

Wiggans, G.R., and L.D. Van Vleck. 1979. Extending partial lactation milk 
and fat records with a function of last-sample production. J. Dairy Sci. 
62(2):316–325. doi:10.3168/jds.s0022-0302(79)83242-7.

About the Authors
John B.  Cole is the PEAK Sr. 
Vice President for Research 
and Development, the lar-
gest producer of dairy and 
beef cattle semen in the world. 
Before joining PEAK in 2021 
he was a Research Geneticist 
and Acting Research Leader 
of USDA’s Animal Genomics 
and Improvement Laboratory, 
where he authored more than 
140 peer-reviewed research art-
icles. Dr. Cole serves on commit-
tees for the Collaborative Dairy 
DNA Repository, National 

Association of Animal Breeders, and the International Committee for 
Animal Recording. His research interests focus on genetic improvement 
of fertility, health, and fitness traits in dairy cattle; development of se-
lection objectives for dairy cattle; pedigree analysis; and identification of 
recessive genetic defects in cattle.

Bayode O.  Makanjuola is a post-
doctoral scholar at the University 
of Guelph. Bayode is enthusiastic 
about the observation of livestock 
genetic resources to understand the 
genetic potential of animals and 
how this plays a role in the health 
and welfare of these animals. His 
research goal is to ensure that re-
search in animals genetics con-
tinues to meet the demand of the 
growing population in a cost ef-
fective, timely and ethical fashion. 
Bayode has expertise in working 
with dairy, beef and poultry using 

both pedigree and genomic information.

Christina M. Rochus is a Research 
Associate at the Centre for Genetic 
Improvement of Livestock at the 
University of Guelph. Dr. Rochus 
has been a researcher in several 
countries (Sweden, France, USA, 
the Netherlands, and Canada), 
where she has used her know-
ledge of quantitative genetics 
and computational genomics 
to study genetic diversity and 
adaptation in domestic animals. 
 
 
 

Nienke van Staaveren is a senior re-
search associate at the University 
of Guelph, bridging the Centre for 
Genetic Improvement of Livestock 
and the Campbell Centre for the 
Study of Animal Welfare. Her re-
search crosses the traditional dis-
ciplinary boundaries and spans 
over a wide range of animal health 
and welfare issues, areas of animal 
production and animal species 
including swine, poultry, and more 
recently ruminants. She addresses 
both fundamental and applied 
aspects of animal science to trans-
late animal welfare knowledge into 

practice to ensure sustainable food production

Christine F.  Baes is a full professor 
and Canada Research Chair in 
Livestock Genomics at the University 
of Guelph. Together with her team, 
Dr. Baes strives to incorporate 
cutting-edge research results into 
large-scale breeding programs for im-
proved productivity, health, and wel-
fare of livestock. She has extensive 
knowledge in the areas of quantita-
tive genetics and statistical genomics 
as it relates to the genetic and gen-
omic evaluation of domestic animals. 
Dr. Baes serves on various industry 
and governmental boards and com-
mittees in Canada and abroad, 
and has taught multiple courses on 

animal breeding, genetics, genomics, and statistics in Germany, Switzerland, 
and Canada. Corresponding author: cbaes@uoguelph.ca

https://doi.org/10.3168/jds.2019-16691
https://doi.org/10.3168/jds.2019-16691
https://doi.org/10.3168/jds.S0022-0302(04)70049-1
https://doi.org/10.3168/jds.S0022-0302(04)70049-1
https://doi.org/10.3168/jds.2014-8489
https://doi.org/10.3168/jds.2014-8489
https://doi.org/10.3168/jds.s0022-0302(81)82700-2
https://doi.org/10.1017/S1751731112000936
https://doi.org/10.3168/jds.s0022-0302(79)83242-7
mailto:cbaes@uoguelph.ca?subject=

