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Abstract 

Production performance of livestock is dependent upon adequate feed intake to meet 

metabolic demands, yet variations in health, metabolism, feed quality and feed digestibility can 

greatly influence an animal’s ability to consume and digest feedstuffs in order to reach their full 

potential.  Using a large dataset in the first study, we analyzed plasma alpha-1-acid glycoprotein 

(AGP), an acute-phase protein, in 434 transition dairy cows to determine its association with dry 

matter intake (DMI), common blood inflammatory and metabolic biomarkers, and transition cow 

health disorders with an overarching goal of evaluating AGP as a diagnostic tool.  The plasma 

AGP concentration increased after parturition to a peak at 14 d postpartum.  There was a strong 

negative association between AGP and DMI, metritis, retained placenta, hyperketonemia and 

haptoglobin in the postpartum period, but overall diagnostic ability of AGP was marginal based 

on receiver operating characteristic analysis.  Nonetheless, the ease of quantifying plasma AGP 

and the lack of association with metabolic biomarkers suggest it may be a useful tool to evaluate 

transition status in dairy cows.  In the second study, a novel high-protein corn product (HPCP) 

was fed to high-producing, mid-lactation dairy cows and compared with canola and soybean 

meals, and all diets were balanced for lysine and methionine requirements.  The HPCP decreased 

milk and milk component yields through reduced total tract apparent dry matter and crude 

protein digestibility, potentially due to Maillard product formation.  However, confirming 

previous research, the canola meal performed similarly to soybean meal when lysine and 

methionine requirements were met.  Finally, forage quality is of utmost importance in ruminant 

diets, and harvesting practices influence the quality of the forage delivered to the animals.  In the 

third study, an innovative round hay baler equipped with knives that cut the hay as it enters the 

baling chamber was employed, reducing the particle size and potentially facilitating easier 



  

incorporation of hay into total mixed rations.  In this study, pre-cutting alfalfa hay bales 

increased bale weight and density, but also slightly, but significantly, increased neutral- and acid-

detergent fiber and lignin.  When processing the pre-cut bales in a mixer wagon, time to reduce 

particle size was greater compared with tub-grinding normal bales, but less shrink occurred.  The 

determining factor for impacts of pre-cutting hay bales is evaluation of the chemical composition 

of the processed hay which could be fed to livestock, and data analysis is currently underway.  

The fourth project seeks to understand factors impacting silage hygiene that potentially have 

health implications for ruminants.  Soil contains numerous micro-organisms, including 

Clostridia spp., which is implicated in enteric diseases in ruminants.  The study evaluates 

whether drive-over silage piles stored on soil introduce soil from equipment during the packing 

process, which may inadvertently introduce pathogens.  Of primary interest, P increased for outer 

layers on soil pads, and Fe was greater at lower vs. medium elevations, both of which could be 

indicative of soil contamination.  Overall, outer layers of silage had reduced nutritive quality, 

increased ash and mineral content, and decreased digestibility.  Evidence for an effect of pad 

type on microbiological aspects was marginal or limited by low detectability.  Overall, the work 

in this dissertation demonstrates the association of inflammatory biomarkers on dry matter 

intake, and the importance of digestibility and high-quality harvest methods on feed quality and 

digestibility for optimum animal performance.   
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Chapter 1 - Literature Review: Mechanisms of feed intake control 

during disease 

 INTRODUCTION 

Maximizing feed intake in production animals is a common goal to foster optimum 

production and health of livestock.  However, incidence of disease is inevitable and challenges 

our ability to maintain the desired production level.  In particular, transition dairy cows are prone 

to depressed intake linked to metabolic factors and high prevalence of disease incidence.  The 

mechanisms controlling the hypophagic response in dairy cows during disease are complex and 

should be appreciated within context of the natural adaptive mechanisms the animal encounters 

to successfully fight off infection.  Signaling from the immune system acts both centrally and 

peripherally to enact a cascade of events that guides the animal to decrease feed intake, and our 

understanding of this response in many cases must be extrapolated from intense work conducted 

in laboratory species.  While the mechanisms controlling feed intake in normal circumstances are 

complex, the role of dietary, physical, endocrine, metabolic, cerebral and neuronal components 

in domestic ruminants have been reviewed thoroughly (Baile and McLaughlin, 1987; Allen, 

2000, 2014; Roche et al., 2008; Allen et al., 2009; Kuhla, 2020).  Therefore, this review will 

focus on the processes responsible for the hypophagia realized during disease.  Specifically, the 

role of inflammatory markers, leptin, and calcium will be emphasized before transitioning to 

evaluate their potential link to hypophagia in peripartum dairy cows.   
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 THE IMMUNE SYSTEM AND FEED INTAKE 

Maintaining feed intake during periods of disease is a challenge for humans (Scrimshaw, 

1991), other mammals (Spurlock et al., 1997), and even insects (Ayres and Schneider, 2009).  

Depression of feed intake, defined as anorexia or hypophagia, can be manifested during a variety 

of diseases  (Plata-Salamán, 1996a). Anorexia during disease appears to be a natural mechanism 

of host defense that benefits the host in combating pathogens.  In a classic study by Murray and 

Murray (1979), mice were infected with Listeria monocytogenes.  One group was fed ad libitum 

while the other was force-fed to match non-infected controls.  The force-fed animals experienced 

a 93% mortality rate and a mean survival time of less than half that of infected animals fed ad 

libitum.  Indeed, even animals that were starved for a short period prior to infection had greater 

survival than those fed ad libitum pre-infection (Wing and Young, 1980; Brown et al., 2009).  In 

a similar manner, mice infected with L. monocytogenes experienced a 100% mortality rate when 

gavaged with food or glucose, and the researchers determined that the culprit for the death during 

infection was glucose utilization (Wang et al., 2016). Conversely, in the same paper, food gavage 

in mice infected with influenza virus survived infection when gavaged with food while 

phosphate-buffered saline-gavaged mice did not survive, which demonstrates a distinct 

difference between survival responses and food intake for bacterial and viral infections.  Even so, 

additional evidence suggests that survival during feed restriction varies depending on the 

bacterial pathogen (Ayres and Schneider, 2009).  All this evidence suggests that hypophagia 

during disease is an important response with a variety of outcomes. 

More detailed evidence for the role of the immune system on feed intake is demonstrated 

by the ability of various factors beyond bacterial infection to induce hypophagia, including 

vaccination, parasitic infection (Crompton, 1984) and other experimental immune challenges.  
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Dry matter intake (DMI) is reduced 1 to 2 d post-immunization in beef heifers (Rodrigues et al., 

2015) and vaccination of day-old chicks reduced feed intake over the first 12 weeks of life (Lee 

and Reid, 1977).  During this time, the immune system is adapting to the antigen or adjuvant that 

is introduced into the body, as is demonstrated by the increase in cytokines and acute phase 

proteins indicative of immune system activation (Rodrigues et al., 2015).  Furthermore, 

exogenous immune stimulants in the form of sheep red blood cells and dextran administered to 

chicks induced anorexia (Klasing et al., 1987).  An innovative study by Greer et al. (2005) 

demonstrated immune system involvement in the depression in feed intake during parasitic 

infection since infected sheep decreased intake compared with animals that were both infected 

and immunosuppressed. This effect was only evident in young sheep who lacked 

immunocompetency, but there was no effect on intake in mature ewes who had sufficient time to 

establish a natural immunity (Greer et al., 2005).  Further, the concentration of porcine 

reproductive and respiratory syndrome virus in plasma was negatively associated with feed 

intake in growing pigs (Greiner et al., 2000).  

Reducing feed intake during an immune response is a paradoxical response, because 

energy requirements actually increase during immune activation.  Immune challenges ranging 

from vaccination to sepsis increase metabolic cost to the organism from 15 to 57%, depending on 

the type of insult (Lochmiller and Deerenberg, 2000), and immune activation alters the site of 

use for both absorbed and stored nutrients (Colditz, 2008).  In fact, demand for glucose and 

amino acids increases rapidly following lipopolysaccharide (LPS) administration, resulting in 

drastic drops in plasma concentrations of amino acids and eventually glucose (Waggoner et al., 

2009b; Kvidera et al., 2016).  These changes, coupled with the energy requirements of the 

immune system, alter performance.  For example, ewes selected for high somatic cell score and 
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mastitis susceptibility experienced greater free fatty acid (FFA) and beta-hydroxybutyrate (BHB) 

concentrations during energy restriction suggesting they were diverting more energy towards the 

immune system, and coincidentally these ewes experienced exacerbated weight loss during an 

intramammary immune stimulation challenge (Bouvier-Muller et al., 2016).  Beef heifers 

vaccinated with Manheimia haemolytica had reduced average daily gain and feed efficiency 

despite no evidence of difference in DMI over a 15 d period (Arthington et al., 2013).  Despite 

the drop in plasma concentrations of amino acids, immune system activation increases the 

dietary amino acid requirement necessary to achieve protein deposition in growing animals 

(Sandberg et al., 2007; Kim et al., 2012) and maximum antibody production (Bhargava et al., 

1970).  Some cytokines have even been implicated in increasing the resting metabolic rate 

(Tsigos et al., 1997) 

To further demonstrate the metabolic demand of the immune system, we can turn to 

models of germ-free animals or animals fed antibiotics to increase efficiency.  Antibiotics 

administered to chickens increased weight gain and enhanced gain:feed ratios (Feighner and 

Dashkevicz, 1987), and antibiotics fed to pigs increased average daily gain, feed intake and 

gain:feed ratios at certain times of the feeding period, but effects also depend on the antibiotic 

type (Foster et al., 1987; Bosi et al., 2011).  Additionally, antibiotics reduced IgM concentration, 

corroborating an effect on the humoral immune system that likely allowed for the greater 

performance due to decrease energy demands by the immune system (Bosi et al., 2011).  To 

further add to this, animals raised in a germ-free environment have greater body weight gain 

despite similar feed consumption (Wostmann et al., 1983; Furuse and Yokota, 1985) presumably 

due to less activation and energy use by the immune system.  Pigs raised in an unclean 

environment compared with highly hygienic facilities exhibited decreased gain and feed 
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efficiency despite similar feed intake, along with evidence of increased immune activation 

(Williams et al., 1997a; b).  

Overall, this paradoxical situation of reducing feed intake during an immune response 

that increases the energy needed is an intriguing situation.  In the next portion of this review we 

will uncover specific physiological mechanisms that occur during acute and subacute disease to 

induce hypophagia.   

 

 CYTOKINE REGULATION OF FEED INTAKE 

 Cytokines are produced by macrophages, lymphocytes, hepatocytes, neuronal cells, bone 

marrow stromal cells, and a vast array of cell types in the central nervous system (Curfs et al., 

1997).  Cytokines are key signaling agents that potentiate the immune response (serving a 

multitude of functions), but can also play an anti-inflammatory role depending on the cytokine 

that is produced (Dinarello, 2000; Opal and DePalo, 2000).  Numerous cytokines are produced 

during the acute phase response, but several cytokines are most classically associated as 

biomarkers of inflammation, such as tumor-necrosis factor-α, the interleukins, and interferons to 

name a few (Curfs et al., 1997).  Wong and Pinkney (2004) conducted an exhaustive review of 

numerous cytokines and their effect on feeding behavior, so we will cover some of the most 

commonly known cytokines that are most relevant to feeding behavior during disease in 

production animals. 

Hypophagia during disease or infection is typically referred to as a hallmark ‘sickness 

behavior.’  Our discussion about feeding behavior as a result of immune activity and specific 

cytokine effects is somewhat confounded by the other behavioral aspects of disease that directly 

impact food acquisition, and thus requires acknowledgement.  Somnolence and sleeping is a 
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common product of immune activation (Johnson et al., 1993; Warren et al., 1997; Dafny, 1998; 

Larson and Dunn, 2001) along with a decrease in total locomotor activity (Plata-Salamán, 1994), 

exercise and exploratory behavior (Harden et al., 2006; Teeling et al., 2007), social exploration 

(Bluthé et al., 2000), and sexual behavior (Teeling et al., 2007).  Johnson (2002) reviews that this 

overall reduction in locomotor activity is actually an altered motivational state and not a mere 

consequence of weakness or lack of ability.  As we discuss specific actions of cytokines and 

hormones that are increased during an acute-phase response, some of which may have 

pleiotropic effects, it is important to recognize that the mechanistic impacts on feed intake may 

also be compounded by other behavioral changes that the animal experiences during this 

motivational state to decrease locomotor activity.   

 Interleukin-1 

Interleukin-1 (IL-1) is produced primarily by macrophages (Curfs et al., 1997), but can 

also be produced in the brain (Giulian et al., 1986) and other locations.  Two isoforms of IL-1 are 

produced; IL-1α and IL-1β. Interleukin-1 β is the secreted form while IL-1α is associated with 

the membrane (Curfs et al., 1997).  Numerous studies have been conducted to analyze the effects 

of IL-1 administration on feed intake, with responses observed in multiple species.  Both human 

and murine isoforms of IL-1 reduced feed intake in mice (Kiuger and Vander, 1985) with human 

isoforms also affecting rats (Plata-Salamán, 1991a).  In production animals, IL-1 administration 

induced hypophagia in chicks, goats and beef calves (Klasing et al., 1987; van Miert et al., 

1992b; Godson et al., 1995; Tachibana et al., 2017); however, the effects of recombinant IL-1β 

administration in non-lactating dairy cows was transient with no effect being seen until the 

second d of administration, combined with immediate return to normal levels of intake post-

treatment (Goff et al., 1992).  Other studies have also reported quite rapid return to normal feed 
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intake after removal of treatment (Kent et al., 1994) and even compensation for previously 

reduced feed intake (Plata-Salamán, 1991a).  Additionally, heat treatment of IL-1 to denature the 

cytokine ameliorates its effect on feed intake further demonstrating a direct role of IL-1 (Kiuger 

and Vander, 1985; Klasing et al., 1987).  From an observational perspective, cows with greater 

IL-1β concentration over the transition period had lesser feed intake (Trevisi et al., 2015). 

Interestingly, IL-1 appears to affect feed intake in a dose-dependent manner.  

Subcutaneous administration of recombinant IL-1β in beef calves caused inappetence with 

increasing dose (Godson et al., 1995).  Both intraperitoneal and intracerebroventricular (i.c.v.) 

injections of IL-1 isoforms impacted the food consumed by mice and rats in a dose-dependent 

manner (Plata-Salamán et al., 1988; Kent et al., 1994; Plata-Salamán, 1994; Plata-Salamán and 

Borkoski, 1994; Swiergiel et al., 1997) by decreasing both meal size and duration, but not meal 

frequency (Plata-Salamán, 1994).  In fact, i.c.v. infusions of IL-1β as low as 0.5 ng decreased 

food intake (Plata-Salamán, 1991a), although the effect was transient compared with higher 

doses (Plata-Salamán et al., 1988; Plata-Salamán and Borkoski, 1994).  This may suggest that 

degree of anorexia caused by disease may depend on the severity of disease. 

The site of administration of IL-1 also appears to provide clues into the site of its action.  

At least 100 ng of intraperitoneal (i.p.) IL-1β were required to reduce feed intake in mice 

(Swiergiel et al., 1997), whereas only 0.5 to 10 ng of i.c.v. IL-1β were capable of eliciting 

hypophagia in rats (Plata-Salamán et al., 1988, 1997; Plata-Salamán, 1991a; Plata-Salamán and 

Borkoski, 1994).  Continuous intravenous (i.v). infusions of 20 µg/kg in rats decreased feed 

intake during a 4 to 6-d infusion period, which may more accurately reflect an inflammatory 

disease response compared with boluses typically administered in experimental settings (Ling et 

al., 1996, 1997).  This difference suggests that the most potent action of IL-1 occurs in the 
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central nervous system, and it is capable of crossing the blood-brain barrier to provide peripheral 

signaling to the central nervous system (Threlkeld et al., 2010). 

 Other more targeted studies conducted during this period of exploration of cytokine 

influence on feeding behavior explored the hypothalamus as a potential site of action of IL-1.  

IL-1 has a high affinity for receptors in the ventromedial hypothalamus (Farrar et al., 1987; 

Katsuura et al., 1988), a region of the brain that regulates feeding behavior (King, 2006).  

Intrahypothalamic injection of 5 ng IL-1α decreased both feed and water intake independently 

(Chance and Fischer, 1992) and injection of similar quantities of IL-1β into the ventromedial 

nucleus decreased feed intake (Kent et al., 1994).  Kuriyama et al. (1990) evaluated whether 

specific types of glucose-sensing neurons could be responsible for changes in feed intake due to 

cytokine action.  They found that IL-1β acts directly on the neurons in the ventromedial 

hypothalamus that respond to increases in glucose concentration and would normally signal a 

positive energy status, but not in neurons which decrease activity during a fall in glucose 

concentration.  Additionally, others have demonstrated that  IL-1β inhibits activity of lateral 

hypothalamic glucose-sensitive neurons, whereas it excited glucoreceptor neurons in the 

ventromedial hypothalamus (Oomura, 1988).  These mechanisms provide a clearer picture for 

the intersection between metabolism and immune function through their action on the central 

nervous system. 

 Downstream action from central nervous system activation by IL-1 could be through a 

variety of mechanisms.  For example, IL-1 increases plasma insulin concentrations (Lang and 

Dobrescu, 1989), and ultimately IL-1 increases insulin secretion from the pancreas by direct 

signaling through the central nervous system (Cornell, 1989; Cornell and Schwartz, 1989).  In 
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ruminants, plasma insulin concentration is negatively related with DMI (Bradford and Allen, 

2007).   

 Despite this antagonism of IL-1 on feed intake, certain treatments can reverse its effects 

on anorexia.  An IL-1 receptor antagonist, which is a naturally occurring protein that serves as a 

negative feedback mechanism, and a IL-1 receptor ligand binding domain have been shown to 

attenuate the feed intake drop due to IL-1β and lipopolysaccharide injection (Klasing and 

Korver, 1997; Swiergiel and Dunn, 1999).  Additionally, dexamethasone, an anti-inflammatory 

product, also eliminated the effects of IL-1 administration (Plata-Salamán, 1991a). 

 Interleukin-6 

 There has been considerably less focus on interleukin-6 (IL-6) as an inhibitor of feed 

intake; nonetheless, the limited information that exists suggests it may play a role similar to IL-

1β, although its effects seem to be less intensive.  Interleukin-6 administered i.c.v. dose 

dependently reduced intake in rats (Plata-Salamán, 1996b), but had no effect in chicks 

(Tachibana et al., 2017).  Knock-out mice that do not produce IL-6 were not subject to feed 

intake perturbations when subjected to local or systemic inflammatory insults (Fattori et al., 

1994; Kozak et al., 1997).  Additionally, some cytokines have been implicated in cachexia 

during tumor growth, and a model of infecting mice with tumor cells centrally caused cachexia 

and hypophagia except in the case of mice receiving an IL-6 antibody which partially 

ameliorated the hypophagic response (Negri et al., 2001).  

 Tumor necrosis factor-α 

Tumor necrosis factor-α (TNF-α) is a cytokine produced primarily by macrophages and 

to a certain extent by other immune cells (Beutler and Cerami, 1989; Plata-Salamán, 1991b).  

Astrocytes located in the brain produce TNF-α upon stimulation by LPS, interferon-gamma, IL-
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1β, and certain viruses (Lieberman et al., 1989; Chung and Benveniste, 1990).  Infection can also 

upregulate expression of TNF-α in specific parts of the brain, including the arcuate nucleus of 

the hypothalamus (Breder et al., 1994).  Furthermore, TNF-α is produced in the adipose tissue 

and its production increases with greater adipose tissue deposition (Daniel et al., 2001). 

The most extensive evidence for the effects of TNF-α on feed intake is in mice and rats 

and suggests that its action on intake are similar to that of IL-1β, with some subtle differences.  

The most dramatic reductions in food intake occur during i.c.v. infusions with a dose-dependent 

response up to 5 µg eliciting up to a 50% reduction in food intake in rodents (Plata-Salamán et 

al., 1988, 1997; Bodnar et al., 1989; Fantino and Wieteska, 1993; Romanatto et al., 2007).  

Interestingly, micro-doses as small as 0.005 to 0.05 µg/kg of body weight administered i.c.v. 

dose dependently reduced feed intake in swine for up to 8 hours (Warren et al., 1997). Peripheral 

administration of TNF-α via intraperitoneal injection shows mixed results, most likely due to a 

dosing effect.  Fantino and Wieteska (1993) showed no effect on feed intake of 4 µg of i.p. TNF-

α, which had successfully induced hypophagia via i.c.v. administration.  However, when the 

intraperitoneal dose was greatly increased to 75 µg/kg or above, intake declined 20-50% (Tracey 

et al., 1988; Mccarthy, 2000).  Curiously, an intravenous dose of only 30 µg/kg did not affect 

feed intake during the first 2 d of infusion, but it did slightly depress intake on d 3 of infusion 

(Yang et al., 1994).  Increasing the rate to 100 µg/kg decreased feed intake over a six-day 

continuous infusion (Ling et al., 1997), and these continuous infusion study designs may be the 

most representative of biology due to the continuous nature of the infusion.   

Tumor necrosis factor-α has also been shown to influence feed intake in ruminants.  

Subcutaneous daily injection of TNF-α at varying stages of lactation decreased intake 15-30%  at 

dosage rates of 1.5 to 3.0 µg/kg (Kushibiki et al., 2003; Bradford et al., 2009; Yuan et al., 2013), 
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and i.v. bolus of 4 µg/kg depressed intake over a 3 hr period in dwarf goats (van Miert et al., 

1992a).  However, 5 µg/kg i.v. bolus in dairy heifers (Kushibiki et al., 2002) and a continuous 

infusion of 2 µg/kg/d directly into adipose tissue of mature lactating cows did not alter dry 

matter intake (Martel et al., 2014).  This lack of response at a higher rate may be a factor of the 

continuous nature of the infusion similar to the delayed response noted during i.v. infusion in 

mice (Yang et al., 1994).   

 The effects of TNF-α can further be isolated by innovative studies that ameliorate the 

effects of the cytokine after it has been administered.  Heat inactivation of TNF-α prior to 

administration eliminates its effects entirely (Plata-Salamán et al., 1988) demonstrating that the 

intake depression in that study was not from the i.c.v. infusion procedure alone.  Furthermore, 

administering an antibody specific for TNF-α ameliorated the decline in feed intake seen in mice 

not receiving the antibody (Tracey et al., 1988).  Pentoxifylline, which is known to inhibit TNF-α 

production, prevented hypophagia during LPS administration, but not when TNF-α was co-

administered (Porter et al., 2000), and a TNF-α binding protein tended to attenuate LPS-induced 

hypophagia in another instance (Swiergiel and Dunn, 1999).  This is an important consideration, 

because LPS administration is known to cause a thorough inflammatory response involving 

several inflammatory markers capable of contributing to hypophagia. Furthermore, others have 

shown that administering a TNF-α receptor inhibitor eliminates feed intake reductions during 

cachexia or tumor implantation (Torelli et al., 1999; Steffen et al., 2008). 

 There is evidence to suggest that the mode of action of TNF-α on feed intake reduction 

may occur both centrally and peripherally.  The firing rate of neurons in the ventromedial 

hypothalamus, a key site for the global regulation of feed intake (King, 2006), is inhibited by 

TNF-α in a dose dependent manner, but adding the anti-inflammatory sodium salicylate 
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maintains the firing rate (Katafuchi et al., 1997).  While one study employing an incredibly high 

i.v. dose indicated that the feed intake reduction by TNF-α was perhaps through decreased 

gastric emptying (Patton et al., 1987), others have shown no change in gastric emptying despite 

declining feed intake during i.p. administration (Mccarthy, 2000).  These differences may be a 

result of site of action, but TNF-α can cross the blood-brain barrier in both directions (Bodnar et 

al., 1989; Gutierrez et al., 1993). 

 Interferons 

Interferons (IFN) are primarily produced by innate immune cells, such as dendritic cells 

and macrophages (Perry et al., 2005; Ali et al., 2019).  Similar to IL-1β and TNF-α, IFN appear 

to reduce feed intake after both central (Plata-Salamán, 1992; Turrin et al., 1998) and peripheral 

administration (Segall and Crnic, 1990; Langstein et al., 1991; Crnic and Segall, 1992) in rats 

and mice.  Also similar to other cytokines, the effect of IFN is dose dependent (Segall and Crnic, 

1990; Plata-Salamán, 1992), and its effects can be partially ameliorated by antibodies specific for 

IFN (Crnic and Segall, 1992).  While there has been very limited work evaluating IFN effects on 

feed intake in ruminants, one study in dwarf goats showed a transient depression of feed intake 2 

to 3 h after i.v. administration (van Miert et al., 1992b). 

In a similar nature to the other more thoroughly investigated cytokines, the central effect 

of IFN appears to be through activation of glucose-responsive neurons in the hypothalamus 

(Kuriyama et al., 1990; Dafny, 1998).  Interestingly, neuropeptide Y, a powerful potentiator of 

feed intake produced in the central nervous system, can transiently counteract the hypophagic 

effects of IFN when both are infused i.c.v. (Turrin et al., 1998). 



13 

 Synergistic effects of cytokines 

 While most of the cytokines discussed thus far have been evaluated individually, the 

reality during an inflammatory response is that multiple cytokines will be elevated.  This 

prompts the question whether the effects of these cytokines may be additive.  Due to their strong 

hypophagic properties individually, the most common combination for testing synergistic 

responses is IL-1β and TNF-α.  In most of these cases, the combination of IL-1β and TNF-α 

administered i.v., i.p, or i.c.v  at rates previously shown to have an effect on feed intake 

exacerbated the degree of hypophagia compared with the individual cytokine (Yang et al., 1994; 

Van Der Meer et al., 1995; Grunfeld et al., 1996; Sonti et al., 1996).  The exception to this was 

when Sonti et al. (1996) used the same rate for i.p administration as they did with i.c.v 

administration, which further validates the sensitivity of the central nervous system to lower 

doses of cytokines as we discussed previously.   

 This synergistic effect may partially be due to how these cytokines potentiate the 

production of other cytokines.  For example, TNF-α stimulates production of IL-1 in 

mononuclear cells (Dinarello et al., 1986), and IL-1 may be required for the release of IL-6 

(Miller et al., 1997; Luheshi et al., 1999).  Despite the very clear evidence that IL-1β reduces 

feed intake centrally and peripherally, IL-1β knockout mice and regular mice both had massive 

reductions in food intake during LPS administration, demonstrating that there are more factors 

than just IL-1β in feed intake during an inflammatory response (Kozak et al., 1995).  In another 

case, blocking corticotropin-releasing hormone during IL-1 infusion partially rescued feed intake 

reductions (Uehara et al., 1989).  Further, ibuprofen used as an anti-inflammatory agent did not 

alleviate hypophagia induced by LPS and IL-6, but it did when TNF-α was administered alone at 

higher doses (Mccarthy, 2000), clearly demonstrating cascading effects of LPS and IL-6 to 
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potentiate other mechanisms of feed intake reduction.  However, the increase in IL-1ra during 

LPS infusion also demonstrate potential feedback mechanisms preventing uncontrolled 

upregulation of cytokines (Gabellec et al., 1995).  An interesting note about all of these studies is 

that when a cytokine is administered in a way that alters feed intake, the other cytokines that are 

known to have a hypophagic effect are generally not measured, which makes the true effect of 

one cytokine alone difficult to interpret.   

 

 OTHER MOLECULES AFFECTING FEED INTAKE 

 Leptin 

 Leptin is a hormone produced by adipose tissue that was first discovered in the mid-

1990’s, and it acts on the hypothalamus to reduce feed intake (Zhou and Rui, 2013).  The 

discovery of leptin occurred after the peak of research evaluating cytokine effects on feed intake 

was conducted, creating a natural bridge to investigate potential synergy.  Early work showed 

that LPS increased leptin adipose mRNA (Grunfeld et al., 1996; Sarraf et al., 1997) and plasma 

leptin (Francis et al., 1999, 2000), and decreased feed intake in a dose-dependent manner 

(Grunfeld et al., 1996).  Digging a little deeper, they further demonstrated that TNF-α and IL-1 

increased leptin mRNA expression in adipose tissue (Grunfeld et al., 1996) and circulating leptin 

concentration, with TNF-α having a more pronounced effect (Sarraf et al., 1997).  Others began 

to elucidate a more vivid role of TNF-α using mice that have macrophages which are insensitive 

to LPS with the recognition that macrophages are key producers of TNF-α.  Finck et al. (1998) 

showed that LPS did not increase plasma TNF-α or leptin in these endotoxin-insensitive mice, 

but TNF-α alone did increase plasma leptin in insensitive and control mice.  This group went on 

to show that the TNF receptor p55 in adipose tissue is required for the production of TNF-α-
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stimulated leptin (Finck and Johnson, 2000).  Additionally, this TNF-α-mediated leptin secretion 

may be partially mediated by insulin (Medina et al., 2002), although insulin’s effects on leptin 

secretion can continue when TNF receptors are blocked (Finck and Johnson, 2000). 

 While the primary role of leptin is a feedback mechanism for feed intake, there is 

evidence that it may potentiate the actions of cytokines to reduce feed intake, too.  Leptin 

induces expression of IL-1β in the mouse brain, including in mice lacking leptin receptors (Hosoi 

et al., 2002) suggesting potential homology between receptors.  Further, administration of a 

leptin antibody reduces the expression of IL-1β and IL-1ra in the hypothalamus (Sachot et al., 

2004).  Others have demonstrated a role for the soluble IL-1 receptor in regulating the rise in 

leptin due to LPS (Francis et al., 1999, 2000).  Blocking the IL-1 receptor with an antagonist 

ameliorates leptin’s hypophagic effects, and mice lacking the Il-1 receptor are not sensitive to 

leptin-induced hypophagia (Luheshi et al., 1999).  Some work has suggested that leptin-deficient 

mice have greater mortality during infection (Faggioni et al., 1999; Mancuso et al., 2002), but 

this effect may not be due to a lack of reduction in feed intake as noted in our initial discussion 

of the interaction between the immune system and feed intake, but rather the role leptin plays in 

enhancing immunocompetency (Lord et al., 1998; Johnson and Finck, 2001; Lago et al., 2008).  

However, as we have seen with several of the cytokines, leptin is not essential for LPS-

induced hypophagia (Faggioni et al 1997), and it appears there may be some differences in 

response among species.  In the limited work conducted in ruminants regarding this topic, TNF-α 

or LPS have failed to increase plasma leptin concentration (Daniel et al., 2001; Soliman et al., 

2001; Waldron et al., 2003a) except for a tendency to increase the peak leptin concentration after 

a challenge (Daniel et al., 2001).  Another exception was that Rodrigues et al. (2015) increased 

plasma leptin through vaccination of beef heifers.  The general lack of effect of inflammation on 
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plasma leptin in ruminants may be due to their constant exposure of LPS from ruminal bacteria 

and dietary changes (Khiaosa-ard and Zebeli, 2018).  For example, chronic exposure of LPS in 

rats inhibited vagal afferent signaling by leptin (de La Serre et al., 2015) which may be required 

for peripheral signaling to induce hypophagia.  Furthermore, even in healthy ruminants, leptin’s 

effects on feed intake are limited to animals in long-term positive energy balance (Henry et al., 

2001; Morrison et al., 2001; Ehrhardt et al., 2016), and experimental effects seem to be mostly 

observed after supraphysiological central administration (Henry et al., 2001; Morrison et al., 

2001; Foskolos et al., 2015) with minor transient or no effects during peripheral administration 

(Morrison et al., 2002; Ehrhardt et al., 2016).   

In pigs, TNF-α did not increase adipose leptin mRNA expression in vitro, and LPS decreased 

leptin mRNA in vivo in pigs (Leininger et al., 2000).  Multiple studies have reported a decrease 

in leptin mRNA expression and protein production during in vitro culture of adipocytes from 

humans and rodents (Yamaguchi et al., 1998; Medina et al., 1999; Zhang et al., 2000).  Due to 

these discrepancies, others have questioned the role of TNF-α  to induce leptin-specific 

hypophagia, suggesting it may only be an adaptation during an acute response (Johnson and 

Finck, 2001).   

 Acute-Phase Proteins 

 In the animal sciences, acute-phase proteins have largely been investigated to understand 

the immunological response or state in an animal.  The relationship between acute-phase proteins 

and feed intake is typically inverse during the initial immune activation (Pfeffer et al., 1993; 

Fisher et al., 1996; Kvidera et al., 2017; Horst et al., 2019), although this is not always the case 

(Arthington et al., 2013).  Very limited work has been conducted to elucidate whether acute-

phase proteins possess a direct role in hypophagia, with that work focusing on alpha-1-acid 
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glycoprotein (AGP).  Alpha-1-acid glycoprotein is produced primarily in the liver during an 

acute-phase response (Hochepied et al., 2003).  Infusion of AGP into the central nervous system 

decreased feed intake in mice (Bellinger and Mendel, 1990), and similar results were obtained 

from an elegant and convincing study using i.p. and i.v. infusions (Sun et al., 2016).  Sun et al. 

(2016) provided evidence that the mechanism of AGP-induced hypophagia was through AGP 

binding the hypothalamic leptin receptor and activating the intracellular JAK2-STAT3 pathway.  

This spurred a flurry of recent work in ruminants seeking a mechanistic link between AGP and 

feed intake.  There was no evidence of hypophagia in sheep subjected to i.c.v. infusion of bovine 

AGP (Gregg et al., 2019), and bovine AGP did not activate STAT3 signaling through the bovine 

leptin receptor in vitro (McGuckin et al., 2020).  The compelling evidence for an effect of AGP 

in mice but not in ruminants is in some ways similar to the diverging effects of TNF-α on leptin 

secretion in rodents and ruminants.  This suggests different physiological systems that control 

feed intake during disease among species.  Overall, the possibility that an acute-phase protein 

can independently affect feed intake opens a new realm of possibilities for understanding 

mechanisms of hypophagia during disease. 

 

 Gastro-intestinal motility and gastric emptying effects on feed intake 

 Disease and inflammation have a marked impact on gastro-intestinal mobility and 

secretion that have profound impacts on the animal’s ability to consume food and are directly 

and indirectly coordinated with the previous responses discussed in this review.  Rumination and 

rumen motility are necessary to reduce particle size for passage through the rumen and promote 

additional feed consumption.  In a number of studies, administration of endotoxin (van Miert et 

al., 1992a; Plaza et al., 1997; Jacobsen et al., 2005; Tsuchiya et al., 2012), IL-1β (van Miert et 
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al., 1992b) and TNF-α (Hermann et al., 1999, 2003) reduce gastro-intestinal motility in rodents 

and small ruminants.  In ruminants, the decrease in rumen contraction frequency and amplitude 

caused by LPS (van Miert et al., 1992b; a; Plaza et al., 1997) may be the culprit for decreasing 

the rumen content passage rate (Gilliam et al., 2009; Waggoner et al., 2009a; b; Lippolis et al., 

2017).  Endotoxin and IL-1β also inhibit gastric secretion and delay gastric emptying (Uehara et 

al., 1990; Robert et al., 1991; Jennings et al., 1995).  It must be pointed out, however, that the 

effects of an immune response on passage rate and gastric function are likely confounded with 

reduced intake and a direct assertion of the ability of cytokines or other immune factors to 

mediate these responses should be interpreted cautiously. 

 Aside from the potentially confounding effects of hypophagic immune factors and feed 

intake that are difficult to separate in vivo, there is some evidence of a direct effect of cytokines 

on the gastrointestinal tract.  The action of TNF-α in gastric motility inhibition occurs in the 

brainstem’s dorsal vagal complex (Hermann and Rogers, 1995; Hermann et al., 1999, 2003) and 

locally as illustrated by in vitro work (Montuschi et al., 1993).  The dose-dependent peripheral 

action of Il-1β on gastric motility (Montuschi et al., 1993) may be through inhibition of 

cholinergic acetylcholine release from myenteric neurons in circular smooth muscle (Cao et al., 

2004).  Administration of an IL-1ra both i.p. and i.c.v. restores some gastric (Tsuchiya et al., 

2012) and recticulo-rumen motility (Plaza et al., 1997).   

 Another factor potentially responsible for a portion of the hypophagia experienced during 

inflammation is the reduction in blood calcium.  Calcium is required for smooth muscle 

contraction, and experimentally binding blood calcium to subclinical hypocalcemic 

concentrations reduces ruminal and abomasal contractions, contraction amplitude, and feed 

intake (Daniel, 1983; Jorgensen et al., 1998; Hansen et al., 2003; Martinez et al., 2014).  
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Additionally, rumination rate is inversely related to plasma calcium in cows with subclinical and 

clinical hypocalcemia (Goff et al., 2020) with rumination serving as an indicator of rumen 

motility.  Dry matter intake is rapidly recovered when blood calcium concentrations return to 

normal (Hansen et al., 2003; Goff et al., 2020) 

From the point of view of disease, interesting studies in dairy cows have shown that 

plasma free and total calcium concentration decline during an endotoxin challenge (Waldron et 

al., 2003b; Jacobsen et al., 2005; Al-Qaisi et al., 2020; Horst et al., 2020) to concentrations often 

considered sub-clinically hypocalcemic (Martinez et al., 2018).  Nonetheless, rumen contraction 

frequency and amplitude (van Miert, 1987) and dry matter intake (Horst et al., 2020) are not 

necessarily rescued when calcium is administered during an endotoxin challenge.  Additionally, 

feed intake is still impaired in cows that do not fall into the subclinical hypocalcemic category 

during an endotoxin challenge (Zebeli et al., 2011) and returning dry matter intake to pre-

challenge levels typically lags behind the timepoint at which normocalcemia is achieved by a 

period of up to several days (Waldron et al., 2003a; b; Horst et al., 2020).  While hypocalcemia 

has very clear effects of reducing ruminal motility and feed intake, it seems its effects are 

transitory and that cytokine action during an inflammatory response may have a more powerful 

and long-lasting role in altering motility and intake. 

 

 IMPLICATIONS IN DAIRY CATTLE 

 The transition period in dairy cattle, defined as 3 wk prepartum to 3 wk postpartum, is a 

challenging time during which the cow encounters a myriad of potential metabolic and infectious 

diseases.  After parturition, there is a considerable spike in a variety of cytokines and positive 

acute phase proteins (Jafari et al., 2006; Graugnard et al., 2012; Akbar et al., 2015; Yuan et al., 



20 

2015; McCarthy et al., 2016; McGuckin et al., 2020), and while the degree of increase in 

inflammatory markers depends on quantity and types of disease insults encountered, even 

apparently healthy cows experience a spike postpartum (Qu et al., 2014).  The increase in 

inflammatory markers in apparently healthy animals postpartum may be tied to naturally 

occurring tissue damage during parturition, but a multitude of factors may be responsible for 

postpartum inflammation (Bradford et al., 2015).  In general, four key areas are considered to 

potentially contribute to postpartum inflammatory conditions pertinent to transition cow 

hypophagia, including 1) uterine health, 2) mammary health, 3) rumen health, and 4) lipid 

mobilization (Kuhla, 2020).   

Postpartum uterine diseases, such as metritis, arise through a complicated balance 

between periparturient immune depression and bacterial invasion in the reproductive tract 

manifesting itself several weeks postpartum (Leblanc, 2012).  Clinical endometritis may cause an 

increase in systemic inflammatory markers (Foley et al., 2015), although cows that experience 

metritis may have elevated inflammatory markers for weeks before calving (Dervishi et al., 

2016).  Prevalence of mastitis is the highest in postpartum cows compared with any other 

timepoint in the lactation curve due to a variety of factors (Pyörälä, 2008).  Mammary infection 

can create systemic inflammation evident in increases of hepatic mRNA abundance and 

corresponding circulating cytokines and positive-acute phase proteins (Eckersall et al., 2001, 

2006; Vels et al., 2009).  Further, postpartum dairy cows are subjected to a diet change at 

parturition that includes greater starch concentration and perhaps fermentability which can 

induce ruminal acidosis.  Ruminal acidosis damages the epithelial lining of the rumen and allows 

LPS to translocate into the bloodstream, creating a systemic immune response (Plaizier et al., 

2009, 2012; Zebeli et al., 2015).  In fact, a recent study in postpartum dairy cows noted in 
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particular that highly fermentable starch sources in high starch diets elicited greater haptoglobin 

and TNF-α responses (Albornoz et al., 2020).  Finally, transition dairy cows are subject to 

impressive mobilization of body fat reserves that circulates as FFA (Akbar et al., 2015; 

Bernabucci et al., 2017).  There is speculation that these free fatty acids are capable of activating 

the toll-like receptor 4 (TLR-4) on monocytes and macrophages, which then activates nuclear 

factor-κβ and subsequent transcriptional upregulation of cytokine production (Sordillo et al., 

2009; Ingvartsen and Moyes, 2017).  Coincidently, saturated fatty acids in vitro activate 

microglial TLR-4 and subsequent cytokine production centrally (Wang et al., 2012).  The 

etiology of all four of these diseases in the transition dairy cow is complex and incompletely 

understood to date.  The implications of the increase in circulating inflammatory markers and 

their causative agents on production factors important to dairy profitability are great.  For 

example, early postpartum cows with elevated plasma haptoglobin concentration have increased 

disease incidence and reduced liver function (Bertoni et al., 2008; Abuajamieh et al., 2016), and 

haptoglobin is negatively associated with milk production (Huzzey et al., 2015; Albornoz et al., 

2020) and negatively associated with the likelihood of conception by 150 DIM (Huzzey et al., 

2015).   

The likelihood of cows encountering one or multiple cases of the inflammatory 

conditions described during the transition period is high and underscores the potential ability of 

the immune response as a potentiator of hypophagia in the transition period.  Dairy cows 

experience a marked decline in feed intake during transition, with a nadir at or slightly after 

parturition despite an increase in energy demand for milk synthesis.  Maximizing feed intake 

during this time is key to promoting a successful lactation, but cows with a greater inflammatory 

state during this time may have lower intake than their healthy peers.  For example, cows with 
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greater circulating concentrations of IL-1β during the dry period had lesser feed intake and 

plasma calcium over the transition period (Trevisi et al., 2016).  Cows that have ketosis, metritis, 

or a combination of multiple diseases have reduced DMI compared with healthy cows (Huzzey 

et al., 2007; Leblanc, 2012; Schirmann et al., 2016) through altered patterns of feeding behavior.  

Sick cows spend less time feeding and consume feed at a slower rate during the meal (Huzzey et 

al., 2007; Schirmann et al., 2016).  Others have derived estimates for the quantity of feed intake 

reduction due to a variety of diseases, with the periparturient diseases we have discussed 

accounting for up to 71 kg of DMI loss before resolving the insult (Bareille et al., 2003).  

Furthermore, increasing energy demand through greater production capabilities may reduce the 

ability of the periparturient animal to fight off infection (Kahn et al., 2003; Houdijk et al., 2006; 

Kidane et al., 2010). To further exacerbate the compounding issues of diseases in the transition 

period, it is possible that production of hypophagic cytokines from immune cells during the 

transition period is hyperactive compared with other parts of the lactation cycle based upon in 

vitro evidence (Sordillo et al., 1995).  Additionally, the plane of nutrition during the disease 

insult may be a contributing factor to the degree of hypophagia (Kyriazakis, 2010). 

With the recognition of the increased inflammatory status in the transition dairy cow, 

several research groups have administered non-steroidal anti-inflammatory drugs to cows to 

potentially alleviate stress in the postpartum period.  Initial results created excitement about the 

possibility of increased lactational milk yield (Farney et al., 2013b), but positive milk production 

effects have not been replicated in other studies (Shwartz et al., 2009; Carpenter et al., 2018).  

Non-steroidal anti-inflammatory drugs given to postpartum cows fail to alter (Farney et al., 

2013b; Pascottini et al., 2020) or even decrease DMI (Shwartz et al., 2009; Carpenter et al., 

2018) which is a surprising response considering the protection from hyophagia in late-lactation 
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cows challenged with mastitis and treated with anti-inflammatory agents (Yeiser et al., 2012).  

While these anti-inflammatory drugs may have reduced cytokines and acute-phase proteins in 

limited situations (Farney et al., 2013a; Pascottini et al., 2020), sodium salicylate unexpectedly 

increased both pro- and anti-inflammatory genes and TNF-α in adipose tissue (Takiya et al., 

2019) demonstrating that inflammation in the transition cow is a complex biological state.   

 Attempts have been made to model infection-induced hypophagia, mostly focusing on 

parasitic infections.  Sandberg et al. (2006) highlight the variable characteristics of infection-

induced hypophagia, including 1) the lag time after infection, 2) rate of relative feed intake 

reduction, 3) quantity of reduction, 4) duration of the reduction, and 5) rate of relative feed 

intake recovery.  These stages may be more applicable to instances in later stages of lactation 

than for the peripartum dairy cow considering the complex timing of infection occurring in 

transition dairy cows and the occurrence of inflammation in animals appearing healthy.  

Development of models to predict DMI during parasitic infection have been created, but in vivo 

studies are generally lacking to support the model (Laurenson et al., 2011) and likely foreshadow 

the difficulty of developing similar models in transition dairy cows due to the complexity and 

multiplicity of insults may occur.     

 

 CONCLUSION 

 Suppression of feed intake during disease and infection is a counterintuitive approach to 

assist the host in fighting the infection and preserving the life of the animal compared to 

situations where food intake is maintained.  Cytokines produced by immune cells, such as IL-1β, 

IL-6, IFN, and TNF-α play a critical role in actively reducing feed intake, with the most potent 

action occurring through central action.  The effect of other molecules, such as leptin and acute-

phase proteins, is less clear and perhaps transient in nature.  In transition dairy cows, acute and 
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sub-acute inflammation from infection, dietary changes and metabolic alterations is common and 

has detrimental impacts on production performance and DMI.  The multiplicative effects of 

transition cow disorders make it difficult to predict DMI.  Further work should seek mechanistic 

avenues for determining the effects of specific events on DMI in transition dairy cows.    
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 ABSTRACT 

Alpha-1-acid glycoprotein (AGP) is an acute-phase protein that may suppress dry matter intake 

(DMI), potentially by acting on the leptin receptor in the hypothalamus. Our objective was to 

characterize plasma AGP concentration and associations with DMI during the transition period, 

and to determine the utility of AGP to identify or predict cows with low DMI. Plasma samples (n 

= 2,086) from 434 Holstein cows in 6 studies were analyzed on d -21, -13 ± 2, -3, 1, 3, 7 ± 1, 14 

± 1, and 21 ±1 relative to parturition. A commercially available ELISA kit specific for bovine 

AGP was validated, and two internal controls were analyzed on each plate with inter-plate 

variation of 15.0 and 17.3%, respectively. Bivariate analysis was used to assess the relationship 

between AGP and DMI. For significant associations, treatment(study) was added to the model 

and quadratic associations were included in the model, if significant. Plasma AGP concentration 

(± SEM) increased from 213 ± 37.3 μg/mL on d -3 to 445 ± 60.0 μg/mL on d 14. On d 3, AGP 

was associated negatively with DMI in a quadratic manner for wk 1 and wk 2 and linearly for wk 

3. Day 7 AGP was associated negatively with DMI in a quadratic manner for wk 2 and linearly 

for wk 3. Similarly, d 14 AGP was negatively associated with DMI for wk 3 and wk 4. As d 3 

AGP concentration increased over the interquartile range, there was a calculated 1.4 (8.5%), 0.5 

(2.7%) and 0.4 (1.9%) kg/d reduction in predicted DMI during wk 1, 2, and 3, respectively. 

Using bivariate analysis, d 3 AGP explained 10.0% of the variation in DMI during wk 1. We 

explored the clinical utility of d 3 AGP to diagnose low DMI, defined as wk 1 DMI more than 1 

standard deviation below the mean. Receiver operating characteristic analysis identified a 

threshold of 480.9 μg/mL providing 76% specificity and 48% sensitivity (AUC = 0.60). There 

were limited associations between AGP and blood biomarkers; however, AGP was associated 

with plasma haptoglobin concentration postpartum and incidence of displaced abomasum, 
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retained placenta and metritis. These results demonstrate a negative association between plasma 

AGP concentration and DMI in early postpartum dairy cows, although its diagnostic 

performance was marginal. Further investigation into whether AGP directly suppresses DMI in 

dairy cattle is warranted. 
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 INTRODUCTION 

 Dairy cows transitioning to lactation experience systemic inflammation, with chronic 

sub-acute inflammation appearing to lead to long-term production losses (Bradford et al., 2015). 

Inflammation is the biological mechanism whereby the body copes with pathogenic or non-

pathogenic stimuli to resolve an issue and return to homeostasis. Cytokine and acute phase 

protein production are hallmarks of inflammation, with cytokine production by immune cells 

markedly increasing following tissue insult, further leading to production of acute-phase 

proteins. These compounds, as indicators of inflammatory status, have consistently been linked 

to poor performance in dairy cows (Humblet et al., 2006; McCarthy et al., 2016), and there has 

been extensive evaluation of acute phase proteins as biomarkers of various diseases in ruminants 

(Ceciliani et al., 2012). Additionally, cytokines have been directly implicated in reducing feed 

intake through action on the hypothalamus (Wong and Pinkney, 2004), linking the immune 

response as an additional pathway for feed intake regulation beyond the traditional physical, 

endocrine and metabolic homeostatic factors eloquently outlined by Allen and Piantoni (2013).  

 Orosomucoid, or alpha-1-acid glycoprotein (AGP), is a positive acute-phase protein 

produced primarily in the liver (Hochepied et al., 2003). The role of AGP is not entirely clear, 

but it is a common lipocalin that also has immunomodulatory effects, working mostly in an anti-

inflammatory manner (Ceciliani and Lecchi, 2019; Fournier et al., 2000). Two reports 

demonstrated compelling evidence that AGP works directly to reduce feed intake in rats after 

intracerebroventricular infusion (Bellinger and Mendel, 1990), intraperitoneal injection, or 

peripheral administration (Sun et al., 2016). More mechanistically, AGP was found to bind the 

hypothalamic leptin receptor in mice, which in turn activates the downstream JAK2-STAT3 

pathway to relay satiety signals (Sun et al., 2016). The hypothalamus is an important structure in 
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the regulation of energy intake (Schwartz et al., 2000).  However, very recent reports 

demonstrate a lack of effect of AGP on STAT3 signaling and feed intake in ruminants (Gregg et 

al., 2019; McGuckin et al., 2020).   

Considering that plasma AGP concentration increases in postpartum dairy cows in a pattern 

similar to other acute phase proteins (Cairoli et al., 2006; Jafari et al., 2006) and peripartum cows 

often exhibit depressed feed intake, we hypothesized that plasma AGP concentration is 

negatively related to dry matter intake (DMI) during the transition period. The objective of this 

study was 1) to assess peripartum AGP concentration using a large sample size, 2) to determine 

the relationship between AGP and DMI in dairy cows during the transition period, 3) to assess 

the prognostic value of AGP relative to other biomarkers to predict cows at risk of low DMI, and 

4) to access the prognostic value of AGP to predict postpartum disease.  

 

 MATERIALS AND METHODS 

 Animals and samples 

 Blood plasma samples (n = 2,086) from 434 Holstein cows were obtained from six 

previously-conducted studies conducted since 2014 at three institutions (Cornell University, 

University of Florida and Kansas State University; Leno et al., 2017a; b; Carpenter et al., 2018; 

Zenobi et al., 2018; Olagaray et al., 2019; Bollatti et al., 2020). All samples were obtained ± 21 d 

relative to parturition with specific sample days for each study outlined in Table 2.1. Individual 

daily feed intake data was available from all cows included in analysis. Detailed descriptions of 

study methodology, including analysis of other blood biomarkers, were previously published for 

each of these studies. Samples were analyzed in duplicate.  
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 Sample Analysis 

 Initial attempts at quantifying AGP involved validating a previously reported ELISA 

procedure (Blees et al., 2017) modified to use a commercially-available purified bovine AGP (lot 

# 111M7401V; Sigma-Aldrich, St. Louis, MO) dissolved in distilled, deionized water for the 

standard curve to avoid non-specific binding. Lack of detectability of the purified bovine AGP 

prompted evaluation of commercial ELISA kits (MyBioSource, Inc., San Diego, CA; ICL, Inc., 

Portland, OR) to determine if the commercially purified AGP could be detected, and to 

potentially validate the kits for large-scale AGP quantification. The purified bovine AGP was not 

detectable on either kit, necessitating the use of commercial kit standards.  

Samples for the complete analysis were analyzed using a bovine-specific ELISA kit (ICL Inc., 

Portland, OR) according to manufacturer specifications at a dilution of 1:20,000. The kit utilizes 

a lyophilized purified bovine AGP from serum as a standard curve.  A robotic multichannel 

pipetting system was utilized to achieve the 4-step dilution (Integra Viaflo Assist, Integra 

Biosciences Corp., Hudson, NH) using the diluent buffer provided in the kit. Assay performance 

was assessed using spike and recovery and linearity of dilution techniques. Recovery of AGP 

was determined by spiking a known quantity of the standard into diluted sample (Table 2.2). A 

linearity of dilution experiment was conducted to test the behavior of the samples at various 

concentrations in the range of the standard curve by serially diluting plasma in the assay buffer 

(Table 2.3). According to the results in comparison with the linear portion of the standard curve, 

plasma samples were diluted 1:20,000 to achieve approximately 20 ng/mL final concentration. 

Two internal control samples were analyzed in duplicate on each plate, with intra-assay CV of 

3.8 and 3.0% and inter-assay CV of 15.0 and 17.3%, respectively, for each sample. 



51 

 Statistical Analysis 

 Plasma AGP mean concentration on each sampling date was obtained by using repeated 

measures in the Mixed Procedure of SAS (version 9.4; SAS Institute, Cary, NC), with the model 

including the random effect of study. Data were log10 transformed to achieve normality and 

reverse transformed to obtain means. Bivariate linear regression, and subsequently linear and 

quadratic regression, was used to assess the relationship between AGP and DMI in subsequent 

weeks using JMP (version 13.0, SAS Institute, Cary, NC). DMI was averaged over a three-day 

period following each blood sampling timepoint prepartum (d -21, -12 ± 3, and -3), except for 

blood sample timepoint d -21 for which DMI was averaged over d -15 to -13. For postpartum 

data, DMI was averaged over a one-week period for each week postpartum. Days used to 

calculate DMI averages for each week relative to parturition are outlined in Table 2.4. For 

significant bivariate associations, the following linear and quadratic model was utilized to further 

analyze the association between plasma AGP concentration and DMI: 

Yij = µ + A + A*A + Ti + eij 

where µ is the overall treatment mean, A is the linear effect of plasma AGP concentration, A*A 

is the quadratic effect of plasma AGP concentration, Ti is the random effect of unique treatment 

within each study (i = 1 to 19), and eij is the residual error (j = 1 to 30). Analysis of the 

association between plasma AGP concentration and other blood biomarkers concentration was 

conducted with the same model. Quadratic effects were removed from the model when P > 0.10. 

Residuals were analyzed for normality and data were natural log transformed when 

appropriate. Studentized residuals were evaluated, and outliers > 3.5 or < -3.5 were excluded 

from analysis. Significance was declared at P < 0.05, and tendencies when P < 0.10.  
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Nominal logistic modeling was used to determine the association between plasma AGP 

concentration on a given day and incidence of postpartum disease using the fixed effect of AGP 

and the random effect of study. From this information, we used receiver operating characteristic 

(ROC) analysis using JMP (Version 13.0; SAS Institute, Cary, NC) to assess the ability of AGP 

to predict disease incidence for diseases presenting sufficient sample size (sensitivity and 

specificity = 0.70; marginal error = 0.20; α = 0.05; Hajian-Tilaki, 2014; Bujang and Adnan, 

2016) based upon previously reported rates of disease and culling (Berge and Vertenten, 2014; 

McLaren et al., 2006; Smith et al., 2000).  

We also carried out ROC analysis to determine the utility of d 3 AGP for detecting cows with 

low feed intake. Day 3 AGP concentration was utilized because the association between AGP 

and DMI was most significant early in the postpartum period. Low feed intake was defined as 1 

standard deviation less than the mean wk 1 DMI. For all ROC analyses we determined the 

threshold AGP concentration offering the optimal balance between sensitivity and specificity, 

determined based on the concentration offering the greatest sum of calculated sensitivity + 

specificity. 

A proportional hazards regression model was constructed using the fixed effects of AGP and 

study to determine the effects of AGP concentration on culling by 280 DIM. Furthermore, the 

concentration of AGP was classified as being above or below the threshold determined from 

ROC analysis to construct survival curves assessing the association of peripartum AGP with 

culling by 280 DIM. 280 d was chosen because, for two of the studies (Bollatti et al., 2020; 

Zenobi et al., 2018) representing half of the data, information was only available to 280 DIM, 

limiting the ability to evaluate the full lactation on all animals. 
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 RESULTS 

 Prepartum AGP concentrations were relatively stable for d -21 (248 ± 35.0 µg/mL), d -13 

(223 ± 30.2 µg/mL), d -3 (212 ± 30.2 µg/mL) and d 1 (273 ± 37.4 µg/mL; Figure 2.1). Plasma 

AGP concentration increased beginning on d 3 (377 ± 51.0 µg /mL) before numerically 

increasing to a peak on d 14 (445 ± 59.0 µg/mL) and declining numerically to d 21 (387 ± 52.2 

µg/mL). Plasma concentrations of AGP on d 3 to d 21 were significantly greater than AGP on 

any day from d -21 to d 1 (P < 0.001). Results for associations between AGP and DMI are 

presented in Table 2.4. All associations between the variables were negative over the range of 

observed values (accounting for the quadratic nature of some relationships). Day -21 AGP was 

negatively related in a quadratic manner with wk -2 DMI (P = 0.07). On d 3, AGP was 

negatively associated with DMI on wk 1 and wk 2 in a quadratic fashion (P = 0.01; P = 0.03) 

and was negatively associated in a linear manner with wk 3 DMI (P < 0.001). AGP concentration 

on d 7 had a negative quadratic association with wk 2 DMI (P < 0.01), and was negatively 

associated with wk 3 DMI (P < 0.001). Day 14 AGP concentration was negatively associated 

with DMI in a linear manner for both wk 3 and wk 4 (P < 0.001). AGP concentration on d 21 

was negatively associated with DMI in wk 4 (P = 0.001). 

 Using the intercepts and parameter estimates shown in Table 2.4, predicted DMI changes 

over the interquartile range of d 3 AGP were calculated.  As d 3 AGP concentration increased 

over the interquartile range, there was a calculated 1.4 (8.5%), 0.5 (2.7%) and 0.4 (1.9%) kg/d 

reduction in predicted DMI during wk 1, 2, and 3, respectively (Figure 2.2A). Using bivariate 

analysis, d 3 AGP explained 10.0% of the variation in DMI during wk 1 (Figure 2.2B). Receiver 

operating characteristic analysis identified a threshold of 480.9 μg/mL providing 76% specificity 

and 48% sensitivity (Figure 2.3; AUC = 0.60) in detecting low feed intake.  
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 Results for associations between AGP and other blood plasma biomarkers can be found 

in the supplementary file. Plasma AGP concentration on d 1 tended to be positively associated 

with plasma glucose concentration on d 7 (P = 0.06) and d 14 (P = 0.07). On d -3, plasma AGP 

was  positively associated with d 21 free fatty acids (FFA; P = 0.04) and tended to be positively 

associated with d 14 FFA (P = 0.08), whereas d 7 AGP tended to be negatively associated with d 

14 FFA (P = 0.07). Plasma AGP on d -13 was negatively associated with insulin concentration at 

the same time point (P = 0.04). The strongest associations were between AGP and beta-

hydroxybutyrate (BHB) and haptoglobin. On d -13, AGP was negatively associated with BHB 

(P = 0.02), while d 7 AGP concentration was positively associated with BHB on d 7 (P < 0.01; 

Table 2.5). The concentrations of AGP and haptoglobin were positively associated on d 3, 7, and 

14 (P ≤ 0.03; Table 2.5), and d 7 AGP was also associated with d 14 haptoglobin (P < 0.01; 

Table 2.5).  

  There were strong associations between postpartum AGP concentration and transition 

cow diseases. The concentration of AGP was positively associated with postpartum incidence of 

retained placenta (RP) on d 3 to d 14 (P < 0.001) and d 21 (P = 0.02; Table 2.6). In a similar 

fashion, AGP was positively associated with incidence of metritis on d 3 to 21 (P < 0.001; Table 

2.6). On d 7 (P = 0.03), d 14 (P = 0.04) and d 21 (P < 0.001; Table 2.6), AGP was positively 

associated with hyperketonemia. On d 21, AGP was positively associated with mastitis (P = 

0.03). Furthermore, AGP was positively associated on d 1 (P = 0.04) with culling by 280 DIM. 

Overall, 19% of at-risk cows left the herd by 280 DIM, and proportional hazard analysis revealed 

that increased AGP concentration over the interquartile range (432 vs. 271 µg/mL) on d 1 was 

associated (P = 0.02) with a 15% decreased risk of culling through 280 DIM (0.85 hazard ratio, 

95% CI: 0.82 to 0.95). Survival curves were constructed for cohorts using the optimal threshold 
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for d 1 AGP concentration (351 µg/mL) determined with ROC analysis, but there was no 

evidence of difference between cows above and below the threshold (P = 0.11 Wilcoxon test; 

data not shown).  

 

 DISCUSSION 

 To accomplish most of our objectives for this study, we first had to identify an accurate, 

high-throughput method for determination of AGP concentration in bovine plasma. To date, 

most of the quantification of circulating AGP has been conducted by radial immunodiffusion 

assays (Eckersall et al., 2007; Jafari et al., 2006), immunoturbidimetric assay (Bence et al., 2005; 

Mooney et al., 2006), gel electrophoresis methods (Cairoli et al., 2006; Ling et al., 1996), or by 

precipitating the protein and measuring absorbance (Lewis et al., 1989), none of which are 

suitable for analyzing large quantities of samples. More recent efforts have resulted in 

development of ELISA procedures to quantify AGP (Agra et al., 2017; Caperna et al., 2017), 

with only one study quantifying bovine plasma AGP (McGuckin et al., 2020). For this reason, 

we tested several ELISA kits and found the kit utilized in this study to be acceptable for linearity 

and recovery, and it most closely aligned with previously reported bovine plasma AGP 

concentrations using other techniques (Ceciliani et al., 2012; Horadagoda et al., 1999; Jafari et 

al., 2006).  

 

 Changes in peripartum AGP concentration 

Our first objective was to assess AGP concentrations on a large sample size of peripartum 

dairy cows. The pattern of plasma AGP concentration shifts during the transition period in this 

study is similar to those reported for other positive acute-phase proteins, such as haptoglobin, 
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lipopolysaccharide binding protein, and serum amyloid A (Abuajamieh et al., 2016; Jafari et al., 

2006; McCarthy et al., 2016). The concentration of AGP significantly increases postpartum by d 

3, reaching an apparent peak at 14 DIM before numerically trending towards prepartum 

concentrations. This is similar to the pattern shown by McGuckin et al. (2020), where 

postpartum concentrations of AGP were significantly greater than prepartum concentrations, but 

lacked evidence of differences across time points in the first 3 weeks postpartum.  In another 

study, plasma AGP peaked at 7 DIM and gradually declined to near prepartum concentrations by 

21 DIM (Jafari et al., 2006). Bovine plasma AGP concentration is correlated with AGP mRNA 

abundance in the liver during the transition period, with an upregulation of hepatic AGP mRNA 

postpartum (McGuckin et al., 2020). In comparison with plasma haptoglobin concentrations, 

AGP declines at a much slower rate postpartum (Jafari et al., 2006; Sheldon et al., 2001). In a 

study conducted by Horadagoda et al. (1999), cattle with chronic or acute inflammation had 

serum AGP concentrations of 815 and 1,101 µg/mL, respectively, with a normal reference range 

of 200-450 µg/mL. Based upon the plasma AGP concentrations in the present study, most 

postpartum cows experienced elevated inflammatory tone, but perhaps not chronic inflammation. 

However, there is great variation in AGP concentration postpartum, so it is possible that a sizable 

minority of cows were experiencing chronic or even acute inflammation. We must also consider 

that the reference values in the study by Horadagoda et al. (1999) were determined by a single 

radial immunodiffusion assay compared with an ELISA in our study, so direct comparisons are 

tenuous. 
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 Associations between AGP and DMI  

One of the primary objectives of this study was to assess the relationship between AGP 

concentration and DMI. The negative associations between plasma AGP concentration and DMI 

were most significant postpartum, and AGP concentration on any given postpartum sampling 

day was negatively associated with DMI in subsequent weeks. This is consistent with previous 

work associating postpartum inflammatory markers with subsequent performance reduction in 

dairy cows (Huzzey et al., 2015; McCarthy et al., 2016). In pigs, serum AGP concentration is 

negatively correlated with daily feed intake and weight gain at 18 and 24 wk of age (Clapperton 

et al., 2005), and activation of the immune system causing an increase in AGP tended to decrease 

daily feed intake in another study (Williams et al., 1997a, 1997b). In fact, others have suggested 

AGP may serve as an independent predictor of production performance impairment in livestock 

(Caperna et al., 2013). 

 Administration of exogenous human AGP reduces voluntary feed intake in mice by 

acting on the hypothalamic leptin receptor and activating the JAK2/STAT3 pathway (Bellinger 

and Mendel, 1990; Sun et al., 2016), although very recent in vitro evidence suggests that bovine 

and human AGP do not elicit STAT3 signaling in cells expressing bovine leptin receptors 

(McGuckin et al., 2020). Another recent study administered purified bovine AGP both 

peripherally and centrally in sheep, with no effect on feeding rate or cumulative intake (Gregg et 

al., 2019). It is unclear why human AGP activates the leptin receptor in mice but bovine and 

human AGP do not activate the bovine leptin receptor. It is certainly possible that species-

specific differences in AGP modes of action exist. Further, plasma leptin concentration declines 

by ~50% in the transition to lactation and remains low postpartum (Janovick et al., 2011; Liefers 

et al., 2003) as energy balance is declining in dairy cows at the same time. Ruminant feed intake 
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during periods of negative energy balance is generally refractory to leptin (Ehrhardt et al., 2016; 

Henry et al., 2001; Morrison et al., 2001); the same “leptin resistance” phenomenon may prevent 

AGP from having effects on downstream leptin receptor signaling in transition dairy cows.  

While we cannot determine cause and effect relationships of AGP on DMI in the present 

study, it is intriguing that a negative association exists postpartum. Postpartum dairy cows 

experience elevated inflammation and there are many factors involved in an inflammatory 

response, including the release of cytokines, which have been implicated in modulating feed 

intake through hypothalamic action (Wong and Pinkney, 2004). To our knowledge, no other 

acute-phase proteins have been directly implicated in central control of feed intake, so it could be 

that a variety of molecules related to inflammation work centrally to affect intake during an 

inflammatory response. 

 To further evaluate the negative association between AGP and DMI, we calculated the 

predicted change in DMI for the d 3 AGP interquartile range (25th to 75th percentile) using 

parameter estimates from the best-fit equation for wk 1 DMI (Table 2.4).  As d 3 AGP increased 

over the interquartile range, average daily DMI during wk 1 was calculated to decrease 8.5%, or 

1.4 kg (Figure 2.2). For comparison, the reduction in DMI for retained placenta, metritis and 

milk fever was estimated to be 0.8, 5.1 and 14.7 kg/d, respectively (Bareille et al., 2003). While 

the reduction of DMI over the AGP interquartile range does not initially appear substantial 

compared with diseases that plague modern dairy operations, it is still concerning and warrants 

further investigation. Furthermore, weak forward associations suggest that AGP may serve as a 

leading indicator of suboptimal DMI rather than a trailing indicator like clinical disease 

diagnosis. For example, d 3 AGP was negatively associated with DMI beyond week 1 (Table 

2.4), and AGP on d 7 and 14 was negatively associated with DMI for multiple weeks. One 
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limitation of this data is the relatively high variability in inter-plate CV (up to 17.3%) for AGP 

quantification, which may in part explain a portion of the 15.4% variation in DMI on d 3.  A 

more precise measurement of AGP may have better explained any variation in DMI postpartum.   

 

 Prognostic ability of AGP to predict poor DMI  

The fact that AGP may serve as a leading indicator of suboptimal postpartum DMI lead us to 

our third objective, which was to assess the prognostic value of AGP to predict cows at risk of 

low DMI using ROC analysis. The ROC analysis is a method for evaluation of the accuracy of a 

clinical diagnostic test, where the optimum combination of sensitivity (Se; true positive) and 

specificity (Sp; lack of false positive) of the test are maximized in ideal situations (Gardner and 

Greiner, 2006). As a continuous variable, DMI presents challenges for ROC analysis due to the 

difficulty in selecting a useful cutoff point (Gardner and Greiner, 2006). For determination of 

low DMI in this study, considering there has been no proposed threshold of acute DMI 

depression in transition cows, we used the arbitrary definition of wk 1 DMI that is 1 SD below 

the mean. In the current study, the area under the curve (AUC) of 0.6 (Figure 2.3) does not create 

confidence in the ability of AGP to predict acute depressed DMI. Constraining the definition of 

low DMI to 2 SD below the mean did not improve diagnostic performance (AUC = 0.55; data 

not shown). Therefore, while AGP is clearly negatively associated with DMI postpartum, it is a 

poor predictor of acute DMI depression. 

 

 Relationship between AGP and common biomarkers 

Should AGP be a useful indicator of future DMI depression, it would ideally be independent 

of other blood biomarkers that are cheaply and easily measured today, such as glucose or BHB. 
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Out of 107 measured associations in this study between AGP and other blood biomarkers 

throughout the peripartum period (Appendix A), only 8 were significant. Considering the number 

of analyses for these comparisons, the 8 significant results may be a function of Type I error at 

the 95% confidence rate. The finding that AGP is poorly associated with other biomarkers at 

many timepoints suggests that it could serve as an independent biomarker for predicting 

postpartum health or performance. 

 Despite minimal associations between AGP and plasma biomarkers, there were several 

associations that may be biologically meaningful. The positive association between AGP and 

BHB on d 7 (Table 2.5) occurs at a time when both factors are normally increasing due to 

calving and the induction of negative energy balance. Others have demonstrated an association 

between acute-phase proteins and ketosis in postpartum cows (Abuajamieh et al., 2016) while 

more controlled studies have administered inflammatory components, such as tumor necrosis 

factor-α, and increased liver fat concentration (Bradford et al., 2009), BHB (Trevisi et al., 2009), 

incidence of ketosis (Yuan et al., 2013). In this light, the limited associations between AGP and 

BHB concentrations postpartum are biologically plausible.  

 Not surprisingly, plasma AGP concentration was positively associated with plasma 

haptoglobin concentration on d 3, d 7 and d 14 (Table 2.5). Postpartum AGP and haptoglobin 

have been shown in other studies to follow a similar pattern postpartum with a spike on d 7 

before declining (Jafari et al., 2006), but the haptoglobin concentration declines to stable 

concentrations about one week earlier than does AGP (Sheldon et al., 2001). This may explain 

the lack of persistent future associations between AGP and haptoglobin in this study despite the 

strong associations on the same day, and may reflect the anti-inflammatory properties of AGP 

and its function to resolve inflammation (Ceciliani and Lecchi, 2019). Conversely, AGP and 
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haptoglobin have an extremely weak correlation in healthy pigs (Clapperton et al., 2007).  Others 

have shown a tendency for a relationship between prepartum haptoglobin and postpartum disease 

incidence (Huzzey et al., 2011), and peripartum haptoglobin is negatively associated with milk 

production (Huzzey et al., 2015).  

 

 Relationship and prognostic ability of AGP for disease and culling 

Our final objective was to assess the prognostic value of AGP to predict postpartum disease. 

In this study, postpartum AGP concentration was positively associated with incidence of RP and 

metritis, but for variables with sufficient sample size the diagnostic ability was marginal based 

upon the ROC AUC (Table 2.6). These diseases are common for postpartum dairy cows (Dubuc 

and Denis-Robichaud, 2017). Despite this strong positive association between AGP and 

postpartum disease, it is unlikely that AGP is a predictor of disease but rather AGP is increasing 

with other positive acute-phase proteins in response to the disease insult (Horadagoda et al., 

1999; Sheldon et al., 2001). In normal uterine defense systems postpartum, bacterial invasion 

causes immune cell infiltration and inflammation which can persist with the pathogenesis of 

endometritis and metritis (Esposito et al., 2014). Unfortunately, lack of data prevented us from 

further analyzing onset of disease and its relationship with AGP concentration in transition cows. 

Incidence of disease for the dataset is outlined in Table 2.7. 

 We were surprised to observe AGP on d 1 to be associated with reduced culling through 

280 DIM. While inflammation can be associated with negative production outcomes in chronic 

instances, it may be required as a part of the natural adaptive mechanisms for a successful 

transition to lactation (Bradford et al., 2015). Transgenic overexpression of AGP increased 

survivability from lethal Klebsiella pneumonia infection in mice, and administration of AGP in 
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normal animals prior to infection also had dramatic non-specific protective effects (Hochepied et 

al., 2000). Similarly, administration of AGP prior to a lethal dose of tumor necrosis factor-α 

prevented death (Libert et al., 1994). The cows in this study were generally not exposed to lethal 

quantities of harmful pathogens or cytokine storms, and their survivability to 280 days is much 

longer than the mouse studies. However, we could hypothesize that the elevated AGP 

concentrations as a result of the natural increase in inflammation postpartum had some protective 

effects upon subsequent pathogen exposure, considering postpartum cows have elevated 

susceptibility to infection. Nonetheless, despite this negative association, the diagnostic ability of 

d 1 AGP to predict culling as determined by ROC analysis was poor (AUC = 0.63; Table 2.6). 

 

 CONCLUSIONS 

Plasma AGP concentration significantly increases by d 3 postpartum, with an apparent peak at 

14 days in milk. AGP was negatively related with DMI postpartum, and DMI decreased 

approximately 8.5% as plasma AGP increased over the interquartile range. AGP could be used as 

a measure of inflammatory status in transition dairy cows, and an ELISA can serve as a reliable 

and repeatable method of quantification. We found AGP was not related to many other blood 

biomarkers except for haptoglobin, providing independence from other common biomarkers 

commonly used today. While there was a strong association between AGP and transition 

diseases, the disease may be causing the increase in AGP instead of AGP predicting disease. 

However, based upon ROC analysis, the diagnostic ability of AGP to predict sub-optimal DMI is 

poor. Further work should focus on in vivo AGP administration to determine impact on feeding 

behavior, and work to determine potential mechanisms of AGP action on the hypothalamus in 

ruminant models should be conducted. 
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 TABLES 

Table 2.1 Experiments and number of plasma samples analyzed (n = 2,086) on day relative to parturition 

 Day relative to parturition   

Item -21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1  Treatments 

Bollatti et al., 2020 0 90 0 0 90 94 96 94  Transition period rumen-protected choline 

Carpenter et al., 2018 0 0 0 0 52 53 56 56  Postpartum sodium salicylate drench 

Leno et al., 2017a 0 41 0 0 41 41 41 41  Ca/Mg source, postpartum dietary Mg conc. 

Leno et al., 2017b 0 89 0 0 89 58 87 88  Prepartum DCAD level with low K diet 

Olagaray et al., 2019 0 62 0 0 0 0 59 0  Transition period yeast fermentation product 

Zenobi et al., 2018 91 85 44 87 90 90 92 92  Rumen-protected choline, prepartum dietary 

energy density 

Total 91 367 44 87 362 336 431 371   
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Table 2.2 Spike and recovery results of the ICL ELISA kit 

 AGP concentration 

(ng/mL) 
 

 

Spike (ng/mL) Expected Observed Recovery (%) SD1 

5  26.3 29.0 110.3 2.1 

10 31.3 32.7 104.6 2.7 

20 41.3 38.3 92.9 0.7 
1Standard deviation of the observed concentrations, performed in triplicate 

 

  



72 

Table 2.3 Linearity of dilution results for AGP using the ICL ELISA kit 

 AGP concentration 

(ng/mL) 
 

 

Dilution rate Observed Expected % of Expected SD1 

1:5,000 88.5 - - 11.5 

1:10,000 36.4 44.2 82.2 0.1 

1:20,000 20.9 18.2 115.2 1.2 

1:40,000 10.7 10.5 102.5 0.7 

1:80,000 5.1 5.4 95.4 0.4 
1Standard deviation of the observed concentrations, performed in duplicate 
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Table 2.4. Association between plasma AGP concentration (natural log µg/mL) and DMI (kg/d).  Significant linear associations 

were subsequently analyzed with quadratic and linear regression including random effect of treatment(study) in the model. 

  

1All data were transformed using natural log to achieve normality and data are presented in the transformed state. 
2DMI averaged over 3 d following plasma sample date (d -13 ±2) 

  P-value1      

Plasma AGP 

sample day 

Week of 

DMI Linear Quadratic Intercept 

Parameter 

Estimate R2 N RMSE 

-21         

 -22 0.09  -31.37 16.14 0.15 82 2.08 

   0.07  -1.50    

-13 ± 2         

 -2 0.10  13.96 -0.53 0.33 348 3.43 

 13 0.22  18.87 -0.46 0.16 367 3.27 

 3 0.46  21.90 -0.25 0.21 253 3.14 

 4 0.80  22.02 -0.09 0.28 291 2.88 

3 ± 1         

 1 0.02  -2.50 8.36 0.27 355 3.21 

   0.01  -0.87    

 24 0.07  3.25 6.61 0.24 318 3.08 

   0.03  -0.67    

 35 <0.001  26.81 -1.08 0.27 350 2.92 

7 ± 1         

 2 0.02  6.54 5.86 0.32 330 2.91 

   <0.01  -0.63    

 3 <0.001  21.53 -0.002 0.30 327 2.80 

14 ± 1         

 3 <0.001  28.49 -1.31 0.25 423 3.06 

 46 <0.001  28.54 -1.15 0.31 358 2.76 

21 ± 1         

 4 0.001  27.30 -0.97 0.30 363 2.77 
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3DMI averaged over d 1 to 7 
4DMI averaged over d 8 to 14 
5DMI averaged over d 15 to 21 
6DMI averaged over d 22 to 28 
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Table 2.5. Association between plasma AGP concentration (natural log µg/mL) and plasma BHB (µM) and haptoglobin (Hp) 

concentrations1 for select sampling points postpartum. 

 

  P-value2      

AGP plasma 

sample day 

Variable 

sample day Linear Quadratic Intercept 

Parameter 

Estimate 

R- 

square N RMSE 

7 ± 1 BHB d 7 <0.01  54.1 113.3 0.09 322 425.8 

         

3 ± 1 Hp d 3 <0.001  -1,439.5 272.1 0.24 50 233.1 

7 ± 1 Hp d 7 <0.001  -1,875.8 406.6 0.32 143 518.0 

7 ± 1 Hp d 14 <0.01  -532.8 149.6 0.28 140 318.3 

14 ± 1 Hp d 14 0.03  3598.4 -1286.8 0.31 145 337.0 

14 ± 1 Hp d 14  0.02  123.2    
1Data for haptoglobin from Carpenter et al. (2018) were reported as µg/mL and data from Bollatti et al. (2020) and Zenobi et al. 

(2018) were reported as optical density.  Differences between concentration reporting methods are accounted for with the random 

effect of treatment(study) in our model. 
2All data for AGP concentration were transformed using natural log to achieve normality and data are presented in the transformed 

state. 
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Table 2.6. Association between alpha-1-acid glycoprotein (AGP; natural log µg/mL) and incidence of postpartum disease and 

culling in transition dairy cows.  All associations were positive unless otherwise denoted by superscript. 

 

  

 AGP Sample Day (relative to parturition) 

Disease -21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1 

Cows at risk, n 91 360 44 87 306 280 369 310 

Hyperketonemia         

P-value         

AGP1 0.10 0.20 0.13 0.61 0.15 0.03 0.04 <0.001 

Study - 0.69 - - 0.12 0.08 0.15 0.04 

Cases, n2 20 91 10 18 78 69 91 77 

AUC3 0.60 0.59 0.51 0.50 0.59 0.62 0.60 0.66 

AGP threshold4, µg/mL 246 258 211 246 531 165 464 275 

Retained placenta         

P-value         

AGP 0.816 0.166 0.876 0.726 <0.001 <0.001 <0.001 0.02 

Study - <0.01 - - 0.46 0.69 <0.001 0.25 

Cases, n 195 33 55 175 37 30 38 40 

AUC - 0.70 - - 0.74 0.77 0.83 0.69 

AGP threshold4, µg/mL - 77 - - 496 853 477 431 

Metritis         

P-value         

AGP 0.636 0.716 0.96 0.816 <0.001 <0.001 <0.001 <0.001 

Study - 0.19 - - 0.08 0.01 0.07 0.13 

Cases, n 195 37 55 185 40 34 41 41 

AUC - 0.61 - - 0.78 0.86 0.81 0.74 

AGP threshold4, µg/mL - 330 - - 401 643 365 548 

Mastitis         

P-value         

AGP 0.956 0.55 0.11 0.31 0.25 0.11 0.10 0.03 

Study - <0.001 - - <0.01 <0.01 <0.001 0.03 

Cases, n 23 51 10 24 49 45 49 49 
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1Data for AGP concentration were transformed using natural log to achieve normality and data are presented in the transformed state. 
2Number of observations of animals in the data set for a particular sampling day that were diseased at some point during the study. 

period.  Data was not available for onset of disease. 
3Receiver operating characteristic area under the curve for AGP predicting postpartum disease 
4Concentration offering the maximum difference between sensitivity and (1-specificity) 
5Insufficient sample size for diagnostic testing using ROC analysis (Hajian-Tilaki, 2014) 
6Negative association between plasma AGP and disease or culling 

 

  

AUC 0.54 0.74 0.63 0.53 0.67 0.74 0.74 0.7 

AGP threshold4, µg/mL 223 152 291 236 164 383 1,216 413 

Culling by 280 DIM         

P-value         

AGP 0.106 0.156 0.84 0.046 0.996 0.71 0.52 0.98 

Study - 0.10 - - 0.07 0.13 0.11 0.07 

Culled, n 15 61 8 14 60 51 68 58 

AUC 0.61 0.62 0.58 0.63 0.61 0.62 0.62 0.61 

AGP threshold4, µg/mL 183 50 291 350 419 410 182 357 
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Table 2.7. Total incidence of postpartum disease and survival to 280 DIM by study in transition dairy cows. 

 n 

Item 

Total 

cases 

Total 

animals1 

Hyperketonemia 94 377 

Retained placenta 41 377 

Metritis2, 3 41 318 

Mastitis 52 377 

Culled by 280 DIM 69 371 
1No disease incidence data were available from Carpenter et al. (2018). 
2Data on metritis incidence were not available from Olagaray et al. (2019). 
3Defined as fetid, watery discharge.  Complete descriptions can be found in the respective publications (Leno et al., 2017a; b; Zenobi 

et al., 2018; Bollatti et al., 2020) 

 

 



79 

 FIGURES 

Figure 2.1. Box and whisker plots and outliers of plasma AGP concentration of peripartum 

dairy cows.  

Refer to Table 2.1 for number of samples analyzed at each time point. Data were transformed 

using log10 to achieve normality and reverse-transformed data is shown below. Symbols above 

each day indicate difference from postpartum timepoints (* = different from d1 to d21 

timepoints, P < 0.001; † = different from d 3 to d21 timepoints, P < 0.001).  Data for each plot 

are represented in each box by the 25th percentile, median, and 75th percentile, while whiskers are 

data within 1.5 times the interquartile range.  Black dots are outliers. 
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Figure 2.2. Plasma AGP concentration on d 3 postpartum is negatively associated with 

early lactation DMI.  

The reduction in DMI calculated over the interquartile range of d 3 plasma AGP concentration 

(222 to 488 µg/mL; Panel A) and the bivariate fit of d 3 AGP (µg/mL) and wk 1 DMI (Panel B). 

A) 

 

B)  
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Figure 2.3. Receiver operating characteristics curve for plasma AGP concentration on d 3 

predicting low DMI for wk 1. 

Receiver operating characteristics curve (jagged line) that shows the critical threshold 

(intersection with the solid line) for plasma AGP concentration on d 3 (480.9 µg/mL) predicting 

low DMI for wk 1 (AUC = 0.60). The critical threshold AGP concentration offered the optimal 

balance between sensitivity and specificity, determined based on greatest sum of calculated 

sensitivity + specificity. Low DMI was defined as wk 1 DMI less than 1 SD below the mean (< 

12.5 kg/d; n = 54). 
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 ABSTRACT 

An experiment was conducted to assess the effects of a novel and proprietary high-

protein corn product (56% crude protein; CP) relative to other common sources of protein on the 

lactation performance of dairy cows. Twenty-four Holstein cows (620 ± 47.7 kg of body weight, 

111 ± 34 d in milk, 2.28 ± 0.46 lactations; mean ± SD) were randomly assigned to treatment 

sequence in a replicated 4 × 4 Latin square design balanced for carryover effects. Cows were 

individually fed one of four diets with a different protein concentrate source during each 28-d 

period, including: soybean meal (SBM), high-protein corn product (HPCP), soybean meal with 

rumen-bypass soy protein (SBMBP), and canola meal with rumen-bypass soy protein (CANBP). 

Diets were formulated for equal concentrations of CP and balanced to meet predicted lysine and 

methionine requirements. The SBM diet was formulated to provide 5.7% rumen-undegradable 

protein (RUP), while SBMBP and CANBP diets were formulated for 6.8% RUP to match HPCP. 

Data were analyzed using mixed models with the fixed effects of treatment, period, square, the 

interactions of treatment and period, treatment and square, and the random effect of cow.  The 

CANBP diet increased dry matter intake compared with SBM and HPCP. Treatment affected 

milk yield, as SBMBP and CANBP increased yield compared with SBM, but HPCP decreased 

milk yield compared to all treatments. The HPCP diet reduced CP intake as a percent of total 

DMI and increased the CP content of orts indicative of selection against HPCP. The HPCP diet 

also decreased apparent total tract and CP digestibility, leading to less urine N excretion and 

greater fecal N output. The SBMBP and CANBP diets performed similarly in nearly every 

variable measured, except that SBMBP increased MUN. In conclusion, the HPCP diet reduced 

yield of milk and milk components likely because of reduced apparent total tract DM and CP 

digestibility.  
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 INTRODUCTION 

 Corn grain is a useful feed ingredient in lactating dairy cow diets, serving as a readily 

available energy substrate; however, it is low in CP (approximately 7%).  Through corn 

processing to produce value-added products - such as ethanol or corn sweeteners - the resulting 

co-products possess greater concentrations of protein, which have utility as protein sources for 

livestock (Loy and Lundy, 2019). 

 Corn wet-milling and bio-ethanol production are two common processes that generate 

high-protein corn byproducts (Loy and Lundy, 2019).  Wet-milling removes the carbohydrate 

component through various mechanisms, resulting in the production of corn gluten feed (25% 

CP) and corn gluten meal (60% CP; Loy and Lundy, 2019).  Gluten meal is a high-value product 

destined for feed ingredients in pet, poultry and swine diets, while corn gluten feed is primarily 

an ingredient for ruminant diets (Loy and Lundy, 2019).  Bio-ethanol production most 

commonly utilizes starch in grains for fermentation. The fermentation process results in spent 

grains known as distiller’s grains with solubles (DGS)  which have a CP concentration of 27 to 

31% CP (Belyea et al., 2004; Liu, 2011). Removal of fat from the DGS increases CP 

concentration marginally (34%; Wang et al., 2007; Morris et al., 2018), and removal of bran and 

germ components enhances the efficiency of ethanol production and increases the CP 

concentration to more than 40% (Corredor et al., 2006; Robinson et al., 2008).  Distiller’s grains 

have been fed to beef (Klopfenstein et al., 2008) and dairy (Kelzer et al., 2009; Schingoethe et 

al., 2009) cattle successfully as a protein source, and the inclusion has become more common as 

ethanol production grows.  

 More nascent technologies are being evaluated to further add value to DGS.  One concept 

uses sieving and elutriation to separate particles based upon size and density, increasing protein 
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concentration up to 40% (Srinivasan et al., 2005).  Distiller’s grains are an attractive feedstock 

for second-generation, fiber-based ethanol production because of its fiber content and ability to 

streamline production processes (White et al., 2008; Kim et al., 2010; Mikulski and Kłosowski, 

2018), producing a co-product of 34 to 50% CP (Kim et al., 2008; Lundy et al., 2015). Ability to 

cost-effectively integrate various technologies into existing production processes will ultimately 

determine their viability in the future, and the feed value of resulting co-products is critical.   

A new, proprietary high-protein corn product with 56% CP may be a novel option for 

lactating dairy cow diets.  With very limited data available on livestock feeding performance 

using this new technology, we chose to determine its utility for replacing commonly-fed protein 

sources in North America, such as soybean meal and canola meal, as has been done with other 

high-protein corn products (Nichols et al., 1998; Mulrooney et al., 2009; Christen et al., 2010).  

Care must be taken when feeding different protein sources, because not all protein sources have 

equal value due to differences in their AA profiles relative to the AA requirements of the animal. 

The two most limiting AA in the lactating dairy cow are typically considered to be lysine and 

methionine (NRC, 2001).  Lysine concentration as a percentage of CP is greatest in soybean 

meal and least in corn products, while methionine concentration is greatest in canola meal and 

least in soybean meal (Maxin et al., 2013). When diets are formulated for similar CP 

concentration, the lack of methionine or lysine may inhibit performance depending on diet 

characteristics  (Donkin et al., 1989; Nichols et al., 1998; Wang et al., 2010). Therefore, the 

objective of this experiment was to assess milk production and nitrogen digestibility responses of 

high-producing Holstein cows following replacement of common protein sources with a novel 

high-protein corn product, while maintaining consistent predicted supply of metabolizable 
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methionine and lysine across diets. We hypothesized that the novel high-protein corn product 

would perform similarly to other common protein sources fed in dairy diets. 

 

 MATERIALS AND METHODS 

 Animals, Design, and Diets 

 Twenty-four multiparous Holstein cows near peak lactation (111 ± 34 DIM, 2.3 ± 0.46 

lactations, mean ± SD) from the Kansas State University Dairy Teaching and Research Center 

were randomly assigned to treatment sequence using a random number sequence generator 

(Microsoft Excel, Microsoft Corporation, Redmond, WA) in a replicated 4 x 4 Latin Square 

design balanced for carryover effects. Power analysis conducted prior to study initiation 

determined 24 animals  were sufficient to detect a difference in mean milk yield of 2.7 kg/d (α = 

0.05, β = 0.16; Kononoff and Hanford, 2006). Cows were housed in a tie-stall barn. All 

experimental procedures were conducted with approval from the Institutional Animal Care and 

Use Committee at Kansas State University. Treatment periods were 28 d, with 25 d for diet 

adaptation and 3 d for sample collection. Feeding of treatments began in October 2018 and 

continued through January 2019. Cows were fed twice daily at 0600 and 1900 h and milked 3 

times daily at 0400, 1100 and 1800 h.   

Cows were individually fed 1 of 4 diets ad libitum with a different protein concentrate 

source during each 28-d period, including: soybean meal (SBM), high-protein corn product 

(HPCP; 56.1% CP), soybean meal with bypass protein (SBMBP) and canola meal with bypass 

protein (CANBP). Soybean meal and canola meal were chosen as treatments for comparison 

because they are typical protein sources fed on North American farms and can be used as a 

standard benchmark for comparison with the novel HPCP.  A base TMR was delivered to each 
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cow with treatment top-dressed and mixed by hand at each feeding. Diets were formulated (NDS 

Professional, RUM&N Sas, Reggio Emilia, Italy) to meet nutrient requirements of a 629-kg cow 

producing 52 kg/d milk with 3.6% fat and 3.1% protein. Diets were formulated for equal 

concentrations of CP and balanced to meet metabolizable lysine (79.5 g/d) and methionine (225 

g/d) requirements. Amino acid composition of the HPCP (Official Method 982.30; 

AOACInternational, 2016) is shown in Table 3.1, while library values were used for all other 

common feed ingredients (NRC, 2001). The SBM diet was formulated to provide 5.7% rumen-

undegradable protein (RUP), while SBMBP and CANBP diets were formulated for 6.8% RUP to 

match HPCP. The HPCP RUP was estimated in commercial laboratories with a combination of 

16 h incubation in situ (Calsamiglia and Stern, 1995) and in vitro (Ross et al., 2013), and 

intestinal digestibility was determined with the modifications of Ross et al. (2013).  The diets 

were formulated to provide equal concentrations of forage NDF and starch. Nutrient composition 

and ingredients are shown in Table 3.2. 

One cow was removed from the experiment during the second collection period due to 

hemorrhagic diarrhea and was subsequently replaced for the remaining two periods. Period 2 

data were not retained from this cow. Another cow was dried off in one quarter following an 

udder injury during period 3.  Data were analyzed both with and without her inclusion post-dry-

off, and it was determined that this did not impact evidence of significance for any treatment, so 

data were included in the final analysis. This resulted in analysis of data from 95 of 96 total 

collection period observations, with only 23 of 24 observations for the HPCP due to the removal 

of one cow during the collection period. 
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 Data and Sample Collection and Analysis 

 Feed offered and refused for each cow was recorded daily during the final 3 d of each 

treatment period.  Water intake was recorded daily.  Samples of the TMR, concentrate treatment 

mixes and individual feed ingredients were collected daily and composited over the collection 

period for analysis.  Feed refusals were frozen and later composited over the collection period for 

each cow and dried in a 55°C forced-air oven.  All feed samples were sent to Dairyland 

Laboratories, Inc. (Arcadia, WI) for nutrient analysis (Table 3.3) using wet chemistry. Dry 

matter was determined by drying at 60°C until moisture was less than 6%, and then 105°C for 3 

h (Shreve et al., 2006). Neutral detergent fiber was determined using an amylase treated method 

(method 2002.04; AOACInternational, 2016). Indigestible NDF was determined in fermentation 

flasks according to Goering and Van Soest (1970) after 240-h fermentation (Raffrenato et al., 

2018), and residual NDF determined as described above. Crude protein was determined by 

analysis for nitrogen with AOAC method 990.03 (2016) while ADICP was determined on grain 

treatments by collecting ADF residue on filter paper using (method 973.18; AOACInternational, 

2016) and analyzing for nitrogen to determine crude protein. Crude fat was determined with the 

use of diethyl ether on a Foss Soxtec 2047 (Foss North America, Eden Prairie, MN; AOAC 

method 920.39) and grain treatments containing calcium salts of fatty acids were subjected to an 

additional acid hydrolysis step using the SoxCap 2047 (Foss North America). Ash concentration 

was determined using AOAC method 942.05 (2016). Orts samples were analyzed for 240-h 

indigestible NDF and CP with the same methods.  

 Milk samples were collected at every milking during the collection period. Samples were 

analyzed for fat, true protein, lactose, and non-fat solids and MUN using infrared spectroscopy 

(Bentley FTS; Bentley Instruments, Inc., Chaska, MN), and somatic cells were counted using a 
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flow cytometer (Bentley FCM; Bentley Instruments, Inc.) at MQT Labs (Kansas City, MO). 

3.5% FCM was calculated as FCM = (milk kg × 0.432) + (fat kg × 16.216), and energy-corrected 

milk was calculated as ECM = (0.327 × milk kg) + (12.95 × fat kg) + (7.65 × protein kg). 

 Fecal grab samples were collected for determination of total tract digestibility every 9 h 

during the 3-d collection period to represent every 3 h over a 24-h period. Samples were frozen 

immediately and were later thawed and composited by cow on an equal volume basis and dried 

in a 55°C forced-air oven.  Dried samples were later ground through a 6 mm screen for analysis 

by Dairyland Labs, Inc. (Arcadia, WI).  Indigestible NDF was determined in fermentation flasks 

according to Goering and Van Soest (1970) after 240-h fermentation (Raffrenato et al., 2018), 

and residual NDF determined as outlined above. Crude protein was determined by analysis for 

nitrogen with AOAC method 990.03. Total tract digestibility was calculated using 240-h 

indigestible NDFom as an internal marker to estimate total fecal output, with digestibility 

determined by the ratio of nutrient concentration in the feces and diet consumed (Cochran and 

Galyean, 1994).  

 Urine samples were collected via vulva stimulation every 9 h during the 3-d collection 

period to represent every 3 h over a 24-h period. Urine was diluted 1:3 in 0.15 N H2SO4 to 

achieve pH < 2, and then frozen at -20°C.  After each collection period, samples were thawed 

and composited by cow and period on an equal volume basis. Urine was analyzed in duplicate 

for creatinine using alkaline picrate (Cayman Chemical, Ann Arbor, MI) and total urine output 

was estimated assuming a constant creatinine excretion rate of 29 mg/kg BW (Valadares et al., 

1999). Urine N concentration was determined in duplicate using a LECO TruMac N analyzer 

(LECO Corporation, St. Joseph, MO). Total daily urinary N excretion was calculated using the 

estimated volume of urine excretion from creatinine analysis.  
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 Cows were weighed individually on the initial 2 days of the study and during the final 2 d 

of each collection period to determine body weight change. Body condition score was recorded 

blindly for each cow by two trained investigators blinded to treatment at the initiation of the 

study and at the end of each period to determine body condition change. 

 

 Statistical Analysis 

 During period 1, some individual milk weight data were missing due to an equipment 

recording error. To account for missing data in an unbiased manner, milk yield, component yield 

and composition data were analyzed by individual milking over the 3-d collection period. Data 

were analyzed using JMP (version 13.0, SAS Institute, Cary, NC) according to the following 

statistical models. The model for milk production data was: 

Yijkln = µ + Ti + Pj + Sk + Ti×Pj + Ti×Sk + Ml(Pj) + Cn + Cn×Pj + eijkln, 

where µ is the overall treatment mean, Ti is the fixed effect of treatment (i = 1 to 4), Pj is the 

fixed effect of period (j = 1 to 4), Sk is the fixed effect of square (k = 1 to 6), Ti*Pj is the 

interaction of treatment and period, Ti*Sk is the interaction of treatment and square, Ml(Pj) is the 

random effect of milking time nested within period (l = 1 to 9), Cn is the random effect of cow (n 

= 1 to 24), Cn* Pj is the interaction of cow and period, and eijkln is the residual error.  

 The model for feed and water intake, feed efficiency, nitrogen balance and output, 

digestibility, body weight, and body condition score data was: 

Yijkn = µ + Ti + Pj + Sk + Ti*Pj + Ti*Sk + Cn + eijkn 

where µ is the overall treatment mean, Ti is the fixed effect of treatment (i = 1 to 4), Pj is the 

fixed effect of period (j = 1 to 4), Sk is the fixed effect of square (k = 1 to 6), Ti*Pj is the 
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interaction of treatment and period, Ti*Sk is the interaction of treatment and square, Cn is the 

random effect of cow (n = 1 to 24), and eijkln is the residual error.  

Best linear unbiased predictors for cow*period milk yields were utilized to determine 

daily means for FCM and milk N excretion to calculate feed efficiency and nitrogen balance. 

Denominator degrees of freedom were checked to verify the lack of pseudoreplication in all 

models. 

 Data were evaluated for normality, and data points with studentized residuals > 4 or < -4 

were considered outliers and removed from analysis.  Interactions for fixed effects with P > 0.20 

were removed from the model. Differences between treatments were declared significant when P 

< 0.05 according to Tukey’s HSD. 

 

 RESULTS 

 Dry matter intake 

Treatment affected DMI, with CANBP increasing DMI compared with SBM and HPCP 

(Table 3.4; P < 0.01), and HPCP increased orts CP concentration compared with all other 

treatments (Table 3.4; P < 0.001). These two factors altered N intake, as both SBMBP and 

CANBP increased N intake compared with HPCP (Table 3.4; P < 0.001). HPCP reduced CP 

intake as a proportion of total DMI compared with all other treatments (Table 3.4; P < 0.001). 

The HPCP and SBMBP diets increased water consumption relative to CANBP (Table 3.4; P < 

0.001).  
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 Milk yield and components 

Treatment affected milk yield (Table 3.5; P < 0.001), whereby cows fed SBM produced 

less milk than SBMBP and CANBP but more than HPCP. There was no evidence of differences 

in milk fat concentration (Table 3.5; P = 0.86) but diet affected milk fat yield (Table 3.5; P < 

0.001). CANBP increased milk fat yield compared with SBM and HPCP, and SBMBP increased 

fat yield compared with HPCP. The SBM diet increased milk protein concentration compared 

with HPCP (Table 3.5; P < 0.01) and HPCP decreased protein yield compared with all other 

treatments (Table 3.5; P < 0.01). There was no evidence of treatment effects on milk lactose 

concentration (Table 3.5; P = 0.59), but HPCP decreased lactose yield (P < 0.001). The SBM 

and SBMBP diets increased MUN compared with CANBP (Table 3.5; P < 0.01), but HPCP 

decreased MUN. There was no evidence of a treatment effect on SCC (Table 3.5; P = 0.41). 

Feeding HPCP reduced milk nitrogen secretion compared with all other treatments (Table 3.5; P 

< 0.001) 

Cows fed SBMBP and CANBP produced more FCM compared with SBM and HPCP 

(Table 3.5; P < 0.001). Treatment also affected ECM (Table 3.5; P < 0.001) whereby CANBP 

increased ECM yield compared with SBM and HPCP. Cows fed HPCP produced the least ECM. 

There was a tendency for a treatment effect on feed efficiency (FCM:DMI; Table 3.5; P = 0.06); 

SBMBP increased feed efficiency compared with HPCP (P < 0.05, Tukey’s HSD). 

 

 Digestibility and N balance 

CANBP increased urinary N concentration compared with HPCP (Table 3.6; P < 0.01). 

There was no evidence of a treatment effect on urine output (Table 3.6; P = 0.15); however, 

HPCP reduced urinary N excretion compared with SBM and CANBP (Table 3.6, P = 0.02). 
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When compared with SBMBP and CANBP, SBM reduced fecal N concentration and 

HPCP increased fecal N concentration (Table 3.6; P < 0.001). There was a significant F-test for 

fecal DM output (P = 0.04); however, the conservative Tukey’s HSD did not identify any 

significant contrast among treatments. Cows fed HPCP excreted more N than all other treatments 

(Table 3.6; P < 0.001) and SBM decreased N excretion compared with CANBP.  

The HPCP diet reduced total tract DM digestibility compared with all other treatments 

(Table 3.6; P < 0.001). Treatment also affected apparent total tract N digestibility, whereby 

CANBP reduced digestibility compared with SBM, but increased digestibility compared with 

HPCP (Table 3.6; P < 0.001). There was no evidence of a treatment effect on N balance (Table 

3.6; P = 0.65), body weight change (P < 0.89) nor BCS change (P < 0.19).  

 

 Treatment nutrient profile 

 Post-hoc analysis of top-dress premixes was carried out to confirm that formulated 

nutrient profiles were achieved and to evaluate whether Maillard product formation may have 

contributed to HPCP responses. The results revealed a dramatically greater concentration of 

ADICP in the HPCP mix (7.9%) compared with all other treatments (1.0% or less; data not 

shown). 

 

 DISCUSSION 

 The reduction of milk production of cows fed the HPCP diet appears to result 

from two issues: first through the reduction of CP intake and secondly through the reduction in 

apparent total tract CP digestibility. The cows fed HPCP had greater orts CP concentration and 

lower CP intake as a percentage of total DMI compared with the other treatments, suggesting 
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they sorted against the HPCP. While most mature dairy cattle sort during lactation to obtain a 

more energy dense diet (Miller-Cushon and DeVries, 2017), instances arise where cattle sort 

against protein concentrate sources due to palatability (Lardy and Kerley, 1994). It may be that 

the production of HPCP imparted a flavor or odor prompting the cows to select against the 

HPCP, since corn coproducts are typically highly palatable (Klopfenstein et al., 2008).   

 The bypass protein was added to the SBMBP and CANBP diets in this study to assess the 

HPCP on an equal-RUP basis, which was not possible with the SBM diet alone.  In the present 

study, the HPCP decreased total tract apparent N digestibility and urinary N excretion, and 

increased fecal N excretion compared with the other treatments.  In other studies, increasing 

RUP decreased apparent CP digestibility in mid-lactation cows, and cows fed diets with greater 

RUP had reduced urinary N excretion and elevated fecal N excretion despite similar N intake 

(Brito and Broderick, 2007).  This suggests that the ruminal digestibility of the HPCP in our 

study was perhaps less than anticipated, leading to the greater fecal N excretion and lesser 

urinary N excretion.  The results from Brito and Broderick (2007) suggest that the lesser fecal N 

excretion of the SBM diet compared with all other treatments was likely due to the lesser RUP 

content of that diet.  Additionally, Noftsger and St-Pierre (2003) reported a decrease in milk 

production from cows fed less digestible RUP sources at the same dietary CP concentration, 

which aligns with the lesser milk production of HPCP compared with the other treatments in this 

study.  

 One explanation for the reduction in digestibility of CP that led to reduced milk 

production for HPCP compared with other treatments may be the formation of Maillard products 

while drying.  Excessive heating of feed products is known to increase acid-detergent insoluble 

crude protein (ADICP) concentrations in distiller’s grains, which is positively correlated with 
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fecal N concentration (van Soest and Mason, 1991). Previous HPCP protein digestibility analysis 

provided by the suppliers using in situ (Ross et al., 2013) and in vitro (Krishnamoorthy et al., 

1983) methods conducted in commercial laboratories reported 52.9% RUP.  ADICP content was 

unknown.  Nonetheless, post-hoc analysis of the protein source top-dresses in the present study 

clearly demonstrated elevated ADICP for the HPCP top-dress.  The HPCP top dress was 7.9% 

ADICP, whereas the other top dress protein treatments were less than 1.0% ADICP (data not 

shown).  This coincides with the high fecal N excretion for those cows and the dark color of the 

product (Figure 1) consistent with Maillard product formation (Urriola et al., 2013). Similarly, 

bench-top production of a high-protein corn product during the initial concept development of 

cellulosic ethanol fermentation using distillers’ grains resulted in heat damage and decreased 

lysine and methionine concentration compared with protein from distillers’ grains (Kim et al., 

2008). Traditional heating and cooking of the grain before the dry-milling process for ethanol 

production resulted in similar RUP concentrations (55%) as a high-protein DGS from 

fractionation of corn prior to the fermentation process, but the high-protein DGS had greater total 

tract digestibility (Kelzer et al., 2010).  In contrast, a high-protein corn product (39.1%) from 

cellulosic fermentation of distillers’ grains decreased DM and OM digestibility compared with 

traditional distillers’ grains (34.1% CP; Lundy et al., 2015).  It is unclear if the reduction in 

protein availability for HPCP is due to the drying process for long-term storage or another 

upstream process, so further investigation into those processes are warranted before determining 

if HPCP in this study is a feasible protein supplement for lactating dairy cows.  

Milk protein concentration in this study was greater for cows fed SBM vs. HPCP. Milk 

protein concentration of milk is not driven by dietary CP concentration (NRC, 2001; Olmos 

Colmenero and Broderick, 2006a), but rather milk protein content increases as metabolizable 
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essential AA supply increases, at least until requirements are met (NRC, 2001). In the present 

study, dietary CP concentration was the same across diets and all were formulated to meet lysine 

and methionine requirements using synthetic rumen-protected AA. The reduction in milk protein 

content of cows fed HPCP compared with SBM points to decreased protein quality in HPCP, 

especially considering the lower RUP concentration for SBM. 

 The supply of metabolizable protein to the cow is important for maximizing milk 

production, and the SBMBP and CANBP diets increased milk yield and fat-corrected milk yield 

compared with SBM.  Similar results have been noted by others who have increased RUP 

content in the diet (Zanton et al., 2013), although the work of Zanton et al. (2013) did not 

influence DMI despite the increase in milk yield, in contrast with our study.  Additionally, 

Broderick et al. (2009) fed greater RUP concentration, which increased fat-corrected milk 

through increased milk fat concentration despite no difference in milk yield or DMI.  

Maintaining the correct balance of rumen-degradable protein and RUP is important to maximize 

microbial protein yield to achieve optimum milk production (Santos et al., 1998), which may 

explain a lack of effect of increasing RUP at constant CP concentration on milk yield in other 

instances (Olmos Colmenero and Broderick, 2006b).  The SBM diet was formulated to meet the 

Met and Lys requirements of the cow, but total MP supply was still only 95% of the requirement 

(data not shown), indicating that there may have been a lack of metabolizable protein to achieve 

the milk production of the SBMBP and CANBP diets where the cow’s MP requirements were 

met.   

Many studies have been conducted evaluating canola meal supplementation compared 

with soybean meal.  Results have largely indicated similar performance (Sanchez and Claypool, 

1983; Oba et al., 2010; Paula et al., 2018) or an increase in DMI and milk production in cows fed 
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canola meal (Broderick et al., 2015; Gidlund et al., 2015).  In this study, SBMBP and CANBP 

resulted in similar DMI, milk production, FCM and milk component yields and nitrogen 

excretion.  The only difference arose in MUN concentration, which was greater for SBMBP than 

CANBP, corresponding with the data of Maxin et al. (2013), Martineau et al. (2014), and Paula 

et al. (2018). The meta-analysis by Martineau and others (2014) noted that concentrations of 

blood AA, including essential and branched-chain AA, increase with canola meal 

supplementation. While we did not measure blood AA concentrations in this study, other work 

has demonstrated that the combination of methionine, lysine, and branched-chain AA infusion 

decreased MUN without altering N efficiency (Appuhamy et al., 2011), suggesting that the 

canola meal in our study may have been utilized more extensively for protein synthesis. This 

work, combined with previous evidence mentioned above, reinforces the importance and 

interchangeability of these protein sources in dairy diets as market conditions fluctuate. 

 Increasing diet complexity by incorporating feeds from different plant sources may 

provide a more complete amino acid profile for the animal to enhance production.  Weiss (2019) 

fed an only corn-based diet or a diet with other forage and protein concentrate types, and noted 

reduced milk production despite methionine and lysine supplementation and a similar RUP 

concentration suggesting AA other than Met and Lys may have been limiting.  In contrast, 

adding additional protein supplement types to the diet compared with a corn-based diet including 

distiller’s grains as a protein source did not enhance performance in different study (Liu et al., 

2000).  In the present study, the SBMBP and CANBP had more variety of ingredients than the 

mostly corn-based HPCP.  An additional limiting AA from a single feed source may have also 

contributed minorly to the reduced milk yield; however, the poor digestibility of the HPCP 

compared with the other treatments likely remains the primary cause.  
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The production process for the HPCP is proprietary; nonetheless, it is worthwhile to 

compare performance of this product with that of other high-protein corn products.  In contrast to 

the present study, feeding a high-protein, corn-based DDGS resulting from fractionation prior to 

fermentation that was approximately 44% CP and 3.4% fat failed to elicit a response in DMI, 

milk yield, ECM yield (Kelzer et al., 2009; Christen et al., 2010) or FCM yield (Kelzer et al., 

2009).  In the case of Hubbard et al. (2009), a high-protein corn product increased milk and FCM 

yields, and a high-protein distillers’ grain corn product decreased milk protein concentration in 

another case (Kelzer et al., 2009).  Reduced-fat distillers grains maintained (Castillo-Lopez et al., 

2014; Morris et al., 2018) or increased milk yield (Ramirez-Ramirez et al., 2016), but decreased 

3.5% FCM, fat, and protein yields in a more recent study (Morris et al., 2018).  Cows fed a diet 

with corn gluten meal as the primary protein source, compared with soybean meal, produced 

similar quantities of milk and FCM but produced less milk protein in early lactation (Wohlt et 

al., 1991).  Beef cattle fed a high-protein corn product (39.1% CP) from secondary cellulosic 

ethanol fermentation of DGS had similar outcomes relative to a traditional DDGS (34.1% CP) 

for final body weight and hot carcass weight, but it decreased backfat thickness (Lundy et al., 

2015).  Chemical composition of various high-protein corn products fed to livestock is 

summarized in Table 3.7 for comparison purposes. 

 Investigations into the ruminal degradation parameters of high-protein corn products have 

demonstrated variable results.  A high-protein distillers’ grain product from corn fractionation 

increased the RUP content of the supplement compared with both soybean meal and canola meal 

(Maxin et al., 2013), but there was no evidence of differences in total-tract digestibility of DM, 

NDF, or CP in the study of Kelzer et al. (2009), in contrast to the present study.  When 

evaluating ruminal fermentation profiles, the only effect of a high protein corn product was a 
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decrease of ruminal acetate concentration compared with soybean meal (Kelzer et al., 2009) or a 

decrease in isobutyrate concentration (Christen et al., 2010).  Ruminal ammonia concentration 

was not effected in either instance, suggesting similar crude protein degradability (Kelzer et al., 

2009; Christen et al., 2010).  Corn gluten meal has lesser ruminal degradability compared with 

soybean meal (Koeln and Paterson, 1986; Annexstad et al., 1987). While ruminal fermentation 

profiles were not obtained in this study, the total tract digestibility of the HPCP was clearly 

decreased, as indicated by the increase in fecal N excretion and decrease in urine N excretion, 

and ruminal degradability was most likely decreased as well. 

 

 CONCLUSIONS 

 Cows fed the HPCP diet produced less milk and milk components. Cows fed HPCP 

consumed less CP and had lower apparent total tract and CP digestibility, suggesting the 

production process may have resulted in Maillard production formation, measured as ADICP. 

The SBMBP and CANBP diets performed similarly when balanced for methionine and lysine 

supply, supporting previous data demonstrating canola meal as a valuable substitute for soybean 

mean. Further efforts to improve protein quality from this HPCP are warranted. 
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 TABLES 

Table 0.1. Amino acid profile of a proprietary high-protein corn product fed to lactating 

Holstein cows  

 

  

Item HPCP1 

Crude Protein, % 56.1 

Amino acid, g/kg of DM  

Ala 31.7 

Arg 12.9 

Asp 27.6 

Glu 67.5 

His 9.1 

Ile 17.7 

Lys 8.7 

Met 8.4 

Phe 20.9 

Pro 33.2 

Ser 18.2 

Thr 16.0 

Tyr 18.3 

Val 21.9 
1HPCP = high-protein corn product 
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Table 0.2. Ingredients and nutrient composition of experimental diets fed to lactating 

Holstein cows supplemented with a protein source from either soybean meal (SBM), a high-

protein corn product (HPCP), soybean meal with bypass protein (SBMBP) or canola meal 

with bypass protein (CANBP) 

 

 Diet1 

Item, % of DM SBM HPCP SBMBP CANBP 

Dietary ingredients     

     Corn silage  34.5 34.5 34.5 34.5 

     Alfalfa hay 19.5 19.5 19.5 19.5 

     Soybean meal, 47.5% solvent extracted 10.7 … 3.9 … 

     High protein corn product2 … 9.4 … … 

     Canola meal, 37% solvent extracted … … … 8.9 

     Expeller soybean meal3 … … 8.0 4.7 

     Ground corn grain 22.6 22.6 22.6 22.6 

     Soybean hulls 7.8 8.8 6.8 5.0 

     Ca salts of long chain fatty acids4 0.75 0.75 0.75 0.75 

     Lysine hydrochloride5  0.32 0.68 0.11 0.26 

     HMBi6 0.24 0.17 0.17 0.15 

     Micronutrient premix7 3.6 3.7 3.6 3.6 

     

Diet nutrient composition     

Dry matter, % as-fed 52.8 52.6 52.9 52.9 

Crude protein 16.8 16.8 16.8 16.8 

aNDFom 30.2 30.3 30.0 30.3 

Starch 22.5 22.7 22.6 22.7 

Ether extract 4.3 4.9 4.5 4.7 

Ash 8.2 8.1 8.2 8.3 
1SBM = soybean meal; HPCP = high-protein corn product; SBMBP = soybean meal + bypass 

protein; CANBP = canola meal + bypass protein 
2Proprietary high-protein corn product 
3SoyPlus (Landus Cooperative, Ames, IA). 
4Megalac-R (Arm & Hammer Animal Nutrition, Princeton, NJ). 
5Lysine hydrochloride, lecithin and hydrogenated vegetable oil, AjiPro-L (Ajinimoto Animal 

Nutrition North America, Chicago, IL). 
6Isopropyl ester of 2-hydroxy-4-methylthio butanoic acid, MetaSmart (Adisseo Inc., Antony, 

France). 
7The premix consists of 30.5% limestone, 20.8% sodium bicarbonate, 30.5% Kruse lactation 

premix, 4.40% trace mineral salt, 4.42% white salt, 7.08% Magnesium oxide, 4.42% vitamin E 

premix, 0.69% Zinpro 4-plex, 0.35% Zinpro 120, and 0.19% Rumensin 90. 
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Table 0.3. Nutrient composition of major feed ingredients fed to lactating Holstein cows.  

 

 Feed ingredient1 

Component, % of DM Corn silage Alfalfa hay Grain mix SBM2 HPCP2 SBMBP2 CANBP2 

Dry matter, % as-fed 29.1 92.7 90.6 91.7 87.5 92.4 92.1 

Crude protein 9.3 23.6 9.3 36.1 35.8 35.6 35.7 

aNDFom 47.0 33.5 16.3 16.5 17.1 15.7 17.1 

Starch 16.6 2.3 49.5 12.8 13.6 13.5 13.9 

Ether extract3 4.2 2.2 3.9 7.7 10.9 8.9 9.7 

Ash 5.9 10.1 10.5 6.8 6.1 6.5 7.4 
1SBM = soybean meal topdress; HPCP = high-protein corn product topdress; SBMBP = soybean meal + bypass protein topdress; 

CANBP = canola meal + bypass protein topdress 
2Protein topdress treatments included 16.4% dry ground corn, 4.3% calcium salts of long-chain fatty acids, soy hulls, AjiPro-L, and 

MetaSmart 
3Protein top-dress treatments were subjected to an additional acid hydrolysis step due to inclusion of calcium salts of fatty acids 
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Table 0.4. Dry matter and water intake of lactating Holstein cows supplemented with a protein source consisting or soybean 

meal (SBM), a high-protein corn product (HPCP), soybean meal with bypass protein (SBMBP), or canola meal with bypass 

protein (CANBP) 

 

 Diet1   

Item SBM HPCP SBMBP CANBP SEM P-value 

DMI, kg/d 27.6b 27.3b 28.1ab 28.9a 0.46 <0.01 

Orts CP, % 15.5b 18.8a 14.6b 15.0b 0.37 <0.001 

N intake, g/d 753ab 722b 762a 783a 12.7 <0.001 

CP intake, % of Total DMI 17.0a 16.5b 17.0a 16.9a 0.04 <0.001 

       

Water intake, L/d 108.5ab 110.4a 111.9a 102.8b 3.0 <0.001 
1SBM = soybean meal; HPCP = high-protein corn product; SBMBP = soybean meal + bypass protein; CANBP = canola meal + 

bypass protein 
abcMeans with different superscripts within a row are significantly different by Tukey’s HSD (P < 0.05) 
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Table 0.5. Production of milk, milk components, and milk nitrogen excretion of lactating Holstein cows supplemented with a 

protein source consisting of soybean meal (SBM), a high-protein corn product (HPCP), soybean meal with bypass protein 

(SBMBP) or canola meal with bypass protein (CANBP) 

 

 Diet1   

Item SBM HPCP SBMBP CANBP SEM P-value 

Milk, kg/d 39.9b 37.4c 42.0a 42.4a 1.79 <0.001 

       

Fat, % 3.86 3.91 3.88 3.87 0.10 0.86 

Protein, % 3.08a 3.00b 3.03ab 3.04ab 0.04 <0.01 

Lactose, % 4.81 4.84 4.84 4.84 0.03 0.59 

MUN, mg/dL 11.7a 10.0c 11.6a 10.8b 0.34 <0.01 

SCC2, 1,000 cells/mL 41.7 39.8 33.1 38.0 1.23 0.28 

       

Fat, kg/d 1.50bc 1.44c 1.58ab 1.61a 0.05 <0.001 

Protein, kg/d 1.21a 1.12b 1.27a 1.28a 0.05 <0.001 

Lactose, kg/d 1.92b 1.80c 2.04a 2.06a 0.08 <0.001 

Solids non-fat, kg/d 3.41b 3.17c 3.58ab 3.62a 0.15 <0.001 

Fat-corrected milk, kg/d 41.5b 39.4b 43.8a 44.4a 1.50 <0.001 

Energy-corrected milk, kg/d 41.7b 39.3c 43.9ab 44.4a 1.54 <0.001 

Feed efficiency, kg FCM/kg DMI 1.52ab 1.49b 1.56a 1.52ab 0.03 0.06 

       

Milk nitrogen secretion, g/d 198a 180b 204a 207a 8.2 <0.001 
1SBM = soybean meal; HPCP = high-protein corn product; SBMBP = soybean meal + bypass protein; CANBP = canola meal + 

bypass protein 
2Data were log10-transformed for analysis and means were reverse-transformed 
abcMeans with different superscripts within a row are significantly different by Tukey’s HSD (P < 0.05) 
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Table 0.6. Urine and feces nitrogen excretion, whole-body nitrogen balance, apparent total tract DM and CP digestibility, and 

body weight and body condition score change of lactating Holstein cows supplemented with protein source consisting of 

soybean meal (SBM), a high-protein corn product (HPCP), soybean meal with bypass protein (SBMBP), or canola meal with 

bypass protein (CANBP) 

 

 Diet1   

Item SBM HPCP SBMBP CANBP SEM P-value 

Urine N, % 0.70ab 0.63b 0.69ab 0.76a 0.03 <0.01 

Urine output, L/d2 49.4 40.9 45.0 44.9 2.56 0.15 

Urine N excretion, g/d 348a 255b 308ab 338a 23.9 0.02 

       

Fecal N, % DM 2.7c 3.1a 2.8b 2.8b 0.02 <0.001 

Fecal output, kg DM/d3 9.8a 10.2a 9.8a 10.4a 0.22 0.04 

Fecal N excretion, g/d 264c 313a 270bc 287b 6.8 <0.001 

       

N balance4, g/d -56 -29 -22 -53 25.1 0.65 

       

Apparent total tract DM digestibility5, % 64.7a 62.8b 65.2a 64.2a 0.34 <0.001 

Apparent total tract N digestibility6, % 65.1a 56.5c 64.6ab 63.4b 0.47 <0.001 

       

Body weight change, kg/28 d 17.9 14.4 17.0 17.2 3.11 0.89 

BCS change, units/28 d 0.03 0.01 0.07 0.11 0.04 0.19 
1SBM = soybean meal; HPCP = high-protein corn product; SBMBP = soybean meal + bypass protein; CANBP = canola meal + 

bypass protein 
2Estimated assuming a constant creatinine excretion rate of 29 mg/kg BW (Valadares et al., 1999) 
3Estimated using 240-h indigestible NDF as an internal marker (Cochran and Galyean, 1994) 
4Nitrogen balance = nitrogen intake – (milk nitrogen + urine nitrogen + fecal nitrogen) 
5Apparent total tract digestibility = 100 – 100 x (g fecal DM ÷ g DM consumed); (Cochran and Galyean, 1994) 
6Apparent total tract N digestibility = 100 – 100 x (g fecal N ÷ g N consumed); (Cochran and Galyean, 1994) 
abcMeans with different superscripts within a row are significantly different by Tukey’s HSD (P < 0.05) 
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Table 0.7.  Composition of high-protein corn products reported in the literature for comparison to the current novel and 

proprietary product utilized in this experiment. 

 

  Nutrient analysis (% of DM)  

Source CP ADICP NDF ADF Starch EE 

HPCP (this study) 56.1 - 4.0 3.3 2.6 1.6 

Corn gluten meal       

Wohlt et al., 1991 66.6 - - - - 0.7 

Wohlt et al., 1991 51.8 - - - - 1.8 

Holter et al., 1992 66.8 - 14.5 8.3 - 1.2 

High-protein distillers’ grains       

Hubbard et al., 2009 46.1 - 26.4 15.6 - 4.6 

Kelzer et al., 2009 46.1 4.1 26.4 15.6 9.1 4.6 

Reduced fat distillers’ grains       

Morris et al., 2018 34.4 - 27.5 12.3 - 7.4 

Ramirez-Ramirez et al., 2016 31.5 - 37.7 11.0 6.7 6.6 

Secondary fermentation of distillers’ grains       

Lundy et al., 2015 39.1 - 32.7 15.2 1.6 7.3 
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 FIGURES 

Figure 0.1.  Proprietary high-protein corn product fed to lactating Holstein cows as the sole 

protein concentrate source in the present study demonstrating a dark color indicative of 

Maillard product formation. 
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 ABSTRACT 

Round hay balers with knives that cut the hay as it enters the baling chamber reduce the particle 

size upon baling and eliminating the need for a tub-grinder. The objective of this study was to 

evaluate the effects of a round hay baler with knives on forage quality of alfalfa hay at baling and 

after storage, and the effects of processing method on nutrient composition and particle size 

distribution. Alfalfa hay was baled (560 M Megawide HC2, John Deere, Moline, IL) with knives 

every 10.2 cm (CUT; theoretical length of cut) or without knives (NORM). At baling and after 6 

mo storage uncovered, bales were weighed, measured and 10 core samples obtained for nutrient 

analysis. Cores were separated into outer 15 cm and inner 15 to 46-cm segments to determine 

depth of spoilage. After storage, particle size was reduced to approximately 10 cm using a mixer 

wagon for CUT (CUT-MIX) or a tub grinder for NORM (NORM-GRIND). Grinding time, 

grinding shrink and post-processing factors were analyzed as a completely randomized design.  

Bale dimensions, weight, density, and post-processing factors were analyzed as a split-plot 

design, while pre-processing nutrient analysis was analyzed as a split-split-plot design with 

treatment as the whole plot, storage period as the sub-plot, and core depth as the sub-sub-plot. 

Compared with NORM, CUT increased bale weight and density (P<0.001). Core depth 

interacted with storage timepoint whereby ADF concentration increased more for outer than 

inner cores from baling to the end of storage (P<0.01), with similar effects for lignin (P<0.001) 

and 240-h uNDF (P=0.01). Compared with NORM, CUT increased concentrations of aNDFom, 

ADF and lignin (P<0.01), and decreased RFQ (P=0.02). The CUT-MIX treatment increased 

time to reduce particle size (P<0.001), but decreased processing shrink by 6.1% (P<0.001) 

compared with NORM-GRIND. Additionally, when compared with NORM-GRIND, CUT-MIX 

increased fiber content and decreased fiber digestibility, which may have been due to sampling 
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error from longer particle size.  In summary, CUT produced larger, more dense bales and 

increased fiber content slightly, and CUT-MIX decreased processing shrink but increased fiber 

content with more longer particles after processing, which could be advantageous for physically 

effective fiber in ruminant diets.  Further work should continue to evaluate leaf loss during 

baling and options for processing and incorporating pre-cut hay into diets.   

 

Key words: density, shrink, round bale, particle size, grinding 

 

Abbreviations: CUT, bales from cut treatment; NORM, bales from normal treatment; CUT-MIX, 

CUT bales combined with processing in a mixer wagon; NORM-GRIND, NORM bales 

combined with processing in a tub-grinder; DM, dry matter; ADF, acid detergent fiber; NDF, 

neutral detergent fiber; NDFom, neutral detergent fiber of organic matter; NDFD, neutral 

detergent fiber digestibility; uNDF, undigested neutral detergent fiber; RFV, relative forage 

value; RFQ, relative forage quality; TTNDFD, total tract neutral detergent fiber digestibility; CP, 

crude protein; IVDMD, in vitro dry matter digestibility; ADICP, acid-detergent insoluble crude 

protein 
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 INTRODUCTION 

 The use of round hay bales in livestock feeding in North America is common, either 

through animals eating directly from the bale or caretakers incorporating hay into mixed diets 

delivered to the animals.  If hay from round bales is to be incorporated into diets and delivered to 

animals, it must be disassembled to facilitate ease of mixing and to reduce particle size 

(Heinrichs et al., 1999) for stimulation of feed intake in high forage diets limited by gut fill 

(Jaster and Murphy, 1983; Kononoff and Heinrichs, 2003).  A common method for round bale 

disassembly is the use of tub grinders which rapidly break down the bale and reduces hay 

particle size.  While this method is relatively quick and effective, there are several drawbacks.  

First, a large amount of shrink occurs as high-value components of the feed drift away as small 

fragments into the environment, especially on windy days.  Secondly, the ground hay typically is 

stored outdoors and exposed to moisture and wind for extended periods of time until it can be 

fed, with estimated losses incurred up to 20% (Kertz, 1998).  Finally, the use of a tub-grinder 

requires specialized equipment, either purchased or contracted, creating an additional expense 

per ton of feed offered to the animal.  The energy requirements of grinding also increase energy 

costs to reduce particle size.   

 Round hay balers with vertical knives reduce the particle size of hay before entering the 

baling chamber, which potentially eliminates the need for tub grinders to break apart round bales 

before incorporation into animal diets (Shinners, 2003).  Hay produced in this manner is widely 

referred to as precut or presliced hay and provides unique feed management possibilities to 

protect forage losses during preparation for mixed ration delivery.  While precut hay baler 

models have been available from various equipment manufacturers for over two decades, little 

peer-reviewed data is available on forage produced in this manner.  The data that is available 
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focuses on animal feeding behavior and production performance  (Hoffman et al., 2006; Loya-

Olguin et al., 2008; Müller, 2009), forage quality and  fermentation of wrapped precut hay bales 

(Borreani and Tabacco, 2006; Müller, 2009), and bale characteristics and power requirements for 

bale production (Tremblay et al., 1997). 

 There are a number of factors related to hay harvest and storage that contribute to hay 

quality.  Harvest of alfalfa hay requires special consideration for retaining the leaf portion of the 

plant to prevent nutrient loss at multiple stages.  Dry matter loss can be influenced by mower 

conditioner type and settings (Greenlees et al., 1999; Koegel et al., 1985), raking (Shearer et al., 

1992), moisture content (Buckmaster, 1993) and baler type (Koegel et al., 1985).  Furthermore, 

hay storage is estimated to be the greatest source of loss on the farm (Buckmaster et al., 1990), 

and storing bales under cover prevents DM loss (R L Belyea et al., 1985).  Increasing density of 

wet hay at baling increases DM loss (Coblentz et al., 1996), but greater density in appropriately 

dried hay prevents moisture penetration and outer layer spoilage of hay stored outside (Russell et 

al., 1990).  Precutting bales may alter several haying factors, such as leaf loss at baling or bale 

density, and therefore it may have effects on forage quality. 

 In hay production an estimated DM loss of 25% may occur between harvest and feeding 

(Buckmaster et al., 1990), so maximizing nutrient retention from harvest to feed delivery is 

critical ensure the nutritional requirements of the animal are met cost effectively.  Considering 

the nutrient loss that occurs from harvest through feeding of round hay bales and the possibility 

that precutting bales may eliminate the need for tub-grinding, the objectives of this study were to 

1) assess the effect of precutting alfalfa hay on forage quality at baling and after storage, and 2) 

determine the effects of  post-storage processing method determined by bale production system 

on forage quality.  We hypothesized that precutting alfalfa hay would have minimal impacts on 
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forage quality at baling and through storage, and that precut bales would retain more nutrients 

during processing with a mixer wagon due to less leaf loss to the environment compared with 

grinding bales. 

 

 MATERIALS AND METHODS 

 Experimental design and bale measurements 

 This trial was conducted on four farms in South Central Nebraska in the summer and 

winter of 2019 as a split-split-plot design.  A John Deere 560 M Megawide HC2 (John Deere 

Corporation, Moline, IL) was used to produce round alfalfa bales of either first or second cutting, 

with two farms for each cutting.  Bales were produced using vertical knives spaced 10.2 cm apart 

between the pickup and the baling chamber (CUT) or with the knives retracted to produce a 

normal bale (NORM) and each treatment was applied to alternate bales as the baler moved 

through the field.  Knives were not present on the outer 15 cm of the baler to preserve bale 

stability.  There were 6 bales of each treatment produced on each farm for a total of 48 bales.  

Time to bale and wrap each bale was recorded.  Before bales were moved, 4 diameter 

measurements were recorded for each end of the bale and 4 length measurements were recorded 

on each side.  The diameter and length measurements were averaged, respectively, to calculate 

bale volume.  Bales were weighed individually and stored uncovered in rows for 5 to 6 months.  

Bale measurements and weights were recorded again after storage.   

 

 Forage sampling and nutrient analysis 

 Core samples were obtained from each bale at baling and after storage.  Ten core samples 

were obtained randomly from the sides of each bale before and after storage using a 46-cm hay 
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probe (Nasco, Ft. Atkinson, WI).  Core samples were split into sections representing the outer 15 

cm of the core, and the inner 15 to 46 cm of the core. Core depth sections from 2 bales of the 

same treatment at each farm were composited into one sample for analysis.  All samples were 

ground through a 1 mm screen and analyzed for chemical composition using near infrared 

spectroscopy (NIR; Rock River Laboratory, Inc., Watertown, WI), which was calibrated using 

historical samples also analyzed with wet-chemistry methods in the same laboratory.  The total 

tract neutral detergent fiber digestibility (TTNDFD) was calculated using standardized in vitro 

neutral detergent fiber (NDF) digestion measures (Goeser et al., 2009) for 24, 30 and 48 h, 240-h 

undigested NDF (uNDF) according to Lopes et al. (2015).  Relative feed value (RFV) was 

calculated according to the equation: RFV = (digestible dry matter * dry matter intake)/1.29.  

Relative forage quality (RFQ) was calculated according to the equation: (dry matter intake, % of 

body weight)*(total digestible nutrients, % of body weight)/1.23.  

 

 Bale processing 

 After post-storage core samples and measurements were obtained, bales were subjected 

to different particle size reduction strategies based upon baling treatment.  The NORM bales 

were ground individually in a tub-grinder with a 10 to 15 cm screen and ground hay was 

deposited directly into a twin-screw mixer wagon (NORM-GRIND; XLRation 2580, Helm 

Welding Limited, Lucknow, Ontario).  Time to grind the entire bale was recorded.  About 10% 

of each bale would not feed through the grinder, so the residual was subsequently dumped and 

added to the mixer wagon.  Weight of the hay recovered in the mixer wagon was recorded on the 

wagon scales.  The CUT bales were individually placed in the mixer wagon and mixed until the 

long particles were approximately the same length as the longest particles for NORM-GRIND 
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(approximately 10 cm; CUT-MIX).  Time to reduce the particle size to the desired length in the 

mixer wagon was recorded and the weight was recorded on the wagon scales.  The net wrap was 

left on each bale during processing.  

 After particle size reduction, the wagon was used to deposit each bale in a windrow 

approximately 15 m in length.  Next, 2 sets of 12 subsamples were obtained from each windrow 

using a small hand scoop (Weiss et al., 2016) for nutrient analysis and determination of particle 

size distribution.  The subsamples were taken alternately from the top, middle, and bottom of 

each windrow to account for variation of density among different particle sizes.  For each set of 

subsamples, nutrient composition was determined using NIR and particle size distribution was 

determined twice using a Penn State Particle Size Separator with 3 sieves (19, 8 and 4-mm) and a 

bottom pan (Nasco, Ft. Atkinson, WI; Heinrichs, 2007).  Contents of each sieve were dried in a 

55° forced-air oven to determine dry matter content for each sieve.   

 

 Statistical analysis 

 Data were analyzed using JMP Pro (version 14.0, SAS Institute, Cary, NC) according to 

the following statistical models.  Significant differences were declared at P<0.05 and tendencies 

were declared at P<0.10.  The data for core sample nutrient analysis was analyzed as a split-split-

plot design.  The model for nutrient composition of bale core samples prior to processing was: 

Yijklm = µ + Ti + Sj + Ck + (T*S)ij + (T*C)ik + (S*C)jk + (T*S*C)ijk + Fl + Bm(Fl) + (B*T)mi(Fl) + 

(B*S)mj(F*T)li + eijklm 

where Ti is the fixed effect of treatment (i = 1 to 2), Sj is the fixed effect of point of time in 

storage (j = 1 to 2), Ck is the fixed effect of core depth (k = 1 to 2), Ti*Sj is the interaction of 

treatment and point of time in storage, (T*C)ik is the interaction of treatment and core depth, 
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(S*C)jk is the interaction of point of time in storage and core depth, (T*S*C)ijk is the three-way 

interaction of treatment, point of time in storage, and core depth, Fl is the random effect of farm 

(l = 1 to 4), Bm(Fl) is the random effect of bale composite nested within farm (m = 1 to 24), 

(B*T)mi(Fl) is the random effect of the interaction of bale composite and treatment nested within 

farm, (B*S)mj(F*T)li is the random effect of the interaction of bale composite and point of time in 

storage nested within treatment and farm, and eijklm is the residual error.   

The data for bale dimensions, weight and density were analyzed as a split-plot design 

according to the model: 

Yijlm = µ + Ti + Sj + (T*S)ij + Fl + Bm(Fl) + (B*T)mi(Fl) + eijlm 

where Ti is the fixed effect of treatment (i = 1 to 2), Sj is the fixed effect of point of time in 

storage (j = 1 to 2), (T*S)ij is the interaction of treatment and point of time in storage, Fl is the 

random effect of farm (l = 1 to 4), Bm(Fl) is the random effect of bale composite nested within 

farm (m = 1 to 24), (B*T)mi(Fl) is the random effect of the interaction of bale composite and 

treatment nested within farm, and eijlm is the residual error.   

Factors related to baling time and rate, and shrink for bale and processing were analyzed 

as a completely randomized design.  The model for baling time and rate, and bale and processing 

shrink was: 

Yilm = µ + Ti + Fl + Bm(Fl) + eilm 

where Ti is the fixed effect of treatment (i = 1 to 2), Fl is the random effect of farm (l = 1 to 4), 

Bm(Fl) is the random effect of bale nested within farm (m = 1 to 48), and eijklm is the residual 

error.   
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 Data for chemical composition and particle size analysis of bale and processing treatment 

combinations were analyzed as a completely randomized design according to the following 

model: 

Yilm = µ + Ti + Fl + Bm(T*F)il + eilm 

where Ti is the fixed effect of treatment (i = 1 to 2), Fl is the random effect of farm (l = 1 to 4), 

Bm(T*F)il is the random effect of bale nested within the interaction of farm and treatment (m = 1 

to 48), and eilm is the residual error. 

 

 RESULTS 

 Baling time, rate, weight and dimensions 

The CUT bales increased baling time per bale by 6 sec compared with NORM (P = 0.01; 

Table 4.1), but there was no evidence of difference for baling rate (P = 0.74).  Accordingly, CUT 

increased bale weight 13% (P < 0.001; Table 4.1) and bale length by 2 cm (P < 0.001) compared 

with NORM, but there was no evidence of difference between treatment for bale diameter (P = 

0.74; Table 4.1).  The increase in CUT bale length increased bale volume by 0.06 m3 (P = 0.01; 

Table 4.1); however, CUT increased bale density 10% compared with NORM (P < 0.001).   

 All bales lost a mean of 7.7% of dry matter (DM), or 44 kg, over the storage period (P < 

0.001; Table 4.1), leading to a reduction diameter, volume and density (P < 0.001); however, 

there was no evidence of interaction between treatment and storage for any of these variables (P 

> 0.14).  CUT had greater DM shrink compared with NORM (P = 0.02; Table 4.1), but there was 

no evidence of difference for percentage of shrink between treatment (P = 0.16). 
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 Chemical composition of bales before processing  

There tended to be a core and storage interaction for bale DM % whereby inner core 

segments increased more in DM% from baling to processing compared with outer core segments 

(P=0.06; Table 4.2).  For all bales, inner core segments increased DM % (P=0.01; Table 4.2) and 

bale dry matter content after storage was less than at baling (P=0.02).  There was no evidence of 

treatment, core or storage effects on crude protein (CP) or ash content (P > 0.10); however, there 

was a tendency for an interaction of core and storage for ash content (P=0.08; Table 4.2) with 

ash content decreasing from baling to processing for inner cores (11.1 vs 10.7 ± 0.38%) but not 

in outer cores.   

Treatments had distinct impacts on fiber content.  There was an interaction of core and 

storage for acid detergent fiber (ADF; P<0.01; Table 4.2) content whereby inner cores increased 

1.1% in ADF content from harvest to processing (36.9 vs 38.0 ± 0.48%) but outer cores 

increased 2.7% (37.1 vs 39.7 ± 0.48%).  There was also an interaction for core and storage for 

lignin (P<0.001; Table 4.2) whereby outer cores increased 0.7% over the storage period.  For 

both ADF and lignin, content was increase by CUT compared with NORM (P<0.01; Table 4.2), 

outer cores compared with inner cores (P<0.001), and at the end of storage compared with at 

baling (P<0.001).  The CUT increased NDF and ash-free NDF (NDFom; P<0.01; Table 4.2) 

content compared with NORM, and both NDF and NDFom were higher at the end of storage 

than at baling (P<0.001; Table 4.2).  Furthermore, outer cores tended to have greater NDF 

content compared with inner cores (P=0.06; Table 4.2). 

There was in interaction for acid-detergent insoluble crude protein (ADICP) as a 

percentage of total DM, whereby ADICP increased more for outer cores than inner cores during 

the storage period (0.18 vs 0.06 ± 0.04%; P<0.001; Table 4.2).  There was a similar interaction 
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for ADICP as percent of CP (P<0.001; Table 4.2).  Additionally, treatment and storage period 

interacted for ADICP as a percent of DM (P=0.02; Table 4.2) and of CP (P=0.05).  As a percent 

of total DM, ADICP increased more for CUT than NORM over the storage period (0.08 vs 0.15 

± 0.04%); however, these differences were not significant according to a Tukey’s HSD 

comparison (P > 0.05).  Similarly, as a percent of CP, ADICP increased more for CUT than 

NORM over the storage period (0.77 vs 0.45 ± 0.21%).  The ADICP content as a percent of DM 

and CP increased over the storage period (P<0.001) and for outer cores (P<0.001).  The CUT 

bales tended to increase ADICP as a percent of CP (P=0.08; Table 4.2). 

There was an interaction of core and storage for 240 h NDF digestibility (NDFD; 

P=0.001; Table 4.2), whereby inner cores did not change in digestibility, but outer cores 

decreased in digestibility 2.2% from baling to the end of storage (52.2 vs 50.0 ± 0.52%).  The 

CUT tended to decrease NDF digestibility at 30, 48 (P=0.08; Table 4.2) and 120 h (P=0.06) 

compared with NORM.  The concentration of 30, 120, and 240 h uNDF was greater at the end of 

storage than at baling (P<0.001 Table 4.2).  The CUT increased 30, 120 and 240 h uNDF content 

(P=0.01; Table 4.2) compared with NORM.  Outer cores had greater 240 h uNDF content 

(P=0.03; Table 4.2) and tended to increase 30 h uNDF content (P=0.08).  There was an 

interaction between storage and core for TTNDFD (P<0.001; Table 4.2), whereby there was no 

change for inner cores over the storage period, but outer cores decreased in TTNDFD over the 

storage period (29.1 vs 33.5 ± 0.94%).  Overall, storage and outer cores decreased TTNDFD 

(P<0.001; Table 4.2), and CUT tended to decrease TTNDFD compared with NORM (P=0.08) 

The relative forage value (RFV, P<0.001; Table 4.2) and relative forage quality (RFQ, 

P=0.001) was decreased after storage, and CUT decreased both RFV (P<0.01; Table 4.2) and 
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RFQ (P=0.02) compared with NORM.  Outer cores had lower RFV compared with inner cores 

(P=0.01; Table 4.2).   

 

 Chemical composition and particle size after processing, and processing efficiency 

 The CUT-MIX tended to increase windrow DM % (91.5 vs. 91.1 ± 0.36%; P=0.06; Table 

4.3) and decrease windrow CP % (19.1 vs 19.6 ± 1.26%; P=0.06) compared with NORM-

GRIND.  The CUT-MIX also increased windrow ADF, NDF, ADFom and lignin content by 1.2, 

1.6, 1.8, and 0.5%, respectively (P<0.001; Table 4.3) compared with NORM-GRIND, but there 

was no evidence of difference in ash % (P=0.93).  Further, compared with NORM-GRIND, 

CUT-MIX increased ADICP as a percent of DM (1.2 vs 1.1 ± 0.05%; P<0.01; Table 4.3) and as 

a percent of CP (6.3 vs 5.9 ± 0.39%; P<0.001).  Treatment affected NDFD whereby CUT-MIX 

decreased NDFD at 30 h (39.7 vs 41.1 ± 0.96%; P<0.001; Table 4.3), 48 h (44.6 vs. 47.0 ± 

0.62%; P<0.001), 120 h (46.9 vs. 48.7 ± 0.98%; P=0.001), and 240 h (49.0 vs. 50.8 ± 1.30%; 

P<0.01) compared with NORM-GRIND.  Accordingly, CUT-MIX increased uNDF by 1.6, 1.7, 

and 1.6% for 30, 120, and 240 h, respectively (P<0.001; Table 4.3) compared with NORM-

GRIND, and decreased TTNDFD (28.7 vs. 29.7 ±0.94%, P=0.03).  The CUT-MIX also 

decreased RFV and RFQ by 5 and 10 points, respectively (P<0.001; Table 4.3) compared with 

NORM-GRIND. 

 Treatment also affected particle size distribution of the processed hay bales.  Compared 

with NORM-GRIND, CUT-MIX increased the percent of total DM remaining on screen 1 (35.1 

vs. 13.7 ± 1.58%; P<0.001; Table 4.3) and screen 2 (20.3 vs. 19.6 ± 1.14%; P=0.04).  

Accordingly, CUT-MIX decreased the percent of total DM remaining on screen 3 (13.3 vs 16.6 ± 
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0.65%; P<0.001; Table 4.3) and the bottom pan (31.2 vs. 49.9 ± 1.82%; P<0.001) compared with 

NORM-GRIND. 

 The CUT-MIX increased time to reduce particle size  by 7.4 min (P < 0.001; Table 4.3), 

which reduced the processing rate by 130 kg DM/min (P < 0.001).  Despite this, CUT-MIX had 

73% less DM loss during processing (P < 0.001; Table 4.3), which reduced the loss as a % of 

total DM (1.6 vs. 8.1 ± 0.95%; P < 0.001). 

 

 DISCUSSION 

 Bale weight and dimensions 

 In the present study, CUT increased weight and density compared with NORM, which is 

supported by another study that created baleage with a precutting system (Borreani and Tabacco, 

2006).  Other precutting round balers have failed to alter alfalfa bale weight (Jones et al., 2010b) 

or timothy/bluegrass bale mass and density across a range of DM from 36 to 82% (Tremblay et 

al., 1997).  The ability to produce heavier bales equates to less time spent wrapping bales 

considering round balers must stop during this final step, and this should result in less time 

required for baling large fields.  Furthermore, creating fewer bales of greater density saves space 

in the storage area, and heavier bales have less handling and storage costs per ton of DM 

(Harrigan et al., 1994). There was no evidence of difference for baling rate in our study, but 

baling time was increased for CUT compared with NORM because of the greater bale mass.  

Tremblay et al. (1997) reported a numerical reduction in material flow and field capacity for pre-

cut bales compared with normal bales, but they unfortunately did not statistically analyze this 

difference.   
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We did not expect differences in bale dimensions at the time of baling since the baler was 

set to produce the same size of bale for each treatment; however, the added length for CUT may 

be due to the greater internal density of the bale creating pressure on the outer portions of the 

bale.  The baler does not have blades on the outer 15 cm to help maintain bale integrity during 

moving, so the internal pressure may have forced the less dense ends out slightly.  This minimal 

length increase was enough to significantly increase the volume for CUT compared with NORM 

bales but CUT bales were still more dense when combined with the greater overall weight.   

 All bales lost DM weight, diameter, volume and density from the beginning to end of 

storage, but there was no interaction with treatment.  Loss of DM is common with round hay 

bales stored on the ground (Huhnke, 1990, 1988) and exposed to the elements (Coblentz, 2009); 

however some have observed no loss of DM in uncovered bales during dry years (Taylor et al., 

1994).  While CUT bales had greater DM shrink over the storage period, this was a factor of 

heavier bales because shrink as a percentage of initial bale weight was not different between 

treatments (Table 4.1).  It is common for hay bales to lose from 5 to 20% of total dry matter over 

the storage period depending on storage conditions (Russell and Buxton, 1985; Montgomery et 

al., 1986; Coblentz, 2009), so the 7% DM shrink in this study aligns with previous data.   

 

 Bale quality before processing 

 An increase in DM content for inner core segments from beginning to end of storage 

compared with outer core segments may have been a factor of being stored outside where 

moisture penetration could occur on the outer layer.  Bale DM decreases in outer bale segments 

that are exposed to the elements (Coblentz, 2009; Russell et al., 1990), but bale DM is dynamic 

depending on moisture at baling.  Bale DM increases after baling as a normal process when 
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baled at greater moisture content (Taylor et al., 1994); however, bale DM may also decrease over 

storage if hay is baled at low DM and stored outside (Taylor et al., 1994).  The fact that bales in 

this study were wetter at the end of storage may reflect exposure to the elements considering the 

very low moisture content of the hay at baling, and moisture can vary over the storage period 

depending on conditions (Russell and Buxton, 1985). Additionally, bales stored directly on the 

ground compared with being elevated on pallets have greater moisture content in the surface 

layers (Coblentz, 2009), so it is possible that our bales absorbed moisture from the ground.  We 

did not obtain samples from the bottom of the bale, so we cannot confirm if this is the 

mechanism of the observed change. 

 There was no evidence of treatment effects on CP concentration for any of the main 

effects.  This aligns with other reports for pre-cut alfalfa baleage (Borreani and Tabacco, 2006) 

and pre-cut dry alfalfa hay in square bales (Hoffman et al., 2006), while others have 

demonstrated a decrease in CP in grass hay harvested as baleage (Müller, 2009) or an increase in 

CP for pre-cut bales (Jones et al., 2010a).  Additionally, other authors have noted no change in 

CP concentration in conventional bales of dry alfalfa hay during storage, or even an increase in 

CP and available CP (Huhnke, 1988; Russell and Buxton, 1985; Taylor et al., 1994).  The alfalfa 

hay in those studies had a similar CP content to that reported in this study, about 18%.  More 

intuitively, other studies have documented a decline in nitrogen content over storage for the 

weathered layer (Collins et al., 1987).  Hay stored outside has greater ADIN as a percentage of 

total N in outer layers, which may indicate nutrient leaching if stored outdoors (Rotz and Muck, 

1994; Russell et al., 1990).  This aligns with the increased ADICP as a percent of CP in outer 

layers over storage in the present study.  The ADICP content may also increase over time 

(Coblentz et al., 1996), especially in wetter bales (Coblentz et al., 2000; Russell and Buxton, 
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1985), with ADICP being a factor of heat formation within the bale (Coblentz et al., 2010).  

Higher density round bales have more internal heating (Buckmaster et al., 1989; Russell et al., 

1990) from reduced relative surface area to dissipate heat from post-harvest respiration (Shinners 

et al., 1996); however, in this study the low DM of the bales at baling is not likely a contributor 

to the increased ADICP.   

Furthermore, content of NDF, ADF and lignin increased over the storage period for the 

bales in the present study.  It is common to observe an increase in ADF, NDF (Coblentz et al., 

1996; Huhnke, 1990; Taylor et al., 1994) and lignin (Rotz and Abrams, 1988) over the storage 

period.  It has been postulated that increases in fiber content during the storage period are not a 

factor of changes of the quantity of fiber components, but rather the reduction of soluble 

carbohydrates that are lost during microbial respiration during the initial storage period, or from 

soluble carbohydrate leaching in the outer layers (Rotz and Muck, 1994).  The interaction 

between core depth and storage in the present study indicated that ADF and lignin increased 

more for outer segments of the bale over the storage period than inner segments.  This is 

supported by other studies where bales stored outside experienced greater NDF, ADF and lignin 

content in the outer layers of the bale (Coblentz, 2009; Russell et al., 1990; Taylor et al., 1994) 

where exposure to moisture could leach soluble components of the plant.  Along with these 

storage and core effects, CUT increased NDF, ADF and lignin content compared with NORM.  

A 1.5% increase in NDF has been previously demonstrated for pre-cut alfalfa square bales 

(Hoffman et al., 2006) while Müller (2009) did not observe a difference in fiber components at 

baling of wet forages.  It is difficult to determine if the increase in fiber content for CUT is a 

factor of the baling process or the storage conditions imparted by more dense bales.  

Theoretically, the reduced particle size of the forage may have allowed more leaching of soluble 
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nutrients.  Further, additional agitation of the forage by the knives in the baler may increase leaf 

loss, and while manipulation of hay prior to baling has been shown to alter CP concentration due 

to leaf loss, it does not necessarily affect ADF or NDF content (Shearer et al., 1992).  Baling hay 

at moisture content above 20% can increase fiber content through increased microbial respiration 

depleting soluble carbohydrates during the initial storage phase (Rotz and Muck, 1994), but low 

bale moisture of less than 10% at the time of baling in this study is not indicative of much post-

baling heating (Buckmaster et al., 1989; Coblentz et al., 2000, 1996) common of microbial 

respiration of soluble carbohydrate.  We could also speculate that the agitation of the cutting 

processed reduced the quantity of leaves that were attached to the stem, which potentially 

allowed them to fall through the bale matrix as the core sampling device was moving through the 

bale, thus increasing the fiber content.   

 In the present study, CUT tended to decrease NDF digestibility at 30, 48 and 120 h 

compared with NORM, and outer cores decreased more in 240 h NDF digestibility over the 

storage period (Table 4.2).  Much of the digestibility data in the literature for hay bales over the 

storage period and for different segments of the bale has been conducted using in vitro or in situ 

techniques and only evaluate total DM disappearance, compared with using NIR in the present 

study to evaluate NDF digestibility.  In vitro DM digestibility (IVDMD) for bales stored outside 

decreases when stored outside (Huhnke, 1988; Rotz and Abrams, 1988), particularly for the outer 

portions of the bale (Coblentz, 2009; Huhnke, 1988; Russell et al., 1990), which is similar to our 

results at 240 h for NDF digestibility of outer cores.  Furthermore, NDF digestibility is 

influenced greatly by stage of maturity of the alfalfa plant at harvest (Palmonari et al., 2014), and 

leaf ADF and NDF digestibility is greater than that of the stems (Collins, 1988) suggesting that 
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leaf loss may have occurred for CUT since this bales within farm were harvested from the same 

field and bales were produced with alternating treatments. 

 

 Bale processing  

 Processing the two bale treatments with different methods was conducted to compare a 

typical processing method of NORM bales in the Great Plains region with a potential application 

with the CUT bales to reduce machinery needs.  As such, the processing methods combined with 

the baling treatments are considered a separate treatment from the bales before processing.  

Additionally, there is a paucity of data available evaluating DM losses and forage quality 

changes during particle size reduction, so this study begins to fill a void in that area. 

 The increased time for processing CUT-MIX compared with NORM-GRIND is likely 

due to the efficiency and aggressive nature of the tub-grinding method compared with mixer 

wagons.  In comparing the ability of a mixer wagon to break apart pre-cut bales, an extension 

publication demonstrated that pre-cut alfalfa and cornstalk bales broke apart more rapidly in a 

mixer wagon than conventional bales (Jones et al., 2010b), but the bales were only broken down 

in a mixer wagon and were not subject to full particle size reduction for feeding.  In the present 

study, reduction of the particle size for CUT-MIX was determined to be achieved by visual 

appraisal to be similar to the NORM-GRIND for the longest particle size.  Particle size 

distribution of these forages will be discussed below.   

 The CUT-MIX bales had less shrink during the particle size reduction, presumably due to 

less dust emitted compared with NORM-GRIND.  Dry matter shrink is evident in grinding of 

hay, and while some effort has been placed by the medical community on determining the health 

effects of chopping and grinding hay particulates in agricultural environments (Jones et al., 
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1995), this is the first data we are aware of being published quantifying the loss of hay during 

grinding or mixing.   

 Most data available on the change in chemical composition of forages due to grinding or 

chopping are for very small particle size.  In general, chemical composition of forages in studies 

where treatments consist of a long and short particle size derived from the same source is largely 

assumed to be the same (R. L. Belyea et al., 1985; Kononoff and Heinrichs, 2003; Leonardi and 

Armentano, 2003).  However, a few studies reporting chemical composition of chopped alfalfa 

show variable numerical differences in CP and NDF (Belyea et al., 1989; Rogers et al., 1985; 

Shaver et al., 1986) or no evidence of difference in chopped sorghum (Osafo et al., 1997).  This 

demonstrates either the potential effects of chopping or grinding on forage quality, or a difficulty 

in obtaining accurate samples depending on particle size.   

In the present study, CUT-MIX consistently increased fiber components and reduced 

digestibility compared with NORM-GRIND, while also reducing CP content.  We were surprised 

by the increase in fiber after processing for CUT-MIX because of the lesser DM shrink during 

processing.  Admittedly, the CUT bales prior to processing had greater fiber content, but the 

magnitude of the difference was amplified when the processing treatments were applied leading 

us to believe that difficulty in sampling may have been realized due to the differences in particle 

size distribution between treatments.  The CUT-MIX had greater long particles compared with 

the NORM-GRIND.  Sampling loose forages and total mixed rations is notoriously difficult  

because of the variability in particle size and the ability of small particles to fall through the 

forage matrix during sampling (Weiss et al., 2016).  Therefore, sampling is the greatest 

contributor to nutrient composition variability within a farm (St-Pierre and Weiss, 2015), and 

others have purposely avoided sampling long alfalfa hay because of the difficulty involved in 
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obtaining accurate results (Heinrichs et al., 1999).  In our case, the NORM-GRIND windrows 

had greater flowability with the smaller particle size that likely allowed us to more minimally 

disturb the matrix while sampling.   

The mixing process for CUT-MIX was stopped when the apparent particle size reached 

similar length as the longest particles on the NORM-GRIND.  Indeed, mixing for a longer period 

of time may have reduced the particle size of the hay more, but the amount of reduction is 

incrementally less after approximately 8 to 15 minutes of mixing (Heinrichs et al., 1999).  

Mixing a bale to achieve reduced particle size for greater than 15 minutes is not likely realistic in 

an on-farm scenario.  The overall distribution of the NORM-GRIND particle size is similar to the 

distribution of 2,815 legume forage samples analyzed at a commercial laboratory in the eastern 

U.S. (Heinrichs et al., 1999).   

One advantage of the longer particle size for CUT-MIX is the ability of that hay to 

provide physically effective fiber.  Alfalfa hay is typically one of the most costly forage sources 

in a ruminant diet.  Grinding forages through a tub grinder extensively reduces particle size, so 

using the CUT-MIX as a method to reduce particle size while still maintaining physically 

effective fiber in diets that lack other long fiber sources may be of benefit (Zebeli et al., 2012).  

The design of the experiment that combines the baling and processing methods into one 

treatment for the particle size reduction process limits our interpretation of the impact of the two 

processing methods on forage quality and particle size, especially considering there was a 

significant difference for chemical composition before processing.  It is unclear if there would 

have been a difference for forage quality and particle size between the CUT and NORM bales if 

they had both been processed in the mixer wagon, and perhaps a factorial design for the 

processing portion of this study may have helped isolate the effects of the baling and processing 
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methods.  To attempt to elucidate any differences that may have existed due to processing 

method, we tested the interaction of treatment and chemical composition for newly formed bales 

to predict post-processing chemical composition.  There was no evidence of interaction 

(Appendix B), indicating a lack of processing method influence on the final chemical 

composition, but these results should be interpreted with caution.   

 

 CONCLUSION 

 Producing round alfalfa hay bales using a pre-cutting mechanism increased bale mass and 

density.  The CUT treatment significantly increased the content of NDF, ADF and lignin 

compared with NORM, but the magnitude of differences were small.  There were minimal 

interactions between treatment and core depth or storage time.  During processing, CUT-MIX 

decreased DM shrink compared with NORM-GRIND, but it increased fiber content and reduced 

digestibility of the hay while altering the particle size distribution.  The increase in fiber content 

after processing may have been influenced by sampling error due to different particle size 

distribution between treatments.  Further work should be conducted to determine the cause of the 

increased fiber content for CUT bales, and additional options for incorporating CUT bales into 

total mixed rations should be evaluated.   
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 TABLES 

Table 3.1. Effects of a pre-cutting hay baler on round alfalfa bale baling efficiency, bale weight, density, dimensions and 

shrink over a 5 to 6-month storage period.   

 Treatment  Storage  P-value 

Item Cut Normal  Begin End SEM Trt Storage Trt*Storage 

Baling time, seconds 60 54  - - 3.7 0.01 - - 

Baling rate, kg DM/min 617 611  - - 53.8 0.74 - - 

          

Bale characteristics          

Weight, kg DM 581 513  569 525 19.8 <0.001 <0.001 0.14 

Length, cm 160 158  159 159 0.2 <0.001 0.81 0.34 

Diameter, cm 165 165  166 163 4.3 0.74 <0.001 0.59 

Volume, m3 3.43 3.37  3.45 3.34 0.18 0.01 <0.001 0.82 

Density, kg DM/m3 170 154  165 159 5.9 <0.001 <0.001 0.10 

          

Storage shrink, kg DM 49 38  - - 11.9 0.02 - - 

Storage shrink, % 7.9 7.0  - - 1.82 0.16 - - 
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Table 3.2. Effect of a pre-cutting baler, core depth, and storage timepoint on alfalfa bale chemical composition, quality and 

digestibility1.   

 Treatment  Core Depth  Storage   P-value2 

Item1 Cut Normal  Inner Outer  Begin End SEM Trt Core Storage 

Core* 

Storage 

Trt* 

Storage 

Bale DM% 89.5 89.5  89.8 89.3  90.5 88.6 1.36 0.96 0.01 0.02 0.06 0.46 

Crude protein, % 18.8 19.0  19.0 18.8  18.9 18.9 1.07 0.31 0.10 0.36 0.98 0.70 

ADF, % 38.2 37.6  37.4 38.4  37.0 38.8 0.48 <0.01 <0.001 <0.001 <0.01 0.41 

NDF, % 45.4 44.8  44.9 45.4  44.4 45.9 0.81 <0.01 0.06 <0.001 0.64 0.64 

NDFom, % 41.9 41.3  41.4 41.7  40.7 42.4 0.95 <0.01 0.25 <0.001 0.71 0.61 

Lignin, % 8.7 8.5  8.5 8.7  8.4 8.9 0.10 <0.01 <0.001 <0.001 <0.001 0.47 

Ash, % 11.1 10.8  10.9 11.1  11.1 10.9 0.38 0.32 0.18 0.39 0.08 0.77 

ADICP, % DM 0.8 0.8  0.8 0.9  0.8 0.9 0.04 0.36 <0.001 <0.001 <0.001 0.02 

ADICP, % CP 4.5 4.4  4.3 4.6  4.1 4.8 0.21 0.08 <0.001 <0.001 <0.001 0.05 

               

NDFD-30hr, % NDF 41.1 41.6  41.4 41.3  41.4 41.3 0.70 0.08 0.53 0.41 0.69 0.47 

NDFD-48hr, % NDF 47.7 48.5  48.1 48.1  48.3 47.9 0.57 0.08 0.98 0.50 0.43 0.77 

NDFD-120hr, % NDF 49.2 50.0  49.8 49.4  49.9 49.3 0.50 0.06 0.30 0.26 0.20 0.98 

NDFD-240hr, % NDF 51.2 51.5  51.6 51.1  50.7 52.0 0.80 0.10 0.10 0.11 0.001 0.89 

uNDF-30hr, % DM 26.7 26.2  26.3 26.6  26.0 27.0 0.47 0.01 0.08 <0.001 0.60 0.48 

uNDF-120hr, % DM 23.1 22.4  22.6 23.0  22.2 23.3 0.51 <0.01 0.10 <0.001 0.28 0.87 

uNDF-240hr, % DM 22.2 21.7  21.7 22.2  21.3 22.6 0.52 0.01 0.03 <0.001 0.01 0.76 

TTNDFD, % NDF 31.7 32.3  32.8 31.3  33.5 30.6 0.94 0.08 <0.001 <0.001 <0.001 0.49 

               

RFV 121 124  124 121  126 119 3.0 <0.01 0.01 <0.001 0.18 0.57 

RFQ 112 117  115 114  118 111 3.2 0.02 0.27 0.001 0.55 0.70 
1Determined by near-infrared spectroscopy (Rock River Laboratory, Inc., Watertown, WI) 

2Interactions for treatment*core and the three-way interaction of main effects all lacked significance and are not reported in this table. 
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Table 3.3. Effect of the combination of baling and processing methods (CUT-MIX vs. 

NORM-GRIND) on the chemical composition and particle size distribution of alfalfa hay. 

 Treatment   

Item CUT-MIX NORM-GRIND  SEM P-value 

DM, % 91.5 91.1  0.36 0.06 

CP, % 19.1 19.6  1.26 0.06 

ADF, % 41.5 40.3  0.57 <0.001 

NDF, % 48.6 47.0  0.96 <0.001 

NDFom, % 45.1 43.3  1.05 <0.001 

Lignin, % 9.9 9.4  0.14 <0.001 

Ash, % 11.1 11.0  0.38 0.93 

ADICP, % DM 1.2 1.1  0.05 <0.01 

ADICP, % CP 6.3 5.9  0.39 <0.001 

      

NDFD-30hr, % NDF 39.7 41.1  0.92 <0.001 

NDFD-48hr, % NDF 44.6 47.0  0.62 <0.001 

NDFD-120hr, % NDF 46.9 48.7  0.98 0.001 

NDFD-240hr, % NDF 49.0 50.8  1.30 <0.01 

uNDF-30hr, % DM 29.3 27.7  0.49 <0.001 

uNDF-120hr, % DM 25.8 24.1  0.93 <0.001 

uNDF-240hr, % DM 24.8 23.2  1.08 <0.001 

TTNDFD, % NDF 28.7 29.7  0.94 0.03 

      

RFV 109 114  3.0 <0.001 

RFQ 95 105  3.3 <0.001 

      

Processing time, min/bale 11.0 3.6  1.53 <0.001 

Processing rate, kg DM/min 55 185  35.9 <0.001 

Processing shrink, kg DM3 9.1 33.2  2.83 <0.001 

Processing shrink, % DM3 1.6 8.1  0.95 <0.001 

      

Particle Size2      

Screen 1, % total DM 35.1 13.7  1.58 <0.001 

Screen 2, % total DM 20.3 19.6  1.14 0.04 

Screen 3, % total DM 13.3 16.6  0.65 <0.001 

Pan, % total DM 31.2 49.9  1.82 <0.001 
1Determined by near-infrared spectroscopy (Rock River Laboratory, Inc., Watertown, WI) 

2Screen sizes were 19 mm, 8 mm, and 4 mm, respectively. 

3Does not include data from one farm due to issues with operating the tub-grinder. 
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 ABSTRACT 

 Horizontal silo piles without walls are constructed using equipment to adequately pack 

the forage for air exclusion.  During packing, the equipment uses a ramp of forage to access the 

top of the pile, potentially introducing soil into the forage when the base of the silo is made of 

soil.  Soil contains microorganisms which may cause malfermentation and pose health risks to 

livestock.  The objective of this study was to assess the association of horizontal silo pad type, 

elevation, and core depth with factors related to silage hygiene and nutrient quality.  We 

hypothesized that ash and mineral content, microbiological profile, and fermentation profile in 

silos with soil pads would be indicative of soil contamination, and that measures of potential 

contamination would be lesser at higher elevations. Eleven horizontal silos on 7 farms were 

sampled in a split-split-plot design, with silo pad type as the whole plot, elevation on the ramp as 

the sub-plot, and core depth as the sub-sub-plot.   Concrete pads (CONC) increased silage pH, 

and soil pads (SOIL) increased P concentration at outer (OUTER) but not inner (INNER) core 

depths.  Further, Fe was greater at lower (LOW) vs. medium (MED) elevations.  On SOIL, 

OUTER had lesser 240-h NDF and 7-h starch digestibilities.  The OUTER segments also had 

increased pH and decreased density.  Further OUTER increased NDF, ADF, lignin, ash, and 

minerals, but decreased CP and starch.  Additionally, OUTER decreased NDF and starch 

digestibility, and increased undigestible NDF.  There were minimal effects of elevation on silage 

chemical composition, digestibility or microbiological profile.  Overall, changes in Fe and P may 

be indicative of some soil contamination.  Furthermore, the decreased quality of forage in the 

outer layers of the silo reinforce the importance of an anaerobic environment for adequate 

preservation of silage.   
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 INTRODUCTION 

 Achieving high-quality silage on beef and dairy operations requires careful attention to 

oxygen exclusion to accomplish excellent fermentation (Muck, 1988).  Inadequate fermentation 

or allowing silage to spoil during the feed-out phase permits secondary aerobic fermentation 

known to increase dry matter loss and reduce dry matter intake and performance in livestock, and 

it may also contribute to animal health issues (Borreani et al., 2018).  Specifically, a lack of pH 

reduction by lactic acid bacteria at the onset of fermentation or in spoiled sections may allow 

growth of Clostridium spp, known to have deleterious effects (Queiroz et al., 2018; Zheng et al., 

2020). 

 Clostridial fermentation in silages produces butyric acid (> 1%; Kung Jr. et al., 2018), 

ammonia (Zheng et al., 2020), and biogenic amines (Queiroz et al., 2018).   Some biogenic 

amines produced during this process may be involved in short-term dry matter intake reductions 

(Scherer et al., 2015), and silages with greater butyric acid concentration typical of clostridial 

fermentation have reduced digestibility (Mills and Kung, 2002).  Others have suggested that the 

elevated butyric acid concentration in silage from clostridial fermentation can potentiate 

hyperketonemia in at-risk dairy cows, a concept which is confounded with reduced dry matter 

intake for butyric silages (Driehuis et al., 2018).   

 Clostridium tyrobutyricum is one of the most studied clostridial species in silage due to 

its implication as a causative agent in late-blowing of cheese (Klijn et al., 1995).  While there are 

a vast number of Clostridium spp. associated with silages (Borreani et al., 2019), most are non-

pathogenic.  Clostridium perfringens strains are sometimes found in silage (Fohler et al., 2016) 

and are associated with enteritis and enterotoxemia in ruminants (Niilo, 1987; Songer, 1996; 

Savic et al., 2012).  Despite C. perfringens and its toxins being found in some hemorrhagic 
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bowel cases in dairy cows (Dennison et al., 2005; Ceci et al., 2006), implicating it as a causative 

agent in the disease is difficult because of its presence in healthy animals.   

 Similar to Clostridium spp., coliform bacteria have potential health implications in cattle 

and humans.  Coliforms can be easily be isolated in feeds and feedbunks on farms (Lynn et al., 

1998; Sanderson et al., 2005; Hutchison et al., 2006) but their presence on feed in those cases 

may be due to contamination directly from the animals and environment.  Escherichia coli, a 

common coliform bacteria, are largely commensal in cattle, but certain strains are causative of 

mastitis (Kremer et al., 1990), and fecal coliforms can be found in a majority of bulk tanks 

(Kessel et al., 2004) posing a potential human health risk. Escherichia coli does not survive 

proper acidification of silage, which may be a challenge with certain forage sources based on the 

forage’s buffering capacity (Bach et al., 2002; Ogunade et al., 2016, 2017). While coliforms are 

not common to soil (Turco et al., 1994), their presence in soil for a short period after manure or 

contaminated water application (Fenlon et al., 2000; Islam et al., 2005) and proximity of silage 

piles to animal housing or contaminated equipment could potentially introduce them to drive-

over silage piles.    

Clostridia are ubiquitous, being found in soil, forage, manure, feed, and milk (Julien et 

al., 2008; Borreani et al., 2019) and their universal presence is aided by the fact they form spores 

during less-than-ideal growing conditions, allowing them to re-emerge when the conditions 

improve.  Some evidence suggests that prevalence of clostridia in silage may be influenced by 

the application of animal manure and the timing of its application (Rammer and Lingvall, 1997; 

Rammer et al., 1997; Coblentz et al., 2014).  While some authors have suggested that soil 

contamination may be the primary cause of Clostridium spp. contamination in silage (Dunière et 

al., 2013; Kung Jr. et al., 2018; Queiroz et al., 2018) due to their ubiquitous nature in soil, a 
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paucity of work has been conducted to quantify soil contamination of silage.  One group 

monitored radiocaesium and titanium in fresh forages, soil, and silage over time, presenting 

evidence that soil contamination did occur between harvest and ensiling (Rafferty et al., 1994).  

One case study identified an extreme case of sand contamination in a silage pile stored on soil as 

a causative factor for bovine mortality from rumen sand impaction, thus highlighting the 

possibility of soil contamination during packing by inexperienced individuals (Erickson and 

Hendrick, 2011).  Ash and iron content has been utilized as a measure of soil contamination of 

silages after flooding events (Kung et al., 2015), and of hay during normal harvest conditions 

utilizing different harvesting methods (Digman et al., 2013; Neu et al., 2017). 

 Around 90% of U.S. dairy farms feed corn silage (USDA, 2016), and many large farms 

utilize drive-over silage piles of some type to store large quantities of forage.  Drive-over silage 

piles may have a base of soil, or a harder base such as concrete or asphalt.  Therefore, 

considering the ubiquitous nature of clostridia bacteria in soil and coliforms in livestock 

facilities, the objective of this study was to assess the association of silage pad type, elevation, 

and core depth with silage hygiene and nutritional characteristics.  We hypothesized that ash and 

mineral content would be greater on silage piles stored on soil compared with concrete, and that 

those piles would have greater counts of clostridia and coliform bacteria. We also hypothesized 

that the ash and mineral content would be greater at lower elevations where tires first interact 

with the ramp. 
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 MATERIALS AND METHODS 

 Experimental design  

  This observational trial was conducted from November 2019 to March 2020 on 7 farms 

in north central and western Kansas using forages grown in 2019.  All silages had fermented for 

at least 60 days.  The trial design was a randomized block design with a split-split-plot treatment 

structure.  In total, 11 drive-over corn, sorghum, and triticale silage piles were sampled, 3 of 

which were on concrete pads (CONC) with the remainder on soil pads (SOIL).  Detailed 

explanation of the silage piles sampled are provided in Table 5.1.  All silage piles were covered 

with plastic. 

 Each pile was sampled at 18 locations on the silage ramp where tractors accessed the pile 

for packing, with cores obtained at an elevation of approximately 0.6 m (LOW), 1.2 m (MED) 

and at the peak (PEAK; approximately 6 m).  Specifically, 6 cores were obtained across the ramp 

at each elevation.  Cores of 45.5 to 56 cm in length were obtained with a coring device 5.6-cm in 

width.  Cores were separated into two segments, 1) 15 cm of the core representing the outer 

layers of the silage pile (OUTER), and 2) the remainder of the core (15 to 56 cm) representing 

the inner portions of the pile (INNER).  Plastic caught in the corer during piercing the plastic 

shield of the silo was removed to ensure it did not influence laboratory results.  Samples were 

immediately placed on ice. 

 After samples were collected, three samples from the same median plane, elevation and 

core depth were composited for a total of 6 samples for each ramp at each core depth.  One half 

of the silage composite was evaluated for chemical composition by near-infrared spectroscopy 

(Rock River Laboratory, Inc., Watertown, WI).  The remaining half of the composite sample was 

sent overnight to ARM and HAMMER Animal Nutrition (Waukesha, WI) for microbial and 
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fermentation acid profile.  Eight samples sent for microbiological and fermentation acid analysis 

were exposed to water during the shipping process, and therefore were not analyzed. 

  

 Forage chemical composition 

 Forage chemical composition was determined at Rock River Laboratory, Inc. 

(Watertown, WI).  Samples were dried and ground through a 1-mm screen before being cooled 

for analysis using near-infrared spectroscopy (Foss Analytics, Hillerød, Denmark), which was 

calibrated using historical samples also analyzed with wet-chemistry methods in the same 

laboratory.  The total tract neutral detergent fiber digestibility (TTNDFD) was calculated using 

standardized in vitro neutral detergent fiber (NDF) digestion measures (Goeser et al., 2009) for 

24, 30 and 48 h, and 240 h undigested NDF (uNDF) according to Lopes et al. (2015).  The 

MILK2006 variables were determined according to Shaver (2007). 

 

 Fermentation acid analysis 

Feed samples were first diluted 1:10 in 5 mM  H2SO4 followed by a 15-minute incubation 

period at room temperature.  Samples were homogenized for 1 min at 300 rpm.  Aliquots were 

centrifuged at 22,000 x g for 7 min.  The supernatant was filter sterilized.  Lactate, acetate, 

butyrate, propionate and valerate were detected using high performance liquid chromatography 

(Shimadzu RID-20A, Kyoto, Japan) with a ROA-Organic acid H+ (8%) column (Phenomenex, 

Torrance, CA) at a flow rate of 0.5 ml/min, an ambient column temperature (approximately 

19°C), and an injection volume of 10 µL.  All samples were analyzed in duplicate. 
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 Microbiological analysis 

 For microbiological analysis, samples were suspended in sterile peptone and 

homogenized using mastication for 1 min. at 300 rpm.  Samples for clostridia quantification were 

diluted 10-1 to 10-3 prior to plating, and samples for yeast and mold quantification were diluted 

10-3 to 10-5.  All samples were plated in duplicate for each method using the pour plate method.  

For culture of clostridia, samples were plated on tryptose sulfite cycloserine agar base (Thermo 

Fisher Scientific, Waltham, MA) with D-cycloserine (400 mg/L) and incubated anaerobically for 

24 h at 37°C.  Plates were heat-shocked prior to enumeration, with black colonies with iron 

precipitation identified as Clostridia spp.  Escherichia coli and coliforms were cultured with 

colorimetric CHROMagarTM ECC (CHROMagar, Springfield, NJ) for 24 h aerobically at 37°C.  

The E. coli colonies were blue and the coliforms were identified as purple and blue colonies, and 

enumerated accordingly. Yeasts and molds were cultured for 5 d at room temperature 

(approximately 23°C) with potato dextrose agar (Beckton, Dickinson and Company, Franklin 

Lakes, NJ) and 0.16% tartaric acid.  Yeasts were identified and enumerated as small, smooth, 

white morphological colonies, with mold identified and enumerated as multi-filamentous 

organisms.   

   

 Statistical analysis 

 The study was conducted using a split-split-plot design, with silo pad type as the whole 

plot, elevation as the sub-plot, and core depth as the sub-sub-plot.  A general linear mixed model 

was utilized for analysis of continuous variables using the GLIMMIX procedure SAS (version 

9.4, SAS Institute, Cary, NC) according to the following statistical model: 
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Yijklm = µ + Farmi + Padj + (Farm*Pad)ij + Elevationk + (Pad*Elevation)jk + 

(Farm*Pad*Elevation)ijk + Triadl(Farm*Pad*Elevation)ijk + Depthm + (Pad*Depth)im + 

(Elevation*Depth)km + (Pad*Elevation*Depth)ikm + Foragen + eijklmn 

Where Yijklm = the response variable; µ = overall intercept; Farmi = random blocking  

effect of farm (i = 1 to 7), Farm_i~NIID(0, σ2_f) , Padj = fixed effect of pad type (j = 1 to 2); 

Farmi*Padj = random effect of the silage pile, represented as the cross product of farm and pad 

type, assumed as (Farm*Pad)ij ~NIID(0, σ 2_pile); Elevationk = fixed effect of elevation (k = 1 to 

3); (Pad*Elevation)ik = fixed effect of the interaction of pad and elevation; 

(Farm*Pad*Elevation)ijk = random effect of the pair of core triad, represented as cross product of 

farm, pad and elevation, assumed Farm*Pad*Elevation ~NIID(0, _pair); 

Triadl(Farm*Pad*Elevation)ijk = random effect of a core triad (l = 1 to 2) nested within pair of 

core triads, assumed NIID(0, σ 2_cyl); Depthm = fixed effect of core depth (m = 1 to 2); 

(Pad*Depth)im = fixed effect of the interaction of pad type and core depth; (Elevation*Depth)km = 

fixed effect of the interaction of elevation and core depth; (Pad*Elevation*Depth)jkm = fixed 

effect of the interaction of pad type, elevation and core depth; Foragen = fixed effect of forage 

type (n = 1 to 4), and eijklm = left-over residual for the sample composite, represented by the 

combination of depth and triad, assumed NIID(0, σ 2_e).  All random effects are assumed to be 

normal and unrelated.   

 During model fitting, random effects, which were estimated using restricted maximum 

likelihood, were dropped from the model if variance components converged to zero.  Model 

assumptions were evaluated using externally studentized residuals.  After accounting for 

heterogeneous variances, any outlying residuals remaining that were greater than 3.4 were 

excluded from analysis based on a conservative Bonferroni adjusted test on studentized 
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residuals, which suggested they were not representative of the population of interest.  Relevant 

pairwise comparisons were conducted using a Tukey-Kramer or Bonferroni adjustment to avoid 

inflation of the Type I error rate due to multiple comparisons.  Significant differences were 

declared at P < 0.05 and marginal significance was declared at P < 0.10.   

 Modeling of microbiological data used a 2-step approach.  The first step analyzed the 

detection of the microbe of interest with a generalized linear mixed model assuming a binomial 

distribution of the response, the probability of which was connected to the linear predictor using 

a logit link function.  For the second step of the analysis, concentration of the variable of interest 

for those samples above the detection limit was fitted using a general linear mixed model.  

Adjustments were conducted for denominator degrees of freedom in the variables for which 

multiple samples were missing or below the detection limit.   

 

 RESULTS 

 Silage chemical composition, pH, and density 

 There was marginal evidence of an interaction between elevation and core depth on 

density (P = 0.08; Table 5.2), whereby density was greater for INNER vs OUTER cores at MED 

(279 vs 236 ± 42.8 kg/m3; Table 5.9), but not at any other elevation (P > 0.31).  There was no 

evidence of difference for any main effects or interactions on DM % (P > 0.28; Table 5.2), but 

CONC was associated with an increase pH 0.2 units compared with SOIL (P = 0.02), and 

OUTER was associated with a decrease in pH 0.1 units compared with INNER (P = 0.01).   

 Core was associated with measures of the chemical composition of the silage, whereby 

OUTER had CP Content compared with INNER (10.1 vs. 9.9 ± 0.32%; P = 0.01; Table 5.2), 

ADF (33.3 vs. 32.5± 0.75%; P = 0.05), lignin (5.4 vs. 5.0 ± 0.51%; P < 0.001), and had 
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marginally increased aNDF (47.4 vs. 46.5 ± 1.07%; P = 0.08).  There was no evidence of 

difference for ADF (P > 0.12; Table 5.2) or starch (P > 0.71) content.   

 There were several effects for ash and mineral content.  Compared with INNER, OUTER 

had increased of ash content (12.3 vs. 10.9 ± 3.38%; P < 0.001; Table 5.2), K (2.3 vs. 2.2 ± 

0.15%; P = 0.001), Ca (0.40 vs. 0.37 ± 0.11%; P = 0.01), Mg (0.28 vs. 0.26  ± 0.03%; P < 

0.001), and Fe (496 vs. 394 ± 240.2 ppm; P = 0.01).  Further, elevation affected Fe concentration 

(P = 0.02; Table 5.2) whereby LOW was greater than MED (518 vs 381 ± 240.2 ppm; P = 0.01), 

but there was no evidence of difference between PEAK and the other elevations (P > 0.23).  For 

P, there were interactions between pad and elevation (P = 0.01; Table 5.2) and pad and core 

depth (P = 0.03).  For the interaction between pad type and elevation, there was greater P content 

at PEAK vs. LOW in CONC (0.26 vs. 0.23 ± 0.03%; Table 5.8).  For the interaction between pad 

and core depth, P was greater for OUTER vs. INNER cores on SOIL (0.27 vs 0.24 ± 0.02%; P < 

0.01; Table 5.7).  

 Core depth tended to have decreased ammonia N for INNER vs OUTER (0.17 vs 0.18 ± 

0.01%; P = 0.06; Table 5.2), but there was no evidence of difference for ammonia N as a % of 

CP (P > 0.23).  Further, OUTER had increased ADICP as a % of CP by 0.8% (P < 0.01; Table 

5.2), but there was no evidence of difference for ADICP as a % of DM (P > 0.19). 

 Butyric acid was detectable in only 7 of 124 samples analyzed, and thus was not 

statistically analyzed.  Lactic acid was undetectable in 15 of 124 samples.  Core depth affected 

lactic acid, as INNER had increased lactic acid vs. OUTER (3.34 vs. 2.05 ± 0.57%; P < 0.001; 

Table 5.2).  There was marginal evidence for an interaction between pad type and core depth for 

acetic acid (P = 0.07); however, differences were only numerical after adjustment for multiple 

comparisons using a Bonferroni adjustment.  Specifically, INNER was numerically greater than 
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OUTER for CONC (1.68 vs. 1.23 ± 0.63%; P = 0.17), but INNER was numerically lesser than 

OUTER for SOIL (1.94 vs. 20.7 ± 0.36; P = 0.71). 

Silage digestibility 

 Core depth was the primary factor for significant differences on NDF digestibility 

variables.  Compared with INNER, OUTER had reduced 30, 48, and 120 h NDF digestibility 

2.6% (P = 0.001; Table 5.3), 2.0%, and 2.2% (P < 0.01), respectively.   Pad and core depth 

interacted for 120-h NDF digestibility (P = 0.02; Table 5.3) and 240-h NDF digestibility (P = 

0.04), whereby INNER had greater digestibility than OUTER for SOIL (P < 0.01; Table 5.7).  

Undigestible NDF behaved in a reasonably inverse manner at 30, 120 and 240 h, in which 

OUTER had increased uNDF compared with INNER by 1.8% (P < 0.001; Table 5.3), 1.1%, and 

1.2% (P = 0.01), respectively.  There was only a tendency for OUTER to have decreased 

TTNDFD compared with INNER (34.7 vs. 35.8 ± 1.63%; P = 0.06; Table 5.3). 

 For starch digestibility, OUTER had decreased 0 h starch digestibility by 4.4% (P = 0.01; 

Table 3).  For 7 h starch digestibility, pad and core depth interacted (P < 0.001), whereby 

digestibility was greater for INNER vs OUTER on SOIL (68.9 vs. 64.8 ± 2.13%; Table 5.7).   

 Core depth significantly altered MILK2006 variables at 30 and 48 h.  Specifically, at 30 

h, OUTER had reduced (P < 0.001; Table 5.3) NEL (1.18 vs 1.23 ± 0.01 Mcal/kg), TDN (49.6 

vs. 51.2 ± 1.10%), and milk/mt (1,045 vs. 1,110 ± 80.0 kg/mt) compared with INNER.  

Furthermore, pad type tended to affect Milk2006 TDN, where SOIL had increased TDN 

compared with CONC by 4.2% (P = 0.08; Table 5.3).  For 48 h, OUTER had reduced (P < 

0.001; Table 5.3) NEL (1.20 vs 1.25 ± 0.02 Mcal/kg), TDN (51.6 vs. 52.9 ± 1.07%), and milk/mt 

(1,140 vs. 1,192 ± 108.1 kg/mt) compared with INNER.  Elevation marginally affected 

Milk2006 NEL (P = 0.09) as MED was numerically greater than LOW and PEAK (1.24 vs. 1.22 
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± 0.02%), but pairwise comparisons were not significant after a Tukey-Kramer adjustment for 

multiple comparisons (P > 0.10).   

 

 Microbiological profile 

 The frequency of detection of microbiological species is outlined in Table 6.  Due to low 

detection of C. perfringens, E. coli, total coliforms, and mold, these variables were not 

statistically analyzed due to the complex nature of the factorial design which makes it difficult to 

make an accurate inference.  There was no evidence of difference for any treatment factor on the 

probability of detecting Clostridia spp. or yeast (P > 0.42; Table 5.5).  Analysis of probability of 

detecting Clostridia spp. where not statistically relevant, noting excessive confidence intervals, 

and therefore data are not shown.  When samples that were above the detection threshold were 

analyzed for quantification of CFU, there was an interaction of elevation and core depth for yeast 

(P = 0.05; Table 5.4).  The CFU of yeast were greater for OUTER vs INNER at MED (5.5 vs. 

4.1 ± 0.57 log10 CFU; P = 0.01; Table 5.9), but not at the other elevations (P > 0.23).  There was 

no evidence of difference for any treatment factor for the quantification of Clostridia spp. CFU 

(P > 0.10; Table 5.4). 

 

 DISCUSSION 

 Contrary to our hypothesis, there was minimal evidence of significant effects of silage 

pad type on ash, Fe, or microbiological factors.  The interactions involving pad type for P are 

intriguing, but inconclusive.  For SOIL, P was greater in OUTER vs. INNER core depths.  This 

could indicate some soil contamination for SOIL, but we would anticipate similar differences for 

ash and other mineral content.  Coincidentally, the 120-h and 240-h NDF, and 7-h starch 
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digestibility, were both reduced on OUTER for SOIL.  A direct mechanism for why this 

occurred on SOIL but not CONC is elusive based upon our data, especially considering the lesser 

pH of SOIL.   

The lack of overall effects for pad type on ash and minerals may be representative of care 

taken by drivers of packing equipment not to incorporate soil into the pile, or variability of 

deterioration in the outer layers of the silo.  The degradation in the outer layer of the silo 

concentrated the ash component, and variability in degradation between silos may have been 

greater than any introduction of ash from soil making it difficult to detect differences.  The 

ability to detect significant differences in ash in the outer layer of these piles may have been 

easier in fresh silage that had not yet been covered.  

Most of the significant effects identified in this experiment were for core depth, which is 

supported by multiple studies reporting greater deterioration of silage in outer layers 

(McLaughlin et al., 1978; Dickerson et al., 1991; Bolsen et al., 1993; Borreani and Tabacco, 

2014).  The outer layers of a silo are more exposed to oxygen, which promotes aerobic 

degradation of feed (Borreani et al., 2018).  Further, because of this aerobic degradation, 

anaerobic microbes that produce lactic acid do not thrive, which results in greater pH and allows 

less desirable microorganism to thrive, such as Clostridia or Enterobacter species (Pahlow et al., 

2003).  In our study, lactic acid was greater in INNER vs. OUTER, which is consistent with 

other studies (Okatsu et al., 2019).  However, Okatsu et al. (2019) reported a reduction in acetic 

acid in outer layers, which was not the case in this study. Butyric acid was only detectable in 7 of 

the 124 samples analyzed, which is indicative of high-quality fermentation and lack of clostridial 

fermentation in the silage pile.  Of the 7 samples in which butyric acid was detected, 6 were in 

the outer core depths.  The difference in lactic acid at different core depths in this study likely 
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drove the concurrent difference in pH between core depths. Others have reported similar changes 

in pH from inner to outer core segments depending on various management factors (Borreani and 

Tabacco, 2010, 2014; Okatsu et al., 2019).  The pH at different silage depths is altered with the 

type of plastic cover and silage pile size, both of which are factors that alter oxygen presence at 

different locations in the pile and the resulting fermentation (Borreani and Tabacco, 2014).   

In this study, only yeast and clostridia were detectable in sufficient samples to warrant 

accurate statistical analysis in a complex split-split-plot treatment structure, and there was greater 

concentration of yeast in the outer layer (Table 5.4), but there was no evidence of an increase in 

the probability of finding either type of microorganism (Table 5.5).  Multiple studies report an 

increase in yeasts and molds on the outer layers of horizontal silage piles (Borreani and Tabacco, 

2010, 2014; Okatsu et al., 2019), but results have been mixed for Clostridium spp. (Borreani and 

Tabacco, 2010; Okatsu et al., 2019). Concurrent with the increase in these microbes in the outer 

layer, there was a reduction of lactic acid and an increase in pH in the outer layer in our study 

which likely aided the growth of those species, which has been demonstrated by others (Borreani 

and Tabacco, 2010, 2014; Okatsu et al., 2019).    

The aerobic degradation in the outer layers leads to a reduction in the nutritive quality of the 

forage (Table 5.2).  In this study, there was an increase in NDFom, ADF, lignin, and a decrease 

in CP and starch.  The digestibility of the fiber and starch components also decreased in the outer 

layers, resulting in greater undigestible NDF and lesser total tract NDF digestibility.  Feeding 

deteriorated silage has a marked ability to decrease apparent digestibility (Whitlock et al., 2000).  

There are fewer studies that report chemical composition of the silage in the outer layers, but our 

results align with a study where they measured changes in chemical composition based on 

distance from the wall of the silo (Borreani and Tabacco, 2014).  Overall, this leads to a loss of 
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DM (Borreani et al., 2007; Borreani and Tabacco, 2014) and an increase in in inorganic 

substances as ash (Borreani and Tabacco, 2014).  Our data also demonstrate an increase in ash in 

the outer layers where degradation was present.  Specifically, K, P, Mg and Fe increased in those 

outer layers, although caution must be taken in interpretation of these minerals because NIR is 

not a wholly reliable quantification method for minerals (NRC, 2001). 

Other measures of degradation of feeds and forages in this study, such as the increase in 

ADICP and ammonia N, further demonstrate the decay of the outer layers of the forage.  

McGuffey and Owens (1979) reported an increase in ADICP in outer layers, but not in ADICP 

as a percent of total CP.  Other authors have not detected a change in ADICP based on sample 

depth (Borreani and Tabacco, 2014; Okatsu et al., 2019).  The ammonia N in this study was 

marginally greater for outer layers, which is opposite of the work of McGuffey and Owens 

(1979).  In other studies, ammonia N was not effected by silage depth (Borreani and Tabacco, 

2014; Okatsu et al., 2019). 

From an economic perspective, the level of deterioration in the outer layers of the silage will 

inhibit production and profitability if fed to livestock.  The production per ton of feed as 

estimated by Milk2006 was 52 to 65 kg/mt less for OUTER than INNER.  Assuming a 60-m 

long silo with a 20-m base with, 4-m top width, and density of 260 kg/m3, a total of 51.5 mt is 

represented in the outer 15 cm of the pile (Holmes and Muck, 2008).  This would equate to an 

estimated loss of approximately 3.4 mt of milk production.   

There were minimal effects of elevation in this study.  We hypothesized that there may be 

more evidence of soil contamination and ash at lower elevations because of the proximity to soil 

to be introduced by tractor tires during packing.  The greater Fe at LOW vs. MED may indicate 

some soil contamination at the beginning of the ramp, but based on a lack of interaction with pad 
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type we would have to assume that contamination could occur equally either pad type.  The 

decrease in density for OUTER vs. INNER in MED likely contributed to the greater yeast CFU  

for the same factors, but it is unclear why this did not also occur at LOW and PEAK.   

To our knowledge, this is the first data evaluating silage properties at different elevations 

of a horizontal silo ramp.  Typically, a greater proportion of silage in the silo ramp must be 

discarded due to deterioration.  Since there were no effects of elevation in this study, any 

apparent increase in deteriorated silage at the lower end of a ramp would be because of a 

relatively larger proportion of the deteriorated layer compared with higher elevations.  Further, 

elevation did not affect density in the present study which is contrary to other published data.  

Typically, silage in horizontal piles has greater density at lower elevations (Savoie and 

D’Amours, 2008) because of the added compaction from the increased mass from upper layers.  

However, in this study the samples were obtained from the ramp where the only mode of 

compaction was from packing equipment, and we did not sample at points deep enough in the 

pile to detect a difference.   

 There are several limitations to this study which make data analysis and interpretation 

difficult.  Specifically, the unbalanced design by pad and forage type introduce variability in the 

data that limit our ability to detect small differences.  Balancing the number of concrete and soil 

pads would be helpful for making accurate inference about the results.  Increasing the number of 

silos sampled would also add confidence about the reproducibility of these results.  Additionally, 

variability in chemical composition and fermentative characteristics between forage types 

introduce additional variability.  Ideally, this study would have utilized silos with the same 

forage type; however, there is value in testing different forages.  The ability to reduce pH more 

rapidly during ensiling in corn and sorghum forages prevents the growth of unfavorable 
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microbes compared with forages that have greater buffering capacity, such as alfalfa (Buxton and 

O’Kiely, 2003).  Perhaps in future studies it would be more advantageous to focus on forages 

like alfalfa or triticale where soil contamination could more easily facilitate growth of Clostridia 

or Enterobacter spp.  Finally, as mentioned earlier, the variability in degradation of the outer 

layers of the silage creates variability for detection of ash and iron concentration, making it 

difficult to draw inference as to whether equipment added soil to the outer layers during the final 

packing process.  Collecting fresh forages samples during the packing process and immediately 

after may packing may help to enhance the ability to detect soil contamination.  Despite these 

sources of variation, extreme care was taken with statistical analysis to meet all necessary 

assumptions for analysis, such as homogeneity of residual variances.   

 

 CONCLUSION 

 There were minor indications that soil contamination may have occurred based on 

mineral content of Fe at LOW, and for P in OUTER for SOIL.  Further, SOIL reduced NDF and 

7-h starch digestibility for OUTER on SOIL.  The most numerous effects noted in this study 

were for core depth, where OUTER exhibited decreased density, nutritive quality, and nutrient 

digestibility.  Future work should evaluate single forage types with high buffering capacity that 

may be more prone to malfermentation from soil bacterial contamination, such as alfalfa or 

winter forage crops.  Further, efforts to secure samples prior to fermentation and degradation of 

outer layers may enhance the ability to detect subtle differences in ash and mineral content as 

indicators of soil contamination. 
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 TABLES 

Table 4.1.  Description of horizontal silo forage type and pad type by farm. 

Item Pad Type Forage 

Farm 1   

Silo 1 Soil Corn 

Silo 2 Soil Corn 

Farm 2   

Silo 1 Soil Sorghum 

Farm 3   

Silo 1 Soil Triticale 

Silo 2 Concrete Sorghum 

Farm 4   

Silo 1 Concrete Sorghum 

Farm 5   

Silo 1 Soil Triticale 

Silo 2 Concrete Corn 

Farm 6   

Silo 1 Soil Corn/Sorghum 

Farm 7   

Silo 1 Soil Corn 

Silo 2 Soil Corn 
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Table 4.2. Association of pad type, elevation, and core depth with the chemical composition (as determined by NIR) and 

density of silage samples obtained from horizontal silo ramps. 

 Pad Type  Elevation  Core Depth  P-value2 

Item1 Conc Soil  Low Med Peak 

 

Inner Outer SEM Pad Elev. Core 

Pad* 

Elev 

Pad*

Core 

Elev*

Core 

DM, % 38.1 34.5  36.4 36.5 36.0  36.0 36.6 7.47 0.55 0.89 0.55 0.99 0.28 0.63 

pH 5.0 4.8  4.8 4.8 4.9  4.8 4.9 0.10 0.02 0.45 0.01 0.74 0.45 0.43 

                 

CP, % 9.6 10.4  10.0 9.9 10.1  9.9 10.1 0.32 0.16 0.56 0.01 0.27 0.21 0.11 

aNDF, % 47.5 46.4  46.8 46.9 47.1  46.5 47.4 1.07 0.62 0.92 0.08 0.95 0.88 0.90 

aNDFom, % 43.8 43.0  43.3 43.5 43.5  43.0 43.8 3.44 0.91 0.92 0.12 0.98 0.47 0.86 

ADF, % 33.3 32.5  32.9 32.8 33.0  32.5 33.3 0.75 0.56 0.88 0.05 0.45 0.78 0.99 

Lignin, % 5.2 5.2  5.2 5.1 5.3  5.0 5.4 0.51 0.87 0.76 <0.001 0.24 0.37 0.39 

Starch, % 13.3 13.8  13.3 13.6 13.6  13.6 13.5 1.31 0.86 0.91 0.92 0.77 0.78 0.71 

Ash, % 12.6 10.7  11.8 11.1 11.9  10.9 12.3 3.38 0.48 0.12 <0.001 0.23 0.35 0.33 

K, % 2.4 2.1  2.3 2.2 2.3  2.2 2.3 0.15 0.45 0.64 0.001 0.51 0.41 0.56 

P, %4,5 - -  - - -  - - 0.02 0.42 0.14 0.04 0.01 0.03 0.13 

Ca, % 0.45 0.32  0.40 0.37 0.38  0.37 0.40 0.11 0.15 0.27 0.01 0.77 0.36 0.85 

Mg, % 0.27 0.27  0.27 0.27 0.27  0.26 0.28 0.03 0.98 0.54 <0.001 0.98 0.48 0.55 

Fe, ppm 418 468  518a 381b 438ab  394 496 240.2 0.78 0.02 0.01 0.29 0.37 0.23 

                 

NH3 N, % 0.17 0.17  0.18 0.18 0.17  0.17 0.18 0.01 0.69 0.42 0.06 0.65 0.71 0.17 

NH3 N, % CP 10.2 8.9  9.6 9.9 9.3  9.5 9.6 1.39 0.23 0.61 0.93 0.94 0.33 0.28 

ADICP, % 0.85 0.91  0.90 0.87 0.88  0.86 0.90 0.07 0.64 0.88 0.19 0.58 0.86 0.99 

ADICP, % CP 8.5 8.7  8.8 8.5 8.5  8.2 9.0 0.70 0.85 0.40 <0.01 0.70 0.48 0.88 

                 

Lactic acid, % 2.03 3.37  2.73 2.79 2.57  3.34 2.05 0.57 0.40 0.81 <0.001 0.75 0.50 0.86 

Acetic acid, %4 - -  1.80 1.75 1.63  - - 0.40 0.49 0.68 0.30 0.82 0.07 0.82 

                 

Density, kg 

DM/m3,6 

243 272  - - -  - - 51.1 0.48 0.74 0.05 0.90 0.11 0.08 

1Percentage values are represented as % of DM unless otherwise noted 
2There was no evidence of difference for any 3-way interaction (P > 0.27) 
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4Means for the interaction of pad and core depth are reported in Table 7 
5Means for the interaction of pad and elevation are reported in Table 8 
6Means for the interaction of elevation and core depth are reported in Table 9 
a,bMeans for elevation with differing superscripts are different (P < 0.05) 
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Table 4.3. Association of pad type, elevation, and core depth with the digestibility (as determined by NIR) of silage samples 

obtained from horizontal silo ramps. 

 Pad  Elevation  Core Depth  P-value1,2,3 

Item Conc Soil  Low Med Peak 

 

Inner Outer SEM Pad Elev Core 

Pad* 

Core 

NDF Digestibility               

30 h, % NDF 41.8 44.3  43.3 43.3 42.5  44.3 41.7 2.89 0.31 0.55 0.001 0.27 

48 h, % NDF 56.6 57.8  57.4 57.9 56.3  58.2 56.2 4.77 0.74 0.36 <0.01 0.38 

120 h, % NDF - -  60.1 60.9 59.1  - - 4.99 0.79 0.35 <0.01 0.02 

240 h, % NDF - -  61.8 63.2 60.9  - - 6.05 0.90 0.19 <0.01 0.04 

               

Undigestible NDF               

30 h, % DM 27.6 25.7  26.5 26.4 27.1  25.8 27.6 1.37 0.12 0.43 <0.001 0.40 

120 h, % DM 20.5 20.2  20.3 20.0 20.9  19.8 20.9 1.17 0.90 0.25 0.01 0.19 

240 h, % DM 19.3 19.1  19.1 18.8 19.7  18.6 19.8 1.17 0.94 0.21 0.01 0.28 

               

TTNDFD, % NDF4 36.1 34.4  35.5 35.8 34.4  35.8 34.7 1.63 0.60 0.46 0.06 0.86 

               

Starch Digestibility               

0 h, % 32.5 27.8  29.6 29.1 31.9  32.4 28.0 1.93 0.35 0.46 0.01 0.81 

7 h, %5 - -  65.3 65.8 67.9  - - 1.91 0.67 0.18 0.19 <0.001 

               

Milk2006 30 hr                

kg milk/mt 1,070 1,085  1,072 1,099 1,061  1,110 1,045 80.0 0.74 0.16 <0.001 0.89 

TDN, % 48.2 52.6  50.2 50.9 50.0  51.2 49.6 1.10 0.08 0.20 <0.001 0.88 

NEL, Mcal/kg 1.21 1.20  1.20 1.23 1.20  1.23 1.18 0.01 0.75 0.12 <0.001 0.34 

Milk2006 48 hr               

kg milk/mt 1,182 1,151  1,156 1,186 1,157  1,192 1,140 108.1 0.68 0.16 <0.001 0.71 

TDN, % 50.4 54.1  52.0 52.8 51.9  52.9 51.6 1.07 0.11 0.19 <0.001 0.81 

NEL, Mcal/kg 1.23 1.22  1.22 1.24 1.21  1.25 1.20 0.02 0.68 0.09 <0.001 0.31 
1There was no evidence of difference for any 3-way interaction (P > 0.17). 
2There was no evidence of difference for any 2-way interaction between pad type and elevation (P > 0.13) 
3There was no evidence of difference for any 2-way interaction between elevation and core depth (P > 0.14) 
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4Total tract NDF digestibility 
5Means for the interaction of pad type and core depth are reported in Table 7 
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Table 4.4.  Association of pad type, elevation, and core depth with the quantification of Clostridium spp. and yeast from silage 

samples obtained on horizontal silo ramps.  

 Pad  Elevation  Core Depth  P-value2 

Item Conc Soil  Low Med Peak 

 

Inner Outer SEM Pad Elev. Core 

Pad* 

Elev 

Pad*

Core 

Elev*

Core 

log10 CFU/g1                 

Clostridia 2.4 2.5  2.5 2.3 2.7  2.4 2.6 0.36 0.92 0.23 0.12 0.10 0.11 0.87 

Yeast3 5.3 5.0  - - -  - - 0.54 0.72 0.47 <0.01 0.40 0.64 0.05 
1Data for quantification of CFU was determined only using data for samples greater than the minimum detectable limit as outlined in 

Table 5. 
2There was no evidence of difference for any 3-way interaction (P > 0.38). 
3Means for the interaction between elevation and core depth are reported in Table 5.9 
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Table 4.5. Association of pad type, elevation, and core depth with the probability of detection of Clostridium spp. and yeast in 

silage samples obtained from horizontal silo ramps.  

 Microbe type 

Item 

Yeast 

Probability (95% CI) 

Pad Type  

Conc 0.95 (0.06, 1.00) 

Soil 0.76 (0.16, 0.98) 

Elevation  

Low 0.91 (0.44, 0.99) 

Med 0.89 (0.38, 0.99) 

High 0.86, 0.34, 0.99) 

Core Depth  

Inner 0.87 (0.43, 0.98) 

Outer 0.90 (0.49, 0.99) 

  

P-value  

Pad 0.42 

Elevation 0.87 

Core Depth 0.69 

Pad*Elev. 0.54 

Pad*Core 0.69 

Elev.*Core 0.46 

Pad*Elev.*Core 0.53 
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Table 4.6.  Empirical prevalence of microbiological species silage samples obtained from the ramp of horizontal silos. 

  

Item Total detected, n1 

Clostridia spp. 89/124  (0.71) 

C. perfringens 44/124  (0.35) 

E. coli 29/124  (0.23) 

Total coliforms 54/124  (0.45) 

Yeast 84/124  (0.68) 

Mold 46/124  (0.37) 
1Proportion of samples in which a given microbe type was detected, and percent of total in the parenthesis. 

  



176 

 

Table 4.7.  Esimated means for variables with marginal or significant interactions of pad type and core depth. 

 Conc  Soil  P-value 

Item Inner Outer  Inner Outer SEM Pad*Core 

Phosphorus, %1 0.24 0.24  0.25a 0.27b 0.02 0.03 

Acetic acid, % 1.68 1.23  1.94 2.07 0.49 0.07 

NDFd 120 h, % NDF1 59.8 59.2  62.4a 58.7b 5.01 0.02 

NDFd 240 h, % NDF1 62.1 61.3  64.5a 59.9b 3.52 0.04 

Starch Dig, 7 h, %1 64.8 66.6  68.9a 64.8b 2.13 <0.001 
1Superscripts that differ within a pad type are different (P < 0.05) based on a Bonferroni adjustment for multiple comparisons 
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Table 4.8.  Estimated means for variables with significant interactions of pad type and elevation. 

 Conc  Soil  P-value 

Item Low Med Peak  Low Med Peak SEM Pad*Elev 

Phosphorus, %1 0.23a 0.24ab 0.26b  0.26 0.26 0.26 0.03 0.01 

          
1Superscripts within a pad type that differ are different (P < 0.05) based on a Bonferroni adjustment for multiple comparisons 
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Table 4.9.  Estimated means for variables with a marginal or significant interaction of elevation and core depth. 

 Low  Med  Peak  P-value 

Item Inner Outer  Inner Outer  Inner Outer SEM Elev*Core 

Density, kg/m3, 1 276 249  279a 235b  247 258 42.8 0.08 

Yeast, log10 CFU/g1 5.2 5.2  4.1a 5.5b  5.1 5.8 0.57 0.05 
1Superscripts within an elevation that differ are different (P < 0.05) based on a Bonferroni adjustment for multiple comparisons 
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Appendix A - Chapter 2 Supplementary Tables 

Table A.1. Linear associations between plasma alpha-1-acid glycoprotein (AGP) concentration (µg/mL) and glucose (mg/dL) 

in transition Holstein cows.1 

  Plasma glucose sample day 

Plasma AGP 

sample day Item -21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1 

-21 Transformed - No No - - No No No 

AGP2 < 0.1 - No No - - No No No 

AGP2 included - No No - - No No No 

P - 0.37 0.97 - - 0.63 0.19 0.22 

r2 - 0.14 0.30 - - 0.01 0.03 0.00 

r - 0.37 0.55 - - 0.10 0.17 0.03 

n - 44 36 - - 85 90 89 

RMSE - 5.38 3.63 - - 6.70 5.96 6.02 

Slope - Negative Negative - - Negative Negative Negative 

-13 ± 2 Transformed - No No - - No No No 

AGP2 < 0.1 - No No - - No No No 

AGP2 included - No No - - No No No 

P - 0.12 0.59 - - 0.16 0.56 0.75 

r2 - 0.72 0.24 - - 0.32 0.27 0.39 

r - 0.85 0.49 - - 0.57 0.52 0.62 

n - 191 36 - - 217 311 231 

RMSE - 6.92 3.80 - - 7.77 8.75 6.91 

Slope - Negative Positive - - Positive Negative Negative 

-3 Transformed - - Yes - - Yes Yes Yes 

AGP2 < 0.1 - - No - - No No No 

AGP2 included - - No - - No No No 

P - - 0.88 - - 0.103 0.15 0.43 
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r2 - - 0.23 - - -0.27 0.08 -0.01 

r - - 0.48 - - 0.52 0.28 0.10 

n - - 37 - - 40 44 43 

RMSE - - 3.79 - - 5.48 6.60 6.24 

Slope - - Positive - - Negative Negative Negative 

1 Transformed - - - - - Yes Yes Yes 

AGP2 < 0.1 - - - - - Yes Yes No 

AGP2 included - - - - - Yes Yes No 

P - - - - - 0.01 0.07 0.1 

r2 - - - - - 0.02 0.06 -0.03 

r - - - - - 0.124097 0.244949 0.173205 

n - - - - - 85 87 85 

RMSE - - - - - 7.26 5.57 5.63 

Slope - - - - - Negative Negative Negative 

3 ± 1 Transformed - - - - - No No No 

AGP2 < 0.1 - - - - - No No No 

AGP2 included - - - - - No No No 

P - - - - - 0.72 0.24 0.93 

r2 - - - - - 0.36 0.4 0.4 

r - - - - - 0.60 0.63 0.63 

n - - - - - 271 308 286 

RMSE - - - - - 7.92 7.57 7.88 

Slope - - - - - Positive Positive Negative 

7 ± 1 Transformed - - - - - No No No 

AGP2 < 0.1 - - - - - No No No 

AGP2 included - - - - - No No No 

P - - - - - 0.58 0.55 1 

r2 - - - - - 0.36 0.38 0.36 

r - - - - - 0.60 0.62 0.60 
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n - - - - - 282 285 270 

RMSE - - - - - 7.95 7.86 8.22 

Slope - - - - - Positive Positive Negative 

14 ± 1 Transformed - - - - - - No No 

AGP2 < 0.1 - - - - - - No No 

AGP2 included - - - - - - No No 

P - - - - - - 0.85 0.81 

r2 - - - - - - 0.3 0.37 

r - - - - - - 0.55 0.61 

n - - - - - - 380 296 

RMSE - - - - - - 8.71 8.19 

Slope - - - - - - Negative Positive 

21 ± 1 Transformed - - - - - - - No 

AGP2 < 0.1 - - - - - - - No 

AGP2 included - - - - - - - No 

P - - - - - - - 0.32 

r2 - - - - - - - 0.37 

r - - - - - - - 0.61 

n - - - - - - - 300 

RMSE - - - - - - - 8.14 

Slope - - - - - - - Positive 
1Model included the fixed effect of AGP and the random effect of treatment nested within study. 

  



182 

 

Table A.2. Quadratic associations between plasma alpha-1-acid glycoprotein (AGP) concentration (µg/mL) and glucose 

(mg/dL) in transition Holstein cows.1 

  Plasma glucose sample day 

Plasma AGP 

sample day Item -21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1 

1 Transformed - - - - - Yes  Yes  - 

AGP2 < 0.1 - - - - - Yes  Yes  - 

AGP2 included - - - - - Yes  Yes  - 

P - - - - - 0.01 0.07 - 

r2 - - - - - 0.01 0.06 - 

r - - - - - 0.10 0.24 - 

n - - - - - 85 87 - 

RMSE - - - - - 7.26 5.57 - 

Slope - - - - - Positive Positive - 
1Model included the fixed effect of linear and quadratic AGP and the random effect of treatment nested within study. 
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Table A.3. Linear associations between plasma alpha-1-acid glycoprotein (AGP) concentration (µg/mL) and free fatty acid 

(µE/L) in transition Holstein cows.1 

  Plasma free fatty acid sample day 

Plasma AGP 

sample day Item -21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1 

-21 Transformed - Yes Yes - - No No No 

AGP2 < 0.1 - No No - - No No No 

AGP2 included - No No - - No No No 

P - 0.87 0.79 - - 0.48 0.73 0.88 

r2 - -0.01 -0.09 - - -0.29 0.06 0.04 

r - 0.10 0.30 - - 0.54 0.24 0.20 

n - 43 37 - - 85 90 90 

RMSE - 97.22 172.40 - - 219.59 199.05 205.13 

Slope - Positive Positive - - Positive Positive Positive 

-13 ± 2 Transformed - Yes Yes - No No No Yes 

AGP2 < 0.1 - No No - No No No No 

AGP2 included - No No - No No No No 

P - 0.04 0.78 - 0.49 0.29 0.82 0.5 

r2 - 0.27 -0.08 - 0.05 0.01 0.33 0.1 

r - 0.52 - - 0.22 0.10 0.57 0.32 

n - 230 37 - 120 254 352 263 

RMSE - 53.03 173.06 - 322.03 265.50 224.94 204.98 

Slope - Positive Negative - Negative Negative Negative Negative 

-3 Transformed - - No - - No Yes Yes 

AGP2 < 0.1 - - No - - No No No 

AGP2 included - - No - - No No No 

P - - 0.49 - - 0.92 0.08 0.04 

r2 - - 0.002 - - -0.32 -0.02 0.05 

r - - 0.04 - - 0.57 0.14 0.22 
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n - - 38 - - 40 44 44 

RMSE - - 167.33 - - 238.81 207.97 217.61 

Slope - - Positive - - Negative Positive Positive 

1 Transformed - - - - - Yes Yes Yes 

AGP2 < 0.1 - - - - - No No No 

AGP2 included - - - - - No No No 

P - - - - - 0.53 0.89 0.42 

r2 - - - - - -0.39 0.1 0.08 

r - - - - - 0.62 0.32 0.28 

n - - - - - 84 87 87 

RMSE - - - - - 219.59 186.22 188.52 

Slope - - - - - Negative Positive Positive 

3 ± 1 Transformed - - - - No No No No 

AGP2 < 0.1 - - - - No No No No 

AGP2 included - - - - No No No No 

P - - - - 0.81 0.91 0.1 0.5 

r2 - - - - 0.05 0.03 0.11 0.11 

r - - - - 0.22 0.17 0.33 0.33 

n - - - - 169 312 349 320 

RMSE - - - - 282.44 253.88 229.83 196.95 

Slope - - - - Positive Positive Negative Negative 

7 ± 1 Transformed - - - - - Yes No Yes 

AGP2 < 0.1 - - - - - No No No 

AGP2 included - - - - - No No No 

P - - - - - 0.67 0.07 0.64 

r2 - - - - - 0.03 0.08 0.1 

r - - - - - 0.17 0.28 0.32 

n - - - - - 323 325 306 

RMSE - - - - - 252.39 231.48 197.08 
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Slope - - - - - Positive Negative Negative 

14 ± 1 Transformed - - - - - - No No 

AGP2 < 0.1 - - - - - - No No 

AGP2 included - - - - - - No No 

P - - - - - - 0.61 0.91 

r2 - - - - - - 0.3 0.08 

r - - - - - - 0.55 0.28 

n - - - - - - 420 329 

RMSE - - - - - - 215.28 194.57 

Slope - - - - - - Negative Positive 

21 ± 1 Transformed - - - - - - - No 

AGP2 < 0.1 - - - - - - - No 

AGP2 included - - - - - - - No 

P - - - - - - - 0.43 

r2 - - - - - - - 0.09 

r - - - - - - - 0.3 

n - - - - - - - 333 

RMSE - - - - - - - 196.22 

Slope - - - - - - - Positive 
1Model included the fixed effect of AGP and the random effect of treatment nested within study. 
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Table A.4. Linear associations between plasma alpha-1-acid glycoprotein (AGP) concentration (µg/mL) and beta-

hydroxybutyrate (µM) in transition Holstein cows.1 

  Plasma beta-hydroxybutyrate sample day 

Plasma AGP 

sample day Item -21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1 

-21 Transformed - No - - - Yes  Yes  No 

AGP2 < 0.1 - No - - - No No No 

AGP2 included - No - - - No No No 

P - 0.06 - - - 0.3 0.14 0.81 

r2 - -0.22 - - - 0.11 0.05 0.05 

r - 0.47 - - - 0.33 0.22 0.22 

n - 44 - - - 84 88 87 

RMSE - 64.05 - - - 507.26 581.11 360.05 

Slope - Negative - - - Positive Positive Positive 

-13 ± 2 Transformed - No - - No No No No 

AGP2 < 0.1 - Yes  - - No No No No 

AGP2 included - Yes  - - No No No No 

P - 0.38 - - 0.99 0.36 0.61 0.64 

r2 - 0.65 - - 0.11 0.05 0.18 0.15 

r - 0.81 - - 0.33 0.22 0.42 0.39 

n - 234 - - 119 252 345 264 

RMSE - 98.60 - - 309.71 404.75 409.03 456.32 

Slope - Negative - - Negative Negative Positive Negative 

-3 Transformed - - Yes  - - No Yes  Yes  

AGP2 < 0.1 - - No - - No No No 

AGP2 included - - No - - No No No 

P - - 0.24 - - 0.88 0.38 0.41 

r2 - - -0.25 - - 0.14 0.09 0.14 

r - - 0.50 - - 0.37 0.30 0.37 
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n - - 36 - - 39 42 41 

RMSE - - 53.04 - - 269.51 346.13 323.62 

Slope - - Positive - - Positive Positive Positive 

1 Transformed - - - - - Yes  Yes  Yes  

AGP2 < 0.1 - - - - - No No No 

AGP2 included - - - - - No No No 

P - - - - - 0.56 0.95 0.84 

r2 - - - - - 0.03 0.04 0.05 

r - - - - - 0.17 0.20 0.22 

n - - - - - 80 85 85 

RMSE - - - - - 307.94 305.62 360.14 

Slope - - - - - Positive Positive Positive 

3 ± 1 Transformed - - - - No Yes  No No 

AGP2 < 0.1 - - - - No No No No 

AGP2 included - - - - No No No No 

P - - - - 0.49 0.29 0.58 0.93 

r2 - - - - 0.15 0.08 0.14 0.13 

r - - - - 0.39 0.28 0.37 0.36 

n - - - - 167 314 337 316 

RMSE - - - - 266.99 593.55 320.26 390.99 

Slope - - - - Positive Positive Negative Negative 

7 ± 1 Transformed - - - - - Yes  No No 

AGP2 < 0.1 - - - - - No No No 

AGP2 included - - - - - No No No 

P - - - - - <0.01 0.94 0.29 

r2 - - - - - 0.09 0.13 0.09 

r - - - - - 0.30 0.36 0.30 

n - - - - - 322 311 297 

RMSE - - - - - 425.65 270.60 357.35 
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Slope - - - - - Positive Positive Negative 

14 ± 1 Transformed - - - - - - No No 

AGP2 < 0.1 - - - - - - No No 

AGP2 included - - - - - - No No 

P - - - - - - 0.84 88 

r2 - - - - - - 0.21 0.09 

r - - - - - - 0.46 0.30 

n - - - - - - 404 322 

RMSE - - - - - - 291.58 346.54 

Slope - - - - - - Positive Negative 

21 ± 1 Transformed - - - - - - - No 

AGP2 < 0.1 - - - - - - - No 

AGP2 included - - - - - - - No 

P - - - - - - - 0.14 

r2 - - - - - - - 0.11 

r - - - - - - - 0.33 

n - - - - - - - 326 

RMSE - - - - - - - 343.60 

Slope - - - - - - - Positive 
1Model included the fixed effect of AGP and the random effect of treatment nested within study. 
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Table A.5. Quadratic associations between plasma alpha-1-acid glycoprotein (AGP) concentration (µg/mL) and beta-

hydroxybutyrate (µM) in transition Holstein cows.1 

  Plasma beta-hydroxybutyrate sample day 

Plasma AGP 

sample day Item -21 -13 ± 2 -3 1 3 ± 1  7 ± 1 14 ± 1 21 ± 1 

-13 ± 2 Transformed - No - - - - - - 

AGP2 < 0.1 - Yes  - - - - - - 

AGP2 included - Yes  - - - - - - 

P - 0.02 - - - - - - 

r2 - 0.66 - - - - - - 

r - 0.81 - - - - - - 

n - 233 - - - - - - 

RMSE - 97.42 - - - - - - 

Slope - Negative - - - - - - 
1Model included the fixed effect of linear and quadratic AGP and the random effect of treatment nested within study. 
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Table A.6. Linear associations between plasma alpha-1-acid glycoprotein (AGP) concentration (µg/mL) and insulin (ng/mL) in 

transition Holstein cows.1 

  Plasma insulin sample day 

Plasma AGP 

sample day Item -21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1 

-13 ± 2 Transformed - Yes  - - - - Yes  - 

AGP2 < 0.1 - No - - - - No - 

AGP2 included - No - - - - No - 

P - 0.04 - - - - 0.69 - 

r2 - 0.17 - - - - -0.03 - 

r - 0.41 - - - - 0.17 - 

n - 61 - - - - 56 - 

RMSE - 0.06 - - - - 0.03 - 

Slope - Negative - - - - Positive - 

-3 Transformed - - - - No Yes  Yes  No 

AGP2 < 0.1 - - - - No No No No 

AGP2 included - - - - No No No No 

P - - - - 0.7 0.46 0.36 0.25 

r2 - - - - 0.04 -0.12 -0.06 -0.01 

r - - - - 0.20 0.35 0.24 0.10 

n - - - - 51 48 50 51 

RMSE - - - - 0.08 0.08 0.09 0.15 

Slope - - - - Negative Negative Negative Negative 

3 ± 1 Transformed - - - - No Yes  Yes  No 

AGP2 < 0.1 - - - - No No No No 

AGP2 included - - - - No No No No 

P - - - - 0.7 0.46 0.36 0.25 

r2 - - - - 0.04 -0.12 -0.06 -0.01 

r - - - - 0.20 0.35 0.24 0.10 
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n - - - - 51 48 50 51 

RMSE - - - - 0.08 0.08 0.09 0.15 

Slope - - - - Negative Negative Negative Negative 

7 ± 1 Transformed - - - - No No No Yes  

AGP2 < 0.1 - - - - No No No No 

AGP2 included - - - - No No No No 

P - - - - 0.6 0.26 0.95 0.95 

r2 - - - - 0.03 -0.09 -0.42 -0.79 

r - - - - 0.17 0.30 0.65 0.89 

n - - - - 48 52 52 51 

RMSE - - - - 0.08 0.08 0.10 0.23 

Slope - - - - Negative Negative Negative Positive 

14 ± 1 Transformed - - - - - - No No 

AGP2 < 0.1 - - - - - - No No 

AGP2 included - - - - - - No No 

P - - - - - - 0.36 0.64 

r2 - - - - - - 0.27 -0.24 

r - - - - - - 0.52 0.49 

n - - - - - - 111 54 

RMSE - - - - - - 0.06 0.13 

Slope - - - - - - Positive Positive 

21 ± 1 Transformed - - - - - - - No 

AGP2 < 0.1 - - - - - - - No 

AGP2 included - - - - - - - No 

P - - - - - - - 0.27 

r2 - - - - - - - -0.42 

r - - - - - - - 0.65 

n - - - - - - - 53 

RMSE - - - - - - - 0.11 
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Slope - - - - - - - Positive 
1Model included the fixed effect of AGP and the random effect of treatment nested within study. 
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Table A.7. Linear associations between plasma alpha-1-acid glycoprotein (AGP) concentration (µg/mL) and haptoglobin1 in 

transition Holstein cows.2 

  Plasma haptoglobin sample day 

Plasma AGP 

sample day Item -21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1 

-13 ± 2 Transformed - - - - - Yes  Yes  Yes  

AGP2 < 0.1 - - - - - No No No 

AGP2 included - - - - - No No No 

P - - - - - 0.64 0.43 0.23 

r2 - - - - - -0.07 0.07 0.16 

r - - - - - 0.26 0.26 0.40 

n - - - - - 82 85 81 

RMSE - - - - - 586.38 392.22 330.01 

Slope - - - - - Negative Negative Negative 

3 ± 1 Transformed - - - - Yes  No No Yes  

AGP2 < 0.1 - - - - No No No No 

AGP2 included - - - - No No No No 

P - - - - <0.001 0.33 0.55 0.36 

r2 - - - - 0.24 0.16 0.28 0.24 

r - - - - 0.49 0.40 0.53 0.49 

n - - - - 50 130 130 129 

RMSE - - - - 233.09 506.54 209.17 247.37 

Slope - - - - Positive Positive Positive Positive 

7 ± 1 Transformed - - - - - Yes  Yes  Yes  

AGP2 < 0.1 - - - - - No No No 

AGP2 included - - - - - No No No 

P - - - - - <.001 <0.01 0.86 

r2 - - - - - 0.32 0.28 0.25 

r - - - - - 0.57 0.53 0.50 
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n - - - - - 143 140 134 

RMSE - - - - - 518.98 318.25 224.55 

Slope - - - - - Positive Positive Positive 

14 ± 1 Transformed - - - - - - Yes  Yes  

AGP2 < 0.1 - - - - - - Yes  No 

AGP2 included - - - - - - Yes  No 

P - - - - - - 0.03 0.71 

r2 - - - - - - 0.31 0.22 

r - - - - - - 0.56 0.47 

n - - - - - - 145 135 

RMSE - - - - - - 337.03 204.15 

Slope - - - - - - Positive Positive 

21 ± 1 Transformed - - - - - - - Yes  

AGP2 < 0.1 - - - - - - - No 

AGP2 included - - - - - - - No 

P - - - - - - - 0.22 

r2 - - - - - - - 0.25 

r - - - - - - - 0.50 

n - - - - - - - 137 

RMSE - - - - - - - 195.57 

Slope - - - - - - - Positive 
1Data for haptoglobin from Carpenter et al. (2018) were reported as µg/mL and data from Bollatti et al. (2020) and Zenobi et al. 

(2018) were reported as optical density.  Differences between concentration reporting methods is accounted for with the random effect 

of treatment(study) in our model. 
2Model included the fixed effect of AGP and the random effect of treatment nested within study. 
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Table A.8.  Quadratic associations between plasma alpha-1-acid glycoprotein (AGP) concentration (µg/mL) and haptoglobin1 

in transition Holstein cows.2 

  Plasma glucose sample day 

Plasma AGP 

sample day Item 

-

21 -13 ± 2 -3 1 3 ± 1 7 ± 1 14 ± 1 21 ± 1 

1 Transformed - - - - - - Yes  - 

AGP2 < 0.1 - - - - - - Yes  - 

AGP2 included - - - - - - Yes  - 

P - - - - - - 0.02 - 

r2 - - - - - - 0.31 - 

r - - - - - - 0.56 - 

n - - - - - - 145 - 

RMSE - - - - - - 337.03 - 

Slope - - - - - - Positive - 
1Data for haptoglobin from Carpenter et al. (2018) were reported as µg/mL and data from Bollatti et al. (2020) and Zenobi et al. 

(2018) were reported as optical density.  Differences between concentration reporting methods is accounted for with the random effect 

of treatment(study) in our model. 
2Model included the fixed effect of linear and quadratic AGP and the random effect of treatment nested within study. 
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Appendix B - Chapter 4 Supplementary Table 

Table B. 1. Association of chemical composition for bales immediately after baling and 

after particle size reduction. 

 P-value      

Item Trt Intercept Parameter Estimate R2 N RMSE 

DM, % 0.27 82.48 0.19 0.27 24 0.82 

CP, % 0.49 -1.99 1.13 0.93 24 0.06 

ADF, % 0.03 23.83 0.55 0.38 24 1.17 

NDF, % 0.03 5.46 0.54 0.76 24 1.10 

NDFom, % 0.01 9.11 0.70 0.77 24 1.17 

Lignin, % 0.86 9.93 -0.04 0.33 24 0.36 

Ash, % 0.52 5.21 -0.04 0.86 24 0.31 

ADICP, %  0.01 0.43 0.03 0.66 24 0.06 

ADICP, % CP 0.03 0.61 1.31 0.67 24 0.45 

       

NDFD-30hr, g/kg 0.03 0.12 -0.60 0.60 24 1.28 

NDFD-48hr, g/kg 0.01 26.40 -1.10 0.43 24 1.69 

NDFD-120hr, g/kg 0.05 58.20 -0.96 0.17 24 2.21 

NDFD-240hr, g/kg 0.09 69.31 -0.93 0.21 24 2.58 

uNDF-30hr, g/kg <0.01 10.4 0.67 0.66 24 0.87 

uNDF-120hr, g/kg 0.02 2.48 1.01 0.28 24 1.83 

uNDF-240hr, g/kg 0.11 14.42 0.74 0.18 24 2.15 

TTNDFD 0.97 29.04 0.01 0.07 24 1.96 
1Model included the fixed effects of chemical composition at the time of baling and treatment.  

The interaction of beginning chemical composition and treatment were dropped from the model 

for all variables (P > 0.05). 

 


