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ABSTRACT 

NEGATIVE ENERGY BALANCE OF DAIRY COWS: ASSOCIATION WITH 

BEHAVIOR AND MINIMIZING RISK 

 

Sydney Moore                   Advisor: 

University of Guelph, 2020       Dr. Trevor DeVries 

 

The overall objective of my thesis research was to develop a further understanding of 

how negative energy balance (NEB) relates to the behavior of dairy cows and how to minimize 

the risk of NEB in early lactation. In a first study, where cows were diet-induced into a state of 

NEB, it was demonstrated that greater NEB was associated with greater selection for the more 

energy-dense components of the diet and against the longer-less energy dense fractions of the 

diet, especially when fed a diet that is easily sorted. In a second study, it was determined that the 

supplementation of a molasses-based liquid feed through an automated milking system to fresh 

cows had a tendency to improve cow metabolic health. Cows receiving the additional energy 

supplement demonstrated improved energy balance and lost less body condition across the first 

60 days in milk.  
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CHAPTER 1: GENERAL INTRODUCTION 

Transitioning from a pregnant to a non-pregnant lactating state is a stressful and energy-

demanding time for dairy cows (Gross et al., 2015), as they undergo many rapid changes during 

the period surrounding calving. External changes include feeding and housing, as cows are 

moved from a dry cow group into the lactating herd, while internal changes relate to the calving 

itself and the transition into lactation (Grant and Albright, 1995). High-producing dairy cows 

may enter a state of negative energy balance (NEB) after calving when the energy demands for 

lactation may exceed that obtained through feed consumption (Bauman and Currie, 1980). Prior 

to calving, dry cows will commonly experience a decrease in their dry matter intake (DMI), 

followed by a slower acceleration of DMI than milk production in early lactation (Grant and 

Albright, 1995; Schirmann et al., 2013). Consequently, all dairy cows will experience some 

degree of NEB in early lactation (Sovani et al., 2000). This altered metabolic state can lead to 

severe consequences for the cow if left unmanaged. Specifically, the cow is at the greatest risk 

for developing subclinical ketosis (SCK), which can lead to an overall reduction in production 

and reproductive performance (McArt et al., 2012). In modern farming practices, dairy cows are 

genetically selected to produce high quantities of milk. This genetic selection, combined with the 

natural increase in energy requirements for lactation, place cows at a higher risk for developing 

SCK. As such, understanding how to properly feed and manage cows in the transition period is 

essential to promoting cow health, production, and welfare (von Keyserlingk and Weary, 2010).   

The purpose of this review is to provide a general overview of the consequences and causes 

of NEB in early-lactation dairy cows. It also reviews ways of mitigating the effects of NEB 

through feeding strategies and farm management. 
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1.1 CONSEQUENCES OF NEB 

1.1.1 Health effects 

In severe cases of NEB, where the cow is not able to adapt to the energy demands quickly 

enough, hyperketonemia (i.e. ketosis) may develop (Grummer, 1995; McArt et al., 2012). This 

condition has an incidence rate of 43% (ranging from 26 to 56%) and can reduce milk production 

(McArt et al., 2012) and reproductive performance (Walsh et al., 2007), as well as increase the 

risk of other health disorders (Suthar et al., 2013). Subclinical ketosis (SCK) is defined as the 

preclinical stage of ketosis (no clinical symptoms are seen) and can be measured by monitoring 

blood β-hydroxybutyrate (BHB) and non-esterified fatty acids (NEFA) (Invgartsen, 2006). Blood 

BHB levels ≥1.2 mmol/L are indicative of SCK (McArt et al., 2012). Additionally, post-partum 

blood NEFA levels > 0.4 µmol/L indicate that the cow is mobilizing significant amounts of body 

fat and may be at risk for SCK (Oetzel, 2004). If left untreated, SCK may become clinical, with 

symptoms including a decrease in DMI, a decrease in milk production, and a rapid loss of body 

condition (Baird, 1982). Clinical ketosis has been defined as blood BHB levels > 3.0 mmol/L 

(Vanholder et al., 2015); however, it is less prevalent on farms than SCK, affecting only 2 to 

15% of cows globally (Duffield, 2000). Cows with subclinical or clinical ketosis are both at an 

increased risk for developing a variety of postpartum diseases, including metritis and displaced 

abomasum (Ospina et al., 2010). On average, treatment of subclinical and clinical ketosis in 

Canada has been estimated to cost over $200 CAD per case when factoring in costs for milk, 

reproductive losses, and veterinary treatment (Gohary et al., 2016). Therefore, due to the health 

and economic consequences, understanding ways to manage NEB, and thereby reduce the risk of 

ketosis, have potential to greatly benefit both the producer and the animal.  
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1.1.2 Effect of NEB on milk production and components 

 Milk production may be negatively impacted by the metabolic imbalance of all energy 

reserves being diverted towards milk production and synthesis. Depending on the severity of 

NEB, cows may develop SCK and are at greater risk for developing a variety of other metabolic 

illnesses, which may cause a further reduction in DMI (Ospina et al., 2010). This reduction in 

DMI may consequently cause a reduction in milk yield. There are, however, conflicting reports 

on whether SCK is negatively associated with milk yield and milk components. Dohoo and 

Martin (1984) demonstrated that cows daily milk yields were reduced by 1.0 to 1.4 kg/d of milk 

when milk BHB levels were high. In contrast, Kauppinen (1984) reported that cows with greater 

milk BHB levels had greater annual milk yields than cows with lower milk ketone levels. In a 

review by Fourichon et al. (1999), out of 18 research trials summarized, in 12 trials it was 

demonstrated that ketotic cows had a reduction or loss in milk production. Additionally, in a 

more recent study (Duffield et al., 2009) it was reported that elevated blood BHB levels in cows 

in the first 2 wk of lactation were associated with a reduction in milk yield, similar to that 

reported by Dohoo and Martin (1984), of approximately 1-2 kg/d.  Additionally, Duffield et al. 

(2009) observed that higher producing dairy cows are at a greater risk for developing ketosis due 

to the energy demands associated with meeting such a high production level.   

With respect to milk components, it is commonly reported that cows with elevated BHB 

levels have higher milk fat percentages (Kauppinen, 1984; Duffield et al., 2009) and lower 

protein percentages (Grieve et al., 1986; Duffield 2009). Higher milk fat is thought to be 

observed in ketotic cows due to the increased levels of BHB and fatty acids available for milk fat 

synthesis (Duffield, 2000). More recent research has demonstrated that oleic acid is the 

predominant fatty acid (FA) released during NEB though lipolysis (Tyburczy et al., 2008) and 
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that elevated proportions of oleic acid in milk fat can indicate that the cows is experiencing NEB 

and, subsequently, at risk for SCK (Van Haelst et al., 2008; Gross et al., 2011). Furthermore, 

milk protein percentages are thought to be lesser as result of the reduced energy supply, as milk 

protein is positively corelated with energy balance and glucose availability (Grieve et al., 1986). 

Overall, NEB and subsequent ketosis can have major impacts on milk production. Understanding 

ways to minimize the severity of NEB can not only improve the production and welfare of the 

animal, but also have positive economic benefits for the producer if milk production and milk 

components are improved.   

1.1.3 Effect of NEB on feeding behavior 

There is evidence that SCK is associated with changes in cow feeding behavior. For 

example, Goldhawk et al. (2009) demonstrated that during the week prior to calving and 2 weeks 

following calving, dairy cows diagnosed with SCK had fewer visits to the feeder, spent less time 

at the feeder, and had lesser DMI than healthy animals.  This is supported by Gonzalez et al. 

(2008) who determined that SCK was associated with a rapid decrease in feed intake (-10.4 kg/d 

on an as-fed basis), a loss of ~46 min/d in feeding time and a decrease in feeding rate (-25.3 

g/min on an as-fed basis) approximately 4 d prior to diagnosis by farm staff. While monitoring 

changes to feeding behavior may allow us to diagnose SCK earlier, very little research has been 

done to understand the effect NEB can have on feeding behavior. DeVries et al. (2011) provided 

some preliminary evidence that at a single point in time, cows with elevated NEFA levels who 

were likely experiencing NEB preferentially selected their diet for the smaller, energy-dense 

components to increase their nutrient intake. It is believed that selective consumption of higher-

energy ration components (such as grains) may be linked to energy demand and influenced by 

metabolic status (Miller-Cushon and DeVries, 2017). Researchers have previously established 
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that animals may select their diet in attempt to maintain their physiological balance. For 

example, Emmans (1977) demonstrated that growing broiler chickens will select a diet that more 

closely matches their protein requirements when provided with two diets of similar protein 

content. Additionally, Kyriazakis and Oldham (1993) determined that when growing lambs were 

given access to diets with varying CP content, lambs were able to select a diet that met their 

nutrient requirements for CP, while avoiding diets that provided an excess of protein intake. 

Tolkamp et al. (1998) demonstrated that early-lactation dairy cows given a choice of high and 

low protein feeds consumed more protein than predicted at random.  

There is also evidence that dairy cows may alter their feed sorting of a TMR based on 

their metabolic demands.  For example, cows will commonly sort their ration in favor of the 

smaller particles and against the long particles of the diet (Leonardi and Armentano, 2003). 

However, DeVries et al. (2008) demonstrated that cows experiencing a bout of ruminal acidosis, 

altered their feeding behavior and uncharacteristically sorted against the smaller particles of the 

diet and sorted in favor of the longer more fibrous particles of the diet, potentially in an effort to 

attenuate the negative effects of low rumen pH. Despite the pervasiveness, no research has been 

completed to investigate the impact of NEB on feed sorting behavior. Similarly, no research has 

been conducted on how meal parameters may be affected as result of NEB. However, researchers 

have previously investigated how meal parameters are affected based on milk production and 

stage of lactation. For example, Azizi et al. (2009) reported that cows with greater milk yields 

(and therefore facing greater energy demands) consumed larger meals, to consume more DM 

each day, than cows producing lesser amounts of milk. Similarly, it has been demonstrated that 

dairy cows will increase their meal frequency and meal length from early to peak lactation as 

nutrient requirements increase (DeVries et al., 2003a). Therefore, further research is needed to 
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investigate how NEB may influence feeding behaviors and meal parameters of early lactation 

dairy cows. Hypothetically, being able to identify changes in feeding behavior that are associated 

with NEB could allow producers to step in and treat cows sooner, before SCK even has the 

chance to progress or develop. 

 

1.2 CAUSES AND RISK FACTORS FOR NEB   

1.2.1 Cow physiology and health 

Following the onset of lactation there is a dramatic increase in the demand for amino acids, 

glucose, and fatty acids needed for milk synthesis to occur (Bauman et al., 1980). As a result, 

growth hormones are released into the blood, stimulating the mobilization of long chain fatty 

acids from adipose tissue (Invgartsen, 2006), a process is known as lipolysis. The mobilization of 

body fat elevates levels of NEFA in the plasma (Drackley, 1999), and the concentration of 

NEFA in plasma may indicate the degree of adipose tissue mobilization (Invgartsen, 2006). The 

accumulation of NEFA in plasma can cause a depression in glucose responsiveness and lead to 

increased insulin resistance, causing glucose to be used mainly for milk production rather than 

for energy and maintenance requirements of the cow (Barletta et al., 2017). Circulating NEFA 

are taken up by the liver where they are either fully oxidized to produce carbon dioxide and 

energy or partially oxidized to create ketone bodies (Bell, 1995). Partial oxidization occurs when 

the liver becomes overwhelmed by the high volume of fatty acids being oxidized by the liver. 

When cows are faced with a large degree of NEB, coupled with high mobilization of body fat 

and, thus, high production of NEFA overwhelming the liver, an excessive amount of ketone 

bodies can be released in the blood. β-hydroxybutyrate is the most prevalent form of ketone body 

in the blood, and its concentration in blood indicates the amount of fatty acid being incompletely 
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oxidized by the liver (Bauman et al., 1980). When released in moderate amounts, ketone bodies 

allow for a natural adaptation to the metabolic disruptions seen in the first weeks of lactation, as 

they can act as an additional fuel source for the cow (McArt et al., 2013). However, in excess, 

these ketone bodies can lead to the cow experiencing feelings of malaise and even a decreased 

appetite, which may further increase the degree of NEB the cow is experiencing (Invgartsen, 

2006). Additionally, high body fat mobilization during periods of NEB may cause triglycerides 

(lipids stored within fat cells) to accumulate in the liver and impair its overall function (Bell, 

1995). This can lead to a disease known as fatty liver syndrome. 

Cows that have experienced SCK in the previous or current lactation have a greater risk of 

reoccurrence of SCK within that same lactation or the following lactation (Dohoo and Martin, 

1984; Bendixen et al., 1986). The incidence risk of SCK increases with each lactation until 

approximately the fifth or sixth lactation (Grohn et al., 1984). Furthermore, cows with excessive 

body condition gain during the dry period are at risk for greater body fat mobilization and, 

consequently, higher NEFA release post-calving (Barletta et al., 2017). Duffield (2000) reported 

that over-conditioned cows (classified as having a BCS³4.0) were 1.6 times more likely to 

develop SCK than cows with a BCS<4.0. When cows are over-conditioned, they tend to eat less 

due to higher concentrations of the hormone leptin (Roche et al., 2009). As a result, overfed 

cows tend to mobilize more body fat to adapt to the lack of the dietary energy, placing the animal 

at risk for a variety of metabolic health disorders, such as SCK (Roche et al., 2009). Therefore, 

implementing proper feeding strategies across the transition period that promote good eating 

behavior, a healthy body condition score (BCS), and encouraging energy intake in early lactation 

are essential to improving the metabolic health of the animal.  
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1.2.2  Milk production and milking systems 

Dairy cows have been genetically selected for high milk production. However, the more 

milk a cow produces, the greater her energy demands and, thus, the greater the probability of 

health problems related to NEB (Goff and Horst, 1997). Milking frequency is a key contributor 

in driving milk yield. Increasing milking frequency in early lactation has been correlated to an 

increase in milk production. However, this production increase comes at a price, as the severity 

of NEB is often heightened as a result (Andersen et al., 2004). For example, McNamara et al. 

(2008) reported that cows milked 1x/d experienced less NEB and lost less body weight and body 

condition compared to cows milked 2x/d or 3x/d. Additionally, Soberon et al. (2011) determined 

that cows milked 4x/d for the first 21 DIM (and then 2x subsequently thereafter) were 1.4x more 

likely to develop SCK then cows milked 2x daily for the duration of lactation.  

Potentially related to this, in a recent study of dairy farms in Ontario, the herd-level 

prevalence of SCK was found to be higher for robot-milked herds compared with 

conventionally-milked herds (Tatone et al., 2017). Individualized milking allows for more 

frequent milking than conventional systems (Wagner-Storch and Palmer, 2003); this can increase 

milk yield, but may also be associated with greater risk of SCK (Tatone et al., 2017). 

Furthermore, researchers have recently discovered that the development of SCK in robot-milked 

cows was associated with greater production of milk relative to the amount of feed consumed in 

the robot (King et al., 2018). Therefore, it is possible that cows in robotic herds may not always 

be receiving enough energy via dietary sources to account for this increase in milk production. 

While it is important to encourage high production levels, it is equally, if not more important, to 

ensure cows are consuming enough energy to meet these production demands.  
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1.3 STRATEGIES TO ATTENUATE THE RISKS AND EFFECTS OF NEB 

1.3.1 Management strategies 

Ensuring good feeding management is key to encouraging DMI, limiting feed sorting, 

and ensuring cows consume well-balanced, nutritious diets. There are many on-farm 

management practices that can be implemented to help minimize the severity of NEB.  

Factors such as available space at the bunk, frequency of feeding, and the amount of feed being 

offered to cows are all key components in encouraging metabolic homeostasis (von Keyserlingk 

and Weary, 2010). All cows should have equal access to feed at the feed bunk in order to limit 

competition for access to fresh feed. DeVries et al. (2004) observed that increasing the head 

space from 0.5 m to 1 m per cow at the feed bunk reduced displacements during feeding. This 

allowed for more cows to access fresh, unsorted feed. Proudfoot et al. (2009) determined that 

restricted access to feed across the transition period caused cows to increase the time they spent 

standing without eating, increased their displacements from the feed bunk, decrease DMI in the 

week prior to calving, and have lower feeding times per visit, than non-competitively fed cows. 

Furthermore, feeding frequency may also impact feeding behavior, as DeVries et al. (2005) 

demonstrated that cows fed multiple times per day (2 or more) sorted less than cows fed once per 

day. Similarly, in a cross-sectional study by Endres and Espejo (2010) of 50 herds in the U.S., it 

was demonstrated that in herds fed once per day there was greater sorting compared with herds 

fed two and three times per day. However, both of these studies were conducted using only peak 

and mid lactation dairy cows. Thus, future research is needed to focus on the impact of feeding 

frequency across the transition period, where it is arguably of greater importance, due to the lags 

in DMI seen at this time. Furthermore, in a study by Leonardi and Armentano (2003) it was 

demonstrated that feeding amount may also influence feeding behavior; specifically, it was 
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reported that the more feed that was left over, the more cows sorted through their feed. This was 

supported by Miller-Cushon and DeVries (2010), who also reported a linear association between 

the amount of feed offered and the degree of feed sorting. Strategically feeding cows to minimize 

feed sorting behaviors is another key management strategy that can help limit the effects and 

risks of NEB, by encouraging consistent DMI.  

Researchers have also investigated the effects of manipulating milk yield for high-

producing dairy cows as a method to reduce the energy deficit seen in early lactation. For 

example, Loiselle et al. (2009) reported that milking cows 1x/d compared with 2x/d resulted in 

lower blood NEFA levels, as the energy demands were not as severe. Additionally, Anderson et 

al. (2004) compared cows milked 3x/d to cows milked 2x/d and demonstrated that the former 

group had 19% greater plasma BHB concentrations. In both studies, decreasing the milking 

frequency by 1 milking per day reduced milk yield across the whole lactation period. Therefore, 

it is unlikely that producers would use this strategy to reduce the effects of NEB in dairy cows, 

as there is a negative economic consequence. In more recent research milking cows incompletely 

in early lactation as a strategy to reduce NEB has been evaluated (Carbonneau et al., 2012). 

Incomplete milking is defined as when the volume of milk harvested is restricted (i.e., not all 

milk is extracted from the udder) and the frequency of milking is left unaltered (Morin et al., 

2017).  This way, cows are still being stimulated to milk and are at a lower risk of reducing their 

overall milk production throughout lactation (Morin et al., 2017). Cows milked incompletely 

have been demonstrated to have lower blood NEFA and BHB levels than cows milked 

completely (Carbonneau et al., 2012). This was further supported by Morin et al. (2017), where 

cows were milked incompletely for the first 5 DIM resulting in a reduced prevalence of 

subclinical and clinical ketosis in early lactation. Across both these studies, the total milk yield 



 11 

of the 305-day lactation was not reduced due to incomplete milking (Carbonneau et al., 2012; 

Morin et al., 2017).  

1.3.2 Nutritional strategies  

Nutritional management across the transition period is an essential component for 

reducing incidence of metabolic diseases. It is well documented that over-feeding energy in the 

dry period may have detrimental effects on fresh cow performance and metabolic health 

(Douglas et al., 2006; Janovick and Drackley, 2010). Dann et al. (2006) reported that cows fed 

to 150% of their energy requirements in the dry period had greater blood NEFA and BHB 

concentrations as well as lesser DMI for the first 10 DIM compared with cows fed to 80% or 

100% of their energy requirements. Similarly, Janovick et al. (2011) demonstrated that cows 

fed to 150% of their energy requirements pre-calving had greater lipid mobilization and BHB 

concentrations post-calving. Furthermore, limiting body condition gain pre-calving has been 

demonstrated to reduce NEFA levels and increase plasma calcium concentrations, thus 

reducing the risk of SCK and milk fever in fresh cows (Mann et al., 2015; Roche et al., 2015). 

Therefore, how cows are fed in the dry period can have a direct effect on health outcomes 

during lactation. Thus, dry cows must be fed a diet that limits body condition gain prior to 

calving. To achieve this, dry cows are more recently and commonly fed controlled-energy 

diets. Such diets are formulated to meet 100% of the energy required for maintenance and 

gestation when consumed ad libitum and typically consist of low nutrient dense feedstuffs, such 

as straw or poor-quality hay (Janovick et al., 2011).  

Researchers have previously demonstrated the importance of preventing a drop in DMI in 

the week leading up to calving, as the dietary energy obtained during this week has the 

potential to decreases the demands on the body reserves for energy in the fresh period (Dann et 
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al., 2006). Recent research has determined smaller forage particle size (2.54 cm) (Havekes et 

al., 2020a), water addition (Havekes et al., 2020b) and or the addition of a molasses-based 

liquid feed (Havekes et al., 2020c) in dry cow diets can encourage DMI in the week leading up 

to calving and improve metabolic health post-calving.  

Following calving, transitioning to a lactating diet creates additional challenges. Cows 

are often switched from a bulky, low-energy, pre-fresh diet to a more energy-dense diet with 

less forage and more concentrate (Adin et al., 2009). These diet changes from high forage to 

high concentrate can take 7 to 14 d for adaptation by the rumen, causing a lag in DMI in early 

lactation (Grant et al., 2015). The primary driver of energy intake during this time period is 

total DMI, so it is crucial that DMI be maintained for fresh cows (Vargas et al., 2014). In 

addition to promoting DMI, it is also important to consider the quality and nutrient density of 

feeds being offered to fresh cows. It is essential that cows consume high quality, energy dense 

feed that are formulated to support their predicted production level (NRC, 2001). A common 

strategy to encourage DMI and supplement energy to cows in early lactation is to feed 

concentrates or grains that are not only highly palatable, but high in energy. Traditional 

concentrates, whether mixed in the ration or provided in automated milking systems during 

milking, are high in starch. In early lactation, providing feeds high in starch may be 

problematic due to increased risk of depressed rumen pH, leading to subacute ruminal acidosis 

(SARA) (Penner et al., 2007). This condition is caused when a large amount of grain (starch) is 

fermented in the rumen into volatile fatty acids (VFA’s), which can accumulate and 

subsequently cause a drop in rumen pH. This can lead to the cow experiencing SARA, which 

can have  consequences for the cow such as a depressed feed intake, reduced milk yield, 

fluctuation in DMI, as well as possible gastrointestinal damage, lameness, and liver abscesses 
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(Krause and Oetzel, 2006; Plaizer et al., 2008). This disease has a resultant negative effect on 

milk composition and yield and greater risk of lameness (Bach and Cabrera, 2017) and affects 

19 to 29% of dairy cows in early- and mid-lactation (Krause and Oetzel, 2006). One way to 

enhance DMI and lessen the risk of ruminal acidosis through the diet is to increase the 

proportion of sugar in the diet. Sugar is known to be very palatable and may improve rumen 

function and health (Oba, 2011). Sugar can also provide energy to the ruminant without 

increasing the risk of SARA, commonly associated with high starch feeds (Oba, 2011). 

However, it is not fully understood how sugar may increase rumen pH, despite the fact that it is 

rapidly fermented in the rumen. Allen (1997) theorized that since greater dietary sugar supply 

increases the production of microbial mass (Ribeiro et al., 2005) and increases the rate of 

passage through the rumen (Sutoh et al., 1996), then less organic matter would be available for 

fermentation and acid production. Another potential explanation is that sugar can be utilized by 

the microbes for glycogen synthesis, allowing the sugar to be converted and stored as a short-

term energy source when needed. This would temporarily reduce fermentation and acid 

production in the rumen, potentially contributing to higher rumen pH (Hall and Weimer, 2007). 

Additionally, sugar supplementation also supports microbial growth, particularly for fiber-

digesting bacteria, speeding up fiber degradation and allowing for greater DMI (Vargas et al., 

2014). This, in turn, may help improve energy balance. Researchers have demonstrated positive 

effects of sugar supplementation to ruminants during the dry and lactating periods. For 

example, in a study of pregnant ewes researchers demonstrated improved metabolic health in 

those supplemented with a hardened blend of molasses solids, fat, protein, minerals, and 

vitamins from 90 d into their pregnancy until lambing (Moallem et al., 2016). Ewes fed the 

supplement lost less body condition, had higher blood glucose concentrations, and had lower 
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blood BHB and NEFA concentrations prior to lambing. Researchers have also previously 

demonstrated that molasses (in either a liquid or dry form) is an effective way to feed dairy 

cattle dietary sugars (Hall, 2002). Molasses-based liquid feeds have also been shown to reduce 

sorting and to increase DMI, milk yield, and component yields of lactating cows (DeVries and 

Gill, 2012). Broderick and Radloff (2004) demonstrated that increasing the percent of dried 

and/or liquid sugar in the diet correlated to an increase in DMI for peak to mid and late 

lactation dairy cows; however, inclusion rates resulting in overall ration sugar content greater 

than 6% appeared to depress milk yield and milk fat production. Furthermore, Penner and Oba 

(2009) demonstrated that replacing cracked corn with high and low concentrations of sucrose 

(8.4 % vs 4.7 %) may improve ruminal pH status, DMI, and lactation performance of fresh 

cows. Supplementing sucrose concentrations of 4.7% improved energy balance parameters, by 

lowering the concentrations of plasma NEFA and BHB, while higher sucrose supplementation 

of 8.4% had a tendency to increase milk fat yield (Penner and Oba, 2009). More recent research 

has been focused on utilizing liquid-molasses as the primary non-structural carbohydrate source 

for grazing dairy herds. Brito et al. (2017) demonstrated that liquid molasses can be used to 

fully replace ground corn as a carbohydrate source without limiting milk components or milk 

yield, while decreasing plasma and milk urea nitrogen (MUN) of fresh to mid lactation dairy 

cows. Some of these findings were supported by Ghedini et al. (2018), who also reported an 

increase in odd chain fatty acids in milk and a decrease in plasma MUN for peak to mid 

lactation dairy cows. However, DMI, milk yield, and milk components (fat, protein, and 

lactose) decreased linearly with the substitution of ground corn for liquid molasses (Ghedini et 

al., 2018).  Therefore, sugar supplementation as opposed to starch, may be a more effective 

option for meeting the energy requirements of lactating dairy cows. However, more research is 
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needed to specifically investigate the effect of sugar supplementation in early lactation, when 

energy demands are greatest.  

In conclusion, implementing proper feeding strategies across the transition period to ensure 

cows are eating sufficient amounts of a well-balanced ration and finding ways to effectively 

supplement energy to cows are crucial to managing the effects of NEB observed in early 

lactation.  

1.4 THESIS OBJECTIVES AND HYPOTHESIS 

Negative energy balance is an inevitable state that all cows will experience to some 

varying degree. Despite its pervasiveness, it is still unknown how to effectively feed dairy cows 

during periods of NEB and while there is a known association of feeding behavior and DMI with 

risk of SCK, we do not know how dairy cows will change their feeding behavior in response to 

NEB or, subsequently, DeVries et al. (2011) has also provided some preliminary evidence that at 

a single point in time, cows in NEB preferentially selected their diet to increase their nutrient 

intake. While we do know that dairy cows will alter their feeding behavior at different stages of 

lactation (DeVries et al., 2003a), it is still unknown how dairy cows will modify their dietary 

selection in response to periods of NEB and whether cows will alter meal parameters to meet 

their nutrient requirements.  

As technology advances, so do the ways in which cows are milked. Robotic milking systems 

are now increasing worldwide at an exponential rate for the foreseeable future (Salfer et al., 

2017). However, as these systems increase milking frequency and subsequently milk yield, they 

also increase the demand for energy to support this production level. In previous research it has 

been demonstrated that cows milked in robots may be more likely to have a greater risk of 

developing SCK (Tatone et al., 2017). It is hypothesized that this is due to cows not receiving 
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enough dietary energy through the robot, to meet the energy demands of milk production (King 

et al., 2018). Therefore, cows milked in robotic milking systems need to be supplemented with 

more energy to support these metabolic demands.  

Therefore, the overall objective of my thesis research was to develop a further understanding 

of how NEB relates to the behavior of dairy cows and how to minimize the risk of NEB in early 

lactation. One specific objective was to determine how dairy cow feeding behavior, including 

diet selection (feed sorting) and meal patterning, is altered in response to a diet-induced period of 

NEB. Additionally, another specific objective was to determine the effect of molasses-based 

liquid feed supplementation to early lactation cows in robotic milking herds on their behavior, 

health, and productivity. It was hypothesized that cows exposed to a diet that does not meet their 

nutrient requirements for production would alter their feeding patterns to maximize nutrient 

consumption, particularly when fed a diet that is more easily sorted. Furthermore, it was also 

hypothesized that supplementation of molasses to early lactation cows milked in an automated 

system would improve their energy balance, while also increasing their milking frequency and 

milk production.  
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CHAPTER TWO: IMPACT OF DIET-INDUCED NEGATIVE ENERGY BALANCE ON 

THE FEEDING BEHAVIOR OF DAIRY COWS  

2.1 INTRODUCTION 

Dairy cows must rely heavily on their current and past intake of nutrients to support the 

demands of lactation (Hoeij et al., 2017). In the first weeks of lactation, dairy cows often do not 

consume sufficient DMI to meet their nutrient requirements, leading to negative energy balance 

(NEB). This occurs as the amount of energy required for maintenance of milk production 

exceeds the amount of energy the cow can obtain through dietary sources and, as a result, the 

cow will start to mobilize body fat as a source of energy (Goff and Horst, 1997). Consequently, 

many dairy cows may experience hyperketonemia in early lactation (43%; McArt et al., 2012). 

This prevalent condition within the dairy industry is associated with losses in milk production 

(McArt et al., 2012), poor reproductive performance (Walsh et al., 2007), and increases the risks 

of other health disorders throughout lactation (Suthar et al., 2013). Despite the pervasiveness of 

hyperketonemia, limited research is available on how dairy cows may alter their feeding 

behavior in response to experience of NEB.  

There is evidence that cows may alter their feeding behavior, including feed sorting and 

meal parameters, when faced with metabolic changes or physiological demands. For example, 

researchers have demonstrated that dairy cows will alter their TMR sorting behavior in response 

to a period of low rumen pH, selecting in favor of the long fibrous particles in an attempt to 

ameliorate the effects of  low rumen pH (Beauchemin and Yang, 2005; DeVries et al., 2008). 

DeVries et al. (2011) provided some preliminary evidence that at a single point in time, cows 

experiencing some level of NEB preferentially selected their diet to increase their total nutrient 

intake. Additionally, Tolkamp et al. (1998) demonstrated that early-lactation dairy cows given a 
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choice of high and low protein feeds consumed more protein than predicted at random. 

Furthermore, Azizi et al. (2009) reported that cows with greater milk yields (and therefore facing 

greater energy demands) consumed larger meals, to consume more DM each day, than cows 

producing lesser amounts of milk. Similarly, it has been demonstrated that dairy cows will 

increase their meal frequency and meal length from early to peak lactation as nutrient 

requirements increase (DeVries et al., 2003a). It is, however, unknown if dairy cows will modify 

their dietary selection in response to an induced period of NEB, and whether cows will alter meal 

size and frequency in attempt to meet their nutrient requirements during such a time period.  

The objective of this study was to determine how dairy cow feeding behavior, including 

diet selection (feed sorting) and meal parameters (meal size, length, frequency), is altered in 

response to a diet-induced period of NEB. Given that feed sorting (Miller-Cushon and DeVries, 

2017) and time spent eating per meal (Grant and Ferraretto, 2018) are enhanced when dairy cows 

are fed diets with longer forage particle size, we also aimed to determine how this response to a 

diet-induced period of NEB may vary depending on dietary particle size distribution. It was 

hypothesized that cows exposed to a diet that does not meet their nutrient requirements for 

production would alter their feeding behavior to maximize nutrient consumption, particularly 

when fed a diet that is more easily sorted (i.e. a diet with longer straw particle size).  

2.2 MATERIALS AND METHODS 

2.2.1 Animals and Housing 

Thirty multiparous (average parity = 2.8 ± 0.19; mean ± SD), non-pregnant lactating 

Holstein dairy cows were selected from the University of Guelph, Elora Research Station – 

Dairy Facility (Elora, Ontario, Canada) herd and enrolled in the study. Selected individuals, at 

entry to the study, averaged 59 ± 5 DIM, BW of 726 ± 57.3 kg, BCS of 3.0 ± 0.3, and produced 
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44.6 ± 1.2 kg/d of milk. Prior to study enrollment, the health status of each cow was evaluated 

and cows having experienced serious health concerns during the transition period or early 

lactation (compromising their ability to peak in production) were excluded from the study.  

Cows were tested in 2 groups of 15 cows, over time, with treatments replicated in the 

same pen. Cows in each group had access to 15 automated feed bins, 15 lying stalls, 1 cow 

brush, and 2 water troughs at each end of the pen, which offered ad libitum access to water. The 

free-stalls were laid out in 2 rows of 15; however, half of the stalls were roped off to ensure that 

each group of 15 had access to only 15 pens and was at 100% stocking density. Stalls were 295 

cm in total length and 127 cm wide, with a neck rail positioned 188 cm from the back of the stall 

and 125 cm above the stall base. The base of the free stalls were mattresses (Pasture Mat; 

ProMat, Woodstock, ON, Canada) that were bedded with chopped straw (1x/wk) and groomed 

2x/d. Alleys were cleaned with an automatic manure scraper that removed manure every 2 h for 

a total of 12x/d. The cows were individually assigned (and trained) to eat from an individual 

automated feed bin (Insentec, B. V., Marknesse, The Netherlands). Cows were trained to access 

their assigned feed bin 3 d prior to the beginning of the study. Cows were milked twice a day at 

0500 and 1700 h in a rotary parlor (DeLaval International AB, Tumba Sweden).  

The use of cows and experimental procedures complied with the guidelines of the Canadian 

Council on Animal Care (2009) and were approved by the University of Guelph Animal Care 

Committee (AUP #3245). 

2.2.2 Experimental Design 

 Sample size and power analyses were used to calculate (as per Morris, 1999) the 

minimum number of replicates needed per treatment (n=15) to detect a 10% level of observed 

mean difference for the primary outcome variables, including blood metabolites, DMI, feed 
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sorting, and milk production. Estimates of variation for these variables were based on previously 

reported values (DeVries et al., 2007; DeVries and Gill, 2012). Each group of 15 cows was 

exposed to the same 7-wk experimental protocol, consisting of 3 observation periods. The first 

was a baseline period in which all cows were fed a standard lactating cow TMR (Table 1), 

balanced for 45 kg/d of milk (NRC, 2001), and observed for 14 d. Before this baseline period, all 

cows were fed that same diet since the beginning of their respective lactations. Cows were then 

exposed to 1 of 2 treatment TMR diets for a period of 21 d. Treatment diets (Table 1) were 

formulated for a 20% reduction in energy available for milk production to induce NEB, based on 

previous research by Perkins et al. (2002) and Ferraretto et al. (2014). Treatment diets contained 

either: 1) straw chopped with a 2.54 cm screen (SS; n=15) or 2) straw chopped with a 10.16 cm 

screen (LS; n=15). These diets were identical, only varying in the length of the straw particle 

size, which was chopped using a bale processor (Haybuster Model H-1150, Jamestown, ND, 

USA). Diet assignment was balanced, within group, for parity, DIM, and production level. 

Treatments were assigned to alternating feed bins, leaving the LS and SS treatments adjacent to 

each other, to minimize synchronization of feeding behavior (King et al., 2016).  In the first 

experimental group of 15 cows, 8 cows were on the LS treatment and 7 were on the SS, while in 

the second group of 15 cows, 8 cows were on the SS treatment and 7 were on the LS treatment. 

Following the 21-d experimental period, cows were placed back onto the baseline diet and 

followed for an additional 14 d. Across all days of the study, cows were fed for approximately 

10% refusals to ensure samples were available to assess feed sorting. Each day, the base diet, 

without straw, was prepared using a TMR mixer (Jaylor Model 5572, Jaylor Fabricating, Orton, 

ON, Canada). Feed was then transferred to a feed cart (Super Data Ranger; American Calan, 

Northwood, NH, USA) and the appropriate amount of straw was added and mixed for 3-5 min 
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prior to delivery. Diets were prepped and delivered to the cows once a day at approximately 

1400 h. The bins were cleaned out every day at 1300 h prior to fresh feed delivery.  

2.2.3 Measuring Cow Behavior 

Feeding behavior and DMI were monitored using the automated feed bins, as validated 

by Chapinal et al. (2007). From the recorded data, the duration of each visit to the feed bin, the 

amount of feed consumed (start weight − end weight) during each visit and the rate of 

consumption for each visit were calculated. These data were then summarized to calculate daily 

DMI (kg/d), daily time spent feeding (min/d), and average feeding rate (kg/min). Individual 

feeding bouts were combined and separated into meals using a meal criterion (i.e. the minimum 

duration of time between meals) calculated for each cow. Meal criteria were calculated for each 

cow and for each period using methods described by DeVries et al. (2003b); a software package 

(MIX 3.1.3; MacDonald and Green, 1988) was used to fit normal distributions to the frequency 

of log10 transformed intervals of time between feeding visits. In regards to meal parameters, meal 

frequency (no./d) was determined for each cow by summarizing the number of intervals between 

feeding events that exceeded their meal criterion. Meal length (min/meal) was calculated as the 

time between the start of the first feeding bout, until the end of the last bout at which time the 

meal criterion was exceeded. Meal size (kg DM/meal) was calculated as DMI divided by meal 

frequency. 

As validated by Schirmann et al. (2009), an electronic monitoring system (HR-TAG-LD, 

SCR Engineers Ltd., Netanya, Israel) was used to monitor rumination activity. A rumination data 

logger attached to a nylon collar was fitted to each cow on the day of enrollment. Rumination 

activity was monitored 24 h/d for the 7-wk period.  These data, stored in 2-h intervals, were used 

to determine total time spent ruminating throughout each day. 
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2.2.4 Feed Sampling and Analysis 

Two samples of fresh feed from the lactating cow diets were collected 3 d/wk (Sunday, 

Tuesday, Thursday) at feed delivery time to determine DM/nutrient composition and sorting, 

respectively, throughout the duration of the study. One refusal sample, of approximately 500 

grams (as fed), was collected from each bin of each cow 3 x/wk (Monday, Wednesday, Friday) 

to determine feed sorting. Prior to feed refusal collection, the remaining feed contents of each bin 

were mixed together and homogenized to generate a representative sample. Component samples 

of the TMR ingredients were also collected every 3 wk for DM, nutrient composition, and 

particle size determination (Table 2). All samples were frozen upon collection at -15ºC for 

further analysis. Before analysis, all samples were thawed in a refrigerator for at least 24 h. 

All feed samples collected for DM and nutrient analyses were then oven-dried at 55ºC for 

48 h for DM analysis. Fresh and refused feed, and TMR component samples collected for 

particle size analysis were processed using a 4-screen Penn State Particle Separator (PSPS;  

Heinrichs, 2013; Maulfair and Heinrichs, 2013), which separated the sample into 4 fractions 

based on particle size: long (> 19 mm), medium (< 19, > 8 mm), short (< 8, > 4 mm), and fine (< 

4 mm). After being separated into fractions, PSPS samples were oven dried at 55°C for 48 h. 

The sorting of each PSPS fraction was calculated (as per Leonardi and Armentano, 2003) by 

dividing the actual amount of feed consumed of each fraction by the predicted amount of feed 

consumed of that fraction and expressing it as a percentage. For each fraction, the actual amount 

consumed was calculated by subtracting the DM refused from the DM offered, as determined by 

the PSPS analysis. The predicted amount consumed for each fraction was calculated as the 

product of the DMI of the total diet multiplied by the DM percentage of that fraction in the fed 

TMR. If the sorting value equaled 100 %, then no sorting of the particle fraction occurred, a 
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value <100 % indicated sorting against that particle size fraction, while a value >100 % indicated 

sorting in favor of that particle fraction.   

All fresh PSPS and DM samples were then ground through a 1-mm screen (Model 4 

Wiley Laboratory Mill, Thomas scientific, Swedesboro, NJ, USA). Ground samples, pooled by 

week, were then sent to A & L Canadian Laboratories Inc. (London, ON, Canada) for analysis of 

DM (135°C; AOAC, 2000: method 930.15), ash (535°C; AOAC, 2000: method 942.05), ADF 

(AOAC, 2000: method 973.18), NDF with heat-stable α-amylase and sodium sulfite (Van Soest 

et al., 1991), CP (N x 6.25; AOAC 2000: method 990.03; Leco FP-528 Nitrogen Analyzer, Leco, 

St. Joseph, MI), and starch (heat-stable amylase and amyloglucosidase; AOAC 2000: method 

996.11). 

2.2.5 Monitoring Health Status, Milk Production and Components 

 Body condition score (BCS) of all cows was assessed by 1 of 2 people, using the 5-point 

scale designed by Wildman et al. (1982), at increments of 0.25. This assessment occurred at the 

time of enrollment, and throughout the experimental period. To ensure consistent and accurate 

scoring, inter-rater reliability testing was conducted between 2 individuals, with a resultant 85% 

accuracy rate. Cow BW was recorded 2 x/d, at each milking, using a scale (DeLaval automatic 

weigh scale, Tumba, Sweden) placed at the exit of the parlor. Wireless telemetry boluses 

(eBolus, eCow Ltd., Devon, UK) were used to measure reticulorumen pH to assess rumen pH 

stability (as validated by Falk et al., 2016). At time of enrollment, the boluses were administered 

orally using a balling gun. Data consisted of reticulorumen pH data points on 15 min intervals, 

24 h/d, throughout the trial period. Data were downloaded 2 x/wk from each individual cow and 

amalgamated into a continuous record for each individual cow.  Time spent below a pH 
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threshold of 5.8 was then calculated, along with daily mean, minimum, and maximum pH 

values.   

 A total of 8 blood samples were taken from the coccygeal vein of each enrolled cow at 

1200 h, prior to their fresh feed delivery, and placed into 10 ml red top vacutainer tubes. Samples 

were taken on d 1 and 8 (baseline) and d 15, 19, 23, 27, 31, and 35 (experimental period). Blood 

samples were left to sit at room temperature for a period of 1 h following collection to allow 

coagulation and facilitate fibrinogen breakdown. After 1 h, samples were centrifuged (Thermo 

Fisher Scientific Sorvall ST40R, Langenselbold Germany) at 2600 x g and 18˚C to separate cells 

from serum. For each blood sample, 1.5 mL of serum was drawn and frozen until the time of 

analysis. Serum samples were sent to the Animal Health Laboratory, University of Guelph, 

where they were analyzed for non-esterified fatty acids (NEFA) and glucose as indicators of 

energy status. Additionally, a Freestyle Precision Neo meter (Abbott Diabetes Care, Saint 

Laurent, QC, Canada) as validated by Kanz et al., 2015, was used to measure BHB 

concentrations (mmol/L) cow-side by placing one drop of blood on a blood ketone test strip.  

Milk yield was recorded at every milking in the milking parlor (using Delpro software, 

DeLaval International AB, Tumba Sweden). Milk samples were collected from each cow at the 

time of milking 2 d/wk (Wednesday and Thursday). These samples were sent to the DHI testing 

laboratory (CanWest DHI, Guelph, ON, Canada) for component analysis (fat, protein, MUN, and 

SCC) using a Fourier Transform Infrared full spectrum analyzer (Milkoscan FT+ and Milkoscan 

6000; Foss, Hillerød, Denmark). Milk composition samples were used to determine the yield of 

4% FCM (kg/d), calculated as: (0.4 × milk yield (kg/d)) + (15.0 × fat yield (kg/d)) (NRC, 2001). 

Energy-corrected milk was calculated as: ECM (kg/d) = (0.327 × kg of milk) + (12.95 × kg of 

fat) + (7.2 × kg of protein) (Tyrrell and Reid, 1965).  
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2.2.6 Statistical Analyses 

All statistical analyses were conducted using SAS 9.4 software (SAS Institute Inc., 2013). 

Significance was declared at P ≤ 0.05 and tendencies were reported if 0.05 < P ≤ 0.10. If the P-

value of an interaction term was ≤ 0.05 it was retained in the model, otherwise interaction terms 

were disregarded. Prior to analyses, data were assessed for normality using the UNIVARIATE 

procedure of SAS. All assumptions of normality were met for majority of the data, except for 

SCC, which was normalized using the natural logarithm. Due to the technical failure of 3 

boluses, reticulorumen pH activity was conducted with a sample size of 27 cows (LS, n=13; SS, 

n=14). In situations where the automated feed bins or rumination collars malfunctioned, only 

days with complete data were included in the analyses.  

To address our study hypothesis, comparisons of data were made: 1) between the baseline 

period and the experimental period, and 2) between the LS and SS treatments within the 

experimental period. For the first analysis differences between the experimental and baseline 

periods were assessed for each variable within treatment. For each cow, their baseline average 

for feed sorting, feeding behavior, DMI, rumination behavior, reticulorumen pH, and milk 

production and composition were subtracted from those data for each measurement day during 

the experimental period. These data were analyzed in mixed-effect linear regression models 

using the MIXED procedure of SAS, treating day within experimental period as a repeated 

measure. For each of these models, the dependent variable was the difference in that variable 

compared to the baseline average. Each model included the fixed effects of day and treatment. 

The subject of the repeated statement was cow within group, and group was considered random.  

Differences between treatments within the experimental period were tested in a secondary 

analysis. Data on feed sorting, feeding behavior, DMI, rumination behavior, reticulorumen pH, 
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and milk production and composition were summarized by treatment, cow, and day. To account 

for pre-existing variability, the average values of each measure during the baseline period were 

included as covariates in all models. Data were analyzed similar to the first analysis, using the 

MIXED procedure of SAS to build mixed-effect linear regression models where day was treated 

as a repeated measure. Each model included the fixed effects of day and treatment. The subject 

of the repeated statement was cow within group, and group was considered random.  

For all mixed model analyses, compound symmetry, heterogeneous compound symmetry, 

first-order autoregressive, and heterogeneous first-order autoregressive were selected as 

covariance structures for the various models, depending on the basis of best fit according to 

Schwarz’s Bayesian information criterion. When day by treatment interactions were detected, the 

PDIFF procedure in the LSMEANS statement was used to investigate differences by day, using 

the Tukey-Kramer adjustment.  

To determine the occurrence of feed sorting (i.e. difference in sorting values from 100%),  

both between the baseline and experimental period within treatment, and between treatments in 

the experimental period, the summarized data for each particle size were tested for a difference 

from 100 using t-tests, within the previously described models.  

To test whether the degree of NEB experienced was associated with the degree to which 

cows altered their feeding behavior, serum NEFA and BHB data and feeding behavior data 

(including feed sorting and meal parameters) were summarized by cow and period, and 

associated within period using the regression procedure of SAS. Univariable models were 

generated and only those associations that were detected significant or tendencies are further 

reported.   

 



 27 

2.3 RESULTS 

LS and SS treatments decreased their DMI from the baseline to a similar extent following 

the exposure to the experimental diets (Table 3). Across treatments, cows also spent more time 

eating per day on the experimental diets, as compared to the baseline period. LS cows spent, on 

average, 20 min/d more time eating and ate at a slower rate than SS cows and compared to their 

baseline period (Table 3). No differences in body condition scores or body weights was detected 

(P≥0.59) between the baseline and experimental period or by treatment. 

Following the exposure to the experimental diets, particle size treatments increased serum 

NEFA concentrations, with a peak occurring on d 19 for cows on both the LS and SS treatments 

(Table 4; Figure 1a).  Blood BHB concentration increased similarly (by 0.33 and 0.26 mmol/L, 

respectively) for both LS and SS treatments compared to their baseline averages (Table 4, Figure 

1b). Furthermore, serum glucose concentration decreased similarly across treatments following 

the switch from the baseline diet to the experimental diets (Table 4). Reticulorumen pH remained 

consistent across periods (Table 5). No treatment effect was detected for reticulorumen pH; 

however, the range was reduced similarly across treatments compared to their average baseline 

values during the experimental period. 

Particle size treatments decreased milk yield similarly when compared to the baseline 

(Table 6). Fat yield and SCC remained consistent across experimental periods. Both fat and 

protein content in milk, as well as protein yield, and MUN were different for both LS and SS 

cows compared to their baseline averages. Milk fat content was reduced for LS cows compared 

to their baseline values. SS cows however, experienced an increase in milk fat content compared 

to their baseline. Milk protein content decreased for both LS and SS treatments during the 

experimental period. Similarly, milk protein yield decreased for both treatments during the 
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experimental period. Lastly, MUN concentration increased similarly for both treatments during 

the experimental period. 

With respect to meal parameters, cows had fewer meals, but spent more time eating per 

meal across treatments during the experimental period compared to their baseline (Table 3). 

Within the experimental period, there were no detected differences between particle size 

treatments for meal frequency, interval between meals, meal length, and meal size. Treatment 

differences were detected for total meal time, with cows on the LS diet spending more time 

eating their meals per day than SS cows. 

Cows on the LS diet spent more time ruminating per day during the experimental period 

compared to their baseline (Table 3). These cows also ruminated more per kg of DM than cows 

on the SS diet. All cows, across treatments, increased their rumination time per kg of DM on the 

experimental diets.  

During the baseline period, all cows sorted against the longest dietary particles, did not 

sort medium particles, and sorted in favor of the short and fine particles (Table 7). When on the 

treatment diets, cows on the LS diet increased their sorting against the longest particle fraction 

and their sorting in favor of the short and fine particle fractions, whereas no change in sorting 

was detected for cows on the SS diet. Treatment by day interactions were detected for all dietary 

particle fractions, regardless of treatment diet. Cows on the LS and SS diets sorted against the 

longer fractions of the diet on all days except for d 25, 29, and 32, where sorting did not occur 

for this fraction on either treatment. Similarly, a treatment by day interaction was detected for the 

sorting against medium sized particles: on d 15, 27, and 34 cows on the LS sorted more against 

the medium particle fraction than cows on the SS. Furthermore, cows on the LS diet sorted more 
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in favor of the short and fine particles of the diet on all days, except d 15, 25, and 29 and d 29, 

32, and 34, respectively, where sorting for these fractions did not occur.  

During the baseline period there was no association of feed sorting and serum NEFA 

concentration. During the experimental period, for cows on the LS diet greater serum NEFA 

concentration was associated with greater sorting in favor of the short dietary particles (% short 

particle sorting=4.6*NEFA (mmol/L) + 101.7; R2= 0.28; P=0.04; Figure 2a). A similar 

association was detected with SS cows; greater serum NEFA concentration tended to be 

associated with greater sorting in favor of short dietary particles (% short particle 

sorting=2.8*NEFA (mmol/L) + 100.0; R2= 0.10; P=0.1; Figure 2a). Furthermore, on the LS diet 

greater serum NEFA concentration was associated with greater sorting against the longest dietary 

particles (% long particle sorting = -12.8*NEFA (mmol/L) + 93.4; R2=0.26; P=0.05; Figure 2b). 

Similarly, on the SS diet, greater serum NEFA concentration tended to be associated with greater 

sorting against the longest dietary particles (% long particle sorting = -13.7*NEFA (mmol/L) + 

99.5; R2= 0.17; P=0.1; Figure 2b).  

Following the 21-d experimental period, cows were placed back onto the baseline diet, 

where DMI (25.4 kg/d; SE=0.77) and milk production (40.3 kg/d; SE=0.48) returned to similar 

values to that of the baseline period. Additionally, cows spent 238.3 ± 12.0 min/d eating, ate at a 

rate of 0.11± 0.0 kg DM/min and ruminated 572.7 ± 2.89 min/d. Lastly, sorting behavior during 

this time period was similar to that observed during the initial baseline period (d 1-14), as cows 

continued to sort against the long fractions (95.3%; SE=1.03) did not sort for or against the 

medium particles (100.0%; SE=0.10), and sorted in favor of the short (101.4%; SE=0.19) and 

fine (101.2%; SE=0.28) fractions of the diet.  
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2.4 DISCUSSION 

The aim of this study was to determine how feeding behavior of dairy cows is altered in 

response to a diet-induced period of NEB and if this response varied depending on dietary 

particle size distribution. Following the commencement of the experimental period, where cows 

consumed a diet in which energy was diluted, DMI dropped by 3.1 kg/d for cows on the LS diet 

and 2.5 kg/d for cows on the SS diet. This drop in DMI reduced the energy available for milk 

production by ~16.4% for cows on the LS diet and ~14.1% for cows on the SS diet. These were 

slightly lesser than the intended 20% reduction in energy available for milk production, as the 

reduction in DMI on the experimental diets was lesser than predicted, based on the formulation 

of those diets.  Despite reduced DMI, across treatments, cows also spent more time feeding 

during the experimental period. Cows on LS diet spent 55 min/d more time eating than during 

the baseline period and approximately 29 min/d more time eating during the experimental period 

than cows on the SS diet. Greater time spent eating at a slower rate is expected given the longer 

straw chop length and the greater degree of feed sorting that cows on the LS diet exhibited.  This 

is supported by previous research where it has been demonstrated that larger particle size is 

associated with greater eating time of dairy cows (Soita et al., 2000; Alamouti et al., 2014). 

Furthermore, forages with greater NDF take longer to consume (Yang and Beauchemin, 2006), 

and greater inclusion rates of roughages in the diet are also associated with greater feeding times 

(Jiang et al., 2017).  

Following the introduction of the experimental diets, both LS and SS cows displayed 

elevated NEFA and BHB concentrations. Moyes et al. (2009) reported similar increases in 

NEFA and BHB concentrations following their diet-induced NEB treatment. The increase in 

NEFA and BHB concentrations reported in the current study were greater compared to research 

done by Gross et al. (2011), who induced cows into a state of NEB via the diet at approximately 
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100 DIM and reported peaks in NEFA and BHB of 0.27 mmol/L and 0.64 mmol/L, respectively. 

NEFA concentrations of 0.7 mmol/L or above are indicative of NEB (Ospina et al., 2010). 

Further, researchers typically describe BHB values ≥1.2 mmol/L as a cut-off point for 

hyperketonemia (Nielen et al., 1994; Duffield et al., 2009). Throughout the experimental period, 

approximately, 37% of cows experienced NEFA concentrations ≥0.7 mmol/L and 63% of cows 

experienced BHB concentrations ≥1.2 mmol/L. Therefore, the elevations in NEFA and BHB 

concentrations in the experimental period and the percentage of cows exceeding NEFA and BHB 

thresholds indicative of NEB indicate that our experimental model was successful in inducing 

cows into a state of NEB.  

Occurrence of diet-induced NEB is further supported by the effects of the experimental 

diets on milk yield. Across treatments, cows experienced a decrease in milk yield throughout the 

experimental period compared with their baseline period: milk yield of cows on the LS and SS 

diets was decreased by 4.5 kg/d and 3.3 kg/d, respectively. A decrease in milk yield was 

similarly observed in previous studies where NEB was induced through dietary treatments 

(Moyes et al., 2009; Gross et al., 2011). The decrease in milk yield is related to the drop in DMI, 

and thus energy intake, observed during this period. Following the dietary change, LS cows 

consumed 16.4% less energy for lactation and produced 10.6% less milk. Similarly, SS cows 

consumed 14.1% less energy for lactation and produced 7.8% less milk compared with the 

baseline period. However, according to the NRC (2001) requirements, cows were still producing 

more milk than their dietary nutrient intake allowed for. Based on nutrient intakes, cows should 

only have produced ~35 kg/d of milk, however cows on the LS diet surpassed this by ~3 kg/d 

and cows on the SS diet by ~4 k/d. The energy required to maintain the observed levels of milk 
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yield was likely sourced from mobilized body fat during the experimental period, as evidenced 

by the elevated serum NEFA and blood BHB concentrations.  

Throughout the experimental period, cows on the LS and SS diets continued to sort as 

they did during the baseline period for the smaller, more energy dense components of the diet, 

while sorting against the longer, less energy dense components. However, greater differences 

were seen for cows on the LS diet, as they sorted to a greater degree against the long particle 

fraction and in favor of the short and fine fractions than cows on the SS diet. This was expected, 

as in previous research it has been demonstrated that feed sorting will increase with longer 

forage particle size (Leonardi and Armentano, 2003; Miller-Cushon et al.,2013).  Coon et al. 

(2017) demonstrated that early lactation cows increased their sorting against the longer fractions 

of a diet when fed a TMR containing 9% straw chopped with a 5 cm screen, compared to those 

fed a TMR containing the same level of straw chopped with a 2.5 cm screen. Similarly, Jiang et 

al. (2018) established that when cows were fed different forages varying in particle length, 

sorting activity decreased with reduced forage particle size, regardless of forage type.  

The sorting observed on the experimental diets may help explain why milk fat content 

was decreased for cows on the LS diet, but increased for cows on the SS diet. Cows on the LS 

diet increased their sorting against the longer forage components of the diet compared to cows on 

the SS diet. Greater milk fat content has been associated in several studies with lesser sorting 

against long dietary particles (DeVries et al., 2011; Fish and DeVries, 2012; Miller-Cushon and 

DeVries, 2017). Cows on the SS diet sorted less and tended to have higher mean reticulorumen 

pH values compared to the baseline period and thus may have produced milk with greater fat 

content as a result. Alternatively, cows on the LS diet sorted more against the longer particles 
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and exhibited no significant changes in their mean reticulorumen pH, despite being fed a higher 

forage diet. Consequently, this may have impacted the milk fat content for cows on the LS diet.  

Cows on the LS and SS diets produced milk of lesser protein content and yield and had 

greater MUN concentration during the experimental period compared to their baseline values. 

The increase in MUN concentration between the baseline and experimental period is likely due 

to the lesser energy dense diets fed during the experimental period. These energy-diluted diets 

likely limited the rumen microbes from receiving sufficient energy to properly utilize ammonia, 

causing an increase in MUN concentrations (Huhtanen et al., 2015). Researchers have also 

previously demonstrated a correlation between the amount of dietary energy and protein content 

and yield (Cragle et al., 1986). Thus, in situations of energy deficiency, it is common to see a 

decrease in milk protein percentage. Under periods of severe energy deficiency, decreases in 

protein yield are also often evident (Thomas, 1980). Therefore, based on the formulation of the 

experimental diets, a decrease in milk protein content and yield, as well as an increase in MUN 

concentration was not unexpected.  

In support of our hypothesis, a linear association between serum NEFA concentration and 

feed sorting was detected during the experimental period for both cows on the SS and LS diets. 

Cows with greater serum NEFA concentration, and therefore experiencing a greater degree of 

NEB, sorted more in favor of the smaller, more energy dense components of the diet and less 

against the longer, less energy dense fractions. Therefore, as experienced energy deficit 

increased, the propensity for cows to sort their feed increased concurrently. While we believe the 

current work to be the first study to evaluate feeding sorting behavior under a state of NEB, other 

researchers have evaluated how diet selection may change in response to a physiological need. 

For example, Emmans (1977) demonstrated that growing broiler chickens will select a diet that 
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more closely matches their protein requirements when provided with two diets of similar protein 

content. The idea that animals will select diets to maintain physiological balance is further 

supported by Kyriazakis and Oldham (1993), who determined that when growing lambs were 

given access to diets with varying CP content, lambs were able to select a diet that met their 

nutrient requirements for CP, while avoiding diets that provided an excess of protein intake.  

Thus, previous and current work demonstrates that not only will animals alter their feed selection 

behavior to meet their metabolic needs, but they will selectively consume diets that promote 

metabolic homeostasis and satisfy their energy and nutrient requirements. Specifically, the 

results of the current study support our hypothesis that dairy cows will alter their feed sorting 

behavior to maximize nutrient consumption when experiencing a state of NEB. All cows will 

experience NEB to varying degrees and severities in early lactation (Bell, 1995). While we may 

not be able to completely prevent the incidence of NEB, this research provides insight on ways 

in which dairy cow may cope with this state in effort to mitigate the degree to which they will 

experience it. Further research is needed to understand the mechanisms and motivations behind 

this altered feeding behavior during this inevitable state.  

While the present study demonstrates that a diet-induced period of NEB can greatly 

impact feed sorting behavior, there was minimal effect on meal parameters. The high forage, 

experimental diets resulted in cows consuming significantly less DM, spending longer durations 

of time eating, consuming fewer meals and having longer meal times compared to the baseline 

period. These results are supported by Leonardi et al. (2003) and DeVries et al. (2007) who 

demonstrated that cows fed a higher forage diet will spend more time eating but consume less 

DM overall. Furthermore, minutes between each meal, time spent not eating within a meal, the 

sum of minutes in each meal per day that cows did not spend consuming feed, and meal size (kg 
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of DMI per meal) did not differ from the baseline period. In the present study, while cows took 

longer to eat due to the high forage content (Leonardi et al., 2003; DeVries et al., 2007), cows 

were still able to consume similar amounts of DM per meal. Thus, it can be concluded that the 

effects the experimental diets had on meal parameters in the present study were likely a result of 

the higher forage inclusion rates in those experimental diets, and not a result of the diet-induced 

NEB the cows experienced during exposure to those diets.  

CONCLUSIONS 

 Lactating dairy cows, at peak lactation, in this study were successfully diet-induced into 

a period of NEB by switching them from their lactation diet to 1 of 2 high-straw, decreased 

energy density, experimental diets that varied in particle size and limited nutrient intake. On 

those diets, cows spent more time eating, ate slower, and consumed fewer meals compared to the 

baseline period. Also, on those diets, cow sorted in favor of the smaller, more energy dense 

particles within the diet, while sorting against the longest, less energy dense particles. Greater 

sorting was observed for those cows who were fed the experimental diet with longer straw 

particle size. Cows with greater serum NEFA concentration during the experimental period 

sorted to a greater degree in favor of the smaller, more energy dense components of the diet and 

to a greater degree against the longer, lesser energy dense components of the diet.  Overall, these 

results indicate that when experiencing a state of NEB, cows may not only alter their feed 

selection behavior in attempt to consume greater amounts of dietary energy, but the extent to 

which they alter their behavior may be directly correlated to the severity of NEB they are 

experiencing.  
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Table 2.1 Ingredient and chemical composition (mean ± SD) of the lactating cow and treatment 
total mixed rations. 

Composition Control Diet Experimental Diets1  

Ingredient, % DM   
Corn Silage2 33.0 27.8 
Wheat Straw3 1.8  17.2  
Alfalfa Haylage4 33.1  28.0 
High Moisture Corn5 19.1 16.1 
Lactating Cow Supplement6 13.0 10.9 

Chemical Composition7   
DM, % 42.9 ± 2.03 48.3 ± 3.71  
CP, % of DM 14.7 ± 3.02 12.8 ± 2.11  
ADF, % of DM 20.6 ± 6.15 25.5 ± 5.13 
NDF, % of DM 31.1 ± 7.36 37.6 ± 6.17 
TDN, % of DM 72.8 ± 4.79 69.1 ± 4.00 
Starch % of DM 28.5 ± 7.70 25.1 ± 7.89 
Ash % of DM 6.9 ± 0.75 6.7 ± 0.50 
Ca, % of DM 0.9 ± 0.18 0.9 ± 0.19 
P, % of DM 0.4 ± 0.05 0.4 ± 0.06 
NEL, Mcal/kg of DM 1.66 ± 0.12 1.58 ± 0.09 

1Experimental diets were identical in composition, with exception of the chop length of the 
included straw: LS = Long straw diet (straw chopped with 10.16 cm screen); SS = Short straw 
diet (straw chopped with 2.54 cm screen). Treatment diets were fed over a 21-d period, 
beginning at the start of d 14 to the end of d 35. 
2Corn silage had a DM of 31.5 ± 6.03% and chemical composition (DM basis) 8.2 ± 0.42% CP, 
18.1 ± 0.88% ADF, 29.9 ± 2.83% NDF, and 33.9 ± 0.43% starch. 
3Straw had a DM of 92.2 ± 1.19% and chemical composition (DM basis) 2.5 ± 0.28% CP, 54.0 ± 
2.60% ADF, and 80.3 ± 0.99% NDF. 
4Alfalfa haylage had a DM of 36.2 ± 0.87% and chemical composition (DM basis) 15.8 ± 1.56% 
CP, 35.0 ± 3.56% ADF, and 44.4 ± 5.4% NDF. 
5High moisture corn had a DM of 75.1 ± 0.43% and chemical composition (DM basis) 7.4 ± 0.18% 
CP, 2.9 ± 0.46% ADF, 61.1 ± 0.13% Starch, and 7.7 ± 0.13% NDF. 
6Supplied by Floradale Feed Mill Ltd (Floradale, Ontario, Canada) including ingredients (as is); 
34.0% Soy Plus, 18.0% soy hulls (ground), 17% canola, 13.6% wheat shorts, 8.5% soybean meal, 
2% Diamond V Yeast XP, 1.9% limestone calcium carbonate, 1.3% magnesium oxide, 1.0% 
vitamin E, 1.0% fine salt, 1.0% tallow, 0.5% FFM Org Ruminant Micro PRX, 0.07% Alkosel 
2000, 0.05% Rumensin, and 0.01% Rovimix Biotin 20,000. 
7Values were obtained from chemical analysis of TMR samples. NEL was calculated based on 
NRC (2001) equations.  
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Table 2.2 Particle size distribution1 (mean ± SD), and nutrient content (mean ± SD) by particle 
size of the fresh control and experimental diets2 

 Control Diet LS SS 

% of DM    
Long  12.6 ± 6.11 21.1  ± 4.68 12.7 ± 2.93 
Medium 45.7 ± 5.11 38.8  ± 2.54 45.0 ± 2.35 
Short 15.9 ± 1.32 14.8  ± 1.23 16.8 ± 1.38 
Fine 25.8 ± 3.34 25.3 ± 3.34 25.5 ± 2.67 

ADF, % of screen DM3    
Long 29.0 ±1.35 34.2 ±0.82 30.0 ± 1.73 
Medium 24.8 ± 0.61 29.5 ± 0.28 28.2 ± 1.08 
Short 16.0 ± 0.42 20.3 ± 1.10 22.7 ± 1.12 
Fine 12.5 ± 0.59 16.0 ± 0.39 18.7 ± 1.45 

NDF, % of screen DM3    
Long 41.5 ± 2.28 46.3 ± 7.64 42.4 ± 2.71 
Medium 35.2 ± 0.90 42.6 ± 0.32 40.6 ± 1.34 
Short 26.6 ± 0.68 31.8 ± 0.39 36.5 ± 2.96 
Fine 20.9 ± 0.15 24.9 ± 0.44 29.6 ± 0.76 

1Particle size determined by using the Penn State Particle Separator (PSPS) to process feed 
samples. PSPS has a long screen of 19 mm, a medium screen of 8 mm, a short screen of 4mm, 
and a fine screen of <4 mm. 
2LS = Long straw diet (straw chopped with 10.16 cm screen); SS = Short straw diet (straw 
chopped with 2.54 cm screen). Treatment diets were fed over a 21-d period (1.58 Mcal/kg of 
NEL; 73% forage), beginning at the start of d 15 to the end of d 35. Control diet (1.66 Mcal/kg of 
NEL; 68% forage) was fed from d 1 to 14. 
3Values were obtained from chemical analysis of TMR samples separated by particle size with 
the PSPS.  
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Table 2.3 Effect of dietary treatments on the feeding behavior and rumination behavior of Holstein dairy cows  

 Baseline1 Treatment2 P-Value 

 Mean SE LS SS SE B vs. LS3 B vs. SS3 LS vs. SS4 Day5 T × 
Day6 

DMI, kg/d 25.6 0.26 22.5 23.1 0.47 <0.001 <0.001 0.33 <0.001 0.68 
Feeding time, min/d 221.8 2.75 281.3 252.2 7.11 <0.001 <0.001 0.003 <0.001 0.37 

Feeding rate, kg DM/min 0.13 0.002 0.09 0.10 0.005 <0.001 <0.001 <0.001 <0.00
1 0.52 

Meal criterion, min 31.02 0.53 27.15 30.91 1.40 - - 0.052 0.28 0.28 
Meal frequency, no./d 7.7 0.09 7.0 7.1 0.15 0.0021 0.035 0.55 <0.001 0.13 
Interval between meals, min 160.00 2.12 166.0  167.1 3.78 0.14 0.28 0.84 <0.001 0.70 
Total meal time, min/d 280.4 2.97 334.6 306.1 10.08 <0.001 0.046 0.039 <0.001 0.88 
Meal length, min/meal 37.5 0.52 48.9 44.9 1.90 <0.001 0.035 0.13 <0.001 0.10 
Meal size, kg DM/meal 3.4 0.04 3.3 3.4 0.11 0.79 0.44 0.76 <0.001 0.24 
Rumination time, min/d 562.1 3.2 582.5 573.4 9.2 <0.001 0.174 0.24 0.0091 0.94 
Rumination/DMI, min/kg 22.4 0.21 26.5 25.2 0.40 <0.001 <0.001 0.02 0.004 0.89 
1Baseline (B) = 14-d period were cows are fed a lactating diet (1.66 Mcal/kg of NEL; 68% forage). 
2LS = Long straw diet (straw chopped with 10.16 cm screen; n = 15); SS = Short straw diet (straw chopped with 2.54 cm screen; n = 
15). Treatment diets were fed over a 21-d experimental period (1.58 Mcal/kg of NEL; 73% forage), beginning at the start of d 15 to the 
end of d 35. 
3Comparison of data, within treatment, from the baseline period to the experimental period. 
4Comparison of data between treatments within the experimental period. 
5Day = day effect during the experimental period. 
6T x Day = treatment by day effect during the experimental period.  
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1Baseline (B) = 14-d period following enrollment (1.66 Mcal/kg of NEL; 68% forage).  
2LS = Long straw diet (straw chopped with 10.16 cm screen, n = 15); SS = Short straw diet (straw chopped with 2.54 cm screen, n = 
15). Treatment diets were fed over a 21-d experimental period (1.58 Mcal/kg of NEL; 73% forage), beginning at the start of d 15 to the 
end of d 35. 
3Comparison of data, within treatment, from the baseline period to the experimental period. 
4Comparison of data between treatments within the experimental period. 
5Day = day effect during the experimental period. 
6T x Day = treatment by day effect during the experimental period. 
7Back-transformed non-esterified fatty acid  
  

 Baseline1 Treatment2 P-Value 

Serum concentration Mean SE LS SS SE B vs. LS3 B vs. SS3 LS vs. SS4 Day5 T × Day6 

Glucose, mmol/L 2.91 0.062 2.41 2.56 0.10 0.03 0.027 0.29 <0.001 0.38 
Non-esterified fatty 
acid, mmol/L7 0.27 0.023 0.34 0.30 0.04 0.34 0.32 0.56 <0.001 0.82 

BHB, mmol/L 0.71 0.052 1.04 0.97 0.12 0.001 0.001 0.67 0.025 0.99 

Table 2.4 Effect of dietary treatments on blood parameters of Holstein dairy cows 
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Table 2.5 Effect of dietary treatments on the reticulorumen pH of Holstein dairy cows  
 Baseline1 Treatment2 P-Value 

Reticulorumen pH Mean SE LS SS SE B vs. LS3 B vs. SS3 LS vs. SS4 Day5 T × Day6 

Mean 6.35 0.015 6.51 6.54 0.13 0.16 0.09 0.83 <0.001 0.094 
Maximum 6.75 0.014 6.87 6.87 0.09 0.29 0.15 0.98 <0.001 0.46 
Minimum 6.02 0.016 6.23 6.24 0.14 0.12 0.06 0.96 <0.001 0.06 
Range7 0.74 0.013 0.63 0.56 0.06 0.005 0.003 0.40 <0.001 0.28 

1Baseline (B) = 14-d period following enrollment (1.66 Mcal/kg of NEL; 68% forage). 
2LS = Long straw diet (straw chopped with 10.16 cm screen, n = 15); SS = Short straw diet (straw chopped with 2.54 cm screen, n = 
15). Treatment diets (1.58 Mcal/kg of NEL; 73% forage) were fed over a 21-d experimental period, beginning at the start of d 15 to the 
end of d 35. 
3Comparison of data, within treatment, from the baseline period to the experimental period. 
4Comparison of data between treatments within the experimental period. 
5Day = day effect during the experimental period. 
6T x Day = treatment by day effect during the experimental period. 
7Range = maximum – minimum reticulorumen pH.
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Table 2.6 Effect of dietary treatments on the milk production and milk composition of Holstein dairy cows  
 Baseline1 Treatment2 P-Value 
 Mean SE LS SS SE B vs. LS3 B vs. SS3 LS vs. SS4 Day5 T × Day6 

Milk yield, kg/d 42.3 0.33 37.8 39.0 0.67 <0.001 0.012 0.22 0.002 0.91 

ECM, kg/d 47.0 0.63 41.7 42.9 0.95 0.002 0.52 0.38 <0.001 0.76 

4% FCM, kg/d 44.8 0.63 40.4 41.5 0.89 0.019 0.89 0.40 <0.001 0.88 

Fat, % 4.40 0.053 4.31 4.49 0.08 0.034 <0.001 0.82 <0.001 0.61 

Fat yield, kg/d 1.69 0.030 1.65 1.72 0.04 0.083 0.38 0.25 <0.001 0.84 

Protein, % 2.92 0.018 2.83 2.83 0.02 0.004 0.016 0.76 0.16 0.93 
Protein yield, 
kg/d 1.27 0.016 1.07 1.10 0.02 <0.001 0.003 0.32 0.056 0.99 

Natural log-
transformed 
SCC7 

4.45 0.13 4.55 4.41 0.37 0.24 0.62 0.79 0.17 0.082 

SCC8 × 1,000 
cells/mL 85.6 - 94.6 82.3 - - - - - - 

MUN, mg/dL 11.1 0.20 11.6 11.9 0.37 0.021 0.001 0.52 0.004 0.81 
1Baseline (B) = 14-d period were cows are fed a lactating diet (1.66 Mcal/kg of NEL; 68% forage). 
2LS = Long straw diet (straw chopped with 10.16 cm screen, n = 15); SS = Short straw diet (straw chopped with 2.54 cm screen, n = 
15). Treatment diets (1.58 Mcal/kg of NEL; 73% forage) were fed over a 21-d experimental period, beginning at the start of d 15 to the 
end of d 35. 
3Comparison of data, within treatment, from the baseline period to the experimental period. 
4Comparison of data between treatments within the experimental period. 
5Day = day effect during the experimental period. 
6T x Day = treatment by day effect during the experimental period. 
 
 
 

7Somatic cell counts (cells/mL) were natural log transformed, given that they did not meet the assumption of normality. 
8Back-tranformed SCC data. 
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Table 2.7 Effect of dietary treatments on the sorting (%)1 behavior of groups of Holstein dairy cows 
 Baseline3 Treatment4 P-Value 

Particle Size2 Mean SE LS SS SE B vs LS5 B vs SS5 LS vs. SS6 Day7 T × Day8 

Long 95.3*    0.57 89.4* 95.1* 1.13 <0.001 0.88 <0.001 <0.001 <0.001 
Medium 99.8† 0.11 99.9 100.1 0.22 0.37 0.82 0.59 0.045 <0.001 
Short 101.1† 0.12 103.2* 100.9* 0.37 <0.001 0.77 <0.001 0.12 0.0021 
Fine 101.9* 0.19 104.5* 100.5 0.57 <0.001 0.051 <0.001 0.0081 0.0049 

1Sorting % = (actual DMI of a particle size/predicted DMI of a particle size) × 100. Sorting values of 100% indicate no sorting, 
<100% indicate sorting against the particle size, and >100% indicate sorting in favour of the particle size. 
2Particle size determined by a Penn State Particle Separator, which has a 19 mm screen (Long), 8 mm screen (medium), 4 mm screen 
(short) and a pan (fine). 
3Baseline (B) = 14-d period were cows are fed a lactating diet (1.66 Mcal/kg of NEL; 68% forage). 
4LS = Long straw diet (straw chopped with 10.16 cm screen, n = 15); SS = Short straw diet (straw chopped with 2.54 cm screen, n = 
15). Treatment diets (1.58 Mcal/kg of NEL; 73% forage) were fed over a 21-d experimental period, beginning at the start of d 15 to the 
end of d 35. 
5Comparison of data, within treatment, from the baseline period to the experimental period.  
6Comparison of data between treatments within the experimental period. 
*†Difference in sorting values from 100% expressed as *P < 0.05, †P < 0.10. 
7Day = day effect during the experimental period. 
8T x Day = treatment by day effect during the experimental period.
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Figure 2.1 Average (± SE) for: a) serum non-esterified fatty acid (NEFA; mmol/L) and b) BHB 
(mmol/L) concentrations, for cows fed 1 of 2 dietary treatments (n = 15 per treatment) from d 15 
to 35, deficient in energy available for milk production. These 2 dietary treatments were identical 
in composition (1.58 Mcal/kg of NEL; 73% forage) differing only in straw chop length (LS: 
Long straw chopped with 10.16 cm screen; SS: Short straw chopped with 2.54 cm screen). All 
cows were fed the same lactating diet (1.66 Mcal/kg of NEL; 68% forage) from d 1 to 14. 
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Figure 2.2 Association of serum NEFA concentration (mmol/L) and sorting behavior of cows (n 
= 15 per treatment) on long and short straw treatments (these 2 dietary treatments were identical 
in composition (1.58 Mcal/kg of NEL; 73% forage) differing only in straw chop length; LS: Long 
straw chopped with 10.16 cm screen; SS: Short straw chopped with 2.54 cm screen) with: a) 
sorting in favor of short particles of the diets (< 8, > 4 mm); LS (% short particle sorting = 
4.6*NEFA(mmol/L) + 101.7; R2= 0.28) and SS (% short particle sorting=2.8*NEFA(mmol/L) + 
100.0; R2= 0.10);  b) sorting against the long particles of the diets (>19 mm); LS (% long particle 
sorting = -12.8*NEFA(mmol/L) + 93.4; R2=0.26;) and SS (% long particle sorting = -
13.7*NEFA(mmol/L) + 99.5; R2= 0.17).  
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CHAPTER 3: BEHAVIOR, HEALTH, AND PRODUCTIVITY OF EARLY-LACTATION 
DAIRY COWS SUPPLEMENTED WITH MOLASSES IN AUTOMATED MILKING 

SYSTEMS  
3.1 INTRODUCTION 

Automated (robotic) milking systems (AMS) have been adopted within the dairy industry 

at an exponential rate, worldwide, since the first commercial system was started in 1992 (de 

Koning, 2010). Globally, more than 35,000 farms were estimated to be milking cows with AMS 

as of 2014 (Salfer et al., 2017). These systems provide a unique opportunity to manage cows at 

the individual level, both in terms of milking frequency and supplemental feeding at the AMS 

(Bach and Cabrera, 2017). Individualized milking allows for more frequent milking than 

conventional systems (Wagner-Storch and Palmer, 2003); this may increase milk yield, but may 

also be associated with greater risk of negative energy balance (NEB; Tatone et al., 2017). In a 

recent study in Ontario, Canada, the herd-level prevalence of subclinical ketosis (SCK), as 

measured through milk ketone levels, was reported to be greater for AMS herds (26%) compared 

with conventionally-milked herds (21%; Tatone et al., 2017). Additionally, Tatone et al. (2017) 

reported that multiparous cows in AMS herds were more likely to have SCK than multiparous 

cows in conventional herds. Furthermore, researchers have reported that development of SCK in 

commercial AMS-milked cows was associated with greater production of milk relative to the 

amount of feed consumed in the AMS during the first week post-calving (King et al., 2018), 

suggesting that inadequate supplementation at that time may be a contributing factor to the 

observed SCK.  

Commonly, in early lactation, the quantity and type of feeds offered to cows are modified 

in attempt to support the energy demands observed at that time. However, these feeds are 

commonly greater in energy and starch, and lesser in forage and fiber (McCarthy et al., 2015). In 

AMS farms, greater supplementation of traditional, high-starch AMS concentrates in early 



 47 

lactation may be problematic due to increased risk of depressed rumen pH (i.e. subacute ruminal 

acidosis) (Bach and Cabrera, 2017). Feeding sugar sources, as opposed to starch, however, has 

the potential to provide energy without increasing the risk of subacute ruminal acidosis (Oba, 

2011; Ondarza et al., 2017). There is limited research on the benefits of feeding dietary sugar, as 

opposed to starch, to cows during early lactation. Penner and Oba (2009) reported that replacing 

cracked corn with a dietary sugar (sucrose) improved rumen health, DMI, and milk production. 

Similarly, in past research it has been demonstrated that feeding cows a molasses-based liquid 

feed (a highly-concentrated sugar supplement) within a TMR has the ability to increase DMI, 

milk yield, and component yields of lactating cows (DeVries and Gill, 2012). Sugar 

supplementation supports microbial growth, particularly for fiber-digesting bacteria, speeding up 

fiber degradation and allowing for greater intake (Ondarza et al., 2017); this in turn may help 

improve energy balance. Despite the worldwide exponential increase in AMS, to our knowledge, 

no previous studies have been conducted to investigate the effects of supplementing sugar to 

early-lactation cows in AMS, where energy demands may be greater compared to conventional 

milking herds (Tatone et al., 2017; King et al. 2018).  

 The objective of this study was to determine the effect of molasses-based liquid feed 

supplementation to early-lactation cows in AMS on behavior, health, and productivity. We 

hypothesized that supplementation of molasses, in addition to AMS concentrate provision, to 

early-lactation cows would improve their energy balance post-calving, while increasing their 

milking frequency and milk production.  

3.2 MATERIAL AND METHODS 

3.2.1 Animals and housing 

A study was conducted where we enrolled 390 dairy cows, including 124 primiparous and 
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279 multiparous (parity = 3.1 ± 1.35, mean ± SD), from 6 commercial AMS herds (Table 1) in 

southwestern Ontario (Canada) and followed them for their first 60 DIM. The use of cows and 

experimental procedures complied with the guidelines of the Canadian Council on Animal Care 

(2009) and were approved by the University of Guelph Animal Care Committee (AUP#3964).  

Prior to study enrollment, the health status of each cow was evaluated and cows having 

experienced serious health concerns during the close-up dry period or around the time of calving 

were excluded from the study. 

All cows were dried off ~60 d before calving. All farms fed a single dry cow diet 60 d prior 

to calving, with the exception of one farm that also fed a far off dry cow diet and switched to a 

close-up dry cow diet 21 d prior to calving (Table 2). Cows were moved into maternity pens 

around the time of calving. Following calving, at 4 farms, cows were moved into fresh cow pens 

with access to an AMS and then released into the lactating herd within 3 to 5 DIM. At 2 of the 

farms, fresh cows were moved directly to the main pen of lactating cows. All farms milked using 

a Lely Astronaut (Lely Industries N.V., Maassluis, The Netherlands). Milk settings, such as 

maximum milkings/d and optimal milk yields/milking, were recorded for each farm (Table 3). 

All farms had free-stall housing, with free flow cow traffic access to the AMS. All cows were 

given ab libitum access to water and lying stalls, as stocking density was never more than 100% 

(cows/stall) across all 6 farms. All AMS feed table settings were recorded for each farm (Figure 

1a,b). Across farms, cows were fed a similar concentrate at the AMS (Table 4). Furthermore, all 

farms fed a similar partial mixed ration (PMR) at the feed bunk, formulated to meet the 

production needs of the cows at those respective farms (Table 5).   

3.2.2 Experimental Design  

Sample size and power analyses were used to calculate (as per Morris, 1999) the 
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minimum number of replicates needed per treatment (n = 180) to detect a 5% level of observed 

mean difference, with an average coefficient of variation of 24% for the primary continuous 

outcome variables, including rumination, milking activity,  milk yield and composition. We also 

calculated that this minimum number of replicates per treatment could achieve a predicted 5% 

decrease in incidence of early lactation disorders (ketosis) (Abramson, 2011). 

Across study herds, we conducted a randomized controlled trial where 7 to 10 d prior to 

calving, cows were randomly assigned to 1 of 2 treatments within farm, ensuring that treatments 

were balanced according to parity (primiparous (PP) and multiparous (MP)). The 2 treatments 

were applied at calving and consisted of: 1) control group (C) with standardized concentrate 

feeding through the AMS (MP, n = 133; PP, n = 55), or 2) liquid feed group (LF) with 

standardized concentrate feeding plus 1 kg/d DM for MP or 0.88 kg/d DM for PP of a molasses-

based liquid feed blend (Table 6; 1.6 kg/d as fed for MP cows, 1.4 kg/d as fed for PP cows) (MP, 

n = 136; PP, n = 66). The molasses-based liquid feed contained a mixture of sugarcane molasses, 

beet sugar molasses, condensed cultured whey, calcium chloride, QLF 120% (Reg # 982679) (a 

slow release urea product), and phosphoric acid. From 0 to 7 DIM, AMS feed table settings for 

LF PP cows were gradually increased from 0.7 to 1.4 kg/d as fed. Following d 7 all PP cows 

received a flat rate of 1.4 kg/d as fed. From 0 to 7 DIM, MP cows were gradually increased in LF 

from 0.8 to 1.6 kg/d as fed and then remained at 1.6 kg/d for the duration of the trial (Figure 2). 

Cows received supplementation for the first 60 d post-calving.  

3.2.3 Health Data Collection    

Blood samples were taken 2x/week to assess beta-hydroxybutyrate (BHB). Five BHB 

blood tests were taken in total, with test 1 occurring between 1-4 DIM, test 2 at 3-6 DIM, test 3 

at 7-10 DIM, test 4 at 10-13 DIM, and test 5 occurring between 13-17 DIM.  
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  Blood BHB was measured using an electronic hand-held device (FreeStyle Precision 

Neo, Abbott Diabetes Care, Saint Laurent, QC, Canada), as validated by Kanz et al. (2015). 

Additionally, one blood sample was taken 7 to10 d post-calving to determine serum non-

esterified fatty acid (NEFA) concentration. Prior to calving, at the time of enrollment, one 

additional blood sample was taken for BHB and NEFA analysis and used as a covariate for the 

post-calving BHB and NEFA results. For blood sample collection, cows were restrained in a stall 

or headlocks to obtain blood from the coccygeal vein into a 10-mL red top evacuated tube. Blood 

samples were placed upright in a cooler following collection and later centrifuged at 1,500 ´ g at 

18°C for 15 min to separate cells from serum. For each blood sample, 1.5 mL of serum was 

placed into a 3-mL tube and frozen at -20°C until the time of analysis. Serum samples were sent 

to the Animal Health Laboratory, University of Guelph (Guelph, ON, Canada), where they were 

then analyzed for NEFA (reagent supplied by Randox Laboratories, Crumlin, United Kingdom) 

using a photometric test on the Roche Cobas 6000 c501 instrument (Roche, Indianapolis, IN, 

USA). 

Cows were diagnosed as having SCK if blood BHB concentrations were ³1.2 mmol/L 

(McArt et al., 2012). The incidence of repeat positive SCK tests was categorized by grouping 

cows into 3 categories based on the number of times each cow tested positive for SCK across the 

first 17 DIM. Cows were categorized as “never” having SCK if they never experienced any 

positive SCK results, “low” if they had 1 or 2 positive SCK tests, and “high” if they had ³3 SCK 

positive tests.  

Body condition score (BCS) was recorded for each cow starting the day of enrollment (7-

10 d pre-calving), at the day of calving, and every 10 d thereafter. Scores were determined using 

a 5-point scale, as described by Wildman et al. (1982). Lameness was assessed by gait scoring 
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each cow every 10 d, starting the day of enrollment. Gait scores were determined by using a 5-

point ordinal scale (Flower and Weary, 2006). Two observers assessed BCS and lameness for the 

entire duration of the trial and performed an inter-reliability test prior to the commencement of 

the trial, to ensure acceptable reliability (kappa = 0.85 and 0.90 for BCS and gait scoring, 

respectively). The frequency of lameness diagnosis was summarized using the same 

methodology as the frequency of repeated SCK cases. Cows with a gait score of ³3 were 

classified as lame and grouped within 3 categories based on the number of times they were 

diagnosed as lame across the first 60 DIM. Cows were categorized as “never” lame if they never 

detected as lame, “low” if they were determined lame 1 or 2 times, and “high” if they were 

detected lame ³3 times.  

Rumination time was monitored continuously using an electronic rumination monitoring 

system (Hi-Tag, SCR Engineers Ltd., Netanya, Israel), as validated by Schirmann et al. (2009). 

Rumination data loggers were attached to cow identification collars and followed cows 

continuously beginning a minimum of 14 d prior to calving, with the exception of farm 5, which 

fitted rumination collars one day prior to the expected calving date. Rumination time and activity 

were recorded 24 h/d for the duration of the experiment (60 DIM), and continuously uploaded to 

a control unit through a radio frequency reader and transferred to T4C software (Time-for-Cows, 

Lely Industries N.V., Maassluis, the Netherlands). These data, stored in 2-h intervals, were then 

used to determine the total time spent ruminating throughout each day for each cow. 

3.2.4 Milking Characteristics, Components, and Analyses 

Post-calving milk production, milking frequency, refusal frequency, and total AMS visit 

frequency were recorded daily by the Lely T4C software (Lely Industries N.V., Maassluis, the 

Netherlands) associated with the AMS units on each farm. Milk samples were taken once every 3 
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wk from each cow on each farm across 2 consecutive days, starting at 6 DIM using a milk 

sampling device (Lely Shuttle Sampling Device, Lely Industries N.V.). These samples were sent 

to a DHI testing laboratory (CanWest DHI, Guelph, ON, Canada) and analyzed using a Fourier 

Transform Infrared full spectrum analyzer (Milkoscan FT+ and Milkoscan 6000; Foss, Hillerod, 

Denmark) for components (fat and protein), SCC, and MUN. Cow production and components 

were recorded until 60 DIM.  

Milk composition samples were used to determine the yield of 4% FCM (kg/d), 

calculated as: (0.4 × milk yield (kg/d)) + (15.0 × fat yield (kg/d)) (NRC, 2001). Energy-corrected 

milk was calculated as: ECM (kg/d) = (0.327 × kg of milk) + (12.95 × kg of fat) + (7.2 × kg of 

protein) (Tyrrell and Reid, 1965). 

3.2.5 Feed Samples and Analyses 

Feed samples (of PMR, AMS pellets, and molasses-based liquid feed) were taken once 

every 3 wk at each farm. Feed samples were immediately frozen at -20°C following collection, for 

later analyses of DM, particle size distribution (Table 7), and nutrient composition (Tables 2, 4, 5, 

and 6). 

 After a 24-h period of thawing, PMR samples collected for particle size analysis were 

processed using a 4-screen Penn State Particle Separator (PSPS; Maulfair et al., 2013; Heinrichs, 

2013), which separated the sample into 4 fractions based on particle size: long (> 19 mm), medium 

(< 19 > 8 mm), short (< 8 > 4 mm), and fine (< 4 mm). Separated samples were then oven dried at 

55°C for 48 h.  

Feed samples collected for nutrient composition analysis included the AMS pellet samples 

(Table 4), PMR samples (Table 5) and liquid molasses samples (Table 6). Following oven drying 

at 55°C for 48 h, samples of PMR and AMS pellets were ground to pass through a 1-mm screen 
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(Model 4 Wiley Laboratory Mill, Thomas Scientific, Swedesboro, NJ, USA). Ground samples, 

pooled by week, were then sent to A&L Laboratory Services Inc. (London, ON, Canada) for 

analysis of ash (550°C; AOAC, 2000: method 942.05), ADF (AOAC, 2000: method 973.18), NDF 

with heat-stable a-amylase and sodium sulfite (AOAC, 2000: method 2002.04), CP (N ´ 6.25; 

AOAC 2000: method 990.03; Leco FP-628 Nitrogen Analyzer, Leco, St. Jospeh, MI), and starch 

(heat-stable amylase and amyloglucosidase; AOAC, 2000: method 996.11). Liquid molasses 

samples were collected from each farm at the AMS once a month and frozen prior to being sent to 

SDK Laboratories, Inc. (Hutchinson, Kansas, USA) for analysis of DM (AOAC, 2000: method 

966.20), CP (AOAC, 2000: method 976.06), NPN (AOAC, 2000: method 941.01), calcium and 

potassium (AOAC, 2000: method 968.08), phosphorus (AOAC, 2000: method 965.17) and total 

sugars as invert (AOAC, 2000: method 968.28).  

3.2.6 Calculations and Statistical Analyses 

All statistical analyses were conducted using SAS 9.4 software (2013). Significance was 

declared at P ≤ 0.05 and tendencies at P ≤ 0.1. If the P-value of an interaction term was ≤0.05 it 

was retained in the model, otherwise interaction terms were removed from the model. Prior to 

analyses, data were assessed for normality using the UNIVARIATE procedure of SAS. All 

assumptions of normality were met for majority of the data, except for SCC, which were 

normalized using the natural logarithm. In situations where rumination collars malfunctioned, or 

cows were removed from the milking herd, only days with complete data were included in the 

analyses.  

Data were analyzed using repeated measures general linear mixed-effect regression 

models. To test the effect of treatment on blood BHB, serum NEFA, BCS, AMS data, and 

rumination time, data were summarized by cow and treatment and then analyzed using the 
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MIXED procedure. Test and day (for variables with daily measurements) were considered 

repeated measures and farm and cow within farm were considered random. Fixed effects of the 

model were treatment and parity. When analyzing AMS and rumination data, cow within farm 

was included as the random measure and fixed effects of the model were days in milk (DIM), 

parity and treatment, and interactions of DIM*treatment and parity*treatment. Heterogeneous 

autoregressive, first order autoregressive, compound symmetry or heterogeneous compound 

symmetry were selected as covariance structures for various models on the basis of best fit 

according to Schwarz’s Bayesian information criterion. 

Loss in BCS was determined by subtracting the BCS at 60 DIM from the BCS taken 

within the first week of calving. The change in BCS was then used as a dependent variable in the 

MIXED procedure of SAS and used to test the difference between treatments. Fixed effects of 

the model were lactation and treatment; farm and cow within farm were included as random 

effects.  

To determine the effect of treatment on incidence of repeated lameness diagnoses and the 

incidence of repeated positive SCK tests, data were analyzed using the PROC FREQ procedure 

of SAS. This model was then used to determine the percentages of “high”, “low”, and “never” 

categories. Significance was determined using Chi-square (with P < 0.05) to determine 

associations between incidence category and treatment.  

3.3 RESULTS AND DISCUSSION 

The aim of this study was to determine how the addition of a molasses-based liquid feed 

supplement in AMS would affect fresh cow metabolic health and production. All cows 

successfully received a similar (Figure 2; P = 0.19) amount of their allotted AMS pellets for the 

first 60 DIM, with control cows receiving 4.3 ± 1.2 kg/d and LF cows receiving 4.0 ± 1.01 kg/d, 
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on an as-fed basis (C = 3.9 kg/d on DM basis, LF = 3.6 kg/d on DM basis). Multiparous cows on 

the LF treatment received 1.44 kg/d of LF on an as-fed basis (0.87 kg/d on DM basis), and 

primiparous cows received 1.32 kg/d of LF on an as-fed basis (0.79 kg/d on DM basis) (Figure 

2).   

To our knowledge, this is the first study to supplement a molasses-based liquid feed 

through AMS in attempt to improve metabolic health of cows in early lactation. There were, 

however, no detected differences in serum NEFA concentrations between treatments (C = 0.73 

mmol/L, LF = 0.77 mmol/L; SE = 0.02, P = 0.48). The LF cows may not have been on treatment 

long enough at the time of NEFA sampling (3 to 7 d) to detect any effects. There was, however, 

an interaction (P = 0.007) between blood BHB test number and treatment (Figure 3), as BHB 

concentrations were lesser for LF cows at ~15 DIM compared to control cows. This indicates 

that cows receiving the molasses based liquid feed were not facing the same degree of NEB as 

control cows at that time. Throughout the duration of the study, 193 cows (49.4%) tested positive 

for SCK at  ³ 1 test (95 C cows, 98 LF cows, P = 0.34). The high incidence of SCK across both 

treatments may have been responsible for the lack of difference observed between of LF and C 

cows. Furthermore, the lack of a treatment effect on the overall incidence of SCK was supported 

by Ballard et al. (2001) who fed a supplement containing greater energy (containing 22% 

molasses, 45% beet pulp, 17% propylene glycol, and 16% calcium propionate) for 21 d pre-

calving and 21 d post-calving and reported no difference in the incidence of SCK between 

control and supplemented cows. However, in the present study, treatment was associated with 

the number of times cows tested positive for SCK (P = 0.05); cows on LF had fewer repeat 

diagnoses of SCK, such that 15% of LF cows had ≥3 positive SCK tests out of 5 tests, compared 

with 27% of C cows (Figure 4). Therefore, control cows, not receiving additional molasses 
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supplement at the AMS were 1.5x more likely to be diagnosed with SCK ≥3x during early 

lactation compared to LF cows. Thus, it is likely that the daily additional energy supplementation 

appeared to help support the metabolic demands of the cows over time, even though it did not 

elicit an immediate response. This is consistent with previous research that was focused on the 

effects of supplementing glycol to cows as a means to reduce NEB, because supplementation of 

smaller daily amounts across a longer period of time (mixed in a TMR for example) can have 

less of an effect than orally drenching the cow across a shorter period of time (Duffield, 2000; 

Lien et al., 2010). Therefore, it is possible that a more immediate response with regards to 

metabolic health and overall SCK incidence may have been observed if LF was supplemented in 

higher dosages at the AMS during the first few weeks of lactation.  

Supporting the BHB results was a tendency for LF cows to lose less body condition (C = 

-0.36 BCS units, LF = -0.25 BCS units; SE = 0.06; P = 0.09) and, thus, remain at a more 

constant BCS than control cows throughout their first 60 DIM; control cows lost 1.2x more body 

condition than LF cows in that time period. While the lower BHB concentrations at ~15 DIM, 

fewer repeat diagnoses of SCK, and lesser body condition loss reflect better energy balance for 

LF cows, there were no detected differences between treatments for milk yield, ECM, and FCM 

(Table 8). Therefore, the extra energy from the molasses-based liquid feed was likely going 

towards maintaining milk production and reducing mobilization of body condition (fat) in the LF 

cows. These results are partially supported by Litherland et al. (2013) who reported that cows fed 

LF 45 d pre-calving to 56 d post-calving had greater BCS post-partum compared to cows fed a 

high starch (grain) diet; however they detected no differences between treatments with respect to 

the overall change in body condition across the first 56 DIM. While researchers have previously 

investigated optimal sugar concentrations to be included in lactating cow diets to improve 
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production (Broderick and Radloff, 2004), future research is still needed to understand how to 

effectively supplement sugars to early lactation dairy cows to benefit both the production and 

metabolic health of the animal. 

 No differences were detected between treatments with regards to the incidence of 

lameness diagnosis (P = 0.55); 44% of control cows and 56% of liquid feed cows were 

diagnosed to be lame during the duration of the study. As it has been reported that cows with 

greater losses in BCS from calving to 4 wk post-calving have an increased risk of lameness 

(Randall et al., 2015), it could be predicted that any differences in lameness incidence may occur 

as a result of differences in body condition loss. However, it is likely that the tendency for 

greater loss in BCS by the C cows in the present study was not large enough to elicit any 

difference in lameness incidence. Green et al. (2014) reported that a lower BCS (typically a BCS 

£2.5) are at a greater risk of lameness 2 to 4 months following such a score. However, across all 

390 cows enrolled in this study, only 12 cows between all four gait scores taken every 10 d 

within the first 60 DIM had a BCS £2.5 (8 control cows and 4 LF). It is possible that a higher 

incidence of lameness may have been detected between 60 to 120 DIM, as cows typically 

continue to lose BCS up to and surrounding peak lactation (Green et al., 2014).   

Sugar supplementation has been demonstrated to encourage DMI (Penner and Oba, 2009) 

and promote rumen health (Oba, 2011), both related to greater rumination activity; thus we 

hypothesized that supplementation of molasses would increase time spent ruminating. However, 

no difference in rumination time was detected between treatments (Table 8). In the absence of 

being able to monitor individual cow DMI of PMR, we can only speculate as to the reason why 

no difference was detected. A possible explanation is that the greater DMI from the LF at the 

AMS may have caused cows to displace some of their PMR consumption at the feed bunk. For 
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example, Henriksen et al. (2019) reported a “substitution effect” for early-lactation dairy cows 

whereby, when more feed was supplemented at the AMS, less PMR was consumed at the bunk. 

Thus, it is possible that any gains in rumination time associated with the addition of LF were 

matched with reductions associated with lesser PMR consumption.  

No differences between treatments were detected for total AMS visits (Figure 4) or 

milking frequency (Table 8), as cows across both treatment groups visited the AMS ~5x/d, and 

successfully milked, on average, 3.2 times/d during the study. These results are surprising, as it 

was originally hypothesized that milking frequency would increase for LF cows due to the 

additional DM provided at the AMS and the high palatability of the molasses-based LF. 

Researchers have previously demonstrated that supplementing highly palatable feeds can 

encourage cows to visit the AMS (Morita et al., 1996; Madsen et al., 2010). Lessire et al. (2017) 

reported greater AMS visits and milking frequency for cows fed greater amounts of concentrates 

in the AMS and Madsen et al. (2010) reported greater milking frequencies depending on the 

composition of concentrates offered (wheat and oat based concentrates had higher milking 

frequencies than maize or barley based concentrates). However, Bach et al. (2007) reported no 

difference between the amount of concentrate offered at the AMS and the frequency of milking. 

We similarly observed no effect of LF provision on milking activity at the AMS. The lack of 

treatment effect on milking frequency in the present study may be related to the already high 

overall baseline average milking frequency (3.2 x/d). This milking frequency is high in 

comparison to that commonly observed in commercial settings; for example, Tremblay et al. 

(2016) reported an average milking frequency of 2.9 times/d across 635 North American AMS 

dairy herds. Thus, other housing and management factors may have been having a greater 

influence on overall milking frequency in the herds in the current study, thus, limiting any 
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potential effect of the dietary treatments. Additional research is needed to understand how an 

additional energy supplement, such as a molasses-based LF, may impact milking frequencies and 

AMS visits. 

Differences were detected with regards to the number of AMS refusals per day; control 

cows were refused by the AMS 1.24x more often per day than cows receiving the LF supplement 

(P = 0.02; Figure 5). While in no other study, to our knowledge, has liquid molasses been 

supplemented through AMS to early lactation dairy cows, other researchers have manipulated 

the quantity and quality of concentrate offered at the AMS. Researchers have previously 

demonstrated that providing more concentrate at the AMS is associated with a greater number of 

AMS refusals, due to the high motivation of cows to access these palatable feeds (Tremblay et 

al., 2016; Lessire et al., 2017). It is possible that the LF cows in the current study, due to the 

extra energy supplement they were receiving, were more satiated throughout the day and, thus, 

were not as motivated to go to the AMS as often to seek out feed. However, without PMR 

consumption data, we cannot verify why control cows were refused more often from the AMS 

than LF cows. Future research is needed to investigate the associations of extra energy 

supplementation of early lactation cows at the AMS with DMI at the feed bunk, milking 

characteristics (visits, frequency, refusals), and AMS efficiency (free time vs. time in use for 

milking vs. refusals).  

There were no detected differences between treatments in milk fat content, milk CP 

content, or the concentrations of MUN and SCC (Table 8). This was consistent with Litherland 

et al. (2013) who reported no treatment differences for milk fat (%), milk protein (%), MUN 

(mg/dL), or SCC (cells/mL) for cows fed supplemental sugar (as opposed to starch). 
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Additionally, DeVries and Gill (2012) also observed no differences in milk fat or protein content 

for cows supplemented with a molasses-based liquid feed.  

CONCLUSIONS 

 Supplementing a molasses-based liquid feed to early lactation dairy cows milked in AMS 

demonstrated positive benefits for cow metabolic health, but did not affect production outcomes 

or rumination behavior as hypothesized. Cows receiving this extra energy supplementation 

across the first 60 DIM displayed lower blood BHB levels by ~15 DIM and had fewer repeat 

positive tests for SCK. Additionally, LF cows lost less body condition over the first 60 DIM 

compared to control cows. Therefore, supplementing a molasses-based liquid feed to fresh cows 

milked in AMS may be an effective way to supply additional energy to cows during a period of 

NEB.  
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Table 3.1 Number of automated milking systems, cows enrolled, and average milk yield and frequency1 by parity2 and treatment3 by 
farm. 

Farm 1 2 34 4 5 6 
Number of AMS per farm 4 4 1 3 2 2 
Total number of cows enrolled  106 109 24 78 45 28 

Number of PP Control cows 15 18 0 10 9 3 
Number of MP Control cows 36 36 15 26 12 8 
Number of PP Liquid Feed cows 18 22 0 11 10 5 
Number of MP Liquid Feed cows  37 33 9 31 14 12 

Milk yield PP (kg/d) 32.2 36.3 - 31.9 30.8 34.3 
Milk yield MP (kg/d) 37.0 45.1 42.7 42.2 42.0 43.9 
Milking frequency PP (milkings/d) 2.9 3.5 - 3.2 3.1 2.9 
Milking frequency MP (milkings/d) 3.1 3.4 3.3 3.4 3.3 3.4 

1Average daily milk yield and milk frequency from 0 to 60 DIM. 
2Parity = primiparous (PP) or multiparous (MP) 
3Treatments consisted of 1) Control= standard AMS pellet + no molasses-based liquid feed addition in the AMS or 2) Liquid feed = 
standard AMS pellet + molasses-based liquid feed (1 kg DM/d of LF for multiparous cows (1.6 kg/d as fed) and 0.88 kg DM/d for 
primiparous cows (1.4 kg/d as fed)). Treatments were administered over 60 DIM beginning the day of calving.  
4Farm 3 only milked multiparous cows.
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Table 3.2 Nutrient composition1 (mean ± SD) of the dry cow total mixed rations (TMR) fed to all cows by farm. 
 Dry Cow TMR 

Farm  1 2 3 42 5 6 
DM % 69.7 ± 5.87 71.2 ± 6.82 77.8 ± 2.84 73.2 ± 2.84 80.5 ± 10.44 80.5 ± 5.22 
CP, % of DM 15.0 ± 0.02 16.4 ± 0.02 14.6 ± 1.22 14.9 ± 0.001 10.4 ± 0.08 8.8 ± 0.001 
ADF, % OF DM 36.4 ± 0.05 24.5 ± 0.03 33.9 ± 0.69 26.8 ± 0.001 35.9 ± 0.02 32.4 ± 0.01 
NDF, % of DM 52.7 ± 0.07 42.2 ± 0.02 48.8 ± 0.46 40.4 ± 0.001 55.6 ± 0.02 50.6 ± 0.02 
TDN, % of DM  60.6 ± 0.04 69.8 ± 0.02 62.4 ± 0.92 68.0 ± 0.001 60.9 ± 0.02 63.6 ± 0.01 
Lignin, % of DM 4.9 ± 0.01 3.4 ± 0.02 4.7 ± 0.24 3.5 ± 0.001 4.2 ± 0.002 3.7 ± 0.02 
Starch, % of DM 9.7 ± 0.05 17.7 ± 0.02 8.8 ± 1.01 20.2 ± 0.01 14.5 ± 0.04 22.8 ± 0.02 
Sugar, % of DM 2.4 ± 0.87 5.1 ± 0.31 2.7 ± 0.42 6.6 ± 0.92 4.5 ± 2.78 1.8 ± 0.29 
Fat, % of DM 3.6 ± 0.00 3.1 ± 0.01 3.8 ± 0.47 3.3 ± 0.002 2.6 ± 0.003 2.8 ± 0.01 
Ash, % of DM 7.6 ± 0.01 8.3 ± 0.001 9.2 ± 0.83 7.6 ± 0.001 6.0 ± 0.002 5.0 ± 0.001 
Ca, % of DM 0.74 ± 0.001 0.94 ± 0.001 0.97 ± 0.07 0.92 ± 0.001 0.53 ± 0.001 0.46 ± 0.001 
P, % of DM 0.28 ± 0.001 0.44 ± 0.001 0.38 ± 0.02 0.42 ± 0.001 0.22 ± 0.001 0.28 ± 0.001 
K, % of DM 1.9 ± 0.001 1.4 ± 0.001 1.8 ± 0.01 1.5 ± 0.001 1.1 ± 0.001 1.0 ± 0.001 
Na, % of DM 0.06 ± 0.001 0.20 ± 0.001 0.12 ± 0.02 0.16 ± 0.001 0.09 ± 0.001 0.14 ± 0.001 
Mg, % of DM 0.27 ± 0.001 0.54 ± 0.001 0.37 ± 0.01 0.33 ± 0.001 0.29 ± 0.001 0.19 ± 0.001 
ME, Mcal/kg of DM3 1.5 ± 0.10 1.7 ± 0.07 1.5 ± 0.03 1.7 ± 0.01 1.5 ± 0.05 1.6 ± 0.02 
NEL, Mcal/kg of DM4 1.4 ± 0.09 1.6 ± 0.06 1.4 ± 0.03 1.6 ± 0.01 1.4 ± 0.04 1.4 ± 0.01 

1Values were obtained from chemical analysis of TMR samples.  
2Farm 4 was the only farm to feed a close-up dry cow diet, all other farms fed the same dry cow diet to close-up and far-off dry cows. 
The close-up dry cow diet is presented in the table above.  
3ME is the metabolizable energy and was calculated based on NRC (2001) equations.  
4NEL is the estimated energy needed for lactation and was calculated based on NRC (2001) equations. 
 
  



 63 

Table 3.3 Milk Settings (maximum number of milkings/d and optimal milk yield per milking) by farm and parity over the first 60 
DIM. 

Farm 1 2 31 4 5 6 
Primiparous           

DIM Range 0-45 45-60 0-30 30-60 - 0-40 40-60 0-60 0-30 30-60 
Max. milkings  
(milkings/d) 4.6 4.2 6 5 - - 6 5 6 5 5 5 

Optimal 
yield/milking 
(kg/milking) 

8 8 7 8 - - 5 8 6.5 8.5 6 7 

Multiparous             
DIM Range 0-20 20-60 0-30 30-60 0-30 30-60 0-40 40-60 0-50 50-60 0-30 30-60 
Max. milkings  
(milkings/d) 4.4 4.3 6 5 5 4 6 5 6 5 6 5 

Optimal 
yield/milking 
(kg/milking) 

11 10 7 8 6 8 5 8 7 9.5 8 11 

1Farm 3 only milked multiparous cows. 
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Table 3.4 Nutrient composition1 (mean ± SD) of the AMS pellets fed to all cows by farm during milking. 
 AMS Pellet 

Farm  1 2 3 4 5 6 
DM % 91.2 ± 2.04 89.0 ± 2.87 88.5 ± 2.87 89.1 ± 2.14 90.1 ± 3.72 90.7 ± 3.72 
CP, % of DM 21.4  ± 0.01 20.3 ± 0.001 22.4 ± 0.01 17.6 ± 0.01 20.9 ± 0.01 20.5 ± 0.001 
Starch, % of DM 24.6  ± 0.03 37.0 ± 0.01 26.9 ± 0.001 37.5 ± 0.02 32.6 ± 0.03 25.2 ± 0.001 
Sugar, % of DM 12.1  ± 2.67 8.4 ± 0.36 13.0 ± 0.56 8.9 ± 0.70 11.6 ± 0.38 9.6 ± 0.43 
Ca, % of DM 0.58  ± 0.001 1.3 ± 0.001 1.2 ± 0.001 0.49 ± 0.001 0.82 ± 0.001 0.96 ± 0.001 
P, % of DM 0.75  ± 0.001 0.67 ± 0.001 0.68 ± 0.001 0.71 ± 0.001 0.69 ± 0.001 0.71 ± 0.001 
K, % of DM 1.2  ± 0.001 1.0 ± 0.001 1.3 ± 0.001 1.0 ± 0.001 1.1 ± 0.001 1.3 ± 0.001 
Na, % of DM 0.30  ± 0.001 0.44 ± 0.001 0.5 ± 0.001 0.57 ± 0.001 1.1 ± 0.001 0.36 ± 0.001 
Mg, % of DM 0.61  ± 0.001 0.43 ± 0.001 0.33 ± 0.001 0.29 ± 0.001 0.48 ± 0.001 0.34 ± 0.001 

1Values were obtained from chemical analysis of AMS pellet samples.  
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Table 3.5 Nutrient composition1 (mean ± SD) of the lactating cow partial mixed ration (PMR)  fed to all cows by farm. 
 Lactating cow PMR 

Farm  1 2 3 4 5 6 
DM % 67.9  ± 6.51 72.5 ± 5.00 68.3 ± 3.71 68.8 ± 5.41 73.1 ± 5.16 69.2 ± 5.15 
CP, % of DM 16.5  ± 0.02 17. 4 ± 0.16 16.3 ± 0.02 19.0 ± 0.001 16.1 ± 0.01 15.2 ± 0.01 
ADF, % of DM 27.7  ± 0.01 20.8 ± 2.21 24.4 ± 0.01 25.0 ± 0.02 23.2 ± 0.01 23.9 ± 0.02 
NDF, % of DM 40.1  ± 0.03 33.9 ± 2.70 36.4 ± 0.02 36.7 ± 0.02 34.3 ± 0.01 33.8 ± 0.02 
TDN, % of DM  67.3  ± 0.01 72.7 ± 1.95 69.9 ± 0.01 69.4 ± 0.02 70.8 ± 0.01 70.3 ± 0.01 
Lignin, % of DM 2.8  ± 0.02 2.8 ± 0.48 3.3 ± 0.01 3.0 ± 0.001 3.3 ± 0.001 2.8 ± 0.001 
Starch, % of DM 16.3  ± 0.001 25.3 ± 2.15 18.9 ± 0.001 19.2 ± 0.01 22.0 ± 0.001 23.0 ± 0.02 
Fat, % of DM 4.2  ± 0.001 3.8 ± 0.35 4.1 ± 0.001 3.8 ± 0.001 5.0 ± 0.001 3.3 ± 0.00 
Sugar, % of DM 3.3  ± 0.56 4.4 ± 2.47 2.6 ± 0.26 4.7 ± 0.97 2.9 ± 1.05 3.8 ± 0.22 
Ash, % of DM 7.4  ± 0.001 8.2 ± 0.62 8.1 ± 0.001 6.9 ± 0.001 6.8 ± 0.01 6.6 ± 0.01 
Ca, % of DM 0.94  ± 0.001 0.90 ± 0.07 0.90 ± 0.001 1.4 ± 0.01 0.93 ± 0.001 0.94 ± 0.01 
P, % of DM 0.34  ± 0.001 0.43 ± 0.01 0.37 ± 0.001 0.59 ± 0.001 0.45 ± 0.001 0.36 ± 0.001 
K, % of DM 1.74  ± 0.001 1.6 ± 0.07 1.6 ± 0.001 2.2 ± 0.01 1.6 ± 0.001 2.6 ± 0.001 
Na, % of DM 0.22  ± 0.001 0.60 ± 0.03 0.49 ± 0.001 0.33 ± 0.001 0.27 ± 0.001 0.39 ± 0.001 
Mg, % of DM 0.36  ± 0.001 0.38 ± 0.03 0.36 ± 0.001 0.39 ± 0.001 0.30 ± 0.001 0.34 ± 0.01  
NEL, Mcal/kg of DM2 1.5  ± 0.021 1.7 ± 0.05 1.6 ± 0.02 1.6 ± 0.04 1.6 ± 0.02 1.6 ± 0.04 

1Values were obtained from chemical analysis of PMR samples.  
2NEL is the estimated energy needed for lactation and was calculated based on NRC (2001) equations.  
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Table 3.6 Nutrient composition1 (mean ± SD) of the molasses-based liquid feed fed to liquid feed treatment cows by farm. 
 Molasses-based liquid feed 

Farm  1 2 3 4 5 6 
DM % 60.5 ± 1.2 60.9 ± 0.42 59.8 ± 0.21 60.9 ± 0.07 60.6 ± 0.14 58.8 ± 2.0 
CP, % of DM 17.3 ± 0.38 17.0 ± 0.95 16.2 ± 0.18 16.5 ± 0.40 16.0 ± 0.91 16.4 ± 0.74 
Sugar2, % of DM  60.1 ± 1.55  59.8 ± 0.65  59.6 ± 3.05  60.8 ± 3.65 57.4 ± 0.80  58.7 ± 1.25 
NPN3, % of DM 9.3 ± 0.88 9.6 ± 0.64 9.0 ± 0.76 9.8 ± 0.13 9.4 ± 0.48 9.8 ± 0.45 
Ca, % of DM 2.0 ± 0.13 2.1 ± 0.20 2.0 ± 0.01 2.2 ± 0.07 2.1 ± 0.16 1.9 ± 0.35 
P, % of DM 0.70 ± 0.04 0.62 ± 0.04 0.68 ± 0.01 0.62 ± 0.04 0.70 ± 0.01 0.72 ± 0.06 
K, % of DM 7.9 ± 0.49 7.5 ± 0.71 7.6 ± 0.54 5.0 ± 1.90 3.6 ± 0.25 3.6 ± 0.59 

 
1Values were obtained from the chemical analysis of liquid molasses samples 
2Total sugars as invert.  
3NPN = non-protein nitrogen.  
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Table 3.7 Particle size distribution1 (mean ± SD) of lactating partial mixed rations by farm. 
Lactating cow PMR  

Farm  1 2 3 4 5 6 

Long , % of DM 20.8 ± 5.04 18.2 ± 4.65 25.9 ± 6.04 10.6 ±2.19 17.2 ± 6.67 13.7 ± 0.73 

Medium % of DM  48.9 ± 4.96 38.7 ± 6.14 39.7 ± 4.85 39.2 ± 3.06 40.0 ± 2.98 43.9 ± 2.84 

Short % of DM 13.4 ± 0.98 14.3 ± 1.78 14.7 ± 1.24 17.4 ± 1.22 14.4 ± 0.22 16.5 ± 1.10 

Fine % of DM 17.6 ± 3.19 28.8 ± 6.35 21.9 ±2.58 32.8 ±4.18 28.4 ± 7.70 25.9 ± 2.46 
1Particle size determined by using the Penn State Particle Separator (PSPS) to process feed samples. PSPS has a long screen of 19 
mm, a medium screen of 8 mm, a short screen of 4mm, and a fine screen of <4 mm. 
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Table 3.8 Effect of molasses-based liquid feed addition on the milk production and milk composition of early lactation dairy cows 
milked in AMS.  
 Treatments1 P-Value 
Milking Characteristics and components C LF SE T2 

  AMS Visits, #/d 5.5 5.1 0.30 0.14 
  Milking Frequency, #/d 3.2 3.2 0.073 0.58 
  AMS Refusals, #/d 2.1 1.6 0.27 0.01 

  Milk yield, kg/d 37.5 37.2 1.98 0.67 
  ECM, kg/d 39.0 39.1 1.39 0.87 
  4% FCM, kg/d 36.3 36.3 1.33 0.96 
  Fat, % 3.9 3.9 0.10 0.89 
  Protein, % 3.1 3.1 0.04 0.39 
  Natural Log-Transformed SCC3 4.2 4.2 0.10 0.45 

        SCC4x 1,000 cells/mL 64.7 68.5 - - 
  MUN, mg/dL 11.6 11.6 0.47 0.88 
  Rumination time, min/d 474.8 476.9 10.8 0.67 

1Control (C) = Standard AMS pellet + no molasses-based liquid feed addition in the AMS; Liquid feed (LF) = Standard AMS pellet + 
molasses-based liquid feed (1 kg DM/d of LF for multiparous cows (1.6 kg/d as fed) and 0.88 kg DM/d for primiparous cows (1.4 
kg/d as fed)). Treatments were administered over 60 DIM beginning the day of calving.  
2T = treatment effect.  
3Back-transformed AMS refusals.  
4Somatic cell counts (cells/mL) were natural log transformed, given that they did not meet the assumption of normality.  

1 
2 

5Back-transformed SCC data. 
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Figure 3.1 Pellet feed table settings on an as-fed basis (kg/d) by farm for a) PP and b) MP cows 
fed in automatic milking systems (AMS). Feed tables were created within Lely T4C software 
(Lely Industries N.V., Maassluis, the Netherlands). 
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Figure 3.2  Average pellet delivered per treatment for control and liquid feed cows fed in 
automatic milking systems and average molasses-based liquid feed delivered for LF treated cows 
on a) an as-fed basis (kg/d) and b) a DM basis (kg/d). Liquid feed cows received a standard AMS 
pellet + molasses-based liquid feed (1 kg DM/d of LF for multiparous cows (1.6 kg/d as fed) and 
0.88 kg DM/d for primiparous cows (1.4 kg/d as fed)). Treatments were administered over 60 
DIM beginning the day of calving. Feed tables were created within Lely T4C software (Lely 
Industries N.V., Maassluis, the Netherlands).  
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Figure 3.3  Effect of molasses-based liquid feed addition on blood BHB concentration (mmol/L) 
by test of early lactation dairy cows milked in AMS. Five BHB blood tests were taken: 1) test 1 
occurring between 1-4 DIM, 2) test 2 at 3-6 DIM, 3) test 3 at 7-10 DIM, 4) test 4 at 10-13 DIM, 
and 5) test 5 occurring between 13-17 DIM. All cows had free flow access to the AMS with 
control cows received only a standard AMS pellet; Liquid feed cows received a standard AMS 
pellet + molasses-based liquid feed (1 kg DM/d of LF for multiparous cows (1.6 kg/d as fed) and 
0.88 kg DM/d for primiparous cows (1.4 kg/d as fed)). Treatments were administered over 60 
DIM beginning the day of calving. *indicates a significant difference between control and liquid 
feed cows where P < 0.05. 
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Figure 3.4 Percent of Control and Liquid feed cows experiencing repeated diagnoses of 
subclinical ketosis (SCK). All cows had free flow access to the AMS with control cows received 
only a standard AMS pellet; Liquid feed cows received a standard AMS pellet + molasses-based 
liquid feed (1 kg DM/d of LF for multiparous cows (1.6 kg/d as fed) and 0.88 kg DM/d for 
primiparous cows (1.4 kg/d as fed)). Treatments were administered over 60 DIM beginning the 
day of calving. *indicates a significant difference between control and liquid feed cows where P 
< 0.05.   
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Figure 3.5 Number of times per day Control and Liquid Feed cows visited the AMS across their 
first 60 DIM. All cows had free-flow access to the AMS with control cows received only a 
standard AMS pellet; Liquid feed cows received a standard AMS pellet + molasses-based liquid 
feed (1 kg DM/d of LF for multiparous cows (1.6 kg/d as fed) and 0.88 kg DM/d for primiparous 
cows (1.4 kg/d as fed)). Treatments were administered over 60 DIM beginning the day of 
calving. AMS visits were recorded by Lely T4C software (Lely Industries N.V., Maassluis, the 
Netherlands). 
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Figure 3.6 Number of times per day Control and Liquid Feed cows were refused from the AMS 
throughout their first 60 DIM. All cows had free-flow access to the AMS with control cows 
received only a standard AMS pellet; Liquid feed cows received a standard AMS pellet + 
molasses-based liquid feed (1 kg DM/d of LF for multiparous cows (1.6 kg/d as fed) and 0.88 kg 
DM/d for primiparous cows (1.4 kg/d as fed)). Treatments were administered over 60 DIM 
beginning the day of calving. AMS visits were recorded by Lely T4C software (Lely Industries 
N.V., Maassluis, the Netherlands). AMS refusal data depicted in the graph was back-
transformed.  
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CHAPTER 4: GENERAL DISCUSSION 

4.1 Important findings 

 Negative energy balance is the most prevalent metabolic condition that early lactation 

cows face within the dairy industry, yet little is understood about how NEB impacts cow feeding 

behavior, as well as about ways to effectively bridge the energy gap incurred at this time. 

Therefore, a specific aim of my thesis research was to first investigate how experiencing a state 

of NEB would influence feeding behavior (Chapter 2). Secondly, my research aimed to explore 

the effect of additional energy supplementation to fresh cows milked in automated milking 

systems (AMS) on overall health and production outcomes (Chapter 3).  

 In Chapter 2, all cows studied were successfully dietarily induced into a state of NEB. It 

was demonstrated that when cows were experiencing a state of NEB, they preferentially selected 

their diet to consume the more energy-dense components of the diet and sorted against the 

longer, less energy dense fractions of the diet, especially when fed a diet that was easily sorted 

(i.e., diet with longer straw particle size). Overall, the most novel finding of this study was the 

association of blood NEFA levels and feed sorting behaviors. Cows with greater serum NEFA 

concentrations during the experimental period (i.e., those experiencing a higher degree of NEB) 

increased their sorting proportionately in favor of the smaller, more energy dense components of 

the diet and against the longer, less energy dense fractions of the diet. This finding was supported 

by DeVries et al. (2011), who provided preliminary evidence that cows experiencing some 

degree of NEB also preferentially selected their diet to maximize their nutrient intake.  

Furthermore, on the experimental diets, cows spent more time eating, had longer meal 

lengths, and consumed fewer meals compared to the baseline period where NEB was not yet 

been dietarily induced. However, these results are likely a result of the high forage inclusion 
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rates in the experimental diets and were not related to the experience of NEB. This is supported 

by Leonardi et al. (2003) and DeVries et al. (2007) who demonstrated that cows fed a higher 

forage diet will spend more time eating but consume less DM overall. To our knowledge, this is 

the first study to investigate how feeding behavior is altered in response to a period of diet-

induced NEB.  

 In Chapter 3, it was demonstrated that the supplementation of a molasses-based liquid 

feed through AMS to fresh cows resulted in a tendency to improve blood BHB levels ~15 DIM 

and reduced repeat diagnoses (3x or more during the first 60 DIM) of SCK compared to control 

cows, who only received a standardized robot pellet at the AMS. To our knowledge, this was the 

first study to supplement liquid molasses through AMS and to investigate the effects on fresh 

cow health and production. While the blood BHB results indicate better energy balance for liquid 

feed (LF) cows over time, there were no detected differences between treatments for milk yield, 

ECM, FCM, or milk components. These results contrast Penner and Oba (2009) and DeVries and 

Gill (2012), who both demonstrated that supplementing sugar to lactating dairy cows increased 

milk production and component yields. There was, however, a tendency in Chapter 3 for LF 

cows to lose less body condition across the first 60 DIM compared to control cows. Therefore, 

the extra energy from the molasses-based liquid feed was most likely going towards maintaining 

milk production and sparing body condition (fat) loss in LF cows.  

No differences were detected for daily AMS visits or milking frequency between the two 

treatments in Chapter 3. However, differences were detected with regards to the number of AMS 

refusals per day. Control cows were refused by the AMS 1.24x more often per day than LF cows. 

These AMS refusal findings contradicts Tremblay et al. (2016) and Lessire et al. (2017), who 

both reported that cows provided with a greater allotment of concentrates at the AMS had greater 
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milking refusals than cows on lesser concentrate diets. It is possible that the LF cows, due to the 

extra energy they were receiving, were more satiated throughout the day and, thus, were not as 

motivated to go to the AMS as often to search out feed. However, partial mixed ration (PMR) 

consumption data was not collected throughout this trial, thus I could not definitively conclude 

why cows on the control treatment were refused from the AMS more than LF cows. 

4.2 Limitations and Future Research  

In Chapter 2, the goal was to reduce dietary energy available for milk production by 20% 

to induce NEB. However, DMI of cows during the experimental period was greater than 

originally predicted, and thus, the NEB-inducing diet resulted in a lesser reduction in energy 

available for milk than originally predicted (LS  = ~16%, SS = ~14% reduction). Therefore, it is 

likely that the degree of NEB experienced by the cows enrolled in this study would have been 

greater if we had achieved a 20% reduction in energy available for milk production as originally 

planned. It is also possible that we may have observed greater feed sorting, and a stronger 

correlation of serum NEFA concentration with feed sorting, if the degree of NEB was greater. To 

lessen the nutrient density of the experimental diets in Chapter 2, the diet was diluted with straw. 

While this proved to be an effective way to lower nutrient density, the greater inclusion of a 

“bulky” forage in the diet was likely responsible for the meal parameter results during the 

experimental period. Specifically, the high forage experimental diets resulted in cows consuming 

significantly less DM, spending longer durations of time eating, consuming fewer meals, and 

having longer meal times compared to the baseline period. This finding is supported by Leonardi 

et al. (2005) and DeVries et al. (2007), who both demonstrated that cows fed a higher forage diet 

will spend more time eating but consume less DM overall. Thus, it is possible that the physical 

characteristics of the experimental diet may have been more influential on meal parameters than 
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the induced change in energy balance. Therefore, it would be interesting to investigate 

alternative NEB-inducing strategies (e.g. feed restriction) to further explore the potential effect 

of NEB on feeding behavior.  

Lastly, the data collection methods used in Chapter 2 to measure cow feeding behavior 

relied on automated individual feeding bins, which eliminated competition for feed and did not 

replicate what would be commonly used in a commercial environment. It is well known that 

feeding behavior, including meal patterning and feed sorting, may be influenced by competition 

at the feed bunk (Crossley et al., 2017; DeVries, 2019). Therefore, future research is needed to 

determine how feeding behavior may be altered during a state of NEB when competition for 

access to feed is also a factor.  

It was originally hypothesized in Chapter 3 that supplementing molasses-based LF to 

fresh cows through the AMS would increase milking frequencies, improve milk production, and 

increase time spent ruminating. These hypotheses were based on previous research by Morita et 

al. (1996) and Madsen et al. (2010), who determined that supplementing highly-palatable feeds 

at the robot feed bowl can encourage cows to visit the AMS and, thus, may subsequently result 

in a higher milking frequency. Additionally, Penner and Oba (2009) reported that replacing 

cracked corn with a dietary sugar source (sucrose) improved rumen health, DMI, and milk 

production. Similarly, DeVries and Gill (2012) demonstrated that feeding cows a molasses-based 

liquid feed within a TMR had the ability to increase DMI, milk yield, and component yields of 

lactating cows. The lack of difference between control and LF cows with regards to milking 

frequency was supported by Bach et al. (2007), who found no difference between the amount of 

concentrate offered at the AMS and the frequency of milking. Additionally, the high milking 

frequency (3.2 x/d) observed for both treatment groups may have been related to the lack of 
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differences observed between treatments. Additional research is needed to understand how an 

additional energy supplement such as a molasses-based LF can impact milking frequencies and 

AMS visits, specifically for high milking frequency herds. Generally, the greatest limitation to 

fully understanding the milk production, frequency, and rumination results of this present 

research study is the lack of data on individual DMI of PMR at the feed bunk. One possible 

explanation is that the greater DMI from the LF at the robot may have caused cows to displace 

some of their PMR consumption at the feed bunk. This is supported by Henriksen et al. (2019), 

who reported a “substitution effect” for early lactation dairy cows when more feed was 

supplemented at the robot, less PMR was consumed at the bunk. Hence, future research is 

needed to investigate how supplementing a molasses-based LF at the robot influences total DM 

of PMR consumed at the feed bunk and subsequently, how this intake may impact milking 

characteristics and rumination behaviors.  Additionally, time spent ruminating was predicted to 

improve as a result of supplementing the molasses-based liquid feed, as Ondarza et al. (2017) 

reported that sugar supplementation supports microbial growth, particularly for fiber-digesting 

bacteria, speeding up fiber degradation, allowing for greater feed intake and thus greater 

rumination time. We were not able to monitor rumen pH during this study, and thus future 

research is also needed to investigate the effects of sugar supplementation in early lactation on 

rumen health and pH stability. 

4.3 Implications 

 Overall, the results of my thesis research indicate that cows experiencing NEB will alter 

their feed sorting behavior and that the extent this behavior is altered is directly correlated to the 

degree of NEB they may be experiencing. Therefore, monitoring cow feeding behavior (and 

specifically feed sorting behavior) during early lactation may allow us to identify cows 
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experiencing NEB and, subsequently, at a greater risk for developing SCK. Furthermore, the 

results of my thesis research also indicate that supplementing a molasses-based liquid feed to 

cows milked in AMS may be an effective way to supplement extra energy to fresh cows and may 

have positive impacts on metabolic health and minimize risk of body condition loss in early 

lactation.  
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