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 ii  

ABSTRACT  
 

 

 

EFFECTS OF INCLUDING DRY MATTER INTAKE AND RESIDUAL FEED 

INTAKE INTO A SELECTION INDEX 
 

 

 

Kerry Houlahan        Advisors: 

University of Guelph, 2018       Dr. Christine Baes 

Dr. Filippo Miglior 

 

 Growing interest in sustainable, profitable farming has been highlighted within the dairy 

industry. This is partly due to increasing cost of feed, and rising concern surrounding the 

environmental impact of the livestock industry. In the past, traits regarding efficiency have not 

been included into the selection index due to high phenotyping costs. Through genomics, 

constraints such as high costs can be overcome, allowing novel traits which were prohibitively 

expensive in the past, to be included into national genetic evaluations. Prior to including feed 

efficiency into a selection index, its implications must be investigated. Of the feed efficiency traits 

investigated, residual feed intake (RFI) had the lowest impact on the overall index response to 

selection. Suggesting RFI would be the optimal trait to include into a selection index, to improve 

feed efficiency. Dry matter intake also showed merit but needs to be further investigated to validate 

the results of this work.  
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

 

 

1.1 INTRODUCTION 

 

 Through the use of genomics, there is an ability to include novel traits into animal breeding 

programs that was previously unimaginable. Prior to the era of genomics, constraints such as low 

heritability, cost, and the logistical challenges of measuring phenotypes, made the inclusion of 

some novel traits in routine genetic evaluations difficult. Since the implementation of genomics in 

2009, substantial progress to include novel phenotypes into routine genetic evaluation has been 

made. Traits such as metabolic disease resistance and digital dermatitis have been successfully 

included into Canadian dairy cattle genetic evaluations (Canadian Dairy Network, 2016a; 

Canadian Dairy Network, 2017). Soon, genomics could allow for the inclusion of traits that help 

to improve the sustainability and efficiency of the Canadian dairy industry into national genetic 

evaluation programs (Canadian Dairy Network, 2016b).  

 Feed represents a major cost to Canadian dairy producers. It is estimated that feed costs 

account for close to 50% of production related costs, and this cost is expected to rise (Beever et 

al., 2007; Hemme et al., 2014; Connor, 2015). With the global population expected to reach 8.5 

billion people by the year 2030, and 9.7 billion people by the year 2050, land needed to grow food 

for human consumption will become more valuable (United Nations, 2015). Along with an 

increase in population size, the average wealth of the middle class is expected to rise, leading to a 

demand for high quality, sustainably produced products (Government of Canada, 2018). Selecting 

for cattle that are better able to convert feed to milk is one of the methods currently under 
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investigation to provide sustainable dairy products to an ever-growing population. A more efficient 

cow has the potential to decrease feed costs without decreasing production (Pryce et al., 2015). 

The selection for more efficient animals has been successful in other species. The swine, beef, and 

poultry industries have all successfully selected for the more efficient production of meat and egg 

products, respectively (Patience et al., 2015; Gadde et al., 2017; Kenny et al., 2018). There is 

interest within the dairy industry for the genetic improvement of feed efficiency, however, the high 

cost of collecting phenotypes has been prohibitive to including feed efficiency into the national 

breeding program. Through projects, such as The Efficient Dairy Genome Project, international 

collaboration to develop a reference population will allow for the use of genomic technologies to 

include feed efficiency into selection indexes (The Efficient Dairy Genome Project, 2018)  

 Prior to the inclusion of feed efficiency into a Canadian selection index, investigation into 

the impact on other traits currently being selected for, as well as the index response to selection is 

necessary. There are many measures of feed efficiency, such as residual feed intake (Kennedy et 

al., 1993), residual solids production (Coleman et al., 2010), and feed conversion efficiency (Berry 

and Crowley, 2013). All of these traits have the core measure of feed intake in common through 

the measurement of dry matter intake. Knowing this, it is important to not only assess the effects 

of including feed efficiency into a Canadian selection index, but also the effects of selecting on 

dry matter intake. This will allow for the comparison of selecting for intake versus efficiency. Feed 

efficiency is still under investigation in Canada. Therefore, with many aspects unknown, the 

purpose of this research was to evaluate the potential impacts of including feed intake or feed 

efficiency into a selection index.



 

 3 

1.2 OBJECTIVES 

 

The goal of this thesis research was to simulate the impact of including dry matter intake or residual 

feed intake into a Canadian selection index. Within this goal, the two specific objectives were: 

1) To determine the implications of including either dry matter intake or residual feed intake 

into a selection index focusing on the sire selection pathway using selection index theory.  

2) To determine the population-level effects of including either dry matter intake or residual 

feed intake into a selection index using a deterministic modeling approach.  

 

1.3 LITERATURE REVIEW 

 

1.3.1 Overview of Canadian Dairy Industry   

 The Canadian dairy industry currently has approximately 945,000 lactating cows on 10,951 

farms (Canadian Dairy Information Centre, 2017a). While these farms are located across the 

country, over 80% of these farms are located in Ontario and Quebec, totalling almost 9,000 farms. 

The majority of these animals (74.4%) are housed in tie stall barns, with the remaining (25.6%) 

housed in free stall facilities (Canadian Dairy Information Centre, 2017a). Of the 7,230 farms 

currently enrolled in milk recording programs, 720 of them are using a robotic milking system 

(Canadian Dairy Information Centre, 2017b). There are eight dairy cattle breeds in Canada; 

Holstein, Jersey, Ayrshire, Brown Swiss, Guernsey, Canadienne, Milking Shorthorn, and Kerry, 

with Holstein cattle making up almost 94% of the Canadian milking herd (Canadian Dairy 

Information Centre, 2017c). In 2016 Canada produced 84 million hectoliters of milk, which 

contributed $6.17 billion to the Canadian economy in terms of cash receipts (Canadian Dairy 
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Information Centre, 2016). With such a large contribution to the food consumed in Canada coming 

from dairy products, there is pressure from many venues to improve the sustainability of Canadian 

dairy farms.   

 Genetic progress has been at the forefront of profitability for the Canadian dairy industry. 

There are two selection indexes used in Canada, the Lifetime Performance Index (LPI) and Pro$ 

(Canadian Dairy Network, 2015). The Pro$ index is formulated to target the needs of producers 

who generate the majority of their revenue from milk sales, while LPI allows for the interests of 

those who market genetics both domestically and globally to be retained (Canadian Dairy 

Network, 2015). Prior to the inclusion of genomics in 2009 the annual genetic trend based on the 

Pro$ index was $79 per year (Canadian Dairy Network, 2017b). During the five-year period after 

the introduction of genomic evaluations, that trend rose to $176 per year (Canadian Dairy Network, 

2017b). Similar trends were also observed in the response to selection within LPI.  

The value of Canadian dairy cattle genetics is something that has been recognized 

worldwide. In 2017, the Canadian dairy industry exported close to $150 million in genetic material 

globally (Canadian Dairy Information Centre, 2018). In the same year, Canada imported 

approximately $65 million in dairy cattle genetic material from the United States of America, 

Spain, Australia, Denmark, and Germany (Canadian Dairy Information Centre, 2018). Genetic 

material here refers to semen, embryos, and live animals. This global recognition, through the large 

export of genetic material, pushes Canada to strive to remain at the leading edge of genetic 

progress.  

1.3.2 Feed Intake Traits versus Feed Efficiency Traits 

 Growing concern regarding environmental sustainability has led to the scrutiny of 

agricultural industries worldwide. Improving farm efficiency is a priority for industry leaders, 
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producers, environmentalists, and consumers. Feed utilization accounts for a large inefficiency in 

the dairy system, along with a large expense for the producer. Feed accounts for over 50% of farm 

costs, and this cost is expected to rise (Beever et al., 2007; Hemme et al., 2014; Connor, 2015). 

Since feed costs comprise such a large portion of production costs, feed efficiency has a large 

impact in determining on-farm production efficiency and profitability (Veerkamp et al., 1998). It 

has been shown that animals with high genetic potential for production tend to consume more food 

to meet their high production requirements (Kennedy et al., 2003). Targeting the inefficiency in 

feed utilization is a potential way to improve on-farm efficiency, while reducing producer 

expenses.  

  There are many different ways to measure feed efficiency, however all methods involve 

measuring dry matter intake (DMI), which is the amount of dry matter consumed by an animal. 

Based on the Nutrient Requirements for Dairy Cattle (2001), an average dairy cow of weight 650 

kg should eat approximately 22.5 kg of dry matter per day. This translates into 6,863 kg of dry 

matter consumed through a 305-day lactation for a first lactation cow. Dry matter intake is not a 

measure of efficiency, but is a crucial measurement when determining the feed efficiency of an 

animal. Accurate DMI measurements, in conjunction with nutrient intake, are necessary for 

accurate calculation of feed efficiency.  

 Berry and Crowley (2013) provided a comprehensive review of the various measures of 

feed efficiency, which they classified into two categories; traits that are ratios and traits that are 

residuals or regressions. The most commonly utilized measure of feed efficiency is residual feed 

intake (RFI) and this trait falls into the category of residuals or regressions. Residual feed intake 

is the difference between actual feed intake and the intake that is predicted based on requirements 

for lactation, pregnancy, and maintenance of body weight (Kennedy et al., 1993). It is calculated 
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as the residual from a regression model of DMI on energy sinks, such as milk production, 

pregnancy, and body weight (Pryce et al., 2014).  

Residual feed intake is an important trait as it is referred to as the conceptual capture of 

protein turnover, digestibility, and fermentation, which can also be known as a measure of 

metabolic efficiency (Pryce et al., 2014). Selection based on RFI favors animals with lower RFI 

values (Pryce et al., 2015). Negative RFI values indicate that an animal is consuming less feed 

than expected based on production and other adjustment factors (Connor, 2015). In addition to 

RFI, another residual or regression trait is residual solids production (RSP). Residual solids 

production is calculated in a similar manner to RFI but considers the milk solids produced relative 

to the expected solids produced, based on the feed intake and other energy sinks or sources 

(Coleman et al., 2010).   

Ratio traits have historically been used to determine efficiency in growing animals, with 

the most common being feed conversion ratio (FCR). Feed conversion ratio is generally defined 

as the ratio of average daily feed intake to average daily gain of an animal (Gunsett, 1984). While 

this definition works well in growing animals, it may not be as effective in lactating animals. The 

FCR definition targets efficiency associated with growth, rather than improvements in efficiency 

for milk production (Berry and Crowley, 2013). To better consider efficiency in lactating animals 

the ratio feed conversion efficiency (FCE) has been proposed. Feed conversion efficiency is 

defined as kilograms of milk production per unit of feed intake (Nieuwhof et al., 1992; Berry and 

Crowley, 2013). Ratio traits are known to be difficult for response to selection predictions, as it is 

not clear which aspect of the ratio is being altered due to selection pressure (Gunsett, 1984). This 

is especially true when the traits involved have similar heritabilities (Gunsett, 1984). In contrast to 
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residual traits such as RFI, the definition for FCE may not consider tissue mobilization, which 

could lead to potentially negative effects on health and fertility (Roche et al., 2009).  

Selection on feed intake by including breeding values for DMI into a selection index has 

been proposed (Veerkamp et al., 2013). Dry matter intake accounts for the feed required for 

growth, maintenance, and production, which means there is no need to account for the cost of 

additional feed sinks or variation among populations (Veerkamp et al., 2013). Due to not needing 

to account for variation among populations, there could be value in selecting for the components 

for RFI separately. As international collaboration has become increasingly important, especially 

in regard to combining data, ease of merging and analyzing data obtained from various population 

is critical (Coleman et al., 2010; Veerkamp et al., 2013). It has also been argued by Kennedy (1993) 

that direct selection on RFI should provide a similar response to selection as when selecting on 

individual production traits, DMI, and possible energy sinks. This leads to the idea of Veerkamp 

et al. (2013), who suggested selecting directly on DMI, along with the components of RFI, such 

as body weight or body condition score.  

Countries such as Australia, New Zealand, and the USA have incorporated feed efficiency 

into their national breeding programs (Pryce et al., 2014). Australia incorporated a trait called Feed 

Saved into their national index, which is a combination of RFI and feed required for maintenance, 

expressed as the amount of feed saved per year (Pryce et al., 2015). The USA has included a 

composite index into their national evaluation (Holstein Association USA, 2017). The composite 

index includes milk, fat, and protein production along with predicted body weight to calculate feed 

efficiency (Holstein Association USA, 2017). New Zealand incorporates feed efficiency into their 

index by selecting for milk production along with live weight and body condition score (Pryce et 
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al., 2014; DairyNZ, 2016). Many other countries around the world, including Canada, are currently 

looking at the inclusion of a feed efficiency trait in their national breeding goals.   

1.3.3 Selection Indexes   

 Breeding programs are designed to produce animals that are more profitable. This is 

achieved by using the least amount of resources to obtain the best possible commercial product, 

meaning increasing production while limiting costs. Breeding programs rely on the variability 

within a population due to the additive genetic effects, allowing for selection to move the 

population mean in a desired direction. The difference between the population mean of the parental 

generation and the population mean of the offspring generation is referred to as the response to 

selection (Falconer and Mackay, 1996).   

There are two types of response to selection, direct response and indirect response. Direct 

response refers to the change in a trait due to selection on a given trait, whereas indirect response 

is the change in a trait due to selection on a genetically related trait. Expected direct response to 

selection per year is predicted based on estimates of genetic standard deviation, selection intensity, 

accuracy of selection for the trait, and the generation interval of the population (Falconer and 

Mackay, 1996; Bourdon, 2000). The expected indirect response to selection of a trait is dependent 

on the direct response of the indicator trait, the ratio of the additive genetic standard deviation of 

the traits, and the genetic correlation between the trait of interest and the indicator trait (Bourdon, 

2000). To determine the efficiency of selecting on a trait indirectly versus selecting directly on the 

trait, a ratio of the expected indirect response relative to direct response to selection is used 

(Bourdon, 2000). Knowing the expected response to selection can be useful to aid in understanding 

how selection influences individual traits. However, in practice there are often many traits that 

need to be improved simultaneously, such as production, health and fertility traits. Selection index 
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theory allows information from various sources to be combined for simultaneous selection on 

multiple traits in an optimal way.  

The methodology for selection index theory provides a tool to rank animals for a number 

of traits simultaneously, based on the importance of those traits in the breeding objective. The 

methodology for designing selection indexes was presented by Hazel (1943). Hazel and Lush 

(1942) showed that it is more efficient to select for multiple traits through an index than selecting 

for traits individually. In most livestock species, the breeding objective is to maximize economic 

merit. To achieve the breeding objective, a function of the breeding values for the traits of interest 

are combined into what is known as the aggregate genotype. This provides a linear prediction of 

an individual’s breeding value, which is a weighted prediction of the individual’s genetic merit for 

multiple traits. The weighting used in the aggregate genotype can be derived using a variety of 

approaches, such as using the desired gains in the trait of interest, or the economic value of a given 

trait. It is common for the traits in the aggregate genotype to differ from those in the selection 

index. Traits included in the selection index tend to be those that have performance records 

available. Traits in the aggregate genotype are typically those that have economic importance, but 

may not have records available. However, it is necessary to have genetic parameter estimates for 

any trait included in either the aggregate genotype or the selection index (Dekkers et al., 2004). 

Therefore, to determine the efficiency of a selection index to meet the goals of the aggregate 

genotype, the correlation between the two can be used.  

The selection index methodology proposed by Hazel (1943) was designed to use 

phenotypic records for traits after adjustments for known environmental factors. However, today 

it is more common for genetic evaluation programs to use estimated breeding values (EBV) or 

estimated progeny differences (EPD), where the EPD is one half of an animal’s EBV (Dekkers et 
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al., 2004; Wilton et al., 2013). Overall, selection indexes provide an efficient method for ranking 

individuals to ensure optimal genetic progress in a genetic improvement program.  

Selection index theory is only one part of the prediction of a population response to 

selection. Hill (1974) discussed the notion that improvement of performance in successive years, 

resulting from a single selection year, is not constant. This concept, known as gene flow, dictates 

that the proportion of the alleles passed on in the first year of selection changes over time. The 

subsequent division of a population into age and sex classes allows for the estimation of cumulative 

genetic merit at a given age-sex class and time (Hill, 1974; Dekkers et al., 2004; Wilton et al., 

2013). The method to compute the proportion of alleles in the population at any time is based on 

a matrix which specifies the passage of genes between different age and sex groups. This matrix 

is known as the P matrix. Modeling the flow of genes through a population over time is important 

when modeling complex breeding programs, as it is needed to predict response to selection and 

discounted returns from improvement when there are overlapping generations. 
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CHAPTER 2: The integration of dry matter intake and residual feed intake into a selection 

index for dairy cattle  

 

 

2.1 ABSTRACT 

 

The impact of adding a feed intake or feed efficiency trait into a Canadian selection index 

was assessed based on the sire selection pathway. Feed intake was investigated through dry matter 

intake (DMI), with selection scenarios for both increasing intake and decreasing intake evaluated. 

Feed efficiency was investigated through residual feed intake (RFI). Reliable genetic parameter 

estimates for feed intake and efficiency traits in the Canadian dairy cattle population are currently 

under investigation. Thus, to investigate the potential impact of including DMI or RFI into a 

Canadian selection index, a range of potential correlations were analyzed. The change in relative 

index weights, expected efficiency of the proposed selection indexes relative to a base index, index 

response to selection, and traits response to selection were evaluated to determine the implications 

of adding a DMI or RFI into the selection index. The greatest impact on index response to selection 

was observed when selecting for an increase in DMI, increasing index response to selection by 

8.21%. Selecting to reduce DMI had a negative impact on index response to selection, with a 

reduction of 7.47%. These results could be attributed to the moderately high positive correlations 

between DMI and production traits. Residual feed intake did not appear to have a large impact on 

index response to selection (up to 0.94% greater). As such, it appears to be the optimal trait to 

include for the improvement of feed efficiency, as it has minimal negative impact on the other 

traits in the index. The results of this research indicate that there are advantages for including feed 
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efficiency into a national index, however, further research is needed to determine the optimal 

method for inclusion to ensure simultaneous improvement in all traits.  

Key words: feed efficiency, selection index, dairy cattle     

 

2.2 INTRODUCTION 

 

The global population is rapidly increasing and sustainable food production at the forefront 

of current discussions, the need for sustainably produced dairy products continues to rise. To 

remain competitive, the Canadian dairy industry must address developing political and social 

issues. The cost of feed accounts for over 50% of the expenses for a dairy producer, and this cost 

is rising (Beever et al., 2007; Hemme et al., 2014). Increasing the efficiency at which cows convert 

feed to milk allows for the potential to reduce on-farm costs (Beever et al., 2007; Hemme et al., 

2014). As a more efficient cow has the potential to decrease feed costs without decreasing 

production (Pryce et al., 2015).  

In the past, the Canadian breeding objective has strived to increase the production 

efficiency of dairy cattle. This can be achieved through selection of high-producing animals that 

require minimal maintenance. Previously, this has been accomplished by improving the health, 

longevity, and reproduction of dairy cattle, while still making progress in production (Canadian 

Dairy Network, 2016). There are currently two selection indexes used in Canada: the Lifetime 

Performance Index (LPI) and Pro$, neither of which currently include a feed efficiency trait 

(Canadian Dairy Network, 2015). Therefore, opportunity exists to further improve the production 

efficiency of dairy cattle through the introduction of feed efficiency into Canadian dairy breeding 

programs.  
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Selection for more efficient animals has been successful in other agricultural species, such 

as swine, beef, and poultry. The variation in dry matter intake (DMI) observed between dairy cattle 

with similar production levels suggests that the negative economic impact associated with 

inefficient feed utilization could be minimized through the selection of more feed efficient animals 

(Veerkamp et al., 1995; Herd and Bishop, 2000). Feed intake and efficiency traits are still under 

investigation in Canada, especially in regard to their genetic and phenotypic correlations with 

fertility and health traits. With these correlations still unknown, the purpose of this research was 

to determine the effects of including feed intake (DMI), or feed efficiency (RFI) into a Canadian 

selection index, where DMI and RFI had varying correlations with production, health, and fertility.  

 

2.3 MATERIALS AND METHODS 

 

2.3.1 Traits Investigated  

The eight traits used in this research included six traits currently evaluated in the Canadian 

national genetic evaluation of dairy cattle and two novel traits. The currently evaluated traits 

included two production traits: fat yield (FY) and protein yield (PY), two fertility traits: age at first 

service (AFS) and first service to conception in first lactation cows (FSTC), and two health traits: 

clinical ketosis (CK) and displaced abomasum (DA). These traits were chosen as representatives 

for aspects of the index which could be most impacted by the inclusion of feed efficiency and 

made up the core list of traits included in each scenario. The novel traits selected for inclusion 

were DMI and RFI, where DMI was the total amount consumed over the first 150 days in milk 

(DIM) and RFI was the total residual feed over the first 150 DIM. Residual feed intake was 

calculated using a regression on DMI, where the model included milk yield, week of lactation, 
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metabolic body weight, and weekly change in body weight. The inclusion of DMI and RFI was 

done separately to determine the effects of including DMI on the core traits and then to determine 

the effects of including RFI on the core traits. Dry matter intake represents the total amount of dry 

matter consumed by an animal and is a measure of feed intake. Residual feed intake is a measure 

of feed efficiency that is defined as the difference between the animals expected feed intake based 

on requirements for maintenance and production and actual feed intake (Connor, 2015).  

The production trait parameters used in this research were measured as the total kilograms 

of fat yield and protein yield produced over a 305-day lactation in first lactation cows. Fertility 

parameters were measured in days for first lactation cows. Each health trait was scored as binary, 

indicating if the animal had an incidence of the disease during its first lactation (1), or not (0). Dry 

matter intake was considered as total intake, measured in kilograms, over the first 150 days in milk 

(DIM) of first lactation cows. Similarly, RFI was considered as the total RFI (sum of daily RFI), 

measured in kilograms, over the first 150 DIM for first lactation cows. Trait definitions are 

presented in Table 2.1.  

2.3.2 Genetic Parameters 

 Genetic correlations (rg), for the six core traits were obtained from recent Canadian 

literature (Miglior et al., 2007; Thomas, 2011; Jamrozik and Kistemaker, 2016; Koeck et al., 2012; 

Martin et al., 2018). Phenotypic correlations (rp) and variances were from the same dataset 

presented in Martin et al. (2018) and estimated using PROC CORR in SAS (SAS Institute, 2013). 

Genetic variances for all traits were obtained from recent literature for the Canadian dairy 

population (Bastin et al., 2010; Jarozik et al., 2013; Jamrozik and Kistemaker, 2016; Jamrozik et 

al., 2016; Byskov et al., 2017; Interbull, 2018). In cases where the additive genetic variance was 

not presented in literature, heritability and phenotypic variance was used to calculate the genetic 
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variance. Phenotypic variances for DMI and RFI were calculated using intake records on 138 first 

lactation Holstein cows through their first 150 DIM at the Livestock Research and Innovation 

Centre (Elora, Ontario, University of Guelph).  

Dry matter intake and RFI are traits still under investigation, especially regarding their 

genetic correlations with fertility and health traits, and therefore a range of possible correlations 

were considered. When available, literature values were used to obtain a benchmark for 

determining an appropriate range of correlation values. In the literature, DMI and production traits 

had a reported correlation around 0.58 (de Jong et al., 2016) and DMI had an approximate 

correlation of -0.10 with fertility traits (Vallimont et al., 2013; Cayford, 2017). While RFI is 

uncorrelated with production, fertility traits have been reported to be correlated at approximately 

-0.20 with RFI (Vallimont et al., 2013, Cayford, 2017). Using these values as benchmarks, various 

correlation ranges were tested. The correlations under investigation for DMI with production traits 

and DMI with health/fertility traits ranged from 0.50 to 0.70 and -0.10 to -0.30, respectively. Dry 

matter intake was only analyzed with favorable negative correlations with health and fertility 

because the assumption was as the animal ate more there were more nutrients available which 

should improve health and fertility. Residual feed intake and health/fertility traits ranged in 

correlation from -0.10 to -0.50. All possible combinations of correlations were analyzed in 

different scenarios, providing an evaluation of the impact of including feed intake and efficiency 

traits over a range of plausible correlations with currently evaluated traits.  

 Genetic and phenotypic covariances for the six core traits were estimated using correlation 

and variance values from recent Canadian literature (Miglior et al., 2007; Bastin et al., 2010; 

Thomas, 2011;  Jarozik et al., 2013;  Jamrozik and Kistemaker, 2016; Jamrozik et al., 2016; Koeck 

et al., 2012; Byskov et al., 2017; Martin et al., 2018; Interbull, 2018). Calculations were performed 
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using 𝜎𝑎𝑖,𝑎𝑗 = 𝑟𝑔 × √𝜎𝑎𝑖
2 𝜎𝑎𝑗

2  (Eq.1) and 𝜎𝑝𝑖,𝑝𝑗 = 𝑟𝑝 × √𝜎𝑝𝑖
2 𝜎𝑝𝑗

2  (Eq.2), where rg and rp are as 

previously defined, 𝜎𝑎𝑖,𝑎𝑗 is the additive genetic covariance estimate between the ith and jth traits, 

𝜎𝑝𝑖,𝑝𝑗 is the phenotypic covariance estimate between the ith and jth traits, 𝜎𝑎𝑖
2  is the additive genetic 

variance estimate of the ith trait, 𝜎𝑎𝑗
2  is the additive genetic variance estimate of the jth trait, 𝜎𝑝𝑖

2  is 

the phenotypic variance estimate of the ith trait, and 𝜎𝑝𝑗
2  is the phenotypic variance estimate of the 

jth trait. Covariances were estimated between the DMI and the 6 core traits, and RFI and health 

and fertility using Eq. 1 and Eq. 2, where the genetic and phenotypic correlations are as previously 

defined.  

Genetic parameters, genetic and phenotypic (co)variance matrices, and the adjusted 

matrices used for selection index development are provided as supplementary material (Appendix 

1). After (co)variances were determined, R statistical software version 3.4.3 (R Core Team, 2017) 

was used to test if the genetic and phenotypic (co)variances matrices were positive definite 

(Dekkers et al., 2004). Where non-positive definite, appropriate bending was performed to make 

matrices positive definite using the method described by Schaeffer (2014). Briefly, this method 

uses the equation G=UDU’ (Eq. 3), where G is the covariance matrix, U is the matrix of 

eigenvectors, and D is a diagonal matrix of the eigenvalues. Corrections were performed on 

negative eigenvalues following Schaeffer (2014), which is based on the sum of the eigenvalues 

and the least positive eigenvalue. Following this adjustment, the covariance matrix was 

reconstructed using the modified D matrix. The  resulting matrix was checked to ensure being 

positive definite by using the function is.positive.definine in the R package matrixCalc (R Core 

Team, 2017).  
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2.3.3 Economic Values 

 Fat and protein yield are main sources of revenue for producers in the Canadian dairy cattle 

industry. Consequently, the breeding objective assumed was to improve fat and protein yield, 

while simultaneously improving health and fertility. Based on the trait definitions, improving 

health and fertility translates to a reduction of the incidence of disease and a reduction in the 

number of days at first service, and the number of days from first service to conception. An 

economic value is the dollar value associated with a change in one unit of the trait. Literature 

values were obtained for the economic values for health and fertility traits and were $2.57 per day 

for (Lang, 2016) AFS, $3.36 per day(De Vries et al., 2004) for FSTC, $233.00 (Gohary et al., 

2016) per case of CK, and $707.00 (McArt et al., 2015) per case of DA. Economic values were 

calculated using Eq. 4 and Eq. 5 for production traits, where revenue was the average producer 

paid price for the trait in 2017 and DM is dry matter. All values presented are in Canadian dollars.  

Eq. 4: 𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 (𝑣) = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 − 𝐶𝑜𝑠𝑡𝑠 

Eq. 5: 𝐶𝑜𝑠𝑡𝑠 = 𝐶𝑜𝑠𝑡 𝑜𝑓 1 𝑘𝑔 𝑜𝑓 𝐷𝑀 ∗  𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑀 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 1 𝑘𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑎𝑖𝑡 

 The cost of 1.00 kg of DM was assumed to be $0.29 and the amount of DM needed to 

produce 1.00 kg of fat and protein were assumed to be 6.00 kg and 3.70 kg, respectively 

(Richardson, 2017). Revenue for each trait was calculated by averaging the monthly producer paid 

price for the trait in 2017, which was $10.64 and $6.82 per kg for fat and protein, respectively 

(Dairy Farmers of Ontario, 2018). The profit function used to calculate economic values for fat 

and protein yield produced economic values of $8.90 for fat yield and $5.75 for protein yield. 

Production traits were given a positive economic value, as the breeding goal was to increase these 

traits. Conversely, health and fertility traits were assigned negative economic values, as the 
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breeding goal was to reduce these traits. For example, FSTC is measured in days and the goal is 

to reduce the number of days between the first service and conception.  

It was assumed the absolute economic value for both DMI and RFI was $0.29, based on 

the price of 1.00 kg of DM (Richardson, 2017). For a breeding goal to increase efficiency, RFI 

was given a negative economic value ($-0.29), as negative selection pressure on the trait is 

required. Dry matter intake was investigated using both a positive (increasing intake) and negative 

(decreasing intake) economic values.  

2.3.4 Index Parameters 

The aggregate genotype (Hq) assumed the breeding objective was a linear sum of genetic 

merit for FY, PY, AFS, FSTC, CK, DA, and, when applicable, either DMI or RFI, weighted by 

the economic value of the traits (Eq. 6), where vq is the trait economic value, and gq is the true 

genetic value for the qth economic trait (Wilton et al., 2013).  

Eq. 6: 𝑯𝒒 = 𝑣1𝑔1 + 𝑣2𝑔2 + 𝑣3𝑔3 …+ 𝑣𝑞𝑔𝑞  

 This study utilized six traits, FY, PY, AFS, FSTC, CK, and DA, which are all included in 

LPI, for the base economic selection index (Canadian Dairy Network, 2018). Variations of this 

base index were created using the novel traits at all possible correlations and were evaluated to 

assess the impact of including either DMI or RFI into a Canadian selection index. Economic 

selection indexes (Ik) were developed for the base scenario and its variations, following the form 

presented in Eq. 7, where Ik is the kth linear economic selection index that includes j traits, bj is an 

index weight for the jth trait, and yj is the phenotype adjusted for known environmental factors for 

the jth trait (Wilton et al., 2013).  

Eq. 7: 𝑰𝒌 = ∑ 𝑏𝑗𝑦𝑗
𝑗
𝑖=1  
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 Selection index weights were calculated using Eq. 8 (Wilton et al., 2013), where bk is the 

vector of the selection index weights for the kth economic selection index, Pk is the j x j phenotypic 

(co)variance matrix among the j index traits in the kth economic selection index, adjusted for the 

sources of phenotypic information, Ck is the j x j genetic (co)variance matrix between the j index 

traits in the kth selection index and the j economic traits in the aggregate genotype, since all index 

traits are part of the aggregate genotype, weighted by the sources of phenotypic information, and 

vk is the vector of economic values for the j traits in the kth aggregate genotype. All indexes 

assumed that phenotypic information was obtained through 30 daughter records for each breeding 

candidate (bull) for each trait.  

Eq. 8: 𝒃𝒌 =  𝑷𝒌
−𝟏𝑪𝒌𝒗𝒌 

Relative index weights were calculated, to allow for comparison between the weights 

placed on different traits in the various indexes, by multiplying the genetic standard deviation for 

the jth trait by the index weight of the jth trait in the kth economic selection index. The relative 

emphasis of each index was calculated as the absolute value of the relative index weight for the 

jth trait in the kth economic selection index, divided by the sum of the absolute relative index 

values of all traits included in the kth economic selection index, expressed as a percentage.  

Going forward, base will refer to the selection index that does not include a novel 

phenotype. Indexes containing novel traits will be presented in the following manner; +DMI will 

indicate a scenario where increasing DMI is the selection goal, -DMI will indicate a scenario where 

decreasing DMI is the selection goal, and RFI will indicate a scenario where RFI is included in the 

breeding goal. All scenarios are numbered with the correlation between the current traits and the 

novel trait. For example, +DMI (0.50/-0.10) is the scenario where DMI is given a positive 

economic value, to select for increasing intake, and correlated with production at 0.50 and 
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correlated with health and fertility at -0.10. Scenarios containing RFI as a novel trait followed the 

same manner for naming, with the acronym followed by the correlation with health and fertility 

analyzed in that scenario. For example, RFI (-0.10) would indicate a scenario where RFI was 

included with a correlation of -0.10 with health and fertility.  

2.3.5 Accuracy of the Indexes  

 The covariance between Hk and Ik, the variance of the kth economic selection index (𝜎𝐼𝑘
2 ), 

and the variance of the aggregate genotype (𝜎𝐻𝑘
2 ) were calculated using Eq. 9 and Eq. 10, 

respectively (Wilton et al., 2013). Where bk, Cb, and vk are as previously defined, and Gk is the j x 

j genetic (co)variance matrix among the economic traits in Hk. Since the index weights were 

calculated in the optimal way, the variance of the kth economic selection index is equal to the 

covariance between the kth economic selection index and the kth aggregate genotype (𝜎𝐼𝑘,𝐻𝑘) 

(Wilton et al., 2013). The accuracy of a selection index is equal to the correlation between I and H 

(𝑟𝐼𝑘,𝐻𝑘) (Wilton et al., 2013). Therefore, the accuracy of the kth economic selection index was 

calculated as the standard deviation of the kth economic selection index divided by the standard 

deviation of the kth aggregate genotype, as presented in Eq. 11.  

Eq. 9: 𝜎𝐼𝑘
2 = 𝜎𝐼𝑘,𝐻𝑘 = 𝒃𝒌′𝑪𝒌𝒗𝒌 

Eq. 10: 𝜎𝐻𝑘
2 = 𝒗𝒌′𝑮𝒌𝒗𝒌 

Eq. 11: 𝑟𝐼𝑘,𝐻𝑘 =
√𝜎𝐼𝑘

2

√𝜎𝐻𝑘
2

 

2.3.6 Selection Response  

 Expected response to selection per year ($CAD) of the aggregate genotype from the kth 

economic selection index (∆𝐻𝑘) was estimated using Eq. 12 (Wilton et al., 2013), where L is the 
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average generation interval for the population (assumed to be 3.55 years), i is the selection intensity 

(assumed to be 1), and all other terms are as previously defined.  

Eq. 12: ∆𝐻𝑘 =
𝑟𝐼𝑘,𝐻𝑘𝑖𝜎𝐻𝑘

𝐿
 

 The expected response to selection per year in all traits (∆𝑔𝑞,𝑘) due to selection from the 

kth selection index for the qth trait was estimated using Eq. 13 (Wilton et al., 2013), where all 

terms are as previously defined.  

Eq. 13: ∆𝑔𝑞,𝑘 =

𝑪𝒌′𝒃𝒌
𝑖

√𝜎𝐼𝑘
2

𝑳
 

2.3.7 Index Efficiency   

 The impact of adding DMI or RFI into a Canadian selection index was evaluated by 

calculating the efficiency of the base index relative to the index containing the novel trait (ratio of 

response), shown in Eq. 14 (Dekkers et al., 2004). Where, Ek is the percent efficiency of selection 

on the base index (∆𝐻𝐵𝐴𝑆𝐸) relative to the kth selection index that includes a novel trait (∆𝐻𝑘). 

Following Eq. 16, the efficiency of the direct trait response to selection relative to the maximum 

response to selection was also calculated for each trait.  

Eq.14: 𝐸𝑘 = (
∆𝐻𝐵𝐴𝑆𝐸

∆𝐻𝑘
) × 100 

 

2.4 RESULTS AND DISCUSSION 

 

2.4.1 Selection Indexes  

Selection index weights, expected response in the aggregate genotype, and index efficiency 

between the various novel trait scenarios and the base are presented in Table 2.2. Response to 
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selection for the traits in both natural genetic gain and monetary genetic gain are presented in Table 

2.3 and Table 2.4 respectively.  

 Selection Index Weights. The base index did not contain a novel feed intake or feed 

efficiency trait. The base scenario allocates the production traits approximately 70% of the index 

emphasis, with fat and protein having approximately 55% and 15% emphasis, respectively. The 

remaining 30% emphasis of the base index is allocated to health and fertility traits at approximately 

18% (3% AFS and 15% FSTC) and 12% (11% CK and 1% DA), respectively. These traits are a 

very small portion of the diverse list of traits dairy cattle are currently selected for in Canadian 

dairy cattle breeding programs. Future research should focus on a more comprehensive core list of 

traits in the base scenario so to have a more thorough representation of the list of traits currently 

selected for in Canada.  

When selecting to increase feed intake, the emphasis placed on fat and protein yield was 

reduced in comparison to the base scenario, as shown in Figure 2.1. Relative emphasis on fat yield 

ranged from 51.24% for +DMI (0.70/-0.10) to 53.17% for +DMI (0.50/-0.20). Relative emphasis 

for protein yield was reduced by up to 2.00% in all instances except for +DMI (0.70/-0.30), where 

the relative emphasis increased by 2.00%. Health and fertility trait emphasis had little change with 

the addition of increasing DMI as a trait in the breeding objective. The relative emphasis on fertility 

traits varied within 1.00% of the base scenario, with the same trend observed for health traits. The 

novel trait was allocated up to 9.00% of the relative index emphasis in the various scenarios. The 

scenario with the highest relative weighting for the incorporation of increasing DMI as a trait was 

when this novel trait was correlated at 0.70 with production and -0.01 with health and fertility 

(+DMI (0.70/-0.10)). Conversely, the scenario where DMI was assigned the smallest relative 

weighting was when DMI was again correlated at 0.70 with production but with a more negative, 
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-0.30 correlation, with health and fertility (+DMI (0.70/-0.30)). This could be due to the larger, 

favorable correlation between DMI and production traits, as selecting on one will result in 

improvement in the other, when the breeding goal is to increase both intake and production.    

A large variety of relative index weights were observed between scenarios where the novel 

trait and breeding objective was to decrease feed intake, as shown in Figure 2.2. While this is not 

necessarily an advantageous trait in the Canadian dairy industry, as a reduction in feed intake may 

lead to reduced production and increased metabolic disease, the purpose was to evaluate the 

differences between various strategies of selection. Much like when the breeding goal was to 

increase DMI, when aiming to decrease DMI, production traits saw the greatest change in relative 

emphasis in the selection index. Relative weightings within the index for fat yield ranged from 

27.06% for -DMI (0.60/-0.30) to 53.70% for -DMI (0.7/-0.3). Relative weightings for protein yield 

ranged from 1.30% for -DMI (0.70/-0.30) to 23.72% for -DMI (0.60/-0.30). Though these ranges 

contain extreme values, the majority of the index scenarios assigned fat yield and protein yield a 

relative emphasis around 50% and 16%, respectively. Following the same trend, fertility traits also 

had scenarios where there were extreme values for the relative weightings when compared to the 

base. The scenario of -DMI (0.60/-0.30) contained the highest weightings for both fertility traits, 

where AFS was weighted at 12.32% of the index and FSTC was weighted at 26.76%, a 9.00% and 

an 11.00% increase in weighting from the base index, respectively.  

The other highest relative weight for FSTC, when decreasing DMI was added to the index 

and breeding objective, was found in scenario -DMI (0.70/-0.30), where it was weighted at 

<1.00%. The health traits saw lower weightings, compared to production and fertility. The majority 

of scenarios had CK weighted on average at 9.40%, with the exception of -DMI (0.70/-0.30) and 

-DMI (0.60/-0.30) where it was weighted at 13.92% and 4.43%, respectively. A similar trend was 
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observed for DA. The majority of scenarios weighted DA at <1.00%, except for -DMI (0.70/-0.30), 

where it was weighted at 2.35%. The novel DMI trait with a breeding objective of reducing intake 

was allotted various relative weights ranging from 5.10% for -DMI (0.70/-0.10) to 23.46% for           

-DMI (0.70/-0.30). When selecting to decrease DMI, the strong positive correlation between intake 

and production is unfavorable, as it is expected to decrease production. However, the economic 

values for the production traits are much greater than DMI ($8.90 (FY) and $5.75 (PY), versus 

$0.29 (DMI)). When calculating an economic selection index, the weights are dependent on the 

economic values and phenotypic variance of the traits in a given index scenario. With the high 

correlation between production and intake being unfavorable in this case, weights vary greatly to 

achieve an optimal index and ensure the breeding objective is met.  

The measure of feed efficiency used in this research was RFI. Residual feed intake is 

uncorrelated with production, however, the relative weights for production traits change with the 

inclusion of RFI at various correlations with fertility and health. As RFI became more correlated 

to health and fertility, the relative weighting on both production traits declined. This trend can be 

observed in Figure 2.3. At the weakest negative correlation for RFI with health and fertility, fat 

and protein yield were given relative weights of 55.55% and 15.35%, respectively. At the strongest 

negative correlation for RFI with health and fertility, fat and protein yield were given relative 

weights of 34.01% and 12.55%, respectively. The opposite trend was observed for the relative 

weights of health and fertility traits. As the correlation between RFI and health and fertility 

increased, the relative weighting of the health and fertility traits in the index also increased. At the 

weakest negative correlation, fertility traits were given relative weights of 3.00% (AFS) and 

14.35% (FSTC) and health traits were given relative weights of 10.70% (CK) and 0.06% (DA). At 

the strongest negative correlation, fertility traits had relative weights of 7.00% (AFS) and 18.40% 
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(FSTC), while health traits had relative weights of 15.15% (CK) and 1.13% (DA). The same trend 

was observed in the relative weighting of RFI as was observed with the health and fertility traits.  

As RFI and health and fertility became more negatively correlated, RFI was given a higher 

weight in the index. These weights ranged from 0.97% at the least negative correlation to 11.74% 

at the most negative correlation. With health and fertility being unfavorably correlated to RFI, it 

is logical that as the correlation between these traits becomes stronger, a larger emphasis is required 

on health and fertility. This helps prevent unfavorable decreases in health and fertility traits and 

achieve an optimal response to the breeding objective. This increase in relative emphasis on health 

and fertility traits in the index could account for the observed trend where the relative emphasis on 

production traits decrease, as correlations between health and fertility became more negative.   

 Value of Feed Intake and Efficiency Inclusion. The value of including either DMI or RFI 

was assessed by calculating the efficiency of the various index scenarios relative to the base index 

without a feed intake or efficiency trait (Dekkers et al., 2004). Consequently, the change in 

expected response of the aggregate genotype was used as a measure of the value of including the 

novel trait, at various correlations, into the index. The efficiency of an index is directly related to 

the change in accuracy between the reduced index and the full index (Dekkers et al., 2004). For 

the purposes of this research, the efficiency calculation was used to determine how including DMI 

or RFI at various correlations with production, health, and fertility would affect the response 

observed in the index. 

Expected response to selection for the base index was $71.12 per year. The inclusion of 

DMI when looking to increase intake increased the overall response to selection of the index up to 

8.21% (+DMI (0.70/-0.30)). Expected response to selection varied from $75.22 for +DMI (0.50/-

0.10) to $76.96 for +DMI (0.70/-0.30). The incorporation of DMI with the goal of reducing intake 
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had, as expected, the opposite result to increasing intake. In all cases the base index had a greater 

overall response to selection than scenarios where decreasing intake was favored. The greatest 

reduction was observed in -DMI (0.70/-0.30), where the base index was 7.47% better than when a 

breeding objective of decreasing DMI was included. Expected response to selection ranged from 

$65.80 for -DMI (0.70/-0.30) to $67.55 for -DMI (0.50/-0.10). This means that selecting for a 

reduction in DMI is not favorable, as it is less profitable than the base index.  

Interestingly, the inclusion of RFI did not have a significant impact on the overall response 

to selection of the index scenarios. At the weakest negative correlation between RFI and health 

and fertility, the response to selection was less than 0.01% better than the base index. At the 

strongest negative correlation, the index including RFI was only 0.90% better than the base index. 

Expected response to selection ranged from $71.12 for RFI (-0.10) to $71.79 for RFI (-0.50). These 

results indicate that including RFI does not appear to have a significant impact on index response.  

2.4.2 Trait Response to Selection  

 Trait response to selection was assessed by comparing the response to selection for each 

trait in the indexes which contain either DMI or RFI to the response to selection estimated for each 

trait in the base index. In the base index, the response to selection for the production traits was 

estimated to be 5.54 kg ($49.32) and 3.19 kg ($18.33) for FY and PY, respectively. Fertility traits 

had an estimated response to selection of -0.20 days ($0.51) and -0.34 days ($1.14) for AFS and 

FSTC, respectively. Finally, health traits had an estimated response of less than 0.01 for both CK 

and DA. This translated into an annual monetary genetic gain of $0.81 for CK and $1.01 for DA. 

Table 2.3 presents natural genetic gain and Table 2.4 presents annual monetary genetic gain 

(AMGG) for all analyzed scenarios. 
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 Through the inclusion of selecting to increase DMI, FY had a very slight decrease in 

response to selection, and PY had a very slight increase in response to selection. Age at first service 

had a favorable response to selection, the response to selection for FSTC and DA varied depending 

on the correlations analyzed. Finally, CK had an unfavorable response to selection in all scenarios. 

The AMGG for FY ranged from $48.79 (5.48 kg) to $49.03 (5.51 kg) and for PY from $18.36 

(3.19 kg) to $18.57 (3.23 kg) for scenarios +DMI (0.50/-0.30) and +DMI (0.70/-0.10), 

respectively. This translates into on average a decrease in response to selection of 0.82% for FY 

and an increase in response to selection of 0.68% for PY, compared to the base scenario.  

Age at first service ranged in response to selection from $0.53 (-0.21) days to $0.61 (-0.24 

days), for scenarios +DMI (0.50/-0.10) and +DMI (0.60/-0.30), respectively. This led to a 

favorable increase in response to selection on average of 11.53% in AFS when selecting to increase 

dry matter was included into the index. For the most part the same trend was observed in FSTC. 

A favorable increase in response to selection was observed in the majority of scenarios, with the 

exception of when health and fertility were correlated at -0.10 with DMI, when an unfavorable 

response was observed. The most unfavorable response was in scenario +DMI (0.70/-0.10), where 

the response to selection was 3.40% less than the base scenario. In contrast, the most favorable 

response was in scenario +DMI (0.70/-0.30), where the response to selection was 12.69% greater 

than the base scenario. Clinical ketosis did not have a favorable response to selection when 

increased DMI was included to the breeding goal. The most unfavorable response was observed 

in scenario +DMI (0.70/-0.10) where the response was 6.39% lower than the base scenario. On 

average CK had a response to selection 2.87% lower than the base. In contrast, DA had an average 

response to selection 3.28% greater than the base, when increasing DMI was included into the 

selection index.  
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 With variation in response to selection observed, it can be said that the impact of selecting 

to increase DMI may be impacted by the correlations between traits. It was thought that increasing 

DMI would allow for more nutrients available to the animal leading to better health and fertility, 

as such all the correlations investigated were favorably negative. It is plausible however, that there 

could be positive or no correlation between DMI and health and fertility traits. These were not 

investigated though, should the correlation be positive, the opposite response to selection as 

observed in this study. Additionally, the two fertility traits analyzed in this work focused on two 

different life stages, heifer and first lactation cow. This could also have impact on the correlation 

between DIM and fertility.  Based on the results of this study, increasing intake has the potential 

to lead to an increase in farm costs, as more feed will be needed. In addition, selection to increase 

intake in the manner presented, does not translate into increasing efficiency, which is a major topic 

in Canada (Efficient Dairy Genome Project, 2018).  

 In general producers consider selecting to reduce DMI undesirable, as there is the potential 

for a reduction in production and increase in fertility challenges and incidences of disease (Gonzá 

et al., 2008). In this study, selecting to reduce DMI had a negative impact on most of the traits 

considered. Some small favorable responses to selection were observed in FY and CK, but for the 

most part all traits responded unfavorably. The greatest response to selection in FY was observed 

in the scenario -DMI (0.70/-0.30), where FY had 0.82% greater response than the base. Protein 

yield responded unfavorably to the inclusion of decreasing DMI, with a maximum reduction in 

response to selection of 1.79% compared to the base. Fertility traits in general had an unfavorable 

response with the inclusion of decreasing DMI. On average AFS had a response to selection 

17.19% less than the base scenario. The greatest decrease in response observed in the scenario -

DMI (0.7/-0.30), where the response was 34.85% lower than the base. The difference between the 
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base for FSTC was less dramatic compared to AFS, as on average FSTC had a response of 3.20% 

less than the base scenario.  

 Health traits had a slightly different trend in the results, compared to fertility traits. 

Including reducing DMI into the selection index led to a favorable response in CK. This is in 

contrast to other studies, which suggest decreasing DMI leads to a higher risk for CK and other 

metabolic disease (Steen, 2001; Gonzá et al., 2008; Goldhawk et al., 2009). On average CK had a 

favorable response to selection, 3.44% greater than the base scenario. There is potential that the 

slight reduction in production, and increase in the number of days not in calf contributed to the 

favorable response observed in CK. In contrast, including the decrease of DMI had an unfavorable 

impact on DA. On average, there was an unfavorable response to selection of 3.46% less than the 

base scenario. With these largely variable responses to selection when decreasing DMI, along with 

producer hesitation, selection to reduce DMI may not be an advantageous trait to add into a 

selection index.  

 This study included RFI as a measure of feed efficiency, and when included into the 

selection index in general had little impact on the other traits. Unsurprisingly, due to the traits 

being uncorrelated, there was very little change in the response of the production traits compared 

to the base. This result should be taken with caution as in this work RFI is assumed to be genetically 

and phenotypically uncorrelated with production. Some studies have suggested that RFI is in fact 

genetically correlated with milk yield. Van Arendonk et al. (1991), looked at the correlation 

between RFI and milk yield at two stages of lactation. It was found that in the first 105 DIM RFI 

and milk yield were genetically correlated at 0.02, however at 305 DIM RFI and milk yield were 

correlated at -0.12. In addition, Veerkamp et al. (1995) found a genetic correlation between 180 
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DIM milk yield and RFI of 0.04. While these correlations are not strong, they may have an impact 

on response to selection, and should be estimated using more recent data.  

The largest change compared to the base scenario was observed in scenario RFI(-0.50). In 

this scenario, FY had a greater response to selection of 0.39% and PY had a greater response to 

selection of 1.59% compared to the base. A slightly unfavorable response to selection was 

observed in AFS and CK. On average AFS had a response of 0.85% less than the base and CK has 

a response of 1.90% less than the base. Other traits, FSTC and DA, had a small average favorable 

response of 1.39% and 6.08%, respectively, when compared to the base. With this little impact on 

the existing traits within the current index, it may appear that RFI is the optimal trait to include in 

a selection index. However, this small impact may be due to the relatively small index weight for 

RFI. Therefore, further work should be done on the impact of a varying index weight for RFI prior 

to its inclusion into a selection index.  

 

2.5 CONCLUSIONS 

 

This study presents a preliminary look at the value of adding a novel feed intake (DMI) or 

feed efficiency (RFI) trait into a Canadian selection index. A greater expected index response to 

selection was observed when the breeding goal reflected a desire to increase dry matter intake, 

when compared to the base index. While this seems positive, selecting to increase intake has the 

potential to lead to higher farm costs, which is not favorable. Conversely, selecting to decrease 

DMI led to a decrease in overall genetic gain when compared to the base index. Generally, traits 

responded unfavorably when selecting to reduce DMI, and therefore reducing DMI would be 

cautioned against.  
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The inclusion of RFI appeared to have the lowest impact on overall index response to 

selection when compared to the base, with a slight increase in genetic gain over the base observed. 

Residual feed intake appears to have the least amount of overall impact on the index response and 

individual traits response to selection when included in the index, compared to including DMI. 

Based on these results, RFI may be a trait of interest should Canada look to select to improve the 

feed efficiency of dairy cattle. However, since RFI has a relatively low index weight, this may 

contribute to the low impact on the index response to selection. Therefore, future research should 

be done to determine the effects of RFI having an increased index weight. Additionally, further 

work is needed to determine the optimal method for including such a trait as there are limitations 

to selecting on a residual trait. 
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Table 2.1: Definitions of all currently evaluated and novel traits under investigation 

Trait Abbreviation Trait Definition 

Fat Yield FY Fat yield, in kilograms, during a 305-day lactation 

Protein Yield PY Protein yield, in kilograms, during a 305-day lactation 

Age at First Service AFS Number of days from birth to first insemination of the animal 

First Service to Conception – First 

Lactation Cow 
FSTC Number of days from first service to conception in first lactation  

Clinical Ketosis CK Binary scored trait (0-no case/unknown, 1-at least one case of clinical ketosis) in first lactation  

Displaced Abomasum DA 
Binary scored trait (0-no case/unknown, 1-at least one case of displaced abomasum) in first 

lactation 

Dry Matter Intake         DMI Total amount of dry matter consumed by an animal in the first 150 DIM, measured in kilograms 

Residual Feed Intake RFI 
Total difference between animal’s actual feed intake and expected feed intake in the first 150 

DIM, measured in kilograms 
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Table 2.2a: Relative index weights1, expected response in the aggregate genotype (per year), and efficiency of variations of the base index 

when increasing dry matter intake is included as a breeding goal in economic selection indexes2 

  Indexes 

 Base 

+DMI 

(0.50/        

-0.10) 

+DMI 

(0.50/        

-0.20) 

+DMI 

(0.50/        

-0.30) 

+DMI 

(0.60/        

-0.10) 

+DMI 

(0.60/        

-0.20) 

+DMI 

(0.60/        

-0.30) 

+DMI 

(0.70/         

-0.10) 

+DMI 

(0.70/        

-0.20) 

+DMI  

(0.70/        

-0.30) 

Relative Index Weights          

Fat Yield 256.79 256.36 258.64 260.66 254.96 258.60 262.77 251.63 257.93 268.91 

Protein Yield 70.76 69.55 71.87 76.45 68.22 71.54 78.67 65.27 70.59 86.50 

Age at First   

Service  
-13.55 -13.00 -13.30 -15.76 -12.89 -13.11 -16.31 -12.70 -12.81 -18.95 

First Service to 

Conception 
-65.72 -64.88 -65.94 -71.03 -64.54 -65.56 -72.22 -63.88 -64.94 -77.69 

Clinical Ketosis  -48.89 -48.49 -47.93 -50.25 -48.96 -47.72 -50.05 -50.17 -47.65 -50.80 

Displaced 

Abomasum 
0.36 0.66 -0.10 -1.58 1.08 -0.01 -2.33 2.034 0.28 -4.90 

Dry Matter 

Intake 
- 36.04 28.62 16.30 39.14 29.96 13.18 45.38 32.38 -1.01 

Expected 

Response per 

Year 

$71.12 $75.22 $75.38 $75.57 $75.91 $76.07 $76.26 $76.61 $76.75 $76.96 

Efficiency of 

Index3 - 5.76% 5.99% 6.26% 6.74% 6.96% 7.23% 7.72% 7.92% 8.21% 

1Index weights were standardized by the trait’s genetic standard deviation. 
2Selection indexes were designed assuming an average of 30 progeny records were available for the genetic evaluation of sires for all traits. 
3Efficiency of the index was defined as the response expected in the index selecting for an increase in dry matter intake relative to the response expected in the 

base index and was used to assess the value of including the novel trait into a selection index. This is presented as percentage greater than or less than the base 

index response.  



 

 44 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2b: Relative index weights1, expected response in aggregate genotype (per year), and efficiency of variations of the base index when 

decreasing dry matter intake is included as a breeding goal in economic selection indexes2   

  Indexes 

 Base 

-DMI 

(0.50/        

-0.10) 

-DMI 

(0.50/       

-0.20) 

-DMI 

(0.50/       

-0.30) 

-DMI 

(0.60/       

-0.10) 

-DMI 

(0.60/       

-0.20) 

-DMI 

(0.60/        

-0.30) 

-DMI 

(0.70/         

-0.10) 

-DMI 

(0.70/        

-0.20) 

-DMI  

(0.70/       

-0.30) 

Relative Index Weights          

Fat Yield 256.79 258.15 260.24 266.46 258.73 264.07 341.79 259.54 276.34 223.08 

Protein Yield 70.76 74.14 81.16 117.71 74.60 85.79 299.85 75.33 102.08 5.35 

Age at First Service  -13.55 -15.51 -20.37 -48.32 -15.43 -21.67 -155.63 -15.43 -27.31 20.24 

First Service to 

Conception 
-65.72 -68.98 -77.95 -130.51 -68.90 -80.75 -337.98 -337.98 -92.39 1.59 

Clinical Ketosis  -48.89 -49.55 -50.66 -55.90 -49.85 -50.30 -55.91 -50.72 -49.94 -57.82 

Displaced Abomasum 0.36 0.36 -0.69 -2.97 0.66 -0.83 -4.47 1.37 -1.06 -9.77 

Dry Matter Intake - -32.65 -41.96 -59.99 -30.18 -41.78 -67.34 -25.36 -42.25 -97.40 

Expected Response per 

Year 
$71.12 $67.55 $67.39 $67.29 $66.78 $66.60 $66.52 $65.99 $65.81 $65.80 

Efficiency of Index3 - -5.02% -5.25% -5.38% -6.11% -6.35% -6.46% -7.21% -7.46% -7.47% 
1Index weights standardized by genetic standard deviation.   
2Selection indexes were designed assuming an average of 30 progeny records were available for the genetic evaluation of all traits. 
3Efficiency of the index was defined as the response expected in the index selecting for an increase in dry matter intake relative to the response expected in base 

index and was used to assess the value of including the novel trait into a selection index. This is presented in percentage greater or less than the base index.  
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Table 2.2c: Relative index weights1, expected response in aggregate genotype (per year) and efficiency of variations of inclusion of residual feed intake as a 

breeding goal in economic selection indexes2 

  Indexes 

 Base 
RFI  

(-0.10) 

RFI 

(-0.20) 

RFI 

(-0.30) 

RFI 

(-0.40) 

RFI 

(-0.50) 

Relative Index Weights 

Fat Yield 256.79 256.51 255.49 253.22 247.74 227.49 

Protein Yield 70.76 70.88 71.33 72.32 74.73 83.97 

Age at First Service  -13.55 -13.87 -13.00 -17.51 -23.57 -46.92 

First Service to Conception -65.72 -66.28 -68.26 -72.69 -83.38 -123.07 

Clinical Ketosis  -48.89 -49.43 -51.29 -55.45 -65.47 -101.34 

Displaced Abomasum  0.36 0.30 0.16 -0.14 -0.87 -7.57 

Residual Feed Intake  - -4.49 -9.16 -16.12 -29.89 -78.54 

Expected Response per Year $71.12 $71.12 $71.14 $71.19 $71.32 $71.79 

Efficiency of Index3 - 0.01% 0.03% 0.10% 0.29% 0.94% 

1Index weights standardized by genetic standard deviation.  
2Selection indexes were designed assuming an average of 30 progeny records were available for the genetic evaluation of all traits. 
3Efficiency of the index was defined as the response expected in the index selecting for an increase in dry matter intake relative to the response expected in base 

index and was used to assess the value of including the novel trait into a selection index. This is presented in percentage greater or less than the base index. 
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Table 2.3a: Expected response per year in natural genetic gain1 

  Traits  

 FY, kg PY, kg AFS, days 

FSTC, 

days CK, case DA, case +DMI, kg -DMI, kg RFI, kg  

Base 5.541 3.188 -0.198 -0.340 -0.003 -0.001 - - - 

+DMI (0.5/-0.1) 5.504 3.208 -0.207 -0.339 -0.003 -0.001 14.930 - - 

+DMI (0.5/-0.2)  5.492 3.199 -0.224 -0.358 -0.003 -0.001 15.444 - - 

+DMI (0.5/-0.3) 5.482 3.193 -0.239 -0.380 -0.003 -0.002 15.910 - - 

+DMI (0.6/-0.1) 5.506 3.218 -0.205 -0.334 -0.003 -0.001 17.172 - - 

+DMI (0.6/-0.2) 5.494 3.208 -0.222 -0.355 -0.003 -0.001 17.677 - - 

+DMI (0.6/-0.3) 5.485 3.201 -0.236 -0.379 -0.003 -0.002 18.118 - - 

+DMI (0.7/-0.1) 5.509 3.230 -0.205 -0.328 -0.003 -0.001 19.378 - - 

+DMI (0.7/-0.2) 5.497 3.218 -0.221 -0.351 -0.003 -0.001 19.873 - - 

+DMI (0.7/-0.3) 5.490 3.208 -0.230 -0.383 -0.003 -0.002 20.242 - - 

-DMI (0.5/-0.1) 5.540 3.141 -0.187 -0.337 -0.004 -0.001 - 11.301 - 

-DMI (0.5/-0.2)  5.556 3.149 -0.165 -0.321 -0.004 -0.001 - 11.921 - 

-DMI (0.5/-0.3) 5.573 3.159 -0.139 -0.308 -0.004 -0.001 - 12.452 - 

-DMI (0.6/-0.1) 5.545 3.135 -0.190 -0.340 -0.004 -0.001 - 14.135 - 

-DMI (0.6/-0.2) 5.561 3.142 -0.167 -0.326 -0.004 -0.001 - 14.768 - 

-DMI (0.6/-0.3) 5.579 3.150 -0.138 -0.317 -0.004 -0.001 - 15.273 - 

-DMI (0.7/-0.1) 5.550 3.131 -0.193 -0.342 -0.004 -0.001 - 17.042 - 

-DMI (0.7/-0.2) 5.567 3.134 -0.168 -0.330 -0.004 -0.001 - 17.683 - 

-DMI (0.7/-0.3) 5.586 3.135 -0.129 -0.339 -0.004 -0.001 - 18.042 - 

RFI (-0.1) 5.542 3.188 -0.198 -0.340 -0.003 -0.001 - - 0.018 

RFI (-0.2) 5.543 3.190 -0.197 -0.340 -0.003 -0.001 - - 0.039 

RFI (-0.3) 5.545 3.195 -0.197 -0.341 -0.003 -0.001 - - 0.060 

RFI (-0.4) 5.549 3.204 -0.196 -0.344 -0.003 -0.001 - - 0.086 

RFI (-0.5)  5.563 3.204 -0.195 -0.359 -0.003 -0.002 - - 0.132 
1Selection indexes were designed assuming an average of 30 progeny records were available for the genetic evaluation. 
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Table 2.3b: Expected response per year standardized by genetic standard deviation1,2 

  Traits  

 FY PY AFS FSTC CK DA +DMI -DMI RFI  

Base 167.902 71.216 -2.504 -3.880 0.000 0.000 - - - 

+DMI (0.5/-0.1) 166.768 71.667 -2.613 -3.867 0.000 0.000 1997.316 - - 

+DMI (0.5/-0.2)  166.402 71.471 -2.831 -4.094 0.000 0.000 2066.105 - - 

+DMI (0.5/-0.3) 166.103 71.329 -3.024 -4.339 0.000 0.000 2128.498 - - 

+DMI (0.6/-0.1) 166.840 71.897 -2.596 -3.817 0.000 0.000 2297.230 - - 

+DMI (0.6/-0.2) 166.475 71.677 -2.807 -4.054 0.000 0.000 2364.786 - - 

+DMI (0.6/-0.3) 166.198 71.511 -2.983 -4.325 0.000 0.000 2423.835 - - 

+DMI (0.7/-0.1) 166.927 72.164 -2.588 -3.748 0.000 0.000 2592.377 - - 

+DMI (0.7/-0.2) 166.559 71.894 -2.788 -4.008 0.000 0.000 2658.626 - - 

+DMI (0.7/-0.3) 166.356 71.663 -2.903 -4.373 0.000 0.000 2707.929 - - 

-DMI (0.5/-0.1) 167.852 70.176 -2.370 -3.852 0.000 0.000 - 1511.867 - 

-DMI (0.5/-0.2)  168.335 70.353 -2.083 -3.668 0.000 0.000 - 1594.830 - 

-DMI (0.5/-0.3) 168.861 70.579 -1.753 -3.521 0.000 0.000 - 1665.863 - 

-DMI (0.6/-0.1) 168.000 70.038 -2.403 -3.885 0.000 0.000 - 1891.033 - 

-DMI (0.6/-0.2) 168.490 70.184 -2.106 -3.717 0.000 0.000 - 1975.648 - 

-DMI (0.6/-0.3) 169.036 70.365 -1.740 -3.621 0.000 0.000 - 2043.245 - 

-DMI (0.7/-0.1) 168.178 69.939 -2.445 -3.902 0.000 0.000 - 2279.874 - 

-DMI (0.7/-0.2) 168.673 70.017 -2.127 -3.771 0.000 0.000 - 2365.590 - 

-DMI (0.7/-0.3) 169.271 70.039 -1.631 -3.868 0.000 0.000 - 2413.687 - 

RFI (-0.1) 167.918 71.230 -2.497 -3.877 0.000 0.000 - - 0.072 

RFI (-0.2) 167.951 71.275 -2.491 -3.879 0.000 0.000 - - 0.151 

RFI (-0.3) 168.009 71.367 -2.485 -3.890 0.000 0.000 - - 0.235 

RFI (-0.4) 168.133 71.582 -2.479 -3.924 0.000 0.000 - - 0.335 

RFI (-0.5)  168.560 72.347 -2.461 -4.100 0.000 0.000 - - 0.514 
1Selection indexes were designed assuming an average of 30 progeny records were available for the genetic evaluation. 
2Genetic standard deviations presented in Appendix I, Table 2.5  
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Table 2.4:  Expected response per year in monetary genetic gain ($CND)1,2 

  Traits  

 FY PY AFS FSTC CK DA +DMI -DMI RFI 

Base  49.32 18.33 0.51 1.14 0.81 1.01 - - - 

+DMI (0.5/-0.1) 48.98 18.45 0.53 1.14 0.78 1.01 4.33 - - 

+DMI (0.5/-0.2)  48.88 18.40 0.58 1.20 0.80 1.05 4.48 - - 

+DMI (0.5/-0.3) 48.79 18.36 0.61 1.28 0.81 1.11 4.61 - - 

+DMI (0.6/-0.1) 49.01 18.51 0.53 1.12 0.77 1.00 4.98 - - 

+DMI (0.6/-0.2) 48.90 18.45 0.57 1.19 0.79 1.04 5.13 - - 

+DMI (0.6/-0.3) 48.82 18.41 0.61 1.27 0.81 1.10 5.25 - - 

+DMI (0.7/-0.1) 49.03 18.57 0.53 1.10 0.76 0.99 5.62 - - 

+DMI (0.7/-0.2) 48.92 18.50 0.57 1.18 0.78 1.03 5.76 - - 

+DMI (0.7/-0.3) 48.86 18.45 0.59 1.29 0.81 1.09 5.87  - - 

-DMI (0.5/-0.1) 49.30 18.06 0.48 1.13 0.84 1.01 - -3.28 - 

-DMI (0.5/-0.2)  49.45 18.11 0.42 1.08 0.83 0.96 - -3.46 - 

-DMI (0.5/-0.3) 49.60 18.17 0.36 1.04 0.82 0.93 - -3.61 - 

-DMI (0.6/-0.1) 49.35 18.03 0.49 1.14 0.85 1.02 - -4.10 - 

-DMI (0.6/-0.2) 49.49 18.06 0.43 1.09 0.84 0.97 - -4.28 - 

-DMI (0.6/-0.3) 49.65 18.11 0.35 1.07 0.83 0.94 - -4.43 - 

-DMI (0.7/-0.1) 49.40 18.00 0.50 1.15 0.85 1.04 - -4.94 - 

-DMI (0.7/-0.2) 49.54 18.02 0.43 1.11 0.85 0.98 - -5.13 - 

-DMI (0.7/-0.3) 49.72 18.03 0.33 1.14 0.86 0.96 - -5.23 - 

RFI (-0.1) 49.32 18.33 0.51 1.14 0.81 1.01 - - -0.01 

RFI (-0.2) 49.33 18.35 0.51 1.14 0.81 1.02 - - -0.01 

RFI (-0.3) 49.35 18.37 0.51 1.14 0.81 1.04 - - -0.02 

RFI (-0.4) 49.39 18.42 0.50 1.15 0.80 1.08 - - -0.02 

RFI (-0.5)  49.51 18.62 0.50 1.21 0.76 1.23 - - -0.04 
1Monetary genetic gain estimated for each trait. A negative value means that selection on the proposed index would move the trait in an unfavorable direction. 
2Selection indexes were designed assuming an average of 30 progeny records were available for the genetic evaluation.   
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2.8 FIGURES 

 
 
Figure 2.1: Relative emphasis of traits in the selection index with various correlations between dry matter intake (when selecting to increase intake), with 

production and with health and fertility. It was assumed an average of 30 progeny records were available for genetic evaluation of sires. Unlabeled bars are traits 

with less than 5% relative emphasis in the total index. 
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Figure 2.2: Relative emphasis of traits in variations of potential correlations between dry matter intake when selecting to decrease intake with 

production and with health and fertility. It was assumed an average of 30 progeny records were available for genetic evaluation. Unlabeled bars 

are traits with less than 5% relative emphasis in the total index.  
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Figure 2.3: Relative emphasis of traits in variations of potential correlations between residual feed intake with health and fertility. It was assumed an average of 

30 progeny records were available for genetic evaluation. Unlabeled bars are traits with less than 2% relative emphasis in the total index, with the exception of 

RFI, where all percentages are presented. 
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2.9 APPENDIX I 
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𝐆 =

[
 
 
 
 
 
 
𝜎𝑔(1,1)

2 𝜎𝑔(1,2) . . . 𝜎𝑔(1,6)

𝜎𝑔(2,1) . . . . .
. . . . . .
. . . . . .
. . . . . 𝜎𝑔(5,6)

𝜎𝑔(6,1) . . . 𝜎𝑔(6,5) 𝜎𝑔(6,6)
2

]
 
 
 
 
 
 

 

Description of Selection Index Matrix Variables 

𝜎𝑝(𝑗,𝑗)
2 : Phenotypic variance for the jth trait.  

𝜎𝑔(𝑗,𝑗)
2 : Additive genetic variance for the jth trait.  

𝜎𝑝(𝑗,𝑙): Phenotypic co-variance between the jth and lth traits. 

𝜎𝑔(𝑗,𝑙): Additive genetic co-variance between the jth and lth traits. 

𝑎𝑛 : The additive genetic relationship between the animal on which the trait was recorded and the breeding candidate. Daughter records were assumed as the 

available source of information for all traits, so the additive genetic relationship was 0.5.  

𝑛 : Number of records used for sire genetic evaluation. Assumed to be 30 daughter records in all scenarios.  

ℎ𝑗
2: Heritability of the jth trait.  

All example matrices are for the base scenario. The same methods of calculation were used for all scenarios containing novel traits. 
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Table 2.5: Economic values, genetics and phenotypic standard deviations, heritability, and genomic accuracies used as input parameters 

Trait, units 
Economic Value 

($CAD) 

Genetic Standard 

Deviation 

Phenotypic 

Standard Deviation 
Heritability 

Genomic 

Accuracy 

Fat Yield, kg 8.90 30.306 56.579 0.2610 0.80 

Protein Yield, kg 5.75 22.346 43.159 0.2610 0.79 

Age at First Service, days -2.571 12.647 48.029 0.058 0.69 

First Service to Conception, days -3.362 11.427 33.359 0.078 0.74 

Clinical Ketosis, incidence -233.003 0.048 0.159 0.048 0.61 

Displaced Abomasum, incidence -707.004 0.058 0.169 0.068 0.59 

Dry Matter Intake, kg 0.295 
133.78 219.94 0.3711 0.5912 

Residual Feed Intake, kg   -0.295 
3.91 8.15 0.2311 0.4013 

1Lang, 2016. 2De Vries et al., 2004. 3Gohary et al., 2016. 4McArt et al., 2015. 5Richardson, 2017. 6 Interbull 2018. 7Jamrozik and Kistemaker, 2016. 8Jamrozik 

et al., 2016. 9Martin et al., 2018. 10 Canadian Dairy Network, 2016. 11Byskov et al., 2017.12Miglior et al., 2017 13Pryce et al., 2014 
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Table 2.6: Genetic correlations (below diagonal) and phenotypic correlations (above diagonal) used in the base scenario1 

 FY PY AFS FSTC CK DA 

FY  0.86 -0.08 0.16 0.03 0.00 

PY 0.682  -0.07 0.19 0.01 -0.02 

AFS -0.023 -0.044  0.02 -0.06 0.01 

FSTC -0.044 0.114 0.105  0.01 0.01 

CK -0.413 -0.353 0.003 -0.334  0.03 

DA -0.033 0.023 0.003 0.264 0.646  
1PY = protein yield, FY = fat yield, AFS = age at first service, FSTC = first service to conception for first lactation cows, CK = clinical ketosis, DA = displaced 

abomasum 
2Miglior et al., 2007. 3Thomas, 2011. 4Martin et al., 2018. 5 Jamrozik and Kistemaker, 2016. 6Koeck et al., 2012. 
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Table 2.7: Additive genetic (co)variance matrix used in the design of the base selection index scenario1,2 

 FY PY AFS FSTC CK DA 

Fat Yield  918.0003  460.256  -7.660  -13.841  -0.494  -0.043 

Protein Yield   499.0003  -11.294  28.062  -0.311  0.021 

Age at First 

Service 
   159.7754  14.435  0.000  0.000 

First Service to 

Conception 
  Symmetric  130.4224  -0.150  0.140 

Clinical Ketosis       0.0025  0.001 

Displaced 

Abomasum 
      0.0025 

1Genetic variances and co-variances were calculated using correlations from Martin et al. (2018). 
2 FY: Fat yield, PY: protein yield, AFS: age at first service, FSTC: first service to conception in first lactation, CK: incidence of clinical ketosis in first 

lactation, DA: incidence of DA in first lactation. 
3Interbull Centre, 2018. 4Jamrozik and Kistemaker, 2016  5Jamrozik et al., 2016. 
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Table 2.8: Phenotypic (co)variance matrix used in the design of the base selection index scenario1 

 FY PY AFS FSTC CK DA 

Fat Yield 3200.165 2099.256 -217.319 301.858 0.255 0.000 

Protein Yield  1861.923 -145.044 273.420 0.065 -0.138 

Age at First Service    2305.920 32.029 -0.432 0.077 

First Service to 

Conception 
  Symmetric 1112.223 0.050 0.053 

Clinical Ketosis      0.023 0.001 

Displaced 

Abomasum 
     0.026 

1Phenotypic variances were obtained from Martin et al. (unpublished data, 2018) and co-variances were calculated using correlations obtained from Martin et 

al. (unpublished data, 2018).  
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Table 2.9: Phenotypic (co)variance matrix for the base index scenario, adjusted for sources of information used in selection index design1 

 FY PY AFS FSTC CK DA 

Fat Yield 508.826 292.423 -10.946 3.372 -0.230 -0.021 

Protein Yield  296.0457 -10.294 22.677 -0.148 0.006 

Age at First Service    132.590 8.045 -0.014 -0.003 

First Service to 

Conception 
  Symmetric 74.704 -0.071 0.069 

Clinical Ketosis      0.001 0.001 

Displaced 

Abomasum 
     0.002 

1Refer to supplementary material for a description of how (co)variance elements of P matrix were calculated. 
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Table 2.10: Matrix of (co)variances between sources of phenotypic information and the aggregate genotype1 

 FY PY AFS FSTC CK DA 

Fat Yield 459.000 230.118 -3.830 -6.920 -0.247 -0.021 

Protein Yield   249.500 -5.647 14.031 -0.156 0.011 

Age at First Service    79.888 7.218 0.000 0.000 

First Service to 

Conception 
  Symmetric  65.211 -0.075 0.070 

Clinical Ketosis      0.001 0001 

Displaced 

Abomasum  
     0.001 

1Refer to supplementary material for a description of how (co)variance elements of C matrix were calculated.  
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2.10 APPENDIX II 

##SELECTION INDEX CALCULATIONS - CHAPTER 2 - M.Sc THESIS ### 

##KERRY HOULAHAN ###  

##M.SC THESIS 2018 ### 

 

######################################################################

######################### 

#To run this code, you will need: 

#correlation matrix with phenotype on the upper triangle, genetic on 

the lower triangle and heritability on diagonal 

#crate vectors of phenotypic variance and genetic variance - need to 

have one for each scenario where a new/different trait is added 

#create vectors of economic values need to have one for each scenario 

where a new/different trait is added, OR new economic value is given 

to a trait 

##vg = G for index  

##wp = P for index 

##wc = C for index 

######################################################################

######################### 

setwd("~/OneDrive - University of Guelph/M. Sc - Animal 

Science/Projects/OCE/Thesis/Results/Selection_Index/6_Traits") 

library(matrixcalc) 

require(matrixcalc) 

#Correlation Matrix - Phenotypic (Upper), Genetic (Lower), 

Heritability (Diagonal) 

mynames=c("FY","PY","AFS","FSTC","CK","DA","DMI1","DMI2","DMI3","DMI4"

,"DMI5","DMI6","DMI7","DMI8","DMI9","DMI10","DMI11","DMI12","DMI13","D

MI14","DMI15","DMI16","DMI17","DMI18","DMI19","DMI20","DMI21","DMI22",

"DMI23","DMI24","DMI25","DMI26","DMI27","DMI28","DMI29","DMI30","DMI31

","DMI32","DMI33","DMI34","DMI35","DMI36","DMI37","DMI38","DMI39","DMI

40","RFI1","RFI2","RFI3","RFI4","RFI5") 

cp=read.csv('correlations_6Trait.csv', header=FALSE, 

sep=",",col.names= mynames, na.strings=c("","NA")) #read in 

cp<-as.matrix(cp)#set data set to be a matrix 

 

 

p0=as.vector(c(3200.1649,  

               1861.9225, 

               2305.9204, 

               1112.2225, 

               0.0225, 

               0.0256)) #phenotypic variance for base  

 

pd=as.vector(c(3200.1649,  

               1861.9225, 

               2305.9204, 

               1112.222, 

               0.0225, 

               0.0256, 
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               48373.6036)) #phenotypic variance for traits where 

48373.6036 = DMI 

 

pr=as.vector(c(3200.1649, 

               1861.9225, 

               2305.9204, 

               1112.2225, 

               0.0225, 

               0.0256, 

               66.38)) #phenotypic variance for traits where 66.38 = 

RFI 

g0=as.vector(c(918, 

               499, 

               159.7752, 

               130.4224, 

               0.0015834, 

               0.00222)) 

 

gd=as.vector(c(918, 

               499, 

               159.7752, 

               130.4224, 

               0.0015834, 

               0.002226, 

               17898.2333))#genetic variance for traits where 

17898.2333 = DMI 

gr=as.vector(c(918, 

               499, 

               159.7752, 

               130.4224, 

               0.0015834, 

               0.002226, 

               15.2674))#genetic variance for traits where 15.2674 = 

RFI 

v1=as.vector(c(8.9,   #economic values for base  

               5.75, 

               -2.57, 

               -3.36, 

               -233.00, 

               -707.00)) 

v2=as.vector(c(8.9,   #positive economic value for DMI 

               5.75, 

               -2.57, 

               -3.36, 

               -233.00, 

               -707.00, 

               0.29)) 

v3=as.vector(c(8.9,   #negative economic value for DMI and economic 

value for RFI 

               5.75, 

               -2.57, 

               -3.36, 
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               -233.00, 

               -707.00, 

               -0.29)) 

 

s0=cp[1:6,1:6] #create matrix of just needed correlations  

s1=cp[1:7,1:7]#create matrix of just needed correlations 

for (i in 2:45){  #creating correlation matric for all specific 

scenarios   

  j=i+6 #where 6 is the number of traits in the base  

  sx=cp[c(1:6,j),c(1:6,j)] #pulling the correct first 6 traits, plus 

the novel trait out of the large correlation matrix for each scenario 

  assign(paste0("s",i),sx)} 

a=0:45 #creating variable for loop  

for (scen in 0:45){#loop over scenario number - eventually have 0:45 

once you know it works  

  if (scen < 1){ 

    p=p0} 

  if (scen>0&&scen<=40){ #if scenario is less than or equal to 

scenario 20 use the phenotypic variance vector that contains DMI  

    p=pd} 

  if (scen >=41){   #if scenario is greater than or equal to scenario 

21 use the phenotypic variance vector that contains RFI 

    p=pr}  

  if (scen < 1){ 

    g=g0} 

  if (scen>0&&scen<=40){ #if scenario is less than or equal to 

scenario 20 use the genetic variance vector that contains DMI  

    g=gd} 

  if (scen >=41){  #if scenario is greater than or equal to scenario 

21 use the genetic variance vector that contains RFI 

    g=gr}  

  if (scen < 1){  #if scenario is the base then use the economic 

values for the base  

    v=v1} 

  if (scen>0&&scen<=20){   #if scenario DMI1 through DMI20 then use 

the economic value for postive DMI 

    v=v2}  

  if (scen>20&&scen<=45){    #if scenario is the scenario is DMI21 

through RFI25 then use the economic value for negative DMI and RFI 

    v=v3} 

  a<-paste0("s",scen) #link scenario vector to scenario number  

  aa<-get(a) 

  corr=aa #create subset matrix for the scenario 

  vp<-matrix(NA,nrow=dim(corr)[1],ncol=dim(corr)[1])#create empty 

square matrix with dimentions = # traits  

  vg<-matrix(NA,nrow=dim(corr)[1],ncol=dim(corr)[1])#create empty 

square matrix with dimentions = # traits  

  for(i in 1:dim(corr)[1]){ 

    for(j in 1:dim(corr)[1]){ 

      if(j==i) {  

        vp[i,j]<-p[i]#if on diagonal set equal to the phenotypic 

variance 
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      } else if (i<j) { #if off diagonal (upper triangle) than perform 

correlation to covariance calculation  

        fu<-(corr[i,j]*(sqrt(p[i]*p[j])))  

        vp[i,j]<-fu #place values from the calculation into the matrix  

        vp[j,i]<-fu 

      } 

      if (j==i){ 

        vg[i,j]<-g[i]#if on diagonal set equal to the genetic variance 

      }else if (i>j) { 

        lu<-(corr[i,j]*(sqrt(g[i]*g[j])))#if off diagonal (upper 

triangle) than perform correlation to covariance calculation  

        vg[i,j]<-lu  #place values from the calculation into the 

matrix 

        vg[j,i]<-lu 

      }  

    } 

  } 

  if (!dim(corr)[1]==dim(corr)[2]){ #Check to ensure the matrix is 

square 

    print("PROBLEM!!") 

    stop() #if stop doesn’t work try exit as the function  

  } 

  pdtest=is.positive.definite(vg) #testing if vg is positive definite  

  #following the method of Schaeffer (2014) 

  dd=eigen(vg,symmetric=TRUE) #eign values for testing positive 

definite 

  U<-dd$vectors #creation of U matrix  

  U<-as.matrix(U) 

  D<-diag(dd$values, nrow=length(dd$values),ncol=length(dd$values)) 

#creation of D matric  

  diagD=diag(D) 

  for (i in 1:dim(D)[1]){ 

    if (diagD[i]<0){ #for values less than 0 (negative values) 

      s=(diagD[i]*2) #take negative value and multiple by 2  

      t=(s*s)*100+1 #square value multiple by 100 and add 1  

      n1=t*(s-diagD[i])*(s-diagD[i])/t  

      D[D<0]<-n1 #replace negative value in D with the new value  

      UDU=U%*%D%*%t(U) #create new bent matrix (it is symmetric) 

      vg=0.5*(UDU+t(UDU))} #put matrix into a form where R will accept 

it as symmetric  

  } 

  assign(paste0("pdtest",scen),pdtest) #assigning output to scenario 

number  

  assign(paste0("vp",scen),vp) #assigning output to scenario number  

  assign(paste0("vg",scen),vg) #assigning output to scenario number  

  wp<--matrix(NA,nrow=dim(vp)[1],ncol=dim(vp)[1]) #P matrix for Index 

  wc<--matrix(NA,nrow=dim(vg)[1],ncol=dim(vg)[1]) #C matrix for Index 

  n=30 #number of progeny records 

  ar=0.5 #genetic relationship between selection candidate and 

information source  

  L=3.55 #generation interval 

  I=1 #selection intensity  
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  for(i in 1:dim(corr)[1]){ 

    for(j in 1:dim(corr)[1]){ 

      if(j==i) {  

        mu1<-((p[i]*((1+(n-1)*ar*(cp[i,i]))))/n) #adjusted for 

information source P matrix on diagonal calculation  

        wp[i,j]<-mu1 #place values from the calculation into the 

matrix 

         

        mu2<-(ar*g[i]) # C matrix on diagonal calculation  

        wc[i,j]<-mu2#place values from the calculation into the matrix 

         

      } else if (i<j) { 

        nu1<-((vp[i,j]+((n-1)*ar*vg[i,j]))/n) #adjusted for 

information source P matrix off diagonal calculation  

        wp[i,j]<-nu1#place values from the calculation into the matrix 

        wp[j,i]<-nu1#place values from the calculation into the matrix 

         

        nu2<-(ar*vg[i,j])# C matrix off diagonal calculation  

        wc[i,j]<-nu2#place values from the calculation into the matrix 

        wc[j,i]<-nu2#place values from the calculation into the matrix 

      }  

    } 

  } 

  b<--c(NA) #vector for index weights 

  b=solve(wp)%*%wc%*%v #index weights calculations 

  br=b*sqrt(g) #relative index weights  

  output_b<-data.frame(b) 

  output_br<-data.frame(br) 

  write.csv(output_b,paste0("b",scen),quote=FALSE, row.names=FALSE) 

  write.csv(output_br,paste0("br",scen),quote=FALSE, row.names=FALSE) 

  vh<--c(NA) #vector for variance of aggregate genotype 

  hh=t(v)%*%vg%*%v #variance of aggregate genotype calculation 

  vh=hh 

  vi<--c(NA) #vector for variance of index 

  vv=t(b)%*%wp%*%b #variance of index calculation 

  vi=vv 

  covhi<--c(NA) 

  covhi=t(b)%*%wc%*%v 

  acc<--c(NA) #vector for accuracy of index  

  acc1= (sqrt(vi))/(sqrt(vh)) #accuracy calculation  

  acc=acc1 

  rindex<--c(NA) #vector for response to selection of index  

  ri=(acc*I*(sqrt(vh)))/L #response to selection index calculation  

  rindex=ri 

  output_rindex<-data.frame(rindex) 

  write.csv(output_rindex,paste0("rindex",scen),quote=FALSE, 

row.names=FALSE) 

  rtraits<--matrix(NA,nrow=dim(vg),ncol=1) #vector for correlated 

response to selection of triats  

  rt=t(wc)%*%b%*%((I/sqrt(vi))/L) #correlated response to selection 

calculation  

  rtraits=rt 
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  output_rtraits<-data.frame(rtraits) 

  write.csv(output_rtraits,paste0("rtriats",scen),quote=FALSE, 

row.names=FALSE) 

   

  assign(paste0("wp",scen),wp) #assigning output to scenario number - 

P matrix  

  assign(paste0("wc",scen),wc)#assigning output to scenario number - C 

matrix  

  assign(paste0("b",scen),b) #assigning output to scenario number - 

Index weights  

  assign(paste0("br",scen),br) #assigning output to scenario number 

  assign(paste0("vh",scen),vh) #assigning output to scenario number - 

aggregate genotype variance  

  assign(paste0("vi",scen),vi) #assigning output to scenario number - 

index variance  

  assign(paste0("covhi",scen),vi) #assigning output to scenario number 

- index,  

  assign(paste0("acc",scen),acc) #assigning output to scenario number 

- index accuracy  

  assign(paste0("rindex",scen),rindex) #assigning output to scenario 

number - response to selection (index) 

  assign(paste0("rtraits",scen),rtraits) #assigning output to scenario 

number - correlated response to selection (traits) 

}
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CHAPTER 3: Incorporating dry matter intake and residual feed into a selection index with 

ZPLAN+ 

 

 

3.1 ABSTRACT 

 

The effects of incorporating dry matter intake and residual feed intake were assessed using 

the modeling program ZPLAN+. Dry matter intake was investigated under two breeding 

objectives, one where the goal was to increase intake, and a second where the goal was to decrease 

intake. Residual feed intake was used to model the effects of including feed efficiency into a 

Canadian selection index. Accurate genetic parameters for dry matter intake and residual feed 

intake are still under investigation in the Canadian dairy cattle population, and therefore, a range 

of potential correlations were investigated. The change in the index response to selection in annual 

monetary genetic gain and the trait response to selection in both natural genetic gain and annual 

monetary genetic gain were used to evaluate the impact of including feed intake or residual feed 

intake into a Canadian selection index. Selection to increase dry matter intake was found to 

increase index response to selection by up to 10.63% when compared to the base scenario that did 

not include a novel trait. The opposite effect occurred when selecting to decrease dry matter intake, 

where a reduction in index response to selection of 7.75% was observed. Including residual feed 

intake into a selection index did not appear to have a large impact on index response to selection, 

with the index response decreasing by a maximum of 0.05%. The relatively small impact observed 

through the inclusion of residual feed intake suggests that it may be the best trait to include into 
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the selection index, however, more research needs to be done to determine the optimal method for 

including residual feed intake into a Canadian selection index.   

 

3.2 INTRODUCTION 

 

With the global population rising at an unprecedented rate, sustainable dairy production is 

a major topic of research, due to the demand for high quality and sustainably produced dairy 

products (Government of Canada, 2018). Methods to increase the sustainability of dairy 

production are under continuous investigation. One potential way to improve on farm efficiency 

is to breed for animals that are more feed efficient. The efficiency at which cows convert feed to 

milk, has a direct impact on farm costs and efficiency (Beever et al., 2007; Hemme et al., 2014). 

A more efficient cow is one that is able to produce more milk while consuming the same amount 

of feed, thus allowing for a reduction of costs, without reduced production (Pryce et al., 2015).  

Historically, selection of dairy cattle has focused primarily on increasing production, while 

recently, additional traits, such as fertility and health have entered into selection programs around 

the world (Miglior et al., 2005; Miglior et al., 2017). With the use of genomics, there is potential 

to select animals for traits that were previously difficult or expensive to measure, such as feed 

efficiency (Miglior et al., 2017). Presently, there are two selection indexes in Canada: the Lifetime 

Performance Index (LPI) and Pro$, neither of which currently contain a direct feed efficiency trait 

(Canadian Dairy Network, 2015). Thus, there is an opportunity to include a feed efficiency trait 

into Canadian selection indexes to improve the sustainability of Canadian dairy production.  

 There has been successful selection for feed efficiency in other livestock species, such as 

beef, swine, and poultry (Patience et al., 2015; Gadde et al., 2017; Kenny et al., 2018). In dairy 
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cattle, a variation in the amount of feed consumed between animals of similar production levels is 

observed, suggesting the ability to select for animals that are more efficient at feed utilization 

(Veerkamp et al., 1995; Herd and Bishop, 2000). This observation has led to the investigation of 

including feed efficiency into breeding objectives around the world (Gonzalez-Recio et al., 2014; 

Pryce et al., 2015). In Canada, feed efficiency traits are currently still under investigation. With 

many aspects still unknown, the purpose of this research was to simulate the impact of including 

dry matter intake (DMI) or residual feed intake (RFI) into a Canadian selection index, through the 

use of the modeling program ZPLAN+. 

 

3.3 MATERIALS AND METHODS 

 

3.3.1 Software Program 

 ZPLAN+ (Täubert et al., 2010) was used to simulate and evaluate different breeding 

scenarios. ZPLAN+ is a deterministic simulation program that allows for the modeling of genetic 

and economic parameters within complex breeding programs. The program combines selection 

index theory (Hazel and Lush, 1942) and the gene flow method (Hill, 1974). ZPLAN+ evaluates 

genetic gain and economic efficiency. Population structure must be defined using selection groups 

within the whole population. Each selection group has its own selection criteria, such as selection 

intensity and information sources used in the index. Biological parameters must be defined for 

each selection group. ZPLAN+ has the ability to calculate annual monetary genetic gain (AMGG) 

for the aggregate genotype, annual genetic gain for the traits, discounted returns, discounted costs, 

and discounted profits for a predetermined investment period. The criteria used for evaluating the 

various breeding programs in this research were AMGG, which is the monetary superiority per 
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year of the progeny after one round of selection in the breeding unit, and annual genetic gain as 

natural genetic gain per year for individual traits. Deterministic modeling was chosen as it allows 

for quick comparison between alternative breeding programs, however does not allow for the same 

uncertainty as stochastic simulation.  

3.3.2 Trait Descriptions 

 The eight traits used in this research included six traits currently evaluated in the LPI and 

two novel traits. The currently evaluated traits included two production traits, fat yield (FY) and 

protein yield (PY), two fertility traits, age at first service (AFS) and first service to conception in 

first lactation cows (FSTC), and two health traits, clinical ketosis (CK) and displaced abomasum 

(DA). The list of currently evaluated traits made up a core list, present in each scenario. The novel 

traits selected for inclusion were DMI and RFI, which were included in various scenarios one at a 

time. The investigated traits are as defined previously in Chapter 2, as found in Table 3.1. 

3.3.3 Population Structure 

 This study focused on a large number of scenarios, with all scenarios following the same 

population structure, which mimics the population parameters of the Canadian dairy industry. The 

male selection pathway contained three steps. It began with 30,000 genotyped bull calves (< 1 year 

of age), where the top 2,000 (7.00%) were selected to become genomic bulls to be used for mating. 

The genomic bulls remained at this stage for three years, at which time the top 100 (5.00%) 

genomic bulls were selected to become proven bulls. Selected bulls remained as active breeding 

bulls for an additional two years. The female selection pathway began with a population of 500,000 

heifer calves, where 85% of the animals joined the milking herd at the time of first calving. They 

remained in the herd as lactating cows for three lactations. From the initial population of 500,000 

heifer calves, the top 50,000 (10.00%) were genotyped and became elite females, which were used 
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to produce the next generation of bulls. Elite cows were mated exclusively to genomic bulls, while 

70% of the general milking herd were mated to genomic bulls and 30% mated to proven bulls. A 

visual representation of the population structure is presented in Figure 3.1. The allele flow matrix 

(P-Matrix) for the breeding pathways is show in Table 3.2. 

3.3.3 Genetic Parameters  

 Heritability estimates for the six core traits were obtained through a literature search of 

work using Canadian data from the past eight years (Bastin et al., 2010; Koeck et al., 2014; 

Canadian Dairy Network, 2016; Jamrozik et al., 2016; Jamrozik and Kistemaker, 2016). 

Heritability estimates for of 0.37, DMI, and 0.23, RFI, were obtained from Byskov et al. (2017). 

Heritability estimates can be found in Table 3.3. Average genomic reliabilities were calculated 

from 2,623 bulls with genomic proofs from June 2017, using data provided by the Canadian Dairy 

Network (2017). The square root of the average reliability was taken to obtain the genomic 

accuracy for each currently evaluated trait. Genomic accuracy for DMI was provided by work 

done as part of the Efficient Dairy Genome Project (Miglior et al., 2018), while a literature estimate 

was used for the genomic accuracy for RFI (Pryce et al., 2014). Genomic reliabilities are presented 

in Table 3.3. Genetic and phenotypic correlations between the core traits were as previous 

described in Chapter 2 and can be found in Table 3.4. To assess the impact of including DMI and 

RFI, a range of correlation estimates were used. These correlations ranged from 0.50 to 0.70 for 

DMI and production traits, and from -0.10 to -0.30 for DMI with health and fertility traits. For 

RFI, correlation estimates ranged from -0.10 to -0.50 with health and fertility traits and was 

assumed to be uncorrelated with production traits. The reasoning for determining the range of 

correlations can be found in Chapter 2. 
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The base scenario refers to the selection index that contains the six core traits and no novel 

phenotype. Indexes containing a novel trait will be presented in the following manner; +DMI will 

indicate a scenario where DMI is given a positive economic value, -DMI will indicate a scenario 

where DMI is given a negative economic value, and RFI will indicate a scenario where RFI is 

included. All scenarios are named in the following manner; acronym of the novel trait as previously 

defined (e.g. +DMI), and the correlations between the novel trait and other traits used in the 

scenario. For example, +DMI (0.50/-0.10) represents the scenario where DMI is given a positive 

economic value and correlated with production at 0.50 and correlated with health and fertility at -

0.10. Scenarios containing RFI follow the same naming procedure, with the acronym followed by 

the correlation between RFI and health and fertility traits. For example, RFI (-0.10) indicates a 

scenario where RFI was included at a correlation with health and fertility of -0.10.  

3.3.4 Economic Values  

 As fat and protein yields are the main sources of revenue for producers, the breeding 

objective of the base scenario was to improve fat and protein yields, while simultaneously 

improving health and fertility. Based on the trait definitions, improving production involved 

increasing the kilograms of fat and protein produced per 305-day lactation, and improving fertility 

and health translated into decreasing the number of days to first service or conception and reducing 

the incidence of each disease, respectively. Economic values for the health and fertility traits were 

obtained from literature and calculated for the production traits. Economic values ($CAD) for all 

core traits are as presented in Chapter 2 and can be found in Table 3.3.  

 As discussed in the previous chapter, an absolute economic value of $0.29 was assumed 

for DMI and RFI, based on the price of 1 kg of dry matter (Richardson, 2017). For a breeding goal 

of increasing efficiency, RFI was given a negative economic value ($-0.29), as negative selection 
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pressure is expected to reduce RFI, and thus, increase efficiency. Dry matter intake was 

investigated using both a positive economic value with the goal of increasing intake, and a negative 

economic value with the goal of decreasing intake. To determine the impact of adding DMI or RFI 

into a Canadian selection index, the efficiency of the index containing the novel trait relative to 

the base index (ratio of response) was calculated. This was done following the index efficiency 

methods presented in Chapter 2.  

 

3.4 RESULTS AND DISCUSSION 

 

3.4.1 Index Response to Selection  

The value of including DMI or RFI into a selection index was determined by calculating 

the efficiency of the various index scenarios relative to the base scenario (Dekkers et al., 2004). 

For the purpose of this research, the efficiency calculation was used to determine the effects of 

including DMI or RFI at various correlations with production, health, and fertility on the overall 

monetary response to selection. Expected AMGG for the base scenario was $163.41, which was 

used as a baseline to compare the merit of other potential indexes containing either DMI or RFI. 

The overall AMGG and the efficiency of each index can be found in Table 3.5. 

Selecting for an increase of DMI provided an increase from 6.98% to 10.63% in overall 

index AMGG, compared to the base scenario. The largest increase was observed in the scenario 

when DMI was correlated with production at 0.70 and with heath and with fertility at -0.30. This 

is an expected AMGG for the index ranged from $174.81 for +DMI (0.50/-0.10) to $180.34 for 

+DMI (0.70/-0.30). Such an increase in AMGG over the base index may be attributed to the strong 

correlation between production and DMI. Since the correlation is moderately strong, as intake 
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increases, production traits, which are the major determinants of producer revenue, would also 

increase and account for the increase in the index annual monetary genetic gain. This increase in 

expected AMGG observed may also be due to the addition of a trait (DMI) with a positive 

economic value, leading to an overall increase in the expected AMGG. As the correlation between 

production traits became stronger, the response to the index increased, furthering the thought that 

this correlation is playing a role in the increase in the index response to selection. Regardless of 

the correlations, the inclusion of DMI with the goal of increasing intake resulted in a greater 

response to selection when compared to the base. Though, this result should be taken with caution, 

since selecting for cows that eat more does not necessarily translate into increased efficiency. 

Selecting to decrease DMI led to a reduction of up to 7.75% in overall index annual 

monetary genetic gain, compared to the base scenario. This reduction of 7.75% compared to the 

base was observed in the scenario where DMI was correlated with production at 0.70 and with 

health and with fertility at -0.30. There was a range in the expected response to selection from 

$150.74 to $154.11 for -DMI (0.70/-0.30) and -DMI (0.50/-0.10), respectively. This means that 

these scenarios translate into a response to selection that was 5.69% to 7.72% less than what was 

observed in the base scenario, indicating there may be some negative effects for selecting to reduce 

DMI.  

As the correlation between intake and production got stronger, a more negative response 

to selection was observed, when compared to the base scenario. Again, this strengthening of 

correlation may have an impact on the index response to selection. With the goal of decreasing 

intake, some negative impact is observed within the health and fertility traits, which may lead to a 

lower index response to selection when compared to the base. Regardless of the correlations 

analyzed, selecting to reduce DMI had a negative impact on the overall index response to selection.  
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In this study, including RFI as a measure of feed efficiency had little impact on the overall 

annual monetary genetic gain, when compared to the base, with the change being less than 0.05%. 

The expected index response to selection ranged from $163.35 to $163.39 for scenarios RFI(-0.50) 

and RFI (-0.10), respectively. This small difference of less than $0.04 could be due to the small 

economic value used for RFI, and the small genetic and phenotypic standard deviation, as it 

correspondingly received a small weight in the index.  

It is worth noting that many energy sinks accounted for in RFI were not considered as traits 

for selection in the indexes that included DMI. Not considering the additional energy sinks 

accounted for in RFI in the alternative indexes may lead to an over estimation in the response to 

selection. Based on the parameters used in this study, there is little impact on the overall response 

to selection when including RFI. However, further investigation should be performed where the 

economic value of RFI is altered to compare the results. In addition, further investigation should 

be done into selection for DMI where other potential energy sinks are accounted for in the index.  

3.4.2 Trait Response to Selection  

 Trait response to selection was assessed by comparing the response for each trait estimated 

in the indexes which contain either DMI or RFI to the response estimated in the base index. In the 

base scenario, the response to selection for the production traits was estimated to be 12.33 kg and 

8.44 kg for FY and PY, respectively, which translates into $109.74 in AMGG for FY and $48.55 

in AMGG for PY. Fertility traits had an estimated response to selection of -0.46 days and -0.29 

days for AFS and FSTC, respectively. In term of AMGG, AFS had an estimated response to 

selection of $1.19 while FSTC had an estimated response to selection of $0.98. Health traits had 

an estimated response to selection of less than -0.01 incidences for both CK and DA. The natural 



 

 
 

74 

genetic gain for each trait can be observed in Table 3.6. This equates to $1.47 for CK and $1.46 

for DA in AMMG. Annual monetary genetic gain for all traits can be found in Table 3.7.  

 When selecting to increase DMI, production and fertility traits along with DA saw an 

increase in genetic gain, while CK had a varying response depending on the correlation analyzed. 

Selecting to increase DMI led to a slight increase in the response to selection for the production 

traits, ranging in AMGG from $109.23 (12.28 kg) to $110.45 (12.41 kg) for FY and $48.67 (8.46 

kg) to $49.37 (8.59 kg) for PY in +DMI (0.50/-0.30) and +DMI (0.70/-0.10), respectively. This 

translates to a decrease of 0.42% in FY for scenario +DMI (0.50/-0.30), when compared to the 

base. Protein yield increased 0.23% compared to the base scenario in +DMI (0.50/-0.30). In 

scenario +DMI (0.70/-0.10), where the highest response to selection was observed compared to 

the base, FY and PY increased in response to selection by 0.65% and 1.68% over the base, 

respectively. Fertility traits increased by up to 44.89% when compared to the base. Age at first 

service ranged in response to selection from $1.25 (-0.49 days) to $1.56 (-0.61 days), while FSTC 

ranged in response to selection from $1.08 (-0.32) to $1.42 (-0.42) for +DMI (0.70/-0.10) and 

+DMI (0.70/-0.30), respectively. This led to an increase in the response to selection for AFS 

ranging from 5.07% for +DMI (0.70/-0.10) to 31.14% for +DMI (0.70/-0.30). A similar trend was 

observed in FSTC where there was an increased response to selection compared to the base from 

9.53% to 44.89% for +DMI (0.70/-0.10) and +DMI (0.70/-0.30), respectively.  

The health traits exhibited a different trend than observed in the other traits. For CK, 

response to selection changed either favorably or unfavorably, depending on the correlations, but 

DA always changed favorably in response to selection. For +DMI (0.70/-0.10), CK had a 6.00% 

decrease in genetic gain compared to the base scenario. However, it had the greatest response to 

selection in scenario +DMI (0.50/-0.30), at 0.79% more than the base. This translates into an 
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AMGG of $1.39 for +DMI (0.70/-0.10) and $1.49 for +DMI (0.50/-0.30). Annual monetary 

genetic gain for DA ranged from $1.50 for +DMI (0.70/-0.10) to $1.82 for +DMI (0.70/-0.30). 

Compared to the base scenario, this represents a gain of 2.41% to 24.16% for +DMI (0.70/-0.10) 

to +DMI (0.70/-0.30), respectively.  

While there does not appear to be any large detrimental impacts to increasing DMI, it may 

not be ideal as cows that eat more are more have higher costs associated with them due to feed. In 

theory cows that eat more, should produce more milk. However, this increase in income from more 

milk production does not necessarily translate into more profit as the cost of feed has the potential 

to be greater than the return from more milk. In addition, increasing intake does not necessarily 

translate into a more efficient cow, so while there are benefits in terms of genetic gain on correlated 

traits, it may not be financially or environmentally beneficial. 

It is widely considered by producers that selecting to reduce intake is undesirable. This 

concern is due to the potential negative impacts lower feed consumption may have on milk 

production and the incidence of disease (Gonzá et al., 2008). In this study, selecting to reduce DMI 

impacted different traits in various ways. Production traits had very little change in terms of 

AMGG. In contrast, there were some negative impacts on health and fertility traits, depending on 

the correlations analyzed. Fat yield ranged in AMGG from $110.30 (12.39 kg) to $111.18 (12.49 

kg), which corresponded to scenarios -DMI (0.50/-0.10) and -DMI (0.70/-0.30), respectively. This 

was a slight increase compared to the base scenario, with a maximum increase of 1.31% observed 

in scenario -DMI (0.70/-0.30). The same trend was observed in fat yield, where AMGG ranged 

from $48.58 (8.45 kg) to $49.11 (8.54 kg) in scenarios -DMI (0.50/-0.10) and -DMI (0.70/-0.30), 

respectively. This led to a maximum increase of 1.15% in AMGG compared to the base scenario. 

A decrease in production when selecting to decrease DMI was expected, however, both of the 
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production traits had a larger economic value compared to DMI. This led to the production traits 

having a larger index weight than DMI, allowing for the breeding goal of improving production to 

be accomplished.  

When DMI had moderately strong correlations with production traits (0.70) and weak 

correlations with health and fertility (-0.10), a slight favorable increase in response to selection 

was observed in AFS. This increase was only 0.65% greater than the base scenario at $1.20 (-0.47 

days). The greatest decrease in AMGG for AFS was observed in scenario -DMI (0.50/-0.30) at 

12.04% less than the base scenario at $1.05 (-0.44 days). At all potential correlations analyzed, the 

base scenario had a greater genetic gain for FSTC. In the worst case, where DMI was correlated 

with production at 0.50 and with health and with fertility at -0.30, it had 20.92% less AMGG 

compared to the base scenario.  

It has been shown that animals that consume less food are more likely to have increased 

occurrences of ketosis and other metabolic disorders such as DA (Steen, 2001; Gonzá et al., 2008; 

Goldhawk et al., 2009). In this study, the health traits had similar results to AFS when selecting to 

decrease DMI. Depending on the correlations assessed, CK and DA either increased or decreased 

in response to selection compared to the base. In scenario -DMI (0.60/-0.30), CK had the greatest 

response to selection compared to the base of $1.49. Which was 0.79% greater than the AMGG in 

the base scenario. In contrast, in the scenario -DMI (0.70/-0.10), CK had an AMGG of $1.47, a 

0.32% decrease compared to the base scenario. Displaced abomasum followed a similar trend. In 

the scenario −DMI (0.70/-0.10), the AMGG for DA was 10.15% greater when compared to the 

base. On the other hand, in scenario -DMI (0.50/-0.30) the AMGG for DA was 8.23% less than 

the base scenario. This could indicate that the response to selection for health and fertility traits is 

dependent on their correlation with DMI.  
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The results of this research suggest that selecting for cows that consume less feed could 

lead to a potential reduction in production and to a higher susceptibility for health and fertility 

problems. Similar findings were highlighted by Steen (2001), Gonzá et al. (2008), and Goldhawk 

et al. (2009). Therefore, due to the negative effect of lowering feed consumption, it is not an 

advisable goal to include in a breeding program. That said, analyzing an index where intake would 

be held constant while improving production, health and fertility should be investigated. This type 

of breeding strategy could be analyzed using a restricted gains index and may provide a more 

realistic measure of how to include DMI into a selection index.  

  Kennedy et al. (1993) investigated the inclusion of RFI into a selection index for 

dairy cattle. They found that a similar response to selection could be achieved when selecting on 

the components of RFI as when selecting on RFI directly. For this research, the inclusion of RFI 

had relatively little impact on the traits considered. The three traits that were impacted the most 

from the inclusion of RFI were AFS, FSTC, and CK, which had an increase in AMGG compared 

to the base of 0.54%, 0.44%, and 0.32%, respectively. The greatest increase in AMGG was 

observed in the scenario where RFI was correlated with health and fertility at -0.50. At a weaker 

correlation, such as -0.20, the inclusion of RFI led to a decrease in AMGG compared to the base 

of 0.22% and 0.40% for AFS and FSTC, respectively, while CK remained unchanged compared 

to the base scenario. Displaced abomasum did not change in terms of genetic gain through the 

inclusion of RFI at any correlation when compared to the base. As expected, due to RFI being 

uncorrelated with production, very little change in AMGG was observed. The small changes in the 

response to selection observed. in the production traits may be due to the correlations between the 

production traits and AFS, FSTC, and CK, as these traits have slightly larger changes in response 

to selection. It is important to note, that RFI does not have a large economic value in this study, as 
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well as small genetic and phenotypic standard deviation, leading to a relatively low index weight. 

Should the index weight of RFI increase, the response to selection observed in all traits may 

change. 

 

3.5 CONCLUSIONS 

 

 This study was a preliminary look at the effects of incorporating DMI and RFI into a 

Canadian selection index. When increasing DMI was added into the breeding goal, there was a 

greater response to selection observed in all indexes. There did not appear to be any detrimental 

effect of selecting for an increase in DMI in regard to AMGG. However, selecting to increase 

intake could lead to higher feed costs on farms, which is not ideal. In contrast, selecting to decrease 

intake had a negative effect on the AMGG for the index compared to the base. Depending on the 

correlations between DMI and health and fertility traits, there may be some adverse effects in the 

health traits due to the reduction of intake. With this, reducing intake could potentially lead to 

unfavorable effects, so including this type of trait is something to be cautioned against. This 

research on DMI, however did not account for the energy sinks including in RFI. Through the 

inclusion of the energy sink traits accounted for in RFI, there is the potential that a similar result 

to selection on RFI will be observed.   

 Including RFI into a Canadian selection index appeared to have relatively little impact on 

the overall response to selection when compared to the base. Based on this, RFI may be a trait of 

interest for inclusion into a selection index to improve feed efficiency. The relatively small impact 

observed when RFI was added may be impacted by the small index weight given to RFI due to its 

relatively small economic value and low genetic and phenotypic variation, compared to DMI.  
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Should a feed efficiency trait be included in a Canadian selection index; further research 

should be done to determine the index weight where the inclusion of RFI impacts the response to 

selection of the other traits. In addition, the impact of including DMI, along with other energy sink 

traits accounted for in RFI should be assessed. Additionally, further research is needed to 

determine the optimal strategy for including feed efficiency into an index, to ensure simultaneous 

improvement of all traits.  



 

 
 

80 

3.6 LITERATURE CITED 

 

Bastin, C., S. Loker, N. Gengler, A. Sewalem, and F. Miglior. 2010. Genetic relationships 

between body condition score and reproduction traits in Canadian Holstein and Ayrshire 

first-parity cows. J. Dairy Sci. 93:2215–2228. http://dx.doi.org/10.3168/jds.2009-2720. 

Beever, D.E., P.T. Doyle, R. Agnew, F. Gordon, C. Stockdale, and J. France. 2007. Feed 

conversion efficiency as a key determinant of dairy herd performance: a review. Aust. J. 

Exp. Agric. 47:645. http://dx.doi.org/10.1071/EA06048. 

Byskov, M.V., A. Fogh, and P. Løvendahl. 2017. Genetic parameters of rumination time and 

feed efficiency traits in primiparous Holstein cows under research and commercial 

conditions. J. Dairy Sci. 9635–9642. http://dx.doi.org/10.3168/jds.2016-12511. 

Canadian Dairy Network. 2015. Pro$: genetic selection for profit. Accessed May 28, 2018. 

https://www.cdn.ca/document.php?id=404.  

Canadian Dairy Network. 2016a. Improving existing traits and adding exciting new ones. 

Accessed May 28, 2018. https://www.cdn.ca/document.php?id=442.  

Canadian Dairy Network. 2016b. Heritability estimates used for genetic evaluation in Canada. 

Accessed April 26, 2018. https://www.cdn.ca/document.php?id=460.  

Dekkers, J.C.M., J.P. Gibson, P. Bijma, and J.A.M. Van Arendonk. 2004. Econimic seleciton 

indexes: design and optimization of animal breeding programmes. Short Course Notes. 

Wageningen, Netherlands. 

De Vries, A., J. Van Leeuwen, and W.W. Thatcher. 2004. Economic importance of improved 

reproductive performance. Page in Proceedings of the Florida Dairy Reproduction Road 

Show. University of Florida, Dairy Extension.  

https://www.cdn.ca/document.php?id=404
https://www.cdn.ca/document.php?id=442
https://www.cdn.ca/document.php?id=460


 

 
 

81 

Gohary, K., M.W. Overton, M. Von Massow, S.J. Leblanc, K.D. Lissemore, and T.F. Duffield. 

2016. The cost of a case of subclinical ketosis in Canadian dairy herds. Can Vet J 

5757:728–732. 

Goldhawk, C., N. Chapinal, D M Veira, D.M. Weary, and M.A.G. Von Keyserlingk. 2009. 

Prepartum feeding behavior is an early indicator of subclinical ketosis. J. Dairy Sci 4971–

4977. http://dx.doi.org/10.3168/jds.2009-2242. 

Gonzá, L.A., B.J. Tolkamp, M.P. Coffey, A. Ferret, and I. Kyriazakis. 2008. Changes in feeding 

behavior as possible indicators for the automatic monitoring of health disorders in dairy 

cows. J. Dairy Sci. 91:1017–1028. http://dx.doi.org/10.3168/jds.2007-0530. 

Gonzalez-Recio, O., J. Pryce, M. Haile-Mariam, and B. Hayes. 2014. Incorporating heifer feed 

efficiency in the Australian selection index using genomic selection. J. Dairy Sci. 97:3883–

3893. http://dx.doi.org/10.3168/jds.2013-7515. 

Government of Canada. 2018. A rising middle class brings rising demands. Accessed July 6, 

2018. http://www.horizons.gc.ca/en/content/rising-middle-class-brings-rising-demands.  

Hazel, L.X., and J.L. Lush. 1942. The efficiency of three methods of selection. J. Hered. 33:393–

399. 

Hemme, T., M.M. Uddin, and O.A. Ndambi. 2014. Benchmarking cost of milk production in 46 

countries. J. Rev. Glob. Econ. 3:254–270. 

Herd, R.M., and S.C. Bishop. 2000. Genetic variation in residual feed intake and its association 

with other production traits in British Hereford cattle. Livest. Prod. Sci. 63:111–119. 

http://dx.doi.org/10.1016/S0301-6226(99)00122-0. 

Hill, W.G. 1974. Prediction and evaluation of response to selection with overlapping 

generations. Anim. Prod. 18:117–139. http://dx.doi.org/10.1017/S0003356100017372. 

http://www.horizons.gc.ca/en/content/rising-middle-class-brings-rising-demands
http://dx.doi.org/10.1017/S0003356100017372


 

 
 

82 

Interbull. 2018. National genetic evaluations information. Accessed April 23, 2018. 

http://www.interbull.org/ib/geforms.  

Jamrozik, J., and G.J. Kistemaker. 2016. Updated genetic parameters for Holstein reproductive 

traits using more recent data. Dairy Cattle Breeding and Genetics Committee Meeting. 

Guelph, Ontario. 

Jamrozik, J., A. Koeck, G. Kistemaker, and F. Miglior. 2016. Multiple-trait estimates of genetic 

parameters for metabolic disease traits, fertility disorders, and their predictors in Canadian 

Holsteins. J. Dairy Sci 99:1990–1998. http://dx.doi.org/10.3168/jds.2015-10505. 

Kennedy, B.W., J.H.J. Van Der Werf, and T.H.E. Meuwissent. 1993. Genetic and statistical 

properties of residual feed intake. J. Anim. Sci 71:3239–3250. 

http://dx.doi.org/10.2527/1993.71123239x. 

Koeck, A., F. Miglior, D.F. Kelton, and F.S. Schenkel. 2012. Health recording in Canadian 

Holsteins: Data and genetic parameters. J. Dairy Sci. 95:4099–4108. 

doi:10.3168/jds.2011-5127. 

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. 97:5806–5813. 

http://dx.doi.org/10.3168/jds.2013-7785 

Lang, B. 2016. The cost of raising replacement dairy heifers. Accessed April 24, 2018. 

http://www.omafra.gov.on.ca/english/livestock/dairy/facts/11-055.htm. 

Martin, P., C.F. Baes, K. Houlahan, S. Beard, C. Richardson, J. Jamrozik, and F. Miglior. 2018. 

Genetic correlations among selected traits in Holstein: literature review and completion of 

the matrix of correlations. (in preparation). 

http://www.interbull.org/ib/geforms
http://dx.doi.org/10.2527/1993.71123239x
http://www.omafra.gov.on.ca/english/livestock/dairy/facts/11-055.htm


 

 
 

83 

McArt, J., D. Nydam, and M. Overton. 2015. Hyperketonemia in early lactation dairy cattle: A 

deterministic estimate of component and total cost per case. J. Dairy Sci. 98:2043–2054. 

http://dx.doi.org/10.3168/jds.2014-8740. 

Miglior, F., Muir, B., Doormaal, B. 2005. Selection indices in Holstein cattle of various 

countries. J. Dairy Sci. 88:1255-1263.  http://dx.doi.org/10.3168/jds.S0022-

0302(05)72792-2.  

Miglior, F., Fleming, A., Malchiodi, F., Brito, L., Martin, P., Baes, C. 2017. A 100-year review: 

Identification and genetic selection of economically important traits in dairy cattle. J. 

Dairy Sci. 100: 10251-10271.  

Miglior F., Baes, C., Cánovas, A., Coffey, M., Connor, E., De Pauw, M., Goddard, E., Hailu, G., 

Lassen, J., Malchiodi, F., Osborne, V., Pryce, J.E., Sargolzaei, M., Schenkel, F., Wall, E., 

Wang, Z., Wegman, S., Wright, T., Stothard, P. 2018. A progress report for the Efficient 

Dairy Genome Project. Abstract 324 from the Proceedings of the 2018 ASAS-CSAS 

Annual Meeting. Vancouver, B.C.   

. 

Pryce, J.E., W.J. Wales, Y. De Haas, R.F. Veerkamp, and B.J. Hayes. 2014. Genomic selection 

for feed efficiency in dairy cattle. Animal 8:1–10. 

http://dx.doi.org/10.1017/S1751731113001687. 

Pryce, J.E., O. Gonzalez-Recio, G. Nieuwhof, W.J. Wales, M.P. Coffey, B.J. Hayes, and M.E. 

Goddard. 2015. Hot topic: definition and implementation of a breeding value for feed 

efficiency in dairy cows. J. Dairy Sci. 98:7340–7350. http://dx.doi.org/10.3168/jds.2015-

9621 

Richardson, C. 2017. The incorporation of efficiency traits into the Canadian selection dairy 

http://dx.doi.org/10.3168/jds.2014-8740
http://dx.doi.org/10.3168/jds.S0022-0302(05)72792-2
http://dx.doi.org/10.3168/jds.S0022-0302(05)72792-2
http://dx.doi.org/10.3168/jds.2015-9621
http://dx.doi.org/10.3168/jds.2015-9621


 

 
 

84 

index. M.Sc Thesis. University of Guelph, Guelph Ontatio, Canada.  

Steen, A. 2001. Field study of dairy cows with reduced appetite in early lactation: clinical 

examinations, blood and rumen fluid analyses. Acta vet. scand. vol 42:219–228. 

Täubert, H., F. Reinhardt, H. Simianer, and Simianer. 2010. ZPLAN+ A new software to 

evaluate and optimize animal breeding programs. Pages 1–6 in Proc. 9th World Congress 

on Genetics Applied to Livestock Production, Leipzig, Germany. 

The Efficient Dairy Genome Project. 2018. Home Page . Accessed July 6, 2018. 

https://genomedairy.ualberta.ca/.  

Thomas, A.D. 2011. Study of health traits and relative economic values using simulation. M.Sc 

Thesis. University of Guelph, Guelph, Canada. 

Veerkamp, R.F., G.C. Emmans, H. Vos, S. Korver, J.W. Blum, C.M. Barlieb, W. Liu, G.A. 

Varga, A.J. Heinrichs, and C.R. Baumrucker. 1995. Sources of genetic variation in 

energetic efficiency of dairy cows. Livest. Prod. Sci. 44:87–97. 

http://dx.doi.org/10.1016/0301-6226(95)00065-0. 

https://genomedairy.ualberta.ca/


 

 
 

85 

3.7 TABLES 

 

 

 

Table 3.1: Definitions of all currently evaluated and novel traits under investigation 

Trait Abbreviation Definition 

Fat Yield FY Fat yield, in kilograms, during a 305-day lactation 

Protein Yield PY Protein yield, in kilograms, during a 305-day lactation 

Age at First Service AFS Number of days from birth to first insemination of the animal 

First Service to Conception – First 
Lactation Cow 

FSTC Number of days from first service to conception in first lactation 

Clinical Ketosis CK Binary scored trait (0-no case/unknown, 1-at least one case of clinical ketosis) in first lactation 

Displaced Abomasum DA 
Binary scored trait (0-no case/unknown, 1-at least one case of displaced abomasum) in first 

lactation 

Dry Matter Intake DMI Total amount of dry matter consumed by an animal in the first 150 DIM, measured in kilograms 

Residual Feed Intake RFI 
Total difference between animal’s actual feed intake and expected feed intake in the first 150 

DIM, measured in kilograms 
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Table 3.2: The allele flow matrix1 (P-Matrix) showing selection groups, where bulls refers to all breeding males and cows refers to all breeding females  

 Bulls Cows 

  1 2 3 4 5 1 2 3 4 5 

Bulls 

1 0 0.167 0.167 0.167 0 0 0.125 0.125 0.125 0.125 

2 1 0 0 0 0 0 0 0 0 0 

3 0 1 0 0 0 0 0 0 0 0 

4 0 0 1 0 0 0 0 0 0 0 

5 0 0 0 1 0 0 0 0 0 0 

Cows 

1 0 0.117 0.117 0.192 0.075 0 0.125 0.125 0.125 0.125 

2 0 0 0 0 0 1 0 0 0 0 

3 0 0 0 0 0 0 1 0 0 0 

4 0 0 0 0 0 0 0 1 0 0 

5 0 0 0 0 0 0 0 0 1 0 

1 The allele flow matrix, where pij represents the proportion of alleles in class i at time t that come from class j at time t-1. This matrix describes the source of 

all alleles in each age class (Wilton et al. 2013).   
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Table 3.3: Economic values, genetics and phenotypic standard deviations, heritability, and genomic accuracies used as input parameters 

Trait, units 
Economic Value 

($CAD) 

Genetic Standard 

Deviation 

Phenotypic 

Standard Deviation 
Heritability 

Genomic 

Accuracy 

Fat Yield, kg 8.90 30.306 56.579 0.2610 0.80 

Protein Yield, kg 5.75 22.346 43.159 0.2610 0.79 

Age at First Service, days -2.571 12.647 48.029 0.058 0.69 

First Service to Conception, days -3.362 11.427 33.359 0.078 0.74 

Clinical Ketosis, incidence -233.003 0.048 0.159 0.048 0.61 

Displaced Abomasum, incidence -707.004 0.058 0.169 0.068 0.59 

Dry Matter Intake, kg 0.295 
133.78 219.94 0.3711 0.5912 

Residual Feed Intake, kg   -0.295 
3.91 8.15 0.2311 0.4013 

1Lang, 2016. 2De Vries et al., 2004. 3Gohary et al., 2016. 4McArt et al., 2015. 5Richardson, 2017. 6 Interbull 2018. 7Jamrozik and Kistemaker, 2016. 8Jamrozik 

et al., 2016. 9Martin et al., 2018. 10 Canadian Dairy Network, 2016. 11Byskov et al., 2017.12Miglior et al., 2017 13Pryce et al., 2014 
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Table 3.4: Genetic correlations (below diagonal) and phenotypic correlations (above diagonal) used in the base scenario1 

 FY PY AFS FSTC CK DA 

FY  0.86 -0.08 0.16 0.03 0.00 

PY 0.682  -0.07 0.19 0.01 -0.02 

AFS -0.023 -0.044  0.02 -0.06 0.01 

FSTC -0.044 0.114 0.105  0.01 0.01 

CK -0.413 -0.353 0.003 -0.334  0.03 

DA -0.033 0.023 0.003 0.264 0.646  
1PY = protein yield, FY = fat yield, AFS = age at first service, FSTC = first service to conception for first lactation cows, CK = clinical ketosis, DA = displaced 

abomasum 
2Miglior et al., 2007. 3Thomas, 2011. 4Martin et al., 2018. 5 Jamrozik and Kistemaker, 2016. 6Koeck et al., 2012. 
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Table 3.5: Expected response in annual monetary genetic gain1 and the index efficiency2 of including feed efficiency as a breeding goal in a selection index 

Scenario Annual Monetary Genetic Gain ($CAD) Efficiency of Index (%) 

Base $163.41 - 

 +DMI (0.5/-0.1) $174.81 6.98 

 +DMI (0.5/-0.2) $175.39 7.33 

 +DMI (0.5/-0.3) $175.97 7.69 

 +DMI (0.6/-0.1) $176.97 8.30 

 +DMI (0.6/-0.2) $177.55 8.66 

 +DMI (0.6/-0.3) $178.14 9.01 

 +DMI (0.7/-0.1) $179.16 9.64 

 +DMI (0.7/-0.2) $179.75 9.99 

 +DMI (0.7/-0.3) $180.34 10.36 

 -DMI (0.5/-0.1) $154.11 -5.69 

 -DMI (0.5/-0.2) $153.69 -5.95 

 -DMI (0.5/-0.3) $153.36 -6.15 

 -DMI (0.6/-0.1) $152.61 -6.61 

 -DMI (0.6/-0.2) $152.22 -6.85 

 -DMI (0.6/-0.3) $151.94 -7.02 

 -DMI (0.7/-0.1) $151.32 -7.40 

 -DMI (0.7/-0.2) $150.97 -7.62 

 -DMI (0.7/-0.3) $150.74 -7.75 

RFI (-0.1) $163.39 -0.01 

RFI (-0.2) $163.38 -0.02 

RFI (-0.3) $163.37 -0.02 

RFI (-0.4) $163.36 -0.03 
RFI (-0.5) $163.35 -0.03 

1 Expected annual response to selection for the index in Canadian dollars  
2 Efficiency of the index was defined as the response expected in the proposed index relative to the response expected in base index and was used to assess the 

value of including the novel trait into a selection index. This is presented in percentage greater (positive value) or less (negative value) than the base index 
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Table 3.6a: Natural genetic change per trait1 in trait units2  

 Natural genetic gain per trait  

FY, kg PY, kg AFS, day FSTC, day CK, case DA, case DMI, kg RFI, kg  

Base 12.331 8.444 -0.464 -0.293 -0.006 -0.002  - - 

 +DMI (0.5/-0.1) 12.339 8.509 -0.493 -0.324 -0.006 -0.002 37.163 - 

 +DMI (0.5/-0.2) 12.309 8.486 -0.549 -0.372 -0.006 -0.002 38.849 - 

 +DMI (0.5/-0.3) 12.278 8.464 -0.605 -0.420 -0.006 -0.003 40.555 - 

 +DMI (0.6/-0.1) 12.371 8.544 -0.490 -0.322 -0.006 -0.002 43.073 - 

 +DMI (0.6/-0.2) 12.341 8.523 -0.548 -0.372 -0.006 -0.002 44.690 - 

 +DMI (0.6/-0.3) 12.311 8.501 -0.606 -0.422 -0.006 -0.003 46.309 - 

 +DMI (0.7/-0.1) 12.410 8.586 -0.487 -0.321 -0.006 -0.002 48.727 - 

 +DMI (0.7/-0.2) 12.380 8.565 -0.547 -0.372 -0.006 -0.002 50.273 - 

 +DMI (0.7/-0.3) 12.351 8.545 -0.608 -0.424 -0.006 -0.003 51.800  - 

 -DMI (0.5/-0.1) 12.393 8.448 -0.454 -0.278 -0.006 -0.002 34.011 - 

 -DMI (0.5/-0.2) 12.413 8.474 -0.429 -0.253 -0.006 -0.002 35.764 - 

 -DMI (0.5/-0.3) 12.429 8.499 -0.408 -0.231 -0.006 -0.002 37.195 - 

 -DMI (0.6/-0.1) 12.425 8.465 -0.460 -0.283 -0.006 -0.002 40.747 - 

 -DMI (0.6/-0.2) 12.443 8.491 -0.440 -0.262 -0.006 -0.002 42.486 - 

 -DMI (0.6/-0.3) 12.457 8.517 -0.425 -0.245 -0.006 -0.002 43.842 - 

 -DMI (0.7/-0.1) 12.464 8.488 -0.467 -0.288 -0.006 -0.002 47.143 - 

 -DMI (0.7/-0.2) 12.480 8.515 -0.453 -0.272 -0.006 -0.002 48.850 - 

 -DMI (0.7/-0.3) 12.492 8.541 -0.444 -0.260 -0.006 -0.002 50.097  - 

RFI (-0.1) 12.331 8.444 -0.463 -0.292 -0.006 -0.002 - 0.052 

RFI (-0.2) 12.331 8.445 -0.463 -0.292 -0.006 -0.002 - 0.104 

RFI (-0.3) 12.331 8.445 -0.463 -0.292 -0.006 -0.002 - 0.156 

RFI (-0.4) 12.330 8.446 -0.464 -0.293 -0.006 -0.002 - 0.207 

RFI (-0.5) 12.329 8.446 -0.466 -0.294 -0.006 -0.002 - 0.257 
1Abbreviations FY: Fat yield, PY: protein yield, AFS: age at first service, FSTC: first service to conception in first lactation, CK: incidence of clinical ketosis 

in first lactation, DA: incidence of DA in first lactation 
2A positive value for production and +DMI is favorable. A negative value for health, fertility, -DMI and RFI is favorable 
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Table 3.6b: Standardized genetic change per trait1, standardized by genetic standard deviation2  

 Natural genetic gain per trait  

FY PY AFS FSTC CK DA DMI RFI  

Base 373.597 188.621 -5.863 -3.342 0.000 0.000  - - 

 +DMI (0.5/-0.1) 373.852 190.066 -6.236 -3.698 0.000 0.000 4971.847 - 

 +DMI (0.5/-0.2) 372.944 189.567 -6.936 -4.245 0.000 0.000 5197.339 - 

 +DMI (0.5/-0.3) 372.015 189.062 -7.643 -4.796 0.000 0.000 5425.674 - 

 +DMI (0.6/-0.1) 374.814 190.864 -6.197 -3.679 0.000 0.000 5762.508 - 

 +DMI (0.6/-0.2) 373.911 190.385 -6.925 -4.245 0.000 0.000 5978.790 - 

 +DMI (0.6/-0.3) 372.992 189.905 -7.664 -4.817 0.000 0.000 6195.479 - 

 +DMI (0.7/-0.1) 376.007 191.791 -6.159 -3.661 0.000 0.000 6518.884 - 

 +DMI (0.7/-0.2) 375.109 191.334 -6.917 -4.247 0.000 0.000 6725.696 - 

 +DMI (0.7/-0.3) 374.205 190.882 -7.689 -4.842 0.000 0.000 6930.086  - 

 -DMI (0.5/-0.1) 375.489 188.720 -5.734 -3.171 0.000 0.000 4971.847 - 

 -DMI (0.5/-0.2) 376.099 189.304 -5.420 -2.888 0.000 0.000 5197.339 - 

 -DMI (0.5/-0.3) 376.588 189.862 -5.157 -2.643 0.000 0.000 5425.674 - 

 -DMI (0.6/-0.1) 376.453 189.084 -5.819 -3.230 0.000 0.000 5762.508 - 

 -DMI (0.6/-0.2) 377.009 189.677 -5.568 -2.992 0.000 0.000 5978.790 - 

 -DMI (0.6/-0.3) 377.438 190.248 -5.374 -2.794 0.000 0.000 6195.479 - 

 -DMI (0.7/-0.1) 377.642 189.607 -5.901 -3.290 0.000 0.000 6518.884 - 

 -DMI (0.7/-0.2) 378.125 190.206 -5.726 -3.105 0.000 0.000 6725.696 - 

 -DMI (0.7/-0.3) 378.477 190.787 -5.615 -2.965 0.000 0.000 6930.086  - 

RFI (-0.1) 373.613 188.635 -5.853 -3.333 0.000 0.000 - 0.201 

RFI (-0.2) 373.618 188.647 -5.850 -3.330 0.000 0.000 - 0.406 

RFI (-0.3) 373.613 188.657 -5.856 -3.332 0.000 0.000 - 0.608 

RFI (-0.4) 373.595 188.665 -5.870 -3.341 0.000 0.000 - 0.807 

RFI (-0.5) 373.563 188.670 -5.895 -3.357 0.000 0.000 - 1.003 
1Abbreviations FY: Fat yield, PY: protein yield, AFS: age at first service, FSTC: first service to conception in first lactation, CK: incidence of clinical ketosis 

in first lactation, DA: incidence of DA in first lactation 
2A positive value for production and +DMI is favorable. A negative value for health, fertility, -DMI and RFI is favorable 
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Table 3.7: Annual monetary genetic gain per trait1 in Canadian dollars1,2 

 Monetary genetic gain per trait ($CAD) 

FY PY AFS FSTC CK DA DMI RFI 

Base 109.74 48.55 1.19 0.98 1.47 1.46 - - 

 +DMI (0.5/-0.1) 109.82 48.92 1.27 1.09 1.42 1.51 10.78 - 

 +DMI (0.5/-0.2) 109.55 48.80 1.41 1.25 1.46 1.66 11.27 - 

 +DMI (0.5/-0.3) 109.28 48.67 1.55 1.41 1.49 1.81 11.76 - 

 +DMI (0.6/-0.1) 110.10 49.13 1.26 1.08 1.41 1.51 12.49 - 

 +DMI (0.6/-0.2) 109.83 49.01 1.41 1.25 1.44 1.66 12.96 - 

 +DMI (0.6/-0.3) 109.56 48.88 1.56 1.42 1.47 1.81 13.43 - 

 +DMI (0.7/-0.1) 110.45 49.37 1.25 1.08 1.39 1.50 14.13 - 

 +DMI (0.7/-0.2) 110.19 49.25 1.41 1.25 1.42 1.65 14.58 - 

 +DMI (0.7/-0.3) 109.92 49.13 1.56 1.42 1.46 1.82 15.02 - 

 -DMI (0.5/-0.1) 110.30 48.58 1.17 0.93 1.49 1.51 -9.86 - 

 -DMI (0.5/-0.2) 110.48 48.73 1.10 0.85 1.48 1.42 -10.37 - 

 -DMI (0.5/-0.3) 110.62 48.87 1.05 0.78 1.48 1.34 -10.79 - 

 -DMI (0.6/-0.1) 110.58 48.67 1.18 0.95 1.48 1.56 -11.82 - 

 -DMI (0.6/-0.2) 110.74 48.82 1.13 0.88 1.48 1.48 -12.32 - 

 -DMI (0.6/-0.3) 110.87 48.97 1.09 0.82 1.49 1.41 -12.71 - 

 -DMI (0.7/-0.1) 110.93 48.81 1.20 0.97 1.47 1.61 -13.67 - 

 -DMI (0.7/-0.2) 111.07 48.96 1.16 0.91 1.48 1.55 -14.17 - 

 -DMI (0.7/-0.3) 111.18 49.11 1.14 0.87 1.48 1.49 -14.53 - 

RFI (-0.1) 109.75 48.56 1.19 0.98 1.47 1.46 - -0.01 

RFI (-0.2) 109.75 48.56 1.19 0.98 1.47 1.46 - -0.03 

RFI (-0.3) 109.75 48.56 1.19 0.98 1.47 1.46 - -0.05 

RFI (-0.4) 109.74 48.56 1.19 0.98 1.48 1.46 - -0.06 

RFI (-0.5) 109.73 48.56 1.20 0.99 1.48 1.46 - -0.07 
1Abbreviations FY: Fat yield, PY: protein yield, AFS: age at first service, FSTC: first service to conception in first lactation, CK: incidence of clinical ketosis 

in first lactation, DA: incidence of DA in first lactation 
2A negative value indicates the trait is moving in an unfavorable direction 
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3.8 FIGURES 

 

 
Figure 3.1: Population and breeding structure used in all scenarios 
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CHAPTER 4: GENERAL CONCLUSIONS 

 

 

 Globally the growing awareness of the environmental impacts of dairy production has 

emphasized the importance of increasing feed efficiency in the dairy industry. The efficiency at 

which dairy cattle convert feed into milk directly relates to the profitability and environmental 

sustainability of the dairy industry around the world.  Consequently, the primary objective of this 

thesis was to determine the impact of including feed intake or feed efficiency traits into a Canadian 

dairy cattle selection index. Including selection on feed efficiency is important to the Canadian 

dairy industry as sustainable production continues to be at the forefront of global discussion. 

Projects, such as The Efficient Dairy Genome Project, are analyzing the socio-economic and 

environmental benefits of including feed efficiency into a national selection index (The Efficient 

Dairy Genome Project, 2018). The work completed in this thesis complements the work of The 

Efficient Dairy Genome Project, as it aids in understanding the implications for selecting on feed 

efficiency in dairy cattle.  

The traits considered for inclusion were dry matter intake (DMI) and residual feed intake 

(RFI). Alternative breeding objectives such as increasing or decreasing DMI and decreasing RFI 

were evaluated. To accomplish the primary objective, there were two specific goals of this thesis 

project. The first goal was to assess the impact of including DMI or RFI into an index considering 

only sire selection. The second goal was to look at the impact of including either DMI or RFI into 

a selection index from a population perspective. The first goal was met through the use of classic 

selection index theory while the second objective was accomplished using the modeling program 

ZPLAN+, which combines selection index theory and the gene flow method. Overall, the 
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objectives of the thesis were realized by considering the implications of selecting to increase 

intake, selecting to decrease intake, and selecting to improve efficiency in comparison to a base 

index.   

 The second chapter focused on using selection index theory and sire selection to assess the 

impact of including either DMI or RFI into a selection index. Selecting to increase DMI led to a 

favorable increase in overall index genetic gain, while selecting to decrease DMI led to an 

unfavorable decrease in overall index genetic gain. The inclusion of RFI had relatively little impact 

on overall index genetic gain, compared to the base index, though the relatively low index weight, 

along with low genetic and phenotypic variance, attributed to RFI may have contributed to the 

little impact observed. It was concluded that since RFI had relatively little impact on the current 

index, it may be a trait of interest when selecting to improve the feed efficiency of dairy cattle. 

However, further research is needed to determine if a change in index weight for RFI may result 

in a greater impact on overall index genetic gain.  

Using the same premise as in the second chapter, the third chapter focused on population 

response to selection when considering the impact of including DMI or RFI into a Canadian 

selection index. This chapter used the modeling program ZPLAN+ (Täubert et al., 2010), which 

incorporates selection index theory and the gene flow method. Similar results were observed in 

the third chapter, compared to the second chapter. Selecting to increase DMI led to a favorable 

increase in annual monetary genetic gain, with the opposite observed when selecting to decrease 

DMI. Selecting to decrease DMI led to an unfavorable reduction in annual monetary genetic gain 

compared to the base. Including RFI into a Canadian selection index appeared to have relatively 

little impact on the index response and trait response to selection, compared to the base index. This 

relatively small impact is potentially due to the small economic value and low genetic and 
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phenotypic variation. These results follow those found in Chapter 2 and further suggests that RFI 

may be a trait of interest for including into a selection index. Still, further research should be done 

to ensure that the results from this work stand true if RFI is included at varying index weights.  

While the dollar values differ, the trends observed for response to selection were similar 

whether considering sire selection or a population-level analysis. This is shown through the 

difference between the base index and the indexes that include either DMI or RFI. In both chapters, 

increasing DMI led to an increase in annual index genetic gain. Using selection index theory with 

selection on the male selection pathway (Chapter 2), a favorable increase of 8.21% in annual index 

genetic gain was observed. Modeling through ZPLAN+ (Chapter 3) also gave a favorable increase 

of 10.36% in annual index genetic gain. While these numbers are not identical, they are similar 

and follow the same pattern. The same trend was observed between methods when selecting to 

decrease DMI, with almost identical numbers. In both cases, annual index genetic gain was 

reduced with using selection on the male pathway (Chapter 2) having a reduction of 7.47% and 

ZPLAN+ (Chapter 3) having a reduction of 7.72%. Following the same trend, the inclusion of RFI 

had minimal impact when modeling selection using either method. In Chapter 2, a slight favorable 

increase of 0.90% in annual index genetic gain was observed. Whereas, in Chapter 3, a slight 

unfavorable decrease of less than 0.05% in annual index genetic gain was observed. These very 

small changes suggest that in general, based on the parameters used, the inclusion of RFI does not 

have a significant impact on annual index genetic gain.  

Though it does not appear that RFI has a significant impact on annual index genetic gain, 

in both chapters the economic value, as well as the genetic and phenotypic standard, were quite 

low. This translates into a small relative weight in the index, which was clearly demonstrated in 

Chapter 2. The small relative index weight indicates a low amount of selection pressure would be 
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placed on the trait, which could have implications for the degree to which it affects the annual 

genetic gain for the index. In this thesis RFI was assumed to be uncorrelated genetically and 

phenotypically with production. Studies performed in the 1990s suggested that RFI could be 

correlated with a range of 0.02 to -0.13 (Van Arendonk et al., 1991; Veerkamp et al., 1995). The 

assumption of RFI being uncorrelated may have impacted the results for both trait and index 

response to selection. To ensure an accurate estimation of the impact of RFI on an index, current 

genetic parameters need to be estimated and included in simulation.  

It is also important to note that RFI as a trait, considers many energy sinks such as; milk, 

fat and protein production, metabolic body weight, change in body weight, body condition score, 

and stage of lactation (VandeHaar et al., 2016). Some of these energy sinks, such as body condition 

score, are not accounted for in the base index analyzed as part of this thesis. A study done by 

Kennedy et al. (1993) suggested that selecting on RFI would accomplish the same goal as selecting 

on DMI along with the energy sinks accounted for in RFI. The increase in annual genetic gain 

observed by increasing DMI, may be counteracted by the inclusion of a trait such as body condition 

score, stature and animal activity into the selection index. Therefore, evaluating the impact on 

annual genetic gain of including a trait such a body condition score along with DMI into the 

selection index may be an interesting area of further research. 

 

4.1 FINAL REMARKS 

 

The results presented in this thesis describe some of the potential impacts of including 

either DMI or RFI into a Canadian selection index. Increasing DMI had a favorable impact on 

annual genetic gain. While favorably increasing genetic gain is positive, this increase could be 
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costly for producers, due to increased feed costs. Selecting to decrease DMI had an unfavorable 

impact on the annual genetic gain, and, in turn, could lead to challenges with reproduction and 

metabolic health. Finally, selecting on RFI seemed to have little impact on annual genetic gain. 

Based on these results the trait to best incorporate into an index, would be RFI however, further 

work is needed to validate these results. While RFI had little impact, it is important to mention that 

this trait does not come without fault. There is possibility that selecting on RFI may indirectly 

select for animals with a reduced appetite. Since previous research indicates selecting on DMI 

along with energy sinks accounted for in RFI, yields the same results as selecting directly on RFI, 

including energy sinks such as body condition score, stature or activity into the trait list 

investigated should be done in further research.  Additionally, should feed efficiency be a trait of 

interest to include in a Canadian index, more work is needed to determine the optimal strategy to 

include feed efficiency into an index, to ensure simultaneous improvement of all traits.  
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