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 The objective of this study was to assess impacts of protein and methionine nutrition 

during gestation and two lactational management systems on the performance of cow-calf pairs 

prior to weaning. Late gestation beef cows were fed to meet 90%, 100%, or 110% of 

metabolizable protein requirements, with(without) rumen-protected methionine. Postpartum, 

cow-calf pairs were managed in drylot and fed a ration formulated to meet nutrient requirements, 

or rotationally grazed on pasture. Prepartum nutrition did not impact calf performance prior to 

weaning, but may have affected cow performance during lactation. Both gestational protein 

supply and lactational management system altered methane emissions throughout lactation. 

Rotationally grazing cow-calf pairs improved pre-weaning calf performance, but reduced cow 

gains throughout lactation. In addition, nutrition and management did not impact reproductive 

performance. This study demonstrated that managing cow-calf pairs on pasture prior to weaning 

produced healthier and heavier calves, without sacrificing dam reproductive performance.  
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1.0 Introduction 

Meat produced from bovine carcasses is the third most prevalent category of meat 

consumed worldwide (OECD/FAO 2017). Beef consumption is expected to increase more than 

12% by 2026, while the price of beef is predicted to decrease by over 2% during this time 

(OECD/FAO 2017). Globally, there is an increased need for sustainable cattle production 

methods which reduce costs to producers, allowing them the opportunity to satisfy the growing 

demand while remaining competitive on both global and domestic markets. The success of the 

beef cattle industry relies on the number, size, and health of the calves produced. In the beef 

industry, cattle raised for consumption purposes gradually move through two to three stages of 

production. Calves are born into cow-calf facilities, where they remain with their dam until 

weaning, ideally occurring between five and nine months of age, and at a weight of 

approximately 175 to 300 kg (McBride and Mathews 2012; Wu et al. 2013; NASEM 2016). 

After weaning, steer calves are moved to stocking or backgrounding facilities, or go directly to 

finishing facilities, while heifer calves may follow the same process or continue in the cow-calf 

herd as replacements for mature cows. Regardless of stage of production, feed costs are 

frequently cited as the greatest cost associated with beef cattle production. Approximately two 

thirds of the operating costs for American cow-calf facilities can be attributed to feed-related 

costs (McBride and Mathews, 2012; Legesse et al., 2012). Evaluation of current feeding 

practices and management systems could be advantageous for determining strategies which 

optimize production outputs and lower costs in an attempt to satisfy these growing demands for 

beef production. Systematic comparisons of current production systems present a practical 

approach for quantifying the efficacy of different management practices. It is logical to evaluate 

management and(or) feeding strategies at the cow-calf level in an attempt to determine 
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sustainable production methods which reduce costs to producers and(or) increase production 

outcomes. Alterations made during this critical period have the potential to have lasting impacts 

on health, growth, and reproductive performance as these animals move through one or several 

stages of production.  

Nutrient requirements for gestating beef cows drastically increase during the third 

trimester of gestation (Bauman and Currie, 1980; NASEM, 2016). Fetal growth increases 

exponentially during the final third of gestation, significantly increasing nutrient requirements to 

approximately 75% greater than that of a non-gestating cow (Bauman and Currie, 1980; 

NASEM, 2016). Producers are challenged to provide sufficient dietary protein in order to 

maximize performance associated with growth, health, and reproduction, while minimizing 

protein waste (Hollingsworth-Jenkins et al., 1996). Previous research suggests that average daily 

gain (ADG) and body condition may not be linearly affected by protein supplementation; 

providing cows with supplemental protein within an optimal range can result in a quadratic 

increase in ADG and maintenance of body condition score (BCS) (Hollingsworth-Jenkins et al., 

1996). Supplementation of protein for beef cattle can prove challenging for producers, as protein 

is often overfed due to difficulties associated with calculating rumen degradable protein (RDP) 

and rumen undegradable protein (RUP) requirements (Hollingsworth-Jenkins et al., 1996). The 

eighth edition of the Nutrient Requirements of Beef Cattle (NASEM, 2016), attempts to address 

this issue, recognizing that protein degradation capabilities in the rumen are not consistent across 

all feedstuffs. Therefore, protein requirements for beef cattle are currently described in terms of 

metabolizable protein (MP) (NASEM, 2016). MP refers to the protein which is available for 

maintenance, growth, and lactation; this protein is available for intestinal absorption and is 
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supplied by microbial protein and dietary protein which escapes ruminal degradation (Das et al., 

2014).  

Methionine is an essential amino acid that cannot be synthesized within the body and 

must be obtained from the diet (NASEM, 2016). Low concentrations of methionine in feed 

proteins have contributed to identification of methionine as the first limiting amino acid for beef 

cattle and other ruminants (Watanabe et al., 2006; Hersom et al., 2009; Schwab, 2012; NASEM, 

2016; Oney et al., 2016). Supplementing methionine to gestating beef cattle has the potential to 

reduce nitrogenous waste, which may result from the addition of excess protein in the diet. 

Inadequate dietary methionine can severely impact health, reproduction, and growth as 

methionine plays a crucial role in DNA methylation, regulation of gene expression, and 

metabolism (Schwab, 2012; NASEM, 2016). Recently, research has focused on provision of 

supplemental amino acids in a rumen protected form to prevent rapid ruminal degradation and 

increase intestinal absorption (Watanabe et al., 2006; Oney et al., 2016). Several different forms 

of rumen protected methionine (RPM) are available commercially and commonly used in the 

dairy industry and are gaining popularity within the beef industry in an attempt to improve 

production parameters, including growth and reproduction (Watanabe et al., 2006; Oney et al., 

2016). The provision of supplemental methionine in the diets of beef cattle is associated with 

improvements in markers of performance and efficiency, such as greater nutrient intakes, ADG, 

and body weight (BW) for cows throughout calving and weaning, and for calves through birth, 

weaning, and finishing phases (Klemesrud et al., 2000; Hersom et al., 2009; Odedra et al., 2015; 

Oney et al., 2016). A link between maternal nutrition and offspring growth, health, and 

development has been strongly established in monogastric species (Batistel et al., 2017). 

Developmental programming involves altering the concentration of one or several micronutrients 
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consumed by the mother during the perinatal period, which is hypothesized to subsequently 

influence metabolism in progeny (Jacometo et al., 2016; Jacometo et al., 2017; Batistel et al., 

2017). This concept is relatively novel in ruminant species (Batistel et al., 2017). As a result, 

relatively few studies have assessed the relationship between maternal methionine 

supplementation and progeny performance in the cow-calf sector. The current body of research 

tends to focus on the role methionine plays in gene regulation and transcription. Recently, studies 

in dairy cattle have focused on methionine’s metabolic programming role as it relates to the one-

carbon metabolism cycle and transsulfuration pathways (Jacometo et al., 2017). Studies such as 

the one by Jacometo et al. (2017) demonstrate that maternal methionine supplementation alters 

progeny amino acid metabolism in dairy calves. This has the potential to alter the calf’s ability to 

handle metabolic stress. However, a separate study by Batistel et al. (2017) discovered a 

potential relationship between maternal methionine supplementation and increased calf birth 

weights, which was thought to be due to alterations in gene transcription. 

The diverse climate and geographic landscapes which span across North America have 

resulted in two primary production systems for managing beef cattle throughout gestation and 

lactation. Extensive cow-calf operations are systems which attempt to maintain cow-calf pairs on 

pasture year-round (McBride and Mathews, 2012). In some areas of the U.S. and most areas of 

Canada, entirely extensive systems are not feasible due to severe and inclement weather during 

the winter months. The conventional system used by the majority of Canadian beef cattle 

producers overwinters pregnant cows in a drylot or barn and aims to relocate dams and their 

calves to pasture-based systems in the spring (McBride and Mathews, 2012; Legesse et al., 2012; 

Alemu et al., 2017a). In this system, cattle will remain on pasture for as long as feed and 

environmental conditions remain adequate for production and prevent damage to the pasture and 



 5 

to ensure animal welfare (Legesse et al., 2012). In general, producers do not have a significant 

amount of control over animal health and nutrition when cow-calf pairs are managed on pasture. 

The competition for land suitable for cash cropping met with the extensive land requirements 

associated with conventional pasture-based systems has led North American producers to 

explore potential intensive cow-calf production systems, where cow-calf pairs remain in a drylot 

facility year-round (McBride and Mathews, 2012; Legesse et al., 2012; Beck et al., 2016, Rasby 

et al., 2016). Intensive systems were conceptualized with the aim of reducing the use of high-

quality land for grazing cattle. Intensive systems allow producers to utilize land for production of 

crops which can be incorporated into cow-calf diets providing producers more control over feed 

ingredients and aiding in optimization of production costs (Rasby et al., 2016). Producers also 

tend to have greater control of animal health and nutrition when cow-calf pairs are managed in 

drylot.  

As improvements have been made in understanding anthropogenic greenhouse gas 

emissions and climate change, Canadian beef cattle producers have adapted by altering 

management and feeding practices. Enteric methane production is intricately related to nutrition 

and management. The effects of forage quality and composition, as well as inclusion of 

carbohydrates and lipids in the diet on enteric methane production are generally well understood 

(NASEM, 2016). However, little is known regarding the relationship between methane emissions 

and dietary protein level or amino acid composition. Furthermore, previous research regarding 

the effects of various summer and winter management strategies on enteric methane production 

is relatively inconsistent. However, research regarding methane mitigation strategies suggests 

that reduction of enteric methane production may also improve animal productivity (Johnson and 

Johnson, 1995). Future research is required to explore the interactions between greenhouse gas 
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emissions, gestational nutrition, and lactational management. This research is primarily required 

by the cow-calf sector, which is the greatest contributor of greenhouse gas emissions in the beef 

cattle industry.  

Nutrition and management are intricately related, and alterations in one or multiple 

factors associated with nutrition or management may influence parameters associated with 

growth, reproductive performance or animal health. Sinclair and Agabriel (1998) discussed the 

relationship between nutrition and environment in extensive systems, emphasizing that variations 

in climate and geography within a region will alter nutrient quality of pasture, impacting 

subsequent growth and development of cows and their calves. Sinclair and Agabriel (1998) also 

emphasized the ability of ruminants to adapt over time to alterations in environment or nutrition. 

It is clear that environment and nutrition of the dam during gestation are capable of influencing 

the health and growth performance of progeny both pre- and postpartum. For example, Larson et 

al. (2009) compared overwintering strategies and protein supplementation and found calf birth 

weights increased for progeny of dams managed on corn residues compared to winter range, with 

a tendency for protein supplementation to further increase calf BW. Similarly, calf weaning 

weight was lowest for calves from dams which grazed winter range and were not supplemented 

with protein during gestation (Larson et al., 2009). Recent research suggests there may also be 

lifetime carryover effects for progeny, such as alterations in BW upon feedlot entry, hot carcass 

weights, and meat tenderness (Summers et al., 2015b). There is limited research available which 

assesses the interaction between maternal nutrition during gestation and management during 

lactation, and any impacts gestational nutrition and lactational management may have on cow 

growth and reproductive performance, and pre-weaning and lifetime calf health and growth 

performance. Research is constantly dealing with increasing production demands to explore 
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strategies which optimize feed efficiency, cattle growth, and other markers of production, while 

reducing costs to the producers. There is an increasing need for the development of feeding and 

management strategies which can provide opportunities to improve animal performance while 

reducing production costs. The cow-calf sector represents a critical stage of development in the 

lifecycle of beef cattle. Manipulating management and(or) feeding strategies during different 

phases of cow-calf production has the potential to persistently influence animal performance. 

Subsequently, this may result in improvements in lifetime production, impacting all sectors of 

the beef cattle industry.   
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2.0 Literature Review 

2.1 Altering Maternal Plane of Nutrition  

Nutrient demands drastically increase as cows progress through gestation to match the 

growing requirements of the fetus. Fetal growth exponentially increases during the third 

trimester of gestation (NASEM, 2016). Prior to this, growth and development of uterine and 

placental tissues will increase in order to support the exponential change in the size of the fetus. 

Before these periods of extensive growth occur, from conception through the first trimester of 

gestation, nutrient requirements of the dam are comparable to that of a non-pregnant cow or 

heifer. However, the exponential growth which occurs from mid to late gestation drives increases 

in metabolizable energy and protein requirements, which are generally met with increases in dry 

matter intake (DMI) (NASEM, 2016). Throughout the final phase of gestation and onset of 

lactation, maternal nutrients are partitioned with high priority towards growth and development 

of the fetus and mammary glands (Bauman and Currie, 1980). In situations of undernutrition, 

nutrients will be partitioned towards processes associated with fetal growth and lactation, often at 

the expense of other metabolic processes (Bauman and Currie, 1980). The extent to which this 

occurs may result in acute and subclinical metabolic disorders or disease states (Bauman and 

Currie, 1980). The exponential increase in fetal growth occurring during the third trimester of 

gestation drastically increases maternal nutrient requirements during this time (Bauman and 

Currie, 1980; NASEM, 2016). Assuming a calf is born weighing approximately 38.5 kg, the 

estimated requirements for net energy for maintenance (NEm) for the gestating dam increases 

from 0.327 Mcal/d at 130 days in gestation to 5.174 Mcal/d by 280 days in gestation (NASEM, 

2016). Similarly, net protein requirements are estimated to be over 17 times greater for dams at 
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280 days in gestation, which require 156.1 g/d of protein compared to 9.1 g/d required for dams 

at 130 days in gestation (NASEM, 2016).  

Following gestation, cows enter lactation which is another nutritionally demanding 

period, generally lasting over five months. Nutrient requirements for lactating beef cattle tend to 

increase steadily for the first nine weeks of lactation, plateau, and then begin to drop as lactation 

precedes (NASEM, 2016). Milk production follows a similar pattern; milk yield drastically 

increases for the first ten weeks with an estimated peak occurring between five and ten weeks 

postpartum, followed by a plateau and steady decrease in milk yield until weaning (NASEM, 

2016).  

The impacts of maternal nutrition on fetal growth are well observed, however, the 

concept of controlling maternal nutrition in an attempt to generate a particular phenotype in the 

offspring is relatively novel. For decades, studies have assessed the impacts of altering plane of 

nutrition during gestation on the performance of cow-calf pairs. Tudor (1972) assessed the 

impact of maternal plane of nutrition on calf birth weight and length of gestation. Cows fed to 

meet a low plane of nutrition during the third trimester of gestation had shorter gestation periods 

and lighter calves, compared to cows fed a ration formulated to exceed maintenance 

requirements (Tudor, 1972). Corah et al. (1975) determined that heifers fed 65% of 

recommended requirements for dietary energy 100 days prior to expected calving date produced 

lighter calves which had lower survival rates and lighter weights at weaning than calves from 

heifers fed to meet requirements for dietary energy. Interestingly, maternal undernutrition during 

pregnancy did not impact calving difficulty when compared to calves from heifers which were 

fed the recommended requirements for dietary energy (Corah et al., 1975). Several factors 

including genetics, dam parity, and environmental conditions impact fetal growth. Although 
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maternal nutrition tends to be proportional to fetal growth, there are some exceptions as dynamic 

maternal and placental systems are responsible for controlling the availability and supply of 

nutrients to the fetus (NASEM, 2016). In some cases, inadequate placental systems may 

compromise fetal nutrition in well-nourished dams due to reduced size or function (NASEM, 

2016). Conversely, placental systems may prevent fetal malnutrition in undernourished dams 

(Bassett, 1986, 1991). There is a large body of literature which suggests that maternal 

undernutrition will result in extensive mobilization of the dam’s body reserves in order to 

support fetal growth.  

The maternal-fetal relationship and its influence on offspring performance is the basis for 

the concept that is now referred to as developmental or fetal programming. This is based on the 

idea that maternal stimuli or insults occurring during gestation or early lactation may have lasting 

impacts on offspring, including health and growth performance (Funston et al., 2010; NASEM, 

2016). The deleterious effects on the calf from developmental programming during gestation 

include metabolic and physiological issues associated with growth, body composition, and 

reproduction, especially during situations of maternal undernutrition (NASEM, 2016). Metabolic 

programming is a form of developmental programming which focuses primarily on the 

relationship between maternal nutrition and offspring performance. There has been a major 

emphasis for research examining metabolic programming over the last decade since the health, 

size, and performance of offspring are the main determinants of revenue in several sectors of the 

animal production industry. Metabolic programming has the potential to elicit epigenetic 

changes, which result in alterations of the physical structure of the DNA, thereby changing the 

heritable phenotypes, without altering the DNA sequence. The epigenetic changes occurring as a 
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response to nutritional modifications during gestation have the potential to impact growth 

performance, reproductive performance, and animal health.  

There is an increasing body of literature which links maternal nutrition during gestation 

to alterations in both maternal and fetal gene expression. Wood et al. (2013) fed gestating beef 

cows to meet either 85% or 140% of their net energy requirements. When gestating cows were 

fed to meet 85% of their net energy requirements, the abundance of ubiquitin, a regulatory 

protein involved in the protein degradation pathway was increased, suggesting an increase in 

protein degradation (Wood et al., 2013). Results also suggested that hepatic energy metabolism 

may be reduced in nutrient restricted animals, which had lower hepatic oxygen consumption than 

cows fed to meet 140% of their net energy requirements (Wood et al., 2013). Regarding fetal 

gene expression, in the same experiment as Wood et al. (2013), Paradis et al. (2017) assessed the 

effects of maternal nutrition during gestation on mRNA expression related to fetal growth. 

Results indicated that maternal nutrition impacted fetal expression of myogenic and adipogenic 

genes, although gene expression varied between muscles. Specifically, the longissimus dorsi of 

calves from dams fed to 85% of requirements had greater levels of mRNA for IGF1, IGF2R, 

INSR, MYOD1, MYOG, and PPARG, while no differences in gene expression were observed in 

the semitendinosus muscle from these calves. Despite these alterations in gene expression, 

phenotypic performance parameters such as fetal weight were not impacted by maternal 

undernutrition. Further research is required to determine if alterations in gene expression will 

result in phenotypic differences over the lifetime of these animals, as these phenotypic 

differences are of economic relevance to producers. Similar research was conducted by Duarte et 

al. (2014), which focused primarily on the effects of maternal overnutrition on fetal skeletal 

muscle development. The study indicated maternal overnutrition improved mRNA expression of 
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genes associated with fibrogenesis with the potential for the same effect on adipogenesis. 

However, unlike Paradis et al. (2017), Duarte et al. (2014) did not indicate alterations in 

myogenesis in fetal skeletal muscle with maternal overnutrition. These studies provide crucial 

information necessary for understanding the epigenetic changes associated with metabolic 

programming. 

Much of the literature which exists regarding metabolic programming in livestock 

animals focuses on altering maternal nutrient levels either below or above recommended 

requirements for late gestation (NASEM, 2016). Underwood et al. (2010) altered maternal plane 

of gestation from mid to late gestation by allowing gestating beef cows to graze either a native 

range pasture (5.4-6.5% crude protein (CP)) or an improved pasture (6.0-11.1% CP). Steers from 

dams managed on the improved pasture had greater twelfth rib fat thickness, live weights, and 

hot carcass weights, and increased tenderness when compared to progeny from dams managed 

on native range pasture. These results indicate that alterations in maternal plane of nutrition 

during gestation may have long-term impacts on progeny, improving lifetime productivity. 

Unlike Underwood et al. (2010), McGovern et al. (2015a,b) explored the effects of altering 

metabolizable energy requirements of gestating ewes. McGovern et al. (2015a,b) fed ewes to 

meet either 80%, 100%, or 120% of metabolizable energy requirements for late gestation. Ewes 

fed below requirements had lower BW and BCS 24 hours after calving compared to ewes fed 

above requirements (McGovern et al., 2015a). Although differences in BW did not persist, 

differences in BCS were seen for up to 40 days postpartum. Colostrum yields and estimated milk 

yields were elevated in ewes fed above requirements, with marked differences in the fatty acid 

composition of their milk as evidenced by increased concentrations of short chain saturated fatty 

acids and long chain saturated fatty acids from weeks two through six of lactation. Lamb 
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birthweights were unaffected by maternal metabolizable energy level; however, lambs from ewes 

fed above requirements had greater thoracic circumferences, based on measurements taken on 

the lamb’s chest one hour postpartum, weaning weights, and ADG during the pre-weaning 

period (McGovern et al., 2015b). The McGovern et al. (2015a,b) and Underwood et al. (2010) 

studies indicate that altering maternal nutrition can positively influence performance of the 

lactating animal and their offspring, with the potential for long-term persistent effects on 

progeny.  

Exploring the relationships between maternal status for specific nutrients such as protein, 

and progeny performance in beef cattle are gaining popularity as our understanding of the 

metabolic processes associated with developmental programming improves. However, much of 

the data currently available regarding late gestation protein supplementation utilizes winter 

grazing systems, with variation in protein source amongst studies (Funston et al., 2010). This 

may complicate the comparison of results between studies, as well as the application of these 

results to alternative production systems. Maternal protein supplementation during late gestation 

has the potential to directly influence performance and efficiency of beef cattle and their 

progeny, by altering parameters such as ADG and BW throughout gestation, calving, weaning, 

and finishing, as well as hot carcass weights (Hollingsworth-Jenkins et al., 1996; Llewellyn et 

al., 2006; Summers et al., 2015a,b). Extensive research has been conducted in order to 

understand protein requirements for beef cattle during stages of maintenance, growth, and 

reproduction, including gestation and lactation. Future research should continue to investigate 

manipulation of protein status during critical life stages, such as gestation in order to determine 

strategies which optimize production.  
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2.1.1 Altering Maternal Protein Supply  

Protein is critical for the nutrition of beef cattle throughout all life stages. Inadequate 

dietary protein can lead to issues associated with health and performance (NASEM, 2016). A 

variety of terms are used to describe protein content, including but not limited to dietary CP, MP, 

microbial protein, RUP, and RDP. An animal’s supply of MP refers to true protein digestion, and 

subsequent constituent peptide and amino acid absorption that occurs in the small intestine 

(NASEM, 2016). True protein digestion does not include the digestion of the non-protein 

nitrogen components of dietary CP. MP is therefore protein which is available for maintenance, 

growth, and lactation (Das et al., 2014). This post-ruminal digestion of protein and absorption of 

peptides and amino acids have proven to be a valuable measure of protein supply for ruminants, 

compared to CP digestion which also includes the digestion of non-protein nitrogen that 

contributes to protein synthesis by rumen microorganisms. As a result, protein requirements for 

beef cattle are currently described in terms of MP, recognizing that protein degradation 

capabilities are not consistent across all feedstuffs (NASEM, 2016). Stage of production, such as 

growth, gestation, or lactation must be considered when calculating protein requirements for beef 

cattle. The performance and efficiency of a beef cow changes throughout these stages due to 

differences in energy requirements (NASEM, 2016). A beef cow at maintenance requires 3.8 g 

of MP per kilogram of shrunk BW to the power of 0.75 (Equation 1), which is an adaptation of 

the calculation for metabolic BW (NASEM, 2016). Shrunk BW is the BW of a beef cow prior to 

their last meal and is calculated as 96% of full BW. Nutrition of the dam during gestation and 

lactation can affect milk production and nutrient quality, with subsequent effects on calf growth 

and development. As previously mentioned, MP requirements for beef cows increase throughout 

gestation and are greatest during the third trimester of gestation, as a result of significant fetal 
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growth occurring at this time (NASEM, 2016). Protein requirements for gestation are calculated 

using a series of equations which begin by estimating the nitrogen content of gravid uterine 

tissues in regard to the number of days in gestation (NASEM, 2016). This is followed by scaling 

these estimates to predicted calf birth weights, calculating daily protein accretion in gravid 

uterine tissues with respect to days in gestation, and finally determining the MP requirement for 

pregnancy (Equation 2; NASEM, 2016). This calculation should only be used to represent a 

minimal requirement for protein as fetal and uteroplacental tissues have a high rate of 

metabolism of amino acids (NASEM, 2016). These requirements must be considered in addition 

to the MP requirements for maintenance (NASEM, 2016). Furthermore, when formulating 

rations for first-calf heifers, growth must also be considered as first breeding generally occurs 

when heifers are approximately 60% of their mature BW (NASEM, 2016).  

 

Equation 1: Metabolizable protein at maintenance (MPm) (g/d) is equivalent to 3.8 times the 

metabolic equivalent of shrunk body weight (SBW) (NASEM, 2016). 

MPm = 3.8 ×  SBW0.75 

 

Equation 2: Metabolizable protein requirement for pregnancy (MPy) (g/d) is a function of the net 

protein (Ypn) retained as a conceptus (g/d) with an assumed partial efficiency of 0.65 (NASEM, 

2016).  

𝑀𝑃𝑦 =
𝑌𝑝𝑛

0.65
 

 

Calculating protein requirements for a beef cattle herd is a meticulous process for 

producers. Considering the high costs associated with dietary protein, producers are challenged 
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to provide sufficient dietary protein to optimize performance, while minimizing protein waste 

and feeding costs (Hollingsworth-Jenkins et al., 1996). The majority of producers across North 

America are subjected to expensive feed supplementation costs due to the low nutrient quality of 

forage during the winter months, and the need to use supplements to meet the increased nutrient 

requirements for gestating beef cows (Hollingsworth-Jenkins et al., 1996). Protein 

supplementation for beef cattle can prove challenging for producers, as protein is often overfed 

due to difficulties associated with calculating RDP and RUP requirements (Hollingsworth-

Jenkins et al., 1996). Previous research by Hollingsworth-Jenkins et al. (1996) focused on 

feeding beef cattle based on RDP requirements. Gestating beef cows were fed to meet either 29, 

65, 100, or 139% of the estimated supplemental RDP requirements for the second half of 

gestation. A quadratic response for ADG occurred for cows fed up to 65% of RDP requirements; 

this was the RDP level which had the greatest ADG, followed by decreasing ADG for cows fed 

to 29, 100, and 139% RDP requirements. Additionally, body condition was maintained when 

cows were fed up to 65% of RDP requirements, but cows lost body condition when fed to meet 

29, 100, and 139% of RDP requirements. It is interesting that ADG and body condition were 

optimized at a level of RDP which is below recommended requirements. However, this suggests 

that ADG and body condition may not be linearly affected by RDP supplementation. Almost 

twenty years after the Hollingsworth-Jenkins et al. (1996) study, Summers et al. (2015a,b) 

published crucial research, adding to our understanding of RDP and RUP requirements for beef 

cattle. Summers et al. (2015a,b) explored the effects of varying levels of RUP supplementation 

for first-calf heifers during late gestation on subsequent cow and calf performance. Heifers were 

fed isocaloric and isonitrogenous (28% CP, DM basis) diets, either without a supplement 

(control) or with one of two supplements which differed in RUP content. The supplement 
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consisted of either 0.83 kg/d of dried distillers’ grains with solubles (RUP content of 59% of CP 

content) or 0.83 kg/d of dried corn gluten (RUP content of 34% of CP content). ADG and final 

BW at the end of the feeding period were greatest for heifers fed a supplement with a RUP 

content of 59% (Summers et al., 2015a). However, pregnancy rate was not impacted by RUP 

supplementation. Maternal RUP supplementation did not impact calf birth weight or calf 

weaning weight, but BW for progeny at feedlot entry were greater for progeny of dams which 

received the 59% RUP supplement (Summers et al., 2015b). Unlike the work by Hollingsworth-

Jenkins et al. (1996), these results suggest that RUP supplementation may have linear effects on 

dam ADG, with long term effects on progeny performance (Summers et al., 2015a,b). When 

comparing these studies, it is logical that increasing RUP requirements improved both cow and 

calf performance, while lower levels of RDP increased cow growth performance. This is because 

RDP refers to protein that is degraded in the rumen and utilized by rumen microbes. RUP, 

however, refers to the protein fraction, which is not degraded in the rumen, and may be digested 

and absorbed in the intestine, where it is available for subsequent tissue metabolism. While RDP 

is required for microbial protein synthesis to occur, the efficiency of RDP conversion to 

microbial protein is less than 100% (NASEM, 2016). Increasing the RDP content of the diet 

reduces the RUP content of the diet, which could reduce protein supplied to the duodenum, 

depending on the conversion efficiency of RDP (NASEM, 2016). Therefore, both the RDP and 

RUP composition of a protein source may have subsequent effects on tissue metabolism and 

partitioning of nutrients to the gravid uterus and fetus, explaining the differences in results 

observed between the Hollingsworth-Jenkins et al. (1996) and Summers et al. (2015a,b) studies.  

Skeletal muscle development in the fetus occurs during gestation and is critical for 

progeny growth performance after birth, as the net number of muscle fibers will not further 
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increase after birth (Funston et al., 2010). Reduced skeletal muscle development greatly impacts 

returns to producers by reducing the amount of meat which can be produced by the affected 

animal (Du et al., 2010). Fetal organogenesis occurs constantly throughout gestation, although 

the growth trajectory varies for each organ (Funston et al., 2010). Therefore, the impacts of 

maternal nutrition on fetal growth and development may vary based on the stage of gestation and 

fetal development. In response to a nutritional challenge, nutrients will initially be partitioned to 

critical organs, such as the brain and the heart, leaving skeletal muscle at risk for nutrient 

deficiency (Funston et al., 2010). Several studies have assessed the impacts of maternal nutrition 

during late gestation on the impacts of progeny post-weaning. Larson et al. (2009) conducted a 

three-year study exploring the impacts of winter grazing system and protein supplementation 

during late gestation on performance of dams and their steer progeny. Gestating beef cows 

grazed either winter range or corn residue and received either no supplement or 0.45 kg/d of 28% 

CP cubes containing 62% dried distillers grains plus solubles, 10.6% wheat middlings, 9% 

cottonseed meal, 5% dried corn gluten feed, 5% molasses, 3% calcium carbonate, and 2% urea 

on a dry matter (DM) basis. Cows grazing corn residues had a greater BCS prior to calving and 

breeding, greater BW at weaning, and greater calf birth weights than those grazing winter range. 

Regardless of grazing system, cows receiving CP supplements had greater BW and BCS prior to 

breeding than cows that were not supplemented. However, grazing system and protein 

supplementation interacted to impact cow and calf performance, with cows grazing winter range 

and receiving the supplement being heavier prior to calving. Furthermore, weaning weights for 

calves were lightest for calves from dams grazing winter range and without receiving protein 

supplementation. Steer progeny from dams grazing winter range and receiving the protein 

supplement had heavier final live BW and hot carcass weights compared to steers from dams 
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which grazed winter range and did not receive a protein supplement. Marbling scores and United 

States Department of Agriculture (USDA) carcass grades were greater for steer progeny from 

dams supplemented with protein compared to carcass traits for calves from non-supplemented 

dams. The effects of winter grazing system on animal performance were varied and inconsistent, 

which may have been due to nutritional similarities between grazing winter range versus corn 

residues, especially regarding CP and fiber contents. Corn residues were slightly lower in CP 

(5.2% DM) compared to the winter range (6.8% DM), and higher in acid detergent fiber (ADF) 

(49.3% DM) than the winter range (42.8% DM). Despite this, the Larson et al. (2009) study 

revealed important information regarding the long-term effects of maternal protein 

supplementation during late gestation on steer progeny. Although further research is required to 

better understand the interaction between grazing system and protein supplementation, it is clear 

that maternal protein supplementation can improve the economic value of progeny at weaning 

and slaughter. Larson et al. (2009) suggested that maternal nutrition may also play a role in 

health while altering adiposity, noting that steers from supplemented dams were less likely to be 

treated for bovine respiratory disease between weaning and slaughter compared to steers from 

non-supplemented dams. Previous studies support these findings, reporting that steers treated for 

bovine respiratory disease had lower marbling scores and decreased USDA quality grades 

(Gardner et al., 1999). However, this contrasts Wilson et al. (2016), which determined that 

maternal protein supplementation during late gestation may have less favourable effects on 

progeny carcass traits. Cow BW, BCS, milk production, pregnancy rates, and calf growth 

performance prior to weaning were not impacted by maternal CP level during gestation (Wilson 

et al., 2016). However, insulin sensitivity, twelfth rib fat, yield grade, and percent kidney, pelvic, 

and heart fat were greater at slaughter for calves from dams fed 129% of CP requirements versus 
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calves from dams fed to meet CP requirements. Unlike Larson et al. (2009), maternal nutrition 

during gestation did not impact parameters associated with calf growth performance through 

weaning or finishing (Wilson et al., 2016). It is important to note that while Larson et al. (2009) 

focused entirely on steer progeny, the Wilson et al. (2016) study evaluated both steers and 

heifers. The differences in protein supplementation and management between the two studies 

may also be responsible for the observed differences in results, especially those related to carcass 

traits. Both studies highlighted the idea there are several underlying physiological and metabolic 

mechanisms involved in developmental programming. These studies address the complex issues 

associated with predicting the results of developmental programming, demonstrating that 

alterations in maternal nutritional status may not have linear impacts on progeny performance.  

A considerable amount of literature exists which demonstrates the impacts of maternal 

nutrition during mid to late gestation on both cow and calf performance. As previously 

mentioned, fetal organogenesis occurs at different rates throughout gestation, suggesting that 

maternal nutrition may differentially impact fetal development based on stage of gestation. 

Llewellyn et al. (2006) explored options for feeding a high CP (455 g/kg CP on a DM basis) 

supplement three days per week to gestating beef cows during early to mid-gestation. Cows from 

a spring-calving herd either received the supplement prior to and post weaning (August through 

December), only post-weaning (October through December), or did not receive the supplement. 

Cows which received the supplement from August through December gained the most BW 

through weaning. Cows which received protein supplements, regardless of duration, had greater 

BW gains and lower fluctuations in BCS compared to cows which did not receive the 

supplement. Although calf birth weights were unaffected by supplementation, the calves from 

supplemented dams had increased ADG compared to those from non-supplemented dams. 
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Reproductive parameters such as pregnancy rate and number of cows cycling were not impacted 

by protein supplementation. These results indicate that maternal CP supplementation during 

gestation, regardless of duration, improved cow growth and body condition, as well as calf 

performance prior to weaning. However, increasing the duration of protein supplementation did 

not linearly improve cow or calf performance. It is important to note that increased fluctuations 

in BCS for cows which did not receive the supplement suggests a compensatory growth effect, as 

the overall change in BCS did not significantly differ based on treatment (Llewellyn et al, 2006). 

Protein supplementation can be economically demanding for producers. The results from the 

Llewellyn et al. (2006) study support the existing body of literature, which suggests that protein 

supplementation during late gestation may be the most effective and economical method for 

influencing cow and calf performance.  

Although the most recent edition of the NASEM (2016) measures protein requirements in 

terms of MP, conventionally, researchers have altered dietary CP level in an attempt to assess the 

impacts of maternal protein nutrition during gestation on cow and calf performance. Levels of 

RDP and RUP differ depending on the protein source and feed ingredients used in the diet. This 

can be an issue when comparing the results from studies which focus on altering dietary CP 

level. Patterson et al. (2003a,b) recognized this and compared protein supplementation based on 

MP requirements, CP requirements, and RDP requirements in a series of experiments. One 

experiment involved maintaining lactating two-year-old cows on meadow hay and 

supplementing cows based on meeting either MP requirements in which a supplement was fed at 

545 g/d (61% CP, 31% undegradable intake protein (UIP)), or RDP requirements in which a 

supplement was fed at 590 g/d (32% CP, 2% UIP) (Patterson et al., 2003a). The cows 

supplemented to meet their MP requirements had greater ADG than the cows which were 
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supplemented to meet their RDP requirements. No treatment differences in milk production were 

observed and the subsequent effects of maternal nutrition on progeny performance were not 

explored. A separate study supplemented gestating yearling heifers three times per week based 

on either MP requirements, in which increasing supplying amounts of CP and UIP were supplied 

as gestation proceeded, or based on CP requirements in which CP and UIP were supplied at a 

constant rate over gestation (Patterson et al., 2003b). The primiparous cows supplemented based 

on MP requirements were heavier at time of subsequent pregnancy testing and had greater 

pregnancy rates compared to those supplemented based on CP requirements. Increased 

pregnancy rates as a two-year-old improves the value of the bred cow and has the potential to 

increase economic gains and reproductive success with increasing parity. This research supports 

well established claims regarding the impacts of dam growth performance on breeding success. 

Although this research did not focus on progeny performance, the results demonstrate that 

supplementation based on MP requirements could improve production, mainly by improving 

reproductive performance. These results suggest that supplementation based on MP requirements 

is a more precise method for meeting protein requirements compared to supplementation based 

on CP requirements, especially during the critical periods of gestation and lactation, when 

nutrient requirements are significantly elevated above maintenance requirements.  

 It is clear that maternal protein status during gestation has the potential to impact several 

performance parameters throughout lactation including BW and condition. Maternal protein 

supplementation for gestating beef cattle may also have lasting impacts on circulating blood 

metabolites throughout lactation. Hess et al. (1998) altered dietary protein content of primiparous 

beef cows through late gestation and early lactation. Primiparous cows were assigned to one of 

four treatments: supplemented with protein; supplemented with protein and RPM and rumen 
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protected lysine (RPL); supplemented with protein at twice the rate of RPM and RPL as the 

previous group; or did not receive any protein, RPM, or RPL supplementation. Hess et al. (1998) 

did not report differences in cow BW either before or after parturition based on protein level, but 

did report decreases in BW postpartum with increasing amounts of RPM and RPL 

supplementation. Protein supplementation increased total milk yield, milk protein, and milk fat, 

with quadratic increases in milk protein occurring in response to increases in RPM and RPL 

supplementation. Hess et al. (1998) suggested that production may shift from BW to milk 

production with increasing amounts of RPM and RPL in the diet. Serum urea nitrogen and milk 

urea nitrogen concentrations increased with increasing levels of protein supplementation. The 

Hess et al. (1998) study demonstrated the potential for protein and amino acids supplementation 

to interact to influence parameters associated with performance, such as BW and milk yield. The 

relationship between protein and amino acids will be discussed in further detail in subsequent 

sections of this literature review. Findings presented by Alderton et al. (2000) demonstrated 

similarities to that of the Hess et al. (1998) study, specifically regarding the relationship between 

protein supplementation and concentration of serum metabolites. Alderton et al. (2000) increased 

concentration of RDP, RUP, or both in diets for primiparous beef cows postpartum. Cows 

supplemented with both RDP and RUP had elevated concentrations of serum urea nitrogen 

throughout lactation and elevated serum insulin concentrations at 30 days in lactation (DIL). The 

alterations in serum insulin concentrations were likely associated with changes in organic matter 

(OM) intake and are not likely due to alterations in protein status (Alderton et al., 2000). Unlike 

the Hess et al. (1998) study in which neutral detergent fiber (NDF) and ADF values were 

relatively consistent across the treatment groups, fiber values varied significantly amongst the 

treatment groups for the Alderton et al. (2000) study, likely contributing to the differences in OM 
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intake. Although serum urea nitrogen concentrations were elevated with RDP and RUP 

supplementation, these concentrations were lower than those observed in the Hess et al. (1998) 

study. Generally, dietary protein level is directly related to serum urea nitrogen concentrations, 

so Alderton et al. (2000) hypothesized this could be a result of differences in dietary protein 

levels between studies. Despite both studies demonstrating an increase in serum urea nitrogen 

concentrations associated with protein supplementation, the effects of protein level on 

productivity differed between studies. Alderton et al. (2000) reported no overall differences in 

productivity with supplementation of either RDP, RUP, or a combination of both. Whereas, Hess 

et al. (1998) reported protein supplementation improved milk protein and fat concentrations as 

well as total milk yield. In addition to the effect of protein supplementation on milk protein, fat, 

and yield, the interaction between protein and supplementation of RPM and RPL further 

increased milk protein concentration (Hess et al., 1998). Treatment differences between the two 

studies, specifically regarding amino acid supplementation could have contributed to the 

differences in performance parameters and serum metabolite concentrations between these 

studies. In contrast to the Alderton et al. (2000) and Hess et al. (1998) studies, Cappellozza et al. 

(2014) focused on the impacts of protein supplementation on concentration of plasma 

metabolites. Pregnant beef heifers consumed a low-quality winter forage (8.7% CP, 57% total 

digestible nutrients (TDN)) and either did not receive protein or energy supplementation or were 

supplemented either with 1.77 kg/d DM of soybean meal or 1.92 kg/d DM of a mixture of 

soybean meal, cracked corn, and urea (68:22:10 ratio, DM basis). Differences in rate of 

supplementation occurred to ensure animal intakes were isocaloric and isonitrogenous 

(Cappellozza et al., 2014). These authors reported that protein supplementation increased plasma 

glucose, insulin, IGF-1, and progesterone concentrations in gestating beef heifers. An increase in 
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concentrations of plasma glucose was associated with improvements in rate of gain which 

occurred in protein supplemented versus non supplemented heifers. Plasma insulin 

concentrations were directly influenced by plasma glucose concentrations and elevated plasma 

insulin concentrations stimulated IGF-1 synthesis in the liver. This explains the elevated plasma 

insulin and IGF-1 concentrations reported by Cappellozza et al. (2014) when heifers were 

supplemented with protein. Increases in plasma progesterone concentration were likely due to 

increases in both plasma insulin and IGF-1 concentrations, as both have been associated with an 

increase in luteal progesterone synthesis (Cappellozza et al., 2014). Serum metabolites levels are 

useful indicators of metabolic and nutrient status of cattle at various stages of production such as 

gestation and lactation. In addition to individual analysis, a complete profile of serum 

metabolites can be useful for detection of disease or alterations in production associated with the 

diet.  

Several studies have comprehensively assessed the impacts of altering protein level 

during late gestation on factors associated with cow and calf performance. Regardless of protein 

source, it is clear that protein supplementation during mid to late gestation impacts dam 

performance throughout lactation with the potential to influence progeny growth throughout the 

weaning and finishing phases of production. However, there is a lack of research available 

regarding the potential effects of maternal nutrition on progeny reproductive performance. 

Adequate breeding stock is essential for cow-calf production systems and improving the 

reproductive performance of breeding stock could increase returns to producers. Further research 

should attempt to assess the impacts of maternal gestational protein supplementation on the 

performance of heifer progeny; specifically, age at puberty, BW and condition at first breeding, 

conception rate, and calving ease at first calving should be assessed. Furthermore, it is 
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worthwhile for future studies to utilize isocaloric treatments when altering protein content of the 

diet. Protein intake is influentially and consequentially related to net energy intakes and 

metabolism of beef cattle. The majority of previous studies altered protein level and 

subsequently energy level. In order to better understand the physiological and metabolic 

mechanisms occurring as a result of altering protein content, it is necessary to control dietary 

energy level. Finally, the Patterson et al. (2003a,b) studies revealed critical information about the 

differences between MP requirements and CP requirements. Supplementing protein can be 

expensive; it is worthwhile to explore more precise options for protein supplementation. Altering 

protein level based on MP requirements has the potential to improve the economic value of 

protein supplementation for producers.   

 

2.1.2 Inclusion of Rumen Protected Methionine in the Diet of Gestating Beef Cows 

Amino acid absorption is equivalent to true protein digestion in the small intestine, 

including microbial protein synthesized in the rumen, as well as dietary protein and amino acid 

sources which bypass rumen degradation (Kung and Rode, 1996; NASEM, 2016). True protein 

digestion is the amount of dietary protein which passes through the rumen without being digested 

and is subsequently absorbed in the small intestine (NASEM, 2016). Microbial protein, RUP, 

and endogenous amino acid turnover play a crucial role for allowing ruminants to meet their MP 

requirements (Watanabe et al., 2006; NASEM, 2016). Proteins are composed of several amino 

acids; however, the amino acid composition of a protein will differ depending on the specific 

protein (NASEM, 2016). The quantity or proportion of amino acids absorbed from the diet may 

limit protein accretion in the body (NASEM, 2016). The concentration of amino acids in the net 

protein accretion plays a crucial role in the calculation of amino acid requirements for tissue 
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growth. In order to maximize gain and potential performance at a given dietary energy intake, 

essential amino acids should be provided in a high quality and specific profile. Limitations 

associated with estimating RDP and RUP supplied by a given feedstuff, and subsequent 

intestinal digestibility of protein presents challenges for understanding supply of MP, and 

therefore amino acid requirements and amino acid availability in a given feedstuff. Exact 

calculations of amino acid requirements for beef cattle are not currently defined by the NASEM 

(2016).  

Methionine is an essential amino acid that cannot be synthesized within the body and 

must be obtained from the diet (NASEM, 2016). In research regarding empty body protein 

content, methionine is found at the lowest levels in protein composition of milk and tissue 

compared with other amino acids. In tissues, methionine is found at 2 g per 100 g of empty BW. 

In milk, methionine is found at 2.71 g per 100 g of protein. Methionine has a relatively high 

efficiency of use of 0.85 during pregnancy and 0.98 during lactation (NASEM, 2016). Low 

concentrations of methionine in tissue and milk composition, as well as in feed proteins have 

contributed to identification of methionine as the first limiting amino acid in microbial CP for 

beef cattle and other forage-fed ruminants (Watanabe et al., 2006; Hersom et al., 2009; Schwab, 

2012; NASEM, 2016; Oney et al., 2016). Lysine closely follows as the second limiting amino 

acid (Watanabe et al., 2006; Hersom et al., 2009; Schwab, 2012; NASEM, 2016; Oney et al., 

2016). Inadequacies in dietary methionine can severely impact health, reproduction, and growth, 

as insufficient provision of dietary methionine during gestation may result in issues associated 

with DNA methylation, regulation of gene expression, and metabolism in progeny (Schwab, 

2012; NASEM, 2016).  
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One carbon metabolism consists of several related metabolic pathways, including the 

folate and methionine cycles. One carbon metabolism also plays a major role in amino acid 

homeostasis, by directly controlling levels of methionine, glycine, and serine and indirectly 

regulates cysteine levels through the transsulfuration pathway (Ducker and Rabinowitz, 2017). 

The transsulfuration pathway produces cysteine by transferring sulfur from homocysteine to 

serine (Ducker and Rabinowitz, 2017). One carbon metabolism, the transsulfuration pathway, 

and the methionine cycle are therefore interrelated and active in the liver of ruminants. 

Methionine’s role in these pathways and cycles are crucial for synthesis of proteins, antioxidants, 

and S-adenosylmethionine (Jacometo et al., 2017). Synthesis of S-adenosylmethionine provides 

methyl groups necessary for DNA methylation which has the potential to alter gene expression 

(Jacometo et al., 2017). Previous studies suggest that DNA methylation is responsive to 

environmental and nutritional modifications (Anderson et al., 2012). Osorio et al. (2014b) 

discussed alterations in gene expression which occur as a result of maternal RPM 

supplementation in late gestation and early lactation. Specifically, RPM supplementation seems 

to alter gene expression related to the methionine cycle which may impact methyl donors such as 

S-adenosylmethionine, and antioxidants, such as glutathione (Osorio et al., 2014b). It is 

hypothesized that demands for methyl donors and antioxidants are elevated during nutritionally 

demanding periods of gestation and lactation, when nutrient requirements especially protein 

requirements are significantly greater than maintenance requirements (Osorio et al., 2014b). 

Cows supplemented with RPM in the form of either Smartamine (Adisseo Inc., Antony, FR) or 

MetaSmart (Adisseo Inc., Antony, FR) from 50 to 21 days prior to calving had reduced 

concentrations of plasma ceruloplasmin and serum amyloid A compared to non-supplemented 

cows (Osorio et al., 2014a). In the liver, glutathione and carnitine concentrations were elevated, 
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while phosphatidylcholine concentrations were reduced in cows supplemented with RPM. These 

blood and tissue analyses suggest improved inflammatory status and beta-oxidation potential. 

Osorio et al. (2014a) hypothesized this could be due to improvements in immunological and 

metabolic status as a result of RPM supplementation during late gestation. Research regarding 

the effects of maternal methionine supplementation on developmental programming has gained 

popularity in the dairy industry. Research by Batistel et al. (2017) suggested that RPM 

supplementation during gestation in dairy cattle can be associated with improved performance of 

dams and their progeny by influencing BW and feed intake. At birth, calves from RPM 

supplemented dams were heavier than those from non-supplemented dams. Prepartum feed 

intake along with plasma methionine and insulin concentrations were greater for cows 

supplemented with RPM 28 days prior to calving. In addition to phenotypic changes in 

performance characteristics, genes associated with neutral amino acid transport, glucose 

transport, and the mTOR pathway were also upregulated in cows supplemented with RPM. 

Jacometo et al. (2016, 2017) discussed potential alterations to progeny gene expression which 

may be associated with the improvements in performance for calves from RPM supplemented 

dams. Dairy calves from dams supplemented with RPM 21 days prepartum to 30 days 

postpartum were found to have increased gene abundance and upregulation of genes associated 

with methionine, choline, and homocysteine metabolism, compared to calves from non-

supplemented dams (Jacometo et al., 2017). Unlike Batistel et al. (2017), the Jacometo et al. 

(2016) study did not report treatment effects of maternal RPM supplementation for calf growth 

and health (Jacometo et al., 2016). However, transcriptome analysis revealed a faster maturation 

of gluconeogenesis and fatty acid oxidation in the liver for calves from RPM supplemented dams 

(Jacometo et al., 2016). These results suggest that provision of RPM to gestating and lactating 
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dams may alter progeny gene expression, which subsequently improves the ability of calves to 

respond to metabolic-related stress (Jacometo et al., 2016; Jacometo et al., 2017).  

Almost thirty years ago, Merchen and Titgemeyer (1992) disputed the idea that a single 

amino acid may be limiting in ruminant diets, and instead hypothesized that several amino acids 

may be colimiting with the primary culprit being sulfur-containing amino acids. Methionine, 

cysteine, homocysteine, and taurine comprise the four primary sulfur-containing amino acids. 

However, most studies focus solely on methionine and cysteine, as they are incorporated into 

protein (Brosnan and Brosnan, 2006). Hersom et al. (2009) explored the impacts of cysteine and 

methionine supplementation on post-weaning growth performance of beef calves in two trials. 

Calves were assigned to one of three treatments, where they either not supplemented with sulfur-

containing amino acids or received various quantities of supplemental sulfur-containing amino 

acids from corn gluten meal, or via the Alimet supplement (Novus International, Saint Charles, 

MO, USA) (Hersom et al., 2009). ADG were greater in calves fed sulfur-containing amino acid 

(cysteine and methionine) supplements from corn gluten meal, compared to control and Alimet 

supplemented calves. TDN intakes were greater for calves supplemented with sulfur-containing 

amino acids from either source compared to intakes for non-supplemented calves. In a second 

experiment, heifers were fed supplements which contained either 0, 7.5, or 15 g/d of Alimet 

(Hersom et al., 2009). Heifers which received 15 g/d of Alimet had greater ADG during the 

initial 30 days of the trial and improved reproductive tract scores in comparison to heifers which 

were not supplemented with Alimet. The reproductive tract score was used to assess maturity, 

and was scored on a 5-point scale, with 1 representing infantile and 5 representing a mature 

reproductive tract. These results demonstrate that sulfur-containing amino acids have the 

potential to improve performance of growing beef cattle. However, responses differed depending 
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on source and level of inclusion in the diet. In order to support the claim that several amino acids 

may be colimiting in the diet of forage fed ruminants, future research should aim to compare 

diets supplemented with both methionine and cysteine against diets supplemented with only 

methionine and only cysteine. The Hersom et al. (2009) study adds to the existing body of 

research supporting methionine’s role as the first limiting amino acid for forage fed ruminants. 

Ruminant nutritionists and producers in both the beef and dairy cattle industries have 

expressed a growing interest for supplementing methionine in ruminant diets. Increasing 

inclusion of limiting essential amino acids, such as methionine in the diet has proven to be an 

onerous task; producers must be cautious not to disrupt overall amino acid balance when 

adjusting levels of specific amino acids (Schwab, 2012; NASEM, 2016). To prevent rapid 

ruminal degradation, supplemental protein should have a high concentration of RUP (Watanabe 

et al., 2006; Oney et al., 2016). Research aiming to optimize methionine concentrations and 

amino acid balance in ruminant diets has made use of feedstuffs with increased levels of RUP, 

such as distillers’ dried grains. However, research has recently focused on provision of 

supplemental amino acids in a rumen protected form (Watanabe et al., 2006; Oney et al., 2016). 

Several different forms of RPM, such as MetiPearl (Kermin Industries Inc., Des Moines, IA), 

Novimet (Innovad, Essen, BE), Smartamine M and MetaSmart are available commercially and 

are commonly used in the dairy industry, with their use gaining in popularity within the beef 

industry (Watanabe et al., 2006; Oney et al., 2016).  

The majority of producers of spring-calving cow-calf operations are subjected to 

expensive protein supplementation during late gestation as a result of poor-quality forage 

available for consumption. Excess dietary protein is converted and excreted as urea which 

utilizes energy (Leonardi et al., 2003; NASEM, 2016). Ruminant nutritionists aim to reduce this, 
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especially during lactation as lactating dams are already in a negative energy balance. In 

lactating dairy cattle, methionine was used to supplement diets of varying CP content to 

determine effects on lactation performance (Leonardi et al., 2003). Cows were fed diets 

containing either 16.1 or 18.8% CP (DM basis) either with(without) supplemental methionine 

fed at a constant rate of 0.07 g per 100 g of DM. Leonardi et al. (2003) did not report any 

findings which indicated an interaction between CP and methionine. The results indicated that 

methionine supplementation, regardless of the dietary CP level, increased milk protein 

concentration. However, regardless of methionine supplementation, cows fed the 18.8% CP diet 

had lower concentrations of milk protein, higher concentrations of milk fat, and increased milk 

urea nitrogen. The cows fed the 18.8% CP diet also had greater urine and fecal nitrogen 

concentrations compared to cows fed the 16.1% CP diet. This suggests that the increase in 

dietary CP resulted in an increase in protein waste, with only marginal improvements in 

performance (Leonardi et al., 2003). Watanabe et al. (2006) further evaluated the effects of RPM 

on performance of dairy cows during lactation, specifically regarding milk production. 

Multiparous lactating Holstein cows were either fed a control diet without RPL and RPM 

supplementation or a supplemented diet with 16 g/d of RPL and 6.5 g/d of RPM from weeks 5 to 

21 postpartum (Watanabe et al., 2006). Cows supplemented with both RPM and RPL had lower 

DM and OM intakes than non-supplemented control cows. Consequentially, CP, NDF, and ADF 

consumption were also reduced in non-supplemented cows. Watanabe et al. (2006) reported that 

these differences are inconsistent with the results of previous studies, but suggested that this 

finding lacks biological significance, as average intakes differed by less than 1 kg/d. Similar to 

the findings of Leonardi et al. (2003), and consistent with previous research, milk protein yield, 

percentage of milk protein, and percentage of milk fat were greater for supplemented cows 
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(Watanabe et al., 2006). Both the Leonardi et al. (2003) and Watanabe et al. (2006) studies 

emphasized methionine’s role as a limiting amino acid, and demonstrated the value of RPM 

supplementation on lactation performance based on research conducted with lactating dairy 

cows.  

The majority of research regarding methionine supplementation in the cattle industry 

focuses on lactation performance in dairy cattle. However, a new body of research is emerging 

which suggests that provision of supplemental methionine in the diets of growing beef cattle may 

be associated with improvements in markers of performance and efficiency, such as nutrient 

intakes, ADG, and BW throughout critical phases of production, such as breeding and finishing 

(Klemesrud et al., 2000; Hersom et al., 2009; Odedra et al., 2015). Non-pregnant buffalo heifers 

received one of three concentrate mixtures supplemented to meet their dietary CP requirements 

(Odedra et al., 2015). The three treatments consisted of dietary CP requirements met through a 

concentrate mixture, dietary CP requirements met through a 50:50 combination of cottonseed 

cake and the concentrate mixture, or dietary CP requirements met through a concentrate mixture 

with an additional 2.5 g/d of RPM and 5.0 g/d of RPL (Odedra et al., 2015). Total BW gains 

were greater for heifers supplemented with RPM and RPL. However, absolute BW at the 

beginning and end of the treatments did not differ amongst diets. Supplementation with RPL and 

RPM also had linear effects on estradiol levels suggesting potential improvements in 

reproductive performance for supplemented heifers (Odedra et al., 2015). These results are 

inconsistent with findings presented by Oney et al. (2016), which assessed the effects of RPM 

and RPL on the performance of feedlot steers during the finishing phase of production. Steers 

were assigned to one of three treatments, and either received no supplement, 8 g/d of 

supplemental RPM, or 8 g/d of supplemental RPM and 12 g/d of supplemental RPL (Oney et al., 



 34 

2016). Supplementation with RPL and(or) RPM did not impact cattle performance with no 

differences in DMI or final BW for finishing steers. RPM and RPL supplementation did not 

impact hot carcass weights; however, steers supplemented with only RPM had lower USDA 

marbling scores. Furthermore, control steers had greater measurements of twelfth rib fat 

compared to both groups of supplemented steers. The inconsistencies between the Odedra et al. 

(2015) and Oney et al. (2016) studies could be due to differences in the amino acid content and 

profile of the diet due to differences in sex, species, and stage of production. The lack of 

significant performance related effects presented by Oney et al. (2016) may be the result of diets 

that were not limiting in methionine or lysine prior to amino acid supplementation. Amino acid 

contents of diets can be difficult to predict due to differences in RDP and RUP contents, making 

comparisons between studies arduous.  

Methionine chelates are another well-established method for methionine supplementation 

in ruminant diets. Nejad et al. (2016) assessed the effects of a chelated chromium methionine 

supplement on the fatty acid profile and blood metabolites of Holstein steers. Steers either 

received a chromium methionine chelate supplement for four months during the late-fattening 

period or did not receive a supplement during this period. High density lipoprotein levels in the 

blood were greater in chelate supplemented steers, while higher levels of low-density lipoprotein 

in the blood were elevated in non-supplemented steers. Supplementation with the chromium 

methionine chelate may have altered nutrient composition, as the fatty acid profile of the loin 

from supplemented steers had greater amounts of polyunsaturated fatty acids and gamma-linoleic 

acid (Nejad et al., 2016). Chelating zinc and methionine may also be a valuable method for 

methionine supplementation as evidenced by Hatfield et al. (1995). Increasing CP level in the 

diet along with providing a chelated zinc methionine supplement improved DMI for ewes 
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throughout gestation and increased milk production at 28 DIL (Hatfield et al., 1995). Prepartum 

BW gains were greater for ewes fed a higher level of CP; however, postpartum BW losses were 

greater for these ewes compared to those receiving a lower level of dietary CP. In terms of 

progeny effects, ADG and weaning weights were greater for lambs from ewes which were 

supplemented with zinc methionine and fed a higher level of dietary CP. This research provides 

critical information regarding the interaction between dietary CP level and a chelated zinc 

methionine supplement on the performance of ewes and their lambs. Future research should aim 

to further explore the interaction between protein level and methionine supplementation, in order 

to better understand the effects of a methionine supplement on animal performance.  

Low quality forages commonly consumed by beef cattle in late gestation may be limiting 

in metabolizable amino acids, potentially restricting protein accretion (Waterman et al., 2007). 

Waterman et al. (2007) utilized late gestation, ruminally cannulated beef cows to assess the 

impacts of urea supplementation in combination with varying levels of post ruminal infusion of 

D,L methionine on metabolic parameters for the gestating cow. Cows which were supplemented 

with urea had greater DMI and OM intakes than non-supplemented, control cows. Serum urea 

concentrations were greater for urea supplemented cows with quadratic increases occurring in 

response to methionine supplementation. Similarly, urea supplementation increased nitrogen 

retention with linear increases in nitrogen retention occurring with methionine supplementation. 

As expected, methionine supplementation also linearly increased plasma methionine 

concentrations. These results suggested that both urea and RPM supplementation have the ability 

to improve nitrogen retention and protein accretion during late gestation (Waterman et al., 2007). 

These results support methionine’s role as a limiting amino acid in the diet of forage fed 

ruminants. This is in line with the results of a more recent study by Waterman et al. (2012), 
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which suggested that methionine supplementation during late gestation may improve efficiency 

of amino acid utilization.  

Research regarding specific amino acid supplementation in ruminant diets is relatively 

recent. Imperfect methods for calculating amino acid requirements for beef cattle present 

difficulties for producers aiming to optimize protein digestibility and subsequent performance 

gains. The majority of cattle research in protein and amino acid supplementation does not 

specifically focus on cow-calf production, resulting in a lack of information which explores 

relationships between amino acid supplementation and the performance of both cows and their 

calves. Currently, studies regarding methionine supplementation are predominantly focused on 

the dairy industry, making it difficult to apply similar research to gestating and lactating beef 

cattle. Methionine may be a valuable alternative to protein supplementation, especially for low 

quality forage diets fed predominantly during gestation in North American spring-calving beef 

cattle herds. Additional research is required to explore the interaction between protein level and 

methionine supplementation to determine strategies which positively impact markers of 

performance for both cows and their offspring, subsequently improving returns to producers.  

2.2 Management Strategies for Cow-Calf Operations  

Operation type (i.e. cow-calf, stocker, feedlot) is inherently linked to geography and 

climate. In general, facilities which background or finish cattle are found primarily in regions 

which can readily support the production of corn and other grains necessary for formulating 

finishing diets (McBride and Mathews, 2012; NASEM, 2016). In comparison, cow-calf systems 

are frequently found in regions with the ability to support extensive pasture or range land 

(McBride and Mathews, 2012). Climate and geography also influence calving and weaning 

management practices. Producers within regions with severe or sporadic changes in climate tend 
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to implement a defined calving season, usually in the spring in an attempt to reduce weather-

associated complications with breeding, gestation, and calving, as well as to benefit from the 

availability of high quality forage for grazing (McBride and Mathews, 2012). The role 

geography and climate play in feed quality consequently impacts feed costs. Data collected from 

the United States Department of Agriculture’s National Animal Health Monitoring System 

indicated that feed costs tend to be lower in regions where cows are able to graze year-round 

(McBride and Mathews, 2012). Despite this, producers who are not located in these regions are 

still able to remain competitive in the industry by improving the efficiency of their production 

strategies (McBride and Mathews, 2012). 

In some regions of North America, extensive pasture-based systems are utilized 

exclusively, and cow-calf pairs are able to be maintained on pasture year-round (McBride and 

Mathews, 2012). Due to the diverse climate and geographic landscapes which span across 

Canada and parts of the United States, extensive systems are not feasible for managing the cow 

herd all year. The conventional system used by the majority of Canadian cow-calf producers 

overwinters pregnant cows in a drylot or barn and aims to relocate dams and their calves to 

pasture-based systems in the spring (Small and McCaughey, 1999; McBride and Mathews, 2012; 

Legesse et al., 2012; Alemu et al., 2017a). In this system, the animals will remain on pasture for 

as long as feed and environmental conditions remain adequate for production and to ensure 

animal welfare (Legesse et al., 2012). Conventional cow-calf systems in North America often 

utilize residual land. The costs associated with using land for grazing cattle increase in regions 

where the climate and land are suitable for crop production; this restricts expansion of current 

cow-calf facilities (McBride and Mathews, 2012). Conventional cow-calf operations generally 

lack a suitable land base for growing grain or other row crops, resulting in the omission of these 
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feedstuffs from most diets at this stage of production (NASEM, 2016). Traditionally, cow-calf 

herds consume forage-based diets which can include pasture grass, hay, ensiled forages, and crop 

residues. These forages may be supplemented with proteins, vitamins, and minerals when 

necessary to meet nutritional requirements for cattle (NASEM, 2016). In eastern and southern 

regions of Canada and the USA, inclusion of introduced forages such as annuals, perennials, and 

crop residues are most common in the diet, while native grasses and forbs are utilized most often 

in the western regions of Canada and the USA as well as some areas of Mexico (NASEM, 2016). 

The extensive land requirements associated with conventional pasture-based systems has 

led North American producers to explore the potential of intensive cow-calf production systems 

(McBride and Mathews, 2012; Legesse et al., 2012; Beck et al., 2016). Similar to conventional 

systems, an intensive system would overwinter pregnant cows in a drylot or barn. However, after 

calving, the calves and their dams would remain in the drylot facility year-round (Legesse et al., 

2012; Rasby et al., 2016). Intensive systems were conceptualized with the aim of reducing the 

costs associated with using high quality land for cattle grazing, a major issue in Canada, and the 

midwestern and northern plains regions of the USA (Legesse et al., 2012; NASEM, 2016; Rasby 

et al., 2016). Intensive systems allow producers to utilize land for production of crops which can 

be incorporated into cow-calf diets or sold to generate profits. This provides producers more 

control over feed ingredients and can reduce costs or generate additional revenue (Rasby et al., 

2016). Unlike conventional systems, intensive systems require the herd to be fed a specially 

formulated ration to meet the nutritional requirements of the cow at each stage of lactation 

(Rasby et al., 2016). Non-lactating cows in intensive systems are also fed specially formulated 

diets to meet their nutrient requirements for maintenance, and growth, when applicable.  
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Intensive systems present a potential solution for physical limitations regarding land 

availability, allowing producers to expand their operations. Intensive systems may also have 

beneficial effects on performance. Preliminary findings presented by Redden et al. (2016) 

compared the performance of steers from either a semi-intensive or an extensive cow-calf 

management system. The semi-intensive system involved managing animals on native range in 

the spring and fall, drylot feeding with limited winter wheat grazing in the winter, and limited 

cover crop grazing in the summer. In comparison, the extensive management system involved 

continuous grazing on native range and supplementing protein during winter. The preliminary 

results of this trial indicated that semi-intensive, cow-calf systems produced steers which had a 

higher initial BW upon feedlot entry by approximately 36 kg per head, compared to those raised 

in extensive pasture systems. The steers from the semi-intensive, cow-calf systems had 5% 

heavier finishing weights and 3.2% heavier carcass weights than steers from semi-intensive 

systems. Efficiency was also improved, with an 18% increase in ADG, and a 15% increase in 

gain per unit of feed for steers from semi-intensive systems. It is hypothesized that differences in 

nutrient quality consumed by the animals in each system may have differed; however, this 

cannot be confirmed as this information was not revealed in this preliminary disclosure of results 

by Redden et al. (2016). Management systems may also have an effect on meat quality as 

kidney, pelvic, and heart fat were found to be 6% lower in steers from intensive cow-calf 

systems, although no effect was found regarding marbling (Redden et al., 2016). These results 

were contradictory to Gardine (2017) who compared similar cow-calf operations as the Redden 

et al. (2016) study. In the Gardine (2017) study, cows with summer-born calves were either 

overwintered from November to April in drylot or grazed cornstalks. Drylot cow-calf pairs were 

fed a diet of distillers’ grains and corn residues to meet requirements for lactation. Cow-calf pairs 
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grazing cornstalks received a distillers’ grain-based supplement at a rate which aimed to allow 

for equivalent energy intake between cows in the two management systems. The preliminary 

results of the Gardine (2017) study did not indicate differences in carcass characteristics or 

finishing performance based on cow-calf management system. The semi-intensive system 

utilized for both studies cannot be directly compared to Canadian beef cattle production systems, 

as the systems utilized in these studies combine aspects of completely intensive systems and the 

conventional systems utilized in Canada. The semi-intensive system described by Gardine et al. 

(2017) which overwintered cows in drylot was similar to the conventional system used by the 

majority of Canadian producers. In contrast, the semi-intensive system described by Redden et 

al. (2016) involve grazing native pasture for the fall and spring, grazing cover crops throughout 

the summer, and overwintered cows in drylot. Several Canadian producers may choose to allow 

cows to graze cover crops in the fall and winter; however, cows generally graze pasture through 

the summer. Furthermore, the extensive grazing system utilized in the Redden et al. (2016) study 

is not feasible for most areas of Canada. Therefore, it may be difficult to accurately apply the 

results presented in these studies to intensive Canadian systems. Further research is required to 

compare conventional systems with intensive systems to determine the long-term effects of these 

cow-calf systems on performance and efficiency of steers, and their applicability to Canadian 

beef cattle production. 

Depending on geographical region, many cow-calf operations in the U.S. keep their 

pregnant cows on pasture throughout the winter, while the majority of producers in Canada tend 

to overwinter pregnant cows in a drylot facility. Research by Legesse et al. (2012) compared 

these two systems in western Canada to assess their effects on cattle performance. Gestating 

cows were either maintained on pasture where they were able to graze dormant regrowth from 
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perennials and swathed annual crops or overwintered in drylot and fed one of three diets: entirely 

hay, a mixture of straw and barley (70% oat straw, 30% steam rolled barley grain on a DM 

basis), or a mixture of silage and straw (40% barley silage, 60% oat straw on a DM basis). The 

study found mean BW gains from mid to late gestation were lower for cows overwintered on 

pasture compared to those in drylot. Similar effects were observed regarding BCS and mean BW 

during pregnancy. BW gains from time of turnout of cow-calf pairs through to weaning, as well 

as mean BW for dams and their calves were unaffected by either winter management strategy. 

Prior to the turnout of cow-calf pairs, however, cull rates were greater for cows overwintered in 

the drylot system compared to those on pasture which resulted in subsequently lower calf 

survival rates to weaning in the drylot system. Legesse et al. (2012) hypothesized this was likely 

a result of poor fitness, such as issues with udders or lameness amongst cows in the drylot group. 

Although Canadian producers traditionally overwinter gestating cows in drylot systems, this 

research presented findings which may indicate issues with pre-weaning calf survival that may 

be applicable to year-round drylot systems. Further research is needed to explore these effects in 

year-round intensive systems.  

 The link between stocking density and physiology is well established in several livestock 

species. For cattle, drylot systems often have a higher stocking density than pasture systems 

(Schubach et al., 2017). Increasing stocking density of cow-calf systems could impact calf 

growth and subsequent breeding performance of cows (Rahnefeld et al., 1990; Schubach et al., 

2017). This is because higher stocking densities have been associated with a reduction in 

physical activity and an increase in chronic stress, which has been previously been associated 

with impaired reproductive function in cattle (Dobson and Smith, 2000; Schubach et al., 2017). 

Schubach et al. (2017) managed 60 heifers in one of three pastures or one of three drylot pens. 
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Drylot pens measured 10 m × 14 m, with 10 heifers per pen, resulting in a stocking density of 14 

m2 per heifer. Pastures were 25 ha in size, with 10 heifers per pasture, resulting in a stocking 

density of 2500 m2 per heifer. The high density drylots altered physiological and stress-related 

responses of the heifers, resulting in a delay for the heifers to reach puberty compared to heifers 

managed in pasture systems (Schubach et al., 2017). This is consistent with findings presented 

by Rahnefeld et al. (1990) which found faster growth rates for calves in extensive pasture 

systems compared to those raised in drylot systems. The NASEM (2016) describes nutrition and 

stress as being interactive and consequential. Although these studies did not detect effects 

between management systems and BW gain, weaning is an extremely demanding period and one 

of the most stressful events to occur in cow-calf systems (NASEM, 2016). Further research 

should be conducted on calves housed in high-density drylots and low-density pasture systems 

prior to weaning to determine if similar stress-related and physiological responses will occur and 

to explore potential interactions between management and nutrition.  

 Previous research clearly dictates the potential effects of various management strategies 

on growth and reproductive performance of cow-calf pairs. Management and nutrition are 

intricately related. In order to optimize production, the potential interactions between nutritional 

programs and management strategies should be considered. Mulliniks et al. (2013) explored the 

relationship between management system and protein supplementation. Weaned heifers were 

either managed in drylot and fed a corn-silage based diet (70% corn silage and 30% steam-flaked 

corn for year one and two, and 100% corn silage for year three) or managed on pasture (6.5% 

CP, 80% NDF on a DM basis) and either fed a 36% CP supplement containing 36% RUP, or fed 

a 36% CP supplement containing 50% RUP (Mulliniks et al., 2013). The supplements were fed 

to heifers on pasture at a rate of 0.9 kg/d for three days per week. Heifers managed in drylot were 
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heavier at breeding than those managed on pasture, regardless of RUP level, although no 

treatment differences were observed for BW at pregnancy diagnosis. Despite this, pregnancy 

rates were greatest for heifers managed on pasture and receiving the 50% RUP supplement. As a 

result, retention rate within the herd was greatest after three and four years of breeding for the 

individuals managed on pasture and receiving the 50% RUP supplement. This resulted in greater 

net returns per heifer for heifers managed on pasture compared to drylot. Mulliniks et al. (2013) 

demonstrated that RUP level may have interacted with management system to influence BW and 

reproductive performance of heifers. To further explore this interaction, it would be beneficial to 

alter RUP level to the same extent for cows managed in drylot as those on pasture. Schuster and 

Albin (1966) explored the effects of four different winter management regimens on BW and 

reproductive performance of late gestation beef cows. Cows were assigned to one of four 

management regimens for a 116-day period before being turned out to native range (Schuster and 

Albin, 1966). Cows either grazed native range supplemented with protein cubes, grazed a 

combination of sorghum stubble and wheat field, were managed in drylot and fed sorghum silage 

supplemented with sorghum grain and cottonseed meal, or were managed in drylot and fed an all 

concentrate diet. Approximately half of the cows calved during the winter period; cows managed 

in drylot and fed silage lost the least amount of BW. However, this was the only group of cows 

which lost weight when reintroduced to native range, resulting in a significantly lower 

conception rate for this group. An economic analysis of the four management regimens revealed 

the pasture methods to be the lowest cost options, with grazing the sorghum stubble and wheat 

field being the least expensive, while drylotting cows and feeding sorghum silage was the most 

expensive (Schuster and Albin, 1966). Although stage of production differed between the 

Mulliniks et al. (2013) and the Schuster and Albin (1966) studies, both studies suggested that 
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pasture systems yielded the greatest returns economically. Pasture management may improve 

reproductive performance of cows and heifers, although as evidenced by Mulliniks et al. (2013) 

and Schuster and Albin (1966), this is likely intricately linked to nutrition, specifically regarding 

energy and protein level. Further research should aim to explore the link between energy and 

protein level and management systems on the growth and reproductive performance of beef 

cattle.  

There is a lack of literature available which compares conventional pasture-based 

systems and year-round drylot systems for cow-calf production. In order to understand the 

potential of these systems, it would be useful to consider research comparing management 

systems in other phases of beef cattle production, such as backgrounding and finishing phases for 

feedlot steers and heifers. Mathis et al. (2008) compared pasture and drylot systems for 

backgrounding both heifer and steer calves. Throughout the backgrounding phase, the drylot 

calves gained more weight than pasture calves. Mathis et al. (2008) hypothesized that this was 

due to an increase in the ADG of drylot calves that occurred after day 19 of the backgrounding 

phase, resulting in greater energy intakes for drylot calves compared to pasture calves. The 

researchers then investigated the effects of backgrounding management system on finishing 

performance of the steer calves. During the finishing phase, the steers that were backgrounded on 

pasture had increased ADG from 74 to 94 days on feed, but ADG was similar between the two 

management groups following this period. Days on feed, total ADG, carcass characteristics, and 

proportion of treated calves did not differ based on backgrounding management system, while 

death losses were greater for steers backgrounded in drylot. Economic analysis revealed that at 

the end of the backgrounding phase, drylot calves had greater value, but producers had a lower 

net income due to greater input costs for calves backgrounded in drylot compared to pasture. 
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After the finishing phase, gross income was greater for steers backgrounded on pasture, with a 

greater net return of $103 per head. The Mathis et al. (2008) study is in line with the findings 

presented by Mulliniks et al. (2013) and Schuster and Albin (1966), suggesting that low-cost 

pasture systems improved net returns for producers. In addition to the reduced input costs 

associated with pasture systems, the improved net returns may also be related to the increase in 

death losses for drylot steers. Mathis et al. (2008) hypothesized that the increase in death loss 

could be a result of an increase in stressors experienced by the drylot calves during the 

backgrounding phase, compared to the pasture calves. Future research should aim to explore this 

further. Future studies should also investigate different strategies for managing cattle in drylot 

aimed at lowering production costs, allowing producers to benefit from the improved growth 

performance for cattle managed in these systems. Although drylot systems may improve growth 

performance, research by Perry et al. (2013) suggested that heifers may have issues adjusting to 

grazing situations after being weaned in a confinement system. Perry et al. (2013) evaluated the 

effects of previous grazing experience on the reproductive performance of beef heifers in a series 

of experiments. Heifers were weaned in drylot for a 44-day period and immediately allocated to 

either a pasture system, or remained in drylot for an extended period, followed by relocation to 

pasture 27 days before the breeding season. The heifers which remained in drylot for an extended 

period lost weight for the first week after turnout, while the heifers which grazed pasture 

following weaning gained weight. For the second experiment, heifers were either allocated to a 

pasture system prior to the start of the breeding system, or immediately after artificial 

insemination. Heifers which grazed pasture prior to breeding had greater pregnancy rates, and 

greater ADG from time of artificial insemination until pregnancy diagnosis, which was likely 

due to differences in nutrient intake between the treatment groups. Lower nutrient intakes among 
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heifers turned out to pasture after artificial insemination could be a result of stress associated 

with the novel environment, and a lack of grazing skills due to the lack of exposure. The Perry et 

al. (2013) study suggested that previous pasture experience likely reduces stress-related 

responses and benefits growth and subsequently reproductive performance. The differences in 

stage of production between the Mathis et al. (2008) and the Perry et al. (2013) studies make it 

difficult to apply these findings to cow-calf production systems. However, both studies revealed 

pertinent information regarding the potential effects of management system on the growth and 

reproductive performance of beef cattle managed in these systems, as well as the economic value 

for producers.  

Cost of production, pasture quality, and pasture availability are considered major limiting 

factors for profitability of cow-calf operations (Small and McCaughey, 1999). As a result, there 

are several factors producers must consider regarding production systems and management 

strategies that will optimize both cost and production. Year-round drylot systems tend to be more 

expensive, specifically regarding labour and feed costs (Rasby et al., 2016). While pasture-based 

systems provide producers with less control over cattle nutrition, they may not be economical in 

regions with pasture land suitable for production of high quality crops, and are unfeasible in 

regions with limited land availability. More research is required regarding the economic impacts 

of each system in order to effectively compare the production potential of each system. 

Furthermore, there is a need for research which assesses the efficacy of alternative management 

strategies, specifically in terms of growth and reproductive performance, in an attempt to reduce 

input costs and maximize returns to producers. There is a lack of research which compares 

conventional and intensive systems for managing cow-calf pairs throughout lactation. Cow-calf 

systems are unique; lactation is a physically and nutritionally demanding period for cows which 
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are responsible for keeping up with the increasing demands of growing calves. It can be difficult 

to apply research conducted at other stages of production to cow-calf systems. There is a need 

for research which not only compares these management strategies and their suitability for cow-

calf systems, but assesses the relationship between management system and maternal nutrition. 

2.3 Enteric Methane Emissions from Beef Cattle Production 

 Greenhouse gases (CO2, CH4, N2O) trap heat in the earth’s atmosphere contributing to 

climate change or global warming. The EPA (2019) estimated carbon dioxide constitutes 82% of 

greenhouse gas emissions, followed by methane at 10%, nitrous oxide at 6%, with other 

fluorinated gases making up the remainder of emissions. Based on an analysis of emissions by 

economic sector, the contribution of the agriculture sector to total U.S. greenhouse gas emissions 

was approximately 9%, with 2.7% resulting from enteric fermentation from domestic livestock 

(EPA, 2019). Enteric fermentation by ruminants generates methane which constitutes the 

majority of greenhouse gas emissions from cattle production (Hristov et al., 2015). Enteric 

fermentation accounts for 26.7% of all U.S. methane emissions (EPA, 2019). Over the past 

century, several mechanistic and empirical models have been developed for predicting enteric 

methane production by ruminants, based on a variety of factors including but not limited to, 

metabolizable energy intake, DMI, age, BW, and forage quality (NASEM, 2016). Currently, the 

NASEM (2016) utilizes a system to predict enteric methane emissions based on diet 

composition, focusing primarily on level of forage inclusion. Stackhouse-Lawson et al. (2012) 

utilized the Integrated Farm Model System to estimate greenhouse gas emissions for beef 

production in California. The results of this simulation suggested the cow-calf phase of 

production is responsible for as much as 72% of cattle-related greenhouse gas emissions 

(Stackhouse-Lawson et al., 2012). This is consistent with the NASEM (2016) which indicates 
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that increasing forage inclusion in the diet increases enteric methane production, and the majority 

of cow-calf systems utilize forage-based diets. Intense scrutiny of the beef cattle industry has 

resulted from increasing concerns from the general public regarding anthropogenic greenhouse 

gas emissions. Exploration of methods which may reduce emissions via animal management and 

nutrition, or soil management have recently become a central focus of the agricultural industry.  

There is a growing body of literature which explores different methods and models for 

quantifying emissions produced by cattle. In vitro gas production techniques have been used for 

decades as a method for simulating ruminal fermentation, and subsequently enteric methane 

production (Storm et al., 2012). Respiration chambers have been used to predict enteric methane 

emissions for over a century, by attempting to collect all exhaled air and measure the 

concentration of methane (Storm et al., 2012). The sulfur hexafluoride (SF6) tracer technique was 

conceptualized due to the restrictions imposed by respiration chambers, especially regarding 

grazing animals. The SF6 tracer method estimates enteric methane emissions by calculating the 

rate at which SF6 diffuses out of permeation tubes in the rumen and concentrations of methane 

and SF6 evacuated from the animal via capillary tubing (Storm et al., 2012). Recent studies have 

also began investigating the use of carbon dioxide as an alternative tracer to SF6 (Storm et al., 

2012). The GreenFeed system (C-Lock Inc., Rapid City, SD, USA) combines an automatic 

feeding system with measurements of methane and carbon dioxide. GreenFeed systems 

constantly circulate air through the system to quantify methane and carbon dioxide concentration 

and air flow while an animal is eating (Storm et al., 2012). Hammond et al. (2016) discussed the 

efficacy of GreenFeed systems for measuring enteric methane emissions in comparison to 

respiration chambers and the sulfur hexafluoride tracer technique. The Hammond et al. (2016) 

paper found daily methane production measurements were similar using GreenFeed systems or 
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respiration chambers, but there were inconsistencies in daily methane production estimates by 

the GreenFeed system when compared with the SF6 tracer technique. Numbers of animals and 

duration of sampling are major factors impacting the ability of GreenFeed systems to accurately 

predict methane emissions (Hammond et al., 2016). The minimal human interference and 

reduced technical knowledge associated with the GreenFeed system make them a desirable 

alternative to previous methods for predicting methane emissions (Hammond et al., 2016). This 

is in agreement with research by Jonker et al. (2016) which found that measurements of methane 

emissions for beef heifers did not differ between respiration chambers and the GreenFeed 

systems. Jonker et al. (2016) also reported that measurements of methane production by 

GreenFeed systems were generally greater than measurements generated by the SF6 tracer 

technique. However, when comparing the means for methane yields produced by all systems, no 

differences were detected (Jonker et al., 2016). Renand and Maupetit (2016) found the 

GreenFeed system to have a high repeatability for carbon dioxide and methane emissions. The 

Renand and Maupetit (2016) paper determined repeatability was lower for combined traits such 

as methane and carbon dioxide, or methane and DMI, and suggested that longer adaptation 

periods may be required in order to more accurately measure combined traits. Based on the 

results of several studies, GreenFeed systems are a viable method for measuring methane 

emissions, producing repeatable and accurate results. Improving methods for measuring methane 

emissions will improve research which attempts to assess the impacts of management, nutrition, 

and stage of production, among other factors on methane emissions associated with cattle 

production.  

The majority of beef operations in Canada are in the cow-calf sector (Alemu et al., 

2017a). For years, ruminant nutritionists have focussed on the relationships between nutrition 
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and enteric methane production; however, recent research suggests that in addition to nutrition, 

altering management strategies could reduce greenhouse gas emissions. A survey of 295 

Canadian cow-calf operations was used to collect data to estimate emissions on a whole-farm 

basis (Alemu et al., 2017a). This survey revealed that efficient management practices, such as an 

earlier calving season (with the majority of cows calving in early March, compared to late 

March) led to a considerable reduction in greenhouse gas emissions (Alemu et al., 2017a). This 

is further supported by previous research by Alemu et al. (2016), which compared greenhouse 

gas emissions for a variety of winter management systems for cow-calf production in western 

Canada. The management systems included swath grazing on triticale, swath grazing on corn, or 

feeding a balanced ration in drylot. Enteric methane production was responsible for the majority 

of emissions ranging from 69 to 76% (Alemu et al., 2016). This is relatively consistent with 

other research, which found enteric methane production to be associated with 65 to 68% of total 

farm emissions (Alemu et al., 2017a,b). Total emissions per kilogram of feed produced and fed 

were lower for both swath grazing systems compared to the drylot system (Alemu et al., 2016). 

This is consistent with the emissions per cow, which were greatest for cows managed in drylot, 

followed by those swath grazing triticale, with cows swath grazing corn producing the lowest 

emissions per cow. Although both the intensive and conventional systems discussed in this 

literature review overwintered gestating cows in a drylot system, the results presented by Alemu 

et al. (2016) demonstrated that swath grazing may be a viable alternative for overwintering 

gestating cattle. Additional research is required to determine the applicability of this research to 

lactational management systems to determine if similar results would be generated when 

comparing conventional grazing systems to year-round intensive systems. The results of Alemu 

et al. (2016) are generally consistent with similar research in dairy cattle. O’Brien et al. (2014) 
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utilized a life cycle assessment model to compare carbon footprints for dairy cattle managed in 

confinement systems versus pasture-based systems. Emissions solely associated with milk 

production were reduced in pasture-based systems compared to confinement systems. Although, 

if carbon sequestration was not included in this comparison, emissions did not differ between 

systems (O’Brien et al., 2014). Unlike the Alemu et al. (2016) and the O’Brien et al. (2014) 

studies, previous work by Legesse et al. (2011) suggested that overwintering gestating cows in a 

drylot system may be preferable from an environmental standpoint. The researchers utilized a 

variety of mechanistic and empirical models to predict methane emissions produced from enteric 

fermentation amongst two pasture systems and four winter management systems in western 

Canada. The summer pasture systems consisted of cow-calf pairs grazing either grass pastures or 

alfalfa-grass pastures from June to weaning in September. Results generated by the empirical and 

mechanistic models predicted similar levels of enteric methane production between summer 

grazing systems (Legesse et al., 2011). Winter management systems consisted of managing 

gestating cows in an extended grazing system of dormant regrowth of perennial pastures and 

swathed annual crops, managing cows in drylot on hay, managing cows in drylot on a straw and 

barley ration, or managing cows in drylot on a silage and straw ration. Both mechanistic models 

and one of the empirical models estimated enteric methane production to be greatest for the 

extended grazing system and feeding the hay ration in drylot; while managing cows in drylot and 

feeding a straw and barley ration or a silage and straw ration were estimated to have the lowest 

intakes. In contrast, one of the empirical models predicted enteric methane emissions to be 

lowest for the extended grazing winter management system. Although the newest edition of the 

NASEM (2016) no longer utilizes the empirical or mechanistic models discussed in the Legesse 

et al. (2011) study, this study revealed important information about how various production 
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inputs can impact enteric methane production. The variation in results within the Legesse et al. 

(2011) study and amongst the Alemu et al. (2016) and O’Brien et al. (2014) studies, may be due 

to differences in model parameters, as well as differences in nutrition and management. All three 

studies emphasized the role management plays in greenhouse gas emissions and specifically 

enteric methane production. Additional research is required to continue to explore management 

strategies which are feasible given Canada’s unique geography, climate, and cow-calf sector in 

an attempt to reduce enteric methane production.  

When comparing conventional and intensive management systems, there are several 

factors which must be considered, such as diet and management. Stocking density is a specific 

management aspect which has garnered attention, primarily for the impacts it has on animal 

physiology. There is a growing body of research which has assessed the impacts of stocking 

density or stocking rate on greenhouse gas emissions. Chiavegato et al. (2015) grazed lactating 

beef cows on a variety of pasture systems to assess the relationship between stocking rate and 

stocking density on methane emissions. At the beginning of the grazing season, methane 

emissions per unit of energy intake were greater in a high-density system compared to a low-

density system. Chiavegato et al. (2015) hypothesized this was associated with a lower DMI 

observed for cows in the high-density system, resulting in a greater loss of methane as a 

percentage of gross energy intake. In general, stocking density did not impact enteric methane 

production and enteric methane emissions per unit of energy intake of cows was considered 

relatively low for lactating beef cows. Chiavegato et al. (2015) hypothesized that this could be a 

result of the cattle selectively grazing higher quality forages. These results are inconsistent with 

the findings of Alemu et al. (2017b). Alemu et al. (2017b) utilized a simulated life cycle 

assessment approach to assess all aspects of grazing management on greenhouse gas emissions 
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for beef cattle as they move through cow-calf systems and backgrounding systems. The four 

grazing systems consisted of either light continuous grazing for all cattle, heavy continuous 

grazing for all cattle, light continuous grazing for cow-calf pairs and moderate rotational grazing 

for backgrounding cattle, or heavy continuous grazing for cow-calf pairs and moderate rotational 

grazing for backgrounding cattle. Moderate rotational grazing for backgrounded cattle did not 

impact intensity of greenhouse gas emissions when compared to systems which continuously 

grazed backgrounded cattle. Increasing stocking rate resulted in a decrease in greenhouse gas 

intensity with the high continuous grazing systems having lower emissions than the light 

continuous grazing systems. In contrast, the average efficiency of farm production, measured as 

kilogram of beef per unit land area, was as much as 25% greater for the high continuous grazing 

systems compared to the low continuous grazing systems. However, including soil carbon 

sequestration in the analysis of total emissions reduced the estimates of greenhouse gas intensity 

resulting in no differences between management systems (Alemu et al., 2017b). The 

inconsistencies in the results of the Alemu et al. (2017b) and Chiavegato et al. (2015) studies 

may be a result of animal differences in stage of production as well as differences in 

management systems. Future research should explore aspects of management other than stocking 

rate and density to better understand how alterations in enteric methane production occur in 

different management systems. Additionally, future research should focus on the underlying 

physiological processes associated with enteric methane production to better understand its 

relationship with stocking density.  

Dietary effects associated with methane production in beef cattle are well documented. 

Enteric methane production is generally greater in cattle fed high-forage diets compared to high-

concentrate diets and thus, tends to be greater for cow-calf production systems (NASEM, 2016). 



 54 

The increase in forage concentration of cow-calf diets is associated with an increase in the 

proportion of gross energy intake lost as methane. The slower gains associated with a high-

forage diet compared to a high-concentrate diet may also contribute to the increase in methane 

emissions. For grazing cattle, forage quality and dietary carbohydrate composition also directly 

impact methane emissions. Feeding poor quality forage has been associated with reduced 

parameters of performance, such as BW and condition, thereby reducing enteric methane 

production. The effects of DMI on enteric methane emissions is well documented with several 

studies suggesting that increasing DMI leads to a reduction in methane emissions. Similarly, 

increasing levels of dietary ether extract consistently reduces enteric methane production from 

beef cattle (NASEM, 2016). The role dietary protein level plays in nitrogen excretion and 

ammonia emissions is well documented. Generally, increasing dietary nitrogen will increase 

nitrogen excretion in urine and feces as RDP and MP requirements are met (NASEM, 2016). 

Similarly increasing dietary CP level was associated with an increase in ammonia emissions in a 

study conducted with dairy cattle (Liu et al., 2017). However, supplementing limiting amino 

acids such as methionine and lysine improves protein utilization which may reduce this harmful 

nitrogen excretion as ammonia (Abbasi et al., 2018). In contrast, relatively little is known 

regarding the relationship between protein and enteric methane production. Previous research 

suggested that the effects of CP level on enteric methane production are negligible (Niu et al., 

2016). Niu et al. (2016) altered dietary forage and CP levels in lactating dairy cattle. CP level 

and dietary forage content of the diet did not interact to impact methane emissions or nitrogen 

excretion. Dietary CP level did not impact enteric methane production or methane emissions per 

unit of DMI. However, methane emissions were reduced in cows fed the low forage diets (Niu et 

al., 2016), which is in line with the information presented by the NASEM (2016). Nitrogen 
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excretion as a proportion of nitrogen intake tended to be reduced for cows fed low forage diets, 

and interestingly, did not differ based on dietary CP level (Niu et al., 2016). There is a need for 

additional research which explores the relationship between nutrient status and methane 

emissions especially during gestation and lactation. Nutrient requirements, especially protein 

requirements, for gestating and lactating beef cattle greatly exceed that of those at maintenance, 

and the cow-calf sector is a major source of methane emissions for cattle production. Exploring 

the relationship between methane production and protein level could lead to improved nutritional 

management of cow-calf pairs at this phase of production.  

Climate change has considerably altered management and feeding practices for Canadian 

beef cattle producers. This is evident in a study by Legesse et al. (2016), which used life-cycle 

assessment modelling to compare emissions on a whole-farm basis between 1981 and 2011. 

Only 76% of the land requirements for beef cattle production in 1981 were required to produce 

the equivalent liveweight of cattle in 2011. Although methane emissions made up 73% of total 

farm emissions in both 1981 and 2011, there was a 14% reduction in methane emissions in 2011 

to produce the equivalent amount of liveweight at slaughter as in 1981. Altering management 

strategies may improve parameters associated with growth and reproductive performance, such 

as ADG, BW, and reproductive efficiency, which in turn has the potential to reduce greenhouse 

gas emissions via improvements in efficiency, reduced time to slaughter, and alterations in diet 

composition. Enteric methane production is complex and intricately related to both nutrition and 

management. Future research is required to explore these interactions, especially in the cow-calf 

sector, which is responsible for the greatest contribution to greenhouse gas emissions in the beef 

cattle industry. Alternative production strategies should be explored, especially for managing 
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gestating cows as well as cow-calf pairs throughout lactation, as forage content and quality 

greatly influence enteric methane production.  

2.4 Visual Assessments as Indicators of Calf Health  

 Calf morbidity and mortality rates are a crucial indicator of animal welfare. High 

morbidity and mortality rates can result in significant economic losses for producers due to 

veterinary expenses, reduced pre-weaning gains, and calf death losses. There are several factors 

related to calf morbidity and mortality including passive transfer of immunoglobulins, dam 

parity, environment, management, herd size, climate, and genetics (Uetake, 2013). A survey of 

western Canadian cow-calf producers determined that calf mortality rates were greatest in the 

first month of life, with an average mortality rate of 3.7%, dropping to 0.8% between the first 

and third month of life (Waldner et al., 2013). Coccidiosis, scours, pneumonia and other 

respiratory illnesses, navel issues, infectious arthritis, extreme weather conditions, ear infections, 

and bovine viral diarrhea virus were considered the primary health issues associated with calf 

morbidity and mortality amongst these herds (Waldner et al., 2013). As previously mentioned, 

dam nutrition may impact fetal health as well as postnatal calf health through developmental 

programming. There has been an increase in research which focuses on the relationships between 

dam nutrition and colostrum quality, colostrum IgG concentrations, and serum IgG 

concentrations for dairy calves. However, these relationships have not been extensively 

examined in beef cattle. Exploring alternative methodologies for assessing calf health may 

improve our understanding of the relationship between maternal nutrition and progeny health.  

The primary solution for reducing calf morbidity and mortality rates requires early 

detection of illness (McGuirk and Peek, 2014). Historically, several empirical measures, such as 

appetite are used by producers as a form of surveillance or diagnosis (McGuirk and Peek, 2014). 
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In dairy calves, clinical signs associated with respiratory disease include elevated rectal 

temperature, nasal and ocular discharge, lowered ear position, and presence of a cough; these 

may be correlated with lung lesions at slaughter, indicating respiratory disease (Leruste et al., 

2012; McGuirk and Peek, 2014). However, other factors such as severity and time of diagnosis 

may play a role (Leruste et al., 2012). Although empirical measures such as appetite changes, 

and clinical parameters such as rectal temperature and ear position may be useful in diagnosing 

calf scours, fecal consistency scoring may be the best form of diagnosis. A dairy calf study 

compared visual assessments of fecal consistency to number of oocytes shed, and found elevated 

oocyte shedding was associated with a higher fecal consistency score, indicative of diarrhea 

(Bellosa et al., 2011). A recent veal calf study compared fecal consistency scoring to a visual 

assessment of hide cleanliness, focusing specifically on the tail head region and legs (Graham et 

al., 2018). This study found that calves were more likely to receive abnormal cleanliness scores 

compared to abnormal fecal consistency scores (Graham et al., 2018). A poor correlation was 

found between total number of days with an abnormal cleanliness score versus an abnormal fecal 

consistency score, suggesting continuous observations of fecal cleanliness did not improve its 

validity (Graham et al., 2018). Although individual screening or scoring of calves may be labour 

intensive, it has been proven to directly benefit producers through early detection, diagnosis, and 

treatment, leading to a reduction in chronic disease, more judicious use of antibiotics, and 

improvements in animal health which subsequently improves production.  

2.5 Conclusion 

 Significant research has been conducted separately in the fields of beef cattle 

management and nutrition. However, there is a lack of research which has attempted to combine 

information regarding the effects of varying levels of protein inclusion in the diet and the effects 
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of supplemental RPM on growth performance and efficiency within intensive and extensive 

management practices. Specifically, more research is required for applying these nutritional 

practices to intensive cow-calf systems. Research which attempts to assess the relationships 

between housing systems and nutrition on performance-related markers of production is 

necessary to provide producers with relevant economic information to remain competitive in 

constantly changing domestic and international markets. Furthermore, understanding the 

relationships between management and nutrition can help lessen the environmental impacts of 

beef cattle production which is increasingly desired by consumers. In conclusion, research 

should aim to integrate production systems and feeding strategies in an attempt to create 

management strategies that reduce environmental impacts, and optimize performance and 

production costs in cow-calf systems.  

The objectives of the current study were to evaluate the impact of two commercial cow-

calf production systems in combination with alterations in maternal nutrition during gestation on: 

1) dam growth, reproductive performance, and body condition during lactation, 2) pre-weaning 

calf growth and health, and 3) methane emissions for a subset of 60 lactating dams. Differences 

in cow-calf performance will be analyzed between dams managed using a year-round intensive 

drylot system versus cows managed using a conventional pasture-based management system, 

where cows are overwintered in drylot and placed on pasture in the spring. The study will also 

examine how altering MP level by feeding to 90, 100, 110% of NASEM (2016) MP 

requirements, either with or without 9 g/d of a RPM supplement during late gestation affects 

cow-calf performance from parturition to weaning. 

It is hypothesized that dam growth performance will be greatest in cows which receive 

110% of the NASEM (2016) MP requirements, in addition to being provided with supplemental 
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RPM. It is hypothesized that progeny from these cows will have the heaviest birth weights and 

weaning weights. Furthermore, the health status of progeny from RPM supplemented cows is 

also expected to be improved in comparison to those of non-supplemented cows. Growth and 

reproductive performance for cows and growth performance and health status for calves are 

hypothesized to be the most challenged for cows receiving only 90% of the NASEM (2016) 

recommendations for protein without supplemental RPM. It is also hypothesized that growth and 

reproductive performance for cows, and growth performance and health status for calves will not 

differ between drylot and pasture management systems. Regarding enteric methane production, it 

is hypothesized that gestational MP level and RPM supplementation will not impact methane 

production during lactation. It is hypothesized that emissions resulting from enteric methane 

production will be greatest for lactating cows managed in drylot.  
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3.0 Materials and Methods 

3.1 Animal Acquisition and Management  

This study was completed under the approval of the University of Guelph’s Animal Care 

Committee based on the submission and approval of Animal Utilization Protocol #3887. All 

animals were cared for in accordance with the guidelines presented by the Canadian Council on 

Animal Care (1993). 151 Angus crossbreed beef cows were obtained from the University of 

Guelph’s beef cattle herd housed at the Ontario Beef Research Centre (OBRC). These cows were 

successfully bred via artificial insemination (AI) between June 2 and August 21, 2017 to 

commercially available Angus sires of similar genetic merit. Pregnant cows were sorted based on 

predicted calving date and parity and entered the gestation stage of a fetal programming trial 

between February 13 and March 20, 2018. Pregnant cows were blocked based on predicted 

calving date and parity and assigned to pens equipped with Calan gates (American Calan Inc., 

Northwood, NH, USA) in drylot, with three to six animals per pen. These pens were 10.8 m × 

5.3 m in dimensions which included a 5.5 m × 5.3 m scrape alley and 5.3 m × 5.3 m bedded 

pack. Within these pens, cows were randomly assigned to one of six dietary treatment groups, 

with 22 to 24 cows per treatment group. Eight weeks prior to expected calving date, cows were 

fed to meet either 90%, 100%, or 110%  of the NASEM (2016) MP requirements, either with 

(+RPM) or without (-RPM) 9 g/d of a top-dressed RPM supplement, Smartamine M (Adisseo 

Inc., Antony, FR). Therefore, the six gestational nutrition treatments were classified as the 

following: low protein without RPM (90% MP -RPM); low protein with RPM (90% MP +RPM); 

meeting protein requirements without RPM (100% MP -RPM); meeting protein requirements 

with RPM (100 % MP +RPM); high protein without RPM (110% MP -RPM); and high protein 
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with RPM (110% MP +RPM). All dietary treatments were isocaloric. Cows were fed a total 

mixed ration (TMR) containing alfalfa haylage, millet straw, and a vitamin/mineral premix, 

formulated to meet nutrient requirements for late gestation using the NASEM (2016) Beef Cattle 

Nutrient Requirement Model software. This TMR was top-dressed with either a palm fat 

supplement, Golden Flake (Pestell Minerals and Ingredients, New Hamburg, ON, CAN), or 

soybean meal based on energy requirements and MP treatment. Details of the TMR and top-

dress ingredients are detailed in Collins (2019). The amount of each top-dressed ingredient was 

adjusted every 14 days based on body weights of individual cows, which were measured every 

14 days. Cows were fed using Calan Gates (American Calan Inc., Northwood, NH, USA), with 

each cow having their own individual Calan gate feed bunk. Cows remained on these trial diets 

until calving, occurring between March 28 and June 6, 2018.  

Cow-calf pairs remained in drylot for a minimum of 30 days after parturition for the 

purpose of participation in the immunology trial. During this time, cows were fed ad libitum a 

TMR composed of alfalfa haylage, millet straw, and a vitamin/mineral premix, formulated to 

meet nutrient requirements for the first month of lactation using the NASEM (2016) Beef Cattle 

Nutrient Requirement Model software. After completion of the immunology trial, cow-calf pairs 

were assigned to one of two lactational management systems (LMS), pasture (PAS) or drylot 

(DL). The pasture treatment was representative of conventional cow-calf management strategies. 

Cow-calf pairs were rotationally grazed in groups of eight cow-calf pairs. The drylot treatment 

was used as an alternative to the conventional cow-calf management strategy. For the drylot 

treatment, 12 cow-calf pairs were housed in three adjacent pens, which included two outer cow 

pens and a middle creep pen for the calves. This resulted in a total of 12 treatment groups, based 

on three MP levels and two RPM supplementation treatments during gestation, and two LMS. 
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The 140 cows and their 145 calves were allotted to the 12 treatments based on a 3 × 2 × 2 

factorial design (Table 1). Cow-calf pairs were assigned to paddocks on pasture and pens in 

drylot based on the number of DIL, gestational nutrition treatment, and parity. Cows which 

calved earliest were selected first, and nutritional treatments and primiparous cows were 

distributed as evenly as possible across groups. Cows which had twins were managed in drylot. 

LMS allocation occurred between May 24 and June 28, 2018. Based on lactation management 

allocation date, cow-calf pairs were assigned to either group A or group B solely for data 

collection purposes as all cattle could not be sampled in a given week. This allowed BW, body 

condition score, ultrasound measurements, and blood collection to occur over four days over two 

consecutive weeks, based on time and labour constraints. Measurements and sample collection 

for group A occurred on Tuesdays for DL cow-calf pairs and Wednesdays for PAS cow-calf 

pairs. The same pattern was repeated the following week for Group B cow-calf pairs. 

Cow-calf pairs managed on pasture were rotationally grazed in accordance with 

established pasture management practices at the OBRC. Regarding the botanical composition of 

the 16 fields, in 1985, 8 of the fields were originally seeded with a mixture of meadow brome 

(2.7 kg ha-1) (Bromus biebersteinii Rom & Schult. ‘Regar’), smooth brome (2.0 kg ha-1) (Bromus 

inermis Leyss. ‘Saratoge’), timothy (1.1 kg ha-1) (Phleum pretense L. ‘Salvo’), orchardgrass (1.3 

kg ha-1) (Dactylis gloterata L. ‘Kay’), common meadow foxtail (1.3 kg ha-1) (Alopecurus 

pratensis L.), common Kentucky bluegrass (1.6 kg ha-1) (Poa pratensis L. ), alfalfa (4.0 kg ha-1) 

(Medicago sativa L. ‘Spredro 11’ and ‘Roamer’), ladino white clover (2.0 kg ha-1) (Trifolum 

repens L. ‘Sacrmento’) and birdsfoot trefoil (4.0 kg ha-1) (Loctus corniculatus L. ‘Leo’). The 

remaining 8 fields were seeded with a mixture of meadow brome (5.3 kg ha-1) (Bromus 

biebersteinii Rom & Schult. ‘Regar’), smooth brome (2.0 kg ha-1) (Bromus inermis Leyss. 
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‘Saratoge’), timothy (2.2 kg ha-1) (Phleum pretense L. ‘Salvo’), orchardgrass (2.6 kg ha-1) 

(Dactylis gloterata L. ‘Kay’), common meadow foxtail (2.7 kg ha-1) (Alopecurus pratensis L.) 

and common Kentucky bluegrass (3.1 kg ha-1) (Poa pratensis L.).  

The 16 fields within the OBRC pasture system are each 1.24 hectares in area, and divided 

into four 0.31-hectare paddocks, with a centre lane to allow for rotational grazing and continuous 

access to water, a cobalt iodized salt block, and a free choice vitamin/mineral supplement (Table 

2). On pasture, cow-calf pairs were rotationally grazed in groups of eight cow-calf pairs. Cow-

calf pairs were assigned to groups on pasture with the goal of repeating each of the six 

combinations of protein level by RPM supplementation treatments (90% MP -RPM, 90% MP 

+RPM, 100% MP -RPM, 100% MP +RPM, 110% MP -RPM, 110% MP +RPM) four times 

across 24 cow-calf pairs which were managed in three adjacent fields. Each grazing cycle 

consisted of moving each group of eight cow-calf pairs through four paddocks per field, for a 

total of eight paddocks between two fields.  

To facilitate intensive rotational grazing, cow-calf pairs were moved to a new paddock 

every one to two days for the first cycle, every four days for the second and third cycles, and 

every two to three days for any remaining cycles. Cattle movement was dependent on sward 

height and regrowth of individual paddocks in an attempt to prevent undergrazing and (or) 

overgrazing. Sward height and regrowth was visually assessed by OBRC staff, and cow-calf 

pairs were moved at the staff’s discretion. Several paddocks were top clipped throughout the 

summer of 2018 at the discretion of the OBRC technical foreman. This was done in an attempt to 

control unfavourable weed growth. Cow-calf pairs were removed from pasture prior to weaning 

as the pasture was inadequate to support production and posed a potential risk to animal health 

and welfare, as assessed by the OBRC foreman. 36 Cow-calf pairs were removed from pasture 
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on September 12, 2018 and managed in drylot until weaning. The remaining 36 cow-calf pairs 

were removed from pasture between October 9 and October 16, 2018. Calves managed on 

pasture throughout the summer entered a weaning trial on October 26, 2018. Calves were either 

weaned using a two-stage method or an abrupt separation method. For calves weaned using the 

two-stage method, QuietWean nose tags (JDA Livestock Innovations Ltd., Saskatoon, SK, CAN) 

were inserted in the nostrils of calves on October 26, 2018; calves were able to access dams but 

were unable to suckle. Nose tags were removed, and calves were completely separated from their 

dams on October 31, 2018. For the abrupt separation method, calves were removed from dams 

on October 26, 2018. Distribution of the lactation trial treatment groups for the weaning trial can 

be found in Table 3.  

 In drylot, cow-calf pairs were managed in groups of 12 and were assigned to pens in a 

method which attempted to repeat each gestational dietary treatment twice across three adjacent 

pens. The three pens consisted of two straw-bedded outer cow pens and a middle straw-bedded 

creep area. Cows were unable to access the creep area, although calves were able to access all 

three pens. All cattle housed in drylot had continuous access to water and a trace mineral salt 

block. After a minimum of 30 days and completion of the immunology trial, cows were fed ad 

libitum a TMR containing alfalfa haylage, corn silage, millet straw or wheat straw, and 

vitamin/mineral premix (Table 4) using Calan Gates. The NASEM (2016) Beef Cattle Nutrient 

Requirement Model software was used to assess this diet every 28 days based on nutrient 

requirements for each stage of lactation, and make adjustments as necessary. Calves managed in 

drylot were creep fed a high-quality grass hay from 30 days of age until weaning in the fall. All 

calves managed in drylot were weaned using the previously described two-stage method. 
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QuietWean nose tags were inserted in the nostrils of calves on October 12, 2018, with removal of 

nose tags and separation from dams occurring on October 17, 2018.  

3.2. Animal Performance and Health 

3.2.1 Body Weight Measurements 

Body weights were measured to assess cow performance throughout lactation and calf 

growth prior to weaning for both management systems. Calves were weighed within 24 hours of 

birth, and cows were weighed within seven days of calving. Cows remained in the same pens and 

treatment groups, separated based on predicted calving date and nutritional treatment from the 

gestation portion of the trial. Cows were weighed every 14 days based on the gestation trial 

schedule. This continued until cow-calf pairs were assigned to either the drylot or pasture LMS 

and assigned to either group A or group B for the lactation portion of the trial. At time of LMS 

allocation, cows were weighed over two consecutive days, and the average of these weights was 

taken as the live weight for each individual cow at time of LMS allocation. Individual calf live 

weights were also measured at this time. Following LMS allocation, cows were weighed every 

28 days, up to and including weaning in October. PAS cows and calves were also weighed prior 

to removal from pasture. Following the previously described weaning procedures, cow and calf 

live weights at weaning were measured on October 12 and October 17, 2018 for DL cow-calf 

pairs, on October 26 for PAS cow-calf pairs, October 30, 2018 for PAS cows, and October 31, 

2018 for PAS calves. Differences in live BW measurement dates between PAS cows and calves 

resulted from constraints imposed by the concurrent weaning trial. All calves were also weighed 

at an estimated midpoint between management system allocation and weaning, which occurred 

between August 7 and August 22, 2018. Calf total gain was calculated as the difference between 
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calf birth weight and calf weaning weight. Total change in cow BW was calculated as the 

difference between cow calving weight and cow BW at weaning. BW measurements were used 

to calculate the ADG for both PAS and DL cows and calves over lactation (Equation 1). Due to 

differences in weaning strategies, cow and calf BW at weaning, total change in cow and calf 

BW, and cow and calf ADG were analyzed using live BW measurements taken at the start of 

weaning on October 12 for DL cow-calf pairs and October 26, 2018 for PAS cow-calf pairs.  

Equation 1: Average daily gain (ADG) is a function of the difference between the animal’s body 

weight at the end of a given time period (BW2) and the animal’s body weight at the beginning of 

the given time period (BW1), divided by the number of days in the time period (t) 

𝐴𝐷𝐺 =  
𝐵𝑊2 − 𝐵𝑊1

𝑡
 

3.2.2 Body Condition Scoring 

Body condition score (BCS) was used to assess post-calving body condition for cows up 

until weaning their calves. BCS was assessed for each individual cow at time of LMS allocation 

and every 28 days following this, up to and including weaning when BW measurements were 

recorded. Similar to live BW measurements, BCS was also recorded prior to removal from 

pasture for PAS cows. At weaning, BCS was recorded after separation of cow-calf pairs; on 

October 17, 2018 for DL cows and October 30, 2018 for PAS cows.  

BCS was assessed on a five-point scale from 1.0 to 5.0 BCS units, with increments of 0.5 

BCS units. BCS was assessed by palpating the spinous and transverse processes of the short ribs, 

as well as the ribs and tail head to determine the degree of fat cover. The scoring system was 
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adapted from the Code of Practice for the Care and Handling of Beef Cattle (NFACC, 2013). 

Total change in BCS was calculated as the difference between a cow’s initial BCS measured at 

time of LMS allocation, and a cow’s final BCS taken at weaning. Cow’s BCS is described as 

follows: 

1.0 – Animal is extremely thin over entire body, with no external fat present. Skeletal 

structures are prominent, including the backbone, hooks, pins, short ribs, and ribs, all 

of which are visible and sharp to the touch. There is no evident muscle tissue or 

severely wasted muscle development and no visible fat over short ribs, brisket, or tail 

dock. Animal may also have a very dull hair coat.  

2.0 – Animal is thin, but not emaciated. Vertebrae along topline are prominent and 

individual vertebrae can be felt but are not sharp to the touch. Individual ribs are 

visible, individual short ribs can be felt and are sharp to the touch. Backbone, hooks, 

pins, and ribs are prominent. Muscle tissue is evident but not abundant, there is little 

to no wasting of muscle, and normal appearance of muscle structure. There is little to 

no fat cover in the hind, ribs, and brisket, with little fat cover over the hooks and tail 

head.  

3.0 – This body condition score is generally considered ideal. There is increased fat cover 

in the rib area, and the ribcage is slightly visible. Only the 12th and 13th ribs are 

individually visible or distinguishable by touch. Muscle tissue is almost maximized. 

Fat deposits are obvious behind the front shoulder, and either side of the tail head is 

firm but not round. There is some evidence of fat deposition in the fore rib, brisket, 

and crops. Some smoothness over the shoulder, ribs, backbone, pins, and hooks.  
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4.0 – The skeleton of the animal is not visible, except at the hooks. Individual short ribs 

cannot be identified, even with application of firm pressure. Considerable fat deposits 

over the fore rib, with folds of fats beginning to develop over the ribs and hip bones. 

Fat around tail head, with soft rounds on either side. Backbone is very smooth, and 

brisket appears to be protruding.  

5.0 – Animal has a block or square appearance, and bone structure is not noticeable. 

Topline is broad and flat, and cannot be felt even when pressure applied. Fore rib and 

shoulder appear very fat, brisket is large and prominent. Folds of fat present over ribs, 

hip bones, and thighs, and large fat deposits around the tail head. Mobility is 

impaired.  

3.2.3 Ultrasound Determination of Body Condition 

Ultrasonic imaging was used to determine subcutaneous fat cover over the longissimus 

dorsi between the 12th and 13th ribs and over the rump, as well as the longissimus muscle area 

(LMA). These images allowed for an objective assessment of cow body condition throughout 

lactation. All lactating cows were ultrasounded at time of LMS allocation: 1) over a range of 

dates from May 23 to June 26, 2018, 2) at the midpoint (from August 7 to August 22, 2018) 

between LMS allocation, and 3) at weaning on October 17, 2018 for DL cows and October 30, 

2018 for PAS cows. To ensure a clear high-quality image was captured, contact between the 

animal’s hide and the ultrasound transducer was maximized by clipping the hide prior to imaging 

and using canola oil as a couplant. A trained ultrasound technician captured three images using 

an EXAGO ultrasound (Universal Imaging, Bedford Hills, NY, USA) paired with the L3180B 

bovine transducer (Universal Imaging, Bedford Hills, NY, USA). Rib fat depth (mm) and LMA 
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(cm2) were measured by placing the transducer over the fourth quadrant of the longissimus dorsi, 

ventral to the spine, at the interface of the 12th and 13th  ribs on the left side of the animal. Rump 

fat depth (mm) was measured by placing the transducer on a dorsal line where the gluteus medius 

and biceps femoris intersect, between the hook and pin bones on the left side of the animal. 

ImageJ software (NIH Image; version 1.51, 2015) was used by the same trained technician to 

interpret the ultrasound images and determine the minimum depth of subcutaneous fat over these 

areas, as well as the LMA. Total changes in rib fat and rump fat depth as well as LMA were 

calculated as the difference between the initial measurements taken at time of LMS allocation, 

and the final measurements taken at weaning. Average rib fat depth, rump fat depth, and LMA 

were calculated using all three ultrasound measurements taken per cow over the course of 

lactation.  

3.2.4 Blood Metabolites  

Blood samples were collected from lactating cows every 56 days beginning at time of 

LMS allocation, occurring between May 24 and June 28, 2018 until weaning on October 17, 

2018 for DL cows and October 30, 2018 for PAS cows. Samples were collected via coccygeal 

venipuncture into two 10 mL non-heparinized tubes (BD Vacutainer, Franklin Lakes, NJ, USA) 

for serum chemistry, and one 6 mL sodium heparinized tube (BD Vacutainer, Franklin Lakes, 

NJ, USA) for plasma chemistry per individual cow. Serum samples were stored at room 

temperatures as they clotted, and were then stored on ice prior to centrifugation later that same 

day. Plasma samples were immediately stored on ice after collection until centrifugation later 

that same day. Blood was centrifuged using a Thermo Scientific Legend RT+ centrifuge 

(Thermo Fisher Scientific, Langenselbold, Germany) at 3000 x g for 20 minutes. After 
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centrifugation, the resulting supernatant from each plasma collection tube was pipetted into two 

5 mL cryogenic tubes and stored at -80C until further analysis. For serum collection tubes, the 

resulting supernatant from the two collection tubes was evenly pipetted into two 5 mL cryogenic 

tubes and stored at -80C until further analysis. Three serum samples per cow were sent to the 

University of Guelph’s Animal Health Laboratory (Guelph, ON, CAN) for further analysis. A 

bovine metabolic biochemistry profile was completed for each of the three samples using a 

Cobas 6000 c501 biochemistry analyzer (Roche Diagnosis, Laval, Quebec). The bovine 

metabolic biochemistry profile included the following procedures: CA2: ACN 698 for calcium 

concentration; PHOS2: ACN 714 for phosphorous concentration; MG-2: ACN 701 for 

magnesium concentration; Na-K-Cl for Gen.2 for sodium, potassium, and chloride 

concentrations; TP2: ACN 678 for total protein determination; ALB2: ACN 413for albumin 

determination and albumin/globulin ratio; UREAL: ACN 418 for urea determination; GLUC3: 

ACN 717 for glucose determination; GGTI2: ACN 220: for gamma-glutamyl transpeptidase 

determination; ASTL: ACN 687 for aspartate aminotransferase determination; GLDH3: ACN 

588 for glutamate dehydrogenase determination; CHO2I: ACN 798 for cholesterol 

determination; RANBUT: D-3-Hydroxybutrate (Randox Laboratories-US, Ltd, Kearneysville, 

West Virginia) for beta-hydroxybutyrate determination; and NEFA (Randox Laboratories-US, 

Ltd, Kearneysville, West Virginia) for non-esterified fatty acids (NEFA) determination. 

Haptoglobin determination was measured based on previous work by Makimura and Suzuki 

(1982) and Skinner et al. (1991). Serum metabolite concentrations for samples collected during 

lactation were analyzed as repeated measures. Three samples taken per cow over the course of 

lactation were analyzed. Exceptions to this were cows 046T; no samples were analyzed as this 
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cow was euthanized prior to weaning. Additionally, due to human error in labelling storage 

tubes, the initial serum samples for 013Z and 0136Z were not analyzed.  

3.2.5 Reproductive Success and Culling  

The goal for commercial beef production is to achieve a 12-month calving interval. This 

requires cows to be rebred within 80 days following parturition. During the lactation trial, cows 

were bred via fixed time artificial insemination from June to August 2018. The process involved 

inserting a controlled internal drug release (CIDR) 1380 device (Zoetis Canada Inc., Kirkland, 

QC, CAN) and an intramuscular injection of 2 cc of Fertiline (Vetoquinol Canada Inc., Lavaltrie, 

QC, CAN). Five days later the CIDR 1380 device was removed and an intramuscular injection of 

2 cc of Estrumate (Merck & Co., Kenilworth, NJ, USA) was administered. Artificial 

insemination and an intramuscular injection of 2 cc of Fertiline occurred three days later, 

regardless of cows demonstrating signs of heat. This protocol was an adapted version of the five-

day CO-Synch + CIDR protocol developed by the University of Nebraska-Lincoln’s Beef 

Reproduction Task Force. A licensed veterinarian from the Ontario Veterinary College (Guelph, 

ON, CAN) assessed pregnancy status via ultrasound 33 to 35 days following insemination. The 

same synchronization process was repeated once, for all cows which remained open. A 

maximum of two services were attempted per cow. Synchronization and breeding were not 

attempted on 17 cows due to pre-existing issues including poor reproductive performance, 

lameness, and undesirable behaviour. These cows and several cows remaining open at the end of 

the breeding season were culled from the herd upon completion of the lactation trial, at the 

discretion of the OBRC foreman. Conception rate was determined based on the number of cows 

which were pregnant by the end of the breeding season. 
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3.2.6 Calf Health  

 Prior to the start of the lactation trial, calf health was visually assessed daily for 30 days 

after birth as part of an immunology trial. Following completion of this trial and commencement 

of the lactation trial, calf health was visually assessed every seven days on Fridays until 

September 28, 2018. Calf health assessments took six to eight hours to complete for all 145 

calves, with DL calves being scored in the morning and PAS calves being scored in the 

afternoon. Beginning October 1, 2018, calf health was assessed twice a week on Mondays and 

Fridays until November 16, 2018. The frequency of health assessments was increased two weeks 

prior to weaning of DL calves until two weeks postweaning of the PAS calves to monitor any 

changes in health associated with the increase in stress occurring throughout weaning. From 

November 16 to December 28, 2018, frequency of calf health assessments was reduced to once 

every 14 days on Fridays. Calf health was visually scored from a score of 0 to a score of 3 with 

increments of 1 unit for the categories of nasal discharge (nasal score), ocular discharge (eye 

score), ear position (ear score), and presence of a cough (cough score). Total respiratory score 

(TRS) was then recorded as the sum of the scores in these four categories which could range 

from 0 to 12. Calves were also visually joint scored and fecal scored from a score of 0 to a score 

of 3 with increments of 1 unit. Visual assessments which constitute a score of 0, 1, 2, or 3 for all 

parameters are described in Table 5. This health scoring system was adapted from the University 

of Wisconsin-Madison’s School of Veterinary Medicine’s Calf Health Scoring Chart, based on 

research by McGuirk and Peek (2014).  
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3.2.7 Dry Matter Intake and Feed Refusals  

The drylot cow-calf facility at the OBRC was equipped with Calan Broadbent feeding 

head gates (American Calan Inc., Northwood, NH, USA), allowing for the collection of feed 

intake data on an individual cow basis. The Calan gates in drylot were configured to allow only a 

single cow to access an individual head gate. The Calan feeding system used keys placed around 

a cow’s neck to grant access to a specific feed bunk within a pen. An animal’s access to all other 

feed bunks was denied. Cows managed in drylot were fed once daily between 8:30 and 10:30 

AM, with the exception of feed refusal measurement days, in which cows were fed after the data 

collection period, between 8:30AM and 12:00 PM. All lactating cows received the same ration, 

which was assessed every 28 days based on the most recent live weights and DIL of the cows, 

and updated based on the nutrient requirements for each stage of lactation, using the NASEM 

Beef Cattle Nutrient Requirement Model (2016) software. From June 14 to October 11, 2018, 

feed refusals were collected every 14 days. This involved removing, weighing, and discarding 

any feed remaining in individual feed bunks. Samples were taken from individual bunks in 

which the refused feed weighed over 500 g, allowing for two 250 g samples to be used for 

determining DM content. A subset of refusal samples was used to calculate neutral detergent 

fibre (NDF) content and to determine if animals were selecting against any portion of the 

lactation ration. DMI (kg/d) was calculated as the difference between the feed presented to 

lactating cows and the feed refused, as measured every 14 days. This was done on a DM basis 

and this difference was then divided by the number of days in the feed refusal collection period 

in order to determine daily DMI (Equation 2).  
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In contrast to drylot systems, it can be difficult to accurately measure DMI for cows 

grazing pasture. Research by Undi et al. (2008) demonstrated the efficacy of the Minson and 

McDonald (1987) equation for estimating DMI on an individual animal basis. The Minson and 

McDonald (1987) equation utilized ADG and cow BW to estimate DMI on an individual basis 

for cows rotationally grazed on pasture (Equation 3). Feed refusals were not collected for PAS 

cows after they were relocated to drylot in October, prior to weaning. This was primarily due to 

time and labour constraints.  

Feed conversion ratio (FCR) was used to assess the amount of feed required to achieve 

one kilogram of gain. This was used to evaluate efficiency for each management system. FCR 

was calculated on a DM basis for all DL and PAS cattle based on DMI and ADG (Equation 4). 

 

Equation 2: Dry matter intake (kg/d) for cattle in drylot (DMIDL) is a function of the difference 

between the feed presented (kg) to a cow and the feed refused (kg) by the cow, divided by the 

number of days in a collection period (t) 

𝐷𝑀𝐼𝐷𝐿 =  
𝑓𝑒𝑒𝑑 𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑒𝑑 − 𝑓𝑒𝑒𝑑 𝑟𝑒𝑓𝑢𝑠𝑒𝑑

𝑡
 

Equation 3: Dry matter intake (kg/d) for cattle on pasture (DMIPAS) incorporated live body 

weight (BW)(kg) and average daily gain (ADG) (kg/d) for individual cows 

𝐷𝑀𝐼𝑃𝐴𝑆 = (1.185 + 0.00454𝐵𝑊 − 0.0000026𝐵𝑊2 + 0.315𝐴𝐷𝐺)2 
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Equation 4: Feed conversion ratio (FCR) (kg of feed per kg of gain) is a function the dry matter 

intake (DMI) (kg/d) divided by the average daily gain (ADG) (kg/d) for an individual cow 

𝐹𝐶𝑅 =  
𝐷𝑀𝐼

𝐴𝐷𝐺
 

3.3 Feed and Pasture Analysis 

Feed samples were collected every seven days by an OBRC staff member and frozen at -

20C for later analysis. Feed samples were used to evaluate DM content prior to being sent for 

additional laboratory analyses at A&L Canada Laboratories Inc. (London, ON, CAN). Feed 

refusals were either frozen in the same manner or immediately processed after collection. 

Differences in processing were based on time and labour constraints, and space constraints in the 

drying ovens. To determine DM content, samples were thawed if necessary, and approximately 

250 g of the samples on an as-fed basis were weighed into aluminum trays. The trays were then 

evenly distributed in a Hotpack Tru-temp forced air oven (Hotpack Canada LTD, Waterloo, ON, 

CAN). The samples were dried at 60C for a minimum of 48 hours before being removed from 

the ovens and re-weighed to determine DM content (Equation 5). After drying, feed samples and 

a subset of feed refusals were ground using a Thomas Wiley feed grinder (Wiley Mill, Arthur H. 

Thomas, Philadelphia, PA, USA) to pass through a 1-mm screen. A subset of ground feed 

samples and ground feed refusal samples were used for determination of NDF content. NDF 

analysis followed the official AOAC 2002-04 method based on the method described by Van 

Soest et al. (1991). Approximately 0.5 g of the ground sample was used for NDF content 

analysis. The Van Soest et al. (1991) method was modified through use of filter bags capable of 

retaining 25 micron particles and an ANKOM200 Fiber Analyzer (ANKOM Technology, 
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Macedon, NY, USA). Feed samples were composited such that one to three consecutive samples 

were composited together, taking into consideration any switches in feed bunks and changes in 

ration based on stage in lactation. Feed samples were sent to A&L Canada Laboratories Inc. 

(London, ON, CAN) for additional analyses, including measurements of CP, UIP, ADF, NDF, 

lignin, TDN, net energy, calcium, phosphorous, starch, crude fat, and ash (Table 6). Feed 

nitrogen concentration was determined using a Leco N analyzer (Leo Corporation, St. Joseph, 

MI) and CP, calculated by multiplying 6.25 by percent feed nitrogen. NDF and ADF were 

determined according to the method of Van Soest et al. (1991) using an ANKOM 2000 fibre 

analyzer (ANKOM Technology Corp., Fairport, NY, USA) with sodium sulfite being used in the 

NDF analysis. Determination of major minerals (Ca, P, K, S, Mg, Na) and trace minerals (Cu, 

Fe, Mn, Zn) were conducted based on inductively coupled plasma optical emission spectrometry 

(PerkinElmer, Woodbridge, ON) (AOAC, 2007; Method, 985.01).  

Pasture samples were collected from six fields, each with four paddocks. These paddocks 

were sampled throughout the second and third rotational grazing cycle to determine forage 

composition and nutrient content over the progression of the grazing season. Samples were not 

collected after the third cycle due to changes in groupings of cow-calf pairs and removal of cow-

calf pairs from pasture (which occurred after the third cycle). Paddocks were sampled prior to 

cow-calf pairs entering a given paddock, and after being removed from the paddock. Within each 

paddock, sixteen 1.22 m by 0.15 m quadrats were sampled, with 12 quadrats conducted along the 

perimeter and four quadrats conducted in diagonals across the respective paddock. The 16 

samples were pooled for each paddock, and approximately 500 g were collected for nutrient 

composition analysis, and 500 g were collected for determination of forage botanical 

composition. The forage botanical composition samples were frozen at -20C in a walk-in 
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freezer at the University of Guelph where they remained until further analysis. The samples used 

for nutrient composition analysis were placed in a large paper bag and evenly distributed in a 

Hotpack Tru-temp forced air oven. The samples were dried at 60C for a minimum of five days 

before being removed from the ovens and re-weighed to determine the DM content (Equation 5). 

Dried samples were then ground following the procedure previously described for grinding feed 

samples and refusals. For nutrient composition analysis, samples from cycle two for the first and 

fourth paddock in a field were composited separately and sent to A&L Canada Laboratories Inc. 

(London, ON, CAN) for the same laboratory analyses described above for the feed samples 

(Table 7). The samples for forage composition were thawed and composited by field. 

Approximately 500 g of each sample were then sorted into one of four categories: grasses, 

legumes, weeds, and dead material. Each of these categories was weighed to determine botanical 

distribution within the field.  

Equation 5: Dry matter content (% DM) for feed and pasture samples and feed refusals was 

calculated by dividing the weight of the dried sample (g) by the weight of the sample as-fed (wet 

weight) (g) and multiplying the result by 100.  

% 𝐷𝑀 =  
𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡

𝑤𝑒𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
× 100 

3.4 Methane Emissions  

 Two large animal GreenFeed turn-key systems (C-Lock Inc., Rapid City, SD, USA) were 

used to measure methane emissions for a subset of 60 lactating cows, composed of 24 cows on 

pasture and 36 cows managed in drylot throughout the lactation trial. For cows managed on 

pasture, one GreenFeed system was rotated between three groups of eight cow-calf pairs based 



 78 

on rotational grazing schedule, such that the system was moved after cows had rotated through 

one field (four paddocks). This occurred from June 15 to September 11, 2018 for cows managed 

on pasture. For cows managed in drylot, three groups of 12 cow-calf pairs were rotated between 

their assigned pens and a set of pens which housed the GreenFeed system. This occurred every 

14 days, corresponding with feed refusal measurements. This occurred from June 28 to October 

1, 2018.  

 The GreenFeed system estimated methane emissions for individual animals based on 

changes in measurements of gas concentrations and airflow each time an animal entered the head 

gate of the GreenFeed system (Hammond et al., 2016). The GreenFeed system read and recorded 

each animal’s radio-frequency identification (RFID) tag upon entering the head gate. Whole dry 

corn grain was dispensed by the GreenFeed system as bait in order to incentivize animals to 

remain at the machine and return for further measurements. An animal could receive a maximum 

of 960 g of whole dry corn in a 24-hour period, which was divided into four feeding periods with 

a maximum of 240 g dispensed per four-hour period. The feed hopper dispensed 40 g of whole 

dry corn grain to animals for every 30 seconds that an individual remained at the head gate. After 

the maximum of 240 g was dispensed in a four-hour period, an animal would be required to wait 

a minimum of 4 hours before additional whole dry corn was dispensed. This could continue until 

an animal reached the maximum 960 g dispensed in a 24-hour period. Methane emissions were 

analyzed by averaging daily emissions per animal over the course of lactation.  

 Prior to data collection, an adaptation period occurred in which the subset of 60 lactating 

cows was able to access the GreenFeed system twice over a two-week period. A trained 

technician monitored animal access to the GreenFeed system during this time. At the beginning 
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of this adaptation period, 40 g of whole dry corn grain were dispensed every 15 seconds an 

animal remained at the head gate. The dispensing time gradually increased to occur every 30 

seconds that the animal remained at the head gate. High moisture corn was placed in the head 

gate and around the machine during the adaptation period in order to entice animals to use the 

GreenFeed system. For individual cows in drylot that were not adapting to the GreenFeed during 

this period, they were isolated individually in a pen with the GreenFeed system to encourage use 

of the machine. Despite the adaptation period, individual animal differences in use of the 

GreenFeed system persisted throughout the trial.  

3.5 Statistical Analysis  

 This experiment was conducted as a three-way factorial design based on three pre-calving 

MP treatments (90, 100, 110% of NASEM (2016) MP requirements) with(without) supplemental 

RPM and two LMS treatments (PAS, DL). All data were analyzed using the GLIMMIX 

procedure in SAS (version 9.4; SAS Institute Inc., Cary, NC, USA) to evaluate the effects of 

gestational nutritional regimen, LMS, and the nutrition by management interaction on cow BW, 

ADG, DMI, FCR, BCS, rib fat depths, rump fat depths, LMA, conception rates, serum 

metabolite concentrations, and methane emissions, and calf BW, ADG, and health scores. 

Statistical significance was declared at P ≤ 0.05. Trends were declared at 0.05 < P < 0.10, but 

were only declared as significant for main effects, and were not discussed for interaction effects. 

 Orthogonal contrasts were used for means separation to evaluate gestational protein level 

(Table 8), gestational RPM supplementation (Table 9), LMS (Table 10), and the interactions 

between gestational protein level and gestational RPM supplementation (Table 11), the 

interaction between gestational protein level and LMS (Table 12), the interaction between 
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gestational RPM supplementation and LMS (Table 13), and the three-way interaction between 

gestational protein level, gestational RPM supplementation, and LMS (Table 14). The gestational 

protein level contrasts were as follows: Contrast 1: cows fed to 100% MP requirements versus 

the average of all cows fed to meet 90% and 110% MP requirements; Contrast 2: cows fed to 

meet 90% MP requirements versus cows fed to meet 110% MP requirements (Table 8). The 

gestational RPM supplementation contrast compared cows not supplemented with RPM versus 

cows supplemented with RPM (Table 9). The lactation management contrast compared cows 

managed on pasture versus cows managed in drylot throughout lactation (Table 10). By 

extension, these contrasts were applied to the progeny of these cows for analysis of calf traits.  

DMI for PAS cows and DL cows, average rib fat depth, average rump fat depth, average 

LMA, serum metabolite concentrations, and methane emissions were analyzed as repeated 

measures. Calf health was assessed by individually analyzing the repeated measures for eye 

scores, ear scores, nasal scores, cough scores, TRS, joint scores, and fecal scores. Cow BW and 

BCS, and calf BW (at calving/birth, LMS allocation, and weaning), cow and calf ADG, cow 

FCR, and cow rib fat depth, rump fat depth, and LMA at LMS allocation and weaning were 

assessed as individual measures. Cow conception rate was analyzed as a binary logistic 

regression using the odds ratio function within the GLIMMIX procedure (SAS, version 9.4). DIL 

was included as a covariate in the model for analysis of all cow growth performance traits, and 

age was included as a covariate in the model for analysis of all calf traits. Cow calving weight 

was included as a covariate in the analysis of BW, DMI, ADG, FCR, rib fat depth, rump fat 

depth, and LMA. Calf birth weight was included as a covariate in the model for the analysis of 

BW and ADG. Parity was included as a random effect for the analysis of all cow growth 

performance traits, and calf sex was included as a random effect for analysis of all calf traits. 
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Measurement date was included as a random effect for analysis of cow rib fat depth, rump fat 

depth, and LMA measurements at time of LMS allocation, weaning, and the average of these 

measurements; cow calving weight, cow BW at time of LMS allocation, and cow weaning 

weight; initial and final cow BCS; DMI for pasture cows and DL cows; calf birth weight, calf 

BW at time of management system allocation, and calf weaning weight; and all calf health 

scores.   
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Table 1: Cow and Calf Treatment Allocations 

Treatments Number of Animals1 

Protein2 Methionine3 Lactational Management System4 Cows Calves 

90% MP -RPM PAS 12 12 

90% MP -RPM DL 11 11 

90% MP +RPM PAS 12 12 

90% MP +RPM DL 12 13 

100% MP -RPM PAS 11 11 

100% MP -RPM DL 13 15 

100% MP +RPM PAS 13 13 

100% MP +RPM DL 11 12 

110% MP -RPM PAS 12 12 

110% MP -RPM DL 11 12 

110% MP +RPM PAS 12 12 

110% MP +RPM DL 10 10 

1Differences in number of cows and calves for the same treatment group indicate presence of 

twins. Twins were exclusively managed in drylot. 

2Protein treatment includes cows fed to meet either 90%, 100%, or 110% of NASEM (2016) 

metabolizable protein (MP) requirements during late gestation, and subsequently their calves. 

3Methionine treatment includes cows which were not supplemented with 9 g/d of RPM           

(-RPM) or cows which were supplemented (+RPM) during late gestation, and subsequently 

their calves. 

4Lactational management system treatment includes cow-calf pairs rotationally grazed on 

pasture (PAS) or managed in drylot (DL). 
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Table 2: Chemical Composition of Vitamin/Mineral Premix fed to Pastured Cows1 

Calcium (%) 12.60 

Phosphorous (%) 4.00 

Sodium (%) 7.88 

Potassium (%) 0.40 

Sulphur (%) 0.40 

Magnesium (%) 2.00 

Iron (mg/kg) 1,360 

Fluorine (mg/kg) 321 

Zinc (mg/kg) 2,244 

Copper (mg/kg) 755 

Manganese (mg/kg) 1,143 

Iodine (mg/kg) 498 

Cobalt (mg/kg) 80 

Selenium (mg/kg) 30 

Vitamin A (IU/kg) 297,000 

Vitamin D3 (IU/kg) 49,500 

Vitamin E (IU/g) 1,000 

1Premix fed free choice to cow-calf pairs on pasture  
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Table 3: Distribution of Cow-Calf Trial Treatment Groups for Fall Weaning Trial  

Treatments Number of Animals 

Protein1 Methionine2 Lactational 

Management System3 

Weaning 

Strategy4 

Cows Calves 

90% MP -RPM PAS Two-Stage 6 6 

90% MP -RPM PAS Abrupt 6 6 

90% MP +RPM PAS Two-Stage 6 6 

90% MP +RPM PAS Abrupt 6 6 

100 % MP -RPM PAS Two-Stage 6 6 

100 % MP -RPM PAS Abrupt 5 5 

100 % MP +RPM PAS Two-Stage 6 6 

100 % MP +RPM PAS Abrupt 7 7 

110% MP -RPM PAS Two-Stage 6 6 

110% MP -RPM PAS Abrupt 6 6 

110% MP +RPM PAS Two-Stage 6 6 

110% MP +RPM PAS Abrupt 6 6 

1Protein treatment includes cows fed to meet either 90%, 100%, or 110% of NASEM (2016) 

metabolizable protein (MP) requirements during late gestation, and subsequently their calves. 

2Methionine treatment includes cows which were not supplemented with 9 g/d of RPM           

(-RPM) or cows which were supplemented (+RPM) during late gestation, and subsequently 

their calves. 

3Lactational management system treatment includes cow-calf pairs rotationally grazed on 

pasture (PAS) or managed in drylot (DL). 

4Weaning strategy includes calves which were either weaned using the two-stage separation 

method, in which a nose flap prevented calves from suckling from dams five days before 

complete removal from dams, or an abrupt separation method.  
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Table 4: Chemical Composition of Vitamin/Mineral Premix fed to Drylot Cows1 

Calcium (%) 1.47 

Phosphorous (%) 2.06 

Sodium (%) 3.04 

Chloride (%) 4.54 

Potassium (%) 0.56 

Sulphur (%) 0.45 

Magnesium (%) 0.41 

Iron (mg/kg) 1,176.93 

Fluorine (mg/kg) 135.00 

Zinc (mg/kg) 2,353.76 

Copper (mg/kg) 419.25 

Manganese (mg/kg) 2,098.68 

Iodine (mg/kg) 24.50 

Cobalt (mg/kg) 30.38 

Selenium (mg/kg) 7.86 

Vitamin A (KIU/kg) 312.50 

Vitamin D3 (KIU/kg) 62.50 

Vitamin E (IU/g) 1,250.00 

1Premix fed at 3% of the TMR per day on a DM basis 
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Table 5: Scoring Chart used to Visually Assess Calf Health1 

Parameter Score 0 Score 1 Score 2 Score 3 

Nasal No discharge visible 

 

 

 

Unilateral or bilateral clear 

discharge or crust around one or 

both nostrils

 

Unilateral or bilateral cloudy 

or opaque discharge  

 

 

Copious amounts of unilateral or 

bilateral cloudy or opaque 

discharge 

 
Eyes No discharge visible 

 

 

 

 

 

Unilateral or bilateral clear 

discharge or crust in corners of 

one or both eyes 

 

 

 

Unilateral or bilateral cloudy 

or opaque discharge, crust 

around one or both eyes, or 

excessive clear discharge 

from both eyes 

 

Copious amounts of unilateral or 

bilateral cloudy or opaque 

discharge or excessive crust 

around one or both eyes  

 

 
Ears Both ears alert (and 

even) 

 

Unilateral ear droop 

 

 

Bilateral ear droop, ears do 

not perk up 

 

Severe bilateral ear droop and 

head hung low, ears do not perk 

up (may include a head tilt) 
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Cough No coughing heard Single cough Few repeated coughs, 

including multiple bouts of a 

few coughs 

Multiple repeated coughs heard 

without cessation   

Joint Normal Slight swelling, not warm (if 

joint can be palpated) 

Moderate swelling with heat 

(if joint can be palpated) 

Swelling with obvious pain, heat 

(if joint can be palpated), or 

dislocation 

Fecal None seen on calf (if 

calf is seen defecating 

feces appears normal) 

 

 

 

Some fresh/pasty manure seen on 

calf (if calf is seen defecating, the 

feces appears semi-formed, 

pasty), or excess amounts of 

dried manure on calf 

 

Excess dried or pasty manure 

seen on calf (if calf is seen 

defecating, the feces appears 

loose, but stays on top of the 

bedding) 

  

Copious amounts of pasty 

manure seen on calf or blood in 

manure (if calf is seen 

defecating, the feces are watery 

and sift through the bedding)  

 
 

Total 

Respiratory 

Score 

Sum of Nasal, Eye, Ear, and Cough Scores 

1This scoring chart was adapted from the University of Wisconsin-Madison’s School of Veterinary Medicine’s Calf Health Scoring Chart, 

based on research by McGuirk and Peek (2014) 
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Table 6: Nutrient and Chemical Composition of the Lactation Ration fed to Cows in 

Drylot1 

 May 9 to July 24, 20182 July 25 to October 31, 20183 

DM (%) 35.7 39.4 

NEm (Mcal/kg) 1.54 1.52 

NEg (Mcal/kg) 0.81 0.80 

NEl (Mcal/kg) 1.43 1.42 

TDN (% DM) 62.9 62.5 

NDF (% DM) 46.6 45.8 

ADF (% DM) 33.4 33.9 

Starch (% DM)  10.9 9.6 

Lignin (% DM) 4.3 4.7 

CP (% DM) 14.6 14.1 

UIP (% of CP) 22.1 21.1 

Crude Fat (% DM) 4.3 4.2 

Ash (% DM) 8.6 7.4 

Calcium (% DM)  1.01 1.11 

Phosphorous (% DM) 0.36 0.36 

1Nutrient and chemical composition was averaged based on weekly samples of the lactation 

diet fed to cows in drylot. Differences were averaged based on composition of diet.  

2May 9 to July 24, 2018 lactating cows were fed a ration of alfalfa haylage, corn silage, millet 

straw, and a vitamin/mineral premix.  

3July 25 to October 31, 2018 lactating cows were fed a ration of alfalfa haylage, corn silage, 

wheat straw, and a vitamin/mineral premix. 
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Table 7: Nutrient and Chemical Composition of Grass Pasture During the Second Rotational Grazing Cycle 

 Field 1 Field 2 Field 7 Field 8 Field 9 Field 10 

 Paddock 

1 

Paddock 

4 

Paddock 

1 

Paddock 

4 

Paddock 

1 

Paddock 

4 

Paddock 

1 

Paddock 

4 

Paddock 

1 

Paddock 

4 

Paddock 

1 

Paddock 

4 

DM (%) 21.9 29.3 29.5 36.9 30.3 34.1 20.0 27.6 31.9 37.1 20.8 29.8 

NEm 

(Mcal/kg, 

DM) 

1.54 1.49 1.50 1.48 1.45 1.45 1.56 1.54 1.48 1.47 1.57 1.48 

NEg 

(Mcal/kg, 

DM) 

0.82 0.76 0.78 0.76 0.73 0.73 0.84 0.82 0.76 0.75 0.85 0.76 

NEl (Mcal/kg, 

DM) 

1.43 1.38 1.40 1.37 1.35 1.35 1.45 1.43 1.38 1.37 1.46 1.38 

TDN (% DM) 62.9 61.1 61.8 60.8 60.0 59.9 63.8 63.0 61.1 60.7 64.1 60.9 

NDF (% DM) 57.2 57.7 57.9 60.0 60.6 61.2 53.2 58.3 59.4 58.6 53.3 58.1 

ADF (% DM) 33.4 35.6 34.8 36.0 37.2 37.3 32.3 33.3 35.7 36.2 31.8 35.9 

Starch  

(% DM) 

1.7 1.1 1.4 1.2 1.6 1.8 2.0 1.4 1.9 2.1 1.5 1.8 

Lignin  

(% DM) 

3.4 8.0 4.6 4.0 5.0 4.1 2.5 3.1 4.2 4.5 2.7 3.5 

CP (% DM) 18.1 15.4 15.8 12.4 12.3 12.3 17.8 16.8 11.9 14.2 19.5 12.8 

UIP  

(% of CP) 

32.5 30.3 32.0 32.7 36.7 34.5 32.9 28.1 33.8 27.7 33.4 36.6 

Crude Fat  

(% DM) 

4.3 5.3 4.3 4.4 3.3 3.5 4.7 4.2 3.5 4.4 4.7 4.4 

Ash (% DM) 8.0 8.2 7.0 6.8 7.2 8.9 9.0 6.7 7.5 7.5 8.3 6.2 

Calcium  

(% DM) 

0.36 0.50 0.45 0.48 0.33 0.46 0.50 0.43 0.35 0.47 0.52 0.42 

Phosphorous 

(%, DM) 

0.36 0.32 0.28 0.26 0.25 0.30 0.38 0.31 0.26 0.28 0.40 0.34 
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Table 8: Contrast Coefficients used to Evaluate the Effects of Gestational Protein Level 

  Gestational Protein Level based on feeding to NASEM (2016) 

Metabolizable Protein Requirements 

Contrast1 90% of requirements  100% of  

requirements  

110% of 

requirements  

1 -1 2 -1 

2 1 0 -1 

1Contrasts: 1 = Cows fed to meet metabolizable protein requirements versus the average of all 

cows fed at 90 and 100% of metabolizable protein requirements; 2 = Cows fed at 90% of 

metabolizable protein requirements versus cows fed at 110% of metabolizable protein 

requirements. 
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Table 9: Contrast Coefficients used to Evaluate the Effects of Gestational RPM 

Supplementation 

  Gestational RPM Supplementation 

Contrast1 No Supplemental RPM Supplemental RPM 

1 -1 1 

1Contrast: 1 = Cows that did not receive supplemental RPM versus cows which did receive 

supplemental RPM. 
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Table 10: Contrast Coefficients used to Evaluate the Effects of Lactational Management 

System 

  Lactational Management System 

Contrast1 Pasture Drylot 

1 1 -1 

1Contrast: 1 = Cows managed on pasture versus cows managed in drylot. 
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Table 11: Contrast Coefficients used to Evaluate Gestational Protein Level by 

Gestational RPM Supplementation Interactions  

  Gestational Nutrition Regimen1 

Contrast2 90% MP  

-RPM 

90% MP  

+RPM 

100% MP  

-RPM 

100% MP  

+RPM 

110% MP 

-RPM 

110% MP 

+RPM 

1 1 -1 -2 2 1 -1 

2 -1 1 0 0 1 -1 

1Gestational Nutrition Regimen includes: cows fed to meet 90%, 100%, or 110% of NASEM 

(2016) metabolizable protein (MP) requirements for the third trimester of gestation, with 

(+RPM) or without (-RPM) supplemental RPM.  

2Contrasts: 1 = Cows on 90% MP -RPM, 100% MP +RPM and 110% MP -RPM regimens 

versus all cows on 90% MP +RPM, 100% MP -RPM, AND 110% MP +RPM regimens; 2 = 

Cows on 90% MP -RPM and 100% MP +RPM regimens versus cows on 90% MP +RPM and 

110% MP -RPM regimens. 
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Table 12: Contrast Coefficients used to Evaluate Gestational Protein Level by 

Lactational Management System Interactions  

  Gestational Protein Level and Lactational Management System1 

Contrast2 90% MP 

PAS 

90% MP 

DL 

100% MP 

PAS 

100% MP 

DL 

110% MP 

PAS 

110% MP 

DL 

1 -1 1 2 -2 -1 1 

2 1 -1 0 0 -1 1 

1Gestational Protein Level and Lactational Management System includes: cows fed to meet 

90%, 100%, or 110% of NASEM (2016) metabolizable protein (MP) requirements for the 

third trimester of gestation, and managed on pasture (PAS) or in drylot (DL) throughout 

lactation.  

2Contrasts: 1 = Cows on 90% MP PAS, 100% MP DL, and 110% MP PAS regimens versus all 

cows on 90% MP DL, 100% MP PAS, and 110% MP DL regimens; 2 = Cows on 90% MP 

PAS and 1100% MP DL regimens versus cows 90% MP DL and 110% MP PAS regimens 
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Table 13: Contrast Coefficients used to Evaluate Gestational RPM Supplementation by 

Lactational Management System Interactions 

  Gestational RPM Supplementation and Lactational Management System1 

Contrast2 -RPM PAS -RPM DL +RPM PAS +RPM DL 

1 -1 1 1 -1 

1Gestational RPM Supplementation and Lactational Management System includes: cows 

supplemented with (+RPM) or without (-RPM) 9 g/d of RPM during gestation, and managed 

on pasture (PAS) or in drylot (DL) throughout lactation.  

2Contrast: 1 = Cows on -RPM PAS and +RPM DL regimens versus cows on -RPM DL and 

+RPM PAS regimens 
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Table 14: Contrast Coefficients used to Evaluate Gestational Protein Level by Gestational RPM Supplementation by 

Lactational Management System Interaction 

 Gestational Protein Level and RPM Supplementation and Lactational Management System1 

Contrast2 90% 

MP 

-RPM 

PAS 

90% 

MP 

-RPM 

DL 

90% 

MP 

+RPM 

PAS 

90% 

MP 

+RPM 

DL 

100% 

MP 

-RPM 

PAS 

100% 

MP 

-RPM 

DL 

100% 

MP 

+RPM 

PAS 

100% 

MP 

+RPM 

DL 

110% 

MP 

-RPM 

PAS 

110% 

MP 

-RPM 

DL 

110% 

MP 

+RPM 

PAS 

110% 

MP 

+RPM 

DL 

1 1 -1 -1 1 -2 2 2 -2 1 -1 -1 1 

2 -1 1 1 -1 0 0 0 0 1 -1 -1 1 

1Gestational Protein Level and RPM Supplementation and Lactational Management System includes: cows fed to meet 90%, 100%, 

or 110% of NASEM (2016) metabolizable protein (MP) requirements for the third trimester of gestation, with (+RPM) or without    

(-RPM) supplemental RPM, and managed on pasture (PAS) or in drylot (DL) throughout lactation.  

2Contrasts: 1 = Cows on 90% MP -RPM PAS, 90% MP +RPM DL, 100% MP -RPM DL, 100% MP +RPM PAS, 110% MP -RPM 

PAS, 110% MP +RPM DL regimens versus cows on 90% -RPM DL, 90% MP +RPM PAS, 100% MP -RPM PAS, 100% MP +RPM 

DL, 110% - RPM DL, and 110% +RPM PAS regimens; 2 = Cows on 90% MP -RPM DL, 90% MP +RPM PAS, 110% MP -RPM 

PAS, and 110% MP +RPM DL regimens versus cows on 90% MP -RPM PAS, 90% MP +RPM DL, 110% MP -RPM DL, 110% MP 

+RPM PAS regimens 
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4.0 Results and Discussion   

The objectives for the present study were to evaluate the impact of two commercial cow-

calf production systems during lactation in combination with alterations in maternal nutrition 

during gestation on: 1) dam growth, reproductive performance, and body condition for 140 

lactating dams, 2) pre-weaning calf growth and health for 145 calves, and 3) methane emissions 

for a subset of 60 lactating dams. With the exception of birth and calving weights, measurements 

of parameters associated with growth, health, reproduction, and methane emissions began at a 

minimum of 30 days postpartum (38  7.6 days) and continued until weaning in October 2018 at 

176  19.8 days postpartum. Prior to the start of the lactation phase of the trial, 11 cows were 

removed from the trial due to loss of pregnancy, calf death losses, or cow death losses. One cow 

(027W) was removed due to issues with milk production, and the corresponding calf (156F) was 

fostered to cow (092X) from the same gestational nutrition treatment group. This resulted in 140 

cows and 145 calves entering the lactation trial between March 28 and June 6, 2018.  

4.1 Effects of Gestational Protein Level on Cow Growth, Reproductive Performance and 

Methane Emissions, and Calf Growth and Health Performance 

 The eighth revised edition of the Nutrient Requirements of Beef Cattle was recently 

published in 2016 (NASEM, 2016). As such, MP requirements for beef cattle during late 

gestation were recently updated. Therefore, there is a lack of research which evaluates this new 

model by examining the long-term effects from feeding cows above or below these requirements 

during gestation on the subsequent health and performance of cows and their offspring prior to 

weaning. The following sections will detail the specific impacts of gestational protein level on 

cow growth, reproductive performance, and methane emissions, as well as calf growth and health 

performance.  
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4.1.1 Cow and Calf Body Weights and Average Daily Gain Throughout Lactation as 

Affected by Gestational Protein Level  

Gestational protein level impacted cow calving weight (P = 0.02; Table 15) with cows 

fed at 110% MP requirements being heavier at calving than cows fed at 90% MP requirements 

(P < 0.02; Contrast 2; Table 15). Treatment differences for cow calving weight were likely a 

residual effect from allocation of animals during the gestation phase of the trial, as initial BW for 

cows fed at 110% MP requirements tended to be greater than BW for cows fed at 100% and 90% 

MP requirements (Collins, 2019). Furthermore, initial BW for 110% MP +RPM cows were 

greater than initial BW for cows from all other gestational MP level by RPM supplementation 

treatment groups (Collins, 2019). The previous trial treatment allocation resulted in the heaviest 

cows being fed the highest quality diet during the third trimester of gestation, which produced 

the heaviest BW for cows fed to 110% MP requirements at calving. However, there were no 

differences in cow BW amongst gestational protein treatments at time of LMS allocation (P = 

0.98). Since all cows were fed a common diet in drylot from calving until LMS allocation, 

similarities in BW at LMS allocation suggest that differences in BW at calving between cows fed 

at 110% and 90% MP requirements were due to how the cows were allocated at the start of the 

previous gestation trial. This is further supported by the absence of a gestational protein level 

effect on changes in BW from calving to LMS allocation (P = 0.82). On average, cows lost 

weight during this first month of lactation regardless of gestational protein level which is 

expected, as the first three months of lactation are extremely nutritionally demanding. Nutrient 

requirements for lactating dams generally increase steadily for the first nine weeks of lactation, 

before plateauing and slowly decreasing until weaning (NASEM, 2016). This is met with a 

similar increase in milk production for the first ten weeks of lactation, with peak production 

occurring between five and ten weeks postpartum, before plateauing and dropping as lactation 
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proceeds (NASEM, 2016). As a result of these substantial nutrient requirements, cows tend to be 

in a negative energy balance during this period, often resulting in a decrease in BW and 

condition. Similarities in BW across gestation protein treatments at LMS allocation could be due 

to greater feed intakes for cows fed at 100% and 90% MP requirements vs. cows fed at 110% 

MP requirements after calving. This increased feed intake could be nutrient driven, causing cows 

fed at 90% and 100% MP requirements to increase intakes post-calving after being fed at or 

below MP requirements during gestation. Unfortunately, DMI values could not be calculated for 

the first 30 days postpartum due to the loss of feed samples collected during this period. Thus, 

we do not know if increases in BW gain for cows fed at 90% and 100% MP requirements during 

this period were due to increased DMI compared to cows fed at 110% MP requirements, or if 

underlying metabolic mechanisms were involved. Assessing body composition and serum 

metabolite concentrations (i.e. NEFA, BHBA, total protein, urea, glucose) from calving until 

LMS allocation would also provide a more comprehensive understanding for the study results. 

While Law et al. (2009) reported increases in DMI and concentrations of plasma urea, albumin, 

and total protein as dietary CP increased in cow diets from calving to 150 days postpartum, there 

were no differences in BW and BCS throughout lactation due to dietary CP. The Law et al. 

(2009) study demonstrated that protein level can influence several metabolic parameters (plasma 

metabolite concentrations) and performance parameters (DMI) in early lactation without 

influencing BW. Future studies should aim to assess cow body condition, serum metabolite 

concentrations, and feed intake during the first month of lactation.  

Following LMS allocation, DL cows were fed a common diet which was evaluated and 

adjusted as needed, based on animal body weights, DIL, and DM content of each feed ingredient. 

Adjustments were made on a monthly basis to ensure nutrient requirements were met for each 
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month in lactation. All cows on pasture were rotationally grazed, with rotations adjusted as 

lactation proceeded in an attempt to accommodate changing nutrient demands as well as changes 

in pasture quantity and quality. Gestational protein treatment did not affect (P > 0.72; Table 15) 

cow BW at weaning, changes in BW from LMS allocation to weaning, total change in BW from 

calving until weaning, or ADG. In the present study, altering NASEM (2016) MP requirements 

by ± 10% at eight weeks prior to expected calving date did not have long term impacts on cow 

BW throughout lactation. This further supports the idea that the heavier BW at calving for cows 

fed 110% MP requirements vs. cows fed at 90% MP requirements was simply a residual effect 

from cow allocation during the original gestation trial. Currently, there is a lack of research 

which explores supplementing pregnant beef cows above/below their MP requirements and the 

effects on their subsequent performance during lactation. The lack of a gestational protein 

treatment effect on cow BW throughout lactation is consistent with Wilson et al. (2016), where 

BW did not differ at calving or throughout lactation between cows fed 100 or 129% of CP 

requirements during late gestation. This contrasts findings by Llewellyn et al. (2006) and Larson 

et al. (2009). Llewellyn et al. (2006) fed pregnant spring-calving beef cows a CP supplement 

(45% CP, DM basis) three days per week during early to mid-gestation. In general, protein 

supplementation increased cow BW. However, cows which received the supplement from 

August through December gained the most BW through the weaning period compared to those 

supplemented from October to December, or not at all (Llewellyn et al., 2006). It is possible that 

this supplement corrected a deficiency in protein during the nutritionally demanding period of 

gestation. This may explain the results observed for cow BW. Similarly, Larson et al. (2009) 

found that supplementing cows with 0.45 kg/d of 28% CP cubes during late gestation increased 

BW at breeding vs. non-supplemented cows, but cow BW at weaning was not affected by protein 
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supplementation during gestation. Both the Wilson et al. (2016) study and the present study 

evaluated dietary protein levels when diets were formulated to be isocaloric so that dietary 

energy level would not confound the results. The Llewellyn et al. (2006) and Larson et al. (2009) 

studies did not formulate isocaloric treatments or indicate the percentage of the CP requirements 

being met or exceeded by the supplement. Wilson et al. (2016) hypothesized that study-to-study 

differences in dietary energy content are responsible for the lack of uniformity in observations 

between similar studies such as Llewellyn et al. (2006) and Larson et al. (2009). This may 

explain the differences in cow growth performance as affected by protein supplementation across 

the studies. There were also study-to-study differences in duration of protein supplementation 

throughout gestation, which could have carryover effects on cow BW throughout lactation. In the 

present study, protein supplementation began 56 days prior to expected calving date and 

continued until calving while Wilson et al. (2016) and Larson et al. (2009) supplemented cows 

for approximately 78  12 and 94 days prepartum respectively. In contrast, Llewellyn et al. 

(2006) supplemented cows much earlier in gestation, beginning either in August or October until 

December, at a rate of 0.61 kg/d. After December, all cows received 1.62 kg/d of supplement 

throughout the winter.  

There were no effects of maternal gestational protein level on calf birth weight, BW at 

time of management system allocation, BW at weaning, or any gain in BW or ADG from birth to 

weaning (P > 0.12; Table 16). Llewellyn et al. (2006) also found that calf birth weight was 

unaffected by maternal gestational protein supplementation, although changes in BW from birth 

to the beginning of the summer grazing season were greater for calves from protein 

supplemented dams vs. non-supplemented dams. Llewellyn et al. (2006) hypothesized that 

changes in calf BW from birth to the beginning of the grazing season were attributed to variation 
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in milk production caused by differences in dam BW. Similarly, Larson et al. (2009) found that 

calves from protein supplemented dams tended to be heavier than calves from non-supplemented 

dams. Specifically, calves from supplemented dams had heavier weaning weights. Heavier calf 

BW resulting from maternal gestational protein supplementation in the cited studies may be due 

to variation in dam milk production based on CP supplementation. Unfortunately, neither of 

these studies or the present study measured milk yield or nutrient composition. However, Hare et 

al. (2019) measured 12-hour, two-quarter milk yield at six time points over the first four months 

after parturition, but did not find differences in milk production based on MP level. It would be 

beneficial for additional studies to assess dam milk production as affected by nutrition 

throughout gestation. Examining relationships between MP levels in gestation diets and 

subsequent milk production could provide valuable information which would improve our 

understanding of relationships between maternal MP level and performance of cow-calf pairs. 

Findings from Wilson et al. (2016) appear to be consistent with the present study. Calf 

BW at birth, weaning, when entering the finishing phase, and hot carcass weight did not differ 

between calves from dams fed to meet either 100 or 129% of CP requirements for late gestation. 

Wilson et al. (2016) hypothesized that study-to-study differences observed in calf BW from 

dams supplemented with protein during gestation may be a result of using first calf heifers, as 

Wilson et al. (2016) utilized only mature cows. Heifers are generally more sensitive to alterations 

in nutrient supply, especially during nutritionally demanding periods, such as gestation. Mature 

cows have greater energy reserves while heifers must partition reserves towards both individual 

and fetal growth (Wilson et al., 2016). However, the Wilson et al. (2016) hypothesis may be 

flawed, as Llewellyn et al. (2006) and Larson et al. (2009) used either entirely multiparous cows, 

or a mixture of primiparous and multiparous cows, respectively. Similarly, both primiparous and 
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multiparous cows were included in the present study, with 104 multiparous cows and only 36 

heifers. Instead, variation in results amongst these studies may be due to differences in protein 

supply or supplementation strategy.  

The differences in MP levels across treatments in the present study may not have been 

enough to elicit persistent effects on calf growth performance from birth to weaning. In the 

Llewellyn et al. (2006) study, crude protein content of winter range varied from 33 to 55 g/kg 

DM, and the protein supplement provided 455 g/kg DM of additional crude protein. In the 

Larson et al. (2009) study, crude protein content of winter range was 6.8% DM and 5.2% DM for 

corn residues, the supplement contained 31.6% crude protein on a DM basis. This contrasts with 

the present study, in which cows were fed at least 11.5% CP during gestation and up to 16.0% 

CP when the 110% MP diet was fed to primiparous cows (Collins, 2019). MP levels in the 

present study could not be altered by more than 10% above or below requirements due to the 

quality of available feedstuffs for the basal TMR. Throughout lactation, cows were either fed a 

TMR containing 14.1% to 14.6%  CP (Table 6) formulated to meet nutrient requirements or 

grazed pasture grass which was 11.9% to 19.5% CP (Table 7). Feeding cows 10% above or 

below NASEM (2016) requirements for MP appears to have been insufficient to impact pre-

weaning growth performance for calves, which may explain the differences in results between 

the present study and previous research.  

While MP level alone did not alter cow or calf BW and ADG throughout lactation (Table 

15), cow BW at weaning and changes in BW throughout lactation were impacted by a gestational 

protein level by RPM supplementation interaction (P < 0.05; Table 35). This will be discussed in 

further detail in section 4.4.  
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4.1.2 Cow Body Condition Throughout Lactation as Affected by Gestational Protein Level  

Initial BCS, BCS at weaning, and total change in BCS over lactation were unaffected by 

gestational protein level (P > 0.25; Table 17). This is in agreement with Wilson et al. (2016) in 

which BCS throughout lactation did not differ between cows were fed to meet 100 or 129% of 

CP requirements for late gestation. Body condition scoring is a subjective assessment tool, and 

therefore, minute changes in body condition may be indiscernible using visual and tactile body 

condition scoring practices, compared to other methods such as ultrasonic imaging. There was a 

trend for gestational protein level to impact initial ultrasound measurements for rib fat depth (P = 

0.06) taken at the time of LMS allocation. Specifically, initial rib fat depth measurements tended 

to be greater for cows fed to 100% MP requirements compared to the initial rib fat depths for 

cows fed to 90% and 110% MP requirements (P = 0.05; Contrast 1). This is most likely a 

carryover effect from when cows were allocated to dietary treatments during gestation. Thus, the 

biological significance of this trend is questionable. In contrast, gestational protein level did not 

affect initial measurements for rump fat depth and LMA (P > 0.10).  

Gestational protein level tended to influence ultrasound measurements for rib and rump 

fat depths, and LMA at weaning and for the average values taken across lactation (P < 0.10; 

Table 17). However, there was no consistent effect of gestational protein level on the three body 

condition parameters. Orthogonal contrasts revealed that rib fat depth at weaning, and average 

values over lactation, did not differ between protein treatments (P > 0.10), despite the initial 

trends. Measurements of rump fat depth at weaning were greater for cows fed 90% MP 

requirements compared to cows fed 110% MP requirements, and the same pattern was observed 

for the average rump fat measurements over lactation (P ≤ 0.05; Contrast 2). In contrast, the 

weaning and average values over lactation for LMA were lower for cows fed to 100% MP 
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requirements compared to LMA values for the cows fed to 110% and 90% MP requirements (P < 

0.04; Contrast 1).  

The total change in ultrasound measurements for rib and rump fat depths, and LMA are 

the most accurate parameters for assessing body composition compared to both the average 

assessments of these measurements and the assessments of the measurements at weaning. 

Comparing total change in ultrasound measurements of the three parameters reduces the 

potential confounding effects of inter-animal variation in other parameters such as BW, as well 

as the differences in initial ultrasound measurements between the gestational protein treatment 

groups. Total change in measurements for rib and rump fat depths, and LMA were not impacted 

by gestational protein level (P > 0.45; Table 17). Despite the lack of statistical significance, rib 

and rump fat depth values numerically decreased across all protein treatment groups over 

lactation, while LMA measurements increased over lactation (Table 17). This appears to be in 

agreement with Hare et al. (2019), in which rump fat depths generally decreased over lactation, 

regardless if cows were fed to meet 100 or 133% of MP requirements for late gestation. This 

mobilization of rump fat may be partially attributed to insufficient dietary energy intakes to meet 

nutrient demands of lactation, as NEFA concentrations also increased throughout lactation. Both 

Hare et al. (2019) and the present study found that rib fat depths were not affected by gestational 

protein levels. Sloniewski et al. (2004) assessed changes in ultrasound measurements for LMA 

across lactation using 501 dairy cows of various breeds and parity over a ten-year period. Cows 

were fed either a control or low energy diet. The authors created curves for LMA measurement 

data and found that for the first 30 to 60 days of lactation LMA values decreased and then 

increased steadily regardless of breed, parity, or dietary energy level. Increase in LMA 

measurements over time were attributed to changes in status for energy balance (Sloniewski et 
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al., 2004). Considering gestational protein supply may have impacted other performance 

parameters, such as BW, it is unclear whether the increase in LMA measurements over lactation 

for all protein treatments are a product of gestational nutrition or are reflective of typical changes 

in energy balance over lactation.  

Altering gestational MP levels by 10% above/below requirements for late gestation in the 

present study likely did not have a lasting impact on body condition of cattle throughout the 

subsequent lactation. This is supported by the absence of treatment effects observed for the total 

change in BCS, rump fat depth, rib fat depth, and LMA. Furthermore, the pattern for numerical 

changes in fat depths and LMA over lactation agrees with Sloniewski et al. (2004) and Hare et 

al. (2019), suggesting these changes occur in response to characteristic changes in energy 

balance over lactation. The trends observed for individual measurements and average 

measurements of rib and rump fat depths and LMA demonstrate inconsistencies across 

gestational protein treatments, and likely lacks biological significance. It is important that future 

studies seek to reduce potential confounding variables such as initial differences in body 

composition.  

4.1.3 Cow Feed Intake and Efficiency Throughout Lactation as Affected by Gestational 

Protein Level 

 Due to differences in methods used to calculate DMI for cows between the two LMS, 

measurements of feed intake and feed efficiency of cows managed on pasture were evaluated 

separately from cows managed in drylot. The estimated DMI of cows managed on pasture did 

not differ based on gestational protein level (P = 0.36; Table 18), while there was a trend for 

gestational protein level to impact DMI for DL cows (P = 0.06). Specifically, cows fed to 90% 

MP requirements consumed an average of 1.7 ± 0.61 kg/d (DM basis) less than cows fed to 
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110% MP requirements (P = 0.05; Contrast 2). Despite this, there were no differences for 

changes in BW (P > 0.72; Table 15) and body condition (P > 0.25; Table 17) over lactation 

based on gestational protein treatment. This suggests that feed efficiency may be improved 

throughout lactation when cows are fed 10% below their MP requirements during late gestation. 

This is not supported by past studies, as protein deficient rations generally reduced rumen 

ammonia concentrations, such that nitrogen requirements for rumen microbes were not met, 

resulting in decreased fiber degradation, and lower DMI (Cyriac et al., 2008). These authors 

found that DMI was decreased for mid-lactation dairy cows when a 7.6% RDP diet (DM basis) 

was fed, although BW and BCS were unaffected. Barros et al. (2017) found that DMI decreased 

linearly with CP content when late lactation dairy cows were fed diets containing 11.8 to 16.2% 

CP. These two dairy studies found that milk yield was also reduced when feeding the low RDP 

or low CP diet. Both Cyriac et al. (2008) and Barros et al. (2017) suggested that reducing protein 

intake to a level which decreases DMI may negatively impact production. However, due to 

differences in production between dairy and beef cattle, caution should be taken when comparing 

these results to beef cattle in the present study. In addition, a decrease in DMI subsequently 

results in a decrease in total energy intake, which is likely to impact production. In the gestation 

phase of the present trial, all diets were fed to be isocaloric, despite differences in MP level. 

Furthermore, the 90% MP diet in the present study was not necessarily deficient in CP or RDP, 

making it difficult to compare the results with those of the two previous studies. Considering 

maternal protein supply did not affect calf BW and ADG (P > 0.12; Table 16), it is unlikely that 

the reduction in DMI observed by cows fed to 90% MP requirements in drylot negatively 

affected production. Summers et al. (2015a) altered protein level for mid to late-gestation beef 

cows fed grass hay (8 to 11% CP DM) by feeding no supplement or one of two isocaloric and 
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isonitrogenous supplements containing 34 or 59% RUP. Even though the diet for non-

supplemented cows still exceeded MP requirements by 96 g/d, DMI throughout gestation was 

reduced for the non-supplemented cows. However, the drop in DMI may have occurred due to 

increases in fetal size as the cows approach parturition. Unlike the present study, Summers et al. 

(2015a) reported a lower BW gain for non-supplemented vs. supplemented cows, resulting in 

lower BW throughout gestation and at breeding. However, these authors found no treatment 

differences in cow BW later in lactation, at pregnancy diagnosis, and similar to the present study, 

calf birth weight was unaffected by maternal protein supplementation. Differences in production 

type (dairy vs. beef), stage of production, and protein supplementation make comparisons 

between the previously mentioned studies and the present study difficult. There are discrepancies 

in the literature regarding the level at which dietary protein content results in a nitrogen deficit 

for rumen microbes, resulting in a subsequent reduction in DMI.  

DMI for drylot cows was determined using a more precise method compared to the 

method used for calculating estimations of DMI for pasture cows. DMI for drylot cows were 

calculated using actual measurements of supplied and refused feed, while DMI for pasture cows 

were estimated based on BW and ADG, without considering quantity, quality, or DM of the 

pasture grass. This could explain why a similar effect between protein level and DMI was not 

observed for pasture cows. Based on the techniques used for calculating DMI, pasture cows 

consumed numerically less (8.7 to 8.9 kg/d) than drylot cows (15.3 to 17.1 kg/d; Table 18). 

Differences in DMI between management systems may result from differences in nutrient quality 

and composition between the management systems. In general, drylot diets were relatively 

consistent (Table 6). In comparison, nutrient content varied within the subset of sampled fields 

during the second grazing cycle (Table 7), and likely decreased over lactation, as evidenced by 
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changes in botanical composition between the second and third grazing cycles (Appendix Table 

1). Any lasting effects of altering MP supply during gestation on DMI during lactation may have 

been offset by variability in nutrient quality and quantity for cows grazing pasture.  

The FCR for both DL and PAS cows throughout lactation was unaffected by gestational 

protein level (P > 0.51; Table 18). The average numerical values for FCR varied drastically 

between protein treatment groups, with large standard errors of the mean (Table 18). Unlike the 

current study, Summers et al. (2015a) found that feed efficiency of non-supplemented heifers 

during gestation was lower than heifers receiving either a 59% or 34% RUP supplement. 

However, differences in feed efficiency were suggested to be due to differences in ADG between 

non-supplemented and supplemented heifers. The lack of a gestational protein treatment effect 

on FCR of PAS cows in the present study may be explained by similarities in ADG (P = 0.90; 

Table 15) and DMI (P = 0.36; Table 18) amongst the MP treatment groups. Similarities in FCR 

for DL cows are also likely a result of similar ADG (P = 0.90; Table 15) amongst MP treatment 

groups, despite the trend for lower DMI in cows fed 90% MP requirements vs. cows fed 110% 

MP requirements (P = 0.06; Table 18). ADG for lactating cows in this study was close to zero 

(Table 15); dividing the DMI by values close to zero can be problematic and increase the 

associated standard error. FCR can be an accurate and useful parameter for assessing feed 

efficiency in growing animals, such as feedlot steers or heifers, as well as growing calves. 

However, issues arise with using FCR to assess the feed efficiency for cows of varying maturity, 

especially in a non-homogenous herd, such as the present study where there was extensive 

variation in genetics, age, and parity amongst the sample of cows. Furthermore, there was 

significant inter-animal variation in BW, with differences of 480 kg at calving and 584 kg at 

weaning between the heaviest and lightest cows. Inter-animal variation in BW and subsequently 



 110 

ADG carries over into the calculation for FCR. Although parity was included as a random effect 

in the analysis of cow performance parameters, including FCR, the mixture of multiparous and 

primiparous cows in the sample population complicated the analysis as immature primiparous 

cows are still growing. Utilizing FCR to assess feed efficiency for lactating cows is further 

complicated by this nutritionally demanding period of production, especially after breeding, at 

the early stages of gestation. This generally results in weight loss, resulting in negative results for 

FCR calculations. Feed costs account for approximately two thirds of operating costs for cow 

calf facilities (McBride and Mathews, 2012; Legesse et al., 2012), so accurate assessments of 

efficiency are integral for optimizing production. However, measures of efficiency other than 

FCR, including DMI, may provide more accurate information for herds, such as the one 

discussed in the present study, with a more diverse variation in breed, age, parity, and size. In 

addition, measures of calf performance such as ADG, are also useful in determining dam 

performance and efficiency.  

Overall, altering MP supply within 10% of requirements during the third trimester of 

gestation did not have lasting impacts on feed efficiency for lactating cows, in terms of DMI and 

FCR. However, based on the trend for DMI to be reduced in cows fed 90% MP requirements and 

managed in drylot compared to cows fed 110% MP requirements, perhaps future research should 

explore more pronounced alterations in MP supply throughout gestation. Additionally, utilizing 

techniques which more accurately measure DMI of cows managed on pasture, such as grazing 

exclusion cages, may be better for understanding the potential effects of MP level during 

gestation on the DMI of lactating cows, regardless of management system. 
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4.1.4 Cow Conception Rate and Concentration of Serum Metabolites Throughout 

Lactation as Affected by Gestational Protein Level  

 There were no differences in conception rate across gestational protein treatments (P > 

0.99; Table 19). However, breeding was not attempted on 8.51% of cows fed to 90% MP 

requirements, 8.33% of cows fed to 100% MP requirements, and 20.00% of cows fed to 110% 

MP requirements due to reasons external to the trial, such as health or temperament. Past studies 

have also found that conception rate was not affected by gestational protein supply. Summers et 

al. (2015a) reported conception rate did not differ between non-supplemented primiparous cows 

and those fed a 34 or 59% RUP supplement in late gestation. Similarly, Wilson et al. (2016) 

reported similarities in conception rate between cows fed to meet 100 or 129% CP requirements 

in late gestation. Llewellyn et al. (2006) also did not find a difference in conception rate between 

non-supplemented cows and cows fed a 45.5% CP supplement. Patterson et al. (2003b) reported 

conceptions rates increased in pregnant yearling heifers which were fed based on meeting MP 

requirements vs. cows fed based on meeting CP requirements. Patterson et al. (2003b) found that 

lower BCS at calving were associated with lower conception rates, and consequentially, an 

increased response to increasing supply of MP. However, Patterson et al. (2003b) noted that 

improved BCS prior to calving may not be solely responsible for the changes in conception rate, 

and instead suggests that feeding more dietary RUP impacts insulin release. This subsequently 

impacts the ability of growth hormone to bind in the liver, altering IGF-1 release, which 

influences tissue responsiveness to luteinizing hormone. Although the present study found trends 

for differences in body condition in terms of average rump fat depth, rib fat depth, and LMA 

values (P < 0.08; Table 17), as well as weaning measurements for these parameters (P < 0.10; 

Table 17), unlike the Patterson et al. (2003b) study, changes in BCS were not observed over 

lactation (P > 0.25; Table 17). Similarly, Wilson et al. (2016) did not report differences in BCS 
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between cows fed to meet 100 or 129% of CP requirements, which was suspected to be due to 

the isocaloric nature of the trial diets. 

BCS is well established as an accurate indicator of reproductive performance for cattle 

(Llewellyn et al., 2006). BCS at calving is regarded as a major influential parameter for 

determining reproductive success during the subsequent breeding season. Regardless of BCS 

when entering the third trimester, Morrison et al. (1999) found that reproductive performance 

during the subsequent breeding season was not affected as long as cows were fed to obtain a 

BCS of 5 to 6 (on a 9-point scale) at calving. The Morrison et al. (1999) study demonstrated that 

changes in diet and energy reserves during the last trimester of gestation do not influence 

reproductive performance during the subsequent breeding season if cows obtain an optimal BCS 

at calving of 5 to 6 on a 9-point scale, equivalent to a BCS of 3 to 3.5 on a 5-point scale. Collins 

(2019) reported pre-calving BCS of 3.9 ± 0.07 (P = 0.69) for cows in the present study across all 

MP treatments. Although these scores are slightly above the optimal BCS range described by 

Morrison et al. (1999), initial BCS (at time of LMS allocation; 38  7.6 DIL) ranged from 3.31 to 

3.48 ± 0.466 (Table 17) in the present study. Since there were no treatment differences in BCS 

prior to calving and throughout lactation, it is not surprising that conception rate was not affected 

by MP supply throughout late gestation.  

 The results of this study indicated that altering MP level during late gestation did not 

impact a cow’s ability to become pregnant in the subsequent breeding season. Future studies may 

benefit from assessing a greater number of physiological parameters associated with conception 

rate, such as time to resumption of estrus cycling. Although conception rate was unaffected by 

gestational MP status in the present trial, future studies should attempt to assess the long-term 
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effects of altering MP intake during late gestation. It would be interesting to determine if 

providing MP at 10% above/below the NASEM (2016) recommendations during the last 

trimester of gestation over several years would alter conception rate, or associated growth 

parameters, such as BCS over a multi-year period.  

The effects of gestational MP level on the average of serum concentrations for various 

metabolites throughout lactation are presented in Table 19. In general, most metabolites were not 

influenced by gestational MP level. Serum concentrations for minerals and electrolytes, as well 

as calculated osmolality throughout lactation were unaffected by gestational protein 

supplementation (P > 0.31). Serum concentrations for liver and muscle enzymes (AST, GGT, 

GLDH) throughout lactation were also unaffected by protein supplementation (P > 0.37) 

Serum metabolites associated with carbohydrate metabolism, such as glucose, are 

representative of energy balance. Energy balance was also assessed by analyzing serum 

concentrations of NEFA, BHBA, and cholesterol, which are indicative of lipid metabolism and 

levels of lipolysis, as lactating cows tend to be in negative energy balance. Gestational protein 

level did not influence serum concentrations for glucose, NEFA, BHBA, or cholesterol 

throughout lactation (P > 0.19; Table 19). Regarding carbohydrate metabolism, Cappellozza et 

al. (2014) reported that gestating heifers receiving isocaloric and isonitrogenous diets 

supplemented with protein and energy had greater plasma concentrations of glucose compared to 

non-supplemented heifers. The increase in concentration of plasma glucose was thought to be 

associated with improvements in rates of gain which occurred in protein supplemented and 

energy supplemented heifers but was not observed for non-supplemented heifers. Although the 

Cappellozza et al. (2014) study focused on plasma glucose concentrations during gestation, it is 
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not surprising that glucose levels were unaffected by gestational protein supplementation during 

lactation in the present study, as ADG throughout lactation was not influenced by gestational 

protein treatment groups. Similar to the present study, Law et al. (2009) reported that plasma 

glucose concentrations did not differ based on amount or duration of supplementation when 

lactating dairy cattle were supplemented with 114 to 173 g CP/kg DM from calving to 150 to 

305 DIL. These authors did not report differences in ADG based on level or duration of protein 

supplementation. Both Law et al. (2009) and the present study found no differences in NEFA 

concentration as affected by protein supplementation. NEFA is a marker of lipolysis, indicating 

mobilization of body fat stores, which occurs when energy intake does not meet requirements 

(Hart et al., 1975). It is not surprising that NEFA levels were unaffected by protein level in both 

the Law et al. (2009) study and present study as BCS was also unaffected by protein treatment 

for both studies. Additionally, total change in fat cover throughout lactation (measurements of 

rib and rump fat depths) were not altered by gestational protein level in the present study. 

Contrary to the present study, Law et al. (2009) reported reductions in BHBA concentrations 

with increased dietary protein in early to mid-lactation. Serum BHBA concentration is highly 

correlated negatively with serum glucose concentration and positively with serum NEFA 

concentration (Sun et al., 2015). Similar to NEFA and glucose, BHBA is an indicator of an 

animal’s energy balance. However, blood BHBA concentration is often considered as a gold 

standard for diagnosis of ketosis, due to its high sensitivity and specificity (Sun et al., 2015).This 

lack of a protein treatment effect on serum BHBA concentration in the present study is not 

surprising due to the similar lack of effects observed for serum glucose and NEFA 

concentrations.  
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The relationship between dietary fat and blood cholesterol concentrations is well 

established in ruminants. Fat supplementation increases serum cholesterol concentrations in 

sheep, goats, and dairy cattle (Nestel et al., 1978; Remppis et al., 2011) and plasma cholesterol 

concentrations in weanling steers (Bohman et al., 1962). In contrast, significantly less is known 

about the relationship between protein supply and blood cholesterol concentration in ruminants. 

Park (1985) noted that when male Holstein calves were fed diets containing 25% dietary protein, 

total serum cholesterol concentrations were lower than calves fed 12% dietary protein. However, 

in addition to obvious differences in stage of production between the Park (1985) study and the 

current study, Park (1985) observed differences in other blood metabolites that were not 

observed in this study.  

Total protein concentration is an indicator of intestinal absorption of protein (Law et al., 

2009). In general, total protein concentration is representative of an animal’s nutritional status, as 

it constitutes a portion of the body’s amino acid pool (Doornenbal et al., 1988). Since ADG, as 

well as the change in BW and body condition, with the exception of LMA, over lactation were 

not altered by gestational protein level, it is not surprising that gestational protein level did not 

influence serum total protein concentrations throughout lactation (P = 0.53; Table 19). In 

contrast to the present study, Law et al. (2009) reported that total protein concentrations in 

plasma increased during early lactation in response to increased protein supplementation; 

however, this was not accompanied by a gain in BW or condition. The elevated concentration of 

total proteins in early lactation in the Law et al. (2009) study may have been associated with the 

increase in plasma urea and albumin concentrations that were also observed in that study, but 

were not reported in the present study. Total protein is generally divided into two categories, 

albumin and globulins. In the present study, serum albumin concentration throughout gestation 
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was unaffected by gestational protein level (P = 0.42). However, there was a trend for serum 

globulin concentration to be altered by protein level (P = 0.09) with a trend for cows fed at 110% 

MP requirements to have elevated serum globulin concentration compared to cows fed at 90% 

MP requirements (P = 0.07; Contrast 2). Despite the trend for differences in serum globulin 

concentration, concentrations for haptoglobin, which belongs to the alpha-2 subclassification of 

globulins, were unaffected by gestational protein level (P = 0.70). The trend for gestational 

protein level to influence serum globulin concentration resulted in an elevated albumin to 

globulin ratio for cows fed at 90% MP requirements cows compared to cows fed at 110% MP 

requirements (P = 0.04; Contrast 2) with a trend for cows fed at 100% MP requirements to have 

an elevated ratio compared to the average value for the cows fed to 90% or 110% MP 

requirements (P= 0.08; Contrast 1) Globulins can be divided into four fractions, alpha-1, alpha-2, 

betta, and gamma using electrophoresis (Busher, 1990). The present study did not obtain values 

for each subclassification of serum globulins, making it difficult to understand the trend for an 

increase in serum globulin concentration in cows fed to 110% MP requirements compared to 

cows fed to 90% MP requirements. Although statistical differences were observed for serum 

globulin concentration and albumin to globulin ratio, these differences likely lack biological 

significance as both parameters, regardless of gestational protein treatment, remain within 

normal reference values for lactating cattle (Lumsden et al., 1980; Cozzi et al., 2011).  

Urea is a by-product of the detoxification process occurring in an animal’s liver, and 

serum urea nitrogen concentration is often assessed as an indicator of renal function and 

efficiency (Law et al., 2009; Jackson and Cockcroft, 2002). Urea nitrogen concentrations in 

serum and plasma may be influenced by protein intake and protein source, specifically as it 

relates to degradability and utilization by the animal (Waterman et al., 2006; Wood et al., 2010). 
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Serum urea concentrations may also be altered by other characteristics, such as age and stage of 

production (Doornenbal et al., 1988). In the present study, serum urea concentration did not 

differ throughout lactation based on gestational MP supply (P = 0.63; Table 19). Furthermore, 

serum urea concentrations across all three protein treatment groups were within the normal 

reference range for cattle (Jackson and Cockcroft, 2002). In contrast to the present trial, Law et 

al. (2009) reported that plasma urea concentrations increased, when lactating cows were 

supplemented with increasing levels of CP (114 to 173 g/kg DM) from calving to 150 DIL. Law 

et al. (2009) suggested that increasing CP resulted in an oversupply of effective RDP, which 

subsequently led to increases in plasma urea concentration. Similarly, Cappellozza et al. (2014) 

reported an increase in plasma urea nitrogen levels in pregnant heifers which were fed diets 

supplemented with either energy or protein, compared to heifers fed a non-supplemented, control 

diet. In the Cappellozza et al. (2014) study, plasma urea nitrogen levels were within the optimal 

range for the supplemented heifers, but were significantly lower for heifers which received the 

control diet. Since urea nitrogen concentration in the blood is positively associated with CP and 

RDP intakes, these results suggest that heifers receiving the supplemented diets were receiving 

sufficient amounts of CP and RDP, while the control heifers were not (Cappellozza et al., 2014). 

In contrast, in the present study, regardless of gestational MP supply, values for serum urea 

concentration during lactation remained within the normal reference range. Although, Collins 

(2019) reported that serum urea concentrations were elevated with increasing levels of MP fed 

during the gestation phase of this trial, this did not persist throughout lactation. This could 

suggest that the effects of MP were more immediate, and did not result in lasting differences in 

concentration of serum urea.  
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 In the present study, altering MP supply by 10% above/below NASEM (2016) 

requirements during late gestation did not impact conception rate for the subsequent breeding 

season. Future studies may benefit from conducting a multi-year assessment of the effects of 

altering gestational protein supply on animal performance over several lactations. This would be 

beneficial in determining if consistent alterations in MP level during late gestation would impact 

animal performance and body condition, and subsequently reproductive performance. In 

addition, altering gestational MP supply did not alter concentrations for the majority of serum 

metabolites assessed in the present trial. Concentrations of all measured serum metabolites 

across all protein treatments were within the normal reference range for cattle. Differences in the 

effects of altering protein status on concentrations of serum metabolites in this trial compared to 

previous studies likely resulted from differences in supplementation strategy or amount of 

supplement provided. Future studies may benefit by increasing the margins between protein 

treatment groups, which can be accomplished by assessing the effects of diets which are more 

than 10% above/below the NASEM (2016) MP requirements during late gestation. 

4.1.5 Cow Methane Emissions Throughout Lactation as Affected by Gestational Protein 

Level  

 The present study assessed average daily methane emissions for 55 of the 140 lactating 

cows in the trial, which is a large sample size compared to previous studies of a similar nature. 

However, cows in the present study did not have constant access to the GreenFeed throughout 

lactation, as the two machines circulated through a group of eight or twelve cows, on pasture or 

in drylot respectively. Gestational MP supply influenced average daily methane production in a 

subset of 55 cows throughout lactation (P < 0.04; Table 20). Specifically, average daily methane 

production was lower for cows fed 100% MP requirements compared to the average methane 
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production by cows fed 90% or 110% MP requirements (P = 0.01; Contrast 1). When 

considering methane production in relation to DMI, the same pattern was observed. Cows fed the 

90% MP and 110% MP diets during gestation had greater methane production per kilogram of 

DMI over lactation than the cows fed the 100% MP diets during gestation (P < 0.01; Contrast 1). 

Additionally, cows fed the 90% MP diet during gestation produced more methane per kilogram 

of DMI during lactation than cows fed the 110% MP diet during gestation (P =0.03; Contrast 2). 

Williams et al. (2009) has demonstrated that most bacteria have an acclimatisation period of two 

to four weeks, but methanogens may take more than four weeks to adapt to dietary changes in 

the rumen environment. Although rations were altered throughout gestation and lactation, cows 

fed to 100% MP requirements were consistently fed to meet requirements from gestation and 

throughout lactation. In contrast, the cows fed to 90% or 110% MP requirements had to adjust to 

the same dietary differences as the cows fed to 100% MP requirements while adjusting to being 

fed to meet requirements, as opposed to below/above requirements. Perhaps the additional 

dietary adjustments required by cows fed at 90% or 110% MP contributed to greater average 

methane emissions for these groups compared to cows fed at 100% MP requirements. In 

addition, the present study did not assess methane production during gestation or prior to altering 

MP supply. Data on methane production prior to and during late gestation would be useful in 

determining if the differences observed throughout lactation were impacted by gestational 

protein supply or existed prior to the start of the trial.  

 It is important to note that current available research regarding average daily methane 

production varies significantly between studies and measurement techniques. Studies assessing 

methane emissions in dairy cattle have reported values for average daily methane emissions 

below and above those presented in the present study (Beauchemin et al., 2009; Moate et al., 
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2011; Aguerre et al., 2011). Cottle and Eckard (2018) used cluster and meta-analyses of reported 

methane yields in an attempt to determine an average value which could be utilized globally. 

These authors reported large variations for methane yields between countries, which prevented 

accurate prediction of a global average for methane yields from beef cattle. Inconsistencies in 

previously reported methane yields complicate interpretation of results from the present study. A 

greater understanding of factors which contribute to changes in enteric methane production is 

required.  

The results of the present study suggest that feeding MP above or below NASEM (2016) 

requirements during late gestation could have a lasting impact on rumen microbiota, resulting in 

differences in average daily methane emissions throughout lactation. Niu et al. (2016) reported 

differences in methane emissions between high and low forage diets, despite not observing a 

similar effect for dietary protein. These authors suggested ruminal volatile fatty acid (VFA) 

concentrations and proportions of VFA in the rumen may be associated with differences in 

enteric methane production. Differences in VFA primarily increased propionate formation and 

reduced acetate to propionate ratio in the low forage diet, and contributed to the reduction in 

methane emissions compared to the high forage diet. Reduced acetate formation would reduce 

the availability of hydrogen substrates for methane formation. It is difficult to determine whether 

differences in VFA concentrations and proportion are responsible for differences in methane 

emissions observed in the current study, as that information is not available. Xia et al. (2018) 

reported that propionate, acetate, and total VFA concentrations increased for weanling bulls fed 

14.2% CP (6% RDP) vs. 10.2% CP (4.2% RDP). Haro et al. (2018) utilized rumen fluid 

collected from sheep, and found that in vitro total VFA production did not differ between 13 or 

17% CP diets. However, the high protein diet was associated with lower VFA production at 24 
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hours of incubation compared to the low protein diet, which contradicts results by Xia et al. 

(2018). Furthermore, diets which included rumen protected protein had an increased proportion 

of propionate and lower methane production and methane to VFA ratio at 8 hours of incubation 

but not at 24 hours. Findings from Haro et al. (2018) indicated that differences in protein supply 

can alter VFA production and methane production on a short-term basis. Williams et al. (2009) 

hypothesized that differences in methane production could be associated with abundance of 

methanogens in the rumen. Rumen fluid was used to construct 16S rRNA gene libraries to 

identify phylotypes of bacterial and archaeal populations, including methanogens, in the rumen 

of 36 Merino wethers. Rumen fluid was also used to monitor changes in number of 

methanogens. Future studies may benefit from assessing parameters which may be linked to 

methane yield, such as production and proportions of VFAs and methanogen numbers.  

In the present study, use of the GreenFeed machine varied between cows, with some 

cows using the machine as often as allowed, and others rarely using the machine. Of the original 

subset of 60 lactating cows allowed to use the GreenFeed trailer, five cows chose not to use it at 

all, resulting in an imbalance in protein treatments across the reduced subset of 55 cows. 

Although this was accounted for in the statistical analysis of average daily methane emissions, 

increasing the number of times cows accessed the GreenFeed machine could reduce the inter-

cow variation and improve the accuracy of the results. Research examining methane production 

for dairy cattle found that eight sampling events staggered over three days to represent a 24-hour 

period produced accurate measurements with low variability (Hristov et al., 2015). Since 

methane emissions were not assessed prior to or during gestation when changes were made to 

MP supply, it is difficult to determine if the results observed in the present study were in 

response to protein supply or if the differences existed prior to altering protein supply. The 
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results of the present study indicate that supplying MP at 10% below/above NASEM (2016) 

requirements during late gestation increased average daily methane emissions throughout 

lactation in comparison to diets which were formulated to meet requirements. In order to 

understand the interaction between gestational protein supply and methane production 

throughout lactation, additional data are required. Future studies may benefit from collecting 

rumen fluid prior to altering protein supply, and periodically throughout the gestational and 

lactational treatment periods. Rumen fluid collection could be used to provide additional 

information regarding differences in quantity and diversity of methanogen population, as well as 

differences in concentrations and proportions of VFA.  

4.1.6 Calf Health Scores Throughout Lactation as Affected by Gestational Protein Level  

 It is important to note that eight pregnant cows included in the Collins (2019) study were 

removed from the present study. This included a total of 12 calf deaths, mostly from stillborn 

calves or deaths within the first 48 hours of birth. As a result, cow and calf data was not collected 

for these individuals, and they were removed from the present trial. For the 145 calves in the 

present trial, there was a mortality rate of 0% across all maternal treatments, after being assigned 

to pre-weaning management system (38  7.6 days old).  

Maternal gestational protein level did not impact calf fecal scores, joint scores, cough 

scores, or ear scores (P > 0.21; Table 21). Maternal gestational protein level influenced calf nasal 

scores and TRS (P < 0.04) and tended to affect calf eye scores (P < 0.06). Calves from dams fed 

100% MP requirements tended to have lower nasal scores than the average of the nasal scores for 

calves from dams supplemented to 90% or 110% MP requirements (P = 0.07; Contrast 1). Nasal 

scores tended to be greater for calves from dams fed 110% MP requirements vs. calves from 
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dams fed 90% MP requirements (P = 0.06; Contrast 2). Calves from dams fed 110% MP 

requirements had greater eye scores than calves from dams fed 90% MP requirements (P = 0.05; 

Contrast 2). TRS is a sum of eye, ear, nasal, and cough scores and was greater in calves from 

dams fed 110% MP requirements vs. calves from dams fed 90% MP requirements (P = 0.02; 

Contrast 2). While higher scores indicate poorer health, treatment differences for nasal and eye 

scores and TRS are of questionable biological significance, as the minute numerical differences 

in treatment means would not have been discernible on visual assessment. 

The potential for calf health status to be altered by maternal gestational protein level has 

not been well established. Most research examining fetal programming effects associated with 

maternal protein status have focused on calf growth, and more specifically, BW. However, some 

studies have assessed the effects of maternal nutrition on immunoglobulin G (IgG) 

concentrations in colostrum or calf serum. IgG, or more specifically IgG1, is the primary 

immunoglobulin associated with passive transfer of immunity in calves (Butler, 1969), and is 

often used as an objective assessment of neonatal health. When calves were assessed from dams 

fed to meet 57 to 100% of protein and energy requirements during the last 90 days of gestation, 

there was a trend for calves fed the colostrum from the nutrient restricted dams to have lower 

serum IgG concentrations (Hough et al., 1990). Similarly, Blecha et al. (1981) restricted protein 

intake of primiparous cattle (0.52 vs. 0.98 kg CP per day) during the last 100 days of gestation, 

and found that concentrations of IgG1, IgG2, and IgM in the colostrum and cow serum were 

unaffected by nutrient restriction. Calves were fed colostrum collected from these dams, and 

Blecha et al. (1981) reported that calves from protein restricted dams had lower serum 

concentrations of IgG1. This suggests that maternal protein restriction may have resulted in a 

selective decrease in absorption of IgG. Both Hough et al. (1990) and Blecha et al. (1981) 
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focused on IgG concentration in colostrum and serum soon after birth, within the first 36 hours. 

Additionally, both studies focused primarily on nutrient restriction. However, Quigley and 

Drewry (1998) suggest that while increasing maternal CP may increase the nonprotein portion of 

colostrum, CP and immunoglobulin concentrations in colostrum are generally unaffected.  

There appears to be limited research available which explores the effects of maternal 

protein status during gestation on subsequent progeny health on a long-term basis. Visual health 

assessments, such as the system utilized in the present study, offer a practical method for early 

diagnosis of several diseases. However, these methods are subjective, which could influence the 

accuracy of the results. While objective methods of assessing calf health, such as assessment of 

serum and colostrum immunoglobulin concentration, may be more accurate tools, these methods 

are less feasible due to the greater labour and economic requirements.  
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Table 15: Effects of Gestational Metabolizable Protein Level on Cow Body Weight (BW) and Average Daily Gain (ADG) 

during Lactation 

 Gestational Protein Level1 

 

  P-Values for Contrasts2 

Trait 90% MP 100% MP 110% MP S.E.3 P-Value 1 2 

Number of Cows4 47 48 45 - - - - 

BW at Calving (kg) 649.2 649.5 688.2 79.78 0.020 0.155 0.015 

BW Prior to Lactational 

Management System Allocation5 

(kg) 

686.6 687.3 687.5 8.15 

 

0.980 0.957 0.850 

BW at Weaning (kg) 690.7 692.2 687.1 29.06 0.811 0.628 0.658 

BW Change from Calving to 

Lactational Management System 

Allocation (kg) 

-11.4 

 

-9.5 

 

-8.2 

 

7.66 

 

0.824 0.954 0.538 

BW Change from Lactational 

Management System Allocation to 

Weaning (kg) 

12.5 11.0 7.0 4.90 0.720 0.835 0.431 

Total BW Change6 (kg) 4.4 4.7 0.9 5.83 0.875 0.761 0.672 

ADG from calving to weaning (kg/d) 0.03 0.03 0.01 0.036 0.899 0.820 0.683 

1Gestation Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein (MP) requirements 

(NASEM, 2016) for the third trimester of gestation. 

2Contrasts: 1 = Cows on 100% MP regimen vs. average of all cows on 110% MP and 90% MP regimens; 2 = Cows on 110% MP vs. 

90% MP regimens. 

3Standard error of treatment means. 

4Number of cows in each gestational protein nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

5All cows were weighed when they were assigned to either the pasture or drylot lactational management system. Cows were a 

minimum of 28 days postpartum at this time. 

6Total BW Change represents the change in cow weight over the entire lactation period from calving until weaning. 

  



 126 

Table 16: Effects of Maternal Gestational Protein Nutrition on Calf Body Weight (BW) and Average Daily Gain (ADG) 

 Maternal Gestational Protein Level1   P-Values for 

Contrasts2 

Trait 90% MP 100% MP 110% MP S.E.3 P-Value 1 2 

Number of Calves4 48 51 46 - - - - 

Birth Weight (kg) 38.4 38.9 40.5 1.44 0.191 0.568 0.084 

BW prior to allocation to pre-weaning 

management system5 (kg) 

82.3 82.1 81.5 1.18 0.888 0.911 0.635 

BW at Weaning (kg) 245.9 239.6 237.0 3.50 0.172 0.655 0.070 

BW gain from birth to pre-weaning 

management system allocation (kg) 

43.4 43.1 42.6 1.18 0.888 0.911 0.635 

BW gain from pre-weaning management 

system allocation to weaning (kg) 

163.4 157.6 155.5 2.88 0.126 0.587 0.051 

Total BW Gain6 (kg) 206.9 200.6 198.0 3.50 0.172 0.655 0.070 

ADG from birth to weaning (kg/d) 1.17 1.13 1.12 0.020 0.206 0.674 0.086 

1Maternal Gestational Protein Level includes: calves from cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein 

(MP) requirements (NASEM, 2016) for the third trimester of gestation. 

2Contrasts: 1 = Calves of cows on 100% MP regimens vs. average of all calves of cows on 110% MP or 90% MP regimens; 2 = 

Calves of cows on 110% MP regimens vs. calves of cows on 90% MP regimens.  

3Standard error of treatment means. 

4Number of calves from cows on each gestational protein nutrition regimen evaluated from birth until weaning (2018). 

5All calves were weighed when they were assigned to either the pasture or drylot pre-weaning management system. Calves were at 

least 28 days old at this time. 

6Calf Total Gain represents the change in calf weight from birth until weaning. 
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Table 17: Effects of Gestational Protein Nutrition on Cow Body Condition Score (BCS), and Ultrasound Assessment of Rib 

Fat Depth, Rump Fat Depth, and Longissimus Muscle Area (LMA) during Lactation 

 Gestational Protein Level1 

 

  P-Values for Contrasts2 

Trait 90% MP 100% MP 110% MP S.E.3 P-Value 1 2 

Number of Cows4 47 48 45 - - - - 

Initial BCS5 3.33 3.31 3.48 0.466 0.295 0.352 0.206 

BCS at Weaning 3.38 3.32 3.38 0.311 0.795 0.499 0.977 

Total Change in BCS6 0.08 0.01 -0.10 0.186 0.251 0.838 0.099 

Initial Rump Fat Depth5 (mm) 11.2 11.1 9.4 0.69 0.108 0.297 0.062 

Rump Fat Depth at Weaning (mm) 10.8 11.0 8.5 0.83 0.058 0.178 0.044 

Total Change in Rump Fat Depth6 (mm) -0.5 -0.3 -1.0 0.62 0.454 0.367 0.364 

Average Rump Fat Depth7 (mm) 10.6 10.7 8.6 0.73 0.074 0.218 0.050 

Initial Rib Fat Depth5 (mm) 8.2 8.8 7.3 0.44 0.058 0.052 0.147 

Rib Fat Depth at Weaning (mm) 7.9 8.2 6.7 0.52 0.095 0.124 0.113 

Total Change in Rib Fat Depth6 (mm) -0.3 -0.5 -0.6 0.32 0.761 0.837 0.483 

Average Rib Fat Depth7 (mm) 7.9 8.3 6.9 0.46 0.077 0.101 0.107 

Initial LMA5 (cm2) 86.9 84.0 85.6 1.78 0.149 0.085 0.389 

LMA at weaning (cm2) 89.3 85.6 88.0 2.76 0.080 0.036 0.460 

Total Change in LMA6 (cm2) 2.3 1.8 2.4 1.32 0.880 0.616 0.941 

Average LMA7 (cm2) 87.3 84.0 86.0 2.19 0.065 0.034 0.369 

1Gestation Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein (MP) requirements 

(NASEM, 2016) for the third trimester of gestation. 

2Contrasts: 1 = Cows on 100% MP regimen vs. average of all cows on 110% MP and 90% MP regimens; 2 = Cows on 110% MP vs. 

90% MP regimens. 

3Standard error of treatment means. 

4Number of cows in each gestational protein nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

5Initial BCS, Rump Fat Depth, Rib Fat Depth and LMA measurements were measured when cows were assigned to either the pasture 

or drylot lactational management system. Cows were a minimum of 28 days post-calving at this time.  

6Total Change in BCS, Rump Fat Depth, Rib Fat Depth, and LMA measurements were determined by subtracting the weaning 

measurements from the initial measurements for BCS, rump fat depth, rib fat depth, and LMA.  

7Average Rump Fat Depth, Rib Fat Depth, and LMA measurements was determined from the analysis of all three ultrasound images 

captured for each cow. 
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Table 18: Effects of Gestational Protein Nutrition on Cow Dry Matter Intake (DMI) and Feed Efficiency during Lactation 

 Gestational Protein Level1 

 

  P-Values for Contrasts2 

Trait 90% MP 100% MP 110% MP S.E.3 P-Value 1 2 

Number of Cows4 47 48 45 - - - - 

DMI for Drylot Cows (kg/d) 15.3 17.1 17.0 0.61 0.058 0.195 0.053 

Estimated DMI for Pasture Cows5 

(kg/d) 

8.9 8.7 8.8 0.21 0.359 0.157 0.865 

FCR Drylot Cows6 29.26 12.69 75.17 74.372 0.766 0.589 0.605 

FCR Pasture Cows6  14.70 1.66 105.88 68.693 0.513 0.486 0.353 

1Gestation Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein (MP) requirements 

(NASEM, 2016) for the third trimester of gestation. 

2Contrasts: 1 = Cows on 100% MP regimen vs. average of all cows on 110% MP and 90% MP regimens; 2 = Cows on 110% MP vs. 

90% MP regimens. 

3Standard error of treatment means. 

4Number of cows in each gestational protein nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

5DMI of cows rotationally grazed on pasture during lactation was approximated using BW and ADG (DMI= [1.185 + 0.00454BW -

0.0000026BW2 + 0.315ADG]2) (Minson and McDonald, 1987). 

6FCR for drylot and pasture cows represents the kilograms of feed required to achieve one kilogram of body weight gain. Due to 

differences in calculating DMI between drylot and pasture cows, FCR was calculated and analyzed separately for cows managed in 

drylot or on pasture throughout lactation. 
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Table 19: Effect of Gestational Protein Level on Cow Conception Rate and Serum Metabolite Concentrations during 

Lactation 

 Gestational Protein Level1   P-Values for Contrasts2 

Trait 90% MP 100% MP 110% MP S.E.3 P-Value 1 2 

Number of Cows4 47 48 45 - - - - 

Conception Rate5 (%) 74.47 77.08 64.44 - 0.999 0.989 0.981 

 

Calcium (mmol/L)  2.28 2.32 2.30 0.027 0.331 0.229 0.409 

Phosphorous (mmol/L) 2.09 2.13 2.10 0.059 0.805 0.514 0.946 

Calcium Phosphorous Ratio 1.12 1.12 1.13 0.051 0.959 0.842 0.829 

Magnesium (mmol/L)  0.89 0.91 0.89 0.010 0.313 0.128 0.977 

Chloride (mmol/L)  97.16 97.40 97.33 0.530 0.941 0.803 0.814 

Sodium (mmol/L)  138.11 139.12 138.34 0.790 0.623 0.346 0.837 

Potassium (mmol/L)  4.66 4.68 4.67 0.042 0.971 0.809 0.975 

Sodium Potassium Ratio 29.73 29.92 29.87 0.222 0.806 0.656 0.641 

Calculated Osmolality 272.81 274.40 273.09 1.566 0.733 0.440 0.897 

AST (U/L) 66.04 68.62 68.23 2.132 0.620 0.550 0.451 

GGT (U/L) 17.65 16.94 18.49 1.759 0.373 0.227 0.445 

GLDH (U/L) 13.10 10.16 11.48 1.575 0.391 0.257 0.462 

BHBA (umol/L) 322.50 315.37 310.90 9.129 0.654 0.904 0.364 

NEFA (mmol/L) 0.28 0.29 0.26 0.016 0.464 0.447 0.316 

Glucose (mmol/L)  3.97 3.86 3.96 0.048 0.192 0.072 0.842 

Cholesterol (mmol/L) 3.48 3.48 3.46 0.107 0.980 0.949 0.847 

Total Protein (g/L) 69.18 69.33 70.18 2.092 0.529 0.663 0.289 

Albumin (g/L) 35.07 35.36 34.71 0.833 0.419 0.261 0.462 

Globulin (g/L)  34.16 34.04 35.51 1.283 0.089 0.198 0.066 

Haptoglobin (g/L) 0.16 0.18 0.17 0.016 0.696 0.418 0.815 

Albumin Globulin Ratio 1.04 1.05 0.99 0.017 0.033 0.084 0.043 

Urea (mmol/L)  3.20 3.10 3.15 0.074 0.631 0.398 0.670 

1Gestation Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein (MP) requirements 

(NASEM, 2016) for the third trimester of gestation. 
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2Contrasts: 1 = Cows on 100% MP regimen vs. average of all cows on 110% MP and 90% MP regimens; 2 = Cows on 110% MP vs. 

90% MP regimens. 

3Standard error of treatment means. 

4Number of cows in each gestational protein nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

5Conception Rate was analyzed as a binary logistic regression, producing an odds ratio, as a result LSM and S.E. values are 

unavailable. The percentage presented represents the proportion of cows which were confirmed pregnant after a maximum of two 

services. 17.02% of 90% MP cows, 14.58% of 100% MP cows, and 15.56% of 110% MP cows were not pregnant after two services. 

Breeding was not attempted on 8.51% of 90% MP cows, 8.33% of 100% MP cows, and 20.00% of 110% MP cows. 
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Table 20: Effect of Gestational Protein Level on Average Daily Methane Emissions for a Subset of Lactating Cows during 

Lactation 

 Gestational Protein Level1 

 

  P-Values for Contrasts2 

Trait 90% MP 100% MP 110% MP S.E.3 P-Value 1 2 

Number of Cows4 18 18 19 - - - - 

Average Daily Methane Emissions5 (g/d) 298.1 267.2 293.7 9.38 0.037 0.011 0.731 

Average Methane Produced per unit of 

Dry Matter Intake (g/kg) 

33.0 24.2 27.9 1.67 <0.001 0.001 0.031 

1Gestation Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein (MP) requirements 

(NASEM, 2016) for the third trimester of gestation. 

2Contrasts: 1 = Cows on 100% MP regimen vs. average of all cows on 110% MP and 90% MP regimens; 2 = Cows on 110% MP vs. 

90% MP regimens. 

3Standard error of treatment means. 

4Number of cows in each gestational protein nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

This is representative of the 55 cows who utilized the GreenFeed machine, and does not include the 5 (2 90% MP, 2 100% MP, 1 

110% MP) cows which had access to the GreenFeed system but did not utilize the machine. 

5Average Daily Methane Emissions represents the analysis of the repeated measures of daily methane emissions over lactation, 

which includes daily average methane emissions. This was calculated by dividing each cow’s daily emissions by the corresponding 

number of visits to the GreenFeed machine for each measurement date.  
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Table 21: Effects of Maternal Gestational Protein Nutrition on Visual Assessments of Calf Health  

 Maternal Gestational Protein Level1   P-Values for Contrasts2 

Trait 90% MP 100% MP 110% MP S.E.3 P-Value 1 2 

Number of Calves4 48 51 46 - - - - 

Eye Scores5 1.34 1.33 1.42 0.032 0.058 0.164 0.050 

Ear Scores6 0.01 0.02 0.01 0.006 0.836 0.554 0.925 

Nasal Scores7 1.46 1.44 1.52 0.031 0.032 0.065 0.062 

Cough Scores8 0.17 0.20 0.19 0.022 0.505 0.420 0.403 

Total Respiratory Scores9 2.98 2.98 3.15 0.052 0.034 0.187 0.024 

Joint Scores10 0.01 0.01 0.00 0.006 0.671 0.748 0.403 

Fecal Scores11 0.49 0.35 0.43 0.061 0.215 0.109 0.491 

1Maternal Gestational Protein Level includes: calves from cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein (MP) 

requirements (NASEM, 2016) for the third trimester of gestation. 

2Contrasts: 1 = Calves of cows on 100% MP regimens vs. average of all calves of cows on 110% MP or 90% MP regimens; 2 = Calves of 

cows on 110% MP regimens vs. calves of cows on 90% MP regimens.  

3Standard error of treatment means. 

4Number of calves from cows on each gestational protein nutrition regimen evaluated from birth until weaning (2018). 

5Eye scores ranged from 0 to 3: 0 = no visible discharge; 1 = unilateral/bilateral clear discharge or crust in corners of one/both eyes; 2 = 

unilateral/bilateral cloudy/opaque discharge, crust around one/both eyes, or excessive amounts of clear discharge bilaterally; 3 = copious 

amounts of unilateral/bilateral discharge or excessive crust around one/both eyes. 

6Ear scores ranged from 0 to 3: 0 = both ears alert and even; 1 = unilateral ear droop; 2 = bilateral ear droop, ears do not perk up; 3 = 

severe bilateral ear droop, head hung low, ears do not perk up, may include a head tilt. 

7Nasal scores ranged from 0 to 3: 0 = no visible discharge; 1 = unilateral/bilateral clear discharge or crust around nostrils; 2 = 

unilateral/bilateral cloudy/opaque discharge; 3 = copious amounts of unilateral/bilateral cloudy/opaque discharge. 

8Cough scores ranged from 0 to 3: 0 = no audible coughing; 1 = single cough heard; 2 = few repeated coughs heard, including multiple 

bouts of a few coughs; 3 = multiple repeated coughs heard without cessation.  

9Total Respiratory Scores refers to the sum of eye, ear, nasal, and cough scores and can range from 0 to 12. 

10Joint scores ranged from 0 to 3: 0 = joint appears normal, no swelling or warmth (if palpated); 1 = slight swelling, not warm (if palpated); 

2 = moderate swelling with heat (if palpated); 3 = swelling with obvious visible pain, heat (if palpated), or dislocation.  

11Fecal scores ranged from 0 to 3: 0 = feces not seen on calf, feces appear normal; 1 = some fresh/pasty manure or excess amounts of dried 

manure seen on calf, feces appear semi-formed/pasty; 2 = excess dried or pasty manure seen on calf, feces appear loose but stay on top of 

bedding; 3 = copious amounts of pasty manure seen on calf or blood visible in manure, feces are watery and sift through the bedding.   
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4.2 Effects of Gestational RPM Supplementation on Cow Growth, Reproductive 

Performance and Methane Emissions, and Calf Growth and Health Performance 

 Methionine is well established as the first limiting amino acid in diets of forage-fed 

ruminants. Providing methionine in a rumen protected form increases absorption of methionine 

in the small intestine and subsequent utilization by body tissues. RPM supplements have gained 

popularity within the dairy and beef industries, although the full spectrum of dosages and their 

effects have not been fully explored. The present trial attempted to investigate the relationship 

between RPM supplementation during gestation and the subsequent effects on cow-calf pairs 

from birth to weaning. The following sections will detail the specific impacts of gestational RPM 

supplementation on cow growth, reproductive performance, and methane emissions, as well as 

calf growth and health performance.  

4.2.1 Cow and Calf Body Weights and Average Daily Gain Throughout Lactation as 

Affected by Gestational RPM Supplementation   

RPM Supplementation during gestation did not impact cow BW at calving, LMS 

allocation, and weaning (P > 0.39; Table 22). Similarly, changes in cow BW throughout lactation 

and ADG from calving to weaning were not affected by gestational RPM supplementation (P > 

0.31). The majority of research aimed at assessing the role of methionine on animal performance 

has focused on calf performance and dam milk production, with limited research focused on dam 

BW during lactation. However, the results from previously studies are generally in agreement 

with results from the present study. Jacometo et al. (2016) reported that feeding RPM at 0.08% 

of diet DM per day from 21 days prepartum to 30 days postpartum, did not alter cow BW during 

the feeding period. Similarly, BW was unaffected between non-supplemented ewes and ewes 

supplemented with RPM at a group rate of 6.3 g/ewe/day from day 111 of gestation to 7 days 

post-partum (Liu et al., 2016). Liu et al. (2016) suggested that this may have been the result of 
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the supplementation regimen, but could have also been attributed to the complexity of the 

various nutritional and hormonal factors that are associated with growth performance 

immediately prior to parturition. Clements et al. (2017) supplemented 214 gestating fall-calving 

Angus by Simmental crosses with(without) 10 g of a methionine hydroxy analog from 23 days 

pre-calving, past estimated-peak lactation until 73 days post-calving. Cow BW during the 

feeding period and after the feeding period (at time of breeding, pregnancy checking, and 

weaning) was unaffected by supplementation of the methionine hydroxy analog. The authors 

found that cow BW generally decreased over lactation for both supplemented and non-

supplemented cows. This was attributed to declining forage quality over time which limited 

available energy. For the present trial, gestation diets were formulated to be isocaloric, regardless 

of protein supply or RPM supplementation (Collins, 2019).  

 In addition to methionine, lysine is commonly included as one of the primary limiting 

amino acids in a ruminant diet. Oney et al. (2016) assessed the impacts of RPM and RPL 

supplementation on performance of feedlot steers in the finishing phase of production. Steers 

received either no supplement, 8 g/d of supplemental RPM, or 8 g/d of supplemental RPM and 

12 g/d of supplemental RPL. There were no treatment effects on BW and ADG, although 

marbling score was reduced when RPM was supplemented without RPL. Further research is 

required to understand the underlying mechanisms associated with methionine’s role in 

metabolism and subsequent changes in performance.  

Maternal RPM supplementation also did not affect calf birth weights, calf BW at time of 

LMS allocation or at weaning, total gain in BW throughout the pre-weaning period, or ADG 

from birth to weaning (P > 0.30; Table 23). These results are not consistent with findings 
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reported by Batistel et al. (2017), in which maternal RPM supplementation (0.9g/kg DM) 28 

days prior to calving resulted in heavier calf birth weights compared to calves from non-

supplemented Holstein dams. Unlike the present study, Batistel et al. (2017) did not follow the 

calves through weaning. However, Batistel et al. (2017) hypothesized that the heavier birth 

weights for calves from supplemented dams were associated with increased feed intakes for 

RPM supplemented dams, which improved placental delivery of methionine and other nutrients. 

In the present study, DMI for cows managed on pasture and in drylot did not differ over 

lactation, regardless of RPM supplementation during gestation (P > 0.42; Table 25). This may 

explain the discrepancies in the results of maternal RPM supplementation on calf birth weight 

between the two studies. Liu et al. (2016) found that RPM supplemented ewes produced lambs 

with heavier birth weights than non-supplemented ewes, although the response did not persist 

when lambs reached one month of age. Liu et al. (2016) suggested that the lack of a persistent 

effect on lamb BW may have been a result of terminating ewe supplementation one-week post-

partum. However, findings from Alharthi et al. (2018) suggest that this may not be the case. 

Alharthi et al. (2018) fed pregnant Holsteins fed a basal diet with(without) RPM supplementation 

(0.09% of the diet) 28 days prior to calving. Calves were separated from their dams at birth and 

allocated to either supplemented or non-supplemented dams. This resulted in four treatments: 

calves from non-supplemented dams receiving colostrum from non-supplemented dams, calves 

from non-supplemented dams receiving colostrum from RPM supplemented dams, calves from 

RPM supplemented dams receiving colostrum from non-supplemented dams, or calves from 

RPM supplemented dams receiving colostrum from RPM supplemented dams. Similar to Batistel 

et al. (2017), Alharthi et al. (2018) reported that calves from RPM supplemented dams were 

larger at birth based on heavier BW and greater measurements of hip height and wither height. 
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Regardless of colostrum source, calves from RPM supplemented dams maintained these greater 

height and weight measurements at nine weeks of age, along with greater ADG during the first 

nine weeks of life. As with Batistel et al. (2017), Alharthi et al. (2018) reported that RPM 

supplemented dams had greater DMI during the feeding period. However, Alharthi et al. (2018) 

suggested that the increase in maternal DMI would not be sufficient to entirely support the 

increase in calf birth weights. Instead, Alharthi et al. (2018) suggested that the utero-placental 

effects associated with maternal RPM supplementation played a mechanistic role in altering calf 

growth, however, the underlying mechanisms remain unknown.  

Gestational RPM supplementation has previously been associated with greater liver 

function and immune response in lactating dairy cattle (Jacometo et al., 2016). Jacometo et al. 

(2016, 2017) reported increased gene abundance and upregulation of genes associated with 

methionine, choline, and homocysteine metabolism for calves from RPM supplemented dams 

(0.08% of diet DM/d from 21 days prepartum to 30 days postpartum). However, calf growth was 

unaffected by maternal RPM supplementation. Hess et al. (1998) attempted to assess the effects 

of rumen protected amino acid supplementation (RPM and RPL) on performance and 

metabolism of cow-calf pairs. As observed in the present study and Jacometo et al. (2016), Hess 

et al. (1998) found calf growth performance was unaffected by maternal diet.  

The results of the present study indicate that RPM supplementation alone was not capable 

of altering growth performance of cow-calf pairs in terms of BW and rate of gain. Previous 

research aimed at assessing the effects of methionine supplementation on growth performance of 

cow-calf pairs has yielded conflicting results. The variation in results was predominantly 

associated with differences in reported maternal DMI, although this data was not consistently 
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collected across all studies. Additionally, supplementation strategies in terms of type of 

methionine used, dosage, and duration of supplementation differ vastly from study to study. 

Future studies may benefit from assessing differences in dosages and duration of administration. 

Due to methionine’s role in several metabolic cycles and cell-signalling pathways, such as 

mTOR, there is a continued need for research to explore the underlying mechanisms associated 

with growth performance.  

4.2.2 Cow Body Condition Throughout Lactation as Affected by Gestational RPM 

Supplementation  

 RPM supplementation during late gestation did not impact cow BCS assessed at time of 

LMS or at weaning or the total change in BCS over lactation (P > 0.19; Table 24). Initial 

ultrasound measurements of LMA, taken at LMS allocation, were greater for -RPM cows 

compared to +RPM cows (P = 0.04). There was also a trend for initial ultrasound measurements 

of rib and rump fat depths to be greater for -RPM cows vs. +RPM cows (P < 0.06). It is unclear 

whether or not these trends existed during the gestation phase of the trial, or occurred between 

calving and LMS allocation. Measurements of rib and rump fat depths, and LMA at weaning 

were not impacted by gestational RPM supplementation (P > 0.14; Table 24). Average 

measurements for LMA and rump fat depth were not influenced by gestational RPM 

supplementation (P > 0.15; Table 24), while gestational RPM supplementation tended to 

decrease average rib fat depth (P < 0.10). However, this difference is of questionable biological 

significance. As previously mentioned in section 4.1.2, the total change in ultrasound-generated 

measurements of body condition are likely more accurate measurements, as they better account 

for inter-animal variation. While gestational RPM supplementation did not impact total changes 
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in rump and rib fat depths (P > 0.18), total change in LMA over lactation was greater for +RPM 

cows (P < 0.01). 

Traditionally, research has assessed body condition for lactating cows using visual and 

tactile body scoring assessment methods. In the case of BCS, previous research is generally in 

agreement with results from the present study. Clements et al. (2017) reported that feeding 10 g 

per day of a methionine hydroxy analog from 23 days prepartum to 73 days postpartum did not 

affect BCS during this period or after supplementation, at time of AI, post-AI pregnancy check, 

or at weaning. This was expected by Clements et al. (2017), who hypothesized that 

supplementation of the methionine hydroxy analog would primarily alter parameters associated 

with milk production, reproductive success, and calf growth. Jacometo et al. (2016) also reported 

no difference in BCS when feeding RPM (0.08% of the diet) from 21 days prepartum until 30 

days postpartum. While Ordway et al. (2009) compared different sources of RPM, namely 

MetaSmart and Smartamine M. Ordway et al. (2009) reported that BCS during gestation did not 

differ between non-supplemented Holstein cows and those fed either of the RPM supplements. 

However, BCS during lactation was greater for MetaSmart supplemented cows vs. cows fed the 

control or Smartamine M supplemented diets. Postpartum DMI may have contributed to 

differences in BCS, as DMI was greatest for the MetaSmart supplemented cows compared to 

cows fed the control and Smartamine M diets. The effect on DMI was important as all diets were 

found to be deficient in metabolizable energy, but the MetaSmart diet provided the greatest 

amount of metabolizable energy. Although the present study did not perform a retrospective 

analysis of differences in energy balance between the gestational treatment diets, it is important 

to note that the gestational phase of this trial used Smartamine M as the RPM supplement during 

gestation, and all diets were formulated to be isocaloric.  
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Despite study-to-study differences in methodology, including supplementation amount 

and strategy, methionine supplementation during gestation generally has not been found to 

impact cow BCS. Methionine supplementation may impact animal performance in other ways, 

such as altering fat depth or muscle area, as previously described. As previously mentioned, 

Sloniewski et al. (2004) demonstrated that regardless of breed, parity, or dietary energy level, 

LMA generally decreases for the first 30 to 60 days of lactation, followed by a steady increase 

for the remainder of lactation. Sloniewski et al. (2004) hypothesized that this pattern was 

associated with the animal’s energy balance. The difference in the total change in LMA between 

+RPM and -RPM cows (Table 24) could indicate a compensatory growth effect or decreased 

utilization of muscle to meet energy needs. Initial measurements of LMA for +RPM cows were 

lower than values for -RPM cows, while weaning LMA measurements were slightly larger for 

+RPM cows vs. -RPM cows. Similar to the present study, Tripp et al. (1998) reported a similar 

effect of methionine on LMA for feedlot cattle. LMA tended to increase over a 90-day trial 

period, for RPM supplemented cattle vs. non-supplemented cattle. Similar to the present trial, 

Tripp et al. (1998) did not report a difference in fat depth between supplemented and non-

supplemented cattle. Additional research is required to fully understand the mechanistic actions 

of methionine supplementation during gestation on dam body condition and composition 

throughout lactation.  

 Results from the present study suggest that BCS throughout lactation was not altered 

based on RPM supplementation during the last eight weeks of gestation. Despite initial 

differences in ultrasound assessments for fat depth between treatment groups, gestational RPM 

supplementation alone was insufficient for altering fat depths over the course of lactation. 

However, LMA results suggest that RPM supplementation during late gestation could have a 
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compensatory effect during lactation, allowing dams to make up for reduced muscle growth 

occurring during gestation. Since data for ultrasound assessments of body composition at calving 

are not available for the present study, it is difficult to determine if differences in initial 

measurements of body composition were the result of gestational RPM supplementation or 

existed prior to the supplementation period and are due to significant variation in BCS between 

the two treatment groups. In the case of the former being true, greater research is required to 

understand methionine’s role in dam performance within the first 30 days of lactation. Variation 

in methodology amongst previous research, particularly supplementation strategy in terms of 

dosage, product, and duration, complicate comparison of current data. Greater research is 

required to determine appropriate and optimal supplementation strategies for pregnant beef 

cattle, as the majority of research focuses on the dairy industry. There is much that remains 

unknown regarding the mechanistic actions of methionine in metabolism and animal 

performance. 

4.2.3 Cow Feed Intake and Efficiency Throughout Lactation as Affected by Gestational 

RPM Supplementation 

 As previously mentioned, calculation methods for DMI differed based on LMS, thus 

requiring feed intake and efficiency to be analysed separately for cows managed in drylot or on 

pasture. Results from the present study indicated that gestational RPM supplementation did not 

influence lactational DMI, regardless of management system (P > 0.42; Table 25). However, as 

was observed for DMI data in Table 18, pasture cows appeared to consume significantly less 

feed than drylot cows, regardless of gestational RPM supplementation. As discussed in section 

4.1.3, calculations for DMI of DL cows were more precise than the estimation method used to 

assess DMI of PAS cows. In addition, there was variability in nutrient quality and nutrient 
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content amongst the subset of fields sampled during the second grazing cycle (Table 7). Nutrient 

quality and content of the forage likely deteriorated as lactation proceeded. This is supported by 

differences in botanical composition between the second and third grazing cycles reported in 

Appendix Table 1.  

In general, there is a lack of research available which has assessed the effects of 

gestational RPM supplementation on DMI throughout lactation, after supplementation has 

ceased. Most research focuses on feed intakes during the supplementation period. Past studies 

have found that RPM supplementation increased DMI by 1.1 to 1.3 kg/d (Batistel et al., 2017; 

Jacometo et al., 2017; Alharthi et al. 2018). These studies utilized relatively similar RPM 

supplementation strategies as one another, including dosages and supplementation periods. This 

resulted in almost identical increases in DMI for RPM supplemented cows vs. non-supplemented 

cows during the feeding period of these trials. Furthermore, all three studies described an 

increase in calf growth performance, in terms of BW or ADG, for progeny from RPM 

supplemented dams which was attributed to the increases in DMI for RPM supplemented dams. 

While the increase in DMI for RPM supplemented cows may have occurred in response to 

increased fetal growth, this is not likely, as the duration of RPM supplementation was relatively 

short in the studies by Alharthi et al. (2018) and Jacometo et al. (2017). In addition, it is unlikely 

that an increase in fetal growth was responsible for the increased DMI of the supplemented cows 

in the Jacometo et al. (2017) study, as RPM supplementation occurred both prepartum and 

postpartum, with DMI measurements occurring during both these periods. Regardless, these 

three cited studies did not extensively explore the potential role of methionine in increasing cow 

DMI.  
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 In contrast to past studies (Batistel et al., 2017; Jacometo et al., 2017; Alharthi et al. 

2018), Papas et al. (1984) did not observe a difference in DMI, BW, or milk yield when 

multiparous Holstein cows were supplemented with varying amounts of RPM during early 

lactation. Similarly, Donkin et al. (1989) did not observe differences in DMI or milk production 

between mid-lactation Holstein cows supplemented daily with(without) RPM and RPL pellets 

designed to deliver 15 g of DL-methionine and 40 g of L-Lysine. Both Donkin et al. (1989) and 

Collins (2019) reported that RPM supplementation did not affect most digestibility parameters. 

In the Collins (2019) study, DM digestibility and digestible energy were an exception to this, as 

both were reduced in response to RPM supplementation. Despite this, DMI during gestation was 

unaffected by RPM supplementation.  

Alharthi et al. (2018) and Jacometo et al. (2017) did not observe any differences in cow 

BW with RPM supplementation, despite the increase in DMI. This would imply reduced feed 

efficiency for RPM supplemented cows. In contrast, Papas et al. (1984) did not report values for 

ADG or FCR, but did not observe changes in DMI, cow BW, or milk production, suggesting that 

efficiency did not differ based on RPM supplementation. In the present study, FCR was assessed 

within each management system due to the differences in calculation methods for DMI between 

the two LMS. RPM supplementation did not affect FCR for cows managed in either drylot or on 

pasture throughout lactation (P > 0.26; Table 25). However, there were numerical differences in 

FCR between +RPM and -RPM cows within each system (Table 25), but these differences 

lacked consistency amongst the RPM treatments and across the two LMS. Gestational RPM 

supplementation likely did not impact FCR throughout lactation due to similarities in DMI (P > 

0.42; Table 25) and ADG (P = 0.34; Table 22) observed between the +RPM and -RPM cows. 

Treatment means for ADG for both +RPM and -RPM cows were close to zero. Dividing DMI by 
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ADG values close to zero can be problematic and is likely responsible for the large variation in 

the least square means and standard error of the means observed for FCR. The large variation in 

FCR values between RPM treatment groups may also be associated with inter-animal variation 

in BW, genetics, age, and parity. The significant inter-animal variation in BW in the herd used in 

the present trial would have carried over into calculations for both ADG and FCR. As previously 

mentioned, parity can complicate analysis for FCR, as primiparous cows are still growing. While 

FCR can be a useful tool for assessing efficiency in growing feedlot animals, there are 

complications associated with using FCR as a measure of efficiency for lactating cows of 

varying maturity in a non-homogenous herd. Lactation is a nutritionally demanding period of 

production, which generally results in weight loss, especially during early lactation. This can 

result in negative values for FCR calculations. Although accurate methods for assessing 

efficiency play an integral role in optimizing and improving production, parameters other than 

FCR, such as DMI and ADG, may provide more accurate information for cow-calf herds. 

4.2.4 Cow Conception Rate and Concentration of Serum Metabolites Throughout 

Lactation as Affected by Gestational RPM Supplementation 

 Gestational RPM supplementation, at a rate of 9 g per day eight weeks prior to calving, 

did not impact cow conception rate during lactation (P = 0.97; Table 26). This was to be 

expected, considering gestational RPM supplementation did not alter several of the performance 

parameters assessed in the present study, such as BW, ADG, BCS, DMI, or FCR. For cows in 

the present study, Collins (2019) reported that gestational RPM supplementation treatment 

averages for BCS at calving were 3.9  0.06 for both +RPM and -RPM cows. This is slightly 

above the optimal range described by Morrison et al. (1999), however, the initial BCS reported 

in the lactation phase of the trial (38  7.6 DIL), was within the optimal range, at 3.43 and 3.32 ± 
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0.464, for +RPM and -RPM cows respectively (Table 24). Considering the overall lack of 

treatment differences in BCS prior to calving and throughout lactation between +RPM and -RPM 

cows, it is not surprising that conception rate did not differ based on gestational RPM 

supplementation.  

 The results of the Clements et al. (2017) study are in agreement with the present study 

regarding reproductive performance. Clements et al. (2017) reported that AI conception rate and 

overall pregnancy rate did not differ between non-supplemented cows and cows supplemented 

with a methionine hydroxy analog through late gestation and early lactation. Clements et al. 

(2017) indicated that the similarities in pregnancy rate between treatment groups may be due to 

nutritional deficiencies experienced by all cows at breeding, regardless of supplementation 

status. Unfortunately, the present study did not assess specific performance parameters such as 

BW, BCS, or concentrations of various serum metabolites at each breeding attempt. This makes 

it difficult to determine if the lack of an effect for RPM supplementation on conception rate is a 

result of nutrient deficiencies for both +RPM and -RPM cows, as was observed in the Clements 

et al. (2017) study. Assessing the nutrient status of the cattle at breeding is also complicated by 

the use of two different management systems in the present study, and subsequent differences in 

diets consumed over lactation. Toledo et al. (2017) also found RPM supplementation for 

Holstein cows did not affect synchronicity or pregnancy status. However, there was a trend for 

lower pregnancy losses between 28 and 61 days, and between 32 and 61 days post-AI for RPM 

supplemented cows compared to non-supplemented cows. Toledo et al. (2017) attributed this to 

effects of RPM supplementation on embryonic gene expression, specifically involving genes 

related to immune response and development. The Toledo et al. (2017) study emphasizes the 
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need for future research to focus on the underlying mechanisms of methionine in not only 

metabolic pathways, but also the role it plays in DNA methylation and gene expression.  

The effects of gestational RPM supplementation on the average of serum concentrations 

for various metabolites throughout lactation are presented in Table 26. Serum concentration of 

minerals and electrolytes, and calculated osmolality throughout lactation did not differ based on 

gestational RPM supplementation (P > 0.25). Serum concentrations for liver and muscle 

enzymes (AST, GGT, GLDH) throughout lactation were also unaffected by gestational RPM 

supplementation (P > 0.24). Serum concentrations of glucose and BHBA over lactation did not 

differ between +RPM and -RPM cows (P ≥ 0.41; Table 26). In contrast, cholesterol 

concentrations were elevated in -RPM cows compared to +RPM cows (P = 0.05), while NEFA 

concentrations tended to be greater for -RPM cows compared to +RPM cows (P = 0.09). NEFA 

concentrations are reflective of lipolysis, and may indicate mobilization of body fat stores, which 

suggests energy intake did not meet requirements (Hart et al., 1975). Serum cholesterol 

concentrations are reflective of liver function, and increased levels suggest improved 

functionality (Lopes et al., 2019). However, these results for serum NEFA and cholesterol 

concentrations are not in agreement with previous research. Gao et al. (2008) found that 

cholesterol and NEFA levels were not affected by RPM supplementation for Holstein cows in a 

4 × 4 Latin square, where the four treatments included no supplementation, RPM 

supplementation at 25 g per day, niacin supplementation at 6 g/d, or both RPM and niacin 

supplementation. Gao et al. (2008) reported a reduction in glucose concentrations due to RPM 

supplementation. This was attributed to an increase in amount of fat corrected milk produced by 

the RPM supplemented cows. Liker et al. (2005) observed similar results as Gao et al. (2008) for 

glucose and cholesterol concentrations when beef cows were fed with(without) 15 g/d of a RPM 
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supplement in the third trimester of gestation. Lower glucose concentrations for RPM 

supplemented cows were reported at 68 and 34 days prepartum, but this effect did not persist at 

one day prior to parturition. Liker et al. (2005) attributed treatment differences in glucose 

concentrations to be due to a methionine deficiency in non-supplemented cows, which increased 

levels of glucocorticoids, resulting in an increase in glucose concentration for non-supplemented 

cows. The variation in results between the present study and the Liker et al. (2005) study, 

specifically related to glucose concentrations, may result from differences in stage of production 

(gestating versus lactating) between studies. Direct comparison of the results between studies is 

difficult as Liker et al. (2005) assessed serum metabolite concentrations during the 

supplementation period, whereas the present study assessed concentration for several months 

after supplementation had ceased. It is unclear why differences were observed between -RPM 

and +RPM cows for serum cholesterol and NEFA concentrations in the present study but were 

not reported in previous studies. Generally, ADG, and changes in BW and body condition did 

not differ based on RPM supplementation, so -RPM cows were not expected to be in a greater 

state of negative energy balance than +RPM cows. These differences in NEFA and cholesterol 

concentrations between +RPM and -RPM cows are of questionable biological significance. 

Treatment averages regardless of RPM supplementation for serum cholesterol and NEFA were 

within the range of reference values published by Jackson and Cockcroft (2002) and Cozzi et al. 

(2011).  

Serum total protein concentrations did not differ between +RPM and -RPM cows (P = 

0.36; Table 26). Given that gestational RPM supplementation did not influence measurements 

for ADG from calving to weaning, change in body weight over lactation, and most parameters 

associated with body condition, this result was to be expected. Total protein concentration 
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incorporates serum concentrations for both albumin and globulin, which were also unaffected by 

gestational RPM supplementation (P > 0.34). Subsequently, RPM supplementation did not 

impact haptoglobin concentration or albumin to globulin ratio (P ≥ 0.31). Liker et al. (2005) also 

did not report differences in serum concentrations of albumin and total protein over the third 

trimester of gestation between non-supplemented beef cows and those supplemented with 15 g/d 

of RPM. Regardless of RPM supplementation, the values observed for serum concentrations of 

total protein, albumin, globulin, and subsequently albumin to globulin ratio in the present study, 

were within the range of reference values reported by Lumsden et al. (1980).  

Serum urea nitrogen concentration is often used to assess renal function and efficiency 

(Law et al., 2009; Jackson and Cockcroft, 2002). Changes in urea nitrogen concentration have 

previously been associated with protein intake and protein source (Waterman et al., 2006; Wood 

et al., 2010), but may also be altered by age and stage of production (Doornenbal et al., 1988). In 

the present study, serum urea concentration over lactation did not differ between +RPM and -

RPM cows (P = 0.74; Table 26). Gao et al. (2008) found RPM supplementation decreased serum 

urea nitrogen concentrations, which was attributed to greater efficiency for utilization of CP with 

RPM supplementation. In contrast, Liker et al. (2005) found plasma urea concentrations tended 

to be lower for non-supplemented beef cows compared with those which received RPM at a rate 

of 15 g/d for 102 days prepartum. However, this trend was only noted at 68 days prepartum and 

not at 34 or 1 day(s) prepartum. Liker et al. (2005) hypothesized methionine deficiency in non-

supplemented cows increased glucocorticoid secretion, subsequently increasing glomerular 

filtration rate, and resulting in reductions in plasma urea concentrations. Then as parturition 

neared, fetal growth had slowed or stopped, thereby reducing amino acid requirements and 

glucocorticoid secretion which resulted in similar plasma urea concentrations between 
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supplemented and non-supplemented cows at 34 days and one day prepartum. Variation in type 

and stage of production and differences in supplementation strategy make it difficult to directly 

compare results from the present study to Gao et al. (2008) and Liker et al. (2005). Gao et al. 

(2008) assessed serum urea nitrogen concentration in lactating Holstein cows supplemented with 

25 g/d RPM using a Latin square design in which each experimental period lasted three weeks 

(14 day adaptation period, 6 day sampling period). Liker et al. (2005) assessed plasma urea 

concentration when supplementing pregnant beef cattle at a rate of 15 g per day of RPM, for 102 

days prepartum. The present study assessed serum urea concentrations of beef cattle during 

lactation, which occurred after the RPM supplementation period (9 g/d for 8 weeks prepartum) 

had concluded. This contrasts to most studies in the dairy industry that supplemented methionine 

during lactation and assessed the effects during the supplementation period. Research in the beef 

industry has primarily focused on supplementing methionine during gestation, and does not 

generally assess maternal performance throughout lactation, after the supplementation period has 

ended. Despite difficulties in comparing the results of the present study to previous research, it is 

important to note that serum urea nitrogen concentrations for both +RPM and -RPM cows are 

within the reference range of values reported by Jackson and Cockcroft (2002).  

Results from the present study indicate that supplementing RPM at a rate of 9 g/d for 

eight weeks prepartum did not significantly alter conception rate in the subsequent breeding 

season. Similarly, gestational RPM supplementation did not alter serum concentrations for most 

metabolites assessed throughout lactation, apart from cholesterol and NEFA. Despite this, 

treatment averages for serum concentration of all metabolites assessed within the present study 

for both +RPM and -RPM cows were within the range of reference values (Lumsden et al., 1980; 

Jackson and Cockcroft, 2002; Cozzi et al. 2011). In general, there is a lack of similar research 
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available in which the performance of lactating cows is documented after receiving supplemental 

RPM solely during gestation. These results also highlight the inconsistencies in the current 

available literature surrounding the impact of methionine on metabolism, and subsequently 

methionine’s role in several metabolic processes.  

4.2.5 Cow Methane Emissions Throughout Lactation as Affected by Gestational RPM 

Supplementation  

 Gestational RPM supplementation did not influence average daily methane production in 

the subset of 55 lactating cows evaluated in the present study (P = 0.52; Table 27). Currently, 

there is a lack of research available which has assessed the relationship between methionine and 

enteric methane production. While previous research has established a link between diet, and 

specifically dietary supply of carbohydrates and methane emissions in ruminants, previous 

research generally suggests that the effect of dietary protein supply on methane emissions is 

insignificant (NASEM, 2016; Niu et al., 2016). Subsequently, the relationship between amino 

acids, the monomers of proteins, and enteric methane production has not been well established.  

Recently, Abbasi et al. (2019) utilized an in vitro model, known as a rumen simulation 

technique (RUSITEC), to evaluate effects of RPM supplementation on microbial populations, 

fermentation, and gas production. Four dietary treatments were evaluated, comparing a 16.3% 

CP (without RPM) diet vs.14.6% CP diets with varying amounts of RPM (no RPM, 0.11 g/kg 

DM RPM, 0.81 g/kg DM RPM). Methane production was greatest with the 16.3% CP diet, but 

Abbasi et al. (2019) did not explore potential explanations for the relationship between CP level 

and methane production. However, Abbasi et al. (2019) observed that VFA concentrations were 

greater for the 16.3% CP diet compared to the 14.6% CP diets with no RPM or with low RPM. 

VFA concentrations were similar between the 16.3% CP diet and the 14.6% CP diet with high 
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RPM. The abundance of 16S rDNA gene for Ruminococcus albus was similar between the 

16.3% CP diet and the 14.6% CP diet with high RPM;  these values exceeded abundance 

numbers for the 14.6% CP diet with no RPM. Abbasi et al. (2019) noted that RPM 

supplementation promoted rumen ammonia utilization, which led to alterations in the rumen 

environment, subsequently increasing numbers of cellulolytic bacteria, such as Ruminococcus 

albus. The increase of cellulolytic bacteria numbers would improve efficiency in terms of intake 

and digestibility, especially for high fiber diets which would subsequently improve performance 

and could reduce emissions. It is unclear why methane production varied drastically between the 

high protein control group and the three low protein groups (no RPM, low RPM, high RPM), 

especially considering the similarities in both Ruminococcus albus abundance and daily 

production of VFA between the low protein with high RPM group and the high protein control 

group.  

In the present study, RPM supplementation at a rate of 9 g per day during gestation did 

not alter methane emissions. Previous research by Abbasi et al. (2019) demonstrates 

inconsistencies in the relationship between enteric methane production and supplementation of 

RPM. Additional research is required to understand the impacts of methionine supplementation 

on VFA production and populations of cellulolytic bacteria. Future research should also explore 

other mechanisms in which methane supplementation may alter the rumen environment and 

microbiome, and subsequently enteric methane production. In general, research has not 

previously explored the relationship between amino acid supplementation and methane 

production. However, the use of individual supplemental amino acids has become more 

widespread in ruminant diets. Considering the current social climate surrounding 
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environmentally sustainable production methods, this information is pertinent in order to 

understand the impact of feeding programs on emissions of methane and other greenhouse gases.  

4.2.6 Calf Health Scores Throughout Lactation as Affected by Gestational RPM 

Supplementation  

 Maternal gestational RPM supplementation did not influence any visual assessments of 

calf health, including eyes, ears, nasal, cough, joint, or fecal scores or TRS (P > 0.15; Table 28). 

Alharthi et al. (2018) assessed Holstein calves from dams with(without) RPM supplementation at 

0.09% of the diet for 28 days prior to parturition; the calves received colostrum from a dam 

which was on the same or opposite treatment as the calf’s dam. Respiratory score did not differ 

amongst calves based on maternal treatment or colostrum source, however fecal scores tended to 

be lower by 0.12 units for calves from supplemented dams, regardless of colostrum treatment 

(Alharthi et al., 2018). Comparatively, difference in fecal scores between +RPM and -RPM 

calves in the present study was similar, at 0.07 units, although this lacked statistical significance 

(P = 0.31). Alharthi et al. (2018) reported that all other parameters associated with calf health did 

not differ based on maternal supplementation or colostrum treatment. The limited differences for 

effects of maternal methionine supplementation on calf fecal scores between Alharthi et al. 

(2018) and the present trial may be due to differences in age and management practices. Alharthi 

et al. (2018) assessed calf fecal scores weekly for the first 56 days of life, while the present trial 

assessed fecal scores on a weekly basis from a minimum of 30 days of age until 9 to 11 weeks 

post-weaning. In addition, Alharthi et al. (2018) weaned Holstein calves from their dams within 

24 hours of birth and calves had access to a grain starter mix for the duration of the 56-day trial; 

the present study weaned calves at 176  19.8 days of age, prior to this all calves either had 

access to forage on pasture or a high-quality grass hay, beginning at 38  7.6 days of age. The 
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increased duration of data collection and age of calves in the present study may account for 

differences in results between the present study and the Alharthi et al. (2018) study. For instance, 

morbidity rate associated with calf scours is greatest between 6 and 15 days of age, but decreases 

as calves age (Smith et al., 2003). Alharthi et al. (2018) reported average fecal scores for all 

treatment groups to be above the treatment averages observed in the present study.  

 Previous research which has assessed the effects of maternal methionine supplementation 

on progeny mortality rate has yielded conflicting results. Liu et al. (2016) reported that lamb 

survival was 9% greater at weaning for lambs from ewes which were supplemented with RPM 

(6.3 g per day) from 111 days in gestation until 7 days postpartum compared to lambs from non-

supplemented ewes. Liu et al. (2016) suggested that improvements in survival rate may be due to 

trends for heavier birth weights for lambs from RPM supplemented ewes. As previously 

mentioned, the present study did not observe an effect of maternal RPM supplementation on calf 

birth weight, or BW and total gain throughout the pre-weaning period (P > 0.30; Table 23). In 

contrast to Liu et al. (2016), Clements et al. (2017) did not observe any differences in calf 

mortality or morbidity rates among calves from non-supplemented dams and calves from dams 

which received a methionine hydroxy analog supplement (10 g/d) from 23 days prepartum to 73 

days postpartum. Although the present study did not assess morbidity in terms of number of 

instances of disease, there was a 0% mortality rate and lack of a difference in visual health score 

assessments (P > 0.15; Table 28), which suggests that morbidity would not differ between calves 

from +RPM and -RPM dams. However, future research may benefit from assessing morbidity 

rate, and specifically instances of certain diseases or groups of diseases. This approach would 

provide information that is directly applicable to producers, and could lead to an improved 
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understanding of the effects of maternal RPM supplementation on progeny health, from an 

economic perspective. 

The visual health scoring system utilized in the present study was designed to improve 

detection of calf hood diseases, primarily those associated with respiratory issues and scours 

(McGuirk and Peek, 2014). Although results from the current study do not suggest that maternal 

methionine supplementation during late gestation improved the respiratory or gastrointestinal 

health of the calves, previous research suggests that maternal methionine status may impact calf 

health indirectly by altering the calf metabolome, microbiome, and expression of genes 

associated with a variety of metabolic processes. Elolimy et al. (2019) determined that heifer 

calves from Holstein dams supplemented with RPM (0.09% of DM) 28 days prior to parturition, 

had improved hindgut functionality and health compared to the calves from non-supplemented 

dams. Analysis of fecal microbiota and metabolome revealed differences in abundance of certain 

bacteria and functional genes both at birth and throughout the pre-weaning period between the 

calves from supplemented and non-supplemented dams. In general, calves from RPM 

supplemented dams appeared to have a greater capacity for production of endogenous antibiotics 

in the hindgut. These differences in fecal microbiota and metabolome could reduce colonization 

of pathogens and improve nutrient utilization, which may subsequently improve growth (Elolimy 

et al., 2019). Jacometo et al. (2016) supplemented dairy cattle with RPM at 0.08% of DM, 21 

days prior to parturition to assess the effects of RPM supplementation on liver biomarkers for 

calves. Although there were no differences in overall calf growth or health between calves from 

RPM supplemented dams and calves from non-supplemented dams, Jacometo et al. (2016) 

determined calves from supplemented dams had greater insulin sensitivity. Maturation of hepatic 

gluconeogenesis and fatty acid oxidation was faster in calves from supplemented dams, which is 
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likely valuable for adjusting to metabolic demands (Jacometo et al., 2016). In a subsequent 

study, Jacometo et al. (2017) found that calves from dams supplemented with RPM (0.08% of 

DM) 21 days prior to parturition through to 30 days post parturition may be better able to 

manage metabolic-related stress compared to calves from non-supplemented dams. While 

colostrum yield, and colostrum protein and free amino acid content did not differ between 

treatments, calves from methionine supplemented dams had greater abundance of genes involved 

in methionine, choline, and homocysteine metabolism (Jacometo et al., 2017). These authors 

suggested that the increase in gene abundance would improve the ability of supplemented calves 

to handle metabolic-related stress. Work by Elolimy et al. (2019) and Jacometo et al. (2016, 

2017) highlight the role maternal RPM supplementation may play in altering non-traditional 

parameters associated with calf health.  

Results from the present study indicate that supplementing RPM at a rate of 9 g/d to 

pregnant dams eight weeks prepartum does not alter calf health throughout the pre-weaning 

period or shortly after weaning. Previous research regarding the effects of maternal RPM 

supplementation on progeny health seems to be conflicting, which may be due to study-to-study 

differences in in level and stage of production, age of progeny, and supplementation strategy. 

Research by Jacometo et al. (2016, 2017) and Elolimy et al. (2019) determined that maternal 

RPM supplementation may alter gene expression associated with metabolism, such that calves 

from supplemented dams have improved nutrient utilization and are better able to adapt to 

metabolic demands and handle metabolic stress. Over time, these improvements could result in 

greater gains or health status. Future research should aim to improve our understanding of the 

role maternal RPM supplementation may play in fetal metabolism and the underlying 

mechanisms associated with growth and health. There is also a need for applied research which 
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provides economically relevant and comprehensive information (mortality rates, morbidity rates, 

disease-specific prevalence rates) for producers regarding the impact of maternal RPM 

supplementation on calf health. Unfortunately, comprehensive research such as this would 

require a very large sample size.  
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Table 22: Effects of Gestational Rumen-Protected Methionine (RPM) Supplementation on Cow Body Weight (BW) and 

Average Daily Gain (ADG) 

 Gestation RPM Supplementation1 

 

  

Trait Methionine No Methionine S.E.2 P-Value 

Number of Cows3 70 70 - - 

BW at Calving (kg) 667.3 657.2 79.49 0.437 

BW Prior to Lactational Management System 

Allocation4 (kg) 

687.7 686.5 7.89 0.765 

BW at Weaning (kg) 692.8 687.2 28.84 0.396 

BW Change from Calving to Lactational 

Management System Allocation (kg) 

-8.7 -10.6 7.36 0.642 

BW Change from Lactational Management 

System Allocation to Weaning (kg) 

12.5 7.8 3.88 0.390 

Total BW Change5 (kg) 6.59 0.04 4.622 0.318 

ADG from calving to weaning (kg/d) 0.04 0.00 0.028 0.341 

1Gestation RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

2Standard error of treatment means. 

3Number of cows in each gestational methionine nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

4All cows were weighed when they were assigned to either the pasture or the drylot lactational management system. Cows were a 

minimum of 28 days in milk (DIM) at this time. 

5Total BW Change represents the change in cow weight over the entire lactation period from calving until weaning. 
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Table 23: Effects of Maternal Gestational Rumen-Protected Methionine Supplementation (RPM) on Calf Body Weight (BW) 

and Average Daily Gain (ADG) 

 Maternal Gestation RPM Supplementation1 

 

  

Trait Methionine No Methionine S.E.2 P-Value 

Number of Calves3 72 73 - - 

Birth Weight (kg) 39.7 38.9 1.35 0.397 

BW Prior to Pre-Weaning Management System 

Allocation4 (kg) 

82.0 82.0 0.94 0.969 

BW at Weaning (kg) 239.2 242.5 2.79 0.399 

BW Gain from Birth to Pre-Weaning Management 

System Allocation (kg) 

43.0 43.0 0.94 0.969 

BW Gain from Pre-Weaning Management 

System Allocation to Weaning (kg) 

157.1 160.5 2.29 0.301 

Total BW Gain5 (kg) 200.2 203.5 2.79 0.399 

ADG from birth to weaning (kg/d)  1.13 1.15 0.016 0.478 

1Maternal Gestation RPM Supplementation includes: calves from cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation. 

2Standard error of treatment means. 

3Number of calves from cows on each gestational methionine nutrition regimen evaluated from birth until weaning (2018). 

4All calves were weighed when they were assigned to either the pasture or drylot pre-weaning management system. Calves were a 

minimum of 28 days old at this time. 

5Calf Total BW Gain represents the change in calf weight from birth until weaning. 
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Table 24: Effects of Gestational Rumen-Protected Methionine (RPM) Supplementation on Cow Body Condition Score (BCS), 

and Ultrasound Assessment of Rump Fat Depth, Rib Fat Depth, and Longissimus Muscle Area (LMA) 

 Gestation RPM Supplementation1 

 

  

Trait Methionine No Methionine S.E.2 P-Value 

Number of Cows3 70 70 - - 

Initial BCS4 3.43 3.32 0.464 0.283 

BCS at Weaning 3.42 3.30 0.308 0.197 

Total Change in BCS5 0.01 -0.02 0.181 0.795 

Initial Rump Fat Depth4 (mm) 9.8 11.3 0.55 0.055 

Rump Fat Depth at Weaning (mm) 9.6 10.6 0.66 0.308 

Total Change in Rump Fat Depth5 (mm) -0.3 -0.9 0.57 0.188 

Average Rump Fat Depth6 (mm) 9.4 10.6 0.58 0.151 

Initial Rib Fat Depth4 (mm) 7.6 8.6 0.35 0.051 

Rib Fat Depth at Weaning (mm) 7.2 8.0 0.42 0.142 

Total Change in Rib Fat Depth5 (mm) -0.4 -0.6 0.25 0.710 

Average Rib Fat Depth6 (mm) 7.3 8.1 0.37 0.097 

Initial LMA4 (cm2) 84.2 86.8 1.66 0.038 

          LMA at Weaning (cm2) 87.9 87.3 2.67 0.695 

          Total Change in LMA5 (cm2) 3.6 0.7 1.21 0.006 

          Average LMA6 (cm2) 85.4 86.1 2.11 0.534 

1Gestation RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

2Standard error of treatment means. 

3Number of cows in each gestational methionine nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

4Initial BCS, Rump Fat Depth, Rib Fat Depth, and LMA were measured when cows were assigned to either the pasture or drylot 

lactational management system. Cows were a minimum of 28 days post-calving at this time.  

5Total Change in BCS, Rump Fat Depth, Rib Fat Depth, and LMA measurements were determined by subtracting the measurements 

at weaning from the initial measurements for rump fat depth, rib fat depth, and LMA.  

6Average Rump Fat Depth, Rib Fat Depth, and LMA measurements were determined from analysis of all three ultrasound images 

captured for each cow over lactation. 

   



 159 

Table 25: Effects of Gestational Rumen-Protected Methionine (RPM) Supplementation on Cow Dry Matter Intake (DMI) 

and Feed Efficiency 

 Gestation RPM Supplementation1 

 

  

Trait Methionine No Methionine S.E.2 P-Value 

Number of Cows3 70 70 - - 

DMI for Drylot Cows (kg/d) 16.7 16.2 0.48 0.466 

DMI for Pasture Cows4 (kg/d) 8.8 8.7 0.21 0.422 

FCR Drylot Cows5 78.06 0.02 64.067 0.264 

FCR Pasture Cows5 15.32 66.18 56.429 0.522 

1Gestation RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

2Standard error of treatment means. 

3Number of cows in each gestational methionine nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

4DMI of cows rotationally grazed on pasture during lactation was approximated using BW and ADG (DMI= [1.185 + 0.00454BW -

0.0000026BW2 + 0.315ADG]2) (Minson and McDonald, 1987). 

5FCR for drylot and pasture cows represents the kilograms of feed required to achieve one kilogram of body weight gain. Due to 

differences in calculating DMI between drylot and pasture cows, FCR was calculated and analyzed separately for cows managed in 

drylot or on pasture throughout lactation. 
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Table 26: Effects of Gestational Rumen-Protected Methionine (RPM) Supplementation on Cow Conception Rate and Serum 

Metabolite Concentrations 

 Gestation RPM Supplementation1   

Trait Methionine No Methionine S.E.2 P-Value 

Number of Cows3 70 70 - - 

Conception Rate4 (%) 71.43 72.86 - 0.968 

 

Calcium (mmol/L) 2.30 2.31 0.025 0.680 

Phosphorous (mmol/L) 2.10 2.11 0.055 0.765 

Calcium Phosphorous Ratio 1.12 1.12 0.049 0.982 

Magnesium (mmol/L) 0.90 0.90 0.008 0.623 

Chloride (mmol/L) 96.96 97.64 0.422 0.258 

Sodium (mmol/L) 138.18 138.86 0.629 0.449 

Potassium (mmol/L) 4.67 4.67 0.034 0.991 

Sodium Potassium Ratio 29.78 29.90 0.177 0.631 

Calculated Osmolality 272.78 274.09 1.247 0.460 

AST (U/L) 66.89 68.36 1.732 0.530 

GGT (U/L) 18.21 17.18 1.699 0.246 

GLDH (U/L) 11.40 11.76 1.253 0.837 

BHBA (umol/L) 316.69 315.83 7.262 0.934 

NEFA (mmol/L) 0.26 0.29 0.013 0.093 

Glucose (mmol/L) 3.91 3.95 0.038 0.410 

Cholesterol (mmol/L) 3.36 3.59 0.089 0.046 

Total Protein (g/L) 69.22 69.91 2.054 0.361 

Albumin (g/L) 34.86 35.23 0.808 0.349 

Globulin (g/L) 34.40 34.74 1.247 0.558 

Haptoglobin (g/L) 0.16 0.18 0.013 0.310 

Albumin Globulin Ratio  1.02 1.03 0.013 0.885 

Urea (mmol/L) 3.14 3.16 0.059 0.742 

1Gestation RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

2Standard error of treatment means.  

3Number of cows in each gestational methionine nutrition regimen evaluated throughout lactation from calving until weaning (2018). 
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4Conception Rate analyzed as binary logistic regression, producing an odds ratio; LSM and S.E. values are unavailable. The 

percentage presented represents proportion of cows confirmed pregnant after a maximum of 2 services. 12.9% of +RPM cows and 

18.57% of -RPM cows were open after 2 services. Breeding was not attempted on 15.71% of +RPM cows and 8.57% of -RPM cows. 
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Table 27: Effect of Gestational Rumen-Protected Methionine (RPM) Supplementation on Average Daily Methane Emissions 

for a Subset of Lactating Cows 

 Gestation RPM Supplementation1 

 

  

Trait Methionine No Methionine S.E.2 P-Value 

Number of Cows3 28 27 - - 

Average Daily Methane Emissions4 (g/d) 289.7 282.9 7.56 0.515 

Average Methane Produced per unit of Dry 

Matter Intake (g/kg) 

28.9 27.8 1.37 0.568 

1Gestation RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

2Standard error of treatment means. 

3Number of cows in each gestational methionine nutrition regimen evaluated throughout lactation from calving until weaning (2018). 

This is representative of the 55 cows who utilized the GreenFeed machine, and does not include the 5 (3 +RPM, 2 -RPM) cows 

which had access to the GreenFeed system but did not utilize the machine. 

4Average Daily Methane Emissions represents the analysis of the repeated measures of daily methane emissions over lactation, 

which includes daily average methane emissions. This was calculated by dividing each cow’s daily emissions by the corresponding 

number of visits to the GreenFeed machine for each measurement date.  
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Table 28: Effects of Maternal Gestational Rumen-Protected Methionine Supplementation (RPM) on Visual Assessments of 

Calf Health 

 Maternal Gestation RPM Supplementation1 

 

  

Trait Methionine No Methionine S.E.2 P-Value 

Number of Calves3 72 73 - - 

Eye Scores4 1.38 1.35 0.026 0.410 

Ear Scores5 0.01 0.01 0.005 0.690 

Nasal Scores6 1.49 1.46 0.027 0.298 

Cough Scores7 0.19 0.19 0.017 0.889 

Total Respiratory Scores8 3.07 3.01 0.041 0.268 

Joint Scores9 0.01 0.00 0.006 0.154 

Fecal Scores10 0.46 0.39 0.049 0.312 

1Maternal Gestation RPM Supplementation includes: calves from cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation. 

2Standard error of treatment means. 

3Number of calves from cows on each gestational methionine nutrition regimen evaluated from birth until weaning (2018). 

4Eye scores ranged from 0 to 3: 0 = no visible discharge; 1 = unilateral/bilateral clear discharge or crust in corners of one/both eyes; 

2 = unilateral/bilateral cloudy/opaque discharge, crust around one/both eyes, or excessive amounts of clear discharge bilaterally; 3 = 

copious amounts of unilateral/bilateral discharge or excessive crust around one/both eyes. 

5Ear scores ranged from 0 to 3: 0 = both ears alert and even; 1 = unilateral ear droop; 2 = bilateral ear droop, ears do not perk up; 3 = 

severe bilateral ear droop, head hung low, ears do not perk up, may include a head tilt. 

6Nasal scores ranged from 0 to 3: 0 = no visible discharge; 1 = unilateral/bilateral clear discharge or crust around nostrils; 2 = 

unilateral/bilateral cloudy/opaque discharge; 3 = copious amounts of unilateral/bilateral cloudy/opaque discharge. 

7Cough scores ranged from 0 to 3: 0 = no audible coughing; 1 = single cough heard; 2 = few repeated coughs heard, including 

multiple bouts of a few coughs; 3 = multiple repeated coughs heard without cessation.  

8Total Respiratory Scores refers to the sum of eye, ear, nasal, and cough scores and can range from 0 to 12. 

9Joint scores ranged from 0 to 3: 0 = joint appears normal, no swelling or warmth (if palpated); 1 = slight swelling, not warm (if 

palpated); 2 = moderate swelling with heat (if palpated); 3 = swelling with obvious visible pain, heat (if palpated), or dislocation.  

10Fecal scores ranged from 0 to 3: 0 = feces not seen on calf, feces appear normal; 1 = some fresh/pasty manure or excess amounts of 

dried manure seen on calf, feces appear semi-formed/pasty; 2 = excess dried or pasty manure seen on calf, feces appear loose but 

stay on top of bedding; 3 = copious amounts of pasty manure seen on calf or blood visible in manure, feces are watery and sift 

through the bedding.    
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4.3 Effects of Lactational Management System on Cow Growth, Reproductive Performance 

and Methane Emissions, and Calf Growth and Health Performance 

 There are numerous management strategies and systems for rearing cow-calf pairs, which 

vary based on geography and climate. Due to the diversity of cow-calf systems, there is limited 

research comparing conventional systems with year-round drylot systems. In Canada, 

conventional systems are spring calving systems which overwinter pregnant cows in drylot and 

graze cow-calf pairs on pasture throughout the spring and summer, until weaning in the fall. 

Year-round drylot systems were conceptualized in areas with high quality land, ideal for crop 

production. From an economic standpoint, these areas have the potential to be more profitable if 

the land is utilized for crops and cow-calf pairs are managed year-round in a drylot or barn. The 

following sections will detail the specific impacts of these two LMS on cow growth, 

reproductive performance, and methane emissions, as well as calf growth and health 

performance.  

4.3.1 Cow and Calf Body Weights and Average Daily Gain Throughout Lactation as 

Affected by Lactational Management System  

 There were no differences in BW at calving and time of LMS allocation, and change in 

BW from calving to LMS allocation between the cows (P > 0.75; Table 29) and calves (P > 

0.34; Table 30) allocated to either the drylot or pasture system. This indicates that BW for cow-

calf pairs were evenly balanced across both treatments at the time of management system 

allocation.  

While cow BW at weaning did not differ based on LMS (P = 0.54; Table 29), total 

changes in BW from LMS allocation to weaning, as well as from calving to weaning were 

greater for DL cows compared to PAS cows (P < 0.01). Subsequently, ADG from calving to 
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weaning was greater for DL cows which gained 0.21  0.030 kg/d, while PAS cows lost 0.16  

0.030 kg/d (P < 0.01). Cow BW likely did not differ between treatment groups at weaning due to 

inter-animal variation in BW which ranged from 493 to 973 kg at calving and from 451 to 1035 

kg at weaning. Changes in cow BW and ADG over the course of the trial reveal much more 

pertinent information regarding the effects of LMS on cow growth performance during lactation.  

Differences in total change in BW and ADG between PAS and DL cows were most likely 

due to differences in the nutrient profile between the TMR fed in drylot and grass grazed on 

pasture. The nutrient profile and botanical composition of pasture varied both within and 

amongst fields for the subset of six sampled fields, representing a total of 24 paddocks. 

Nutritional analysis was completed only for the second rotational grazing cycle, utilizing only 

the first and fourth paddock from each of the six fields, resulting in a total of 12 paddocks. 

Although the nutritional composition is only available for cycle two, it can be inferred that 

pasture quality likely diminished over the grazing season for all fields, as evident in the 

differences in botanical composition of the pasture for fields 1, 2, 7, 8, 9, and 10 from cycle two 

to cycle three (Appendix Table 1). Generally, the proportion of grass and weeds (with the 

exception of field 1, in which the proportion of weeds increased) in a field was reduced from 

cycle two to cycle three, while the proportion of legumes and dead material increased throughout 

cycle three. Although a reduction in weeds and an increase in legume content within the pasture 

could be beneficial to lactating cows, especially the latter as legumes are generally highly 

palatable and high in protein, this was likely negligible due to the simultaneous increase in the 

proportion of dead material and decrease in grass. In contrast to the variation observed within 

(between paddocks 1 and 4) and between fields on pasture, the nutritional profile of the TMR fed 

in drylot was much more uniform throughout lactation, despite changes in feedstuffs and their 
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proportions in the TMR (Table 6). Variation in nutrient status can lead to variations in feed 

intake and nutrient intake, which can subsequently affect the rumen microbiome and impact 

health or performance. Comparing the data in Tables 6 and 7, DM is generally lower for pasture 

forage compared to the TMR. Net energy content of the diet, including NEm and NEl are 

generally comparable between the systems, with the exception of a few fields in which values are 

lower than the drylot TMR. TDN, ADF, and lignin content are also similar between systems, 

while the NDF content of pasture is greater than the TMR. Greater NDF values result in lower 

voluntary intakes as NDF provides a bulk or fill effect. Furthermore, NDF values increase as 

forages mature, indicating that NDF content in pasture would continue to exceed that of the 

drylot TMR, at increasingly larger margins with each rotational cycle. This may contribute to 

differences in performance observed between PAS and DL cows. Starch content of pasture is 

significantly lower than that of the drylot TMR, which had a starch content of 9.6 to 10.9%. This 

is not surprising, considering the inclusion of corn silage in the drylot TMR. Crude fat and ash 

content of the diets are comparable between systems. CP varies across most of the sampled 

fields, ranging from 11.9 to 19.5% across the 12 sampled paddocks. In comparison, the drylot 

TMR had a CP content of 14.1 to 14.6%. The variation between sampled paddocks makes it 

difficult to directly compare CP content between the two systems. However, values for UIP were 

greater for pasture forage, ranging from 27.7 to 36.7% of CP, compared to the drylot diets which 

ranged from 21.1 to 22.1% of CP. Greater UIP values indicate an increase in protein available 

for absorption in the small intestine which can be used directly by the animal. Due to the 

nutritionally demanding nature of lactation, greater UIP values are generally favourable. 

However, UIP is a percentage of CP; although the UIP content of the diet was greater for PAS 

cows compared to DL cows, CP was much more variable, and often lower for several of the 
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sampled paddocks on pasture compared to the drylot TMR. This provides a partial explanation as 

to why growth performance was lower for PAS vs. DL cows, despite the greater UIP content for 

the pasture forage.  

Anderson et al. (2013) discussed the effects of drylot and pasture systems on the 

performance of cow-calf pairs. Both systems utilized a spring-calving schedule, with late 

September weaning for drylot pairs and late October weaning for pasture pairs. Anderson et al. 

(2013) allowed drylot-managed cows to graze crop residues after weaning, while pasture-

managed cows continued to graze pasture after weaning with both groups relocating to a pen 

environment in early December. The present study weaned drylot pairs in mid-October and 

pasture pairs in late October, and pasture pairs were either returned to drylot prior to or at 

weaning. While Anderson et al. (2013) reported that cows managed in both pasture and drylot 

lost weight over the course of lactation, cows managed on pasture lost approximately 18.1 kg 

less weight than cows managed in drylot from May turnout until winter penning in early 

December. More specifically, drylot cows lost 23.1 kg more weight than pasture cows from May 

until the end of the breeding season. However, from breeding to weaning, BW were similar for 

pasture and drylot cows. Differences in nutrient quantity and quality between the drylot diet and 

summer pasture as well as between crop residues and fall pasture likely contributed to 

differences in performance reported by Anderson et al. (2013).  

Although Anderson et al. (2013) utilized management strategies similar to the present 

study, overall, research comparing the two management systems utilized in the present study is 

limited. This may be partially due to the unique and varied climate and geography which spans 

across Canada. However, other studies have compared pasture and drylot environments during 
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different stages of production or time of the year. Legesse et al. (2012) assessed various summer 

pasture systems and winter feeding systems for cow-calf production in western Canada over a 

five-year period. This included two different pasture systems during the summer, either 

managing cow-calf pairs on alfalfa-grass or grass pastures. After weaning, cows were either 

overwintered using an extended-grazing system or fed one of three drylot diets including 100% 

hay, 70% oat straw/30% steam-rolled barley, and 40% barley silage/60% oat straw DM. Average 

BW gains from mid- to late-gestation, as well as average pre-calving BW, were lower for cows 

overwintered in the extended grazing system compared to drylot. Generally, cow BW gains over 

the summer and BW at weaning were unaffected by the winter management system. Legesse et 

al. (2012) hypothesized that cows managed in the extended grazing system would perform at the 

same level, if not better, than the cows managed in drylot if precipitation was adequate to support 

the extended grazing pasture. While management in the Legesse et al. (2012) study was 

drastically different than the present study, the study emphasized the consistent nature of drylot 

systems compared to pasture systems. In the present study, pasture quality varied within and 

amongst fields. While pastured cows could have benefitted from a supplementation strategy, this 

would require more frequent nutritional analysis of pasture forage, and the associated increase in 

labor, costs, and resources required may negate several benefits of pasture systems, such as 

lower maintenance and labour requirements. In contrast, nutritional imbalances are easier to 

monitor and correct in a drylot environment, which generally have the labour and resources 

readily available to correct these issues. Findings from Legesse et al. (2012) suggest that drylot 

systems which provide well balanced diets result in more consistent growth performance, 

specifically in terms of BW, compared to pasture systems.  
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While the two LMS in the present study differed in a multitude of ways, including 

nutrition, stocking density also varied between DL and PAS cow-calf pairs. Generally, drylot 

systems are able to support a larger number of animals in a smaller space than pasture systems. 

This is partially due to greater control of nutrition and animal handling in drylot systems, but this 

is at the expense of increased labour requirements compared to pasture systems. Schubach et al. 

(2017) compared the effects of stocking density on performance of replacement heifers, by 

managing heifers in a high stocking density drylot system or a low stocking density pasture 

system. Heifers were fed the same diet regardless of management system. BW and ADG were 

similar across the two management systems, suggesting that stocking density did not negatively 

impact growth rate when heifers were fed identical diets. This contrasts the results of the present 

study, where extensive variation in nutrient composition between pasture and drylot management 

systems likely contributed to differences in BW and ADG.  

While calf BW was balanced across management systems at time of allocation with no 

differences in BW between PAS and DL calves (P = 0.85; Table 30), PAS calves were heavier at 

weaning than DL calves (P = 0.01). ADG from birth to weaning, and total gain in BW from birth 

to weaning and from management system allocation to weaning were also greater for PAS calves 

compared to DL calves (P < 0.02).  

The present study aimed to provide nearly identical nutrition to calves during the pre-

weaning period, regardless of management system. This reduced the likelihood for nutritional 

differences between management systems to be a confounding variable. While dam’s milk 

provided most nutrients, PAS calves also had access to pasture forage and DL calves were creep 

fed a high-quality grass hay. Unfortunately, due to human error, samples were not collected for 
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the grass hay provided in drylot throughout the pre-weaning period, and therefore, there is no 

available data regarding the nutrient profile of the grass hay to compare with the pasture grass. 

Within the scope of this trial, it cannot be confirmed whether the difference in growth 

performance and gains between DL and PAS calves were due to nutritional differences between 

the available feed within each management system or differences in forage or milk intakes. 

Unfortunately, due to time, resource, and labour constraints associated with collecting 

information that would allow intake to be estimated in drylot, this information is not available. 

While the Minson and McDonald (1987) equation was utilized to estimate intakes for grazing 

cows, this equation does not provide accurate estimates for calves, as it does not account for 

consumption of the dam’s milk. Future studies may benefit from comparing feed and milk 

intakes between calves in different management systems. However, more accurate and less 

laborious methods are required to collect this information in larger studies such as the present 

one.  

Findings for pre-weaning calf growth performance in the Anderson et al. (2013) study are 

in agreement with the present study. Anderson et al. (2013) reported that pasture calves gained 

18.1 kg more than drylot calves from turnout (late May) to weaning of drylot calves (late 

September). Gardine et al. (2019) evaluated post-weaning calf performance based on pre-

weaning and post-weaning management strategies. Prior to weaning, cow-calf pairs were either 

managed in drylot or grazing corn residue from November until weaning in April. Drylot cows 

were limit fed a diet formulated to meet energy requirements, and grazing cows were provided 

with supplementation in order to meet nutrient requirements. Post-weaning, calves were either 

fed a finishing diet from April to November, or were fed a grower diet from April to July, 

followed by a finishing diet until late December. When entering the growing phase, calves 
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managed in drylot prior to weaning were heavier than calves managed on pasture. This persisted 

through to the finishing phase and was also observed for calves which directly entered the 

finishing phase. Unlike the present study, Gardine et al. (2019) did not assess change in body 

weight over this period. This information is necessary in order to determine if the greater initial 

body weights when entering the grower or finisher phases are a result of the differences in 

management systems, or a result of the distribution of calves across the groups being unevenly 

balanced in terms of body weight. Regarding ADG, the results of the Gardine et al. (2019) study 

are in agreement with the present study, ADG during both the grower and finisher phases is 

greater for calves managed on the winter pasture compared to drylot. Gardine et al. (2019) 

suggested that the greater ADG of the calves managed on winter pasture was a compensatory 

growth response, which was further supported by the lower FCR, despite a trend for greater DMI 

of the winter pasture calves compared to the drylot calves. It is difficult to compare the results of 

the Gardine et al. (2019) study to the present study due to differences in age and stage of 

production. Thus, it is unclear whether the PAS calves in the present trial would continue to have 

greater gains than DL calves post-weaning, or if a compensatory growth response would occur 

for the DL calves.  

 There is a lack of research available which explores the relationship between 

management system and growth performance for cow-calf pairs. Studies which have compared 

pasture and drylot systems during lactation are limited. Results from the present study indicate 

that year-round drylot systems increase cow BW over lactation, while conventional pasture 

systems result in a loss of BW over this period. In contrast, calf performance prior to and at 

weaning was greater in pasture systems compared to drylot systems. Previous research has 

yielded conflicting results, emphasizing the complexity of the role management system plays in 
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growth performance during the critical period from calving to weaning. Cow performance may 

be affected by stocking density, quantity and quality of pasture grass, nutritional composition of 

drylot rations, and weather conditions that often differ between management systems. While 

these factors may also influence calf performance, other factors such as quantity and quality of 

creep feed may impact calf performance prior to weaning. While more research is needed to 

carefully explore the variety of factors associated with each management system, resource 

requirements including labour and finances need to be considered for both management systems. 

Future research should aim to explore management systems which optimize resources while 

improving performance of cow-calf pairs.  

4.3.2 Cow Body Condition Throughout Lactation as Affected by Lactational Management 

System 

BCS for lactating cows at time of management system allocation did not differ between 

PAS and DL cows (P = 0.51; Table 31), indicating cows were evenly balanced across 

management treatments in terms of BCS. There were no differences in BCS at weaning or for 

total change in BCS over lactation between PAS and DL cows (P > 0.13). Initial measurements 

for LMA, at time of LMS allocation did not differ between PAS and DL cows (P = 0.38). 

However, initial measurements for rib and rump fat depths at time of LMS allocation were 

greater for PAS cows than DL cows (P < 0.01). This suggests that the cows were not evenly 

balanced across the PAS and DL treatments for these characteristics. This can be difficult to 

control as ultrasound imaging and measurements can be labour intensive, often taking a 

significant amount of time to process images and generate accurate measurements. While 

allocation to the two LMS took into account cow calving date parity, gestational protein level, 
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and RPM supplementation, it would have been difficult to balance the cows across lactational 

management treatments for these characteristics as well as rib and rump fat depths. 

At weaning, rib fat depth and LMA measurements were greater for DL cows compared to 

PAS cows (P < 0.01). Similarly, there was a trend for rump fat depth to be greater for DL cows 

compared to PAS cows at weaning (P = 0.08). In contrast, average measurements for rib and 

rump fat depths were not impacted by LMS (P > 0.63), but average LMA measurements were 

greater for DL vs. PAS cows (P = 0.04). As previously discussed, total change in rib and rump 

fat depths, and LMA over lactation provides more accurate data regarding the effects of 

management system on these characteristics This is because total change in these parameters 

takes into consideration inter-animal variation. Total changes in rump and rib fat depths, and 

LMA were greater for DL vs. PAS cows (P < 0.01), with DL cows gaining fat cover and muscle 

over lactation, while PAS cows lost fat cover and muscle.  

The overall negative change in measurements for body condition for PAS cows, 

accompanied by the positive change in these measurements for DL cows was to be expected, 

considering the loss in BW over lactation for the PAS cows and the gain in BW for DL cows 

during this period, as outlined in Table 29. Differences in nutrient quantity and quality between 

pasture forage and the drylot ration most likely contributed to differences observed in body 

condition. This is supported by Legesse et al. (2012), which found that average prepartum BCS 

was lower for cows managed in an extended grazing system vs. cows managed in drylot during 

mid- to late-gestation. Legesse et al. (2012) noted that regardless of management system, cows 

maintained a BCS within the appropriate range to support reproductive function and these 

differences in BCS between management systems could have been reduced by providing 
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appropriate supplementation. Both the present study and the Legesse et al. (2012) study highlight 

how variation in quality and quantity of nutrients between management systems can affect  

animal performance.  

There is limited research available comparing conventional grazing of cow-calf pairs 

after spring calving to managing cow-calf pairs in drylot during this period. Most of the available 

research focuses on winter management during gestation. There is a need for research which 

explores viable management strategies during lactation.  

4.3.3 Cow Feed Intake and Efficiency Throughout Lactation as Affected by Lactational 

Management System 

 Due to variation in methods for calculating DMI for cows managed in drylot versus those 

managed on pasture, it was not possible to compare DMI or measures of feed efficiency, such as 

FCR between the two LMS. However, Tables 18 and 25 demonstrate the effects of the 

gestational nutrition treatments on feed intake and efficiency within the two systems. Based on 

the treatment means presented in these tables, DMI for the pasture system is consistently lower, 

with these cows averaging approximately half of the daily intake as those managed in drylot.  

4.3.4 Cow Conception Rate and Concentration of Serum Metabolites Throughout 

Lactation as Affected by Lactational Management System 

 Conception rates did not differ between PAS and DL cows (P = 0.97; Table 32). 

However, 15% more PAS cows than DL cows were confirmed pregnant after two services, 

which is most likely a result of synchronization and breeding not being attempted for 17 of the 

140 cows due to temperament and(or) health issues. These 17 cows were not balanced across 

treatments, as ten of these cows were managed in drylot while only seven were managed on 

pasture. This may have contributed to the large variation in proportion of pregnant cows between 
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management systems. Results from the present study are generally in agreement with previous 

studies comparing reproductive performance in varying management systems. Anderson et al. 

(2013) reported conception rates to be 84.2 and 85.2% respectively for drylot and pasture-

managed cows. There is noticeably less variation in conception rate between management 

systems in the Anderson et al. (2013) study compared to the present study. This may be due to 

data collection occurring over a three-year period in the Anderson et al. (2013) study which 

increased the sample size. Furthermore, in the present study inter-animal variation for BW, 

condition, breed, age, and parity may have also impacted reproductive performance, and may 

have contributed to the numerical difference in conception rate between PAS and DL cows. 

Anderson et al. (2013) reported that cows consistently lost weight from turnout to breeding 

during each production year, with drylot cows losing 47.6 kg drylot vs. 24.5 kg for pasture cows. 

The present study did not report BW at breeding or change in BW from turnout to breeding, 

making it difficult to compare this information. However, from turnout to weaning, PAS cows in 

the present study lost BW while the DL cows gained BW. This contrasts to Anderson et al. 

(2013) where cows in both management systems had a net loss in BW from turnout to weaning. 

In general, the results of the Anderson et al. (2013) study suggest that despite consistent loss in 

body weight over several production years, with more substantial body weight losses occurring 

for the drylot cows, conception rate did not differ when lactating cows were housed in pasture or 

drylot systems. Future research may benefit from evaluating reproductive performance over 

several production years. This could determine if consistent loss or gains in body weight and 

condition over several years would alter conception rate.  

Legesse et al. (2012) did not observe differences in pregnancy rates during the 

subsequent breeding season between cows which were overwintered in an extended grazing 
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system versus those managed in drylot. However, the average pregnancy rate over the five-year 

period was 51.4%, which is considerably lower than treatment averages for pregnancy rate 

observed in the present study. Pregnancy rates reported in Legesse et al. (2012) study are 

considerably lower than industry averages of 93% based on the 2017 Western Canadian Cow 

Calf Survey (WCCCS II) (University of Saskatchewan, 2018). While Legesse et al. (2012) did 

find differences for growth performance (BW and condition) between management systems, 

measures of reproductive performance, such as pregnancy rates, calving interval, and number of 

calves born did not differ between pasture and drylot winter management systems. 

Moriel et al. (2014) found pregnancy rates for replacement heifers were not affected by 

weaning strategy or post-weaning management, although pregnancy rates across treatments 

varied, ranging from 60 to 89%.  Moriel et al. (2014) suspected that the lack of a statistical 

difference in pregnancy rate between treatment groups was associated with small sample sizes, 

which is likely also applicable for the present study. The variation in conception rates presented 

by Anderson et al. (2013), Legesse et al. (2012), Moriel et al. (2014), and the present study 

highlight the multifactorial nature of reproductive performance. Sample size, study duration, 

parity, nutrition, management system, and stage of production, among other factors, varied 

between these studies. This highlights the limited research available which compares 

management systems similar to those utilized in the present study.  

The effects of LMS on the average of serum concentrations of various metabolites 

throughout lactation are presented in Table 32. Unlike gestational treatments, LMS influenced 

serum concentrations for several metabolites. While serum calcium concentrations did not differ 

between management systems (P = 0.11), serum phosphorous concentrations were elevated in 
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PAS cows (P = 0.01), which subsequently caused calcium to phosphorous ratio to be greater for 

DL cows (P = 0.02). This is likely due to differences in dietary supply of these minerals between 

PAS and DL cows. The phosphorous content of pasture forage was comparable to that of the 

drylot diet, although phosphorous content varied both within and across fields on pasture (Table 

6; Table 7). Calcium content in pasture forage was much lower than that of the diet fed in drylot 

(Table 6; Table 7), which is interesting as forages generally provide adequate calcium but are 

often deficient in phosphorous (NASEM, 2016). PAS cows received a mineral premix containing 

12.60% calcium and 4% phosphorous (Table 2), while DL cows received a mineral premix 

containing 1.47% calcium and 2.06% phosphorous (Table 4). The high calcium content of the 

mineral supplement supplied on pasture was necessary due to the low calcium content of pasture 

forage (Table 7). However, phosphorous levels were generally comparable between the drylot 

ration and pasture forage. The greater phosphorous content for the pasture mineral supplement 

compared to the drylot mineral supplement may explain why serum phosphorous concentrations 

were greater for PAS cows vs. DL cows (Table 32). This would then influence serum calcium to 

phosphorous ratios (Table 32). Similar serum calcium concentrations for PAS and DL cows may 

also be due to homeostatic mechanisms that influence calcium absorption and bone resorption in 

order to maintain blood calcium concentration within a specific range (NASEM, 2016), despite 

the differences in serum phosphorous concentrations. Provision of the mineral premix differed 

between management systems, with DL cows receiving the supplement at 3% of the daily TMR, 

while the mineral premix was provided free-choice to the PAS cows. Thus, the amount of 

mineral premix consumed by PAS cows on a daily basis is unknown. The biological significance 

of the differences in serum phosphorous concentration and the calcium to phosphorous ratio 

between PAS and DL cows is questionable. Regardless of management system, serum calcium 
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and phosphorous concentrations, and subsequently the calcium to phosphorous ratio, were within 

the range of reference values reported by Kirk and Davis (1970) and Lumsden et al. (1980).  

Serum magnesium concentrations were greater for DL cows compared to PAS cows (P < 

0.01), along with a trend for serum chloride concentration to be elevated for DL cows (P = 0.06). 

While there were no differences in serum sodium or potassium concentrations (P > 0.12) based 

on LMS, serum sodium to potassium ratio was greater for DL cows (P < 0.01). The nutritional 

analyses for the drylot ration and pasture forage did not assess levels of magnesium, chloride, 

sodium, or potassium, making it difficult to assess dietary intake of these minerals. The inclusion 

level of these minerals and electrolytes varied between the pasture and drylot premixes. 

However, these variations were not consistent with the results presented in Table 32. Grace 

(1988) determined that plasma magnesium levels were reduced in non-lactating cattle when 

dietary intakes of sodium and potassium were increased, while plasma concentrations for sodium 

and potassium remained unaffected. This may explain the results of the present trial. However, 

due to the lack of information regarding these minerals and electrolytes presented in the 

nutritional analyses for pasture forage and the drylot ration (Table 6; Table 7), it is not possible 

to confirm this information within the scope of this trial. Furthermore, it is unclear why the 

differences in sodium to potassium ratio are statistically significant when comparing PAS vs. DL 

cows, while the differences in sodium and potassium individually lack statistical significance. 

The differences in serum concentrations for magnesium, chloride, and sodium to phosphorous 

ratio are most likely of questionable biological significance. Regardless of LMS, serum 

concentrations for various minerals and electrolytes were within the range of reference values for 

cattle, based on data published by Lumsden et al. (1980) and Jackson and Cockcroft (2002).  
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Serum values for calculated osmolality throughout lactation did not differ based on LMS 

(P = 0.45; Table 32). Serum osmolality measures the quantity of specific solutes dissolved in the 

serum, primarily sodium and potassium (DiBartola, 2012). Although serum sodium to potassium 

ratio differed between PAS and DL cows, individual concentrations for both potassium and 

sodium did not differ based on LMS, and all levels were within appropriate reference ranges 

(Lumsden et al., 1980; Jackson and Cockcroft, 2002). Thus, calculated osmolality would not be 

expected to differ between LMS. Additionally, values for calculated osmolality were within the 

range of reference values (Jackson and Cockcroft, 2002) for both LMS.  

Serum concentrations for AST and GLDH  did not differ between PAS and DL cows (P 

> 0.19; Table 32). However, serum GGT concentrations throughout lactation were lower for PAS 

cows compared to DL cows (P < 0.01). Regardless of management system, values for all three 

liver and(or) muscle enzymes were within the reference range of values reported by Hoff and 

Duffield (2015). Therefore, it is likely that the differences in GGT between the PAS and DL 

cows are of questionable biological significance. However, lower serum GGT concentrations for 

PAS cows could be explained by potential liver injuries. Fatty liver disease or hepatic lipidosis, 

is a well-documented metabolic disorder of lactating dairy cattle, associated with decreased liver 

function (Bobe et al., 2004), and often results from insufficient dietary intake of nutrients 

compared to the increase in nutrient requirements which occurs during lactation. Since treatment 

means for serum concentrations of AST, GGT, and GLDH for PAS and DL cows were within 

the reference range of values based on data by Hoff and Duffield (2015), it is unlikely that 

hepatic lipidosis was a clinical issue for PAS cows. However, increased serum NEFA 

concentrations combined with the lower serum cholesterol and GGT concentrations of PAS cows 

vs. DL cows may indicate low levels of liver injury or a reduction in liver functionality for PAS 
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cows. Without observing and analyzing histopathological differences in the hepatic tissue of the 

cows within the PAS and DL groups, it is difficult to determine the potential degree of hepatic 

injury which may have occurred over the course of lactation.  

Effects of LMS on concentration of serum metabolites associated with carbohydrate 

metabolism, lipid metabolism, and lipolysis varied amongst the measured metabolites. Serum 

concentrations for glucose and BHBA were similar between PAS and DL cows (P < 0.24; Table 

32) throughout lactation. However, serum NEFA concentrations were greater for PAS cows 

compared to DL cows (P < 0.01), while serum cholesterol concentrations were lower for PAS vs. 

DL cows (P < 0.01). NEFA is utilized as a marker of lipolysis, with elevated concentrations 

indicating mobilization of body fat stores (Hart et al., 1975). Lipolysis occurs when energy 

intake does not meet the requirements. It is not surprising that NEFA concentrations were greater 

for PAS vs. DL cows throughout lactation, considering the total loss in BW, rib fat depth, rump 

fat depth, and LMA observed for PAS cows compared with the gains in these parameters for DL 

cows (P < 0.01; Tables 29 and 31). Black et al. (2015) managed 422 cow-calf pairs either on 

pasture or in drylot in order to assess reproductive performance during a ten-day estrous 

synchronization period. Ten days prior to AI, cow BW and serum NEFA concentration did not 

differ between cows managed on drylot compared to pasture, however, young cows (2 to 4 years 

old) had greater serum NEFA concentrations than old cows (> 5 years of age). At time of AI, 

serum NEFA concentrations were greater for old cows managed in drylot compared to old cows 

managed on pasture, this was accompanied by weight losses for drylot cows while pasture cows 

maintained weight. In the present study, PAS cows lost weight over lactation while DL cows 

gained weight during this period (P < 0.01; Table 29). For both studies, increases in NEFA 

concentrations were associated with losses in cow BW which would indicate cows were in 
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negative energy balance. While measures of dietary energy were generally comparable between 

drylot rations (Table 6) and pasture forage during cycle two (Table 7), nutrient composition of 

pasture varied within and across the subset of sampled fields. In addition, dietary NDF was 

greater on pasture during cycle two compared to drylot rations, and likely increased as the forage 

matured. Since increased NDF results in reduced voluntary intake, PAS cows most likely 

consumed less feed than the DL cows as indicated by DMI data presented in Table 18 and Table 

24. Despite similarities in dietary energy between pasture forage and drylot rations, energy 

intake and resultant energy balance was most likely lower for PAS vs. DL cows.  

In contrast to serum NEFA values, serum concentrations for cholesterol were greater for 

DL vs. PAS cows (P < 0.01; Table 32). Serum cholesterol concentration is indicative of liver 

function, with increased levels suggesting improved functionality (Lopes et al., 2019). This 

finding is supported by Arave et al. (1975), in which serum cholesterol concentrations were  

reduced with lower dietary energy intakes, due to dietary differences in nutrient composition, 

with pasture-fed cows having lower serum cholesterol concentrations compared to stall-fed 

cattle. Regardless of management system, serum cholesterol concentrations for both PAS and DL 

cows were within the reference range of values based on data by Jackson and Cockcroft (2002). 

Therefore, it is unlikely that liver function was reduced based on LMS. Instead, differences in 

serum cholesterol concentrations are likely due to differences in dietary energy intake between 

PAS and DL cows.  

Based on elevated serum NEFA concentrations, reduced serum cholesterol 

concentrations, and loss in BW, rib fat depth, rump fat depth, and LMA over the course of 

lactation, PAS cows most likely were in a state of negative energy balance throughout lactation 
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due to inadequate nutrient intakes. However, there were no effects of LMS on serum 

concentrations for BHBA and glucose (P > 0.24; Table 32). Glucose is generally used as an 

indicator of carbohydrate metabolism, while BHBA, NEFA, and cholesterol are reflective of 

lipid metabolism. All four serum metabolites are used to assess energy balance. Serum BHBA 

concentration is correlated negatively with serum glucose concentration and positively with 

serum NEFA concentration (Sun et al., 2015). Therefore, an increase in serum BHBA 

concentration and a decrease in serum glucose concentration would be expected for PAS cows 

compared to DL cows. Numerically this was observed, however, differences in treatment 

averages for serum BHBA and glucose concentrations between LMS were minute, and thus 

lacked statistical significance. Treatment means for serum NEFA, cholesterol, BHBA, and 

glucose concentrations in the present study were within the range of reference values (Hoff and 

Duffield, 2015); Lumsden et al., 1980). While PAS cows were most likely in a state of negative 

energy balance throughout lactation, their serum BHBA concentrations suggest that PAS cows 

had not reached a state of severe negative energy balance, resulting in clinical conditions such as 

hyperketonemia or ketosis.  

Total protein concentration did not differ between PAS and DL cows (P = 0.11; Table 

32), despite reductions over lactation for ADG, and total changes in BW, rib fat depth, rump fat 

depth, and LMA for PAS cows compared to DL cows (P < 0.01; Tables 29 and 31). Generally, 

these parameters would be suggestive of poor nutritional status for PAS cows compared to DL 

cows. Perhaps differences in nutrient quantity and quality between PAS and DL systems were 

insufficient to cause a reduction in intestinal protein absorption, and subsequently impact 

concentration of total protein in serum. Table 7 indicates that CP content of the pasture grass 

varied both within and across the fields which were sampled during cycle 2, making it difficult to 
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compare CP content between pasture forage and the drylot TMR. Furthermore, the quantity and 

quality of the pasture grass were expected to decrease as lactation proceeded based on changes in 

botanical composition outlined in Appendix Table 1. However, Tables 6 and 7 revealed that UIP 

values were 5.6 to 15.6% greater for all paddocks sampled during cycle 2 compared to drylot 

rations fed throughout lactation. Considering that during cycle 2, pasture forage in the majority 

of sampled paddocks had a CP content which was greater than or similar to CP content of the 

drylot TMR, the greater UIP content of the pasture forage would result in an increase in protein 

available for intestinal absorption. This could partially explain why a difference in serum total 

protein was not observed between PAS and DL cows, despite differences in BW and condition 

observed between these groups. However, this is likely not the case as Tables 18 and 25 outline 

that DMI was much lower for PAS cows compared to DL cows, which would suggest CP and 

UIP intake for PAS cows was lower than DL cows. Hartwiger et al. (2018) also did not report 

any differences in serum concentrations for total protein between lactating dairy cattle managed 

in a confinement system versus cattle which were transitioned to from a confinement to a grazing 

system over a 12-week period. Both in the present study and Hartwiger et al. (2018), body 

condition decreased for grazing cattle, which Hartwiger et al. (2018) attributed to greater 

physical activity. Regardless of management system, treatment means for serum total protein 

concentration were within the reference range of values reported by Hoff and Duffield (2015). 

While serum albumin concentration did not differ between PAS and DL cows (P = 0.47; 

Table 32), while serum globulin concentrations were greater for PAS cows vs. DL cows (P = 

0.01). The increase in serum globulin concentration for PAS cows resulted in a lower serum 

albumin to globulin ratio for PAS vs. DL cows (P < 0.01). Hartwiger et al. (2018) did not 

observe any difference in serum albumin concentration between confined cattle or cattle which 
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were transitioned to a rotational grazing system over a 12-week period. Da Silva et al. (2008) 

reported an increase in globulin concentration and a decrease in albumin and albumin to globulin 

ratio for cattle finished on pasture compared to cattle in confinement. According to Da Silva et 

al. (2008), the increase in albumin concentration of cows managed in confinement indicated 

improved nutrient quantity and(or) quality of the diet fed in the confinement system. Da Silva et 

al. (2008) hypothesized that the increase in serum globulin concentration for pastured cattle was 

due to a constant immunological challenge due to elevated exposure to ticks when cows were on 

pasture. Regardless of management system, treatment means for serum concentrations of 

albumin and globulin were within the range of reference values by Hoff and Duffield (2015).  

Despite differences in serum globulin concentration between PAS and DL cows, serum 

concentrations for haptoglobin did not differ based on LMS (P = 0.36; Table 32). While serum 

haptoglobin concentrations are altered in response to infection, inflammation, and trauma (Chan 

et al., 2004), neither pasture or drylot management systems were designed to elicit infection, 

inflammation, or trauma. It was previously suggested that the increased serum NEFA 

concentrations combined with lower serum cholesterol and GGT concentrations for PAS vs. DL 

cows could indicate low levels of liver injury or a reduction in liver functionality. However, 

serum concentrations for GGT, NEFA, cholesterol, and haptoglobin were all found to be within 

the reference range of values for lactating cattle. Thus, it is unlikely that losses in BW and 

condition for PAS vs. DL cows led to severe liver injury or reduction in hepatic function.  

Serum urea concentrations were lower for DL vs. PAS cows (P < 0.01; Table 32). This 

could have occurred in response to differences in dietary nitrogen or microbial CP between PAS 

and DL cows, or could suggest reduced renal functionality for PAS vs. DL cows. Hartwiger et al. 
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(2018) reported that serum urea concentrations were greater for lactating dairy cows gradually 

transitioned to a rotational grazing system over a 12-week period compared to lactating dairy 

cows housed in a confinement system over the same period. This was attributed to an energy 

deficit for pastured cows, which impacted microbial protein synthesis of the rumen microflora. 

The lack of energy would result in increased ammonia circulating in the bloodstream, 

subsequently increasing urea production in the liver. This could explain increases in serum urea 

concentrations for PAS cows in the present study, considering that the PAS cows were most 

likely in a state of negative energy balance throughout lactation. Serum urea concentrations for 

both PAS and DL cows were within the reference range of values for cattle based on data by 

Jackson and Cockcroft (2002). If renal efficiency may have been altered, it is unlikely that the 

renal functionality was considerably reduced in PAS vs. DL cows.  

Managing cows in a traditional rotational-grazing system during lactation resulted in a 

numerically higher conception rate compared to cows managed in a drylot system. The lack of 

statistical significance may have resulted from several factors, including an imbalance in 

proportion of animals culled, and thus not bred, from each treatment group and(or) use of a non-

homogenous herd, which varied in terms of breed, age, parity, weight, and body condition. 

Within the scope of the present trial, it was not possible to confirm whether changes in serum 

metabolites were temporary, occurred as an adaption, or were a result of the loss in BW and 

condition of the PAS cows compared to the gain in BW and condition for DL cows. Considering 

the substantial differences in BW and condition between the PAS and DL cows, there is a need 

for long-term multi-year studies. Research should assess whether PAS cows would continuously 

lose BW and condition, while DL cows gain BW and condition from calving to weaning. This 

would allow researchers to determine whether continuous annual changes in BW and condition 
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would ultimately lead to severe over or under conditioning, which could impact long-term 

conception rates or serum metabolic profiles, and potentially cause significant metabolic issues.  

4.3.5 Cow Methane Emissions Throughout Lactation as Affected by Lactational 

Management System 

 Average daily methane emissions were reduced for PAS cows compared to DL cows 

over the course of lactation (P < 0.01; Table 33). In contrast, methane produced per kilogram of 

DMI was greater for the PAS cows compared to the DL cows (P < 0.01). There is generally a 

lack of research presently available in which enteric methane production has been compared 

between lactating cows managed in drylot versus on pasture. However, there is research 

available which compares methane production between similar systems during other phases of 

production or using computer-generated modelling techniques. For instance, Alemu et al. (2016) 

assessed greenhouse gas emissions based on enteric fermentation and manure associated with 

utilizing grazing systems to manage gestating cows over winter compared to traditional drylot 

winter management strategies. Alemu et al. (2016) determined that overall greenhouse gas 

emissions, and emissions of methane and carbon dioxide were reduced for cows managed using 

swath grazing systems vs. drylot, while nitrous oxide emissions were lower in drylot. Methane 

emissions associated with manure were also lower for swath grazing systems. Regarding 

greenhouse gas emissions, the present study collected data solely related to methane production 

associated with enteric fermentation using GreenFeed machines. Results associated solely with 

enteric methane emissions differed between the present study and Alemu et al. (2016). This 

variation in results may be associated with study-to-study differences in stage of production, time 

of year, feedstuffs used, and quantity and quality of feed. NASEM (2016) has outlined several 

different aspects of nutrition, such as DMI, quantity and quality of forages, grain processing 
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methods, dietary fat concentration, and use of numerous feed additives, which have all been 

shown to alter methane emissions from beef cattle. Therefore, considering differences in nutrient 

requirements between gestation and lactation, it is possible that differences in enteric methane 

emissions observed between the present study and Alemu et al. (2016) may be associated with 

more extreme differences in nutrient quantity and quality between the cows in both studies 

compared to within each study. The disparity in results between the Alemu et al. (2016) study 

and the present study could also be associated with differences in methods for calculating 

methane emissions as models were used by Alemu et al. (2016) to estimate enteric methane 

production while the present study used estimates for enteric methane emissions, calculated by 

the GreenFeed system from the subset of 55 cattle which voluntarily used the GreenFeed 

machine. While this method may provide more accurate measurements of enteric methane 

emissions, the opportunity for inter-animal variation is greater compared to the system used by 

Alemu et al. (2016). In an attempt to control and reduce inter-animal variation in the present 

study, methane emissions were analyzed by averaging daily emissions per animal for each day 

the animal had access to and utilized the GreenFeed machine over the course of lactation. 

Additionally, parity and measurement date were included as random effects, and calving weight 

and DIL were included as covariates in the analysis of methane emissions. Differences in sample 

size between the current study and Alemu et al. (2016) may partially explain the differences in 

results between the two studies.  

Legesse et al. (2011) utilized several mechanistic (COWPOLL, MOLLY) and empirical 

(IPCC Tier 2, ELLIS) models in order to predict methane emissions over five production years 

within four winter management systems and two summer grazing systems. Estimations of enteric 

methane emissions for each management system varied greatly depending on the model, which 
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resulted in inconsistencies for amount of enteric methane produced for each system. Significant 

differences between models limits the efficacy of their use. Although machines like the 

GreenFeed may provide more accurate data, they are expensive, and require more labour than the 

models used in the Alemu et al. (2016) and Legesse et al. (2011) studies. While methane 

emissions comprise a significant portion of agriculture related emissions at approximately 69% 

of greenhouse gas emissions, enteric fermentation alone is responsible for approximately 94% of 

these agriculture-related methane emissions (Alemu et al., 2017a). Both Alemu et al. (2016) and 

Legesse et al. (2011) emphasize the importance of assessing emissions of methane, as well as 

other greenhouse gases, more broadly, as opposed to the present study which was more narrowly 

focused on emissions associated with enteric fermentation during lactation. It is likely that 

management system alone is not a sole determinant of methane emissions associated with enteric 

fermentation. Instead it is more probable that diet, stage of production, and temperature, among 

several other factors, play an integral role in determining enteric methane emissions. Much 

remains unknown regarding the effects of management, stage of production, and diet on methane 

emissions associated with enteric fermentation. There is a need for research which attempts to 

assess the relationships between the combination of these factors and methane emissions.  

Results from the present study indicated that average daily methane emissions associated 

with enteric fermentation were lower for PAS cows vs. DL cows during lactation. While 

methane emissions as a function of DMI were lower for DL cows vs. PAS cows over lactation. 

While estimation models may be more cost effective and have lower labour requirements than 

utilizing machinery such as the GreenFeed system, estimates of methane emissions tend to vary 

depending on the model. Reducing methane emissions associated with enteric fermentation 

would undoubtedly reduce the environmental impact of animal production. However, analysis of 
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greenhouse gas emissions on a whole-farm basis is necessary in order to optimize animal 

production while reducing emissions of greenhouse gases. Future research should aim to 

improve or explore the efficacy of models and systems capable of comprehensively assessing 

emissions of methane and other greenhouse gases associated with all facets of animal production. 

It is unlikely that management systems alone are a major determinant of enteric methane 

emissions. Future studies may benefit from a more comprehensive analysis of the multitude of 

factors associated with each management strategy, such as diet and stage of production.  

4.3.6 Calf Health Scores Throughout Lactation as Affected by Pre-Weaning Management 

System 

 Pre-weaning management system impacted most parameters assessed using the  

visual health assessment system developed by the University of Wisconsin-Madison’s School of 

Veterinary Medicine (McGuirk and Peek, 2014). Apart from eye scores, all parameters 

associated with respiratory health, including ear scores, nasal scores, cough scores, and 

subsequently TRS, were lower for PAS calves vs. DL calves (P < 0.01; Table 34). In contrast, 

eye scores did not differ between PAS and DL calves (P = 0.39). Lower scores are indicative of 

improved health status, suggesting that the respiratory health of the PAS calves was generally 

better than that of the DL calves. Due to the greater stocking density for the drylot system 

compared to the pasture system, it is expected that disease transmission and exposure would be 

increased within the drylot system. Burson (2017), found that calves born and managed on 

pasture had reduced titer levels for bovine respiratory syncytial virus compared to calves 

managed in a feedlot confinement system or a variation of the Sandhills system. Reduced titer 

levels indicate that pasture managed calves were more immunologically naïve, suggesting that 

pathogen exposure and transmission were more widespread within the two confinement systems. 
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However, it is important to note that adequate colostrum consumption was guaranteed for calves 

in the feedlot and Sandhills system, but not for the pasture system. This could explain the 

reduced titer levels for pasture born calves. In the present trial, adequate colostrum consumption 

was guaranteed for all calves. Future studies may benefit from assessing titer levels for specific 

diseases between pasture and drylot managed calves to determine if results similar to those 

observed in Burson et al. (2017) would occur. Burson et al. (2017) suggested that the increased 

pathogen exposure of the confinement managed calves could lead to better protection later in 

life, especially during the backgrounding and feedlot phases of production. However, this 

resulted in greater morbidity and mortality rates for calves managed in both confinement systems 

from birth to weaning, including morbidity and mortality rates associated with bovine respiratory 

disease. 

In contrast to Burson (2017) and the present study, Mathis et al. (2008) evaluated the 

effects of utilizing a pasture system and a drylot system during backgrounding on steer health 

during the finishing phase of production. Morbidity rates were numerically lower during the 

finishing phase for calves backgrounded on pasture, with greater mortality rates for steers 

backgrounded in drylot. Mathis et al. (2008) hypothesized that the greater mortality rate for 

drylot steers was due to increased exposure to specific stressors compared to the pasture steers. 

Notably, Mathis et al. (2008) suggested that the drylot backgrounded steers underwent a more 

significant adjustment period to changes in diet and environment between the weaning and 

backgrounding phases. However, considering the Mathis et al. (2008) study focused on steers, 

which were much older than the calves in the present trial, these results may not be directly 

applicable to the results of the current study. Based on the results from Burson (2017), and the 

present study it is clear that health status is generally improved for animals managed on pasture 
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compared to in drylot. However, future research is required in order to determine the potential 

long-term effects of each management systems on animal health to determine whether pasture 

management improves animal health or results in immunologically naïve animals.  

All respiratory scores were relatively low, with both groups averaging below a score of 2 

for eye, ear, nasal, and cough scores. A score of 1 is characterized as mildly abnormal by 

McGuirk and Peek (2014) and would not be classified as having sufficient clinical signs for 

respiratory disease. TRS is a sum of eye, ear, nasal, and cough scores, and can range from 0 to 

12, therefore the treatment means for TRS of both the PAS and DL calves are still relatively low. 

Table 34 illustrates that eye and nasal scores were higher than ear and cough scores. This is 

likely due to the difference in severity of clinical signs between the scoring levels for each 

parameter. Some amounts of ocular and nasal discharge can be both common and clinically 

normal. Alone, nasal and ocular discharge are unlikely to be a symptom of respiratory disease 

(Love et al., 2014). In contrast, the presence of a cough or ear droop are less common and often 

indicate a clinical issue (Love et al., 2014). Regardless of the differences in average scores 

between eye and nasal scores compared with ear and cough scores, treatment means differed by 

less than 0.25 units between PAS and DL for all respiratory parameters. Additional research is 

required to determine if the statistical differences found are biologically relevant. In particular, it 

would be beneficial to assess health after weaning, as steers move through the backgrounding 

and finishing phases of production or as heifers enter the herd as replacement breeding stock, to 

determine whether pasture management resulted in immunologically naïve calves, as suggested 

by Burson (2017), or whether health status remained improved for PAS vs. DL calves, as 

suggested by Mathis et al. (2008).  
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Fecal scores were greater for PAS calves vs. DL calves (P < 0.01; Table 34). Considering 

fecal scores are likely indicative of gastrointestinal health, the results observed in the present 

study generally contradict Burson (2017). Burson (2017) reported that titer levels for bovine viral 

diarrhea types 1 and 2 were reduced in calves managed on pasture compared to both of the 

confinement systems. As such, morbidity and mortality rates associated with gastrointestinal 

illness, specifically scours, were greatest for calves managed in confinement. It is unclear why 

fecal scores in the present trial seemed to contradict Burson (2017). While increased fecal scores 

could indicate poor gastrointestinal health for PAS vs. DL calves, the small treatment difference 

in fecal scores for PAS and DL calves in the present study are likely not indicative of scours or 

other severe gastrointestinal illnesses, and therefore are of questionable biological significance.  

 Joint scores did not differ between PAS and DL calves (P = 0.12; Table 34). This was 

expected, as overall calf health was not hypothesized to differ between either management 

system. Furthermore, differences in the appearance of the forelimb carpal joints can be very 

difficult to distinguish using only visual assessments. Although a physical assessment of the 

carpal joints would have been ideal, this was not feasible for all calves due to the large sample 

size of 145 calves, as well as time and labour constraints. Calves would likely have to be 

moderately to severely lame in order to detect differences in joint scores using solely visual 

assessments. 

There is a lack of research which has explored relationships between pre-weaning 

management system and calf health. The present study appears to be the first of its nature which 

attempted to assess calf health using the visual assessment system developed by the University of 

Wisconsin-Madison’s School of Veterinary Medicine, based on research by McGuirk and Peek 
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(2014). This complicates analysis of the results, as there is a lack of similar research available to 

compare with these results. Referring to section 2.5, calf health was not hypothesized to differ 

between PAS and DL calves. The differences observed in many of the health parameters may 

have resulted from a variety of factors. Visual health assessments were more difficult to obtain 

on pasture compared to in drylot as the creep area in the drylot system allowed DL calves to be 

scored without opportunities for obstruction by the dams. The DL calves also seemed to be less 

fearful of human interaction, so visual health assessments for DL calves could be done within 

close proximity of the calves. In contrast, PAS calves were more fearful of human interaction, 

making it difficult to visually assess them from close range. Furthermore, the large paddocks on 

pasture made it easier for PAS calves to distance themselves from the observer. Observations 

were made more difficult on pasture by the lack of a separation barrier between cows and calves. 

The greater difficulty associated with obtaining visual assessments of PAS calves could have 

negatively impacted the accuracy of the results. Due to the large amount of calves and the 

multiple parameters which were assessed for each calf, each health assessment took several 

minutes. To maintain consistency, DL calves were scored in the morning on assessment days, 

while PAS calves were scored in the afternoon. However, this may have unintentionally biased 

results, as differences in temperature, animal activity, and weather between mornings and 

afternoons may have impacted visual assessments. Future studies may benefit from conducting 

the health assessments at the same time over two consecutive days. Visual health assessments are 

generally cost effective and can be completed on farm by producers. However, when comparing 

the health of calves between two contrasting management systems as in the present study, the 

sole use of visual assessments to assign scores to specific parameters associated with calf health 

may not be the most accurate method. Future studies may benefit from using more precise 
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indicators of health, such as titers to determine antibody levels for specific illnesses, as in the 

Burson (2017) study. Although PAS calves in the present study generally scored lower than DL 

calves indicating improved health status of PAS calves, it is unclear whether this was a result of 

differences between management systems or other factors which may have impacted the 

accuracy of the visual assessments. Regardless, it is important to note that calves in both systems 

were generally healthy.  
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Table 29: Effects of Lactational Management System on Cow Body Weight (BW) and Average Daily Gain (ADG)  

 Lactational Management System1 

 

  

Trait Pasture Drylot S.E.2 P-Value 

Number of Cows3 72 68 - - 

BW at Calving (kg) 664.3 660.3 79.51 0.754 

BW Prior to Lactational Management 

System Allocation4 (kg) 

687.1 687.2 7.88 0.976 

BW at Weaning (kg) 672.5 707.5 44.61 0.544 

BW Change from Calving to Lactational 

Management System Allocation (kg)  

-9.7 -9.6 7.36 0.982 

BW Change from Lactational Management 

System Allocation to Weaning (kg) 

-20.8 41.2 4.24 <0.0001 

Total BW Change5 (kg) -27.5 34.1 4.91 <0.0001 

ADG from calving to weaning (kg/d) -0.16 0.21 0.030 <0.0001 

1Lactational Management System includes: Cows managed using rotational grazing on pasture or in an intensively managed drylot 

system. 

2Standard error of treatment means. 

3Number of cows managed in each lactational management system evaluated throughout lactation from calving until weaning 

(2018). 

4All cows were weighed when they were assigned to either the pasture or drylot lactational management system. Cows were a 

minimum of 28 days in milk (DIM) at this time. 

5Total BW Change represents the change in cow weight over the entire lactation period from calving until weaning. 
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Table 30: Effects of Pre-Weaning Management System on Calf Body Weight (BW) and Average Daily Gain (ADG) 

 Pre-Weaning Management System1 

 

  

Trait Pasture Drylot S.E.2 P-Value 

Number of Calves3 72 73 - - 

Birth Weight (kg) 39.7 38.8 1.35 0.349 

BW Prior to Pre-Weaning Management 

System Allocation4 (kg) 

81.9 82.1 0.94 0.846 

BW at Weaning (kg) 246.4 235.3 2.93 0.012 

BW Gain from Calving to Pre-Weaning 

Management System Allocation (kg) 

42.9 43.1 0.94 0.846 

BW Gain from Pre-Weaning Management 

System Allocation to Weaning (kg) 

164.2 153.4 2.49 0.005 

Total BW Gain5 (kg) 207.4 196.3 2.93 0.012 

ADG from birth to weaning (kg/d) 1.17 1.11 0.016 0.014 

1Pre-Weaning Management System includes: calves of cows managed by rotational grazing on pasture or in an intensively 

managed drylot system. 

2Standard error of treatment means. 

3Number of calves from cows managed in each pre-weaning management system evaluated from birth until weaning (2018). 

4All calves were weighed when they were assigned to either the pasture or the drylot pre-weaning management system. Calves 

were a minimum of 28 days old at this time. 

5Calf Total BW Gain represents the change in calf weight from birth until weaning. 
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Table 31: Effects of Lactational Management System on Cow Body Condition Score (BCS) and Ultrasound Assessment of 

Rump Fat Depth, Rib Fat Depth, and Longissimus Muscle Area (LMA) 

 Lactational Management System1   

Trait Pasture Drylot S.E.2 P-Value 

Number of Cows3 72 68 - - 

Initial BCS4 3.41 3.34 0.464 0.510 

         BCS at Weaning 3.31 3.42 0.320 0.579 

         Total Change in BCS5 -0.08 0.07 0.182 0.131 

Initial Rump Fat Depth4 (mm) 11.7 9.4 0.56 0.004 

         Rump Fat Depth at Weaning (mm) 9.2 11.0 0.70 0.080 

         Total Change in Rump Fat Depth5 (mm) -2.5 1.2 0.59 <0.0001 

         Average Rump Fat Depth6 (mm) 10.0 10.0 0.59 0.978 

Initial Rib Fat Depth4 (mm) 8.7 7.4 0.36 0.009 

         Rib Fat Depth at Weaning (mm) 6.7 8.5 0.44 0.005 

         Total Change in Rib Fat Depth5 (mm) -1.9 0.9 0.28 <0.0001 

         Average Rib Fat Depth6 (mm) 7.6 7.8 0.37 0.632 

Initial LMA4 (cm2) 86.0 85.0 1.66 0.381 

        LMA at Weaning (cm2) 85.6 89.6 2.69 0.008 

        Total Change in LMA5 (cm2) -0.03 4.37 1.244 0.0003 

        Average LMA6 (cm2) 84.6 87.0 2.11 0.035 

1Lactational Management System includes: Cows managed using rotational grazing on pasture or in an intensively managed drylot 

system. 

2Standard error of treatment means. 

3Number of cows managed in each lactational management system evaluated throughout lactation from calving until weaning 

(2018). 

4Initial BCS, Rump Fat Depth, Rib Fat Depth, and LMA were measured when cows were assigned to either the pasture or drylot 

lactational management system. Cows were a minimum of 28 days post-calving at this time.  

5Total Change in BCS, Rump Fat Depth, Rib Fat Depth, and LMA measurements were determined by subtracting the 

measurements at weaning from the initial measurements for rump fat depth, rib fat depth, and LMA.  

6Average Rump Fat Depth, Rib Fat Depth, and LMA measurements were determined from analysis of all three ultrasound images 

captured for each cow over lactation. 
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Table 32: Effects of Lactational Management System on Cow Conception Rate and Serum Metabolite Concentrations 

 Lactational Management System1   

Trait Pasture Drylot S.E.2 P-Value 

Number of Cows3 72 68 - - 

Conception Rate4 (%) 79.2 64.7 - 0.965 

 

Calcium (mmol/L) 2.29 2.32 0.025 0.110 

Phosphorous (mmol/L) 2.17 2.05 0.055 0.007 

Calcium Phosphorous Ratio 1.09 1.16 0.049 0.016 

Magnesium (mmol/L) 0.87 0.92 0.008 <0.0001 

Chloride (mmol/L) 96.73 97.87 0.429 0.058 

Sodium (mmol/L) 137.84 139.20 0.639 0.127 

Potassium (mmol/L) 4.70 4.64 0.034 0.155 

Sodium Potassium Ratio 29.45 30.22 0.180 0.002 

Calculated Osmolality 272.77 274.10 1.266 0.449 

AST (U/L) 69.14 66.12 1.755 0.197 

GGT (U/L) 14.97 20.42 1.699 <0.0001 

GLDH (U/L) 10.54 12.61 1.273 0.243 

BHBA (umol/L) 316.30 316.21 7.401 0.993 

NEFA (mmol/L) 0.35 0.20 0.013 <0.0001 

Glucose (mmol/L) 3.90 3.96 0.039 0.244 

Cholesterol (mmol/L) 3.19 3.76 0.090 <0.0001 

Total Protein (g/L) 70.18 68.95 2.054 0.106 

Albumin (g/L) 34.91 35.19 0.808 0.469 

Globulin (g/L) 35.32 33.81 1.247 0.010 

Haptoglobin (g/L) 0.16 0.18 0.013 0.363 

Albumin Globulin Ratio 1.00 1.06 0.013 0.001 

Urea (mmol/L) 3.72 2.58 0.060 <0.0001 

1Lactational Management System includes: Cows managed using rotational grazing on pasture or in an intensively managed drylot 

system.  

2Standard error of treatment means. 

3Number cows managed in each lactational management system evaluated throughout lactation from calving until weaning (2018). 
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4Conception Rate analyzed as a binary logistic regression, producing an odds ratio; LSM and S.E. values are unavailable. The 

percentage presented is the proportion of cows which were pregnant after a maximum of 2 services. 11.11% of PAS cows and 

20.59% of DL cows were open after two services. Breeding was not attempted on 9.72% of PAS cows and 14.71% of DL cows.  
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Table 33: Effect of Lactational Management System on Average Daily Methane Emissions for a Subset of Lactating Cows 

 Lactational Management System1 

 

  

Trait Pasture Drylot S.E.2 P-Value 

Number of Cows3 21 34 - - 

Average Daily Methane Emissions4 (g/d) 264.7 308.0 8.45 <0.0001 

Average Methane Produced per unit of Dry 

Matter Intake (g/kg) 

34.9 21.8 1.55 <0.0001 

1Lactational Management System includes: Cows managed using rotational grazing on pasture or in an intensively managed drylot 

system. 

2Standard error of treatment means. 

3Number of cows managed in each lactational management system evaluated throughout lactation from calving until weaning 

(2018). This is representative of the 55 cows who utilized the GreenFeed machine, and does not include the 5 (3 PAS, 2 DL) cows 

which had access to the GreenFeed system but did not utilize the machine.  

4Average Daily Methane Emissions represents the analysis of the repeated measures of daily methane emissions over lactation, 

which includes daily average methane emissions. This was calculated by dividing each cow’s daily emissions by the corresponding 

number of visits to the GreenFeed machine for each measurement date.  
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Table 34: Effects of Pre-Weaning Management System on Visual Assessments of Calf Health 

 Pre-Weaning Management System1 

 

  

Trait Pasture Drylot S.E.2 P-Value 

Number of Calves3 72 73 - - 

Eye Scores4 1.38 1.35 0.026 0.392 

Ear Scores5 0.01 0.02 0.005 0.009 

Nasal Scores6 1.42 1.53 0.027 <0.0001 

Cough Scores7 0.12 0.25 0.017 <0.0001 

Total Respiratory Scores8 2.93 3.15 0.041 0.0001 

Joint Scores9 0.00 0.01 0.006 0.122 

Fecal Scores10 0.53 0.31 0.048 0.001 

1Pre-Weaning Management System includes: calves of cows managed by rotational grazing on pasture or in an intensively 

managed drylot system. 

2Standard error of treatment means. 

3Number of calves from cows managed in each pre-weaning management system evaluated from birth until weaning (2018). 

4Eye scores ranged from 0 to 3: 0 = no visible discharge; 1 = unilateral/bilateral clear discharge or crust in corners of one/both eyes; 

2 = unilateral/bilateral cloudy/opaque discharge, crust around one/both eyes, or excessive amounts of clear discharge bilaterally; 3 

= copious amounts of unilateral/bilateral discharge or excessive crust around one/both eyes. 

5Ear scores ranged from 0 to 3: 0 = both ears alert and even; 1 = unilateral ear droop; 2 = bilateral ear droop, ears do not perk up; 3 

= severe bilateral ear droop, head hung low, ears do not perk up, may include a head tilt. 

6Nasal scores ranged from 0 to 3: 0 = no visible discharge; 1 = unilateral/bilateral clear discharge or crust around nostrils; 2 = 

unilateral/bilateral cloudy/opaque discharge; 3 = copious amounts of unilateral/bilateral cloudy/opaque discharge. 

7Cough scores ranged from 0 to 3: 0 = no audible coughing; 1 = single cough heard; 2 = few repeated coughs heard, including 

multiple bouts of a few coughs; 3 = multiple repeated coughs heard without cessation.  

8Total Respiratory Scores refers to the sum of eye, ear, nasal, and cough scores and can range from 0 to 12. 

9Joint scores ranged from 0 to 3: 0 = joint appears normal, no swelling or warmth (if palpated); 1 = slight swelling, not warm (if 

palpated); 2 = moderate swelling with heat (if palpated); 3 = swelling with obvious visible pain, heat (if palpated), or dislocation.  

10Fecal scores ranged from 0 to 3: 0 = feces not seen on calf, feces appear normal; 1 = some fresh/pasty manure or excess amounts 

of dried manure seen on calf, feces appear semi-formed/pasty; 2 = excess dried or pasty manure seen on calf, feces appear loose but 

stay on top of bedding; 3 = copious amounts of pasty manure seen on calf or blood visible in manure, feces are watery and sift 

through the bedding.     
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4.4 Gestational Protein Level by RPM Supplementation Interaction Effects on Cow 

Growth, Reproductive Performance and Methane Emissions, and Calf Growth and Health 

Performance 

 During late gestation, protein requirements increase dramatically to meet requirements 

for the growing fetus. Research suggests that demand for methyl-donors, such as methionine, 

may also be elevated during this period (Osorio et al., 2014b). Within the last few decades, 

research has focused on providing amino acids, in a rumen-protected form to lactating dairy 

cattle, and recently, beef cattle. As use of RPM gains popularity within the beef cattle industry, 

there is a need for research which explores the potential interaction between RPM 

supplementation and MP. One of the aspects of the present study was to address the potential for 

MP by RPM supplementation interactions during gestation to affect performance of cow-calf 

pairs throughout lactation. While previous research has examined protein by methionine 

interactions, there is relatively little research available which has explored this interaction in a 

similar manner as the present trial. The protein level by RPM supplementation interaction effects 

will be discussed in detail within this section.  

MP by RPM supplementation interactions will be detailed in Tables 35 and 36, and 

Appendix Tables 2 to 8. Traits will only be discussed for interactions deemed statistically 

significant (P ≤ 0.05). A MP by RPM supplementation interaction was present for cow calving 

weight (P = 0.01; Table 35), as the average calving weights for 90% MP -RPM and 110% MP 

+RPM cows were greater than those for 90% MP +RPM and 110% MP -RPM cows (P = 0.02; 

Contrast 2). Collins (2019) also reported a MP by RPM supplementation interaction, which was 

a result of 110% MP +RPM cows being heaviest prior to starting the study at approximately 

eight weeks prior to calving. This was due to treatments not being evenly balanced in terms of 

BW at the time of allocation to gestational nutrition treatments, which carried over to impact cow 
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calving weights. At the time of LMS allocation, a MP level by gestational RPM supplementation 

interaction was not observed for cow body weight (P = 0.44), or for the change in body weight 

from calving to LMS allocation (P = 0.37). MP by RPM supplementation interactions were 

present for cow weaning weights, BW change from LMS allocation to weaning, and total BW 

change from calving to weaning (P < 0.02; Contrast 1). For cow weaning weight, the interaction 

is due to heavier BW for 100% MP -RPM cows vs. 100% MP +RPM cows. The opposite 

occurred for cows fed below/above MP requirements, as 90% MP +RPM and 110% MP +RPM 

cows were heavier than 90% MP -RPM and 110% MP -RPM cows. This also explains the 

interaction for changes in BW over lactation, as 100% MP -RPM cows had a greater change in 

BW vs. 100% MP +RPM cows. The opposite was true for cows fed below/above MP 

requirements, with 90% MP +RPM and 110% MP +RPM cows having greater changes in BW 

than 90% MP -RPM and 110% MP -RPM cows.  

RPM supplementation during gestation improved cow performance throughout lactation 

for cows fed below/above NASEM (2016) MP requirements during gestation. However, RPM 

supplementation had the opposite effect on the cows fed to meet NASEM (2016) MP 

requirements during gestation. It is unclear why these interactions occurred. It should also be 

noted that the MP level by RPM supplementation interaction did not impact ADG over lactation 

(P = 0.07; Table 35). It is unclear why change in weight over lactation was affected by this 

interaction, while ADG was not.  

In general, there is a lack of research available which utilized similar dietary treatments 

and assessed similar parameters as the present study, making it difficult to interpret some of the 

results observed in the present study. Regarding MP by RPM supplementation interactions on 
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BW and ADG, a study by Lee et al. (2012) may provide useful information. Lee et al. (2012) 

assigned 36 lactating Holstein cows to one of three diets: a diet adequate in MP, a diet deficient 

in MP but supplemented with RPL (100 g/d), or a diet deficient in MP and supplemented with 

RPM (24 g/d) and RPL (100 g/d). Cows fed diets deficient in MP gained less weight than cows 

fed diets adequate in MP. Feeding MP deficient diets reduced DMI, which may explain the 

reduction in BW for those groups of cattle. However, this would not explain the results observed 

in the present study as a MP by RPM supplementation interaction did not impact DMI over 

lactation (P > 0.71; Appendix Table 2). There is a need for more research which explores the 

effects of RPM supplementation at various MP levels.  

In terms of progeny performance, all measurements of BW, total gain, and ADG of 

calves were unaffected by a maternal protein level by maternal RPM supplementation interaction 

(P > 0.33; Appendix Table 3). The lack of an interaction is interesting, considering the numerous 

studies which have associated maternal protein supply and maternal RPM supplementation 

individually with progeny performance at birth, weaning, and finishing, and in some occasions 

impacting hot carcass weights, marbling scores, and carcass grades (Hollingsworth-Jenkins et al., 

1996; Llewellyn et al., 2006; Larson et al., 2009; Summers et al., 2015a,b; Wilson et al., 2016; 

Batistel et al., 2017). With the newest edition of Nutrient Requirements of Beef Cattle released in 

2016, there are relatively few studies which have assessed the potential for an interaction 

between maternal protein supply and RPM supplementation using similar methods or treatments 

as the present study. In particular, several studies which have previously explored an interaction 

between MP and RPM have not used isocaloric diets, which was a unique feature of the Collins 

(2019) study. Future studies may benefit from exploring different dosages of RPM at various 

levels of MP intake. Furthermore, in order to better examine the potential for maternal protein 
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supply or RPM supplementation to influence progeny performance, studies should consider 

following progeny past weaning, as far as slaughter or first breeding. This could provide a more 

comprehensive understanding of the long-term effects on maternal nutrition during gestation on 

progeny performance.  

 There was a MP by RPM supplementation interaction for LMA at weaning (P < 0.04; 

Table 36). Otherwise there were no interactions for measures of BCS or other ultrasound 

measurements of body condition (P > 0.06). The interaction for LMA at weaning (P < 0.02; 

Contrast 1) is due to greater LMA for 100% MP -RPM cows vs. 100% MP +RPM cows. While 

the opposite occurred when cows were fed below/above MP requirements, with 90% MP +RPM 

and 110% MP +RPM cows having greater weaning measurements of LMA vs. 90% MP -RPM 

and 110% MP -RPM cows. It is important to note that due to differences in age, parity, and 

breed, among other factors, the sample size of 140 cows was non-homogenous, resulting in inter-

animal variability in BW and condition. This may partially explain the interaction observed for 

LMA at weaning. However, the interaction is likely due to the MP by RPM supplementation 

interaction for cow BW at weaning, as LMA is expected to be related to cow BW. Overall, it is 

not surprising that most parameters associated with cow body condition were not impacted by a 

MP by RPM supplementation interaction. Lee et al. (2012) reported that BCS did not differ when 

lactating dairy cows were fed diets either sufficient in MP, or deficient in MP and supplemented 

with either RPL or both RPL and RPM over a 12-week feeding period. However, Lee et al. 

(2012) reported that average BW was relatively similar across the treatment groups, however, 

treatment differences were observed for total change in BW. Lee et al. (2012) solely assessed 

average BCS, and perhaps assessing total change in BCS would have generated statistically 

significant results, as observed with BW.  
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There were no MP by RPM supplementation interactions for DMI or FCR, regardless of 

the different calculation methods used between pasture and drylot systems (P ≥ 0.21; Appendix 

Table 2). This suggests that differences in cow weaning weights and changes in BW over 

lactation likely did not result from differences in feed intake. The previously mentioned Lee et 

al. (2012) study reported that DMI was reduced for lactating Holstein cows fed below MP 

requirements compared to cows fed at requirements. This was associated with a decrease in 

apparent total tract digestibility for DM, OM, ADF, NDF, and CP. Lee et al. (2012) hypothesized 

that the reduction in digestibility was due to lower rumen microbe activity which was responsible 

for lower DMI and subsequent lower BW gains for cows fed diets deficient in MP. Collins 

(2019) assessed apparent total tract digestibility of the trial diets during gestation and reported 

that while MP level altered nutrient digestibility, no MP by RPM supplementation interactions 

were found. Future studies may benefit from assessing total tract digestibility during lactation in 

order to determine the potential long-term effects of gestational nutrition on rumen microbe 

activity. This information may also provide a better understanding of the effects of gestational 

nutrition on feed intake during lactation.  

Conception rate was unaffected by a MP by RPM supplementation interaction (P > 0.99; 

Appendix Table 4). Furthermore, BCS has previously been established as an accurate predictor 

of reproductive performance (Llewellyn et al., 2006). Morrison et al. (1999) demonstrated that 

an optimal BCS at calving, in relation to reproductive performance, would be a BCS of 5 to 6 on 

a 9-point scale (3 to 3.5 on a 5-point scale). Although the present study did not assess BCS at 

calving, BCS was assessed at time of LMS allocation (38  7.6 DIL). At this time, treatment 

means for BCS ranged from 3.27 to 3.66  0.475 units across the six MP by RPM 

supplementation treatments (Table 36). Considering that weaning BCS was similar, ranging from 
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3.25 to 3.51  0.322 units (Table 36) across the six treatment groups, and an interaction effect 

was not observed for any measures of BCS or changes in BCS over lactation, it is not surprising 

that an interaction effect was similarly not observed for conception rate. Past studies (Llewellyn 

et al., 2006; Summers et al., 2015a; Wilson et al., 2016) have reported that pregnancy rate was 

not impacted as a result of altering either CP or RUP. Few studies have assessed a relationship 

between RPM supplementation and conception rate, although Clements et al. (2017) indicated 

that both AI conception rate and overall pregnancy rate did not differ based on supplementation 

of a methionine hydroxy analog. There is a need for research which attempts to analyze the 

potential for an interaction between gestational MP supply and RPM supplementation to impact 

conception rate in the subsequent breeding cycle. 

There were no MP by RPM supplementation interactions for concentrations of any serum 

metabolites (P ≥ 0.15; Appendix Table 4). Considering the MP by RPM supplementation 

interaction observed for cow BW at weaning and change in BW over lactation, it is interesting 

that an interaction was not observed for concentrations of certain metabolites related to energy or 

protein status.  

A MP by RPM supplementation interaction was not observed for average daily methane 

emissions of the lactating cattle or methane produced per kilogram of DMI (P > 0.37; Appendix 

Table 5). This lack of a protein by RPM interaction was to be expected as the relationship 

between protein intake, and subsequently amino acid supplementation, on enteric methane 

production is not well documented in the current literature. Previous research has documented a 

relationship between enteric methane production and various aspects of nutrition, such as forage 

concentration and quality, dietary fat concentration, and source and processing methods of grain 
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(NASEM, 2016). The lack of a protein by RPM interaction emphasizes that the effects of 

gestational protein level on average daily methane emissions during lactation, reported in section 

4.1.5., occurred independently of the supplementation of RPM. This information could be useful 

for gaining a better understanding of the relationship between protein intake and enteric methane 

production. Once the effects of protein intake on methane emissions are better understood, there 

will likely be a need for research which assesses the impact of specific amino acids on methane 

production.  

Visual assessments of calf health were also not impacted by a MP by RPM 

supplementation interaction (P > 0.18; Appendix Table 6). Both maternal methionine 

supplementation and protein supply have separately been associated with fetal programming in 

terms of health or growth performance in cattle. Altering maternal protein supply has been 

frequently shown to impact progeny growth performance by causing changes in BW, ADG, 

insulin sensitivity, and carcass characteristics, such as marbling score and carcass grade 

(Llewellyn et al., 2006; Larson et al., 2009; Wilson et al., 2016). Maternal methionine 

supplementation has also been associated with changes in progeny performance and health 

through its role in one carbon metabolism (Batistel et al., 2017; Jacometo et al., 2016, 2017). 

Considering the use of RPM in the cow-calf sector of the beef industry has only recently gained 

traction, future studies may benefit from exploring various doses of RPM fed maternally during 

gestation, in addition to the potential for an interaction between maternal RPM and protein 

supply.  
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Table 35: Gestational Protein Level by Rumen-Protected Methionine (RPM) Supplementation Interaction Effects on Cow Body 

Weight (BW) and Average Daily Gain (ADG) 

 Gestation Nutritional Regimen1   P-Values for 

Contrasts2 

Trait 90% MP 

+RPM  

90% MP 

-RPM 

100% MP 

+RPM 

100% MP  

-RPM 

110% MP 

+RPM 

110% MP 

-RPM 

S.E.3 P-Value 1 2 

Number of Cows4 24 23 24 24 22 23 - -  

BW at Calving (kg) 642.4 655.9 638.7 660.3 720.8 655.6 80.61 0.012 0.079 0.015 

BW Prior to Lactational 

Management System 

Allocation5 (kg) 

686.5 686.6 685.0 689.5 691.5 683.5 8.95 0.437 0.312 0.405 

BW at Weaning (kg) 699.8 681.5 682.3 702.1 696.1 678.1 29.72 0.025 0.007 0.990 

BW Change from 

Calving to Lactational 

Management System 

Allocation (kg) 

-11.0 

 

-11.7 

 

-11.9 

 

-7.1 

 

-3.2 -13.1 

 

8.50 0.367 0.253 0.377 

BW Change from 

Lactational Management 

System Allocation to 

Weaning (kg)  

21.2 3.7 4.0 17.9 12.3 1.7 7.14 0.050 0.017 

 

0.613 

Total BW Change6 (kg) 13.8 -5.1 -4.0 13.5 10.0 -8.3 8.51 0.036 0.010 0.969 

ADG from calving to 

weaning (kg/d) 

0.08 -0.02 -0.02 0.08 0.07 -0.05 0.052 0.068 0.021 0.888 

1Gestation Nutritional Regimen includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein (MP) requirements for 

the third trimester of gestation, with (+RPM) or without (-RPM) 9 g/d of supplemental RPM.  

2Contrasts: 1 = Interaction of cows on 90% MP +RPM, 100% MP -RPM, and 110% MP +RPM regimens vs. the average of all cows on 90% 

MP -RPM, 100% MP +RPM, and 110% MP -RPM regimens; 2 = Interaction of cows on 90% MP +RPM and 110% MP -RPM regimens vs. 

cows on 90% MP -RPM and 110% MP +RPM regimens.  

3Standard error of treatment means. 

4Number of cows on each gestational nutrition regimen evaluated throughout lactation, from calving until weaning (2018). 

5All cows were weighed when they were assigned to either the pasture or drylot lactational management system. Cows were a minimum of 

28 days postpartum at this time. 

6Total BW Change represents the change in cow weight over the entire lactation period, from calving until weaning. 
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Table 36: Gestational Protein Level by Rumen-Protected Methionine (RPM) Supplementation Interaction Effects on Cow Body 

Condition Score (BCS), and Ultrasound Assessment of Rump and Rib Fat Depths and Longissimus Muscle Area (LMA) 

 Gestation Nutritional Regimen1   P-Values for 

Contrasts2 

Trait 90% MP 

+RPM  

90% MP 

-RPM 

100% MP 

+RPM 

100% MP  

-RPM 

110% MP 

+RPM 

110% MP 

-RPM 

S.E.3 P-Value 1 2 

Number of Cows4 24 23 24 24 22 23 - -  

Initial BCS5 3.34 3.31 3.27 3.34 3.66 3.30 0.47

5 

0.185 0.202 0.179 

BCS at Weaning 3.51 3.25 3.29 3.35 3.46 3.31 0.32

2 

0.316 0.159 0.588 

Total Change in BCS6 0.20 -0.04 0.03 -0.02 -0.21 0.01 0.20

2 

0.086 0.839 0.027 

Initial Rump Fat Depth5 

(mm) 

10.6 11.7 10.7 11.6 8.1 10.6 1.01 0.638 0.549 0.452 

Rump Fat Depth at 

Weaning (mm) 

10.6 11.1 10.5 11.5 7.8 9.2 1.22 0.934 0.971 0.714 

Total Change in Rump 

Fat Depth6 (mm) 

-0.2 -0.8 -0.4 -0.3 -0.4 -1.7 0.74 0.433 0.250 0.527 

Average Rump Fat 

Depth7 (mm) 

10.3 11.0 10.2 11.2 7.7 9.5 1.07 0.865 0.879 0.603 

Initial Rib Fat Depth5 

(mm) 

7.9 8.5 8.1 9.4 6.8 7.7 0.64 0.826 0.568 0.829 

Rib Fat Depth at 

Weaning (mm) 

7.5 8.2 7.5 9.0 

 

6.5 6.9 

 

0.76 0.702 0.417 0.809 

Total Change in Rib 

Fat Depth6 (mm) 

-0.3 -0.3 -0.6 -0.5 -0.4 -0.9 0.47 0.727 0.645 0.506 

Average Rib Fat 

Depth7 (mm) 

7.7 8.2 7.6 9.1 6.6 7.2 0.67 0.683 0.387 0.930 

Initial LMA5 (cm2) 87.2 86.6 81.9 86.1 83.6 87.6 2.10 0.206 0.327 0.149 

LMA at Weaning 

(cm2) 

91.3 87.2 83.4 87.8 88.9 87.1 3.01 0.033 0.013 0.501 
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Total Change in 

LMA6 (cm2) 

4.1 0.6 1.7 1.9 5.2 -0.4 1.63 0.081 0.033 0.429 

Average LMA7 (cm2) 88.5 86.1 82.0 86.1 85.7 86.2 2.42 0.067 0.040 0.317 

1Gestation Nutritional Regimen includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein (MP) requirements for 

the third trimester of gestation, with (+RPM) or without (-RPM) 9 g/d of supplemental RPM.  

2Contrasts: 1 = Interaction of cows on 90% MP +RPM, 100% MP -RPM, and 110% MP +RPM regimens vs. the average of all cows on 90% 

- RPM, 100% MP +RPM, and 110% MP -RPM regimens; 2 = Interaction of cows on 90% MP +RPM and 110% MP -RPM regimens vs. 

cows on 90% MP -RPM and 110% MP +RPM regimens.  

3Standard error of treatment means. 

4Number of cows on each gestational nutrition regimen evaluated throughout lactation, from calving until weaning (2018). 

5Initial BCS, Rump Fat Depth, Rib Fat Depth and LMA measurements were measured when cows were assigned to either the pasture or 

drylot lactational management system. Cows were a minimum of 28 days post-calving at this time.  

6Total Change in BCS, Rump Fat Depth, Rib Fat Depth, and LMA measurements were determined by subtracting the weaning 

measurements from the initial measurements for BCS, rump fat depth, rib fat depth, and LMA.  

7Average Rump Fat Depth, Rib Fat Depth, and LMA measurements was determined from the analysis of all three ultrasound images 

captured for each cow. 
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4.5 Gestational Protein Level by Lactational Management System Interaction Effects on 

Cow Growth, Reproductive Performance and Methane Emissions, and Calf Growth and 

Health Performance 

Exploring the effects associated with altering dietary protein level during gestation has 

gained popularity within the cow-calf industry. Similarly, the cow-calf industry has begun to 

explore alternative strategies for managing cow-calf pairs during lactation compared to 

conventional pasture-based systems widely used across Canada. Although the relationship 

between plane of nutrition and management is well established in the literature, relatively few 

studies have explored the relationship between altering MP level during gestation and 

management system during lactation, and subsequent effects of doing so on the performance of 

cow-calf pairs. Due to recent updates made to the NASEM (2016) regarding MP requirements, 

the present study may be the one of the first studies which attempts to explore interactions 

between altering MP during gestation and comparing two management system during lactation. 

This section will discuss the potential for gestational MP supply and LMS to interact and alter 

cow-calf performance throughout lactation.  

A MP by LMS interaction was not observed for most parameters assessed within the 

scope of the present study. This includes all measures of cow BW, changes in BW, and ADG 

throughout lactation (P > 0.79; Appendix Table 7) and calf BW, changes in BW, and ADG 

throughout the pre-weaning period (P > 0.24; Appendix Table 3). The lack of a protein level by 

management system interaction effect for cow and calf body weight and ADG solidifies that the 

results reported in section 4.3.1. occurred independent of gestational protein supply. Nutrient 

quantity and quality inherently differ amongst management strategies, therefore, future research 

should focus on determining whether differences in animal performance between management 
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systems are the result of dietary differences between systems or due to other factors, like 

stocking density.  

While MP by LMS interactions were not observed for all measures of BCS and 

ultrasound assessments of rib fat depths and LMA (P > 0.17; Table 37), a MP by LMS 

interaction was present (P = 0.04) for initial measurements for rump fat depth. This interaction 

(P < 0.03; Contrast 1) was due to greater initial rump fat depth for 100% MP DL cows vs. 100% 

MP PAS cows, while 90% MP PAS and 110% MP PAS cows had greater initial rump fat depths 

vs. 90% MP DL and 110% MP DL cows. Since initial ultrasound measurements were taken at 

the time of LMS allocation, this interaction indicates that cows were not evenly balanced in 

terms of rump fat depth across LMS treatments, based on their previous gestational MP 

treatments. In theory, this could be avoided by taking and analyzing ultrasound images of all 

cows prior to allocating the animals to the LMS, but balancing all traits evenly across 

experimental treatments lacks practicality. This interaction effect did not persist throughout 

lactation as an interaction effect was not observed for final and average measurements of rump 

fat depth, or the total change in measurements of rump fat depth over lactation (P > 0.09).  

As previously mentioned, due to differences in methods for calculating feed intakes 

between cows managed on pasture and in drylot, analysis of an interaction between gestational 

protein level and LMS on feed intake and efficiency could not be assessed within the scope of 

this study.  

Conception rate (P > 0.99; Appendix Table 4) and measurements of most serum 

metabolites (P > 0.06; Table 38) were not influenced by a gestational MP level by LMS 

interaction. However, MP supply and LMS interacted to alter the average of serum GGT 
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concentration over the course of lactation (P = 0.03). This interaction (P < 0.01; Contrast 1) was 

due to similar GGT levels between cows fed at MP requirements, regardless of LMS, while 

feeding below/above MP requirements resulted in increased GGT concentrations when cows 

were fed in drylot vs. on pasture. The MP supply by LMS interaction effect indicates that while 

management system alone may impact GGT, more importantly, the effect of management system 

on GGT differs based on the gestational MP supply. Although alterations in serum GGT 

concentration could indicate liver injury or disease, this did not appear to be a risk for any of the 

cows in the present study, as all treatment means for serum GGT concentrations were well within 

the reference range of values by Hoff and Duffield (2015).  

There was no MP by LMS interaction for average daily methane emissions or methane 

produced per kilogram of DMI (P > 0.29; Appendix Table 5). The lack of an interaction effect 

indicates that the results observed for the main effects of gestational protein level and LMS 

occurred independently of one another. This is especially important considering the novel nature 

of the relationship between protein and methane emissions. It is important to note that methane 

measurements were only completed on a subset of 55 lactating cows. Future research should 

attempt to assess the repeatability of these results on a larger scale. The effects of both diet and 

management are especially relevant to producers, as societal views on animal production have 

become increasingly critical regarding relationships between animal agriculture and the 

environment. Due to the lack of interaction effect observed between gestational protein supply 

and LMS in the present study, researchers should prioritize assessing the individual impacts of 

diet and management on enteric methane production. This information has the potential to alter 

animal agriculture in ways that benefit the environment, consumers, and producers. 
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There were no MP by pre-weaning management system interactions for  visual 

assessments of calf health (P > 0.06; Appendix Table 6). A connection between maternal protein 

supply and calf health status during the pre-weaning period is not well established in the 

currently available literature. Future studies should focus first on assessing the relationship 

between pre-weaning management system and calf health, especially given the results observed 

in section 4.3.6. Once this is better understood, it could be valuable for researchers to further 

explore the potential for maternal protein supply to alter calf health prior to weaning. After these 

relationships have been established, the potential for an interaction between maternal protein 

supply and pre-weaning management system could be explored and better understood.  
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Table 37: Gestational Protein Level by Lactational Management System Interaction Effects on Cow Body Condition Score 

(BCS), and Ultrasound Assessment of Rib Fat Depth, Rump Fat Depth, and Longissimus Muscle Area (LMA) 

 Gestation Protein Level and Lactational Management System1   P-Values for 

Contrasts2 

Trait 90% MP 

PAS 

90% MP 

DL 

100% MP 

PAS 

100% MP 

DL 

110% MP 

PAS 

110% MP 

DL 

S.E.3 P-

Value 

1 2 

Number of Cows4 24 23 24 24 24 21 - -  

Initial BCS  3.42 3.23 3.33 3.29 3.46 3.50 0.476 0.638 0.895 0.349 

BCS at Weaning 3.39 3.38 3.26 3.38 3.28 3.49 3.490 0.605 0.892 0.322 

Total Change in 

BCS 

-0.01 0.16 -0.07 0.08 -0.16 -0.04 0.205 0.971 0.950 0.814 

Initial Rump Fat 

Depth5 (mm) 

13.6 8.8 11.1 11.2 10.5 8.2 1.01 0.035 0.026 0.195 

Rump Fat Depth at 

Weaning (mm) 

11.1 10.6 9.4 12.6 7.1 9.8 1.2 0.229 0.311 0.169 

Total Change in 

Rump Fat Depth6 

(mm) 

-2.5 1.4 -1.7 1.0 -3.3 1.2 0.76 0.241 0.106 0.613 

Average Rump Fat 

Depth7 (mm) 

11.9 9.4 9.8 11.6 8.3 8.9 1.06 0.097 0.118 0.140 

Initial Rib Fat Depth5 

(mm) 

9.4 7.0 8.8 8.7 8.0 6.6 0.64 0.177 0.098 0.412 

Rib Fat Depth at 

Weaning (mm) 

7.3 8.4 7.0 9.5 

 

5.8 7.6 0.77 0.627 0.390 0.672 

Total Change in 

Rib Fat Depth6 

(mm) 

-2.0 1.4 -1.8 0.7 -2.0 0.8 0.48 0.620 0.453 0.540 

Average Rib Fat 

Depth7 (mm) 

8.2 7.6 7.7 8.9 6.8 7.0 0.67 0.374 0.217 0.519 

Initial LMA5 (cm2) 88.3 85.5 84.0 84.0 85.8 85.4 2.10 0.607 0.533 0.443 

LMA at Weaning 

(cm2) 

87.6 90.9 82.5 88.7 86.8 89.2 3.04 0.476 0.234 0.791 
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Total Change in 

LMA6 (cm2) 

-0.4 5.0 -0.9 4.5 1.2 3.6 1.68 0.406 0.462 0.256 

Average LMA7 

(cm2) 

86.7 87.9 81.6 86.5 85.4 86.6 2.43 0.321 0.132 0.983 

1Gestation Protein Level and Lactational Management System includes: cows limit-fed to meet 90%, 100%, or 110% of the 

metabolizable protein (MP) requirements for the third trimester of gestation, and managed by rotational grazing on pasture (PAS) or 

in an intensively-managed drylot (DL) throughout lactation.  

2Contrasts: 1 = Interaction of cows on 90% MP PAS, 100% MP DL, and 110% MP PAS regimens versus cows on 90% MP DL, 

100% MP PAS, and 110% MP DL regimens; 2 = Interaction of cows on 90% MP PAS and 110% MP DL regimens versus cows 

90% MP DL and 110% MP PAS regimens. 

3Standard error of treatment means. 

4Number of cows on each gestational protein regimen and managed in each lactational management system throughout lactation, 

from calving until weaning (2018) 

5Initial BCS, Rump Fat Depth, Rib Fat Depth, and LMA measurements were measured when cows were assigned to either the 

pasture or drylot lactational management system. Cows were a minimum of 28 days post-calving at this time. 

6Total Change in BCS, Rump Fat Depth, Rib Fat Depth, and LMA measurements were determined by subtracting the weaning 

measurements from the initial measurements for BCS, rump fat depth, rib fat depth, and LMA.  

7Average Rump Fat Depth, Rib Fat Depth, and LMA measurements was determined from the analysis of all three ultrasound images 

captured for each cow. 
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Table 38: Gestational Protein Level by Lactational Management System Interaction Effects on Serum Metabolite 

Concentrations 

 Gestation Protein Level and Lactational Management System1   P-Values for 

Contrasts2 

Trait 90% MP 

PAS 

90% MP 

DL 

100% MP 

PAS 

100% MP 

DL 

110% MP 

PAS 

110% MP 

DL 

S.E.3 P-

Value 

1 2 

Number of Cows4 24 23 24 24 24 21 - -  

Calcium mmol/L 2.27 2.29 2.29 2.34 2.29 2.32 0.032 0.788 0.499 0.896 

Phosphorous mmol/L 2.12 2.07 2.20 2.05 2.17 2.02 0.072 0.504 0.560 0.314 

Calcium Phosphorous 

Ratio 

1.11 1.13 1.08 1.16 1.08 1.17 0.056 0.416 0.580 0.232 

Magnesium mmol/L 0.86 0.93 0.88 0.94 0.88 0.90 0.014 0.154 0.707 0.057 

Chloride mmol/L 96.11 98.21 97.03 97.78 97.05 97.61 0.771 0.513 0.642 0.293 

Sodium mmol/L 136.78 139.44 138.88 139.35 137.87 138.81 1.148 0.564 0.478 0.429 

Potassium mmol/L 4.65 4.68 4.73 4.62 4.73 4.60 0.062 0.275 0.524 0.143 

Sodium Potassium 

Ratio 

29.55 29.90 29.51 30.32 29.31 30.43 0.323 0.447 0.893 0.208 

Calculated Osmolality 270.82 274.80 274.57 274.23 272.91 273.28 2.275 0.556 0.498 0.403 

AST U/L 66.80 65.27 71.39 65.85 69.22 67.24 3.055 0.743 0.444 0.937 

GGT U/L 13.91 21.39 15.87 18.00 15.12 21.86 1.931 0.027 0.008 0.729 

GLDH U/L  11.43 14.77 10.00 10.31 10.20 12.76 2.288 0.764 0.479 0.857 

BHBA umol/L 321.16 323.84 313.03 317.72 314.72 307.08 13.257 0.872 0.742 0.681 

NEFA mmol/L 0.36 0.21 0.38 0.19 0.31 0.21 0.024 0.108 0.115 0.152 

Glucose mmol/L 3.94 4.00 3.81 3.91 3.95 3.97 0.069 0.854 0.616 0.795 

Cholesterol mmol/L 3.13 3.84 3.27 3.68 3.16 3.75 0.150 0.543 0.312 0.667 

Total Protein g/L 69.28 69.08 70.60 68.05 70.65 69.72 2.199 0.427 0.216 0.692 

Albumin g/L 34.85 35.29 35.06 35.65 34.81 34.62 0.903 0.690 0.574 0.509 

Globulin g/L  34.48 33.85 35.60 32.47 35.89 35.13 1.386 0.139 0.048 0.931 

Haptoglobin g/L 0.17 0.16 0.17 0.20 0.15 0.19 0.024 0.648 0.729 0.391 

Albumin Globulin 

Ratio 

1.02 1.06 0.99 1.11 0.98 1.00 0.024 0.066 0.021 0.766 

Urea mmol/L 3.75 2.65 3.67 2.53 3.75 2.56 0.108 0.899 0.930 0.650 
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1Gestation Protein Level and Lactational Management System includes: cows limit-fed to meet 90%, 100%, or 110% of the 

metabolizable protein (MP) requirements for the third trimester of gestation, and managed by rotational grazing on pasture (PAS) or 

in an intensively-managed drylot (DL) throughout lactation.  

2Contrasts: 1 = Interaction of cows on 90% MP PAS, 100% MP DL, and 110% MP PAS regimens versus cows on 90% MP DL, 

100% MP PAS, and 110% MP DL regimens; 2 = Interaction of cows on 90% MP PAS and 110% MP DL regimens versus cows 

90% MP DL and 110% MP PAS regimens. 

3Standard error of treatment means. 

4Number of cows on each gestational protein regimen and managed in each lactational management system throughout lactation, 

from calving until weaning (2018). 
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4.6 Gestational RPM Supplementation by Lactational Management System Interaction 

Effects on Cow Growth, Reproductive Performance and Methane Emissions, and Calf 

Growth and Health Performance 

As previously discussed in Section 4.2, supplementation of RPM during late gestation is 

a relatively novel strategy for the cow-calf sector of the beef cattle industry. As a result, much 

remains unknown regarding optimal strategies for supplementation. While the cow-calf sector 

has long been exploring management strategies aimed at improving production while optimizing 

resources, most studies have focused on doing so during the gestational phase of production. 

Relatively few studies have compared conventional rotational grazing systems with entirely 

intensive management systems during lactation or the pre-weaning phase. Subsequently, there is 

a lack of research which focuses on the interaction between amino acid supplementation during 

gestation and animal management strategies during lactation for the cow-calf sector.  

The results of the present study indicate that gestational RPM supplementation did not 

interact with LMS to influence any of the parameters assessed within this study. This included all 

measures of cow body weight, change in body weight over lactation and ADG from calving to 

weaning (P > 0.25; Appendix Table 7), and calf body weight, total gain, and ADG from birth to 

weaning (P ≥ 0.34; Appendix Table 3). Similarly, an interaction was not observed for all 

assessments of BCS and ultrasound measurements (P > 0.07; Appendix Table 8), conception rate 

(P = 0.97; Appendix Table 4), concentration of all serum metabolites (P > 0.11; Appendix Table 

4), methane emissions (P = 0.46; Appendix Table 5), and visual assessments of calf health (P > 

0.17; Appendix Table 6). It was not possible to assess a potential interaction between gestational 

RPM supplementation and LMS for DMI and FCR due to differences in calculations of DMI 

between LMS.  
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Considering the lack of previous research available regarding an interaction between 

RPM supplementation during gestation and management system during lactation, it is not 

surprising that the results of the present trial did not detect an interaction between these two main 

effects. While some traits in this study were affected by LMS, most were not affected by 

gestational RPM supplementation. The lack of an interaction between RPM supplementation and 

LMS for all parameters assessed within the scope of this trial indicate that the results of each of 

the two main effects occurred independent of one another. 

As suggested in section 4.2, it is possible that the amount of RPM supplied during 

gestation was insufficient for eliciting a result on cow and(or) calf performance prior to weaning, 

which may have prevented any RPM supplementation by management system interactions. In 

addition, the inter-animal variation in BW, body condition, age, parity, and breed between the 

140 lactating cows may have also impacted the outcomes of the present study. Furthermore, 

amino acid content of the feed and concentration of individual amino acids in the blood were not 

assessed in the present trial. However, this information would have been valuable in determining 

and comparing status of individual amino acids, especially methionine, amongst the various 

nutrition and management treatments. This information may be useful in better understanding 

some of the reported results. There is a need for research which explores various levels or 

strategies of RPM supplementation during gestation in order to determine a level or duration of 

supplementation which may generate specific desirable results in terms of growth, health, or 

reproductive performance, for example. Due to the lack of an interaction effect between RPM 

supplementation and management system observed in the present study, researchers may benefit 

from assessing each of these factors separately in order to better understand their impacts on the 

growth, health, reproductive performance, and methane emissions of cow-calf pairs.  
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4.7 Gestational Protein Level by RPM Supplementation by Lactational Management 

System Interaction Effects on Cow Growth, Reproductive Performance and Methane 

Emissions, and Calf Growth and Health Performance 

The potential for a three-way interaction between MP supply and RPM supplementation 

during gestation and management system during lactation has not been extensively discussed in 

the presently available literature. As such, there is a lack of available research regarding the 

potential for a three-way interaction similar to the one assessed within this study. It is not 

surprising then that a three-way interaction was not observed for any parameters assessed within 

the scope of this study. This included all measures of cow BW, change in cow BW, and ADG 

from calving to weaning (P > 0.08; Appendix Table 7), and calf BW, total gain, and ADG from 

birth to weaning (P > 0.45; Appendix Table 3). Similarly, an interaction effect was not observed 

for any assessments of BCS or ultrasound measurements (P > 0.18; Appendix Table 8), 

conception rate or concentration of serum metabolites (P > 0.31; Appendix Table 4), methane 

emissions (P > 0.21; Appendix Table 5), or visual assessments of calf health (P > 0.18; 

Appendix Table 6). It was not possible to assess the potential for a three-way interaction for DMI 

or FCR due to differences in calculations for DMI between the two LMS.  

The intricate relationship between nutrition and management has been well documented 

within the beef industry. More recently, research focused on the cow-calf sector has illustrated 

the importance of nutrition during gestation on subsequent performance during lactation. This is 

not surprising considering that nutrition generally differs between pasture and drylot-based 

systems. However, much of this research has focused on plane of nutrition, energy, or protein 

supply and the potential interactions between each of these and various management strategies. 

However, there is a lack of research which has analyzed a similar interaction between RPM 

supplementation and management system. Furthermore, much remains unknown about how 
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RPM may interact with protein supply to alter cow-calf performance. This may be due to the 

novelty of supplementing RPM in the cow-calf sector, as this practice has been predominantly 

researched in dairy cattle. Future research should explore each of the main effects (MP supply, 

RPM supplementation, management system) separately to better understand the potential for 

each to impact cow and calf performance from birth to weaning.  

Potential issues in the design of this study may have impacted the ability to detect a three-

way interaction and have been repeatedly addressed throughout this paper. The lack of a three-

way interaction effect may have been associated with the relatively small sample size of 140 

cows and 145 calves, as well as the large number of treatment groups. In total, there were 12 

treatment groups with 10 to 13 cows and 10 to 15 calves for each of the combinations of MP 

level, RPM supplementation, and management system. Perhaps reducing the number of 

treatments or increasing the number of cow-calf pairs may have improved the statistical power 

and subsequently influenced the results. Additionally, as previously mentioned, there was inter-

animal variation in terms of BW, body condition, breed, age, and parity, which could have 

reduced the statistical power for several of the parameters assessed within the scope of this study. 

The lack of an interaction effect may also have been due to similarities between the gestational 

nutrition treatments. It is possible that altering MP requirements by only 10% above or below 

NASEM (2016) requirements may have been too similar, and therefore insufficient in generating 

a statistical difference in performance, specifically for calves. Likewise, the amount of RPM 

supplied to gestating cows was based on research in dairy cattle due to the lack of available 

information regarding appropriate levels for supplementation in beef cattle. While these animals 

are similar, differences in genetics and production may explain potential differences in results 

between previous studies and the present one. Future studies may benefit from focusing first on 
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further exploring various amounts and strategies for supplying both protein and RPM within the 

cow-calf sector of the beef industry to better understand the potential for an interaction between 

nutrition and management system.  
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5.0 Conclusions and Implications 

The objective of the present study was to evaluate the impact of two commercial cow-calf 

production systems in combination with alterations in maternal nutrition during gestation on: 1) 

dam growth, reproductive performance, and body condition during lactation, 2) pre-weaning calf 

growth and health, and 3) methane emissions for a subset of 60 lactating dams. Overall, it was 

hypothesized that increasing MP level and supplying RPM during gestation would improve cow 

BW and condition, and calf BW over the pre-weaning period. Furthermore, RPM 

supplementation alone was expected to have a fetal programming effect in relation to calf health. 

Cows fed 90% of the NASEM (2016) recommendations for MP without supplemental RPM 

during gestation, and their progeny, were hypothesized to be the most challenged group in terms 

of growth, health, and reproductive performance. Regarding LMS, the various parameters 

associated with growth, health, and reproductive performance of the cow-calf pairs were not 

expected to differ between the drylot and pasture-based systems. Enteric methane production 

during lactation was expected to be greater for cows in the drylot system, but unaffected by 

gestational nutrition. 

Overall, the results of this study did not support most of the original hypotheses. 

Gestational MP supply and RPM supplementation independently altered animal performance for 

specific traits during lactation. In particular, gestational MP supply influenced BW at calving, 

methane emissions, and few measures of cow body condition, concentration of serum 

metabolites and calf health. Gestational RPM supplementation influenced few measures of cow 

body condition and concentrations of serum metabolites. However, gestational MP and RPM 

interacted to alter cow BW at calving and weaning, BW gain throughout lactation, and LMA 

measurements at weaning. However, contrary to the hypothesis, growth performance was not the 
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poorest for 90% MP -RPM cows. Instead, RPM supplementation interacted with protein level 

such that weaning weight and changes in BW were improved for cows supplemented with RPM 

when fed to meet 90% or 110% of the NASEM (2016) protein requirements, while the opposite 

was true for cows fed to meet 100% of the NASEM (2016) protein requirements. Conception 

rate was unaffected by both gestational protein supply and RPM supplementation. In terms of 

fetal programming, however, neither maternal MP level or RPM supplementation impacted calf 

growth or health performance during the pre-weaning period. Although statistical significance 

was observed for calf nasal scores and TRS, it is likely that these results lack biological 

significance due to the minute differences in treatment means. The results of the present study 

suggest that altering MP supply and supplementing RPM during late gestation does not have 

long-term effects on performance of cow-calf pairs. Producers aiming to improve animal 

performance during the pre-weaning phase may not directly benefit from implementing either of 

these strategies.  

Regarding LMS, results from the present study indicate that managing cow-calf pairs on 

pasture during lactation is superior to the year-round drylot system. In the present study, calves 

managed on pasture prior to weaning were heavier, had better rates of gain, and were healthier 

than their counterparts managed in drylot. Cows managed on pasture lost BW and condition over 

the course of lactation, while those in drylot gained weight and body condition. However, 

conception rate was statistically similar but numerically greater for the pasture cows compared to 

their drylot counterparts. From a commercial standpoint, calves are the product of the cow-calf 

sector of the beef industry, thus healthy calves which gain well are vital to producer success. 

Additionally, reproductive performance is critical for determining a cow’s longevity within the 

herd. The results suggest that rotational grazing on pasture during the summer months produces 
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healthier and heavier calves than year-round drylot systems, without sacrificing dam 

reproductive performance. There is a need for multi-year studies, in order to compare the long-

term effects of these systems on both cow and calf performance. Multi-year studies should also 

explore long-term effects on the economics of both systems, especially related to costs of feed 

and labour. 

The relationship between agriculture and greenhouse gas emissions has been at the 

forefront of public concern with animal agriculture in recent years. As such, research has begun 

to explore various aspects of animal agriculture which contribute to greenhouse gas emissions, 

including genetics, nutrition, and management. In the present study, cows which were fed to 

meet 90% or 110% of NASEM (2016) requirements for MP during gestation averaged greater 

daily methane production throughout lactation than those fed to meet 100% of requirements 

during gestation. This finding is relatively novel. There is a lack of research which has explored 

the relationship between protein supply and methane production. Previous studies which 

assessed the effect of protein on methane emissions generally contradicted the results of the 

present study. As expected, gestational RPM supplementation did not alter methane emissions 

during lactation. However, similar to the relationship between protein and methane production, 

there is a lack of research presently available which has assessed the potential for RPM 

supplementation to alter methane emissions. Finally, as hypothesized, methane emissions were 

reduced for PAS cows compared to DL cows. Additional research is required in order to 

determine whether difference in methane emissions are a result of the dietary differences 

between the two systems or due to differences related to management strategy.  
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The most recent publication of Nutrient Requirements of Beef Cattle is the first to define 

protein requirements in terms of MP (NASEM, 2016). As a result, there is a need for studies 

which assess the effects of altering MP at several different percentages of requirements. While 

feeding cows to meet 90% and 110% of NASEM (2016) MP requirements did not elicit many 

differences in cow-calf performance in the present study, further altering the amount of protein 

supplied beyond these levels may provide different results. Similarly, it may also be beneficial 

for future research to assess the impact of altering MP level earlier than eight weeks pre-partum, 

as well as after parturition. In terms of RPM supplementation, much remains unknown about 

requirements of specific amino acids for beef cattle. The dosage selected in the present study was 

based on research in dairy cattle. Due to differences in production and genetics, requirements as 

well as the effects of RPM supplementation are likely to differ somewhat when used in beef 

cattle. Future research should investigate methods for determining dietary requirements for 

individual amino acids. Furthermore, studies should evaluate the effects of supplementing RPM 

earlier in gestation or within lactation, as well as the potential for higher or lower dosages of 

RPM to impact cow-calf performance. Regarding management systems, there is a lack of 

research available which has compared the effects of pasture and drylot-based management 

systems during lactation on the performance of cow-calf pairs. Most studies have focused on 

comparing management systems during different phases of production, such as during the 

backgrounding phase for heifer and steer calves or during mid to late pregnancy. Future studies 

should continue to explore the effects of different management systems during the critical period 

from birth to weaning. Furthermore, research is required to determine whether differences in 

animal performance between production systems is a result of dietary differences between 

management systems or if other associated factors are responsible for these results. 
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There are also several aspects of data collection that future studies would benefit from 

improving upon. As previously mentioned, there was inter-animal variation in terms of BW, 

condition, breed, age, and parity amongst the herd used in the present study. While this may be 

more representative of commercial herds, which are often non-homogenous, it may have 

undesirably impacted the results of the present study and reduced statistical power. Future 

studies should attempt to utilize a more homogenous sample of cows. Alternatively, ensuring 

cattle are evenly balanced across treatment groups based on these factors would help to reduce 

unwanted variability. The University of Wisconsin-Madison’s calf health scoring system was 

developed for use in young dairy calves, based on research by McGuirk and Peek (2014). Due to 

differences in management between dairy and beef calves, future studies may benefit from 

assessing additional parameters associated with calf health over the pre-weaning period. 

Collecting cow colostrum and milk samples and calf serum samples to assess levels of 

immunoglobins may be a useful strategy, but would not be applicable for long-term assessments 

of calf health. In regard to methane emissions, the present trial used a group of 60 lactating cows, 

of which only 55 cows willingly used the GreenFeed machine. From this subset of cows, the 

number of trips to the GreenFeed machine varied between cows. In the future, researchers should 

ensure cows have been trained to use the GreenFeed system and have also been provided with an 

adequate adaption period. These changes would help to ensure that all trial cows are participating 

in data collection. This may also reduce inter-animal variation, by ensuring each cow visits the 

GreenFeed system a similar number of times per day.  

Overall, the results of the present study suggest that feeding MP 10% above or below 

NASEM (2016) requirements may impact some parameters associated with cow performance. 

Feeding MP at these levels during gestation increased methane emissions during lactation 
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compared to cows which were fed to meet requirements. However, these maternal alterations in 

protein supply were insufficient to alter calf performance from birth to weaning. Supplementing 

RPM at 9 g/d during late gestation was not found to alter calf performance or cow methane 

emissions, and had few impacts on cow performance during lactation. While greater research is 

required to understand the repartitioning of these nutrients between dams and their calves, this 

trial provided an excellent starting point in exploring the effects of altering MP and 

supplementing RPM during gestation on performance of cow-calf pairs from birth to weaning. 

The results of this trial also demonstrated that calves managed on pasture prior to weaning were 

healthier and heavier than their drylot counterparts. Reproductive performance for lactating dams 

was similar between the pasture and drylot systems, indicating that the improved performance of 

calves may not have come at the expense of dam longevity within the herd. Furthermore, 

methane emissions were lower for the subset of cows managed on pasture compared to in drylot. 

These results support the use of pasture-based systems during lactation for managing cow-calf 

pairs. This information is of great benefit to the beef industry as the majority of Canadian cow-

calf producers overwinter pregnant cows in drylot and manage cow-calf pairs on pasture soon 

after birth until weaning.  
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6.0 Appendix 

 

 

Appendix Table 1: Botanical Composition of a Subset of Six Fields During the Second and Third Rotational Grazing 

Cycles 

 Cycle Two1 Cycle Three2 

Botanical 

composition (g) 

Field 

1 

Field 

2 

Field 

7 

Field 

8 

Field 

9 

Field 

10 

Field 

1 

Field 

2 

Field 

7 

Field 

8 

Field 

9 

Field 

10 

Grass 587.10 501.60 425.90 606.30 437.90 460.60 288.30 181.52 330.20 348.4 127.54 343.60 

Legumes 8.26 45.13 39.97 28.06 5.92 42.53 89.27 164.18 107.30 77.73 110.09 96.59 

Dead Material 31.00 42.03 33.28 36.35 44.46 22.47 80.41 147.47 133.30 64.86 224.50 52.10 

Weeds 15.88 11.84 75.56 35.82 12.80 34.51 50.95 6.21 10.94 10.26 2.04 7.98 

Total 642.24 600.60 574.71 706.53 501.06 560.11 508.93 499.38 581.74 501.25 464.17 500.27 

Botanical 

composition as 

percentage of total 

plant material (%) 

 

Grass 91.41 83.52 74.11 85.81 87.40 82.24 56.65 36.35 56.76 69.51 27.48 68.68 

Legumes 1.29 7.51 6.95 3.97 1.18 7.59 17.54 32.88 18.45 15.51 23.72 19.31 

Dead Material 4.83 7.00 5.79 5.15 8.87 4.01 15.80 29.53 22.91 12.94 48.36 10.41 

Weeds 2.47 1.97 13.15 5.07 2.55 6.16 10.01 1.24 1.88 2.04 0.44 1.60 

1Cycle Two refers to the second rotational grazing cycle, in which cow-calf pairs were rotated amongst eight paddocks every four 

days. For the subset of six fields, cycle two began between June 9 and June 12, 2018 and ended between July 11 and July 14, 

2018.  

2Cycle Three refers to the third rotational grazing cycle, in which cow-calf pairs were rotated amongst eight paddocks every four 

days. For the subset of six fields, cycle three began between July 11 and July 14, 2018 and ended between August 11 and August 

14, 2018.  
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Appendix Table 2: P-Values for the ANOVA Evaluating Effects of Gestational Protein level, Gestational Rumen-Protected 

Methionine (RPM) Supplementation, Lactational Management System, and their Interactions on Cow Dry Matter Intake 

(DMI) and Feed Efficiency 

 Main Effects and Interaction Effects 

 

Trait 

Gestational 

Protein 

Level1  

Gestational RPM 

Supplementation2  

Lactational 

Management 

System3  

Protein by 

RPM 

Interaction4 

Protein by 

Management 

interaction5 

RPM by 

Management 

Interaction6 

Three-Way 

Interaction7 

DMI for Drylot 

Cows 

0.058 0.466 - 0.844 - - - 

Estimated DMI 

for Pasture Cows8 

0.359 0.422 - 0.713 - - - 

FCR Drylot 

Cows9 

0.766 0.264 - 0.210 - - - 

FCR Pasture 

Cows9 

0.513 0.522 - 0.689 - - - 

1The main effect of Gestational Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein 

requirements (NASEM, 2016) for the third trimester of gestation. 

2The main effect of Gestational RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation. 

3The main effect of Lactational Management System includes: cows managed using rotational grazing on pasture or in an 

intensively managed drylot system. 

4The Protein by RPM Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

5The Protein by Management Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot 

throughout lactation.  

6The RPM by Management Interaction effect includes: cows supplemented with(without) 9 g/d RPM during the third trimester of 

gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot throughout lactation.  

7The Three-Way Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein requirements 

for the third trimester of gestation, supplemented with(without) 9 g/d RPM during the third trimester of gestation, and managed by 

rotational grazing on pasture or in an intensively-managed drylot throughout lactation.  

8DMI of cows rotationally grazed on pasture during lactation was approximated using BW and ADG (DMI= [1.185 + 0.00454BW -

0.0000026BW2 + 0.315ADG]2) (Minson and McDonald, 1987). 
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9FCR for drylot and pasture cows represents the kilograms of feed required to achieve one kilogram of body weight gain. Due to 

differences in calculating DMI between drylot and pasture cows, FCR was calculated and analyzed separately for cows managed in 

drylot or on pasture throughout lactation. Differences in calculation methods prevented comparison of DMI and FCR between 

lactational management systems and subsequently the potential for any nutrition by management system interactions. 
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Appendix Table 3: P-Values for The ANOVA Evaluating Effects of Maternal Gestational Protein Level, Maternal 

Gestational Rumen-Protected Methionine (RPM) Supplementation, Lactational Management System, and their 

Interactions on Calf Body Weight (BW), Total Gain, and Average Daily Gain (ADG) 

 Main Effects and Interaction Effects 

 

 

Trait 

Maternal 

Protein 

Level1  

Maternal RPM 

Supplementation2  

Pre-Weaning 

Management 

System3  

Protein by 

RPM 

Interaction4 

Protein by 

Management 

interaction5 

RPM by 

Management 

Interaction6 

Three-Way 

Interaction7 

Birth Weight 0.191 0.397 0.349 0.667 0.245 0.608 0.455 

BW prior to 

allocation to pre-

weaning 

management 

system8  

0.888 0.969 0.846 0.334 0.429 0.946 0.973 

BW at Weaning  0.172 0.399 0.012 0.760 0.928 0.433 0.699 

BW gain from birth 

to pre-weaning 

management system 

allocation  

0.888 0.969 0.846 0.334 0.429 0.946 0.973 

BW gain from 

pre-weaning 

management 

system allocation 

to weaning  

0.126 0.301 0.005 0.856 0.990 0.340 0.535 

Total BW Gain9 0.172 0.399 0.012 0.760 0.928 0.433 0.699 

ADG from birth to 

weaning 

0.206 0.478 0.014 0.795 0.877 0.471 0.739 

1The main effect of Maternal Protein Level includes: calves born to cows limit-fed to meet 90%, 100%, or 110% of metabolizable 

protein requirements (NASEM, 2016) for the third trimester of gestation. 

2The main effect of Maternal RPM Supplementation includes: calves born to cows supplemented with(without) 9 g/d RPM during 

the third trimester of gestation. 

3The main effect of Pre-Weaning Management System includes: calves born to cows managed using rotational grazing on pasture 

or in an intensively managed drylot system.  
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4The Protein by RPM Interaction effect includes: calves born to cows limit-fed to meet 90%, 100%, or 110% of the metabolizable 

protein requirements for the third trimester of gestation, and supplemented with(without) 9 g/d RPM during the third trimester of 

gestation. 

5The Protein by Management Interaction effect includes: calves born to cows limit-fed to meet 90%, 100%, or 110% of the 

metabolizable protein requirements for the third trimester of gestation, and managed by rotational grazing on pasture or in an 

intensively-managed drylot prior to weaning.  

6The RPM by Management Interaction effect includes: calves born to cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot prior to weaning.  

7The Three-Way Interaction effect includes: calves born to cows limit-fed to meet 90%, 100%, or 110% of the metabolizable 

protein requirements for the third trimester of gestation, supplemented with(without) 9 g/d RPM during the third trimester of 

gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot prior to weaning.  

8All calves were weighed when they were assigned to either the pasture or the drylot pre-weaning management system. Calves 

were a minimum of 28 days old at this time. 

9Calf Total Gain represents the change in calf weight from birth until weaning. 
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Appendix Table 4: P-Values for the ANOVA Evaluating Effects of Gestational Protein level, Gestational Rumen-Protected 

Methionine (RPM) Supplementation, Lactational Management System, and their Interactions on Cow Conception Rate and 

Concentration of Serum Metabolites 

 Main Effects and Interaction Effects 

 

 

Trait 

Gestational 

Protein 

Level1  

Gestational RPM 

Supplementation2  

Lactational 

Management 

System3  

Protein by 

RPM 

Interaction4 

Protein by 

Management 

interaction5 

RPM by 

Management 

Interaction6 

Three-Way 

Interaction7 

Conception Rate 0.999 0.968 0.965 0.999 0.999 0.967 0.999 

 

Calcium 0.331 0.680 0.110 0.220 0.788 0.672 0.663 

Phosphorous 0.805 0.765 0.007 0.652 0.504 0.537 0.888 

Calcium 

Phosphorous 

Ratio 

0.959 0.982 0.016 0.958 0.416 0.952 0.988 

Magnesium 0.313 0.623 <0.0001 0.555 0.154 0.313 0.615 

Chloride 0.941 0.258 0.058 0.806 0.513 0.716 0.803 

Sodium 0.623 0.449 0.127 0.328 0.564 0.923 0.867 

Potassium 0.971 0.991 0.155 0.940 0.275 0.167 0.835 

Sodium 

Potassium Ratio 

0.806 0.631 0.002 0.197 0.447 0.113 0.674 

Calculated 

Osmolality 

0.733 0.460 0.449 0.376 0.556 0.863 0.865 

AST 0.620 0.530 0.197 0.192 0.743 0.744 0.487 

GGT 0.373 0.246 <0.0001 0.720 0.027 0.136 0.586 

GLDH 0.391 0.837 0.243 0.846 0.764 0.686 0.318 

BHBA 0.654 0.934 0.993 0.307 0.872 0.790 0.552 

NEFA 0.464 0.093 <0.0001 0.340 0.108 0.712 0.752 

Glucose 0.192 0.410 0.244 0.314 0.854 0.373 0.819 

Cholesterol 0.980 0.046 <0.0001 0.150 0.543 0.296 0.763 

Total Protein 0.529 0.361 0.106 0.389 0.427 0.684 0.497 

Albumin 0.419 0.349 0.469 0.376 0.690 0.334 0.954 

Globulin 0.089 0.558 0.010 0.333 0.139 0.897 0.354 
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Haptoglobin 0.696 0.310 0.363 0.768 0.648 0.646 0.594 

Albumin 

Globulin Ratio 

0.033 0.885 0.001 0.207 0.066 0.392 0.344 

Urea 0.631 0.742 <0.0001 0.737 0.899 0.627 0.689 

1The main effect of Gestational Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein 

requirements (NASEM, 2016) for the third trimester of gestation. 

2The main effect of Gestational RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation. 

3The main effect of Lactational Management System includes: cows managed using rotational grazing on pasture or in an 

intensively managed drylot system. 

4The Protein by RPM Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

5The Protein by Management Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot 

throughout lactation.  

6The RPM by Management Interaction effect includes: cows supplemented with(without) 9 g/d RPM during the third trimester of 

gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot throughout lactation.  

7The Three-Way Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein requirements 

for the third trimester of gestation, supplemented with(without) 9 g/d RPM during the third trimester of gestation, and managed by 

rotational grazing on pasture or in an intensively-managed drylot throughout lactation. 
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Appendix Table 5: P-Values for the ANOVA Evaluating Effects of Gestational Protein level, Gestational Rumen-Protected 

Methionine (RPM) Supplementation, Lactational Management System, and their Interactions on Cow Methane Emissions 

 Main Effects and Interaction Effects 

 

Trait 

Gestational 

Protein 

Level1  

Gestational RPM 

Supplementation2  

Lactational 

Management 

System3  

Protein by 

RPM 

Interaction4 

Protein by 

Management 

interaction5 

RPM by 

Management 

Interaction6 

Three-Way 

Interaction7 

Average Daily 

Methane 

Emissions8 

0.037 0.515 <0.0001 0.365 0.510 0.462 0.517 

Average Methane 

Produced per unit 

of Dry Matter 

Intake (g/kg) 

<0.001 0.568 <0.0001 0.656 0.297 0.638 0.220 

1The main effect of Gestational Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein 

requirements (NASEM, 2016) for the third trimester of gestation. 

2The main effect of Gestational RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation. 

3The main effect of Lactational Management System includes: cows managed using rotational grazing on pasture or in an 

intensively managed drylot system. 

4The Protein by RPM Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

5The Protein by Management Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot 

throughout lactation.  

6The RPM by Management Interaction effect includes: cows supplemented with(without) 9 g/d RPM during the third trimester of 

gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot throughout lactation.  

7The Three-Way Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein requirements 

for the third trimester of gestation, supplemented with(without) 9 g/d RPM during the third trimester of gestation, and managed by 

rotational grazing on pasture or in an intensively-managed drylot throughout lactation. 

8Average Daily Methane Emissions represents the analysis of the repeated measures of daily methane emissions over lactation, 

which includes daily average methane emissions. This was calculated by dividing each cow’s daily emissions by the corresponding 

number of visits to the GreenFeed machine for each measurement date.  
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Appendix Table 6: P-Values for the ANOVA Evaluating Effects of Maternal Protein level, Maternal Rumen-Protected 

Methionine (RPM) Supplementation, Lactational Management System, and their Interactions on Visual Assessments of 

Calf Health 

 Main Effects and Interaction Effects 

 

Trait 

Maternal 

Protein 

Level1  

Maternal RPM 

Supplementation2  

Pre-Weaning 

Management 

System3  

Protein by 

RPM 

Interaction4 

Protein by 

Management 

interaction5 

RPM by 

Management 

Interaction6 

Three-Way 

Interaction7 

Eye Scores8 0.058 0.410 0.392 0.817 0.761 0.971 0.387 

Ear Scores9 0.836 0.690 0.009 0.919 0.794 0.326 0.515 

Nasal Scores10 0.032 0.298 <0.0001 0.399 0.394 0.607 0.338 

Cough Scores11 0.505 0.889 <0.0001 0.181 0.862 0.971 0.516 

Total Respiratory 

Scores12 

0.034 0.268 0.0001 0.582 0.645 0.888 0.186 

Joint Scores13 0.671 0.154 0.122 0.442 0.493 0.174 0.572 

Fecal Scores14 0.215 0.312 0.001 0.998 0.064 0.497 0.257 

1The main effect of Maternal Protein Level includes: calves born to cows limit-fed to meet 90%, 100%, or 110% of metabolizable 

protein requirements (NASEM, 2016) for the third trimester of gestation. 

2The main effect of Maternal RPM Supplementation includes: calves born to cows supplemented with(without) 9 g/d RPM during 

the third trimester of gestation. 

3The main effect of Pre-Weaning Management System includes: calves born to cows managed using rotational grazing on pasture 

or in an intensively managed drylot system.  

4The Protein by RPM Interaction effect includes: calves born to cows limit-fed to meet 90%, 100%, or 110% of the metabolizable 

protein requirements for the third trimester of gestation, and supplemented with(without) 9 g/d RPM during the third trimester of 

gestation. 

5The Protein by Management Interaction effect includes: calves born to cows limit-fed to meet 90%, 100%, or 110% of the 

metabolizable protein requirements for the third trimester of gestation, and managed by rotational grazing on pasture or in an 

intensively-managed drylot prior to weaning.  

6The RPM by Management Interaction effect includes: calves born to cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot prior to weaning.  
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7The Three-Way Interaction effect includes: calves born to cows limit-fed to meet 90%, 100%, or 110% of the metabolizable 

protein requirements for the third trimester of gestation, supplemented with(without) 9 g/d RPM during the third trimester of 

gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot prior to weaning. 

8Eye scores ranged from 0 to 3: 0 = no visible discharge; 1 = unilateral/bilateral clear discharge or crust in corners of one/both eyes; 

2 = unilateral/bilateral cloudy/opaque discharge, crust around one/both eyes, or excessive amounts of clear discharge bilaterally; 3 

= copious amounts of unilateral/bilateral discharge or excessive crust around one/both eyes. 

9Ear scores ranged from 0 to 3: 0 = both ears alert and even; 1 = unilateral ear droop; 2 = bilateral ear droop, ears do not perk up; 3 

= severe bilateral ear droop, head hung low, ears do not perk up, may include a head tilt. 

10Nasal scores ranged from 0 to 3: 0 = no visible discharge; 1 = unilateral/bilateral clear discharge or crust around nostrils; 2 = 

unilateral/bilateral cloudy/opaque discharge; 3 = copious amounts of unilateral/bilateral cloudy/opaque discharge. 

11Cough scores ranged from 0 to 3: 0 = no audible coughing; 1 = single cough heard; 2 = few repeated coughs heard, including 

multiple bouts of a few coughs; 3 = multiple repeated coughs heard without cessation.  

12Total Respiratory Scores refers to the sum of eye, ear, nasal, and cough scores and can range from 0 to 12. 

13Joint scores ranged from 0 to 3: 0 = joint appears normal, no swelling or warmth (if palpated); 1 = slight swelling, not warm (if 

palpated); 2 = moderate swelling with heat (if palpated); 3 = swelling with obvious visible pain, heat (if palpated), or dislocation.  

14Fecal scores ranged from 0 to 3: 0 = feces not seen on calf, feces appear normal; 1 = some fresh/pasty manure or excess amounts 

of dried manure seen on calf, feces appear semi-formed/pasty; 2 = excess dried or pasty manure seen on calf, feces appear loose but 

stay on top of bedding; 3 = copious amounts of pasty manure seen on calf or blood visible in manure, feces are watery and sift 

through the bedding.  
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Appendix Table 7: P-Values for the ANOVA Evaluating Effects of Gestational Protein Level, Gestational Rumen-Protected 

Methionine (RPM) Supplementation, Lactational Management System, and their Interactions on Cow Body Weight (BW), 

Total Gain, and Average Daily Gain (ADG) 

 Main Effects and Interaction Effects 

 

Trait 

Gestational 

Protein 

Level1  

Gestational RPM 

Supplementation2  

Lactational 

Management 

System3  

Protein by 

RPM 

Interaction4 

Protein by 

Management 

interaction5 

RPM by 

Management 

Interaction6 

Three-Way 

Interaction7 

BW at Calving 0.020 0.437 0.754 0.012 0.923 0.276 0.127 

BW Prior to 

Lactation      

Management 

System  

Allocation8  

0.980 0.765 0.976 0.437 0.977 0.270 0.117 

BW at 

Weaning 

0.811 0.396 0.544 0.025 0.792 0.292 0.213 

BW Change 

Calving to 

Management 

System 

Allocation  

0.824 0.642 0.982 0.367 0.956 0.305 0.089 

BW Change 

Lactation  

Management 

System 

Allocation to 

Weaning 

0.720 0.390 <0.0001 0.050 0.873 0.632 0.828 

Total BW 

Change9 

0.875 0.318 <0.0001 0.036 0.853 0.256 0.256 

ADG from 

calving to 

weaning 

0.899 0.341 <0.0001 0.068 0.965 0.285 0.361 
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1The main effect of Gestational Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein 

requirements (NASEM, 2016) for the third trimester of gestation. 

2The main effect of Gestational RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation. 

3The main effect of Lactational Management System includes: cows managed using rotational grazing on pasture or in an 

intensively managed drylot system. 

4The Protein by RPM Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

5The Protein by Management Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot 

throughout lactation.  

6The RPM by Management Interaction effect includes: cows supplemented with(without) 9 g/d RPM during the third trimester of 

gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot throughout lactation.  

7The Three-Way Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein requirements 

for the third trimester of gestation, supplemented with(without) 9 g/d RPM during the third trimester of gestation, and managed by 

rotational grazing on pasture or in an intensively-managed drylot throughout lactation. 

8All cows were weighed when they were assigned to either the pasture or the drylot lactational management system. Cows were a 

minimum of 28 days in milk (DIM) at this time. 

9Total BW Change represents the change in cow weight over the entire lactation period, from calving until weaning. 
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Appendix Table 8: P-Values For The ANOVA Evaluating Effects Of Gestational Protein Level, Gestational Rumen-

Protected Methionine (RPM) Supplementation, Lactational Management System, and their Interactions on Cow Body 

Condition Score (BCS) and Ultrasound Assessment of Rump Fat Depth, Rib Fat Depth, and Longissimus Muscle Area 

(LMA) 

 Main Effects and Interaction Effects 

 

 

Traits 

Gestational 

Protein 

Level1  

Gestational RPM 

Supplementation2  

Lactational 

Management 

System3  

Protein by 

RPM 

Interaction4 

Protein by 

Management 

interaction5 

RPM by 

Management 

Interaction6 

Three-Way 

Interaction7 

Initial BCS8 0.295 0.283 0.510 0.185 0.638 0.522 0.342 

BCS at 

Weaning 

0.795 0.197 0.579 0.316 0.605 0.193 0.184 

Total Change 

in BCS9 

0.251 0.795 0.131 0.086 0.971 0.516 0.380 

Initial Rump Fat 

Depth8 

0.108 0.055 0.004 0.638 0.035 0.819 0.657 

Rump Fat 

Depth at 

Weaning 

0.058 0.308 0.080 0.934 0.229 0.712 0.866 

Total Change 

in Rump Fat 

Depth9 

0.454 0.188 <0.0001 0.433 0.241 0.300 0.798 

Average Rump 

Fat Depth10 

0.074 0.151 0.978 0.865 0.097 0.848 0.732 

Initial Rib Fat 

Depth8 

0.058 0.051 0.009 0.826 0.177 0.391 0.898 

Rib Fat Depth 

at Weaning 

0.095 0.142 0.005 0.702 0.627 0.478 0.858 

Total Change 

in Rib Fat 

Depth9 

0.761 0.710 <0.0001 0.727 0.620 0.972 0.947 

Average Rib 

Fat Depth10  

0.077 0.097 0.632 0.683 0.374 0.465 0.800 

Initial LMA8 0.149 0.038 0.381 0.206 0.607 0.072 0.703 
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LMA at 

Weaning 

0.080 0.695 0.008 0.033 0.476 0.171 0.815 

Total Change 

in LMA9  

0.880 0.006 0.0003 0.081 0.406 0.648 0.467 

Average 

LMA10  

0.065 0.534 0.035 0.067 0.321 0.148 0.705 

1The main effect of Gestational Protein Level includes: cows limit-fed to meet 90%, 100%, or 110% of metabolizable protein 

requirements (NASEM, 2016) for the third trimester of gestation. 

2The main effect of Gestational RPM Supplementation includes: cows supplemented with(without) 9 g/d RPM during the third 

trimester of gestation. 

3The main effect of Lactational Management System includes: cows managed using rotational grazing on pasture or in an 

intensively managed drylot system. 

4The Protein by RPM Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and supplemented with(without) 9 g/d RPM during the third trimester of gestation. 

5The Protein by Management Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein 

requirements for the third trimester of gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot 

throughout lactation.  

6The RPM by Management Interaction effect includes: cows supplemented with(without) 9 g/d RPM during the third trimester of 

gestation, and managed by rotational grazing on pasture or in an intensively-managed drylot throughout lactation.  

7The Three-Way Interaction effect includes: cows limit-fed to meet 90%, 100%, or 110% of the metabolizable protein requirements 

for the third trimester of gestation, supplemented with(without) 9 g/d RPM during the third trimester of gestation, and managed by 

rotational grazing on pasture or in an intensively-managed drylot throughout lactation. 

8Initial BCS, Rump Fat, Rib Fat, and LMA were measured when cows were assigned to either the pasture or drylot lactational 

management system. Cows were a minimum of 28 days post-calving at this time. 

9Total Change in BCS, Rump Fat, Rib Fat, and LMA measurements were determined by subtracting the weaning measurements 

from the initial measurements for BCS, rump fat, rib fat, and LMA.  

10Average Rump Fat, Rib Fat, and LMA measurements were determined from analysis of all three ultrasound images captured for 

each cow. 
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