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ABSTRACT 

REPEATABILITY OF RESIDUAL FEED INTAKE BY LACTATING DAIRY COWS 

 FED TWO DIETARY FORAGE CONCENTRATIONS 

By  

Martín Javier Carrasquillo-Mangual 

 A total of 84 Holstein cows in mid-lactation were studied in three experiments. The study 

was a crossover design with 2 treatment periods. Treatments were a high forage-low starch diet 

(HF; 36%NDF, 19% starch) and a low forage-high starch diet (LF; 26%NDF, 32% starch). Forage 

comprised 70% of the DM in HF and 47% in LF. Collected data included: dry matter intake (DMI), 

milk yield (MY), body weight (BW), body condition score (BCS), and milk components. 

Statistical analysis was performed using the MIXED or GLM procedures (SAS 9.4). An RFI value 

was calculated for each cow when fed each treatment diet then, cows were ranked as high RFI 

(HRFI), medium RFI (MRFI) or low RFI (LRFI) for each treatment diet. 

The HF diet resulted in a decrease of 10% DMI, 5% ECM and 1% BW compared to the 

LF diet. Rate of BW accretion was 60% lower for cows fed HF compared to for cows fed LF.  

Milk fat yield, and BCS were not altered by treatments. RFI was relatively repeatable (r=0.54) 

across the two diets. Of all animals, 56% maintained their group ranking across treatments whereas 

38% changed ranking by 1 group.  Only 6% moved in ranking from the HRFI to the LRFI group 

or vice versa. In conclusion, although dietary treatments significantly altered intake, milk 

production, and energy partitioning, RFI was relatively repeatable for cows fed two diets with 

different forage concentrations. Thus, genomic breeding values of RFI estimated from cows fed a 

lower forage (higher starch) diet should still be useful when they are fed a higher forage diet 

containing less starch.  
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Chapter 1: Introduction and Review of Literature 

 The increase in global population presents a challenge for the food production industry. 

According to a report from the United Nations, the world’s population will surpass 10 billion by 

the year 2100 (U.N., 2015). This increase in population will require an estimated 70% increase in 

global food production (Godfray et.al., 2010). However, the available arable cropland has 

decreased in the last 50 years and is projected to continually decline (Bruinsma, 2009). The 

availability and use of new technologies has increased the efficiency of food production, such as 

higher yields per acre, which results in similar levels of food production through the usage of 

significantly less land. Nevertheless, the rate of improvement in yield is projected to decline 

(Bruinsma, 2009) meaning that current technological efficiency will be even more important. 

Animal agriculture is vital because livestock convert products otherwise inedible to humans into 

bioavailable nutrients (Oltjen and Beckett, 1996). Additionally, the FAO (2006) reports that the 

increase in general wealth will cause an increase in the demand for meat and dairy products. To 

face these challenges, the dairy industry must improve its efficiency, increasing production with 

little increase in land usage or environmental impact. 

Section 1: Feed efficiency of the dairy industry 

Efficiency is defined as output per unit of input. Feed expenses account for over 60% of all 

variable costs in a dairy operation, as such the use of less feed to achieve the same level of milk 

production will result in increased feed efficiency and profitability (VandeHaar and St Pierre, 

2006). Feed efficiency of the dairy industry and the dairy cow have improved greatly in the last 60 

years.  In the last 100 years, the industry has quadrupled milk production per cow (VandeHaar and 

St Pierre, 2006). Although the major contributor to increased milk production per cow has been 

improvement in the genetic stock, VandeHaar and St Pierre (2006) concluded that increased 
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knowledge in nutrition allowed cows to reach their genetic potential for milk production. The 

increase in milk per cow also resulted in an overall increased efficiency (i.e., fewer animals are 

required to produce the same amount of milk) (VandeHaar, 1998). Reduced numbers of animals 

require less feed, translating to the same output with reduced input. Therefore, the genetic selection 

for increased milk production during the past century has indirectly led to improved feed 

efficiency. Higher producing cows have a greater dry matter intake (DMI), and a smaller 

proportion of available nutrients is used for maintenance, and a greater proportion is partitioned 

towards production of meat and milk (Holmes and Davey, 1981). This phenomenon is called 

“dilution of maintenance,” and has been the primary reason for increases in feed efficiency over 

the past 100 years. However, the advantage of greater production efficiency diminishes as intake 

increases, because the effectiveness of digestion decreases, which negatively affects feed 

efficiency (Tyrrel and Moe, 1975; NRC, 2001). Consequently, new ways to improve feed 

efficiency aside from increasing feed intake and diluting maintenance must be sought.  

The increase in feed efficiency has also contribute to ameliorate the impact of the dairy 

industry in the environment. Few studies suggest that animals with increased feed efficiency also 

have increased digestibility of feed (Richardson and Herd, 2004; Potts et al., 2017); therefore, they 

excrete less nutrients into the environment and instead, can use more consumed nutrients for 

productive purposes when compared to inefficient animals. Additionally, another study has 

proposed that more feed efficient cattle have lower methane emissions compared to least feed 

efficient cattle (Hegarty et al., 2007). As discussed by VandeHaar et al. (2016), continuous increase 

in lifetime productivity and efficiency is consistent with good environmental stewardship. In order 

to continuously improve feed efficiency, it is vital to identify and evaluate the animals that 
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effectively can capture the greatest portion of the energy provided in the diet and allocate this 

energy to growth and lactation.  

Section 2: Measuring feed efficiency  

Multiple measures are used to assess feed efficiency in dairy cattle. One of the most 

practical approaches to describe feed efficiency is the amount of milk per unit of feed consumed, 

termed milk-to-feed ratio (Hooven et al., 1972). Currently, the milk-to-feed ratio is often calculated 

as Energy-Corrected Milk (ECM)(kg/d) / DMI (kg/d). However, depending on specific production 

goals, this measure can be expressed differently. As discussed by Blake and Custodio (1984), 

variations could include: Fat-Corrected Milk (FCM) / DMI, Solids-Corrected Milk (SCM)/ DMI, 

Milk energy output/feed energy or milk protein yield / Crude Protein (CP) intake among other 

variations. This approach examines feed efficiency by encompassing the broader idea of measuring 

Output / Input. However, efficiency data solely based on milk-to-feed ratio could be misleading 

because changes in BW or BCS are not considered, which can result in a biased feed efficiency 

value. As discussed by Varga and Dechow (2013), milk-to-feed ratio does not differentiate if the 

energy in milk is from intake, tissue mobilization or a combination of the two. As a result, cows 

that mobilize more tissue (e.g. during early lactation) will appear to be more efficient in the 

conversion of feed to milk even though they are not.  Excessive tissue mobilization can lead to an 

increased incidence of metabolic diseases, particularly during early lactation (Frigo et al, 2010). 

DeVries et al. (1999) also discussed the effects of negative energy balance and its impact on health 

and fertility. Thus, the energetic balance of the animal must be considered when describing feed 

efficiency. 

Gross energetic efficiency is another measure of feed efficiency. VandeHaar (1998), 

suggested that gross efficiency must include the energy captured in milk and body tissues divided 
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by feed energy intake. This approach recognizes the importance of tissue mobilization and the 

energy balance of the animal and may help to avoid the selection of cows based on a false value 

of efficiency. All previously mentioned methods to establish feed efficiency are not completely 

independent of other production factors such as body size or level of milk production. Gross 

efficiency is strongly associated with milk yield because of the dilution of maintenance 

(Oldenbroeck, 1989). Also, there is a moderate negative correlation between BW and gross 

efficiency (Vallimont et al., 2011; VandeHaar et al., 2016). Larger cows have a greater 

maintenance requirement than smaller cows (NRC, 2001), and this has an influence in many 

measurements of feed efficiency. This dependencies between traits can affect or limit the selection 

process as some desired traits might be negatively affected by others. To compare feed efficiency 

of cows with different levels of milk production or body sizes, separated from influences of 

dilution of maintenance or maintenance requirements another evaluation method is needed and 

recommended.  

 Residual feed intake (RFI) was first described by Koch et al. (1963) as a measure of feed 

efficiency in which feed intake was adjusted for BW and production level of the animal. 

Essentially, this type of evaluation allows researchers to evaluate feed efficiency and compare 

groups of animals independently of the dilution of maintenance. RFI is the difference between 

observed intake and predicted intake based on production and cohort. Animals with a negative RFI 

value eat less than predicted; therefore, they are more efficient when compared to animals with 

high RFI values. Animals with a positive RFI value eat more than predicted; thus, they are less 

efficient when compared to animals with lower RFI values. Over many years, the beef industry 

has conducted multiple studies to establish, evaluate, and validate RFI as an important tool to 

measure feed efficiency (Koch et al., 1963; Arthur et al., 1996; Herd et al., 2004; Durunna et al., 
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2011). However, research on RFI of dairy cattle, has been limited. In recent years, considerable 

attention has been given to RFI as a possible way to improve feed efficiency of dairy cattle (Pryce 

et al., 2012; Connor, 2015; VandeHaar et al., 2016).  

Section 3: Biological basis of residual feed intake 

Bauman et al. (1984) concluded over thirty years ago that understanding the mechanisms 

that control feed efficiency is key to developing new tools to improve it. Several publications have 

discussed the sources of RFI variation in beef (Durunna et al., 2012; Herd and Arthur, 2009) and 

dairy cattle (Connor et al., 2012; Xi et al., 2016). Richardson and Herd (2004) proposed that the 

variation in RFI could be explained by physiological differences in digestibility (accounting for 

10% of RFI), tissue metabolism (accounting for 37% of RFI), heat increment of fermentation 

(accounting for 9% of RFI), activity (accounting for 10% of RFI), body composition (accounting 

for 5% of RFI), feeding patterns (accounting for 2% of RFI) and others (accounting for 27% of 

RFI). In regard to digestibility, Potts et al. (2017) concluded that diet digestibility accounted for 

up to 31% of the variation observed between high RFI and low RFI cows in their study when cows 

were fed high fiber diets. However, differences in DMI between high RFI and low RFI cows could 

explain the increased digestibility. As DMI increases the passage rate of feed through the rumen 

is increased which decreases time for digestion. So, although digestibility and RFI were negatively 

correlated in their study, the causal relationship was not clear. In a study by Hegarty et al. (2007) 

selection of low RFI cows resulted in a reduction in methane emissions; the researchers discussed 

that a possible explanation for the result was the decreased DMI of low RFI animals. As energy 

intake decreases, the substrate supply for fermentation is reduced, thus decreasing the supply of 

hydrogen to the methanogens. But, a study by Basarab et al. (2013) discuss that the relationship 

between RFI and methane emission can also be the result of different methanogenic profiles 
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between high and low RFI cattle. This suggest that differences in microbial profiles and rumen 

metabolism can also influence the variation in RFI. Connor (2015) concluded that understanding 

the sources of variation in RFI will be important to predict the consequences of selecting for it 

instead of other traits.  

Section 4: Using residual feed intake to enhance feed efficiency of dairy cows 

Although the mechanisms for variation are not fully elucidated and warrant further 

research, considerable attention has been given to RFI as a trait to be included in breeding decisions 

(Verkamp et al., 1995; Pryce et al., 2014; Connor, 2015; Tempelman et al., 2015; VandeHaar et 

al., 2016). An advantage of including RFI is that it is independent of the production level of the 

animal; thus, it allows for the selection of efficiency and milk yield separately. However, if RFI is 

to be used for selection purposes, two main prerequisites must be met. It must be heritable to ensure 

progress in future generations, and it must be repeatable to avoid mistakes in the selection process.  

Heritability of RFI has been evaluated in multiple studies and at multiple stages of lactation 

or growth in dairy cattle. Van Arendock et al. (1991) estimated heritability of RFI in 417 growing 

heifers to be 0.22. Pryce et al. (2012) estimated heritability in 2000 growing heifers to be 0.22 or 

0.38 depending on the country (Australia and New Zeeland respectively). For lactating cows, the 

earliest report was from Van Arendock et al. (1991) who evaluated 360 lactating heifers and 

estimated heritability to be 0.19. Since that time, more studies have been reported with estimates 

for heritability of RFI ranging from 0.01 (Vallimont et al., 2011) to 0.32 (Veerkamp et al., 1995). 

Most recently, Tempelman et al. (2015) published a study with an extensive data base composed 

of RFI values from 4,900 cows in peak to mid lactation, and estimated the heritability to be 

between 0.15 to 0.18, depending on the model used in the analysis. Based on this, RFI seems a 

promising way to improve feed efficiency and is suitable for inclusion in selection indexes. 
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Traditional breeding programs rely on performance of a sire’s daughter which is not available for 

RFI in commercial herds where individual animal feed intake is not measured. However, through 

genomics, selection for reduced RFI is possible. Briefly, for genomic evaluation and testing, a 

reference or test population is evaluated for RFI. Additionally, the test population is genotyped 

with thousands of single nucleotide polymorphism (SNP) markers. Then, the SNP effects for RFI 

are jointly estimated for RFI and prediction models are developed. Finally, using the SNP effect 

estimate models we can predict estimates of genetic merit of RFI for other genotyped animals. 

However, the successful application of this technique is dependent on the repeatability of RFI as 

a trait for selection.  

In this thesis, repeatability of RFI, refers to the accuracy, and correlation of RFI in cows 

when it is measured more than once in the same animal. Specifically, we want to know if RFI 

values (which are always relative to the feed intake of other cows in a cohort group) will be 

repeated for a cow if measured with different diets, parities, or days in milk. Repeatability is 

important for genomics as it is assumed that the values obtained from the test population at a 

specific time, and fed a specific diet, will be representative of that animal’s RFI if it were measured 

for her entire life no matter what diet she was fed. On this matter, Durunna et al. (2012) determined 

that the repeatability of RFI across periods was moderate (r = 0.52) for crossbred beef heifers fed 

the same diet in both periods. Connor et al. (2013) estimated the repeatability of RFI in early 

lactation cows to be 0.47 across weeks within lactation and to be 0.56 across lactations when using 

weekly data during early lactation (0-90 DIM). These studies provide support to the moderate 

correlation of RFI across time and lactation, which suggest that data obtained at one point in time 

during mid lactation (either primiparous or multiparous cows in the test population) is an 

appropriate method for estimating lifetime RFI.  
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Repeatability across diets is also important if we expect genomic testing to be effective. 

Currently, most of the test population of the dairy feed efficiency data base used in Tempelman et 

al. (2015) was evaluated with relatively high starch diets, typical of the northern US. High 

repeatability across diets will ensure that the values obtained from the test population can be 

applied to animals when fed different diets fed in different parts of the world or in the future when 

cattle diets may contain less human consumable feedstuffs. Repeatability of beef steers fed two 

different diets in the growing and finishing stages was 0.33 (Durunna et al., 2011). However, 

repeatability of RFI for beef heifers in the growing and finishing phases fed different diets was 

0.62 (Kelly et al., 2010a). Finally, repeatability of RFI of 109 lactating dairy cows fed high (30%) 

and low (14%) starch diets was evaluated during mid-lactation (Potts et al., 2015). They 

determined RFI repeatability of these cows to be 0.73 when fed these diet, and that weekly 

repeatability was similar across and within treatment diets. The main difference in dietary fiber 

supply between the high and low starch diets fed by Potts et al. (2015) was soyhulls, a non-forage 

fiber, and forage NDF content was similar across treatments. Thus, Potts et al. (2015) showed that 

RFI was repeatable when starch was replaced with a non-forage fiber. However, whether RFI of 

lactating cows is repeatable when starch is replaced with forage fiber is not known. 

Section 5: Objectives & Hypothesis 

In this project, the goal was to further evaluate the repeatability of RFI across diets. The 

main objective was to determine the repeatability of RFI of cows when fed diets containing 

different concentrations of forage fiber (and thus starch), one with ~20% forage NDF and ~30% 

starch and the other with 30% forage NDF and ~20% starch. We hypothesized that RFI for a cow 

when fed high starch would be repeatable when fed the diet high in forage NDF. If RFI is 
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repeatable, then the estimated breeding values of RFI determined with current studies like 

Tempelman et al. (2015) are more likely useful for cows consuming diets with more forage.  
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Chapter 2: Materials and Methods 

Section 1: Animals  

 All animals and methods were approved by the Michigan State University Institutional 

Animal Care and Use Committee (IACUC). A total of 84 mid-lactation Holstein-Friesian dairy 

cows (27 multiparous; 57 primiparous) were used in this study. Animals were 97±28 DIM, 

weighed 634±61 kg and produced 39±10 kg of milk per day at the beginning of their first treatment 

period. Cows were evaluated in three separate experiments. Specific descriptions of the individual 

experiments are summarized in Table 1.  

Table 1: Description of animals used in the study1 

Experiment Animals Multiparous Primiparous DIM (d) BW (kg)2 MY (kg/d)2  

1 32 14 18 89 ± 27 656 ± 59 40 ± 10  

2 32 9 23 98 ± 22 613 ± 62 39 ± 8  

3 20 4 16 112 ± 33 631 ± 53 38 ± 10  
1DIM= Days in milk at the beginning of the study, BW= body weight, MY= Milk yield. 
2BW and MY values were obtained by calculating the mean ± standard deviation of data      

   collected during the preliminary period. 

Section 2: Experimental design and treatments 

Experiments followed a crossover design with two treatment periods of either 28 d 

(Experiments 2 and 3) or 31 d (Experiment 1). Prior to the first treatment period, animals were 

fed a common diet for either 7 (Experiments 1 and 3) or 5 (Experiment 2) d. Preliminary data 

were obtained to pair animals based on parity, DIM, BW and MY. Then, within a pair, animals 

were randomly assigned to a treatment sequence. In one sequence, they were fed a high forage 

diet (HF) in the first treatment period followed by the low forage diet (LF) in the second 

treatment period. In the other sequence, the order of diets was reversed. Within each experiment, 

animals were housed in the same barn in the MSU Dairy Teaching and Research Center (East 

Lansing, MI). Animals were randomly allocated to tie-stalls. The tie-stall design allowed 
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measurement of individual cow feed intake. The treatment diet was offered once daily with ad 

libitum access. Cows were blocked from their feed when refusals were collected or when cows 

left the stalls to the milking parlor. Amount of feed offered was adjusted daily to allow for about 

10% orts. Drinking water was available ad libitum throughout the day. 

The LF diet had 26% NDF and the HF diet had 36% NDF. Both diets were formulated 

using the Spartan Dairy Ration Evaluator (Michigan State University, East Lansing, MI) to meet 

NRC (2001) recommendations for protein, minerals and vitamins and fed as totally mixed ration 

(TMR). A detailed ingredient list is described in Table 2.  

Forages were corn silage, alfalfa hay silage, and chopped wheat straw. The HF diet 

contained 70% forage with 7% corn grain, while the LF had 47% forage with 28% corn grain. 

Mechanically-extruded soybean meal (Soy Plus®) and solvent-extracted soybean meal were 

balanced to achieve similar contents of predicted metabolizable protein in the two diets. The 

nutrient composition in Table 2 is reported on a DM basis and was calculated using the feed 

analysis of the corn and alfalfa hay silages. The nutritional value of the rest of ingredients was 

calculated from book values of NRC (2001). As shown in Table 2, over 70% of the fiber in the 

HF and LF diets was provided by forage sources. 
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Table 2:  Composition of treatment diets1,2 

 Experiment 1 Experiment 2 Experiment 3 

Diet HF LF HF LF HF LF 

Ingredients %Diet      

    Corn Silage 38.1 27.4 38.1 27.4 38.1 27.4 

    Alfalfa Hay Silage 26.2 17.5 26.2 17.5 26.2 17.5 

    Wheat Straw 5.2 2.7 5.2 2.7 5.2 2.7 

    Cotton Seeds 5.2 5.2 5.2 5.2 5.2 5.2 

    Soy Bean Meal 7.1 15.6 7.1 15.6 7.1 15.6 

    Soy Plus® 8.2 ---- 8.2 ---- 8.2 ---- 

    Ground Dry Corn 7.0 15.5 7.0 15.5 7.0 15.5 

    High Moisture Corn ---- 12.6 ---- 12.6 ---- 12.6 

    Vitamin-Mineral Mix3 2.0 2.0 2.0 2.0 2.0 2.0 

    Limestone 0.2 0.7 0.2 0.7 0.2 0.7 

    Sodium Bicarb 0.8 0.8 0.8 0.8 0.8 0.8 

Nutritients % of DM      

    NDF 0.2 27.0 36.0 27.0 34.0 26.0 

    Forage NDF 31.0 21.0 31.0 21.0 29.0 20.0 

    Cude Protein 18.0 18.0 17.0 17.0 18.0 18.0 

    Metabolizable protein 12.0 11.5 11.6 11.4 11.9 11.6 

    Starch 20.0 32.0 20.0 32.0 20.0 32.0 

    Fatty Acid 3.7 3.2 3.7 3.2 3.7 3.2 
1High (HF) and Low (LF) forage diets fed to animals during experiments, 1  

     (n=32), 2 (n=32) and 3 (n=20). 
2Nutrient composition estimated with the Spartan Dairy 3 software® using  

     updated feed ingredient analysis. 
3Vitamin and mineral mix composed of: Ground corn (34.1%), Salt(25.6%), Ca     

     Carbonate (21.8%), Biofos (9.1), Mg oxide (3.9%), Soybean oil (2%) and   

      <1% of the following Vitamin A, Vitamin E, Vitamin D3, Mn sulfate, Zn   

      sulfate, Fe sulfate, Cu sulfate, Selenium, Iodine and Co Carbonate. 
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Section 3: Sample collection & analysis 

Methods for the assessment of treatment effect over animal production 

 Cows were fed once daily at 1000 h (Experiment 3) or 1200 h (Experiments 1 and  2). Feed 

intake was recorded daily and calculated as the difference between the amount of feed offered and 

the amount refused the next day. All feed amounts were weighed using scales (Fairbanks FB1100-

2 Series, Kansas City, MO). That were calibrated every three months. Corn silage and alfalfa silage 

were sampled twice weekly (Monday and Thursday) for analysis of dry matter (DM) content on 

site using the Koster Moisture Tester (Model C, Brunswick, OH). Values were used to adjust the 

amounts of forages mixed into the diets to keep nutrient and energy concentrations constant 

through time. Cows were milked twice daily in a double-seven herringbone automatic milking 

parlor, at 0430 and 1530 h (Experiments 1 and 2) or 0340 and 1440 h (Experiment 3). Milk yield 

was recorded electronically for each milking throughout the project. Milk samples were collected 

on 4 consecutive milkings each week throughout the experiment and at each milking during the 

last 5 d of each treatment period. All individual samples collected from each cow in each period 

were analyzed for fat, true protein, lactose, total solids, somatic cell count (SCC) and milk urea 

nitrogen (MUN) using infrared spectroscopy (AOAC, 1990) by Universal Lab Services (East 

Lansing, MI). BW was recorded three times weekly (Monday, Wednesday and Friday) 

immediately after morning milking approximately at 0520h (Experiments 1 and 2) or 0430 

(Experiment 3), on a calibrated livestock scale (XR3000 Tru-Test Corp., Mineral Wells, TX). 

Body condition score (BCS) was assessed on animals at the beginning and end of each treatment 

period by three different scorers using a 1 to 5point scale with 0.25 increments (1= very thin and 

5= obese) at any time during a 24h period. Scorers were trained following scoring guidelines 

described by Edmonson et al (1989) but were not blinded to treatments.  
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Blood Metabolites  

 During the last 5 d of each experimental period, blood samples were collected every 15 h 

to evaluate the effect of treatment on key metabolites for experiments 1 and 2. Blood samples were 

collected via venipuncture of the medial caudal vein. Blood was collected using two 5-ml 

vacutainer tubes containing EDTA (BD, Franklin Lakes, NJ, USA) for the analysis of insulin and 

non-esterified fatty acids (NEFA); and one 5-ml vacutainer tube containing sodium fluoride (BD 

Franklin Lakes NJ, USA) for the analysis of glucose. Following collection, samples were kept on 

ice for 20 to 30 min and then processed to separate plasma. Separation was performed using a 

centrifuge for 15 min at 2,000 x g at 4°C. After separation, the plasma portion was transferred to 

1-ml tubes and stored at -20°C keeping EDTA samples and sodium fluoride samples separated. 

After the collections were finished, samples were thawed. Individual time point samples within 

period from each cow were composited to obtain one sample per cow per period and then frozen 

at -20°C until analyses were performed. One composite was done for EDTA tubes and a separate 

composite was prepared for sodium fluoride tubes. Plasma samples were analyzed for insulin, 

glucose, and NEFA concentration. Insulin was quantified using the radioimmunoassay kit, PI-12K 

Porcine Insulin RIA (EMD Millipore, Billerica, MA, USA) performed following all 

manufacturer’s protocols and specifications. Glucose concentration was quantified using the 

Glucose kit #510; (Sigma Chemical Co., St. Louis, MO, USA) following all manufacturer’s 

protocols and recommendations. Concentration of NEFA was quantified using the NEFA HR-2 

Kit (Wako Chemicals, Richmond, VA, USA). The kit was used following all manufacturer’s 

protocols and specifications. All tests were analyzed in duplicate, and any sample with a CV 

greater than 8% for the duplicates was re-analyzed. 
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Section 4: Calculations & statistical analysis 

Milk yield was calculated as the mean milk yield of all days within each treatment period 

for a cow using electronic parlor records. Fat yield, protein yield and lactose yield were calculated 

for each milking in which samples were analyzed. The components from the 4 consecutive 

milkings each week were summed to obtain the yield of a 48-h period and divided by 2 to 

determine daily yield of components. Data was used to determine weekly concentration (%) of fat, 

protein, and lactose. Energy corrected milk (ECM) was calculated using the equation of Tyrrell 

and Reid (1965):   

ECM (kg) = 0.327 * milk (kg) + 12.95 * fat (kg) + 7.65 * protein (kg) 

The daily change in body weight (∆BW) for each cow in each period was calculated by linear 

regression of BW over time with the REG procedure of SAS v.9.4 (SAS Institute, Inc. Cary, NC). 

After the first regression of BW by day, data points outside of ± 3.5 SD were established as outliers 

and removed before performing a second regression. The slope of the second regression was 

established as the mean daily ∆BW for an individual cow in each experimental period. Change in 

BCS (∆BCS) was calculated as the difference between the mean BCS at the end and the beginning 

of a treatment period.  

Energy partitioning 

 Energy partitioning calculations were performed considering the three possible major 

energy sinks of a mid-lactation cow, energy for maintenance, energy for milk production and 

energy for BW gain. Net energy of milk (NEL) was calculated using the equation from the NRC 

(2001): 

NEL= 9.29 * fat (kg) +5.63 * protein (kg) + 3.95 * lactose (kg); 
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each coefficient describes the heat of combustion of individual components in Mcal/kg according 

to the NRC, (2001).  

The energy allocated for maintenance (NEM) was calculated according to the NRC (2001) as:  

NEM = 0.073 * MBW 

 Metabolic body weight (MBW) was calculated as BW0.75 where BW is the mean BW of an 

individual cow during an individual treatment period. The coefficient of 0.073 is the estimated 

fasting heat production of cows housed in tie-stalls, provided by NRC (2001). Net energy of gain 

(NEG)refers to the energy transferred to or from body tissue when BW is gained or lost, and was 

calculated as: 

NEG = (2.88+1.036 * BCS) * ∆BW 

where BCS is the mean BCS of a cow in one treatment period and ∆BW refers to the BW change 

of a cow in kg/d during that period. This equation was derived using values in Table 2-5 of the 

NRC (2001). Individual percent of total NE allocated for a particular variable was calculated by: 

%NEL, %NEM or %NEG = (
NEL, NEM or NEG

NEL +  NEM + NEG
) x 100 

where the numerator of the equation was the variable of interest in Mcal/d, with the final value 

expressed as the percent of mega calories per day allocated to a particular variable. Multiples of 

maintenance were calculated to obtain an indicator of intake using 2 different methods. Multiple 

of maintenance using a cow’s energy requirements (MMR)was calculated as: 

MMR =  
(NEL+  NEM+ NEG)

NEM,
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Multiples of maintenance using measured intake (MMI)was calculated as: 

MMI = 
(DMI*NED, )

NEM
 

where DMI is the observed mean DMI of a 28-day period. 

NED refers to the apparent net energy density of the diet, calculated as:  

NED = 
NEL+ NEM+ NEG

DMI
 

where each term represents the mean energy of all animals partitioned towards lactation, 

maintenance, and BW gain, respectively, averaged over the treatment period. 

Statistical analysis 

 Statistical analysis of each dependent variable was analyzed using the MIXED procedure 

of SAS v.9.4 (SAS Institute, Inc. Cary, NC) by the following initial model:  

Yi = m + experiment + diet + parity + period (experiment) + diet*experiment + diet*parity + 

diet*period(experiment)+ experiment*parity + experiment*period(experiment) + parity*period 

(experiment) + cow(experiment) + εi, 

where Y is the dependent variable of interest, with the fixed effects of experiment (1, 2 or 3), diet 

(HF or LF), parity class (primiparous or multiparous) and period nested within experiment; 

followed by all interactions of fixed effects with ε as the error term of the model. Cow nested 

within experiment and parity, (Cow (experiment)) was included as a random effect. 

Efficiency calculations  

The milk-to-feed ratio was calculated by dividing weekly ECM (kg/d) by DMI (kg/d) and 

then averaged to one value per cow per period.  
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Income over feed cost (IOFC) was calculated as:  

IOFC = milk income - feed cost 

Feed cost was calculated using the economic value for commodities in the midwestern 

United States in the fall of 2013, summarized in Table 3.  

Table 3: Price of used commodities 

Feed ingredient $/kg of DM1 

    Corn Silage $0.22 

    Alfalfa Hay Silage $0.11 

    High Moisture Corn $0.33 

    Ground Dry Corn $0.34 

    Soybean Meal $0.56 

    Soy Plus2 $0.51 

    Cotton Seed $0.41 

    Wheat Straw $0.10 

    Vitamin-Mineral Mix3 $0.45 

    Limestone $0.22 

    Sodium Bicarb $0.22 
1Economic values for commodities in the  

    Midwestern United States in the fall of 2013. 

2Source: Dairy Nutrition Plus, Soy Plus distributors 

3Price paid by MSU dairy for the specific mineral  

    blend used in the study 

  
Milk income was determined based on individual production of milk components 

following the values of fat ($5.04/kg), protein($3.29/kg), and other solids yields ($0.12/kg) as 

determined by the USDA under federal order No. 33 for May 2016. Based on average production 

of all cows and the economic values of components milk price was determined to be $13.08 per 

45.4kg. RFI was calculated using the following statistical model developed by Potts et al. (2015), 

and analyzed using the GLM procedure of SAS v.9.4 (SAS Institute, Inc. Cary, NC): 
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DMIi = β0 + β1 x NELi + β2 x MBWi + β3 x NEGi + parity + experiment + sequence (experiment) + 

diet (sequence*experiment) + εi, 

where DMI is the mean DMI of a treatment period, NEL is the energy of milk for a treatment 

period, MBW is the mean MBW of a treatment period and NEG is the change in the energy of 

BW for the treatment period, Parity refers to primiparous or multiparous, Experiment refers to 

individual experiment (1, 2, or 3), Sequence refers to treatment sequence for a cow within an 

experiment and was used as the cohort of animals that received treatment diets in the same 

sequence nested within experiment and diet nested within the sequence and experiment 

interaction. Finally, the ε term refers to the residual in the model, or RFI value for the i cow 

under each diet. Ranking of animals by RFI was done using the SD of the mean RFI of each diet 

individually and used to categorize animals into 3 levels for RFI: Low (LRFI), Medium (MRFI), 

and High (HRFI) where LRFI= RFI < -0.5 SD, MRFI= -0.5 SD < RFI < 0.5 SD, and HRFI= 

RFI> 0.5 SD. An RFI group was established for each animal fed each diet. Weekly RFI was also 

evaluated and calculated using weekly data analyzed by the previously described model, with 

one exception, the term diet(sequence*experiment) was substituted with 

week(sequence*experiment). 

Analysis of animal performance comparing two efficiency groups 

To evaluate which variables can significantly contribute to RFI variation, we evaluated the 

different responses to treatment diets by the cows with the highest and lowest RFI in each treatment 

sequence. Selected animals were in the LRFI or HRFI group, respectively, in both treatment 

periods. Efficiency level was established as a group. Dependent variables were analyzed using the 

following model: 
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Yi = m + RFIg + εi, 

Where m is the overall mean, RFIg represent the efficiency level, with 1= Lowest RFI animals 

and 2 = highest RFI animals and ε refers to the error term of the model. This model was run for 

all dependent variables including: DMI, ECM, BW, ∆BW, BCS, ∆BCS MMR, MMI, Milk 

components (Fat, Protein, MUN and SCC), RFI, Milk-to-feed, IOFC and plasma metabolites 

(glucose, insulin, and NEFA) using the GLM procedure of SAS v.9.4 (SAS Institute Inc., Cary, 

NC, USA).  
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Chapter 3: Results 

Section 1: Treatment effect on animal production 

  Effect of diet in production variables are shown in Table 4. Cows fed the HF diet 

had 10% lower DMI (2.4 kg/d; P < 0.01), and 5% less ECM (2.1 kg/d; P < 0.01) compared with 

those fed the LF diet. This negative effect on production by the HF diet also was evident for milk 

yield (8% or -3.1 kg/d, P < 0.01) and 4% FCM (3% or -1.2 kg/d, P < 0.01). Compared with the LF 

diet, cows fed the HF diet had increased milk fat percentage (0.3% greater, P < 0.01) but no 

difference was observed in fat yield. Protein concentration (-0.2%) and yield (-0.20 kg/d) 

decreased (P < 0.01) when cows were fed the HF diet compared to the LF diet. MUN increased 

by 11% (1.8 mg/dl; P < 0.01) for cows fed the HF diet compared with those fed the LF diet. Milk 

quality evaluated using SCC was not different for cows fed the two diets. Furthermore, cows fed 

the HF diet gained less BW (P < 0.01 for ∆BW), which was reflected in the means of BW per 

dietary period. However, although BW gain was different for cows fed the two different diets, 

there was no difference in BCS or ∆BCS.    

Energy partitioning results are reported in Table 5. The fraction of energy partitioned 

towards BW gain more than doubled in the LF diet compared to the HF diet (P < 0.01). However, 

the fraction of energy partitioned towards maintenance (P < 0.01) was greater for cows fed the HF 

than the LF diet. Cows fed the HF diet tended (P < 0.07) to partition a greater fraction of energy 

towards milk than the cows fed the LF diet. 

The LF diet increased the concentration of insulin in plasma by 26% (P < 0.01) and the 

concentration of glucose by 3.3% (P < 0.01) compared to HF diet. The LF diet also decreased the 

concentration of NEFA by 20% (P < 0.01) compared to the HF diet (Table 6).    



22 
 

Weekly responses to dietary treatments are divided by treatment sequences and reported in 

Figures 1, 2 and 3. The weekly diet effects reported for DMI, ECM yield, and BW were similar to 

the overall treatment effects.  

Table 4: Treatment effect on production variables1 

 Diets2   

Variable3 HF LF SEM P-value4 

   DMI (kg/d) 22.0 24.4 0.15 <0.01 

   Milk Yield (kg/d) 35.1 38.2 0.25 <0.01 

   ECM Yield (kg/d) 36.5 38.6 0.27 <0.01 

   4%FCM Yield (kg/d) 33.9 35.1 0.28 <0.01 

   % Fat 3.8 3.5 0.03 <0.01 

   Fat Yield (kg/d) 1.3 1.3 0.02 0.79 

   % Protein 2.98 3.13 0.01 <0.01 

   Protein Yield (kg/d) 1.0 1.2 0.01 <0.01 

   MUN (mg/dl) 15.9 14.1 0.13 <0.01 

   SCC (1000/mL) 122 98 33 0.47 

   BW (kg) 643 647 1.1 <0.01 

   ∆BW (kg/d) 0.3 0.5 0.07 <0.01 

   BCS (1-5 Scale) 3.1 3.1 0.01 0.78 

1All values represent the LSMeans for a 28 day period.  

2HF= High forage diet and LF= Low forage diet. 

3ECM= 0.327*Milk Yield + 12.95*Fat Yield + 7.65* Protein Yield, 4% FCM=  

 0.4*Milk Yield + 15*Fat Yield, BW= Body weight, ∆BW= Change in body   

 weight, BCS= Body condition score and ∆BCS = Change in body condition score. 

4P-value associated with the main effect of diets. 
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Table 5: Diet effect on energy partitioning1  

 Diet2   

Variable HF LF SEM P-value3 

NE lactation (Mcal/d) 25.0 26.4 0.19 <0.01 

% to milk 69.4 67.9 0.82 0.07 

NE maintenance (Mcal/d) 9.3 9.4 0.01 <0.01 

% to maintenance 26.4 24.5 0.35 <0.01 

NE body tissue (Mcal/d) 1.6 3.0 0.43 <0.01 

% to body tissue 4.2 7.6 1.10 <0.01 

1Values represent LS Means over a 28 day period. 

2HF= High forage diet and LF= Low forage diet. 

3P-value associated with the main effect of diets. 

 

Table 6: Plasma concentration of blood metabolites1 

 Diet2   

Variable3 HF LF SEM P-value4 

Glucose 58.6 60.6 0.43 <0.01 

Insulin 0.50 0.68 0.03 <0.01 

NEFA 124 99 3.2 <0.01 

1All values represent the LSMean of a 28 days Period (n=64 cows). 

2HF= High forage diet and LF= Low forage diet. 

3Units: Glucose (mg/dl), Insulin (mg/L) and NEFA (µeq/L). 

4P-value associated with the main effect of diets. 
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1HF-LF sequence= animals fed HF diet in period 1 (wk 1-4) and LF diet on period 2 (wk 5-8), 

  LF-HF sequence= animals fed LF diet in period 1 (wk 1-4) and HF diet in period 2 (wk 5-8). 

2Overall diet effect on ECM was significant (P <0.01), with SEM of ± 0.27 kg. 

 

 

  
 

            

              

              

              

              

              

              

              

              

              

              

              

    

1HF-LF sequence= animals fed HF diet in period 1 (wk 1-4) and LF diet on period 2 (wk 5-8), 

  LF-HF sequence= animals fed LF diet in period 1 (wk 1-4) and HF diet in period 2 (wk 5-8). 

2Overall diet effect on DMI was significant (P <0.01), with SEM of ± 0.15 kg. 
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1HF-LF sequence= animals fed HF diet in period 1 (wk 1-4) and LF diet on period 2 (wk 5-8), 

  LF-HF sequence= animals fed LF diet in period 1 (wk 1-4) and HF diet in period 2 (wk 5-8). 
2Overall diet effect on BW was significant (P <0.01), with SEM of ± 1.10 kg. 

 

Section 2: Analysis of repeatability of RFI 

The model used to estimate DMI explained 90% of the variation in DMI (r2= 0.90); the 

remaining 10% was RFI. Values for individual RFI of each cow within each diet plotted against 

each other, are shown in Figure 4. Repeatability across the two dietary treatments was 0.54 and 

was determined by the Pearson correlation coefficient using the CORR procedure of SAS v.9.4 

(SAS Institute, Inc. Cary, NC).  

Weekly RFI values for each cow were determined and averaged to compare repeatability 

within and across diets. As seen in Figures 1, 2, and 3, the effect of overall dietary treatment effects 

was reflected in weekly means by treatment for DMI, ECM, and BW. To avoid confounding effects 

of dietary adjustments in BW for the weekly correlation analysis, the RFI values for wk 1 and wk 

5 were removed before averaging the weekly correlations (repeatability). Values for within diet 
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repeatability in Table 7 represent the mean of weekly correlations between weeks 2, 3 and 4 for 

the diet fed in period 1 (Diet 1); and the mean of weekly correlations between weeks 6, 7 and 8 for 

the diet fed in period 2 (Diet 2). Across diet correlation represent the mean of weekly correlations 

of weeks 2, 3, and 4 with weeks 6, 7, and 8. Repeatability of RFI of cows fed same diet (within: 

Period 1 or Period 2) and across diets are shown by Pearson correlation coefficients in Table 7, 

and established for multiple subgroups.  

As described in the Materials and Methods, an RFI group was defined using SD, and cows 

were assigned to an efficiency group for each diet. The efficiency group re-ranking is summarized 

in Figure 6. “No change” refers to the cows that were in the same efficiency group when fed either 

dietary treatment. The “1 group change” refers to cows that changed by one efficiency group (for 

example, from MRFI to LRFI or vice versa) as diets changed. Finally, “Drastic change” refers to 

animals that changed from the most efficient group (LRFI) to the least efficient group (HRFI) or 

vice-versa when diets were switched.  Diet effect did not affect the RFI classification of 56% of 

the cows (n = 47) across all three experiments. Of the remaining 44% of cows, 38% (n = 32) had 

a 1 group change and only 6% of the cows (n = 5) changed RFI group drastically. 

 Table 8 presents Pearson (above diagonal) and Spearman (under diagonal) correlation 

coefficients of RFI and milk-to-feed ratio, along with other production variables. There was no 

correlation of RFI with BW, ∆BW or ECM as expected because these variables were included in 

the DMI ANOVA model used to compute RFI. Milk-to-feed ratio was correlated to ECM yield (r 

= 0.71) but not correlated to BW (Table 8). RFI was correlated negatively to milk-to-feed ratio (r 

= -0.38) and IOFC (r = -0.28); whereas there was a positive correlation (r = 0.79) between IOFC 

and milk-to-feed ratio (Table 9).  
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1Repeatability of residual feed intake across high forage and low forage diets (y=0.55x; R2=0.3). 

Each data point represents 1 cow's RFI value on each diet (n=84), evaluated in Experiment 1 

(n=32), Experiment 2 (n=32) or Experiment 3 (n=20). Open squares indicate primiparous cows in 

Experiment 1 (n=18), closed squares indicate multiparous cows in Experiment 1 (n=14), open 

triangles indicate primiparous cows in Experiment 2 (n=23), closed triangles indicate multiparous 

cows in Experiment 2 (n=9), open circles indicate primiparous cows in Experiment 3  (n=16), and 

closed circles indicate primiparous cows in Experiment 3 (n=16). 
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Table 7: Within and across diet repeatability of residual feed intake 

Category n Period 11 Period 22 Across3 

All     

Pearson coefficient 84 0.62 0.66 0.47 

Parity     

Primiparous 57 0.57 0.72 0.54 

Multiparous 27 0.67 0.53 0.39 

Sequence4     

High-Low 42 0.68 0.62 0.53 

Low-High 42 0.55 0.73 0.39 

Experiment     

1 32 0.72 0.84 0.43 

2 32 0.62 0.58 0.49 

3 20 0.46 0.58 0.50 

1Represents the average correlation between weeks 2, 3, and 4. 

2Represents the average correlation between weeks 6, 7, and 8. 

3Represents the average correlation between weeks 2 ,3, and 4, with weeks 6, 7, and 8. 
4High-Low (HF diet in period 1 and LF diet in period 2), Low-High (LF diet in period 1 

and HF diet in period 2). 
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Figure 5: Re-ranking of animals across diets1,2 
 

  
 

      

        

        

        

        

        

        

        

        

        

        

        

        

        
1 Efficiency groups were establish using SD from the mean of the individual RFI value of the   

    cow High RFI group refers to the cows who's RFI is over 0.5 SD, Med-RFI group refers to  

    cows who's RFI is between -0.5 and 0.5 SD, Low RFI group refers to the cows who's RFI      

    is under -0.5 SD An RFI group was established for each cow on each dietary treatment 
2 No change (n=47) refers to the 56% of cows that maintain efficiency ranking when diets   

    were switched, 1 group change (n=32) refers to the 38% of cows that changed efficiency  

    ranking by one group when diets were switched, drastic change (n=5) refers to the 6% of  

    cows that changed efficiency ranking drastically from efficient to inefficient or vice versa 

 

Table 8: Correlation of feed efficiency values and production variables1, 2, 3  
RFI DMI ECM BW ∆BW Milk:Feed 

RFI 1 0.32 0.01 0.003 0.01 -0.38 

DMI 0.28 1 0.83 0.66 0.08 0.20 

ECM -0.03 0.80 1 0.49 -0.16 0.71 

BW 0.01 0.65 0.50 1 -0.03 0.02 

∆BW 0.01 0.16 -0.05 -0.002 1 -0.37 

Milk:Feed -0.36 0.17 0.67 0.06 -0.24 1 

1Bold values represent a P-value <0.05. 
2Pearson correlation coefficients are above the diagonal, and Spearman coefficients are under  

     the diagonal. 
3RFI= Residual feed intake, ECM= 0.327*Milk Yield + 12.95*Fat Yield + 7.65*Protein Yield,  

     BW= Body weight, ∆BW= Change in body weight. 
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Table 9: Correlation between feed efficiency values1, 2, 3 

 IOFC Milk-to-feed RFI 

IOFC 1 
0.85 -0.26 

Milk-to-feed 
0.79 

1 
-0.38 

RFI -0.22 -0.36 1 

1All coefficients had a P-value <0.01. 
2 Pearson correlation coefficients are above the diagonal, and   

      Spearman coefficients are under the diagonal. 

3 IOFC= Income over feed cost and RFI= Residual feed intake. 

 

Section 3: Evaluation of RFI Variability 

As expected, RFI differed between the most efficient (LRFI) and the least efficient (HRFI) 

cows (P < 0.01, Table 10). Although the two efficiency groups did not differ statistically in ECM 

production, BW or ∆BW, the LRFI group had a 13% reduction in DMI (P < 0.01, Table 10). This 

was the expected result and provides further evidence of how feed efficiency can reduce intake 

without a major effect over production.  No significant difference was observed in milk 

components (Table 10). LRFI cows had greater milk-to-feed ratio (P = 0.02) than HRFI cows, 

while no difference was observed in IOFC (Table 10).  

Concentrations of measured metabolites in plasma for the two RFI groups are shown in 

Table 10. No significant difference was observed in the concentration of glucose or insulin in 

plasma between the LRFI and HRFI groups. However, cows in the LRFI group had a 27% increase 

in concentration of NEFA (35 µeq/L greater, P < 0.01) compared with cows in the HRFI group. 

Finally, multiples of maintenance based on intake were greater for cows in the HRFI (P < 0.01). 

As expected, no difference was observed between groups in the multiples of maintenance 

calculated based on production requirement values (P = 0.23) as its calculation is based on NEM, 

BW and ∆BW. 
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Table 10: Comparison of production on two efficiency groups1 

 Efficiency Group2    

Variable3 HRFI LRFI SEM P-value4 

n 10 10   
    DMI (kg/d) 24.4 21.2 0.69 <0.01 

    Milk Yield (kg/d) 36.7 33.8 2.06 0.32 

    ECM Yield (kg/d) 37.2 36.0 1.9 0.67 

    BW (kg) 644 644 14 0.97 

    ∆BW (kg/d) 0.53 0.22 0.13 0.11 

    BCS (1-5 Scale) 3.08 3.16 0.07 0.45 

    ∆BCS (28d period) -0.02 -0.06 0.04 0.51 

    MMR 3.98 3.77 0.124 0.23 

    MMI 4.35 3.67 0.101 <0.01 

Milk Components     

    % Fat 3.59 3.88 0.13 0.11 

    % Protein 3.09 3.14 0.07 0.64 

    MUN (mg/dl) 14.8 14.4 0.36 0.37 

    SCC (1000/ml) 65 68 16 0.87 

Feed Efficiency3     

    RFI 1.3 -1.5 0.11 <0.01 

    Milk-to-feed 3.5 4.3 0.40 0.17 

    IOFC (US $/d) 2.90 3.08 0.12 0.33 

Plasma Metabolites     

    Insulin (mg/L) 0.71 0.55 0.08 0.17 

    Glucose (mg/dl) 59.7 59.5 1.2 0.9 

    NEFA (ueq/L) 96 131 7.8 <0.01 

1All values represent overall LS Mean for both dietary treatments. 
2LRFI= Low RFI or efficient cows, HRFI= High RFI or inefficient cows.   
3ECM= 0.327*Milk Yield + 12.95*Fat Yield + 7.65*Protein Yield, BW=  

     Body   weight, ∆BW= Change in body weight, BCS= Body condition  

     score, ∆BCS = Change in body condition score, RFI= Residual feed intake,  

     IOFC= Income over feed cost, and NEFA= Non-esterified fatty acids  
4P-value associated with the main effect of efficiency group. 
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Chapter 4: Discussion 

Section 1: Treatment effect on production variables 

 As expected, DMI decreased for cows fed the HF compared with LF diet (Table 4). High 

starch diets can affect DMI through metabolic regulation explained by the hepatic oxidation theory 

(Allen et al., 2009), and high NDF diets can decrease DMI due to physical fill (Allen, 2000). Fiber 

particles have a greater retention time in the rumen when compared to more digestible compounds 

such as starch or proteins. Continuous intake coupled with longer retention time can cause 

distention of the reticulo-rumen. This distention causes pressure on the mechanoreceptors present 

in the rumen wall (Harding and Leek, 1972). The signal of these mechanoreceptors stimulates the 

satiety centers of the brain to terminate a meal (Forbes et al., 1996) thus, suppressing intake. The 

effect of high NDF is greater when the source of fiber is forage compared with non-forage fiber 

sources. Particle size of forages are typically larger and less uniform than non-forage fiber sources 

(NFFS), which results in additional rumination time needed per unit of NDF and longer retention 

time for forages when compared to NFFS. Our data showed a 10% decrease in DMI when cows 

were fed the HF diet compared to the LF diet. Over 75% of total fiber was provided by a forage 

source in the LF diet, and this increased to 80% in the HF diet. We speculate that physical fill was 

the major limitation to greater DMI for cows fed the HF diet. Due to the strong positive correlation 

between DMI and ECM (r = 0.8, Table 8), we also presume that reduced DMI partly limited ECM 

of cows fed the HF diet compared to cows fed the LF diet. These observations are similar to the 

results reported by Ipharraguerre et al. (2002) and Oba and Allen (2000), where increased NDF 

diets decreased DMI and milk yield of cows. The decrease in milk production of cows fed a high 

NDF (low starch) diet is also consistent with the results of Potts et al. (2015), who reported a 

decrease of 5% (2.1 kg/d) milk yield per day, when dietary starch decreased 16% and was replaced 
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by fiber. Our data shows a decrease of 8% (3.1 kg/d) milk yield per day, when dietary starch was 

decreased by 12% and was replaced by fiber. Although our difference in starch was smaller 

between diets, the drop in milk production was bigger. The reason is likely that our fiber was from 

forage and was coupled with a drop in DMI, whereas Potts et al. (2015) replaced starch with non-

forage fiber.    

Dietary treatments also altered milk components in our study. Protein concentration and 

yield were increased for cows fed the LF diet, which is consistent with Potts et al. (2015).  This 

increase in protein concentration and yield likely was due to the greater concentration of starch in 

the LF diet. Increasing availability of highly digestible carbohydrates provides additional energy 

to the rumen microbes which increases the synthesis and absorption of microbial protein (Grum et 

al., 1996). Additionally, the increased concentration of starch increases the synthesis of propionic 

acid, an important glucogenic precursor for ruminants; which could spare amino acids from being 

used as glucogenic precursors and save them for used in protein synthesis. Finally, high starch diet 

can up regulate the mTOR pathway, which is activate in high-energy metabolic states and results 

in an increase in milk protein synthesis (Morita et al., 2015). The study conducted by Burgos et al. 

(2010) suggest that nutrients can regulate mammary protein synthesis through the mTOR pathway 

in dairy cows. This helps explain the observed increase of milk protein yield by the LF diet. 

Although MUN values for both diets were within the recommended range, the LF diet caused a 

lower MUN concentration in milk compared to the HF diet. As discussed by Khezri et al. (2006), 

this is likely the result of the LF diet providing sufficient, rapidly available carbohydrates to 

stimulate the capture of ammonia by the rumen microbes.  

The HF diet increased milk fat percentage of cows when compared to the LF diet, which is 

consistent with published research, as exemplified in Oba and Allen (2000) and Potts et al. (2015). 
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Increased concentration of dietary fiber results in a higher acetate:propionate ratio in the rumen 

(Oba and Allen, 2000), but the increase in milk fat concentration from high fiber is often simply 

the result of less milk volume without a drop in milk fat synthesis. The milk dilution factor likely 

explains the differences observed in our data as there was a change in fluid milk yield but no 

difference in fat yield. Additionally, high starch diets can have a negative effect on fiber digestion 

due to depressed rumen pH (Russell and Wilson, 1996); however, this likely does not explain our 

results as the concentration of total NDF and forage NDF exceeded the recommended minimums 

(NRC, 2001). Finally, another possible explanation for changes in milk fat concentration is dietary 

effects on energy partitioning. Cows fed the LF diet partitioned twice as much energy towards 

body tissue accretion than those fed the HF diet. This is consistent with their increased 

concentrations of glucose and insulin in plasma, as insulin is known to promote body fat accretion 

(Bauman, 2000), and our changes in partitioning are similar to those of Boerman et al. (2015). 

Thus, although cows fed LF diets consumed more energy, much of the increased energy was 

partitioned to body tissue accretion rather than milk fat yield. 

Although we observed significant differences in BW, ∆BW, and partitioning of energy 

towards BW, no significant differences were observed in BCS or ∆BCS. This contrasts with the 

results reported by Potts el al. (2015) who found that diets significantly altered ∆BCS. A possible 

explanation for this difference is that, 70% of the cows in our study were primiparous cows 

whereas only 40% of the cows were primiparous in Potts et al. (2015). As animals mature, fat 

accretion patterns change across adipose tissue depots. Therefore, primiparous and multiparous 

cows may respond to diets differently in how gains in BCS and BW are related. A significant 

correlation (P < 0.01) between ∆BW and ∆BCS is reported for multiparous cows but no correlation 

for primiparous cows (Table A1-Apendix). Although the amount of maintenance energy was 



35 
 

greater for cow fed the LF diet compared to cows fed the HF diet, the fraction of energy partitioning 

toward maintenance was less. The dilution of maintenance likely explains this result. As energy 

intake increases, the portion required for maintenance is reduced. Thus, the increase in DMI for 

cows when fed the LF diet resulted in a smaller portion used for maintenance than when they were 

fed the HF diet. This decreased proportion for maintenance assumes that it is proportional to MBW 

and that is accurate and it does not change with diet changes.   

In summary, our data shows that our diets altered several production traits. This confirms 

that the two diets were different from each other, giving validity to their use for testing the 

repeatability of RFI across diets differing in forage content. 

Section 2: Repeatability of RFI 

 Our results showing that RFI is moderately repeatable (r=0.54) across diets are similar to 

several published studies in beef and dairy cattle. Repeatability of RFI across diets varies from 

0.33 (Durunna et al., 2001) to 0.73 (Potts et al., 2015). Potts et al. (2015), found the repeatability 

of RFI across high and low starch diets for lactating dairy cows to be relatively high (r = 0.73).  

Although our study used the same animal model and our dietary treatment also differed in fiber 

and starch content, our reported repeatability was lower. The most likely reason for this difference 

is that Potts et al. (2015) replaced starch with fiber from soyhulls to achieve the difference in fiber 

concentrations, whereas forage was the primary source of fiber in the current study. There is ample 

data that shows how the variation in fiber sources (forage or non-forage) can impact DMI and 

other variables in lactating dairy cows (Clark and Armentano, 1993; Cuningham et.al.,1993; Clark 

and Armentano, 1997; among others). More recently a study by Halachmi et al. (2004) reported 

significant differences in in vitro NDF, OM digestibility and feeding behavior for two diets 

differing in NDF source (soy hulls vs. corn silage); which directly compare the two fibers sources 
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used by Potts et al. (2015) and the present study. Their results showed that forage NDF decreases 

digestibility and intake of dairy cows when compared to non-forage NDF. Additionally, 

Ipharraguerre et. al. (2002) reported that up to 30% corn grain can be substituted by soyhulls with 

no effect on DMI. Thus, the fact that we replaced corn grain with forage, instead of soyhulls, likely 

explains why we observed differences in DMI but Potts et al. (2015) did not. RFI is a measurement 

strongly related to DMI. In contrast to Potts et al. (2015), our dietary treatments differed 

considerably in forage NDF concentration, negatively impacting DMI.  Consequently, we propose 

that the variation of forage NDF between diets is the main reason for a reduction in RFI 

repeatability across diets when compared to Potts et al. (2015). As previously discussed digestion 

and passage rate can be more variable for forage sources. 

Repeatability of RFI across diets differing in forage content has been reported for beef 

cattle (Durunna et al., 2011 and Cassady et al., 2016).  Durunna et al (2011) observed the 

repeatability of RFI across the growing and finishing periods of beef steers to be 0.33 with the 

growing steers fed a forage-based diet and the finishing steers fed a concentrate-based diet. 

Compared to those results, our value was higher, but this was partly expected considering that 

differences in stage of development could potentially influence repeatability of RFI. For heifers 

fed the same diet in both the growing and mature period, the repeatability of RFI was 0.54 

(Durunna et al., 2012). Heifers fed the same diet during the growing and finishing period had an 

RFI repeatability of 0.62 (Kelly et al., 2010b); a value that is similar to the value reported by 

Cassady et al. (2016). Steers fed a grain-based diet during the growing and finishing periods had 

an RFI repeatability of 0.63. However, the same study by Cassady et al. (2016) fed two diets 

differing in forage and grain concentration during the growing period and reported a RFI 
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repeatability of 0.40. This data shows that both diet and physiological state of the animal likely 

influence repeatability of RFI. 

Another method to evaluate RFI repeatability is to examine the repeatability of feed 

efficiency rankings across diets. Using this method, we obtained results comparable to the values 

reported by Potts et al. (2015) and others (Figure 6). In our study, 56% of the animals maintained 

the same efficiency group across diets, a result identical to the 56% reported by Potts et al. (2015). 

Additionally, in our study 38% of animals changed efficiency ranking by one efficiency group e.g. 

from the High RFI group to the Medium RFI, which compares with 40% in Potts et al. (2015). 

Finally, drastic changes in efficiency group e.g. from the High RFI group (least efficient) to the 

Low RFI group (most efficient) or vice versa were recorded for 6% of the animals in our study 

and for 4% of the animals in Potts et al. (2015). Therefore, although our overall repeatability for 

RFI was lower than that of Potts et al (2015), re-ranking of the feed efficiency groups for animals 

was similar. This also parallels the results of Durunna et al. (2011), who reported that feeding 

finishing compared to growing diets to steers resulted in no change in RFI group for 45% of the 

animals, a 1-group change for 46%, and a drastic change in RFI group for 8%. Durunna et al. 

(2012) observed similar changes in re-ranking of RFI groups when crossbred heifers were fed the 

same diet across two periods.  

Weekly correlations within and across diets are reported in Table 7. We found the 

repeatability across diets using weekly RFI calculations was 0.47, which was lower than the overall 

repeatability of 0.54. This is expected because the weekly measurement of RFI will have a greater 

error associated to it. This correlation of weekly RFI of cows fed two different diets was relatively 

similar when evaluating different parity groups, sequence cohorts, or experiments (Table 7). Based 

on weekly data from our study, RFI repeatability was reasonably high within diet (r = ~0.64). This 
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provides evidence that even within a diet, correlation is not perfect. Therefore, a correlation of 

r=0.54 across two diets does not mean that the change in RFI ranking or correlation was mostly 

caused by differences in diets. Alternatively, our correlation value of 0.54 is 84% of the within 

diet correlation value, and thus it represents a moderate repeatability of RFI across dietary forage 

concentration.   

Finally, our data shows a negative correlation between IOFC and RFI. As such, efforts to 

reduce RFI in dairy cows (selecting for increased feed efficiency) will result in an increase of 

IOFC. The same is true for the correlation between RFI and milk-to-feed ratio. Our data also 

supports that selection for RFI can be coupled to other desired traits because is independent from 

variables such as milk production or BW. There was no correlation between RFI, ECM, BW, or 

∆BW (Table 8); thus, an improvement in RFI can be pursued without major consequences in milk 

yield or BW values; this is also discussed by VandeHaar et.al. (2016). Our recommendation is to 

use selection indexes for decreased RFI coupled with increased milk production to maximize 

profitability and environmental stewardship. 

In summary, RFI was moderately repeatable across dietary forage concentration. 

Therefore, analysis of RFI under high starch diets can be used to obtain a fair estimation of RFI 

rankings in cows fed low starch diets with a high concentration of forage. 
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1Bars with upright lines represent efficiency re-ranking of dairy cows across high and low forage  

    fiber diets (r=0.54) in the present study, bars with diagonal lines represent the re-ranking of   

    dairy cows across high and low starch diets reported by Potts et al. (2015) (r=0.73), plat bars  

    represent the re-ranking of beef heifers fed the same diet across the growing and finishing   

    periods reported by Durunna et al., (2012) (r=0.54), dotted bars represent re-ranking of beef  

    steers across the growing period (fed growing diet) and the finishing (fed finishing diet) periods  

    reported by Durunna et al., (2011) (r=0.33).        

 

Section 3: Variation between two efficiency groups differing in RFI 

 Multiple studies have evaluated differences in production between cattle that rank low in 

RFI (efficient) compared with cattle that rank high in RFI (inefficient) dairy cows (Williams et al., 

2011; Connor et al., 2013; Potts et al., 2015; and Xi et al., 2016). Our data showed that DMI was 

13% lower (3.2 kg/d) for the low RFI cows compared to the high RFI cows with no statistical 

differences in ECM production (P = 0.67) or ∆BW (P = 0.11). Our results are consistent with Xi 

et al. (2016), who observed that low RFI cows ate 8% less (1.6 kg/d) than high RFI cows, Connor 

et al. (2013), who found the low RFI cows ate 15% less (3.7 kg/d) than high RFI cows, and Potts 

et al. (2015), who found that compared with high RFI low RFI cows had a reduction in DMI under 
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Figure 6: Re-ranking summary of four experiments1
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high and low starch diets of 14% (4.2 kg/d) and 20% (5.8 kg/d) respectively. As expected in all 

three studies, the reduction in DMI by low compared to high RFI cows was not associated with a 

change in milk production or BW change. Williams et al. (2011) studied growing dairy heifers and 

observed 18% less (1.7 kg/d) DMI for low compared to high RFI animals, and the decreased DMI 

of the low RFI group was not associated with a change in growth rate. These results support the 

hypothesis that selection for low RFI could reduce feed costs without altering production; thus, 

increasing the profitability of dairy cows.  

 The mechanisms to explain the physiological source of RFI (the DMI not attributable to 

differences in milk production, BW, or change in BW) are inconclusive. Richardson and Herd 

(2004) estimated the contribution of different physiological processes to variation in RFI. In their 

study, they estimated that protein turnover and metabolism could contribute to 37% of the variation 

in RFI, which is supported by McDonagh et al. (2001) who studied efficiency in steers. Xi et al. 

(2016), reports an increase of 0.2% in the concentration of milk protein in low RFI cows compared 

to high RFI cows. Conversely, our data shows no significant difference on the concentration of 

milk protein between the two efficiency groups, which parallels results reported by Connor et al. 

(2013) and Macdonald et al. (2014). The concentration of urea in milk is an indicator of protein 

metabolism in dairy cows. Xi et al. (2016) found that high RFI cows had greater MUN 

concentration than low RFI cows (P <0.01). Thus, we expected that cows that produced more milk 

per unit of feed might have a lower concentration of MUN. However, we observed no difference 

in MUN between low RFI and high RFI cows. Additional research is needed to determine if protein 

metabolism is different in low RFI cows vs high RFI cows. 

We found a weak positive correlation between SCC and RFI (r = 0.20), although no 

difference was observed in mean SCC of low RFI and high RFI cows. In accordance with our data, 
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Xi et al. (2016) found no statistical difference in SCC between RFI groups; but, reported a positive 

correlation between SCC and RFI (r = 0.55). Interestingly two cows with second and third highest 

RFI ranking had the highest SCC (1.3 million and 526,000 respectively); because these cows 

where outliers, they were removed from the dataset before making comparisons across RFI groups. 

If they had remained in the data, the mean SCC of high RFI cows would have been much higher. 

Perhaps these cows ate more than expected (had high RFI) due to energy losses associated with 

the inflammatory process. Hou et al. (2012) suggests that genetic differences between cows with 

different efficiency (RFI) could be related to differences in immune responses which could relate 

SCC and RFI. Present data is not conclusive but, the observations of the two case animals and the 

positive correlation observed by us and others is evidence that further research is needed determine 

what is the relationship between RFI and some immune responses that impact milk quality. 

Our data shows that NEFA concentration was 27% (+35µeq/L; P< 0.01) higher in the 

plasma of low RFI cows than high RFI cows. Our findings are opposed to the results of Xi et al. 

(2016) where low RFI cows had a 19% lower NEFA concentration that high RFI cows. The authors 

speculate that the observed difference might have been influenced by a reduction in carcass fat of 

low RFI cows, but no difference was observed in BW or chest girth measurements between groups, 

and BCS data was not reported. Our data shows a negative correlation (r= -0.31) between RFI and 

NEFA concentration which was also reported by Kelly et al. (2010a) (r= -0.21; 86 growing beef 

heifers), and Wood et al. (2014) (r= -0.17; 324 pregnant beef cows evaluated across 9 studies). 

The negative correlation between RFI and NEFA may indicate that low RFI cows are mobilizing 

fat to support a lower DMI but, we did not detect it. It could also indicate that efficient cows 

metabolize fat differently than inefficient cows. However, a different study by Kelly et al. (2010b) 

found no significant correlation between NEFA and RFI in growing heifers. Thus, with the 
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inconsistencies of reported correlations, and the lack of studies that relate RFI and NEFA in 

lactating cows, is not clear if RFI and NEFA are related. Further studies are needed to clearly 

establish the relationship between key plasma metabolites and RFI in lactating dairy cows.  
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Chapter 5: Conclusions and closing remarks 

Cows produced less milk and partitioned less energy toward body tissue when fed diets 

with 30% forage NDF and 20% starch compared to 20% forage NDF and 30% starch. This 

production responses confirmed that the two dietary treatments were nutritionally different and 

were valid diets for testing the repeatability of RFI across diets. Repeatability was moderate at r = 

0.54 across these dietary treatments, and only 6% of 84 cows had a drastic change in RFI ranking 

when dietary treatments were switched. This supports our hypothesis that RFI is a repeatable trait 

across diets differing in dietary forage concentration. Therefore, we suggest that genomic breeding 

values obtained for RFI when cows of a reference population are fed high starch diets can be 

applied through a selection index for animals on lower starch, high forage diets. Finally, further 

research is needed to elucidate the mechanism that influences the variation of RFI so we can design 

management and nutritional strategies to maximize feed efficiency.  
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Table A1: Correlation of BW and BCS of primiparous and multiparous cows1, 2, 3 
 

BW ∆BW BCS ∆BCS 

BW 1 0.03 0.63 0.14 

∆BW 0.12 1 -0.06 0.25* 

BCS 0.45 0.04 1 0.03 

∆BCS 0.02 0.12 0.06 1 

1Bold values represent a P-value of <0.05 and * represent a P-value of <0.1 

2 Correlation coefficient are Multiparous above diagonal and Primiparous below diagonal 
3 BW=Body weight, ∆BW= Change in body weight, BCS=Body condition score and  

    ∆BCS= Change in body condition score 

 

 

 

Week
2,3

Wk1 Wk2 Wk3 Wk4 Wk5 Wk6 Wk7 Wk8

Wk1 1 0.61 0.54 0.50 0.30 0.32 0.35 0.21

Wk2 0.62 1 0.70 0.54 0.28 0.39 0.56 0.38

Wk3 0.51 0.65 1 0.61 0.41 0.43 0.56 0.33

Wk4 0.52 0.56 0.60 1 0.62 0.52 0.56 0.55

Wk5 0.31 0.31 0.43 0.64 1 0.58 0.49 0.47

Wk6 0.35 0.40 0.42 0.50 0.59 1 0.59 0.70

Wk7 0.34 0.51 0.51 0.55 0.49 0.59 1 0.59

Wk8 0.27 0.45 0.37 0.58 0.47 0.65 0.66 1
1
 Pearson correlation coefficient are above the diagonal (n=84); Spearman's coefficients are be-

   low the diagonal (n=84). All significant values (P <0.05) are expresed in bold.
2
Week of experiment. Diet change occurred after compleation of wk 4, thus cows received same 

  diet either High  or Low forage) in weeks 1 throught 4 and the other diet in wk 5 throught 8.
3
Weekly residual feed intake was estimated from the performance of each cow for the specific wk, 

  with change in body energy being calculated using change in BW defined as the diference be- 

  tween average BW for the wk minus the average BW for the previos wk.

Table A-2: Raw RFI weekly correlation of all animals
1
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Week
3,4

Wk1 Wk2 Wk3 Wk4 Wk5 Wk6 Wk7 Wk8

Wk1 1 0.65 0.73 0.53 0.38 0.32 0.39 0.15

Wk2 0.53 1 0.78 0.60 0.39 0.48 0.63 0.37

Wk3 0.22 0.57 1 0.59 0.46 0.45 0.65 0.28

Wk4 0.44 0.45 0.66 1 0.58 0.51 0.52 0.56

Wk5 0.13 0.11 0.31 0.70 1 0.58 0.46 0.47

Wk6 0.32 0.27 0.38 0.53 0.57 1 0.57 0.70

Wk7 0.29 0.45 0.40 0.63 0.54 0.62 1 0.51

Wk8 0.33 0.39 0.44 0.56 0.48 0.71 0.76 1
1
 Values are the Pearson correlation coefficient. Sequence High-Low are above the diagonal (n=42); 

   Sequence Low-High are below the diagonal. All significant values (P <0.05) are depicted in bold.
2
 Sequence High -Low refers to cows that recived the high forage diet in period 1 and the low 

forage diet in period two; the sequence Low-High refers to the cows that received  the low forage 

diet in period 1 and the high forage diet in period 2.
3
Week of experiment. Diet change occurred after compleation of wk 4, thus cows received same 

  diet either High  or Low forage) in weeks 1 throught 4 and the other diet in wk 5 throught 8.
4
Weekly residual feed intake was estimated from the performance of each cow for the specific wk, 

  with change in body energy being calculated using change in BW defined as the diference be- 

  tween average BW for the wk minus the average BW for the previos wk.

Table A-3: Raw RFI weekly correlation by treatment sequence 
1,2
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Week
2,3

Wk1 Wk2 Wk3 Wk4 Wk5 Wk6 Wk7 Wk8

Wk1 1 0.75 0.61 0.64 0.34 0.46 0.59 0.34

Wk2 0.53 1 0.75 0.51 0.20 0.36 0.66 0.23

Wk3 0.50 0.67 1 0.57 0.38 0.44 0.65 0.28

Wk4 0.40 0.54 0.66 1 0.69 0.43 0.49 0.47

Wk5 0.28 0.29 0.44 0.57 1 0.63 0.41 0.56

Wk6 0.26 0.37 0.40 0.55 0.52 1 0.53 0.77

Wk7 0.21 0.45 0.46 0.59 0.50 0.59 1 0.41

Wk8 0.12 0.45 0.36 0.59 0.37 0.59 0.68 1
1
 Values refer to the Pearson correlation coefficient. Primiparous cows are above the diagonal (n=57);

   multiparous cows are below the diagonal (n=27). All significant values (P <0.05) are depicted in bold.
2
Week of experiment. Diet change occurred after compleation of wk 4, thus cows received same 

  diet either High  or Low forage) in weeks 1 throught 4 and the other diet in wk 5 throught 8.
3
Weekly residual feed intake was estimated from the performance of each cow for the specific wk, 

  with change in body energy being calculated using change in BW defined as the diference be- 

  tween average BW for the wk minus the average BW for the previos wk.

Table A-4: Raw RFI weekly correlation by parity group
1

Week
2,3

Wk1 Wk2 Wk3 Wk4 Wk5 Wk6 Wk7 Wk8

Wk1 1 0.77 0.51 0.64 0.40 0.41 0.44 0.36

Wk2 0.65 1 0.69 0.78 0.41 0.28 0.41 0.33

Wk3 0.71 0.79 1 0.71 0.52 0.42 0.47 0.44

Wk4 0.52 0.48 0.58 1 0.72 0.46 0.57 0.49

Wk5 0.37 0.36 0.55 0.67 1 0.7 0.7 0.69

Wk6 0.34 0.44 0.46 0.52 0.66 1 0.81 0.83

Wk7 0.55 0.74 0.67 0.57 0.51 0.62 1 0.89

Wk8 0.22 0.38 0.27 0.53 0.54 0.73 0.41 1
1
 Values refer to the Pearson correlation coefficient between weekly RFI values. Cows in experi

   ment 1 are above the diagonal (n=32); Cows in experiment 2 are below the diagonal (n=32). 

   All significant values (P  <0.05) are depicted in bold.
2
Week of experiment. Diet change occurred after compleation of wk 4, thus cows received same 

  diet either High  or Low forage) in weeks 1 throught 4 and the other diet in wk 5 throught 8.
3
Weekly residual feed intake was estimated from the performance of each cow for the specific wk, 

  with change in body energy being calculated using change in BW defined as the diference between

  average BW for the wk minus the average BW for the previos wk.

Table A-5: Raw RFI weekly correlation by Experiment
1
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Week
2,3

Wk1 Wk2 Wk3 Wk4 Wk5 Wk6 Wk7 Wk8

Wk1 1

Wk2 0.56 1

Wk3 0.57 0.38 1

Wk4 0.22 0.46 0.53 1

Wk5 0.56 0.29 0.65 0.53 1

Wk6 0.30 0.37 0.47 0.66 0.68 1

Wk7 0.28 0.52 0.48 0.61 0.27 0.40 1

Wk8 0.08 0.28 0.32 0.76 0.58 0.77 0.57 1

1
 Values refer to the Pearson correlation coefficient between weekly RFI values of cows in

Experiment 3 (n=20). All significant values (P  <0.05) are depicted in bold.
2
Week of experiment. Diet change occurred after compleation of wk 4, thus cows received same 

  diet either High  or Low forage) in weeks 1 throught 4 and the other diet in wk 5 throught 8.
3
weekly residual feed intake was estimated from the performance of each cow for the specific wk, 

  with change in body energy being calculated using change in BW defined as the diference between

  average BW for the wk minus the average BW for the previos wk.

Table A-6: Raw RFI weekly correlation in Experiment 3
1



49 
 

 

 

 

 

 

 

REFERENCES 

  



50 
 

REFERENCES 

 

Allen M.S. 2000. Effects of diet on short-term regulation of feed intake by lactating dairy cattle. 

      J. Dairy Sci. 83:1598-1624. 

Allen M.S., B.J. Bradford, and M. Oba. 2009. Board-invited review: the hepatic oxidation theory  

     of the control of feed intake and its application to ruminants. J. Anim. Sci. 87:3317-3334. 

AOAC. 1990. Official Methods of Analysis. 15th ed. Association of Official Analytical 

     Chemists, Gaithersburg, MD, USA. 

Arthur P.F., R.M. Herd, J. Wright, G. Xu, K. Dibbley, and E.C. Richardson. 1996. Net feed  

     conversion efficiency and its relationship with other traits in beef cattle Proc. Aust. Soc.  

     Anim. Prod. 21:107-110. 

Basarab J.A., K.A. Beauchemin, V.S. Baron, K.H. Ominski, L.L. Guan, S.P. Miller, and J.J.  

     Crowley. 2013. Reducing GHG emissions through genetic improvement for feed efficiency:  

     effects on economically important traits and enteric methane production. Animal 7:303-315. 

Bauman D.E., S.N. McCutcheon, W.D. Steinhour, P.J. Eppard, and S.J. Sechen. 1984. Sources  

     of variation and prospects for improvement of productive efficiency in the dairy industry.  J.  

     Anim. Sci 60:583-592. 

Bauman D.E. 2000. Regulation of nutrient partitioning during lactation: homeostasis and  

     homeorhesis revisited. Pp 311-328 in ruminant physiology, digestion, metabolism, growth   

     and reproduction. Procedings of the 9th international symposium on ruminant physiology.  

     P.B. Cronje ed. CABI publishing, New York, NY, USA. 

Blake R.W., and A.A. Custodio. 1984. Feed efficiency: A composite trait of dairy cattle. J. Dairy  

     Sci. 67:2075-2083. 

Boerman J.P., S.B. Potts, M.J. VandeHaar, and A.L. Lock. 2015. Effect of partly replacing  

     dietary starch with fiber and fat on milk production and energy partitioning. J. Dairy Sci.         

     98:7264-7276. 

Bruinsma J. 2009. The resource outlook to 2050: By how much do land, water and crop yields  

     need to increase by 2050? Paper presented at the FAO Expert meeting. Rome, Italy. 

Burgos S.A., M. Dai, and J.P. Cant. 2010. Nutrient availability and lactogenic hormones regulate 

     mammary protein synthesis through the mammalian target of rapamycin signaling pathway.  

     J. Dairy Sci. 93:153-161. 

Cassady C.J., T.L. Felix, J.E. Beever, and D.W. Shike. 2016. Effects of timing and duration of  

     test period and diet type on intake and feed efficiency of Charolais-sired cattle. J. Anim. Sci.   



51 
 

     94:4748-4758. 

Clark, P. W., and L. E. Armentano. 1993. Effectiveness of neutral detergent fiber in whole  

     cottonseed and dried distillers grains compared with alfalfa haylage. J. Dairy Sci. 76:2644-  

     2650. 

Clark, P.W., andL.E.Armentano.1997.Replacementofalfalfa neutral detergent fiber with a 

     combination of non-forage fiber sources. J. Dairy Sci. 80:675-680. 

Connor E.E. 2015. Invited review: Improving feed efficiency in dairy production: challenges and  

     possibilities. Animal 9:395-408. 

Connor E.E., J.L. Hutchison, H.D. Norman, K.M. Olson, C.P. VanTassell, J.M Leith, and R.L.  

     Baldwin VI. 2013. Use of residual feed intake in Holsteins during early lactation shows  

     potential to improve feed efficiency through genetic selection. J. Anim. Sci. 91:3978-3988. 

Connor EE, Hutchison JL, Olson KM and Norman HD (2012) Triennial lactation symposiym:  

     Opportunities for improving milk production efficiency in dairy cattle. J Dairy Sci 90:1687-   

     1694. 

Cunningham, K. D., M. J. Cecava, and T. R. Johnson. 1993. Nutrient digestion, nitrogen, and  

     amino acid flows in lactating cows fed soybean hulls in place of forage or concentrate. J.  

     Dairy Sci. 76:3523-3535. 

De Vries M.J., S. Van Der Beek, L.M.T.E. Kaal-Lansbergen, W. Ouweltjes, and J.B.M Wilmink.  

     1999. Modeling of energy balance in early lactation on first detected estrus postpartum in   

     dairy cows. J. Dairy Sci. 82:1927-1934. 

Durunna O.N., M.G. Colazo, G.J. Ambrose, D. McCartney, V.S. Baron, and J.A. Basarab. 2012.  

     Evidence of residual feed intake reranking in crossbred replacement heifers. J Anim. Sci.  

     90:34-741. 

Durunna O.N., F.D.N. Mujibi, L. Goonewardene, J.A. Okine, J.A. Basarab, Z. Wang, and S.S.       

     Moore. 2011. Feed efficiency differences and reranking in beef steers fed grower and finisher  

     diets. J. Anim. Sci. 89:158-157. 

Edmonson A.J., I.J. Lean, L.D. Weaver, and T. Farver. 1989. A body condition scoring chart for  

     Holstein dairy cows. J. Dairy Sci. 72:68-78. 

FAO. 2006a. World agriculture: towards 2030/2050 – Food and Agriculture Organization of the  

     United Nations. Interim Report, Rome, Italy. 

Forbes J.M. 1996. Integration of regulatory signals controlling forage intake in ruminants.  

       J. Anim. Sci. 74:3029-3035. 

Frigo E., C.D. Dechow, O. Pedron, and B.J. Casell. 2010. The genetic relationship of body  



52 
 

     weight and early-lactation health disorders in two experimental herds. J. Dairy Sci. 93:1184-  

     1192. 

Godfray H.C.J., J.R. Beddington, I.R. Crute, L. Haddad, D. Lawrence, J.F. Muir, J. Pretty, S.  

     Robinson, S.M. Thomas, and C. Toulmin. 2010. Food security: the challenge of feeding 9  

     billion people. Science 327:812-818. 

Grum D.E., J.K. Drackely, L.R. Hansen, and J.D. Cremin Jr. 1996. Production, digestion, and    

     hepatic lipid metabolism of dairy cows fed increased energy from fat or concentrate. J. Dairy  

     Sci. 79:1836-1849. 

Halachmi I., E. Maltz, N. Livshin, A. Antler, D. Ben-Ghedalia, and J. Miron. 2004. Effects of  

     replacing roughage with soy hulls on feeding behavior and milk production of dairy cows  

     under hot weather conditions. J. Dairy Sci. 87:2230-2238. 

Harding, R., and B.F.Leek.1972. Rapidly adapting mechanoreceptors in the reticulo-rumen that  

     also respond to chemicals. J. Physiol. 223:32P-33P 

Hegarty R.S., J.P. Goopy, R.M. Herd, and B. McCorkell. 2007. Cattle selected for lower residual  

     feed intake have reduced daily methane production. J. Anim. Sci. 85:1479-1486. 

Herd R.M., and P.F. Arthur. 2009. Physiological basis of residual feed intake. J. Anim. Sci.  

     87:64-71. 

Herd R.M., V.H. Oddy, and E.C. Richardson. 2004. Biological basis for variation of residual  

     feed intake in beef cattle. 1. Review of potential mechanisms. Aust. J. Exp. Agric. 44:423-  

     430. 

Holmes C.W., A.W.F. Davey, and C. Grainger. 1981. The efficiency with which feed is utilized  

     by the dairy cow. Proc. NZ. Soc. Animal Prod. 41:16-27 

Hooven N.W., R.H. Miller, and J.W. Smith. 1972. Relationships among whole and part lactation  

     gross feed efficiency, feed consumption and milk yield. J. Dairy Sci. 55:8 1113-1122. 

Hou Y., D.M. Bickhart, H. Chung, J.L. Hutchison, H.D. Norman, E.E. Connor, and G.E. Liu.  

     2012. Analysis of copy number variations in Holstein cows identify potential mechanisms  

     contributing to differences in residual feed intake. Func. Intergr. Genomics 12:717-723. 

Ipharraguerre I.R., R.R. Ipharraguerre, and J.H. Clark. 2002. Performance of lactating dairy cows  

     fed varying amounts of soy hulls as a replacement for corn grain. J. Dairy Sci. 85:2905-2912. 

Kelly A.K., M. McGee, D.H. Crews, A.G. Fahey, A.R. Wylie, and D.A. Kenny. 2010a. Effect of  

     divergence in residual feed intake on feeding behavior, blood metabolic variables and body  

     composition traits in growing beef heifers. J. Anim. Sci. 88:109-123. 



53 
 

Kelly A.K., M. McGee, D.H. Crews, T.Sweeney, T.M. Boland, and D.A. Kenny. 2010b.  

     Repeatability of feed efficiency, carcass ultrasound, feeding behavior, and blood metabolic  

     variables in finishing heifers divergently selected for residual feed intake. J. Anim. Sci.  

     88:3214-3225. 

Khezri A., K. Rezayazdi, M. Danesh Mesgaran, and M. Moradi-Shababk. 2009. Effect of  

     different rumen-degradable carbohydrates on rumen fermentation, nitrogen metabolism and  

     lactation performance of Holstein dairy cows. Asian-Aust. J. Anim. Sci. 22:651-658. 

Koch R.M., L.A. Swiger, D. Chambers, and K.E. Gregory. 1963. Efficiency of feed use in beef  

     cattle. J. Anim. Sci. 22:486-494. 

McDonagh M.B., R.M. Herd, E.C. Richardson, V.H. Oddy, J.A. Archer, and P.F. Arthur. 2001.  

     Meat quality and the calpain system of feedlot steers following a single generation of   

     divergent selection for residual feed intake. Aust. J. Exp. Agric. 41:1013-1021.  

Macdonald K.A., J.E. Pryce, R.J. Spelman, S.R. Davis, W.J. Wales, and G.C. Waghorn. 2014.  

     Holstein-Friesian calves selected for divergence in residual feed intake during growth   

     exhibited significant but reduced residual feed intake divergence in their first lactation. J.  

     Dairy Sci. 97:1427-1435.  

Morita M., S.P. Gravel, L. Hulea, O. Larson, M. Pollak, J. St-Pierre, and I. Toposorovic. 2015. 

    mTOR coordinates protein synthesis, mitochondrial activity, and proliferation. Cell Cycle.  

    14:73-480. 

NRC. 2001. Nutrient requirements of dairy cattle. 7th ed. Natl. Acad. Press. Washington DC. 

Oba M., and M.S. Allen. 2000. Effects of Brown Midrib3 mutation in corn silage on productivity  

     of dairy cows fed two concentrations of dietary neutral detergent fiber: 1. Feeding behavior  

     and nutrient utilization. J. Dairy Sci. 83:1333-1341. 

Oldenbroek, J.K., 1989. Parity effects on feed intake and feed efficiency in four dairy breeds fed  

     ad libitum two different diets. Livest. Prod. Sci. 21:115-129. 

Oltjen J.W., and J.L. Beckett. 1996. Role of ruminant livestock in sustainable agricultural  

     systems. J. Anim. Sci. 74:1406-1409. 

Potts S.B., J.P. Boerman, A.L. Lock, M.S. Allen, and M.J. VandeHaar. 2015. Residual feed  

     intake is repeatable for lactating Holstein dairy cows fed high and low starch diets. J. Dairy  

     Sci. 98:4735-4747. 

Potts S.B., J.P. Boerman, A.L. Lock, M.S. Allen, and M.J. VandeHaar. 2017 (In Press).  

     Relationship between residual feed intake and digestibility for lactating Holstein cows fed  

     high and low starch diets. J. Dairy Sci. 100:1-14. 

Pryce J.E., W.J. Wales, Y. deHaas, R.F Veerkamp, and B.J Hayes. 2014. Genomic selection for  



54 
 

     feed efficiency in dairy cattle. Animal 8:1-10. 

Pryce, J.E., J. Arias, P.J. Bowman, S.R. Davis, K.A. Macdonald, G.C. Waghorn, W.J. Wales,  

     Y.J. Williams, R.J. Spelman, and B.J. Hayes. 2012. Accuracy of genomic predictions of  

     residual feed intake and 250-day body weight in growing heifers using 625,000 single  

     nucleotide polymorphism markers.  J. Dairy Sci.  95:2108-2119. 

Richardson E.C., and R.M. Herd. 2004. Biological basis for variation in residual feed intake in  

     beef cattle. 2. Synthesis of results following divergent selection. Aust. J. Exp. Agric. 44:431-  

     440. 

Russell J.B., and D.B. Wilson. 1996. Why are ruminal cellulolytic bacteria unable to digest  

     cellulose at low pH? J. Dairy Sci. 79:1503-1509. 

Tempelman R.J., D.M. Spurlock, M. Coffey, R.F. Veerkamp, L.E. Armentano, K.A. Weigel, Y.  

     de Haas, C.R. Staples, E.E. Connor, Y. Lu, and M.J. VandeHaar. 2015. Heterogeneity in  

     genetic and nongenetic variation and energy sink relationships for residual feed intake across  

     research stations and countries.  J. Dairy Sci.  98:2013-2026. 

Tyrrel H.F., and P.W. Moe. 1975. Effect of intake on digestive efficiency J. Dairy Sci. 58:1151- 

     1163. 

Tyrrell H.F., and J.T. Reid. 1965. Prediction of the energy value of cow’s milk. J. Dairy Sci.   

     48:1215-1223.  

United Nations, Department of Economic and Social Affairs, Population Division. 2015. World  

     Population Prospects: The 2015 Revision, Key Findings and Advance Tables. Working Paper  

     No. ESA/P/WP.241. 

Vallimont J.E., C.D. Dechow, J.M. Daubert, M.W. Dekleva, J.W. Blum, C.M. Barlieb, W. Liu,  

     G.A. Varga, A.J. Heinrichs, and C.R. Baumrucker. 2011. Short Communication: Heritability  

     of gross feed efficiency and associations with milk yield, intake, residual intake, body weight,  

     and body condition score in11 commercial Pennsylvania tie stalls. J. Dairy Sci. 94:2108- 

     2113. 

Van Arendonk J.M., G.F. Nieuwhof, H. Vos, and S. Korver. 1991. Genetic aspects of feed intake  

     and efficiency in lactating dairy heifers.  Livest. Prod. Sci. 29:263-275. 

VandeHaar M.J., L.E. Armentano, K. Weigel, D.M. Spurlock, R.J. Tempelman, and R.F.  

     Veerkamp. 2016. Harnessing the genetics of the modern dairy cow to continue improvements  

     in feed efficiency. J. Dairy Sci. 99:4941-4954. 

VandeHaar M.J., and N. St-Pierre. 2006. Major Advances in nutrition: relevance to the  

     sustainability of the dairy industry. J. Dairy Sci. 89:1280-1291. 

VandeHaar M.J. 1998. Efficiency of Nutrient use and relationship to profitability on dairy farms.  



55 
 

     J. Dairy Sci 81:272-282. 

Vargas G., and C. D. Dechow. 2013. Can we use residual feed intake to enhance dairy  

     production efficiency? Proc. Tri-State Dairy Nut. Conf. 131-140 

Veerkamp R.F., G.C. Emmans, A.R. Cromie, and G. Simm. 1995. Variance components for  

     residual feed intake in dairy cows. Livest. Prod. Sci 41:111-120. 

Williams Y.J., J.E. Pryce, C. Grainge, W.J. Wales, N. Linden, M. Porker, and B.J. Hayes. 2011.  

     Variation in residual feed intake in Holstein-fresian dairy dairy heifers in southern Australia J.  

     Dairy Sci. 94:4715-4725. 

Wood K.M., Y.R. Montahholi, C.F. Fitzsimmons, S.P. Miller, B.W. McBride, and K.C.Swanson. 

     2014. Characterization and evaluation of residual feed intake measured in mid-to late-   

     gestation mature beef cows and relationships with circulating serum metabolites and linear  

     body measurements. J. Anim. Sci. 94:499-508. 

Xi Y.M., F. Wu, D.Q. Zhao, Z. Yang, L. Li, Z.Y. Han, and G.L. Wang. 2016. Biological  

     mechanisms related to differences in residual feed intake in dairy cows. Animal 10:1311- 

     1318. 


