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 The transition cow period is arguably the most demanding time in a dairy cow’s 

life due to an increase in nutrient demand, metabolic and endocrine changes, diet 

changes, and management factors. Minimizing disruptions during this time period can 

ease the transition into lactation; however, limited controlled- and large 

epidemiological-research exists exploring the relationships between nutrition and 

management factors during the transition cow period with postpartum cow health and 

performance outcomes.  

 Therefore, the objectives were to: 1) provide a description of current 

management and nutrition practices and cow outcomes in surveyed commercial dairy 

herds in the Northeastern US, 2) investigate critical thresholds for prepartum 

nonesterified fatty acids (NEFA) and postpartum NEFA, β-hydroxybutyrate (BHB), 

and haptoglobin (Hp) and their association with negative health events, milk 

production, and reproductive performance at the cow- and herd-level, 3) identify 

relationships between dry period and periparturient period nutritional strategies as 



 

characterized by diet contents of starch, forage NDF, or both, with metabolic- (NEFA 

and BHB) and inflammation-related (Hp) biomarkers, health disorders, milk 

production, and reproductive performance, and 4) identify relationships between 

putative transition period management factors with metabolic- and inflammation-

related biomarkers, health disorders, milk production, and reproductive performance.  

In general, elevated biomarkers were associated with negative postpartum 

outcomes at the cow- and herd-level. Our results support feeding multiparous cows a 

high fiber close-up and high starch fresh diet and feeding primiparous cows a controlled-

energy far-off, high fiber close-up, and high starch fresh diet for optimal postpartum 

performance and health. During the prepartum period, our results support increasing the 

proportion of particles on the Penn State Particle Separator 19-mm sieve for the 

prepartum diets and optimizing bunk space during the close-up period. During the fresh 

period, our results support maximizing bunk space, avoiding commingling, increasing 

the feeding frequency, and avoiding high peuNDF240 or uNDF240 diets. At the herd-

level, our results support the practice of avoiding vaccination in the calving pen, 

utilizing a calving pen (moving to a pen when showing signs of labor) compared to a 

maternity pen (moving to a pen at least 0 to 3 d prior to expected parturition), reducing 

the number of prepartum and postpartum pen moves for primiparous cows, and avoiding 

long stays (≥8 h) in the calving pen after parturition. 
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CHAPTER 1  

INTRODUCTION 

Given an increase in nutrient requirements for milk production, dynamic 

changes in DMI, parturition, dietary changes, and management factors such as frequent 

pen moves, the transition period is arguably the most demanding time in a dairy cow’s 

life. Increased blood concentrations of nonesterified fatty acids (NEFA) and β-

hydroxybutyrate (BHB) are a result of adipose tissue being mobilized in response to 

meeting the energy demands of the conceptus or calf, via milk production, as well as 

partial oxidation of NEFA by the liver (Bell, 1995). In addition, haptoglobin (Hp), a 

positive acute phase protein produced in the liver, may be elevated in the postpartum 

cow as part of the inflammatory response (Uchida et al., 1993; Bradford et al., 2015), 

Elevated concentrations of NEFA, BHB, and Hp have been associated with an increased 

risk of health disorders, decreased milk production, and poorer reproductive 

performance (Ospina et al., 2010b; c; Huzzey et al., 2015). 

In the past 20 years, transition cow research has focused on evaluating 

nutritional strategies, particularly during the prepartum period; however, few studies 

have evaluated the periparturient (close-up dry and fresh periods) or fresh cow periods. 

The adoption of a controlled energy diet throughout the dry period has increased 

amongst the dairy industry and has been supported by controlled research trials for 

improving postpartum health (Janovick et al., 2011; Mann et al., 2015; Richards et al., 

2020); however, another study has demonstrated decreased milk production in cows fed 

a controlled energy prepartum diet (Vickers et al., 2013). It has been proposed that 

feeding a lower starch diet during the fresh period might result in cows having improved 
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milk production compared to cows fed higher levels of fermentable starch during the 

fresh period (Allen et al., 2009); however, data are lacking or have not fully supported 

this theory (Andersen et al., 2003; Rabelo et al., 2003; McCarthy et al., 2015c). 

A study involving 47 herds that were fed the exact same TMR reported a 13.2 

kg/d range in mean milk production (Bach et al., 2008). The authors concluded that 50% 

of the observed variation within milk yield was attributed towards non-nutritional 

factors. Although research has demonstrated that non-nutritional factors can impact 

health and milk production (Cook and Nordlund, 2004; von Keyserlingk et al., 2008; 

Huzzey et al., 2012), most recommendations are based on observations, controlled-

research trials, or studies evaluating mid-lactation or far-off dry cows.  

The objective of the following literature review is to 1) examine the metabolic 

and inflammatory changes during the transition cow period and consider the cow- and 

herd-level associations between elevated biomarkers and postpartum outcomes, 2) 

review different nutritional strategies that have been evaluated during the prepartum and 

early lactation period and what we have learned, and 3) review putative management 

factors that have been proposed to impact postpartum health and performance.  
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CHAPTER 2  

LITERATURE REVIEW 

 

METABOLIC AND INFLAMMATION CHANGES IN THE TRANSITION 

PERIOD COW 

Negative Energy Balance and Nutrient Partitioning 

 The transition period is arguably the most demanding time in a cow’s life. 

Homeorhetic controls partition nutrients to meet the needs of the periparturient cow 

(Bauman and Currie, 1980). The demand for nutrients increases in late gestation due to 

the growing fetus and associated tissues, mammary development (Bauman and Currie, 

1980) and colostrum production; however, compared to the nutrient uptake by the uterus 

at 250 days carried calf, the nutrient uptake by the mammary gland at 4 DIM increases 

2.7 times for glucose, 2.0 times for amino acids, and 4.5 times for fatty acids (Bell, 

1995). The increased demand for nutrients coupled with a decrease in DMI around the 

time of parturition causes the dairy cow to enter a state of negative nutrient balance. 

Although the cow is in a state of negative nutrient balance for many nutrients, this 

dissertation will focus on negative energy balance (NEB). As the lactating period 

progresses, milk production increases until a typical peak of 5 to 7 wk postpartum; 

however, DMI lags and does not typically peak until approximately 8 to 22 wk 

postpartum (Ingvartsen and Andersen, 2000). A cow will remain in NEB until the intake 

of nutrients meets or exceeds the nutrient requirements of the cow, which will not occur 

until an average of 45 d postpartum (Grummer and Rastani, 2003).  

 The majority of health disorders diagnosed (~75%) are observed during the first 
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month after parturition (LeBlanc et al., 2006), with the majority of metabolic disorders 

being diagnosed within the first 2 wk after parturition (Goff and Horst, 1997). The early 

lactation cow may be more susceptible to health disorders due to inadequate nutrient 

consumption as a result of depressed DMI, failure to adapt to the lactating diet, the act 

of parturition and associated endocrine changes, immunosuppression, failure of 

homeorhetic mechanisms to physiological changes, or more likely, a combination of 

factors (Goff and Horst, 1997). A study evaluating immune function in mid-lactation 

cows that were feed-restricted to induce NEB reported minimal changes in immune 

function, no differences in glucose concentrations, and increased BHB concentrations, 

though not reflective of hyperketonemia in NEB cows (Moyes et al., 2009). However, 

force-feeding prepartum cows until parturition to prevent a drop in DMI resulted in 

lower liver triglycerides accumulation during the prepartum period and improved milk 

yield (Bertics et al., 1992).  

 Physiological mechanisms exist to meet the demands of lactation while in a state 

of NEB. Glucose is required for the synthesis of lactose, which is an osmotic regulator 

in the mammary gland, and therefore drives milk production (Bell and Bauman, 1997; 

Zhao and Keating, 2007). Despite these requirements, the mammary gland is not 

capable of gluconeogenesis as it lacks glucose-6-phosphatase (Scott et al., 1976). The 

glucose supplied to the mammary gland needs to be acquired from gluconeogenesis in 

other tissues, primarily the liver, or through absorption; however, little glucose is 

absorbed through the gastro-intestinal tract as the rumen microbial population ferments 

dietary carbohydrates into volatile fatty acids (Aschenbach et al., 2010). 

Gluconeogenesis primarily utilizes propionate, lactate, alanine, valerate, isobutyrate, 
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glycerol, and other glucogenic amino acids (Aschenbach et al., 2010).  Between the 

increased demand for glucose and decreased DMI during the periparturient period, an 

adjustment in glucose utilization by other maternal tissues, such as skeletal muscle and 

adipose tissue, is required. Bell and Bauman (1997) proposed the “glucose-sparing 

effect of pregnancy” as a way to explain the repartitioning of nutrients in the maternal 

tissues. Muscle and adipose are insulin-dependent tissues and rely on glucose 

transporters to uptake glucose into the cells (Bell and Bauman, 1997). Glucose 

transporter (GLUT) 4 is an insulin-responsive transporter that has been shown to be 

decreased in adipose and muscle tissue in the late pregnant ewe (Petterson et al., 1993). 

Kuhla et al. (2011) reported a decrease in GLUT4 expression in muscle tissue in cows 

during their fourth week of lactation compared to levels observed during the dry period, 

suggesting that early lactation cows may not uptake as much glucose in muscle tissues, 

supporting the idea of sparing glucose for milk production. The mammary gland mostly 

consists of GLUT1, a non-insulin-dependent glucose transporters, and there is an 

absence of GLUT4 (Zhao and Keating, 2007). The glucose-sparing effect may be 

facilitated by decreased postpartum insulin concentrations, increased insulin resistance, 

and decreased insulin sensitivity observed in early lactation cows (Bell and Bauman, 

1997). For the purpose of this dissertation, endocrine regulation during NEB will not be 

reviewed in detail but the reader can find in-depth reviews by Ingvartsen and Andersen 

(2000), Drackley et al. (2001), and Vernon (2005). 

 Since glucose is prioritized for milk synthesis, other maternal tissues need to 

rely on other energy sources during NEB. Lipolysis increases during a NEB state to 

provide energy substrates to other tissues. Nonesterified fatty acids (NEFA) are released 
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from adipocytes into the bloodstream and are proportionally taken up by the liver 

(Emery et al., 1992). Once mobilized to the liver, approximately 25% of NEFA will be 

taken up by the hepatocyte (Bell, 1979; Reynolds et al., 2003); however, the total 

amount taken up by the hepatocyte is reflective of the blood NEFA concentration and 

blood flow, both of which are increased during the periparturient period (White, 2015). 

Once NEFA enters the hepatocyte, it will have 1 of 4 possible fates: 1) completely 

oxidized to acetyl-CoA and entry into the tricarboxylic acid (TCA) cycle through the 

formation of citrate, 2) partially oxidized to ketone bodies in the mitochondria, 3) re-

esterified to triacylglycerides (TAG) to be stored in the liver or exported through very-

low density lipoproteins (VLDL), or 4) completely oxidized in the peroxisome 

(Drackley, 1999; Adewuyi et al., 2005; White, 2015).  

 The primary and most preferable fate would be for NEFA to be utilized in the 

TCA cycle. Nonesterified fatty acids are oxidized to acetyl-CoA and are used in the 

TCA cycle to produce energy (Adewuyi et al., 2005), which can be used to facilitate 

intermediates to gluconeogenesis (White, 2015); however, the cataplerotic pull from the 

TCA cycle to gluconeogenesis and the degree of NEFA being completely oxidized in 

the TCA cycle is dependent on the TCA cycle intermediate pool that would contribute 

to oxaloacetate production (White, 2015). Although short- and medium-chain fatty acids 

can cross the mitochondrial membrane without regulation, long-chain fatty acids are 

dependent on carnitine palmitoyltransferase-1 (CPT-1) for conversion to acyl carnitine 

derivatives in order to be transported across the mitochondrial membrane (Guzman and 

Geelen, 1993; Vernon, 2005). Carnitine palmitoyltransferase-1 production is inhibited 

and thus fatty acid oxidation is reduced by malonyl-CoA and methylmalonyl-CoA, both 
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indicators of adequate propionate and acetate from the diet (Vernon, 2005). Despite 

increased uptake of NEFA by the hepatocyte during the periparturient period, the total 

oxidative capacity of NEFA increases marginally compared to 28 d prior to parturition, 

and may be more reflective of increased peroxisomal oxidation rather than 

mitochondrial oxidation (Grum et al., 1996).  

 If the oxidative capacity of the TCA cycle is maximized, NEFA can also be 

partially oxidized to ketone bodies in the mitochondria, which can be used as an energy 

source by other peripheral tissues (Adewuyi et al., 2005), thus sparing glucose for milk 

production; however, the conversion to ketone bodies requires the transportation of 

NEFA into the mitochondria (Herdt, 2000). The conversion of NEFA to ketone bodies 

is also dependent on hydroxymethylglutaryl-CoA synthase, which is inhibited by 

succinyl-CoA when adequate glucogenic precursors (specifically propionate) are 

available (Zammit, 1990). During ketogenesis, acetoacetate, β-hydroxybutyrate (BHB) 

and acetone are produced. Hyperketonemia is often evaluated in cows by measuring 

BHB concentrations as BHB is a more stable compound than acetoacetate and is the 

predominant ketone body; however, as a cow becomes more ketotic, the BHB to 

acetoacetate ratio decreases (Bergman, 1971). 

 Peroxisomal oxidation has been suggested as an “overflow” pathway when 

NEFA is in excess (Adewuyi et al., 2005). This pathway shortens NEFA to acetyl-CoA, 

does not produce energy substrates, and instead results in hydrogen peroxide and heat 

production (Drackley, 1999; Adewuyi et al., 2005). Although this pathway increases the 

hepatic oxidative capacity, hydrogen peroxide is a reactive oxygen species, which can 

cause cell damage and increased oxidative stress (Sordillo and Raphael, 2013).  
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 There is limited capacity for NEFA to be re-esterified to TAG and assembled 

into VLDL for export from the liver (Drackley, 1999; Adewuyi et al., 2005). The re-

esterification of NEFA to TAG may not be ideal as NEFA re-esterification to TAG 

requires glycerol, which would cause a reduction in the glucose pool. However, when 

NEFA is in excess and all the other pathways are maximized or NEFA is not entering 

the mitochondria, TAG will be synthesized in the hepatocyte’s cytosol and 

accumulation will occur in the liver as a potential mechanism for regulating blood 

NEFA concentrations (Herdt, 2000; Vernon, 2005). Accumulation of hepatic TAG can 

impair liver function when in excess, and has been associated with decreased 

gluconeogenesis and ureagenesis (Strang et al., 1998; Drackley et al., 2001). 

 Although elevated concentrations of NEFA and BHB have been associated with 

negative health disorders and production (discussed later in this review), only a weak 

relationship exists between blood NEFA and BHB concentrations (Ospina et al., 2013; 

McCarthy et al., 2015b). This weak relationship may be a reflection of the differences 

in energy needs of the individual cow and thus energy balance, differences in glucogenic 

intermediates available and thus the glucogenic capacity of the individual cow, and 

differences in ketogenic carbon sources of the individual cow (McCarthy et al., 2015b). 

 

Inflammation in the Transition Cow 

 The acute phase response is triggered through the binding of molecular patterns 

associated with pathogens or cell damage to pattern recognition receptors on cells and 

is followed by the appropriate response, locally and systemically (Ceciliani et al., 2012; 

Bradford et al., 2015; Trevisi and Minuti, 2018). An inflammatory response then 
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commences through the production of pro-inflammatory cytokines, most notably tumor 

necrosis factor α, interleukin-1b, and interleukin-6, which stimulates the hepatic acute 

phase response for the production of positive acute phase proteins, such as haptoglobin 

(Hp), serum amyloid A (SAA), lipopolysaccharide binding protein (LBP), and α1-

glycoprotein (AGP), and decreases the production of negative acute phase proteins such 

as albumin or related parameters (Medzhitov, 2008; Ceciliani et al., 2012; Bertoni and 

Trevisi, 2013; Trevisi and Minuti, 2018).  

Haptoglobin and SAA are major acute phase proteins in the dairy cow (Ceciliani 

et al., 2012), which are present at negligible amounts in healthy cows but can increase 

over 100-fold at the onset of infection (Eckersall et al., 2001). Both have been 

demonstrated to have greater sensitivity or specificity for distinguishing between acute 

and chronic inflammation compared to other acute phase proteins (Horadagoda et al., 

1999), making both attractive markers for monitoring inflammation in the early lactation 

cow. Haptoglobin is a preferable acute phase protein to measure than SAA as it has been 

demonstrated to have a longer serum half-life in sheep (Wells et al., 2013) and humans 

(Gabay and Kushner, 1999) and is easier to measure. Purifying and quantifying SAA in 

cattle has been difficult since SAA is an apolipoprotein bound in the high-density 

lipoprotein fraction (Horadagoda et al., 1999). Haptoglobin binds to free hemoglobin to 

prevent bacteria from utilizing iron for growth; however, some bacteria can still utilize 

iron from Hp already bound to hemoglobin and the Hp-hemoglobin complex has a half-

life of 20 to 50 min (Ceciliani et al., 2012). Haptoglobin has anti-oxidant and anti-

inflammatory properties. It binds to and prevents oxidative damage by hemoglobin, 

activates the anti-inflammatory system through the upregulation of heme oxygenase-1 
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and interleukin-10 when the Hp-hemoglobin complex binds to macrophages and 

monocytes, and can bind to neutrophils to prevent tissue damage caused by neutrophil 

degranulation (Ceciliani et al., 2012). Haptoglobin also may promote tissue repair by 

stimulating angiogenesis and can act as an extracellular chaperone by binding to 

misfolded-proteins caused by heat or stress (Ceciliani et al., 2012). 

An inflammatory response around the time of parturition is normal and has been 

considered to be necessary. Inflammation around parturition has been demonstrated to 

help induce parturition, resolve infection and heal wounds, and promote insulin 

resistance in non-mammary tissues to spare glucose for milk production (Bradford et 

al., 2015). Uterine inflammation mediated by the influx of neutrophils and macrophages 

stimulates cervical dilation, uterine contraction, and placental expulsion (Challis et al., 

2009; van Engelen et al., 2009; Boro et al., 2014). A greater incidence of infection is 

observed during the early lactation period, particularly in the uterus and mammary 

gland, but the inflammatory state of the early lactation cow may aid in disease resolution 

(Bradford et al., 2015). Inflammation around parturition may be a homeorhetic 

adaptation to increase insulin resistance in muscle and adipose tissue to spare glucose 

for milk synthesis (Farney et al., 2013; Bradford et al., 2015). Previous work has 

demonstrated elevated Hp concentrations around parturition in healthy cows and even 

greater concentrations observed in sick cows (Humblet et al., 2006; Qu et al., 2014). 

The degree and resolution of the inflammatory response may be related to the degree of 

the inflammatory cause (Bertoni and Trevisi, 2013; Bradford et al., 2015); however, 

results reported by McCarthy et al. (2016) would not concur. McCarthy et al. (2016) 

categorized cows into inflammatory quartiles based on the highest Hp concentration 
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observed during the first week postpartum. Cows in the 2nd (Hp = 0.60 to 1.14 g/L) and 

3rd (Hp = 1.15 to 2.05 g/L) quartiles had the most adverse early lactation performance 

compared to cows in the 1st (Hp = 0.18 to 0.59 g/L) and 4th (Hp = 2.06 to 2.50 g/L) 

quartiles. These results may have been confounded with energy availability as cows in 

the 2nd and 3rd quartiles had decreased DMI and conversion of [1-14C]propionate to CO2 

in liver slices; however, the results may have demonstrated the need for a robust 

inflammatory response immediately after parturition in accordance with adequate 

energy availability. To minimize further pathological dysfunction, diseases or disorders, 

it has been proposed that an inflammatory response should be rapid and robust, 

eliminating the cause of infection quickly, followed by a rapid resolution of the 

inflammation and tissue repair (Medzhitov, 2008; Bradford et al., 2015). 

 Inflammation has been associated with anorexia (Kushibiki et al., 2003; 

Ceciliani et al., 2012) and increased glucose demand as immune cells require glucose 

(Bradford et al., 2015), which could further exacerbate NEB in the early lactation cow. 

It has been estimated that a lactating cow requires more than 2 kg/d of glucose for an 

activated immune system (Kvidera et al., 2017a; Horst et al., 2021) and 72 g of glucose 

for the synthesis of 1 kg of milk (Kronfeld, 1982); indicating that activation of the 

immune system could have detrimental effects on milk production. Inflammation is 

associated with the catabolism of adipose and muscle tissue and the downregulation of 

albumin, resulting in an increase in the free amino acid pool which could be utilized for 

gluconeogenesis and acute phase protein synthesis (Ceciliani et al., 2012); however, 

catabolism of adipose tissue and increased insulin resistance results in increased serum 

NEFA concentrations and impaired metabolic health (Ohtsuka et al., 2001; Zachut et 
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al., 2013). It has been proposed that cows with fatty liver would have elevated Hp due 

to stimulated liver parenchymal cells from excessive lipid accumulation (Katoh, 2002). 

Supporting this theory, Ametaj et al. (2005) observed greater concentrations of Hp and 

SAA in cows with fatty liver compared to control cows. In addition, an increase in 

NEFA can cause stress on the endoplasmic reticulum in the hepatocytes and increased 

peroxisomal oxidation, stimulating an inflammatory response as a result of increased 

reactive oxygen species; however, an inflammatory response will depend on the 

antioxidant status of the cow (Adewuyi et al., 2005; Sordillo et al., 2009; Bradford et 

al., 2015; Ringseis et al., 2015). Lipid peroxides are another reactive oxygen species 

that may form as a result of increased concentrations of reactive oxygen species and 

NEFA (Bradford et al., 2015).  

  Besides inflammation arising due to parturition and infection, inflammation in 

the early lactation cow can occur due to gastrointestinal barrier dysfunction and stress-

related events. Gastrointestinal barrier dysfunction, or “leaky gut,” can occur due to heat 

stress (Baumgard and Rhoads, 2013), change in diet/subacute ruminal acidosis 

(Emmanuel et al., 2008; Khafipour et al., 2009; Gott et al., 2015), decreased DMI 

(Zhang et al., 2013; Kvidera et al., 2017b), or any combination of factors. Social 

stressors (Proudfoot et al., 2018), psychosocial stress (Depke et al., 2009), and stress 

from transportation (Arthington et al., 2003; Lomborg et al., 2008; Cooke and 

Arthington, 2013) have been associated with an inflammatory response, though only 

Proudfoot et al. (2018) observed stress in transition dairy cows. Stress has been 

associated with gastrointestinal barrier dysfunction in pigs (Pohl et al., 2017), though it 

is unclear if stress due to social interactions or transportation is associated with 
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gastrointestinal barrier dysfunction in cows. Gastrointestinal barrier dysfunction results 

in leaky tight junctions between the cells, allowing infectious agents, such as bacterial 

lipopolysaccharides, to enter the bloodstream, resulting in an inflammatory response.  

 

Factors Associated with Elevated Biomarkers and Postpartum Performance 

 Different cow-level factors have been associated with elevated NEFA, BHB, 

and Hp concentrations, such as body condition score (BCS) and the change in BCS, 

locomotion score (LS), calving difficulty, and parity. In addition, calving season has 

also been associated with elevated concentrations. 

 Several studies have observed that cows with a greater BCS are at an increased 

risk of elevated biomarker concentrations. Calderon and Cook (2011) observed greater 

postpartum BHB concentrations in cows classified as fat (BCS ≥ 4.0) compared to thin 

(BCS < 3.0) at the start of the close-up period, though BCS was not associated with 

postpartum NEFA concentrations. Grummer et al. (2004) observed greater plasma 

NEFA concentrations at 1 DIM for overconditioned cows (BCS ≥ 4.0) versus non-

overconditioned cows (BCS < 4.0). It has been demonstrated that overconditioned cows 

with a higher BCS at the start of the close-up dry period consume less DM during the 

final 3 wk of the dry period compared to non-overconditioned cows, resulting in a more 

negative energy balance (Hayirli et al., 2002). Additionally, decreased postpartum DMI 

has been associated with cows calving in at a greater BCS (≥3.5; Roche et al., 2009), 

resulting in greater NEB and increased risk of lipid mobilization. There may be a 

possible link between excessive BCS at calving and inflammation, though there are 

currently inconsistent links between BCS or NEFA concentrations with hepatic 
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inflammation (Bradford et al., 2015). An increase in the odds of ketosis (BHB ≥ 1.2 

mmol/L) has been associated with losing 1 BCS from calving to wk 9 of lactation and 

with having a calving BCS of  ≥4.0 (Duffield et al., 1998). Sheehy et al. (2017) observed 

a greater prevalence of hyperketonemia (BHB ≥ 1.2 mmol) in cows that lost BCS is the 

last 15 d prior to parturition than cows that maintained BCS. Similarly, Chebel et al. 

(2018) observed greater incidence of uterine disease and reduced likelihood of 

pregnancy at the first and second service for cows that lost BCS during the dry period. 

Gillund et al. (2001) also demonstrated a greater risk of ketosis for cows with a greater 

calving BCS (>3.5). Gillund et al. (2001) observed a decreased likelihood of pregnancy 

to first service, and increased number of services per pregnancy for cows that lost more 

BCS postpartum; however, the authors did not observe an association between calving 

BCS and reproductive performance measures. In a review by Roche et al. (2009), the 

authors suggested that a moderate calving BCS and minimization of postpartum BCS 

loss is associated with becoming pregnant sooner. Most studies have observed a 

negative relationship between high BCS and BCS loss with milk production 

(Garnsworthy and Topps, 1982; Treacher et al., 1986; Stockdale, 2001), likely related 

to decreased DMI.  

 Calderon and Cook (2011) observed greater maximum postpartum BHB 

concentrations for cows that were classified as moderate and severely lame (1,165 μM) 

during the start of the close-up period compared to slightly lame (697 μM) or non-lame 

cows (687 μM). Lameness can affect feeding behavior and has been associated with 

decreased DMI (González et al., 2008). Kujala et al. (2010) observed greater SAA 

concentrations in cows diagnosed as lame due to hoof disease compared to clinically 
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healthy cows; however, the authors did not observe a difference in Hp concentrations. 

Abuelo et al. (2016) did not observe greater concentrations of Hp, SAA, fatty acids, or 

BHB at dry off, 14 d prior to parturition, and 1 wk after parturition in cows with horn 

lesions early in lactation compared to non-diseased cows. Rajala-Schultz and Grohn 

(1999) observed a greater risk of being culled if a cow was diagnosed as lame. Lameness 

has also been associated with a lower risk of pregnancy and an increased risk of culling 

(Bicalho et al., 2007). A longer median time (180 vs. 130 d) to pregnancy and 26% 

lower risk of pregnancy by 200 DIM was also observed for cows that were classified as 

lame during the first 8 wk postpartum compared to nonlame cows (Hernandez et al., 

2005).  

Primiparous cows or all cows requiring assistance during calving had greater 

odds of being diagnosed with more than one health disorder and death or being 

diagnosed with one disorder versus no disorder, respectively (Huzzey et al., 2011). 

Similarly, Pohl et al. (2015) observed greater odds [odds ratio (OR) = 1.95] of elevated 

Hp (≥1.4 g/L) for cows that had an assisted calving. Roberts et al. (2012) observed 

greater odds (OR = 1.5) of being culled within 60 DIM if the cow had dystocia. Chapinal 

et al. (2012a) reported decreased milk production and decreased odds of pregnancy to 

first service for cows that had calving difficulties (dystocia and twins). Cardoso et al. 

(2013) observed an increase in the median days to pregnancy for cows with dystocia or 

twins compared to cows without dystocia or twins.  

Many studies have observed parity differences in outcomes observed. Duffield 

et al. (1998) observed decreased odds of ketosis for first and second lactation cows vs 

third and greater cows. Similarly, multiparous cows had 3.4 increased odds of ketosis 
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compared to primiparous cows in a study by Gillund et al. (2001). Huzzey et al. (2011) 

observed greater odds of being diagnosed with a health disorder than no health disorder 

for multiparous cows compared to primiparous cows and Cardoso et al. (2013) observed 

third lactation and greater cows were more likely to be diagnosed with disease or 

disorders than first or second lactation cows. Roberts et al. (2012) observed greater odds 

of being culled within 60 DIM for third and greater lactation cows compared to first or 

second lactation cows. Cardoso et al. (2013) reported higher pre- and postpartum NEFA 

concentrations in third lactation and greater cows compared to first or second lactation 

cows. Chapinal et al. (2012a) reported an increase in milk production for multiparous 

cows compared to primiparous cows. Hernandez et al. (2005) observed a 23% decreased 

risk of pregnancy by 200 DIM for multiparous cows compared to primiparous cows. 

Ospina et al. (2010b) also observed decreased risk of pregnancy within 70 d after the 

herd voluntary waiting period for multiparous cows compared to primiparous cows. 

Observed differences in parity are likely due to differences in homeorhetic mechanisms 

as primiparous cows are still growing compared to later lactation cows.  

Few researchers have evaluated the relationships of calving season with 

postpartum outcomes and existing work is often contradictory. Gillund et al. (2001) 

observed greater odds of ketosis for cows calving in fall, winter, or spring compared to 

summer. Roberts et al. (2012) observed greater odds (OR = 1.2) of being culled within 

60 DIM if the cow calved during warm months compared to cool months; however, 

Rajala-Schultz and Grohn (1999) observed an increased risk of culling for cows that 

calved in the winter, spring, or summer compared to the fall. Chapinal et al. (2011) 

observed increased odds of metritis for cows that calved during the cool months 
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compared to the warm months. Stangaferro et al. (2018) observed lower daily milk yield 

for primiparous and multiparous cows that calved during the warm months compared to 

the cool months. In 2 large prospective cohort studies, Chapinal et al. (2012a) and 

Ospina et al. (2010b) did not observe an association between calving season and milk 

production or reproductive performance outcomes.  

 In general, a high calving BCS, a greater BCS loss during the dry or early 

lactation period, lameness, calving difficulty, and greater lactation number has been 

associated with negative postpartum outcomes; however, there are not clear 

implications of calving during warm months compared to cool months.  

 

ASSOCIATIONS OF ELEVATED NEFA AND BHB IN TRANSITION COWS 

Cow-level Associations 

 Within the last couple of decades, research has evaluated the association 

between metabolic-related biomarkers and negative health events. In a prospective 

cohort study of 67 farms, Cameron et al. (1998) observed multiparous cows sampled 

between 3 and 35 d prepartum with a NEFA concentration >0.3 mmol/L were 2.0 times 

more likely to be diagnosed with a DA than cows with a NEFA concentration ≤0.3 

mmol/L. LeBlanc et al. (2005) identified thresholds for metabolites for predicting left 

DA using receiver operator characteristic (ROC) curves for 1,044 cows across 20 herds. 

The authors reported an approximate 3-fold increase in the odds of developing a left DA 

when serum NEFA concentrations were ≥0.3 mmol/L during the second to last week 

before parturition and ≥0.5 mmol/L during the last week before parturition compared to 

cows with NEFA concentration less than the identified threshold. Cows with a 
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postpartum NEFA concentration ≥1.0 mmol/L had a 4.8 increase in the odds of left DA 

than cows with NEFA concentration <1.0 mmol/L; however, BHB was a stronger 

predictor for left DA as cows with a postpartum BHB concentration ≥1.2 mmol/L had 

a 8.0 increase in the odds of left DA than cows with a BHB concentration <1.2 mmol/L 

(LeBlanc et al., 2005).  

 Duffield et al. (2009) observed BHB concentrations in 1,010 lactating cows from 

25 predominantly tiestall herds in Ontario. The authors evaluated associations with the 

outcome of interest for a range of BHB thresholds (0.6 to 2.0 mmol/L) in 0.2 mmol/L 

increments and the threshold identified had the greatest combined sensitivity and 

specificity. A cow had increased odds of being diagnosed with a DA (OR = 2.60) and 

metritis (OR = 3.35) with a serum BHB concentration ≥1.2 mmol/L in the first week of 

lactation and increased odds of DA (OR = 6.22) with a serum BHB concentration ≥1.8 

mmol/L in the second week of lactation. Cows with a BHB concentration ≥1.4 mmol/L 

during wk 1 and 2 of lactation had an increased odds of being diagnosed with clinical 

ketosis (wk 1: OR = 4.25, wk 2: OR = 5.98). Cows with BHB concentrations ≥1.4 

mmol/L during wk 1 and ≥2.0 mmol/L during wk 2 produced 1.9 and 3.3 kg/d less milk 

at the first DHI test day than cows below the identified threshold. Slightly contradictory 

findings were reported when evaluating the association between BHB and 305-d milk 

yield at the third DHI test. Cows with a BHB concentration ≥1.8 mmol/L during wk 1 

produced 334 kg less milk while cows with a BHB concentration ≥1.0 mmol/L during 

wk 2 produced 272 kg more milk at the third DHI test compared to cows below the 

thresholds.  

 Dubuc et al. (2010) observed 1,363 Holstein cows across 3 herds and reported 
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that cows with NEFA concentrations ≥0.5 mmol/L between 1 and 7 DIM had 1.86 times 

the odds of developing metritis for than cows with NEFA concentrations <0.5 mmol/L. 

The authors also reported that cows with a BHB concentration ≥1.5 μmol/L between 1 

and 7 DIM had 1.53 times the odds of developing metritis for than cows with a BHB 

concentration <1.5 mmol/L (Dubuc et al., 2010). 

 In a prospective cohort study, Ospina et al. (2010c) observed 1,440 prepartum 

and 1,318 postpartum apparently healthy cows from 100 herds in the Northeastern US 

and identified thresholds for prepartum NEFA, postpartum NEFA and BHB that were 

associated with health disorders using ROC curves. The authors reported increased risk 

of DA [risk ratio (RR) = 2.0], clinical ketosis (RR = 1.8), metritis, retained placenta 

(RP), or both (RR = 2.2), or any 3 disorders (RR = 1.8) for cows with prepartum NEFA 

concentrations ≥0.27, 0.26, 0.37, and 0.29 mmol/L, respectively. Cows had increased 

risk of DA (RR = 9.7), clinical ketosis (RR = 5.0), metritis (RR = 17), or any 3 disorders 

(RR = 4.4) if postpartum NEFA concentrations were ≥ 0.72, 0.57, 0.36, and 0.57 

mmol/L, respectively. Cows had increased risk of DA (RR = 6.9), clinical ketosis (RR 

= 4.9), metritis (RR = 2.3), or any 3 disorders (RR = 4.4) if postpartum BHB 

concentrations were ≥ 10, 10, 7 and 10 mg/dL, respectively.  

Ospina et al. (2010b) also evaluated the association between elevated metabolic-

related biomarkers and reproductive performance and milk production for 1,164 

prepartum and 1,095 postpartum cows from 91 herds. Cows with prepartum NEFA 

concentrations ≥0.27 mmol/L, postpartum NEFA concentrations ≥0.72 mmol/L, and 

postpartum BHB concentrations ≥10 mg/dL had a 19%, 16%, and 13% decreased risk 

of conceiving within 70 d after the herd voluntary waiting period, respectively. Cows 
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with prepartum NEFA concentrations ≥0.33 mmol/L produced 683 kg less 305-d mature 

equivalent milk at approximately 120 DIM. Primiparous cows with postpartum NEFA 

concentrations ≥0.57 mmol/L and postpartum BHB concentrations ≥9 mg/dL produced 

488 kg and 403 kg more 305-d mature equivalent milk at approximately 120 DIM 

compared to cows below the threshold. Opposite results were observed for multiparous 

cows such that cows with postpartum NEFA concentrations ≥0.72 mmol/L and 

postpartum BHB concentrations ≥10 mg/dL produced 647 kg and 393 kg less 305-d 

mature equivalent milk at approximately 120 DIM compared to cows below the 

threshold. 

In another large, observational study, Chapinal et al. (2011) evaluated the 

association between metabolic-related biomarkers and health disorders across 55 herds 

located throughout the US and Canada and blood samples were collected on a weekly 

basis from 2,365 cows. Cows with prepartum (wk -1 relative to calving) NEFA 

concentrations ≥0.3 mmol/L had greater odds of developing a RP (OR = 1.8) and 

metritis (OR = 1.8) than cows below the identified threshold. Cows had greater odds of 

developing a DA if prepartum NEFA concentrations were ≥0.5 mmol/L (OR = 1.6) and 

postpartum (wk +1 relative to calving) NEFA concentrations were ≥1.0 mmol/L (OR = 

3.1). Chapinal et al. (2012a) also evaluated the association between metabolic-related 

biomarkers and milk production and reproductive performance. The authors reported 

decreased milk yield across the first 4 DHIA tests when wk -1 relative to calving NEFA 

concentrations were ≥0.5 mmol/L (-1.6 kg/d), wk 1 NEFA concentrations were ≥0.7 

mmol/L (-1.8 kg/d), wk 1 BHB concentrations were ≥1.4 mmol/L (-2.4 kg/d), wk 2 

NEFA concentrations were ≥1.0 mmol/L (-1.7 kg/d), and wk 2 BHB concentrations 
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were ≥1.2 mmol/L (-1.5 kg/d). The authors did not observe an association between 

NEFA and BHB concentrations and the odds of pregnancy at first service.  

 In a retrospective study, Seifi et al. (2011) sampled 849 Holstein cows from 16 

farms located in Ontario weekly for the first 3 wk of lactation to determine the 

association between metabolic-related biomarkers and DA, clinical ketosis, and culling. 

Cows with BHB concentrations ≥1.0 mmol/L in wk +1 relative to parturition had 

increased odds of being diagnosed with a DA (OR = 13.6). Cows with BHB 

concentrations ≥1.2 mmol/L and NEFA concentrations ≥1.0 mmol/L in wk +1 relative 

to parturition had increased odds of being diagnosed with clinical ketosis (OR = 4.74 

and 6.30, respectively). Cows with NEFA concentrations ≥1.0 mmol/L in wk +1 and 

wk +2 relative to parturition had increased odds of being culled within 60 DIM (OR = 

3.64 and 1.70, respectively).  

 Roberts et al. (2012) also observed the association between metabolic-related 

biomarkers and risk of culling within 60 DIM in a retrospective study by obtaining data 

from 4 studies that involved 5,979 cows from 69 herds in Ontario and across the US. 

Cows with prepartum (wk -1 relative to calving) NEFA concentrations ≥0.4 mmol/L 

had increased odds of being culled within 60 DIM (OR = 1.8). Cows with postpartum 

(wk +1 relative to calving) NEFA concentrations ≥0.8 mmol/L and BHB concentrations 

≥1.2 mmol/L had increased odds of being culled within 60 DIM (OR = 2.0 and 1.8, 

respectively). Second and third and greater lactation cows with postpartum (wk +1 

relative to calving) NEFA concentrations ≥0.8 mmol/L (OR = 4.2 and 2.1, respectively) 

and BHB concentrations ≥1.6 mmol/L (OR = 3.2 and 2.3, respectively) had increased 

odds of being culled within 60 DIM. 



 

25 

 In a prospective cohort study, 412 apparently healthy and non-lame Holstein 

cows were enrolled from 2 farms in NY and blood samples were collected weekly 

starting approximately 4 wk prior to expected parturition (Huzzey et al., 2015). The 

authors reported each 1-unit increase in NEFA concentrations (mmol/L) in cows 2 wk 

prior to parturition, in multiparous cows 3 to 10 DIM, and in primiparous cows 3 to 10 

DIM produced 1,465 kg less, 529 kg less, and 1,548 kg more 305-d mature equivalent 

milk at the 3rd DHI test day, respectively. A 1-unit increase in BHB concentrations 

(mmol/L) in cows 3 to 10 DIM resulted in 26% decreased risk of conceiving, as 

identified by pregnancy, within 150 DIM (hazard ratio = 0.74). The authors did not 

identify an association between postpartum BHB concentrations and milk production or 

pre- or postpartum NEFA concentrations and the risk of conceiving within 150 DIM.  

 In general, elevated concentrations of NEFA and BHB are associated with an 

increased risk of health disorders, decreased milk production, and poorer reproductive 

performance. Biomarker thresholds can be used to help identify individual cows that are 

at an increased risk for downstream negative outcomes.  

 

Herd-level Associations 

 Identifying individual cows that are at an increased risk of downstream negative 

outcomes can help aid in decision-making for the individual cow; however, using herd-

alarm levels for biomarkers can help with herd-level decisions regarding management 

and nutrition to improve the health and productivity of the herd. Two studies to date 

have identified herd-alarm levels (Ospina et al., 2010a; Chapinal et al., 2012b). 

 In a prospective cohort study, Ospina et al. (2010a) evaluated 867 prepartum and 
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805 postpartum cows from 60 herds to evaluate herd-alarm levels for prepartum NEFA, 

postpartum NEFA and BHB. Ospina et al. (2010a) identified the lowest metabolic-

related biomarker threshold and the lowest proportion of cows that was associated with 

the largest change in the outcome of interest with the smallest chance of committing a 

Type I error. Herds with ≥15% of cows with prepartum NEFA concentrations ≥0.27 

mmol/L had a 3.6-percentage unit increase in disorder incidence (DA, clinical ketosis, 

or both), a 1.2-percentage unit decrease in 21-d pregnancy rate, and produced 282 kg 

less 305-d mature equivalent milk at approximately 120 DIM compared to herds below 

the herd-alarm level. Herds with ≥15% of cows with postpartum BHB concentrations 

≥12 mg/dL had a 1.8-percentage unit increase in disorder incidence and a 0.8-percentage 

unit decrease in 21-d pregnancy rate compared to herds below the herd-alarm level. 

Herds with ≥20% of primiparous cows with postpartum BHB concentrations ≥12 mg/dL 

and herds with ≥15% of multiparous cows with postpartum BHB concentrations ≥10 

mg/dL produced 534 and 358 kg less 305-d mature equivalent milk at approximately 

120 DIM compared to herds below the herd-alarm level, respectively. Herds with ≥15% 

of cows with postpartum NEFA concentrations ≥0.70 mmol/L had a 1.7-percentage unit 

increase in disorder incidence compared to herds below the herd-alarm level. Herds with 

≥15% of cows with postpartum NEFA concentrations ≥0.60 mmol/L had a 0.9-

percentage unit decrease in 21-d pregnancy rate compared to herds below the herd-alarm 

level. Herds with ≥15% of primiparous cows with postpartum NEFA concentrations 

≥0.60 mmol/L and herds with ≥15% of multiparous cows with postpartum NEFA 

concentrations ≥0.70 mmol/L produced 288 and 593 kg less 305-d mature equivalent 

milk at approximately 120 DIM compared to herds below the herd-alarm level. 
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 In a similar analytical approach to Ospina et al. (2010a), Chapinal et al. (2012b) 

identified NEFA and BHB herd-alarm levels for wk -1 and +1 relative to calving using 

data from 2,365 cows across 55 Holstein herds located in the US and Canada. The 

authors reported herds with ≥25% of cows with postpartum BHB concentrations ≥1.4 

mmol/L had higher odds of DA (OR = 2.1) than herds below the herd-alarm level. Herds 

with ≥30% of cows with prepartum NEFA concentrations ≥0.5 mmol/L produced 3.0 

kg/d per cow less milk at the first DHIA test than herds below the herd-alarm level. 

Herds with ≥30% of cows with postpartum NEFA concentrations ≥1.0 mmol/L and 

herds with ≥50% of multiparous cows with prepartum NEFA concentrations ≥0.5 

mmol/L had lower odds of becoming pregnant to first service (OR = 0.6 and 0.5, 

respectively). Chapinal et al. (2012b) did not identify a herd-alarm level for prepartum 

NEFA associated with RP, metritis, and DA, postpartum NEFA associated with DA, 

postpartum NEFA or BHB associated with milk loss, or postpartum BHB associated 

with pregnancy to first service.  

 Notable differences exist between Ospina et al. (2010a) and Chapinal et al. 

(2012b). Ospina et al. (2010a) sampled apparently healthy cows in a cross-sectional 

design from herds only in the Northeastern US, whereas Chapinal et al. (2012b) sampled 

cows in a longitudinal design from herds representing the 4 major dairy regions in the 

US and Canada. In addition, Chapinal et al. (2012b) accounted for week relative to 

parturition in their models whereas Ospina et al. (2010a) did not account for time 

relative to parturition. Results were presented as OR for Chapinal et al. (2012b) versus 

RR for Ospina et al. (2010a), which could lead to differences in interpretability and 

overestimation of the true effect. Odds ratios are not interpreted intuitively as OR do 
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not measure the effect on probability directly, unlike RR (Ospina et al., 2012). Odds 

ratios and RR have the same numerator (number of cases with the outcome of interest); 

however, RR use the total number of cases as the denominator while OR use the number 

of cases without the outcome of interest (Holcomb et al., 2001). Odds ratios are often 

used to estimate the RR; however, OR tend to overestimate the true effect due to the 

difference in the denominator (Holcomb et al., 2001; Ospina et al., 2012).   

Overall, both studies (Ospina et al., 2010a; Chapinal et al., 2012b) demonstrate 

that herds above the identified metabolic-related biomarker herd-alarm levels are at an 

increased risk of health disorders, produce less milk, and have poorer reproductive 

performance. Herd-alarm levels can be used as a tool for identifying underlying issues 

that require management or nutritional changes within herds and for monitoring 

purposes.  

ASSOCIATIONS OF ELEVATED HAPTOGLOBIN IN TRANSITION COWS 

 Previous studies have not investigated herd-alarm levels and associations for 

inflammation markers; therefore, only cow-level associations will be discussed for Hp. 

Compared to healthy cows, Skinner et al. (1991) observed higher Hp concentrations in 

cows diagnosed with acute infectious diseases (mastitis, metritis, and RP) but not for 

cows with non-infectious diseases (milk fever and ketosis) or chronic endometritis. The 

authors concluded that a threshold of 0.4 g/L could be used for identification of cows 

with significant infection. Other studies have also reported an association between Hp 

concentrations and infectious early lactation disorders (Huzzey et al., 2009; Dubuc et 

al., 2010; Burfeind et al., 2014; Qu et al., 2014; Pohl et al., 2015; Shin et al., 2018). 

Huzzey et al. (2009) observed that cows with Hp concentrations ≥1 g/L at 3 DIM had 
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6.7 times the odds of being diagnosed subsequently with mild or severe metritis. Dubuc 

et al. (2010) observed 1,363 Holstein cows across 3 herds and reported a 4.01 and 3.01 

times the odds of developing metritis for cows sampled 1 to 7 DIM and 8 to 14 DIM 

with Hp concentrations ≥0.8 g/L and ≥0.4 g/L than cows with a Hp concentration <0.8 

g/L and <0.4 g/L, respectively. Burfeind et al. (2014) used ROC methods for identifying 

Hp thresholds associated with acute puerperal metritis in 193 cows from a commercial 

dairy farm in Germany and identified 3 Hp thresholds that were associated with metritis: 

>0.93 g/L at 2 DIM, >1.39 g/L at 5 DIM, and >0.77 g/L at 10 DIM, with an area under 

the curve of 0.66, 0.75, and 0.67, respectively. Although thresholds were identified, 

mean serum Hp concentrations for multiparous cows were only significantly (P < 0.05) 

greater in cows diagnosed with acute puerperal metritis compared to healthy cows and 

were not different for primiparous cows (Burfeind et al., 2014). Using the Hp threshold 

with the greatest combined sensitivity and specificity identified by Burfeind et al. 

(2014), Pohl et al. (2015) categorized 443 Holstein Friesian cows as having high (≥1.4 

g/L) or low (<1.4 g/L) Hp concentrations at 5 DIM. The authors reported that cows 

diagnosed with acute puerperal metritis ≤5 DIM and a RP had greater odds of having 

high Hp concentrations (OR = 4.70 and 3.39, respectively).  

 Skinner et al. (1991) speculated that Hp concentrations may have been increased 

in cows diagnosed with RP due to trauma associated with calving; however, although 

data were not presented, the authors noted that they had not previously observed 

elevated concentrations of Hp in cows with normal births. Uchida et al. (1993) reported 

potentially contradictory findings as Hp was detected in 74% of cows that did not have 

complicated pregnancies within the first day after parturition; however, the majority of 
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the cows with detectable Hp concentrations had a Hp concentration < 0.4 g/L and the 

authors did not report disease incidence. Uchida et al. (1993) concluded that the increase 

in Hp concentrations was attributed to the act of parturition as AGP, another acute phase 

protein, did not differ between different time point groups; however, AGP was only 

evaluated on 8 of the 42 cows and therefore, there was likely not have been enough 

statistical power to detect differences between time groups. Humblet et al. (2006) 

proposed that it may be difficult to distinguish between parturition and disease as the 

root cause of elevated Hp due to inter-individual variability in the acute phase response 

at parturition. Humblet et al. (2006) observed elevated Hp concentrations in the first 

week postpartum in clinically healthy and diseased cows but reported Hp concentrations 

in the first week after parturition were higher in diseased cows than healthy cows. Shin 

et al. (2018) measured Hp concentrations at approximately 7 DIM in 112 Holstein cows 

in South Korea and reported a greater incidence of RP, metritis, and endometritis in 

cows with high Hp concentrations (>0.1 g/L) compared to cows with low Hp 

concentrations (<0.1 g/L). 

 Uchida et al. (1993) concluded that their results support the hypothesis that Hp 

is associated with lipid metabolism since serum triglycerides concentrations decreased 

and serum NEFA concentrations increased at parturition, which is associated with the 

development of fatty liver. Katoh (2002) also proposed that cows with fatty liver would 

have elevated Hp due to stimulated liver parenchymal cells from excessive lipid 

accumulation. In addition, an increase in NEFA can cause stress on the endoplasmic 

reticulum in the hepatocytes, stimulating an inflammatory response as a result of 

increased reactive oxygen species; however, an inflammatory response will depend on 



 

31 

the antioxidant status of the cow (Sordillo et al., 2009; Bradford et al., 2015; Ringseis 

et al., 2015). An inflammatory response has been associated with anorexic effects 

(Kushibiki et al., 2003) and depressed intakes around parturition have been observed in 

cows with increased Hp concentrations (Trevisi et al., 2002). It has been proposed by 

Horst et al. (2021) that decreased DMI, increased NEFA concentrations, and 

hyperketonemia may be a result of immune activation. Alpha-1-acid glycoprotein has 

been negatively associated with early lactation feed intake; however, AGP was shown 

to not be a good prognostic indicator of low DMI as the ROC area under the curve was 

0.6 (Brown et al., 2021). Contradictory to Uchida et al. (1993), AGP has been positively 

associated with Hp concentrations at 3 (r2 = 0.24), 7 (r2 = 0.32), and 14 (r2 = 0.31) DIM 

(Brown et al., 2021); however, Brown et al. (2021) also demonstrated a relationship 

between AGP and BHB concentrations (r2 = 0.09) at 7 DIM, supporting the hypothesis 

proposed by Horst et al. (2021). Pohl et al. (2015) observed cows with elevated BHB 

concentrations (≥1.2 mmol/L) at 5 DIM had greater odds of high Hp concentrations 

(≥1.4 g/L) at 5 DIM (OR = 2.87); however, high NEFA concentration (≥0.6 mmol/L) at 

2 DIM was not a risk factor for high Hp concentration at 5 DIM. Shin et al. (2018) 

observed greater NEFA and BHB concentrations in cows with high Hp concentrations 

(>0.1 g/L) compared to cows with low Hp concentrations (<0.1 g/L) at approximately 

7 DIM. In a retrospective study, Abuajamieh et al. (2016) investigated the inflammatory 

response in cows diagnosed with ketosis (BHB >1.2 mmol/L) and no other health 

disorders and healthy cows. Unlike Skinner et al. (1991), Abuajamieh et al. (2016) 

observed a 3.7 to ~6 fold increase in Hp concentrations for ketotic cows compared to 

non-ketotic cows. The authors proposed that the increase in inflammatory biomarkers 
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(Hp, SAA, and LBP) observed in ketotic cows may have been a result of a compromised 

gastrointestinal barrier and lipopolysaccharide infiltration. It has previously been 

demonstrated that feed restricted cows have a compromised gastrointestinal barrier 

(Zhang et al., 2013; Kvidera et al., 2017b), which may reflect depressed DMI often 

observed in cows prior to parturition (Drackley, 1999). Although there is some 

supporting evidence that there may be an association between inflammation and ketosis, 

the cause of the inflammation is unknown and it is not clear if immune activation occurs 

before, after, or concurrently with decreased DMI, increased NEFA concentrations, and 

hyperketonemia, as proposed by Horst et al. (2021). 

 Most of the previous research has focused on the association between Hp 

concentrations and health disorders; however, a few studies have evaluated the 

association between Hp concentrations and milk and reproductive outcomes (Huzzey et 

al., 2015; Nightingale et al., 2015; Shin et al., 2018). In a prospective cohort study, 

Huzzey et al. (2015) enrolled 412 apparently healthy and non-lame Holstein cows from 

2 farms in NY and weekly blood samples were collected starting approximately 4 wk 

prior to expected parturition. The authors reported each 1-unit increase in Hp 

concentrations (g/L) in cows 3 to 10 DIM resulted in 464 kg less 305-d mature 

equivalent milk yield at the 3rd DHI test day, and 19% decreased risk of conceiving, as 

identified by pregnancy, by 150 DIM (hazard ratio = 0.81). Nightingale et al. (2015) 

reported multiparous Holstein cows 2 to 8 DIM with high Hp concentrations (≥459 

μg/L) had a different survival curve for days to conception, as identified by pregnancy, 

than cows with moderate (8.4 μg/L≤ Hp ≤ 458 μg/L; P = 0.044) or low Hp 

concentrations (Hp < 8.4 μg/L; P = 0.09). The mean days for 75% of cows to conceive 
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was 183 d for high Hp cows compared to 139 d and 123 d for moderate and low Hp 

cows, respectively (Nightingale et al., 2015). Shin et al. (2018) observed cows with high 

Hp concentrations (>0.1 g/L) produced less milk at 1 and 2 mo postpartum and had a 

45% decreased risk (hazard ratio = 0.55) of conceiving, as identified by pregnancy, by 

210 DIM compared to cows with low Hp concentrations (<0.1 g/L). 

 Elevated concentrations of Hp have been associated with health disorders, 

decreased milk production, and poorer reproductive performance; however, herd-alarm 

levels have not been evaluated. Haptoglobin is a non-specific acute phase protein, 

making it difficult to identify the cause of a Hp response. Possible sources of 

inflammation in the transition cow may be tissue damage associated with parturition 

(Medzhitov, 2008), uterine infection (Skinner et al., 1991; Huzzey et al., 2011), insults 

to the gastrointestinal tract causing gastrointestinal barrier dysfunction (Horst et al., 

2021), or potentially through infiltration of excessive NEFA in the liver (Katoh, 2002). 

In addition, previous research has demonstrated that Hp concentrations increase in cows 

and calves as a results of a stressful event, such as transportation (Lomborg et al., 2008; 

Cooke and Arthington, 2013), though this has not been evaluated in transition cows. 

 

TRANSITION COW NUTRITIONAL STRATEGIES 

 The evaluation of transition cow nutritional strategies has been a major focus in 

the last 25 years. Previous research has evaluated the inclusion of fat, protein, starch, 

fiber, minerals, vitamins, and feed additives such as monensin, rumen-protected choline, 

and commercial dietary anion supplements. For the purpose of this dissertation, this 

literature review will focus on the plane of energy, as defined by varying inclusion levels 
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of starch, fiber, or both.  

 

Dry Period Nutritional Strategies 

It was hypothesized by Grummer (1995) that increasing the energy intake during 

the prepartum period through the addition of fermentable carbohydrates would adapt 

the microbial population to a highly fermentable fresh cow diet, increase ruminal 

papillae development allowing greater VFA absorption and greater ruminal pH during 

the postpartum period, and reduce lipolysis due to the increase in glucogenic precursors. 

Future work focused on this concept and many studies have found this strategy to be 

detrimental (Janovick et al., 2011; Mann et al., 2015; Richards et al., 2020); however, 

Doepel et al. (2002) reported greater DMI, energy balance, lower plasma NEFA 

concentrations, and lower hepatic triglyceride concentrations postpartum in cows fed a 

high-energy close-up diet (1.65 Mcal/kg of NEL) compared to a low-energy close-up 

diet (1.30 Mcal/kg of NEL). It is important to note that cows were not fed the same far-

off diet in the study by Doepel et al. (2002). Cows with a BCS < 3.25 were fed additional 

concentrates during the late lactation and far-off period until they reached a BCS of 

3.25. Dann et al. (2006) reported lower DMI, lower energy balance, higher NEFA and 

BHB concentrations during the first 10 DIM in cows overfed energy (150% NRC 

requirements) during the far-off period compared to cows feed 100% of 80% NRC 

requirements, indicating that the plane of nutrition during the far-off period may be more 

important than the plane of nutrition during the close-up period. Therefore, the results 

reported by Doepel et al. (2002) may have been confounded by the plane of energy 

received during the far-off period. It is not clear if cows receiving the additional 
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concentrates during the far-off period were balanced across treatments.  

Controlled research trials investigating the plane of energy during the prepartum 

period have evaluated low-energy diets by controlling energy intake by feeding a high 

forage, bulky diet or by restricting feed intake. Restricting feed intake is not advised on 

commercial dairy farms as it can alter feeding behavior (Leonardi and Armentano, 

2007); therefore, for the purpose of this review, the focus will be on cows fed for ad 

libitum intake. 

In a 3 × 2 factorial design utilizing multiparous cows, Dann et al. (2006) 

evaluated feeding a far-off diet that was formulated to provide 100% (95% actual; fed 

ad libitum), 150% (160% actual; fed ad libitum), or 80% (77% actual; feed restricted) 

of calculated NRC NEL requirements and a close-up diet that met or exceeded NRC 

NEL requirements fed for ad libitum (136% actual) or restricted (78% actual) intake. 

The authors reported cows fed the 150% NRC far-off treatment had the highest 

prepartum NEFA and BHB concentrations and had the highest BHB concentrations and 

lowest DMI and tended to have higher NEFA concentrations and lowest energy balance 

during the first 10 d postpartum, regardless of close-up period treatment. Cows overfed 

energy during the far-off period also had a greater number of negative health events. 

Despite metabolic differences, milk yield was not different between treatments. Dann 

et al. (2006) concluded that far-off nutrition plays a more significant role in 

periparturient metabolism than close-up nutrition.  

In a follow-up study to Dann et al. (2006), Janovick and Drackley (2010) fed 

primiparous and multiparous cows 1 of 3 diets during the entire dry period (65 d for 

multiparous cows and 35 d for primiparous): 1) a moderate energy diet fed ad libitum, 
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fed to supply 150% of NRC NEL requirements, 2) a moderate energy diet fed for 

restricted intake to supply 80% of NRC NEL requirements, or 3) a controlled energy diet 

that included chopped wheat straw, fed ad libitum and to supply 100% of NRC NEL 

requirements. Janovick et al. (2011) reported that regardless of parity, cows overfed 

energy during the prepartum period, compared to the control or restricted treatments, 

had the lowest prepartum NEFA concentrations, highest postpartum NEFA and BHB 

concentrations, and had increased incidence of DA, ketosis and had more cows with 

more than 1 negative postpartum health event. Despite these metabolic differences, 

differences in milk yield between treatments were not detected for the first 3 or 8 wk of 

lactation (Janovick and Drackley, 2010). The authors concluded that including chopped 

straw to control prepartum intakes is effective for improving postpartum metabolic 

status and reducing the incidence of negative health events. 

In another study by the same laboratory group, Richards et al. (2020) evaluated 

feeding a controlled energy diet for the entire dry period (1.34 Mcal/kg of NEL; 40.5% 

wheat straw), a high-energy diet for the entire dry period (1.60 Mcal/kg of NEL), or a 

step-up dry period approach, where the controlled energy diet was fed until 21 d prior 

to expected parturition, at which point the cows switched to the high-energy diet until 

parturition. The authors reported that the cows fed the high-energy dry period diet had 

the lowest prepartum NEFA concentrations but the greatest postpartum NEFA and BHB 

concentrations compared to the other 2 treatments. The step-up approach treatment had 

a similar metabolic profile to the low-energy treatment, though the cows fed the step-

up approach had elevated BHB concentrations and liver total lipid concentrations 

(Richards et al., 2020). In addition, there were no treatment differences for milk 
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production (Richards et al., 2020). The authors concluded that feeding a controlled 

energy diet during the entire dry period is the most effective for improving postpartum 

metabolic status.  

In a similar study design to Richards et al. (2020), Mann et al. (2015) fed 

multiparous cows a high-fiber, controlled energy dry period diet, a high-energy dry 

period diet, or a step-up dry period diet in which the controlled energy diet was fed from 

dry-off until 28 d prior to expected parturition and then cows were switched to a 

moderate energy close-up diet until parturition. The authors reported the lowest BHB 

and NEFA concentrations over time for the cows fed the controlled energy dry period 

diet and the highest concentrations over time for the cows fed the high-energy dry period 

diet. The cows fed the controlled energy dry period diet also had greater postpartum 

energy balance and less cases of hyperketonemia (Mann et al., 2015). Similar to 

previous studies discussed, the authors did not report a difference in milk yield between 

treatments. The authors concluded that feeding a low-energy dry period diet improved 

postpartum energy balance and reduced the incidence of hyperketonemia.  

Vickers et al. (2013) evaluated the metabolic status, health, milk production, and 

reproductive status of 91 multiparous cows that were fed a 77% forage diet (1.46 

Mcal/kg NEL; 41% NDF) or an 87% forage diet (1.41 Mcal/kg NEL; 48% NDF) 

prepartum diet. All cows were fed the 87% forage diet from dry-off until 3 wk prior to 

expected parturition at which point half of the cows were switched to the 77% forage 

diet until parturition. The authors reported lower postpartum BHB concentrations and 

consequently lower incidence of subclinical ketosis for cows fed the 87% forage 

prepartum diet; however, milk production tended to be 1.5 kg/d less for the first 22 wk 
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of lactation for the cows fed the 87% forage prepartum diet compared to the cows fed 

the 77% forage diet. In addition, the cows fed the 87% forage prepartum diet were more 

likely to be pregnant at 120 and 150 DIM (Vickers et al., 2013). The authors concluded 

that including more forage to control energy intake can reduce the incidence of 

subclinical ketosis.  

 

Periparturient Nutritional Strategies 

Very few studies have examined the interaction between nutritional strategies 

fed during the close-up and fresh periods. In a 2× 2 factorial design involving 

primiparous and multiparous cows, Rabelo et al. (2003) fed a low- (1.58 Mcal/kg NEL, 

39.7% NDF, and 38.2% NFC) or high-energy (1.70 Mcal/kg NEL, 32.2% NDF, 44.6% 

NFC) close-up diet starting at 28 d prior to expected parturition and a low- (1.57 

Mcal/kg NEL, 29.9% NDF, and 41.1% NFC) or high-energy (1.63 Mcal/kg NEL, 24.9% 

NDF, 47.2% NFC) fresh diet from parturition until 20 DIM. The authors observed an 

interaction between dry and fresh period treatments such that cows fed the low-energy 

close-up diet and fresh diet had the lowest DM and energy intake for the first 20 DIM. 

Prepartum treatment did not affect milk production; however, cows fed the high-energy 

postpartum diet had a greater rate of increase in milk production than the cows fed the 

low-energy postpartum diet (Rabelo et al., 2003). Relative to metabolites, there was not 

an interaction between pre- and postpartum treatments; however, cows fed the low-

energy prepartum diet had higher prepartum NEFA concentrations and lower prepartum 

insulin but higher NEFA concentrations at 7, 21, and 35 DIM compared to cows fed the 

high-energy prepartum diet (Rabelo et al., 2005). Cows fed the high-energy postpartum 
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diet had higher glucose and insulin concentrations and lower BHB concentrations 

(Rabelo et al., 2005). It is of note that the reported NFC content in both the low- and 

high-energy prepartum diets was rather high (38.2% and 44.6%, respectively), relative 

to other studies evaluating low- and high-energy prepartum diets (Richards et al., 2020). 

The authors concluded that feeding a high-energy prepartum diet resulted in improved 

postpartum DM and energy intake and feeding a high-energy fresh diet resulted in a 

more favorable metabolic profile.  

Urdl et al. (2015) evaluated the effects of feeding different energy levels (low: 

75%, medium: 100%, or high: 125% of predicted requirements) during the pre- and 

postpartum periods to 81 multiparous Simmental, Brown Swiss, and Holstein-Friesian 

cows in a 3 × 3 factorial design. The authors observed an interaction between pre- and 

postpartum treatment for energy balance such that cows fed the restricted prepartum 

diet followed by the high-energy postpartum diet had the greatest energy balance 

compared to cows fed the medium prepartum and high postpartum diets or the high 

prepartum and postpartum diets; however, milk yield was greatest for cows fed the 

medium or high prepartum diet or high postpartum diet. Prepartum NEFA 

concentrations were the highest for cows fed the low-energy restricted prepartum diet 

and prepartum glucose concentrations were the highest for the cows fed the high-energy 

prepartum diet (Urdl et al., 2015). Postpartum NEFA concentrations were highest for 

cows fed the high-energy prepartum or low-energy postpartum diet (Urdl et al., 2015). 

Prepartum treatment did not have an effect on postpartum BHB concentrations; 

however, cows fed the low-energy postpartum diet had the highest BHB concentrations 

while the cows fed the high-energy postpartum diet had the lowest BHB concentrations 
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(Urdl et al., 2015). The authors concluded that controlling energy intake during the 

prepartum period may be beneficial for postpartum energy status and restricting intakes 

during the postpartum period can lead to metabolic dysfunction; however, the 

postpartum diet had more of an effect on the postpartum metabolic status of the cow 

than the prepartum diets. Feeding a controlled (100% of requirements) prepartum diet 

followed by a high-energy postpartum diet may optimize postpartum energy balance, 

milk production, and metabolic status. 

In a 2 × 2 factorial design, Haisan et al. (2021) evaluated the effects of feeding 

a control (14% starch) or high-starch (26.1% starch) prepartum diet starting 28 d prior 

to expected parturition and a high-fiber (33.8% NDF, 25.1% starch) or high-starch 

(27.2% NDF, 32.8% starch) postpartum diet fed until 20 DIM to 42 primiparous and 58 

multiparous cows. It is important to note that both prepartum diets were consumed in 

excess of the energy requirements (control: 120% and high starch: 154%). During the 

prepartum period, cows fed the high starch diet had greater DMI, glucose, and insulin; 

however, cows fed the control diet did not have as drastic of a reduction in DMI as 

parturition approached. These results are similar to Mann et al. (2015) and it has been 

proposed that the change in prepartum DMI may have more of an influence on metabolic 

status than the magnitude of prepartum DMI (Grummer et al., 2004). For the postpartum 

period, an interaction was observed between prepartum and postpartum treatment such 

that cows fed the control prepartum and high-starch postpartum diets produced more 

milk compared to cows fed the control prepartum and high-fiber postpartum diets, but 

there was no difference with the cows fed the high-starch prepartum diets (Haisan et al., 

2021). There was an interaction between day, prepartum treatment, and postpartum 
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treatment such that cows fed the high-starch prepartum diet had greater BHB 

concentration at 10 DIM than the control cows (Haisan et al., 2021). Cows fed the high-

starch prepartum and high-fiber postpartum diets had the greatest BHB concentration at 

20 DIM and had increasing BHB concentrations from 3 to 20 DIM, while cows fed the 

high-starch pre- and postpartum diets had decreasing concentrations from 3 to 20 DIM. 

Cows fed the high-starch prepartum or postpartum diet had greater postpartum NEFA 

concentration than cows fed the control prepartum or high-fiber diet, respectively 

(Haisan et al., 2021). There were no difference in Hp concentration between the 

prepartum treatments; however, cows fed the high-starch diet had overall lower Hp and 

lower SAA concentrations at 3 and 10 DIM compared to the cows fed the high-fiber 

diet (Haisan et al., 2021). Cows fed the high-starch prepartum and postpartum diets 

numerically had the greatest incidence of negative health events than any other 

treatment combination. Overall, feeding a control prepartum diet followed by a high-

starch diet was the best strategy for maximizing milk production and minimizing 

increases in BHB, NEFA, and Hp concentrations, and incidences of negative health 

events.  

 

Fresh Period Nutritional Strategies 

 Cows may enter negative energy balance prior to parturition; however, 

parturition exacerbates negative energy balance due to a decrease in DMI and the 

initiation of lactation. A cow will remain in negative energy balance until she is able to 

consume enough energy to meet her metabolic demands, particularly pertaining to the 

demands of lactation. We can increase the oxaloacetate pool by increasing propionate 
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production so the cow has enough glucogenic precursors to meet the glucose demand of 

milk production; however, the hepatic oxidation theory would suggest greater 

propionate production may inhibit DMI and further exacerbate negative energy balance 

(Allen et al., 2009). Different strategies exist for increasing the glucogenic pool; 1) 

increase dietary starch content, 2) increase starch fermentability (Rockwell and Allen, 

2016), 3) use ionophores (Armentano and Young, 1983; Arieli et al., 2008; Duffield et 

al., 2008; McCarthy et al., 2015d), 4) increase the supply of glucogenic amino acids, 

such as glutamine (Doepel et al., 2007; Nemati et al., 2018), or 5) increase pyruvate 

precursors (lactate) to increase the pyruvate carboxylase to phosphoenolpyruvate 

carboxylase ratio and tricarboxylic acid cycle capacity (Caputo Oliveira et al., 2020; 

Weld et al., 2020). For the purpose of this dissertation, we will focus on reviewing 

previous studies that have evaluated the dietary starch content during only the 

postpartum period. 

 Data are limited evaluating fresh cow nutritional strategies due to the large 

variation observed in fresh cows and the need for a larger sample size. Dann and Nelson 

(2011) evaluated the effects of feeding a low starch (21.0% starch, 0 to 91 DIM), 

medium to high starch (23.2% starch for 21 DIM then 25.5% until 91 DIM) or high 

starch (25.5% starch through 91 DIM) postpartum diet to multiparous cows. All cows 

were fed a controlled-energy prepartum diet (13.5% starch). The authors reported cows 

fed the low starch diet had the highest DMI while the cows fed the high starch diet had 

the lowest DMI, resulting in greater milk production for the cows fed the medium and 

low starch diets compared to the high starch diets. The authors did not report differences 

in BHB concentrations between treatments; however, cows fed medium starch had the 
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highest NEFA concentrations from wk 1 to 3, while cows fed the high starch diet had 

the lowest. The authors concluded that feeding a low-starch postpartum diet can support 

lactational demands and may be preferred when corn grain costs are high relative to 

non-forage fiber sources or when postpartum facilities don’t support 2 early lactation 

groups; however, a medium to high starch approach may be desired to improve nutrient 

use, as demonstrated by the improvement in milk nitrogen efficiency.  

In a study evaluating the effects of feeding a high starch (29.2% starch) or low 

starch (19.1% starch; through the inclusion of dried distillers grains with solubles) diet 

from parturition through 12 wk of lactation to primiparous and multiparous cows, Sun 

and Oba (2014) did not observe any treatment differences in milk yield, milk 

components, BHB concentrations, or glucose concentrations; however, overall NEFA 

concentrations were higher in the cows fed the low starch diet compared to the high 

starch diet. The authors concluded that feeding the low starch diet did not alter the 

ruminal pH compared to feeding a high-starch diet and feeding the low-starch diet may 

increase the risk of reducing postpartum DMI for multiparous cows.    

In a relatively small dataset, 16 multiparous cows were fed a low-starch (21.3% 

starch, 37% NDF) or high-starch (27.2% starch, 32% NDF) fresh diet from parturition 

through 21 DIM (Williams et al., 2015). All cows were fed the same close-up prepartum 

diet (15.5% starch, 43.6% NDF). Cows fed the high-starch diet had a lower rumen pH, 

had more time with a rumen pH < 5.8, and greater Hp and SAA concentrations compared 

to cows fed the low-starch diet (Williams et al., 2015). The results indicate that feeding 

a high-starch postpartum diet may increase the risk of subacute ruminal acidosis and 

inflammation.  
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McCarthy et al. (2015c) evaluated the effects of feeding a high starch (26.2% 

starch, 34.3% NDF, 1.64 Mcal/kg NEL) or low starch (21.5% starch, 36.9% NDF, 1.56 

Mcal/kg NEL) diet through 21 DIM to primiparous and multiparous cows before all 

cows were fed the high starch diet through 63 DIM. All cows were fed a 17.4% starch, 

42.9% NDF, NEL of 1.48 Mcal/kg prepartum diet. The authors reported higher plasma 

glucose, insulin, and Hp concentrations and lower NEFA and BHB concentrations in 

cows fed the high starch diet. McCarthy et al. (2015c) also reported greater DMI, less 

predicted negative energy balance, greater early lactation milk production, but a lower 

percentage of milk components for cows fed the high-starch diet compared to the low-

starch diet. 

Albornoz and Allen (2018) evaluated the effects of starch fermentability (low: 

dry, ground corn vs. high: high-moisture corn) and starch content (low: ~22% starch vs. 

high: ~28%) in the fresh diet (~22% forage NDF) fed from parturition through 23 DIM 

for 52 multiparous cows in a 2 × 2 factorial design. The authors reported decreased DMI 

for cows fed the higher fermentable diet compared to lower fermentable diets and a 

more decreased DMI when fed in conjunction with low starch versus high starch. In 

agreement, cows fed the high fermentable treatment had decreased milk yield. Cows fed 

the high starch, high fermentable diet had increased NEFA concentrations during the 

first week postpartum compared to all other treatments. Cows fed the low starch, high 

fermentable or high starch, low fermentable diets had increased glucagon and BHB 

concentrations and cows fed the high starch, high fermentable or low starch, low 

fermentable diets had decreased glucagon and BHB concentrations after the first week 

postpartum. The authors concluded that feeding a highly fermentable postpartum diet 
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negatively impacted DMI and milk yield, especially in conjunction with a high starch 

diet.  

The effects of feeding a low-starch or high-starch early lactation diet are not 

consistent throughout the literature. The differences observed amongst studies may be 

due to differences in the prepartum diet or differences in forage or forage NDF levels in 

the postpartum diet. There was a notable difference in prepartum dietary starch 

concentrations between the studies by Dann and Nelson (2011) and McCarthy et al. 

(2015d). The prepartum diet was not described by Sun and Oba (2014). The large 

change in starch and fermentability from the prepartum to postpartum diet may have 

compromised the cows that were fed the high-starch diet in the Dann and Nelson (2011) 

study, whereas feeding a moderate-starch level in the prepartum period may have aided 

the transition onto the high-starch diet in the McCarthy et al. (2015d) study. An example 

of how forage or forage NDF levels in the postpartum diet can influence postpartum 

health has been described by McCarthy et al. (2015a). In the early stages of the 

McCarthy et al. (2015d) study, the study investigators observed a large number of 

negative health events, such as DA and clinical ketosis, particularly for cows fed the 

high-starch diet. The NDF levels of the brown-midrib corn silage and legume silage 

were lower than what was formulated, resulting in the low-starch diet to be 31.5% NDF 

and the high-starch diet to be 26.4% NDF. After adjust the brown-midrib corn silage to 

wheat straw ratio, resulting in increased NDF concentrations of both treatments, there 

was a large reduction in negative health events and an increase in DMI. McCarthy et al. 

(2015a) concluded that feeding higher concentrations of starch may yield overall 

postpartum performance and health if the forage NDF content of the diet is adequate, 
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while feeding lower starch concentrations may provide optimal performance if the 

forage NDF content is low. The results by Albornoz and Allen (2018) support the 

conclusions by McCarthy et al. (2015a) as more negative postpartum outcomes were 

observed when feeding a high starch, high fermentable diet in conjunction with low 

forage NDF (~22% of DM).  

Overall, these results indicate that prepartum and postpartum nutritional strategy 

are both important for maximizing production and minimizing metabolic dysfunction; 

however, further work needs to evaluate nutritional strategies common to the 

Northeastern US.  

 

TRANSITION COW MANAGEMENT STRATEGIES 

The majority of the transition cow nutrition trials discussed were controlled 

studies that occurred in tiestall barns where cows were not subjected to additional 

environmental factors that may influence results; therefore, it is of interest to discuss 

management strategies during the transition cow period that may be associated with 

health and performance. Limited data exist evaluating the effects of management factors 

during the transition cow period; therefore, studies evaluating the effects during other 

periods will also be reviewed. In addition, many studies have assessed behavioral 

changes when evaluating management factors without a clear indication if the change 

in behavior has an effect on health or performance and will therefore not be discussed 

at length.  
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Pen-level Management Variables 

Stall and bunk stocking density. Miltenburg et al. (2018) randomly assigned 48 

nulliparous and parous cows to an understocked pen (80% stall stocking density, 90 cm 

of bunk space/cow) or an overstocked pen (120% stall stocking density, 45 cm of bunk 

space/cow) in groups of 6 to 10 cows for 3 wk prior to expected parturition and were 

monitored for 5 wk postpartum. The authors reported a decrease in lying time and a 

tendency for increased liver TAG content for cows in the overstocked pens than the 

understocked pens; however, there was no evidence that prepartum and postpartum 

concentrations of BHB, NEFA, glucose, insulin, IGF-1, or Hp were different between 

treatments. The authors also did not report a difference in endometritis or milk yield 

between treatments. Miltenburg et al. (2018) concluded that there were no harmful 

effects of overcrowding when evaluating metabolic health and milk production.  

In a similar study design to Miltenburg et al. (2018), Huzzey et al. (2012) 

evaluated the effects of not overstocking (100% stall stocking density, 67 cm of bunk 

space/cow) or overstocking (200% stall stocking density, 34 cm of bunk space/cow) on 

4 groups of 10 primiparous (entering their first lactation) and multiparous dry cows in a 

replicated crossover design. Overall, the authors reported increased NEFA, glucose, and 

fecal cortisol concentrations and increased DMI during the overstocked period than the 

not overstocked period. When evaluating only multiparous cows, glucose, insulin, and 

fecal cortisol concentrations were not different between the control and overstocked 

periods and NEFA concentrations were only higher on d 5 of the treatment period for 

overstocked pens compared to the control (Huzzey et al., 2012). For primiparous cows, 

increased concentrations of NEFA, glucose, and fecal cortisol were observed during the 
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overstocked period but there were no differences in insulin concentrations (Huzzey et 

al., 2012). The authors concluded that overstocking during the dry period has an effect 

on physiological changes; however, the differences observed may not be of biological 

importance.  

Cook and Nordlund (2004) reported a 0.7 kg/d reduction in milk yield for every 

10% increase in stall stocking density above 80% for primiparous cows through 

observational data. Deming et al. (2013) reported milk yield was positively associated 

with an increase in feed bunk space in 13 automatic milking system herds. In an 

observational study, Sova (2013) observed that an increase in feed bunk space was 

associated with a decrease in milk fat percentage; however, stall stocking density did 

not remain in any of the milk production, milk component, or DMI models. 

In a prospective study of 67 farms in Michigan, Cameron et al. (1998) observed 

herds with suboptimal prepartum feed bunk management (bunk space < 30 cm/cow or 

bunk space was 30 to 60 cm/cow and the diet was feed restricted) had an increased 

incidence of DA. Nordlund et al. (2006) noted that bunk space is more likely to be an 

important risk factor for ketosis than stall stocking density as stall stocking density 

typically does not account for the risk of decreased DMI. Stall stocking density and feed 

bunk density do not always correspond with one another due to a difference in the 

number of rows within a pen. 

It has been recommended to maintain a stocking density ≤ 100% in the close-up 

and fresh cow pens (Cook and Nordlund, 2004; NFACC, 2009) and to avoid 

overstocking to prevent feed bunk displacements and increase feeding time (Huzzey et 

al., 2006). In general, previous controlled research studies have demonstrated negative 
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behavioral differences, such as increased feed bunk displacements or decreased lying 

time, when overstocking compared to not overstocking; however, there are limited data 

demonstrating negative production or biologically meaningful effects of an increase in 

stall stocking density (Hosseinkhani et al., 2008; Huzzey et al., 2012; Krawczel et al., 

2012; Miltenburg et al., 2018). Most controlled research trials evaluating stall or bunk 

stocking density have only assessed behavioral differences amongst cows (DeVries et 

al., 2005; Huzzey et al., 2006; Hill et al., 2009; Proudfoot et al., 2009; Lobeck-

Luchterhand et al., 2015).  

Water space. There have not been any controlled research trials investigating 

the effect of water space on production and performance outcomes. In an observational 

study evaluating the highest producing group of cows, Sova et al. (2013) observed a 

positive relationship between increased water space per cow and test day milk yield, 

FCM, and ECM; however, a negative relationship was observed with MUN and milk 

protein. Providing ample access to water, as well as feed and resting space, can be 

crucial to health and performance (Chebel et al., 2016), though no research has 

demonstrated the importance of water space during the transition cow period. Current 

recommendations are to provide enough water space for 15% to 20% of the cows in the 

pen to be able to drink concurrently, which equates to 8.9 to 12.2 cm per cow (Cook and 

Nordlund, 2004). 

Commingling. Only 1 controlled research trial has evaluated commingling 

primiparous and multiparous cows (Boyle et al., 2013). Boyle et al. (2013) did not 

observe milk production (yield or component) differences, serum cortisol concentration 

differences, or differences in BCS or BW loss during the fresh period between 
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primiparous cows that were commingled or not commingled with multiparous cows 

during the close-up dry cow period. Observational data has demonstrated a 0.7 kg/d 

reduction in milk yield for every 10% increase in stall stocking density above 80% for 

primiparous cows when they are commingled with multiparous cows (Cook and 

Nordlund, 2004). 

Feeding and feed pushup frequency. Feed is consumed more evenly after each 

feed delivery, with less sorting, and cows tend to increase the amount of time spent 

feeding when fed > 1x/d (Devries, 2005; Mantyssari, 2006). Feed sorting is decreased 

with an increase in feeding frequency (DeVries et al., 2005; Sova et al., 2013) which 

results in a more consistent diet being consumed throughout the day. An increase in 

feeding frequency can promote an increase in DMI (Hart, 2014; Sova, 2013; Miller-

Cushon and DeVries, 2017), reduce the risk of subclinical acidosis (Plaizier et al., 2008), 

and can result in less sorting against long particles (DeVries et al., 2005; Endres and 

Espejo, 2010). Increasing DMI can reduce the extent of NEB during early lactation and 

therefore reduce blood NEFA concentrations. Severe negative energy balance can result 

in health disorders such as ketosis, displaced abomasum (DA), and metritis (Grummer, 

2004). However, to our knowledge, studies evaluating the effects of increased feeding 

frequency on blood metabolites and disease have not been evaluated during the 

transition cow period.  

Bach (2008) observed herds that pushed up feed produced more milk (3.9 kg/d) 

than herds that never pushed up feed; however, results from a controlled research trial 

did not provide evidence that an increase in pushup frequency results in increased DMI 
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(DeVries, 2017). DeVries (2017) reported that feed delivery is the primary stimulus for 

eating and not feed pushup or milking. 

Penn State Particle Separator. Most of the work assessing particle size has 

evaluated the effects on sorting, rumination, and DMI, particularly comparing longer to 

shorter particles; however not much work has evaluated the effects of the proportion of 

TMR on each sieve of the PSPS. There is evidence of decreased milk yield and 

components when sorting against long particles (Sova et al., 2013; Miller-Cushon and 

DeVries, 2017; Coon et al., 2018). Coon et al. (2019) observed that an increase in 

particle size often leads to sorting and a less stable rumen environment, putting the cow 

at a greater risk of subacute ruminal acidosis. Havekes et al. (2020) observed an increase 

in prepartum DMI, less sorting against longer particles, and lower postpartum BHB 

concentration for cows consuming a prepartum diet with a short straw length (chopped 

with a 2.54-cm screen) compared to a long straw length (chopped with a 10.16-cm 

screen). Yang et al. (2001) fed mid-lactation cannulated cows a TMR with long forage 

particle length (7.59 mm) or short forage particle length (6.08 mm), resulting in a 

slightly greater proportion (6.4%) of the TMR on the middle (8-mm) and top (19-mm) 

sieves compared to the pan for the long particle treatment compared to the short particle 

treatment. The authors observed an increase in milk fat (% and kg/d) and fat-corrected 

milk for cows fed a TMR with long forage particle length. It has been recommended to 

chop hay or straw so that particles are < 4 cm (Nydam et al., 2017).  

peNDF, peuNDF240, and uNDF240. Evaluating peNDF, peuNDF240, and 

uNDF240 in diets are a relatively new concept; therefore, there is limited research 

evaluating the effects during the transition cow period. Grant et al. (2018) reported the 
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lowest DMI, milk yield, and energy-corrected milk for cows fed a high uNDF240/high 

peNDF/high peuNDF240 diet compared to cows fed lower concentrations of 

uNDF240/peNDF/peuNDF240. Similar to Grant et al. (2018), LaCount (2019) fed a 

high fiber diet (12.2% uNDF240, 23.2% peNDF) or a low fiber diet (9.5% uNDF240, 

21.6% peNDF) to multiparous fresh cows and reported lower DMI, milk yield, and 

ECM for cows fed the high fiber diet. These results indicate that as peNDF, peuNDF240, 

or uNDF240 increase, intake may be limited and milk production may be compromised. 

LaCount (2019) also observed greater NEFA and BHB concentrations for cows fed the 

high fiber diet compared to cows fed the low fiber diet and an interaction between 

treatment and parity group for Hp such that 2nd lactation cows had lower Hp 

concentrations when fed the high fiber fresh diet compared to the low fiber fresh diet; 

however, treatment differences were minor (0.17 vs. 0.23 g/L; P = 0.15). Utilizing 

peuNDF240 may be more beneficial than peNDF or uNDF240 alone since it accounts 

for uNDF240 and physically effective fiber. Feeding a high fiber diet, with adequate 

particle size (< 4 cm; Nydam et al., 2017), may help reduce sorting and subacute ruminal 

acidosis (Coon et al., 2019), reducing the risk of negatively affecting the gut barrier 

integrity and systemic inflammation (Horst et al., 2021). 

 

Herd-level Management Variables 

Vaccination. Vaccination around the time of parturition has not been 

investigated in controlled research studies. Vaccinating cows has been shown to 

stimulate an acute phase protein response (Stokka et al., 1994; Cooke and Arthington, 

2013). Transition cows are already in a state of immune dysregulation (Sordillo and 
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Raphael, 2013; Vlasova and Saif, 2021) and further insults may make the transition cow 

more susceptible to disease (Sordillo and Raphael, 2013). In addition, Kvidera et al. 

(2017a) demonstrated that immune activation requires repartitioning glucose from the 

mammary gland, resulting in reduced milk production.  

Maternity pen. Although limited work has evaluated moving cows around the 

time of parturition (Cook and Nordlund, 2004; Proudfoot et al., 2013), no research has 

evaluated long-term production effects. Field investigations have observed elevated 

NEFA concentration and an increased risk of ketosis and DA in cows that were on a 

maternity pack for 3 or more days compared to cows that calved within 2 days of being 

on the maternity pack. It is plausible that moving cows a few days prior to parturition 

could increase stress, due to a new environment and new social interactions (Arthington 

et al., 2003; Cook and Nordlund, 2004), stimulate an acute phase protein response, 

increase the risk of RP, metritis, or both (Huzzey et al., 2009), and increase the risk of 

poor reproductive performance (Huzzey et al., 2015). Creutzinger et al. (2021) 

evaluated biomarkers and health on primiparous and multiparous cows housed in a 

close-up pen with or without a blind. Although not a true maternity or calving pen, the 

blind served as a barrier and allowed cows to be separated from other cows when in 

labor but the cows could rejoin the others when they wanted. Cows assigned to the blind 

treatment had lower prepartum Hp concentrations and a tendency for lower prepartum 

NEFA concentrations compared to cows assigned to the absence of the blind treatment; 

however, no differences were observed in pre- or postpartum BHB, postpartum Hp, or 

postpartum NEFA (Creutzinger et al., 2021). The study design approach by Creutzinger 

et al. (2021) removed the pen move and negative social interactions that are typical 
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when moving cows into a traditional maternity or calving pen; although, typically 

calving pens are for individual cows and therefore, negative social interactions are 

absent. Further research needs to evaluate short- and long-term effects of moving a cow 

a few days prior to parturition versus when parturition is imminent.  

Pen moves. Pen moves have been associated with increased negative social 

interactions or avoidance behaviors (Kondo and Hurnik, 1990; Grant and Albright, 

2001; Cook and Nordlund, 2004). Social behavior can play a critical role in the health 

of the transition cow, such that cows diagnosed with severe metritis engaged in fewer 

aggressive interactions, had depressed prepartum DMI, and produced less milk during 

the first 3 wk of lactation, compared to healthy cows (Huzzey et al., 2007). In a 

commingled pen, primiparous cows tend to be the low-rank or subordinate cow and may 

exhibit more avoidance behaviors than multiparous cows (Cook and Nordlund, 2004). 

Although Hp concentrations were not observed by Huzzey et al. (2007), metritis has 

been significantly associated with elevated Hp concentrations (Huzzey et al., 2009; 

Burfeind et al., 2014). Increased Hp concentrations have also been observed in cows 

and calves due to a stressful event, such as transportation (Arthington et al., 2003; 

Lomborg et al., 2008). Limited research has evaluated transition cow postpartum pen 

moves on milk production; however, mid-lactation, multiparous cow studies have 

generally observed a decrease in short term milk production due to a pen move (Cook 

and Nordlund, 2004; von Keyserlingk et al., 2008). 

Time spent in the calving pen. To our knowledge, previous research has not 

evaluated the time spent in the calving pen on postpartum health, blood biomarkers, 

milk production, or reproductive performance. Previous work has demonstrated that 
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cows prefer to be secluded in the hour before and after calving but will rejoin cows in 

the pen afterward (Proudfoot et al., 2014).  

Time locked up in the fresh pen. To our knowledge, previous research has not 

evaluated the amount of time locked up in the fresh pen for health checks on postpartum 

health, blood biomarkers, milk production, or reproductive performance. The current 

recommendation is to lock cows up for < 1×/d to minimize daily time-budget disruptions 

(Nordlund, 2009); however, further research should investigate this practice.  

 

RESEARCH OBJECTIVES 

 Recommendations pertaining to the nutrition of the transition cow are often 

based on anecdotal observations or controlled-research trials. Previous controlled-

research trials have evaluated treatments with discernable differences in energy 

concentration that may not be commonly fed on farms. In addition, previous controlled-

research trials observed cows in tiestalls and not in freestalls, which removes 

environmental factors, such as negative social interactions and increased competition, 

which may alter the cows feeding and lying behavior.  

Recommendations pertaining to putative management factors of the transition 

cow are often based on field observations, as there are limited controlled-research 

studies evaluating management factors during the transition period. Previous studies 

evaluating management factors have focused on mid- to late lactation cows and were 

performed in a controlled-research environment or were controlled-research trials 

evaluating the effects of management factors on the behavior in transition cows.  

Large, epidemiological studies have not evaluated common nutritional strategies 



 

56 

to the Northeastern US or putative management factors pertaining to the transition cow 

period and the association with health, metabolic- and inflammation-related biomarkers, 

milk production, or reproductive performance. Although cow- and herd-level 

associations between metabolic-related biomarkers and health, milk, and reproductive 

outcomes have been evaluated previously, advances in dairy nutrition and management 

have occurred between data collection by (Ospina et al., 2010c) and the current study. 

In addition, herd-alarm levels have not been identified for Hp concentrations. 

Therefore, the objectives of this dissertation were to 1) describe management 

factors and herd characteristics pertaining to the transition cow period that may have an 

association with milk production, reproductive status, and health in large, high 

producing Northeastern herds, 2) establish cow-level thresholds for prepartum NEFA 

and postpartum NEFA, BHB, and Hp concentrations that are associated with negative 

health events in the first 30 DIM, 3) evaluate the association between the identified 

prepartum NEFA and postpartum NEFA, BHB, and Hp concentration thresholds with 

milk production and reproductive performance at the cow-level, 4) identify the herd-

alarm levels for prepartum NEFA and postpartum NEFA, BHB, and Hp concentrations 

that are associated with herd-level changes in disorder incidence, reproductive 

performance, and milk production, 4) identify relationships between dry period and 

periparturient period nutritional strategies as characterized by diet contents of starch, 

forage NDF, or both, and biomarkers of energy metabolism and inflammation, health 

disorders, milk production, and reproductive performance, and 5) evaluate relationships 

between putative periparturient management factors at the pen- and herd-level with 
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biomarkers of energy metabolism and inflammation, health disorders, milk production 

and reproductive performance. 
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ABSTRACT 

Our objective was to describe management and herd characteristics of the 

transition period on freestall dairy herds in the Northeastern United States using an on-

farm survey and prospective cohort design. Enrolled herds (n = 72) had a median of 900 

milking cows (range: 345 to 2,900), a rolling herd average of 12,674 kg (standard 

deviation ± 1,220 kg), and 87.2% (n= 82/94) of fresh pens were milked at least 3×/d. 

The prevalence of herds with ≥ 15% of sampled cows with elevated concentrations of 

non-esterified fatty acids (NEFA) prepartum (≥ 0.27 mmol/L, 2 to 14 d prior to 

parturition) and postpartum [primiparous: ≥ 0.60 mmol/L, multiparous: ≥ 0.70 mmol/L, 

3 to 14 d in milk (DIM)], postpartum β-hydroxybutyrate (≥ 1.2 mmol/L, 3 to 14 DIM), 

and postpartum haptoglobin (≥ 1 g/L, 0 to 12 DIM) was 51%, 51%, 51%, and 57%, 

respectively. In most herds, cows were moved to a calving pen when showing signs of 

labor (73.6%; n = 53/72) instead of 0 to 3 d prior to expected calving (26.4%, n = 19/72). 

Cows remained in the calving or maternity pen for a median (range) time of 2 (0 – 24) 

h after parturition before moving to the next pen. Primiparous cows remained in the first 

pen moved to after parturition for a longer period than multiparous cows [median 

(range) d: 12 (1.5 – 25) vs. 6 (1.5 - 22). Nearly 20% of herds administered routine 

vaccinations in the maternity or calving pen, first pen after parturition, or both. Almost 

all herds (n = 69/72) performed fresh cow health checks; however, only 53% (n = 38/72) 

locked up all fresh cows daily. More herds housed primiparous and multiparous cows 

in separate pens during the far-off dry (65.3%; n = 47/72) and high lactation (81.9%; n 

= 59/72) periods compared to the close-up dry (31.9%; n = 23/72) and fresh periods 

(27.8%; n = 20/72). At least half of the pens observed during the far-off dry, close-up 
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dry, and fresh periods had a stocking density <100%. Approximately 1/3 of pens 

observed during the far-off dry period had feed pushed up ≤4×/d compared to 

approximately 15 to 20% of pens observed during the close-up dry, fresh, and high 

lactating periods. More than half of the total mixed ration samples acquired from the 

far-off and close-up dry period visits had greater than the recommended proportion of 

particles in the 19-mm screen of the Penn State Particle Separator. The results of this 

observational study illustrate the range of management practices used in freestall herds 

in this region and lay the groundwork for future hypothesis-driven studies using this 

sampled population.  

Key words: transition cow, management, nutrition, survey  

 

INTRODUCTION 

Many management factors contribute to cow success during the transition period 

including minimizing management related stressors, diet formulation and feeding 

strategies, monitoring and treatment of health disorders, and facilitating cow comfort 

(Nydam et al., 2017). Limited field data exist that describe different management 

strategies that contribute to cow success in commercial farm settings. Therefore, 

recommendations are often driven by field experience from concepts established 

through controlled research with comparatively small numbers of cows. Evaluating 

management and nutritional factors with outcomes on commercial farms, such as health, 

blood biomarkers, milk production, and reproductive performance may provide an 

understanding of how these factors contribute to transition cow success across a range 

of farm practices.  
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Other studies have reported results from surveys of management practices and 

described herd characteristics (Bewley et al., 2001; Kellogg et al., 2001; Caraviello et 

al., 2006). Kellogg et al. (2001) described management practices in the top producing 

Dairy Herd Improvement herds, based on yearly rolling herd average [RHA; responding 

Holstein herds mean ± standard deviation (SD): 13,346 ± 650 kg, n = 133 herds]. The 

study surveyed farms on health, nutrition, and reproductive management; however, 

many of these management practices may not relate to large dairies as the authors 

reported an average herd size of 233 milking cows. Similarly, Caraviello et al. (2006) 

described common management practices in 153 commercial dairies located throughout 

the US relating to reproductive management, facility design, and general management. 

Although these studies described herd management practices, they may not apply to 

current management practices that are particular to larger dairy herds in the Northeastern 

US. The data in these studies were obtained by mailed surveys (Bewley et al., 2001; 

Kellogg et al., 2001) or a hand-delivered survey by different consultants (Caraviello et 

al., 2006). Both of these methods have limitations such as selection bias and response 

rate. The mailed surveys had a response rate of 48% and 51.5%, respectively, and the 

hand-delivered survey had a response rate of 67.3%.  

 Herein we describe data derived from a study using a survey and prospective 

cohort design of a relatively large number of commercial dairy farms in the Northeastern 

U.S. designed to evaluate nutritional and management factors and their relationships 

with elevated blood biomarkers, health, milk yield, and reproductive performance. The 

study investigators obtained the data in-person with the objective of minimizing 

information bias. The objective of the study was to provide a description of current 
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management practices in the surveyed herds and the cohorts of cows sampled in support 

of subsequent parts of the study that focused on testing hypotheses regarding 

relationships of biomarkers with outcomes and the relationships of nutrition and 

management factors with transition period outcomes.  

 

MATERIALS AND METHODS 

An initial survey and a prospective cohort study were conducted on a 

convenience sample of 72 farms located in New York and Vermont between November 

2012 and August 2015. All procedures involving cows in this study were approved by 

the Cornell University Institutional Animal Care and Use Committee, protocol # 2012-

0124. Inclusion criteria for herds were: 1) Holstein herds, 2)  ≥ 400 milking cows, 3) 

free-stall housing, 4) TMR-fed herds, and 5) enrolled in monthly DHI testing or have 

on-farm milk recording with record management by Dairy Comp 305 (DairyComp 305, 

Valley Ag Software, Tulare, CA) or PCDART (PCDART, Dairy Records Management 

System, Raleigh, NC). The inclusion criteria represents the majority of cows within NY 

and provides us with an adequate sample size for blood sample collection. Farms were 

initially enrolled based upon common transition cow nutritional strategies already 

implemented at the farm and were usually identified through contact with the farm’s 

nutritionist. Farms that met these inclusion criteria were enrolled based upon their 

willingness to participate. 

Farm Surveys  

Each farm was required to fill out a consent form, transition cow management 

and housing survey, and adhere to the provided health disorder and calving ease 
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definitions (see below) to minimize inconsistency between farms. The consent form and 

survey were filled out by the farm owner or herd manager. The survey is included in the 

supplemental material. The transition management survey consisted of 80 mostly closed 

questions regarding the farm’s records system, herd information, transition cow pen 

movements, reproductive strategies used, pen information including housing and 

grouping for transition cows, calving and fresh cow management, and fresh cow health 

checks. The survey was expected to be completed within 30 min. The survey was either 

emailed prior to the first visit or hand-delivered at the first visit and the first author 

would review the survey answers to ensure completeness and clarify answers. Pen 

measurements, including stall dimensions, feed bunk space, water space, and facility 

design, were taken at each visit for the pens in which the cows were housed by the first 

author. Stall stocking density was calculated as the (number of cows present during the 

visit / number of usable stalls*100), bunk space density was calculated as (the number 

of cows present during the visit / number of headlocks*100), and linear water space 

access per cow was calculated as the (total linear water space / number of cows present 

in pen during visit). Stalls were classified as having unlimited or limited lunge space. A 

stall was classified as having unlimited lunge space if [(total stall length – curb to brisket 

board length) + space in front of the stall] was > 99 cm, the space in front of the stall 

was > 99 cm, the total stall length was > 3 m, or if the (stall length + space in front of 

the stall) was > 3 m. Herd managers were asked questions with regard to feeding, feed 

push-up, milking, and pen restocking frequencies by the first author.  

Case Definitions  

Cows were observed for health disorders of interest in the first 30 DIM by farm 
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personnel. Definitions for disorders and calving ease scores were provided to the farms 

for consistency of documentation: 1) clinical mastitis = presence of abnormal milk from 

the udder that may or may not be accompanied by a reddened, hard udder or a sick cow; 

2) metritis (MET) = a sick cow that has a fever of greater than 103°F with a smelly 

discharge from her vulva and is less than 21 DIM (Sheldon et al., 2006); 3) retained 

placenta (RP) = failure to pass fetal membranes within 24 h after calving (Heinonen and 

Heinonen, 1989); 4) displaced abomasum (DA) = movement of the 4th compartment of 

the stomach to a location on the right or left side of the cow and detected by a “ping” 

sound when percussing the side of the cow and listening. Often, this cow has abrupt 

decreased milk production and is off feed (Coppock, 1974; Ospina et al., 2010); 5) milk 

fever (MF) = a cow that exhibits dullness, lethargy, and muscle weakness when cold 

ears are present, whether or not she becomes recumbent. Commonly observed 

symptoms also include she is “wobbly” or “down,” she is not eating, her rumen has no 

or reduced rate of contractions, and her muzzle is dry (Horst et al., 1997; McArt et al., 

2018); 6) downer-injury = a cow that is recumbent and unable to get up because of 

apparent traumatic injury such as a broken leg or accident; 7) clinical ketosis (CK) = a 

cow that is off feed, has sudden weight loss, and decreased milk production and has no 

other detectable signs of disease and can usually have ketones detected in the urine, 

blood, or breath and requires treatment by IV dextrose, propylene glycol, steroids or any 

combination (Duffield et al., 1999; McArt et al., 2018). Calving score was adapted from 

Proudfoot et al. (2009) and modified to a 1 to 4 system: 1 = unassisted delivery, 2 = easy 

assistance (i.e., one person required to pull the calf out), 3 = difficult assistance (i.e., 

dystocia, 2 or more people required to pull the calf), 4 = C-section, fetotomy, or 
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extremely difficult pull. 

Sampling Frequency and Outcomes of Interest 

 Farms were visited 4 times over the course of 11 wk for data collection. Cows 

in a single cohort were observed during the far-off dry, close-up dry, fresh, and high 

lactation periods. Cows observed on the first visit (far-off dry period) were 28 to 49 d 

before expected calving. The second visit (close-up dry period) occurred 4 wk later 

when the cows were expected to calve in 0 to 21 d. The third visit (fresh period) occurred 

16 to 21 d after the second visit, at which observed cows were 0 to 21 DIM. The last 

visit occurred 4 wk later (high lactation period) when the cows were 28 to 49 DIM. For 

the purpose of this study, cows entering their first lactation will be referred to as 

primiparous cows and cows entering at least their second lactation will be referred to as 

multiparous cows.  

Body condition scores on a 1 to 5 scale with 0.25-point intervals (Edmonson et 

al., 1989) and locomotion scores (LS; Flower and Weary, 2006) were assigned to cows 

at each visit. The first author assigned BCS and LS to the cows at every farm for 

consistency purposes. The locomotion scores were retrospectively categorized 

according to the degree of lameness; LS < 3: not lame or slightly lame, LS = 3: 

moderately lame, and LS > 3: severely lame. 

Health event records, calving information, milk production through the 5th 

monthly test-day (~150 DIM), and reproductive performance through 150 DIM was 

collected from the farm’s Dairy Comp 305 or PCDART records. Calving information 

collected consisted of number of days dry, date of parturition, calf sex, calf survivability, 

and twinning information. Milk production information collected consisted of milk 
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yield, 305-d mature equivalent milk yield, percent fat, percent protein, and somatic cell 

count. Reproductive information collected consisted of DIM at first breeding, number 

of times bred, and DIM at confirmed pregnancy. When applicable, information on 

culling or on-farm mortality was collected.  

Blood Sampling and Analysis 

Blood samples were collected from a convenience sample of 11 to 24 cows 

within each herd at the close-up visit and from the same cohort of cows at the fresh 

period visit. Cows were selected based upon the date of expected parturition and on the 

number of cows available. Cows were removed from the study if they had not calved 

by the third visit or if they left the herd before a postpartum blood sample was acquired. 

To reflect herd demographics, approximately one-third of the cows sampled were 

primiparous cows. One 10-mL blood sample was collected into a sodium-heparin tube 

from the coccygeal vein or artery at both visits (Vacutainer, Becton-Dickinson, Franklin 

Lakes, NJ). On the fresh period visit, BHB concentrations were measured using the 

Precision Xtra meter (Abbott Laboratories, Abbott Park, IL; Iwersen et al., 2009) before 

the blood sample was processed. Samples were stored on ice until processing within 6 

h of collection. Samples were centrifuged at 1,350 × g for 15 min and plasma was 

separated and stored at -20°C.  

Plasma was analyzed only from cows with both a prepartum and a postpartum 

sample. Prepartum and postpartum plasma were analyzed for nonesterified fatty acids 

(NEFA) by enzymatic analysis [HR Series NEFA HR(2), Wako Pure Chemical 

Industries, Osaka, Japan]. The inter- and intra-assay coefficients of variation were 

11.0% and 2.6%, respectively. Postpartum plasma samples from cows 0 to 12 DIM were 
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analyzed for haptoglobin (Hp) based on peroxidase activity (Makimura and Suzuki, 

1982; Skinner et al., 1991) on a Roche Cobas 6000 c501 biochemistry analyzer (Roche 

Diagnostics Corp., Indianapolis, IN) at the University of Guelph Animal Health 

Laboratory (Ontario, Canada). The lab reported inter- and intra-assay coefficients of 

variation were < 10.6% and < 10%, respectively. 

Cows were retrospectively classified as having elevated prepartum NEFA 

(≥0.27 mmol/L; cows 2 to 14 d prepartum), postpartum NEFA (primiparous: ≥0.60 

mmol/L or multiparous: ≥0.70 mmol/L; cows 3 to 14 DIM), BHB (≥1.2 mmol/L; cows 

3 to 14 DIM, and Hp (≥1 g/L; cows 0 to 12 DIM) concentrations using previously 

establishes thresholds (Huzzey et al., 2009; Ospina et al., 2010).  

Diet Analysis 

 Forage and triplicate TMR samples associated with the cows observed were 

collected at each visit. The forage and first 2 TMR samples were analyzed by near-

infrared spectroscopy at a commercial laboratory (Green Mountain Feed Testing 

Laboratory, Newport, VT).  For the close-up and fresh visits only, a third TMR sample 

were analyzed by near-infrared spectroscopy with wet-chemistry for mineral analysis 

was performed in addition (method 985.01; AOAC International, 2000), extracting a 

sample with 0.5% nitric acid and analyzing it by potentiometric titration with AgNO3 

for chloride analysis (Brinkmann Instruments Inc, Westbury, NY), and by a Sulfur 

Combustion Analyzer for sulfur analysis (Leco Corporation, St. Joseph, MI), at a 

commercial laboratory (Cumberland Valley Analytical Services, Maugansville, MD). 

Formulated diets received from the nutritionist with the corresponding analyzed forage 

sample compositions were inputted into the Cornell Net Carbohydrate and Protein 
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System (CNCPS version 6.1, Cornell University, Ithaca, NY). Diet CNCPS files were 

imported into the Nutritional Dynamic System Professional (NDS Professional version 

3.8.10.06, RUM&N Sas, Reggio Emilia, Italy) for nutrient extraction.  

 All 3rd TMR samples were evaluated for particle size with the 3-sieve Penn 

State Particle Separator at a commercial laboratory, for consistency purposes 

(Cumberland Valley Analytical Services, Maugansville, MD). The addition of the 4-

mm sieve was used to estimate physically effective NDF in the diet.  

Statistical Analysis  

Data were inputted into Microsoft Excel (Microsoft Corp., Redmond, WA). 

Qualitative data were coded so they could be summarized. Data were cleaned to correct 

for human data recording errors. Missing data due to incomplete records were not 

included in the results for the relevant variable of interest. All statistical analyses were 

calculated using SAS software (SAS 9.4, SAS Institute Inc., Cary, NC). Descriptive 

statistics and elevated blood biomarker prevalence were calculated using PROC 

MEANS and PROC FREQ. Data were checked visually checked for normality and are 

reported as means ± SD throughout, unless noted otherwise. 

 

RESULTS AND DISCUSSION 

Production and Performance Factors 

 Herd Level. The data reported herein are based on the available data for the year 

prior to the time of herd enrollment for the 72 herds enrolled, unless noted otherwise. 

Median herd size at enrollment was 900 milking cows (range: 345 to 2,900) with an 

annual RHA ranging from 9,290 to 15,644 kg (n = 69 herds; 12,674 ± 1,220 kg) and 
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mean daily milk yield per cow of 37.8 ± 3.8 kg/d (n = 69 herds). The RHA in this study 

was found to be approximately 1,100 kg more than the mean RHA for large (≥ 500 

cows), conventional dairies in the USDA National Animal Health Monitoring System 

(NAHMS) 2014 Dairy study (11,563 kg; USDA, 2016). Our survey results indicated 

that, within the 40% of herds (n = 29/72) using recombinant bST (rbST), a median of 

80% of eligible cows received rbST (range: 25 to 100%). This is a decrease in herd rbST 

use compared to at least 61.2% of herds in previous studies (Caraviello et al., 2006; 

Fulwider et al., 2008; Brotzman et al., 2015). The observed difference is likely due to a 

shift towards an rbST-free milk market due to consumer demand (Wolf, 2019). Cows 

in fresh period pens were milked either 2× (11.7% of pens; n = 11/94), 2.5× (1.1% of 

pens; n = 1/94), 3× (78.7% of pens; n = 74/94), 4× (7.5% of pens; n = 7/94), or 5× (1.1% 

of pens; n = 1/94) daily. Fresh cows were milked at least 3×/d in a greater percentage of 

herds in this study compared to Brotzman et al. (2015; 31.8% milked 2×; 63.7% milked 

3×). Pens observed during the high lactation period visit were milked either 2× (12.6% 

of pens; n = 24/190), 2.5× (1.1% of pens; n = 2/190), 3× (84.7% of pens; n = 161/190), 

or 4× (1.6% of pens; n = 3/190). Similar to the fresh period visit, the proportion of herds 

in which high cows were milked more than 2 x/d was greater in this study than Brotzman 

et al. (2015; 29.9% milked 2×; 70.2% milked 3×). The majority (56.8%) of cows on 

large, conventional dairies from the NAHMS 2014 Dairy study were milked 3× whereas 

in 43.0% of the herds, the majority of cows were milked 2× (USDA, 2016). The 

difference in milking frequency between the current study and the NAHMS 2014 Dairy 

study may partially explain the difference in RHA between the two studies as increasing 

milking frequency typically increases milk production (Erdman and Varner, 1995). 
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Average days dry was similar between cows entering 2nd lactation and cows entering 3rd 

or greater lactations (56.0 ± 7.2 d vs. 56.9 ± 6.2 d, respectively). On average, this is less 

than what Kellogg et al. (2001), Bewley et al. (2001) and Brotzman et al. (2015) reported 

(60.9 ± 10.6 d, 61 ± 8 d and 59 ± 8 d, respectively) but reflects large, conventional 

dairies surveyed by the USDA in 2014 (56.6 d; USDA, 2016). The dry period is essential 

for replacing senescent cells in the mammary gland (Capuco et al., 1997), to increase 

the proportion of epithelial cells for the subsequent lactation (Capuco et al., 1997) and 

to prevent milk losses in the subsequent lactation (van Knegsel et al., 2013); however, 

shortening the dry period can decrease the degree of negative energy balance in the 

subsequent lactation (Andersen et al., 2005; Rastani et al., 2005). The voluntary waiting 

period was similar between primiparous and multiparous cows (55.5 ± 10.6 d vs. 54.5 

± 10.0 d, respectively) and was similar though more variable than what Caraviello et al. 

(2006) reported (52 ± 1.3 d vs. 53 ± 1.4 d, respectively). In an evaluation of 10 studies, 

Ferguson (1996) reported an average of 33 d to first ovulation after parturition; however, 

oocyte viability is not guaranteed at this time. Nutrition during the prepartum and early 

lactation period can play a crucial role on the developing follicles and oocytes which 

will influence the long-term viability of the oocyte (Roche et al., 2018). Negative energy 

balance has been associated with reproductive failure (Roche et al., 2018) as oocytes 

and follicles will ovulate 50 to 60 d after early lactation development (Santos and 

Staples, 2017); therefore extending the voluntary waiting period may be beneficial for 

cows or herds, but there may not be an economic advantage (Stangaferro et al., 2018). 

 Cohort Level. The prospective cohort consisted of 31.9% (n = 470/1,473) 

primiparous and 68.1% (n = 1,003/1,473) multiparous cows. Milk production through 
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the 2nd test day is reported in Table 3.1. Cows entering their second lactation had an 

average days dry of 57.5 ± 11.3 and cows entering their third or greater lactation had an 

average of 58.5 ± 14.2 d dry (Table 3.1). Farms were removed from the reproductive 

performance summary reported in Table 3.1 due to the use of natural service (n = 2 

farms or 32 cows) or compliance in the reproductive program being compromised due 

to a barn roof collapse during the week after the last visit (n = 1 herd or 13 cows). 

Primiparous and multiparous cows had nearly identical average days to first breeding 

of approximately 70 d (Table 3.1) which is a substantial change from 100.2 ± 31.4 d as 

reported by Kellogg et al. (2001). This difference is likely due to the increased use of 

synchronization programs and timed artificial insemination. Kellogg et al. (2001) 

reported that approximately half of producers surveyed utilized estrus synchronization 

compared to 93.1% (n = 67/72 herds) in the current study. For cows that were confirmed 

pregnant within 150 DIM, DIM at conception for subsequently detected pregnancy was 

88.6 ± 25.9 d with a median (range) of 1 (1 – 6) services per pregnancy (Table 3.1).  

Health and Culling Events 

 Herd Level. The data reported herein characterize annual data at herd 

enrollment. The herd cull and death rate for primiparous cows ≤ 60 DIM was 5.1 ± 2.9% 

of calvings (n = 71 herds; one herd did not freshen primiparous cows) and an overall 

cull and death rate ≤ 60 DIM of 8.0 ± 2.4% (n = 72 herds). Across all 72 herds, overall 

lactational cull and death rate was 20.0 ± 7.0% for primiparous cows and 35.3 ± 7.0% 

for multiparous cows. Other studies utilizing a survey reported an annual culling rate of 

39.7 ± 15.0%, 34.0 ± 7.4%, and 36.2 ± 7.8% (Kellogg et al., 2001; Caraviello et al., 

2006; Brotzman et al., 2015, respectively). Incidence risk of postpartum health events 
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as diagnosed and reported by herd personnel (n = 71 herds; one herd used paper records 

and was not included) were as follows; stillborn heifers: 6.0 ± 1.8%, twinning: 4.1 ± 

1.4% (n = 72), RP: 6.5 ± 3.8%, DA ≤ 30 DIM: 1.9 ± 1.3%, MET [median (range)]: 5.8 

(0.03 – 31)%, MF ≤ 30 DIM [median (range)]: 1.2 (0.07 – 14)%, and CK ≤ 30 DIM 

[median (range)]: 4.8 (0 – 34)%. Retained placenta incidence improved from a 2001 

study, which reported RP incidence at 8.6 ± 5.7% (Kellogg et al., 2001). According to 

a recent NAHMS study by the USDA, large herds (≥ 500 cows) reported an incidence 

risk of 3.6 ± 0.6% for CK, 2.2 ± 0.2 for MF, 8.0 ± 1.0% for MET, and 4.2 ± 0.5% for 

RP (USDA, 2018). It is important to note that herds may define disorders differently, or 

may not be consistent in their definitions and data recording over time. Disorders such 

as MET and CK may be more prone to misclassification; therefore, the annual incidence 

data may be underreported or potentially even overreported for some farms.  

Cohort Level. Herds were removed from the analysis if disorders were not 

recorded accurately due to the herd not recording the event or if the herd inconsistently 

recorded the event. The prospective cohort cull and death rate across the 72 herds for 

cows ≤ 60 DIM was 5.3% for primiparous cows and 6.5% overall. Postpartum health 

events across all herds (unless noted), as diagnosed by the herd personnel and according 

to the study disorder definitions within 30 DIM were as follows; stillborn heifers: 5.0%, 

twinning: 2.8%, RP: 5.8%, MET: 8.0% (n = 66 herds), DA: 2.2%, CK: 7.1% (n = 71 

herds), MF: 1.2% (n = 66 herds), clinical mastitis: 4.6% (n = 71 herds), and injury: 0.2% 

(n = 70 herds).  
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Metabolic- and Inflammation-Related Biomarkers 

 Samples showing moderate or severe hemolysis, as defined by the laboratory 

where analysis was performed, were removed from the haptoglobin analysis (n = 1). 

Samples with severe hemolysis were removed from the prepartum NEFA analysis (n = 

3). The distributions of prepartum NEFA and postpartum NEFA, BHB, and Hp 

concentrations for data from the prospective cohort are reported in Table 3.2. Based on 

thresholds established in previous studies (Huzzey et al., 2009; Ospina et al., 2010), 

18.0%, 20.5%, 19.7%, and 26.1% of cows in the present study had elevated 

concentrations of prepartum NEFA, postpartum NEFA, postpartum BHB, and 

postpartum Hp, respectively. The prevalence of elevated concentrations of prepartum 

NEFA, postpartum NEFA, BHB, and Hp, as a proportion of cows sampled per herd, are 

reported in Figure 3.1. Compared to Ospina et al. (2010), we found a lower prevalence 

of herds above the herd-alarm level for prepartum (51% vs. 75%) and postpartum (51% 

vs. 65%) NEFA concentrations; however, we had a higher prevalence of herds above 

the herd-alarm level for postpartum BHB concentrations (51% vs. 40%) and a greater 

prevalence of herds with at least 35% of cows with elevated postpartum BHB 

concentrations (20% vs. 8%). Herd-alarm levels have not been identified for postpartum 

Hp concentrations; however, we found 57% of herds had at least 15% of cows with Hp 

concentrations >1 g/L, based on a previously established threshold associated with 

increased risk of metritis (Huzzey et al., 2009). Our study differed from Ospina et al. 

(2010) such that we sampled cows regardless of health status and sampled the same 

cohort of cows during the close-up and fresh periods. Ospina et al. (2010) sampled 

clinically healthy cows and the prepartum and postpartum samples were from two 
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different cohorts of cows. Therefore, our study reflects true whole-herd prevalence of 

elevated concentrations of biomarkers in postpartum cows whereas the results from 

Ospina et al. (2010) reflect those of apparently healthy cows. Differences in the 

observed prevalence of elevated NEFA and BHB between our study and Ospina et al 

(2010) could also be due to industry changes in transition cow nutritional strategies.  

Health Management  

Results regarding health management originated from the survey. It was routine 

for 22.2% of herds (n = 16/72) to trim hooves of cows between 250 DCC and 30 DIM. 

Routine administration of vaccines in the maternity or calving pen, first pen after 

calving, or both, occurred in 19.4% (n = 14/72) of herds. Vaccines were administered 

in maternity or calving pens in 11.1% of herds (n = 8/72) and administered in the first 

pen cows moved to after calving in 12.5% of herds (n = 9/72). Three herds (4.2%) 

administered vaccinations in both the maternity/calving pen and the first pen cows 

moved to after calving. Although not a high proportion of farms administered vaccines 

around the time of calving, Guterbock (2004) noted the importance of avoiding this 

practice as it can decrease appetite and increase body temperature which can be 

mistaken for fresh cow disorders during health checks, and which could interfere with 

cows transitioning smoothly.  

 Routine fresh cow checks were done on almost all farms (95.8% of herds; n = 

69/72) and fresh cows were locked up daily on 52.8% (n = 38/72) of herds. Of the farms 

that had routine health checks performed on the fresh cows but did not lock up all fresh 

cows daily had the following approaches: 1) never lock up cows (19.4% of herds; n = 

14/72), 2) lock up individual cows on an as needed basis (15.2% of herds; n = 11/72), 
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3) lock up all fresh cows 1 to 2×/wk for ≤ 1 h (4.2% of herds; n = 3/72), or 4) lock up 

all fresh cows 3 to 5×/wk for ≤ 1 h (4.2% of herds; n = 3/72). Amongst herds that had 

fresh cows locked up daily, cows were either locked up for ≤ 1 h (37.5% of herds; n = 

27/72), 1 to 3 h (13.9%; n = 10/72), or ≥ 3 h (1.4%; n = 1/72). Three herds (4.2%) had 

all fresh cows locked up 2×/d. It has been recommended that cows be locked up for ≤ 1 

h/d to minimize disruptions in the cow’s daily time-budget (Nordlund, 2009). Cooper 

et al. (2008) demonstrated that depriving late-lactation cows of lying and feed for 2 or 

4 h a day for 3 consecutive days can result in agitation and the cows will not restore 

their lying time within 41 h after the restricted period. Due to a lack of research, it is 

unclear if the disruption in the cow’s daily time-budget as a result of being locked up 

has a negative impact on health and performance outcomes. Regular fresh cow 

screening protocols included checking rectal temperature (59.7% of herds; n = 43/72), 

odor of vaginal discharge (70.8%; n = 51/72), daily milk production (deviation from 

expected milk; 62.5%; n = 45/72), appetite (62.5%; n = 45/72), visual observation from 

the front of the cow (90.3%; n = 65/72), visual observation from the rear of the cow 

(93.1%; n = 67/72), observation of rumen fill (54.9%; n = 39/71), and performing a 

ketone test (69.4%; n = 50/72). Of the herds performing a ketone test, 55.3% (n = 26/47) 

used a urine ketone test, 51.1% (n = 24/72) used a blood ketone test, and 4.3% (n = 2/47) 

used a milk ketone test. The majority of farms did not have their veterinarian routinely 

check the fresh cows (77.8%; n = 56/72), whereas 20.8% (n = 15/72) of herds had the 

veterinarian check some cows with signs of disease, and only 1 herd (1.4%) had the 

veterinarian regularly check all fresh cows. Routine oral propylene glycol 

administration, before or after calving, was not common (5.6% of herds; n = 4/72). 
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Prophylactic Ca administration by boluses, drenches, or injection, was given before or 

after calving to all multiparous cows (50.0% of herds; n = 36/72) and less frequently to 

primiparous cows (12.7% of herds; n = 9/71; 1 herd was excluded due to not freshening 

primiparous cows). Prophylactic Ca administration was given to cows in their 3rd and 

greater lactation in 58.3% of herds (n = 42/72).  

 A study from 2006 involving a mailed survey sent out to dairy farms in Germany 

reported fresh cow management practices on different sized dairies (Heuwieser et al., 

2010). It was reported that fresh cow health checks performed at least 1×/d were done 

in 89% of large farms (≥ 200 cows). During fresh cow checks, temperature (54%), milk 

yield (54%), appetite (54%), general appearance (97%), rumen fill (41%) and ketone 

test (8%) were checked in herds. These values are considerably lower than what we 

found in our present study. These discrepancies may be due to a difference in herd size 

(Heuwieser et al., 2010; 343 ± 166 cows), a 12% survey response rate, or geographical 

differences. In Germany, it was reported that 32% of large herds have a veterinarian 

routinely visit the herd every day, 14% of herds have the veterinarian visit 2×/wk, 30% 

have the veterinarian visit 1×/wk, and 19% have the veterinarian visit only if needed 

(Heuwieser et al., 2010). It was not clear if the veterinarian visited at the reported 

frequency for fresh cow checks or if the purpose was for general herd checks.    

 Authors of a more recent study involving 45 large dairies in California observed 

that 80% of the herds performed fresh cow health checks on a daily basis (Espadamala 

et al., 2016). Health checks lasted over 1 h in only 11% of those dairies. Espadamala et 

al. (2016) reported a similar percentage of dairies that monitored appetite (62%) and 

milk yield (58%); however, monitoring temperature (36%) and performing a ketone 
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urine test (7%) was done in a much lower percentage of farms. The authors noted the 

low ketone monitoring rate using urine strips may be due to cost and time it takes to 

collect urine routinely.   

Cohort Body Condition and Locomotion Scores 

 Observed primiparous cows had a mean ± SD BCS for the far-off, close-up, 

fresh, and high lactation period visits of 3.5 ± 0.3, 3.4 ± 0.3, 3.1 ± 0.3, and 3.0 ± 0.2, 

respectively. The observed multiparous cows had a mean ± SD BCS for the far-off, 

close-up, fresh, and high lactation period visits of 3.3 ± 0.3, 3.3 ± 0.3, 3.0 ± 0.3, and 2.8 

± 0.2, respectively. The mean BCS for primiparous cows decreased with each visit 

whereas the mean BCS for multiparous cows remained constant across the dry period 

and then decreased during the early lactation period. On average, the primiparous cows 

had a higher BCS on all visits compared to the multiparous cows. The change in BCS 

has been associated with energy balance (Sheehy et al., 2017). Sheehy et al. (2017) 

observed increased prepartum NEFA, postpartum NEFA, and postpartum BHB 

concentrations in cows that lost BCS from d -15 to 0 relative to parturition compared to 

cows that maintained BCS. In general, it has been observed that fatter cows lost more 

BCS postpartum due to lower DMI and increased lipolysis (Grummer et al., 2004; 

Roche et al., 2013). Leaner cows at parturition or cows that lost more BCS prepartum 

have poorer reproductive performance and produce less milk (Roche et al., 2009; Chebel 

et al., 2018). It has been recommended to calve multiparous cows at a 3.0 BCS and 

primiparous cows at a 3.25 BCS to minimize health disorders related to BCS (Roche et 

al., 2009; Roche et al., 2013).  
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Locomotion scores were categorized according to the degree of lameness and 

are reported in Figure 3.2. The far-off period had the least proportion of lame cows 

while the fresh period had the greatest proportion of lame cows, regardless of parity 

group. Lameness during the fresh period may be attributed to a difficult calving having 

a negative effect on the gait of the cow, an increased consumption of fermentable 

carbohydrates leading to ruminal acidosis (Plazier et al., 2008), an increase in pen moves 

around the time of parturition (Cook and Nordlund, 2009), or an increase in standing 

time as a result of time spent away from the pen for milking, time spent locked up for 

fresh cow health checks, or overstocking (Cook and Nordlund, 2009).   

Reproductive Management 

 Strategies used for the first breeding are summarized in Table 3.3 and are based 

on survey results and evaluation of herd record management software files. A hormone 

synchronization program for first service was used in more herds in the current study 

(93.1%; n = 67/72) compared to 53.4% of herds as reported by Kellogg et al. (2001) and 

32.2% of herds for cows in the 2014 NAHMS study (USDA, 2018). Fulwider et al. 

(2008) reported 20.7% of herds used no estrous synchronization program. Caraviello et 

al. (2006) surveyed 153 herds participating in Alta Genetics Advantage Progeny Testing 

Program and reported only 74.8% of herds used an estrous synchronization program or 

timed AI for first service. In the present study, farms that did not utilize a hormone 

synchronization program for first service used a bull (2.8%; n = 2/72), electronic 

monitoring devices (2.8%; n = 2/72), or visual detection (1.4%; n = 1/72) for identifying 

cows in estrus for the first breeding. Five herds (6.9%) would detect cows in estrus and 

breed them before starting a hormone synchronization program. Sixty-five percent of 
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herds (n = 47/72) utilizing hormone synchronization programs would “cherry pick,” 

defined as breeding cows showing estrus before the synchronization program was 

complete. Implementing a compliant estrous synchronization program can help dairy 

producers manage reproduction in the herd, eliminate the need for estrus detection, and 

can reduce days to conception in comparison to conventional breeding practices 

(Pursley et al., 1997) while providing an economic advantage (Lima et al., 2010). 

Transition Cow Management Strategies 

 Results regarding transition cow management strategies are based on 

observations and herd manager answers to questions about the pens.  

Prepartum period. Farms used either a 1-group (9.7%; n = 7/72; pen with far-

off and close-up cows commingled) or 2-group (90.3%; n = 65/72; separate far-off and 

close-up pens) dry cow system for housing cows. On average, in 65.3% of herds (n = 

47/72), primiparous and multiparous cows were housed separately during the far-off 

period; however, only 31.9% of herds (n = 23/72) housed primiparous and multiparous 

cows separately during the close-up period. Boyle et al. (2013) evaluated the effects of 

commingling primiparous and multiparous cows during the dry period on postpartum 

performance. The authors reported no differences in milk yield, milk components, 

serum cortisol concentrations, or differences in the change of postpartum BW and BCS 

between primiparous cows that were commingled versus not commingled. To our 

knowledge, no other studies have evaluated commingling primiparous and multiparous 

cows on health and performance outcomes. It has been recommended to separate 

primiparous and multiparous cows during the prepartum period to account for 
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differences in nutritional requirements and to avoid social competition for primiparous 

cows (Dann, 2017).  

From 60 d prior to expected parturition until calving for primiparous cows and 

from dry off until calving for multiparous cows (including the move from the lactating 

pen to the dry pen), cows moved either 1× [primiparous = 4.2% (n = 3/71); multiparous 

= 0%], 2× [primiparous = 50.7% (n = 36/71); multiparous = 19.4% (n = 14/72)], 3× 

[primiparous = 42.3% (n = 30/71); multiparous = 69.4% (n = 50/72)], or 4× [primiparous 

= 2.8% (n = 2/71); multiparous = 11.1% (n = 8/72)]. Farm employees would move cows 

into pens containing close-up cows at most once every other week (4.3%; n = 4/93 pens), 

1×/wk (72.0%; n = 67/93 pens), or multiple times per week (23.7%; n = 22/93 pens). 

Schirmann et al (2011) observed a reduction in DMI by 1.3 kg on the day after moving 

to a new pen during the prepartum period but DMI resumed to levels observed prior to 

the move. It is recommended to minimize the number and frequency of pen moves 

during the transition cow period to avoid negative social interactions, which could have 

a negative effect on milk production, lying time, and eating time, especially within 

middle-rank and subordinate cows (Cook and Nordlund, 2004), though controlled 

research trials evaluating these effects are limited. In a review by Chebel et al. (2016), 

the authors concluded that regrouping cows once or twice per week during the 

prepartum period does not affect metabolic status, postpartum performance, or immune 

function as long as adequate space is provided for feed, water, and rest.  

Parturition. Based on survey results, as parturition approached, cows were 

either moved into a maternity pen 0 to 3 d before expected parturition (26.4%; n = 19/72 

farms) or into a calving pen when showing signs of labor (73.6%; n = 53/72 farms). It 
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had been recommended that herds utilize a calving pen and move cows when the calf’s 

feet show to reduce the risk of increased lipolysis, ketosis, and DA (Cook and Nordlund, 

2004). Field observations have supported avoiding the move into a maternity pen at least 

3 d before parturition, as a pen in constant social turmoil can have negative effects on 

subsequent health (Nordlund et al., 2006). It has been recommended that cows should 

remain in the pen for no more than 48 h if cows are added to the maternity pen on a 

daily basis (Nordlund et al., 2006), though controlled research trials have not evaluated 

the use of a maternity or calving pen on postpartum health and performance outcomes. 

Eighteen percent of herds (n = 13/71; 1 herd did not have primiparous cows) used 

separate calving locations for primiparous and multiparous cows whereas 81.7% (n = 

58/71) used a common calving location. Primiparous and multiparous cows remained 

in the calving or maternity pen for a median time of 2 h (range: 0 to 24 h) after parturition 

before being moved. Upper Midwest dairies were reported to keep cows in the calving 

pen for 6.5 ± 10.7 d (Brotzman et al., 2015). It was not clear if this consisted of the time 

before parturition, the time after parturition, or both. Brotzman et al. (2015) reported 

62.2% of herds did not use individual pens for parturition; therefore, it is likely that most 

of these herds utilized a maternity pen rather than a calving pen. Another survey reported 

the time cows stayed in the calving/maternity pen as 19.2 ± 7.2 h after parturition 

(Caraviello et al., 2006). There have been no studies evaluating the effects of time spent 

in the maternity/calving pen after parturition on postpartum health and performance 

outcomes.  

Postpartum period. During the postpartum period, 6.9% of farms (n = 5/72) used 

a 1-group system combining both fresh and high production cows in established 
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lactation; 93.1% of farms (n = 67/72) used a 2-group system (separate fresh and high 

lactation pens). Only 27.8% of herds (n = 20/72) typically had primiparous and 

multiparous cows separated during the fresh period compared to the high lactation 

period where the majority of herds typically had primiparous and multiparous cows 

separated (81.9% of herds; n = 59/72). Brotzman et al. (2015) reported only 74.6% of 

large Upper Midwest herds had primiparous and multiparous cows separated during the 

lactation period while Espadamala et al. (2016) reported that 49% of large California 

dairies had primiparous and multiparous cows separated in the fresh cow pen. 

Controlled research trials have not evaluated the effects of commingling primiparous 

and multiparous cows during the early lactation period on health and performance 

outcomes.  

From parturition until about 90 DIM, cows were moved either 1× [primiparous 

= 4.2% (n = 3/72 herds);  multiparous cows = 1.4% (n = 1/72 herds)], 2× [primiparous 

= 51.4% (n = 37/72 herds); multiparous = 51.4% (n = 37/72 herds)], 3× [primiparous = 

40.3% (n = 29/72 herds); multiparous = 43.1% (n = 31/72 herds )], or 4× [primiparous 

= 4.2% (n = 3/72 herds); multiparous = 4.2% (n = 3/72 herds)]. Primiparous cows 

remained in the first pen moved to after parturition for a longer duration of time than 

cows [median (interquartile range, range): primiparous = 12 (1.5 – 25, 0.1 –305) d; 

multiparous = 6 (1.5 – 22, 0.1 – 110) d]. No studies have evaluated the effects of 

postpartum pen moves or time spent in the first pen cows moved to after parturition on 

postpartum health or performance outcomes. 

Sick cows were present in none of the primiparous only (n = 0/13 herds; 1 herd 

missing due to the absence of primiparous cows), 7.1% of the multiparous only (n = 
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1/14 herds), or 13.8% of the commingled (n = 8/58 herds) maternity or calving pens, 

while sick cows were more common in the first pen cows moved into after parturition 

[30.8% primiparous only pens (n = 4/13 herds), 53.9% multiparous only pens (n = 7/13 

herds), 42.4% commingled pens (n = 25/59 herds). Espadamala et al. (2016) reported 

that 55% of large California dairies moved cows into a hospital pen that houses sick 

cows after parturition compared with 44% of cows in the present study. Controlled 

research trials have not evaluated the effects of moving cows into a pen with sick cows 

after parturition on health of performance outcomes.   

Transition Cow Nutritional Management Strategies 

Results regarding transition cow nutritional management strategies are based on 

the diets obtained from the nutritionists, analyzed TMR composition, and the herd 

manager answers to questions about the pens. 

For the prepartum period, a single dry period diet was fed in 34.7% of herds (n 

= 25/72), while in 65.3% of herds (n = 47/72), 2 different diets were used in the dry 

period (i.e. a far-off and a close-up diet). For the postpartum period, a single lactating 

diet (i.e., a high lactating diet) was fed in 19.4% of herds (n = 14/72), while in 80.6% of 

herds (n = 58/72), early lactation cows were fed 2 different diets (i.e., a fresh and a high 

diet). The grouping strategy did not always dictate the number of diets fed during the 

dry or early lactating periods; for example, a farm that had a separate far-off and close-

up pen did not always feed 2 different diets during the dry period. 

The majority of farms had their cows fed 1×/d whereas it was more common to 

feed the cows 2×/d during the early lactation period compared to the dry period (Table 

3.4). It was most common for feed to be pushed-up ≤ 4×/d during the far-off dry period 
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and 5× to 8×/d during the close-up, fresh, and high periods (Table 3.4). Endres and 

Espejo (2010) observed 50 freestall herds in Minnesota and found that in 70% of herds 

high lactating pens were fed 1×/d and only 22% fed 2×/d. They also observed feed being 

pushed up 5.4 ± 2.3×/d in the high lactating pen, compared to a median (range) of 7 (3 

to 24) ×/d in the current study. Previous studies have shown that an increase in feeding 

frequency reduces feed sorting (DeVries et al., 2005; Sova et al., 2013). Sorting occurs 

when cows avoid the longer feed particles in favor of the small grain particles which 

could lead to subacute ruminal acidosis (Miller-Cushon and DeVries, 2017); a disorder 

that is associated with decreased DMI and milk production (Plaizier et al., 2008). It has 

been reported that feed delivery stimulates feeding behavior more than pushing up feed 

and milking (DeVries, 2017). 

The farms enrolled in this study had a wide range of nutritional programs. The 

analyzed nutrient composition for the sampled TMR during the far-off dry, close-up 

dry, fresh, and high lactating period visits are reported in Table 3.5. Notably, NDF, 

undigested NDF at 240 h of in vitro fermentation, physically effective NDF, and 

physically effective undigested NDF at 240 h of in vitro fermentation decreased while 

CP, starch, 24-h NDF digestibility, fat, NEL, and MP increased from the dry period to 

the lactating period. These observations are likely due to the industry push to feed a 

more controlled energy, higher fiber diet during the dry period to minimize body 

condition accumulation and minimize health disorders during the fresh cow period 

(Cardoso et al., 2020). The Penn State Particle Separator results revealed a larger 

proportion of the TMR on the 19-mm sieve and a smaller proportion in the bottom pan 

during the dry period compared to the lactating period; however, there is a large amount 
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of variation in these values. It has been recommended that 10 to 20% of the dry cow 

TMR be found in the 19-mm sieve and <40% found in the bottom pan (Overton, 2013). 

A large percentage of the TMR samples did not meet these recommendations; likely due 

to the proportion of straw or dry hay in the TMR that is not chopped to the recommended 

size of <4 cm (Nydam et al., 2017). An increase in particle size often leads to cows 

sorting their feed, resulting in a less stable rumen environment that could lead to 

subacute ruminal acidosis (Coon et al., 2018; 2019). Havekes et al. (2020) reported an 

increase in prepartum DMI, notably during the week prior to parturition, and lower BHB 

concentrations during the third week of lactation in cows that consumed a dry diet with 

a short straw length compared to cows that consumed a dry diet with a long straw length. 

In addition, cows fed the short straw length treatment sorted against longer particles less 

compared to cows fed the long straw length treatment.  

A list of common feed additives included in the close-up, fresh, and high period 

diets for the multiparous cows are shown in Table 3.6. Commercial anionic supplements 

were fed to multiparous cows during the close-up dry period in over 75% of the herds 

to manage hypocalcemia whereas rumen-protected choline was added to the diet during 

the close-up period to manage liver lipid metabolism in almost 28% of herds. Monensin 

was included in the diet from the close-up period through the high lactating period in 

over 90% of herds.  

Pen Indices of Cow Comfort, Stocking Density, Bunk Space Capacity, and Water 

Space 

 Results reported in this section originated from pen measurements acquired 

during the farm visits by the first author. Far-off, close-up, and fresh period pens were 
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either freestall [92.0% (n = 103/112), 80.7% (n = 75/93), and 97.9% (n = 92/94), 

respectively] or bedded packs [8.0% (n = 9/112), 19.4% (n = 18/93), and 2.1% (n = 

2/94), respectively]. All high period pens were freestall (n = 190). The mean stocking 

density across herds was less than 100% in the non-lactating pens, unlike the lactating 

pens, while the close-up period pens had the greatest variation (Table 3.7). It has been 

recommended to maintain a stocking density ≤ 100% in the close-up and fresh cow pens 

(Cook and Nordlund, 2004; NFACC, 2009) and to avoid overstocking to prevent feed 

bunk displacements and increase feeding time (Huzzey et al., 2006). Despite these 

recommendations, there are limited data from controlled research trials demonstrating 

negative or biologically meaningful effects of overstocking (Huzzey et al., 2012; 

Krawczel et al., 2012; Miltenburg et al., 2018). 

The mean linear water space access per cow across herds was greatest in the 

pens observed during the close-up and fresh period visits (Table 3. 

7). The present study observed less water space per cow during the high lactating 

period compared to findings by Endres and Espejo (2010; 2.8 ± 0.9 vs. 4.6 ± 2.2 

cm/cow). The far-off and high period pens, on average, were below the recommended 

8.9 cm minimum of water space per cow (Cook and Nordlund, 2004). Sova et al. (2013) 

reported a decrease in MUN and milk protein, and an increase in test day milk yield for 

every 1 cm/cow increase in linear water space. A greater percentage of lactating pens 

had more waterers compared to dry cow pens (Table 3.4). Based on observational data, 

Cook and Nordlund (2004) have recommended that pens contain at least 2 waterers, 

unless there are fewer than 10 cows present in the pen. Approximately only half of the 

close-up pens and a quarter of the fresh period pens met the recommendations by Cook 
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and Nordlund (2004). Providing an adequate amount of water space per cow can be 

essential for health and performance (Chebel et al., 2016), though no controlled research 

trials have evaluated water space per cow during the transition cow period. Most pens 

had a plastic or metal trough as the primary water type and a cement waterer was the 

second most common waterer type, based on linear water space (Table 3.4). 

At the feedbunk, the majority of pens had headlocks, regardless of period (Table 

3.4). Endres and Espejo (2010) observed post and rail as being the most common feed 

bunk barrier for the high lactating cows (60% of herds) in Minnesota herds. When 

considering bunk space density, close-up pens were the least stocked (109.9%; Table 

3.7). This is likely due to the number of rows present in the close-up pens. A lower 

percentage of close-up pens had ≥ 3 rows compared to the far-off, fresh, or high period 

pens (Table 3.4). Feeding space is reduced by one-third when comparing 3-row pens to 

2-row pens, which can increase aggressive interactions and decrease DMI, especially 

within subordinate cows (Cook and Nordlund, 2004; DeVries et al., 2004). The majority 

of the pens observed had 61 cm headlocks. Video studies conducted by the University 

of Wisconsin have shown that a maximum of 80% of these sized headlocks would be 

occupied by lactating cows at peak feeding times (Nordlund, 2009); therefore, the true 

bunk space density reported in Table 3.7 is likely greater for all pens. 

The majority of pens were bedded using sand, mostly in the form of deep-bedded 

stalls (Table 3.4). Sawdust or shavings were the second most popular bedding type and 

mattresses were the second most popular surface type. We observed that the stalls in the 

prepartum pens had less adequate bedding than the stalls located in the postpartum pens, 

based on appearance and the depth of bedding present at the time of the visit in 
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comparison to the average depth of bedding (Table 3.4). Rubber flooring was most 

common in pens observed on the high visit (47.4% of high lactation pens; n = 90/190) 

and the most common location for the rubber flooring was in the feed alley, for all 

periods (Table 3.4). Previous research has not identified a benefit of rubber flooring 

over concrete (Fregonesi et al., 2004; Boyle et al., 2007). A diagram of how the stalls 

were measured can be found in Figure 3.3. Stalls were classified as having unlimited 

(no obstruction inhibiting cows lunging forward) or limited (obstruction present 

hindering cows lunging forward) lunge space, modified from Nordlund and Cook 

(2003). Most pens had a combination of limited and unlimited stalls. Typically, limited 

stalls were wall-facing while unlimited stalls were head-to-head. Stall dimensions were 

similar across periods; therefore, the prepartum and postpartum pens were grouped 

together and are reported in Table 3.8. Since an average body weight was not recorded, 

it is difficult to compare the stall dimension measurements with recommendations. 

Notably, the stalls were longer in lactating pens compared to non-lactating pens. There 

was a wider range in stall width during the prepartum period than postpartum period. 

Cows typically need a wider stall during the close-up period to accommodate the late 

pregnant cow’s increased girth (Cook and Nordlund, 2004). Cook and Nordlund (2004) 

have recommended a 1.37 m stall width for close-up cows and 1.27 m stall width for 

postpartum multiparous cows when measuring the stalls on center between dividers. It 

is of note that we measured stalls between dividers, unlike Cook and Nordlund (2004). 

Each stall divider was approximately 5 cm in diameter. When accounting for the stall 

divider, none of the prepartum pens and almost none of the postpartum pens met the 

stall width recommendations provided by Cook and Nordlund (2004). In all pens, cows 
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had room to lunge either sideways or forward and sideways. Approximately one-quarter 

of pens observed did not have an obstruction in the bob zone, located 10 to 102 cm 

above the stall surface in the lunge area. Expectedly, a greater percentage of limited 

lunge space stalls had lunge space only toward the side compared to the unlimited lunge 

space stalls. Approximately 40% to 53% of all stalls had a neck rail that was too low, 

resulting in the cow hitting the neckrail when rising in the stall. The average brisket 

board height was found to be within the recommended 15 cm above the bedded surface; 

however, nearly half the pens had stalls with brisket boards higher than the 

recommendation (Nordlund and Cook, 2003). The average lower divider was less than 

the recommended 28 cm above the stall surface for all stalls and periods (Nordlund and 

Cook, 2003). If the lower divider height is >28 cm, this could prevent the cow from 

properly lunging to the side of the stall (Nordlund and Cook, 2003). It is of note that 

current recommendations for stall dimensions by Nordlund and Cook (2003) are based 

on clinical investigations. Controlled research studies have not evaluated the effects of 

stall dimensions on health and performance outcomes.  

Study Limitations 

 By enrolling herds based on different nutritional strategies, we were confident 

that those herds would have a wide range of management practices; however, data 

pertaining to the visit (cow, diet, and pen information) was only collected once for the 

respective visit; therefore this data is a snapshot and may not reflect usual 

circumstances. In addition, due to the location of the farm, it was not always feasible to 

arrive at the farm when the cows were fed; therefore, the sampled TMR may not have 

been accurate as it may have reflected feed sorting. Information regarding the far-off 
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pens for primiparous cows was missing for some herds due to the primiparous cows not 

being housed on the main farm.  
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Table 3.1. Milk production and component data from the first 2 monthly test-days and 
reproductive performance parameters through 150 DIM for the cohort of primiparous 
and multiparous cows sampled during a prospective cohort study involving 72 farms 
across the Northeastern US
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Item n Mean SD 
25th 

percentile Median 
75th 

percentile Range 
Primiparous cows        
 1st Test, DIM 454 19 9 10 19 25 2 – 43 
 1st Test Day Milk, kg 454 29.5 7.9 24.5 29.9 34.5 6.8 – 52.6 
 1st Test Day 305ME1, kg 423 10,848 1,659 9,834 10,764 11,939 5,529 – 16,057 
 1st Test Fat, % 354 4.32 1.02 3.70 4.20 4.90 1.30 – 10.00 
 1st Test Protein, % 354 3.06 0.37 2.80 3.00 3.20 2.20 – 4.90 
 1st Test SCS 354 2.40 1.67 1.31 2.10 3.10 0.1 – 9.64 
 2nd Test, DIM 451 50 10 42 50 57 30 – 84 
 2nd Test Day Milk, kg 451 35.4 7.0 31.3 35.8 39.9 9.1 – 51.7 
 2nd Test Day 305ME1, kg 447 11,640 1,897 10,523 11,698 12,841 4,123 – 17,005 
 2nd Test Fat, % 359 3.66 0.73 3.30 3.60 4.00 1.20 – 8.60 
 2nd Test Protein, % 359 2.83 0.23 2.70 2.80 3.00 2.00 – 3.90 
 2nd Test SCS 353 1.63 1.53 0.60 1.26 2.19 0.1 – 7.7 
Multiparous cows        
 1st Test, DIM 963 18 9 11 18 25 1 – 50 
 1st Test Day Milk, kg 963 41.4 10.6 34.9 42.2 48.1 5.9 – 76.7 
 1st Test Day 305ME1, kg 871 11,126 1,637 10,070 11,213 12,156 5,185 – 17,014 
 1st Test Fat, % 738 4.27 1.02 3.60 4.20 4.90 2.00 – 8.60 
 1st Test Protein, % 738 3.09 0.45 2.80 3.00 3.30 2.10 – 5.40 
 1st Test SCS 739 2.19 1.78 0.82 1.82 3.10 0.1 – 9.64 
 2nd Test, DIM 958 50 10 42 50 58 27 – 83 
 2nd Test Day Milk, kg 957 48.1 9.8 42.6 48.5 54.4 7.3 – 80.3 
 2nd Test Day 305ME1, kg 939 11,768 1,861 10,628 11,857 12,900 5,674 – 17,940 
 2nd Test Fat, % 732 3.63 0.74 3.20 3.60 4.05 0.90 – 7.00 
 2nd Test Protein, % 732 2.78 0.25 2.60 2.80 2.90 2.20 – 5.10 
 2nd Test SCS 720 1.84 1.97 0.26 1.11 2.80 0.1 – 9.01 
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Table 3.1. Continued 
All lactations        
 1st Test, DIM 1,417 18 9 11 18 25 1 – 50 
 1st Test Day Milk, kg 1,417 37.6 11.3 29.9 38.1 45.4 5.9 – 76.7 
 1st Test Day 305ME1, kg 1,294 11,035 1,649 9,979 11,079 12,088 5,185 – 17,014 
 1st Test Fat, % 1,092 4.29 1.02 3.60 4.20 4.90 1.30 – 10.00 
 1st Test Protein, % 1,092 3.08 0.43 2.80 3.00 3.30 2.10 – 5.40 
 1st Test SCS 1,093 2.26 1.75 1.00 1.91 3.10 0.10 – 9.64 
 2nd Test, DIM 1,409 50 10 42 50 57 27 – 84 
 2nd Test Day Milk, kg 1,408 44.0 10.8 36.7 44.0 51.3 7.3 – 80.3 
 2nd Test Day 305ME1, kg 1,386 11,727 1,873 10,582 11,812 12,891 4,123 – 17,940 
 2nd Test Fat, % 1,091 3.64 0.74 3.20 3.60 4.00 0.90 – 8.60 
 2nd Test Protein, % 1,091 2.80 0.25 2.60 2.80 3.00 2.00 – 5.10 
 2nd Test SCS 1,073 1.77 1.84 0.44 1.21 2.40 0.10 – 9.01 
Days dry        

2nd lactation cows 458 57.5 11.3 51 56 62 32 – 126 
≥3rd lactation cows 545 58.5 14.2 50 56 64 31 – 153  
All lactations 1,003 58.0 13.0 50 56 63 31 – 153 

Days from calving to first 
breeding1  

  
    

Primiparous cows 428 69.2 12.0 62 70 76 35 – 120 
Multiparous cows 883 69.7 12.3 62 70 76 38 – 150 
All lactations 1,311 69.5 12.2 62 70 76 35 – 150 

DIM at confirmed 
pregnancy2, 3  

  
    

Primiparous cows 310 86.8 25.6 68 80 107 35 – 150 
Multiparous cows 554 89.6 26.1 70 83 109 39 – 150 
All lactations 864 88.6 25.9 69 82 108 35 – 150 
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Table 3.1. Continued 
Services per pregnancy2, 3        

Primiparous cows 328 1.7 0.9 1 1 2 1 – 6 
Multiparous cows 597 1.7 0.8 1 1 2 1 – 4 
All lactations 925 1.7 0.9 1 1 2 1 – 6 

1305ME = 305-d mature equivalent milk yield. 
2Excludes cows with missing reproductive performance data, herds utilizing natural service, and farm with altered reproductive 
management due to barn roof collapse (n = 69 herds). 
3Only evaluated on cows that were confirmed pregnant by 150 DIM. 
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Table 3.2. Distribution of prepartum nonesterified fatty acids (NEFA) concentration and postpartum NEFA, BHB, and haptoglobin 
(Hp) concentrations for the cohort of cows observed during different time frames relative to parturition from a prospective cohort 
study involving 72 farms across the Northeastern US 

 
 
 
 

 

 

 

 

 

 

Biomarker n Mean SD 
25th 

Percentile Median 
75th 

Percentile Range 
Prepartum NEFA, mmol/L        
0 to 21 d prepartum 1468 0.20 0.14 0.11 0.16 0.24 0.04 – 1.18 
2 to 14 d prepartum 1230 0.19 0.11 0.11 0.16 0.23 0.04 – 1.18 

Postpartum NEFA, mmol/L        
0 to 21 DIM 1473 0.47 0.29 0.26 0.40 0.58 0.06 – 2.15 
3 to 14 DIM 1102 0.49 0.30 0.28 0.42 0.61 0.06 – 2.15 

Postpartum BHB, mmol/L        
0 to 21 DIM 1473 0.86 0.73 0.50 0.70 0.90 0.00 – 7.90 
3 to 14 DIM 1102 0.90 0.76 0.50 0.70 1.00 0.00 – 6.40 

Postpartum Hp, g/L        
0 to 12 DIM 988 0.76 0.86 0.17 0.35 1.18 0.08 – 5.00 
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Table 3.3. Reproductive management used for the first breeding for the 72 farms 
enrolled in a prospective cohort study in the Northeastern US, as reported by the farm 
through an in-person survey and by evaluating on-farm computer-based records 
Item Herds, n % 
Method of estrus detection   

Visual detection by farm staff 51 70.8 
Electronic system1 12 16.7 
Timed AI 67 93.1 
Bull 2 2.8 

Are cows bred naturally2?   
No 62 86.1 
Yes 10 13.9 

Is a hormone synchronization program 
implemented? 

  

No 5 6.9 
Yes 67 93.1 

Use “set-up shots” (PGF2α or GnRH), not part of a 
hormone synchronization program protocol? 

  

No 63 87.5 
Yes 9 12.5 

Does cherry picking3 occur by visual or electronic 
system heat detection? 

  

No 25 34.7 
Yes 47 65.3 

Type of hormone synchronization program used4   
None 5 6.9 
Ovsynch 19 26.4 
Presynch + Ovsynch 36 50.0 
Double Ovsynch 5 6.9 
Other 7 9.7 

1Electronic monitoring system, such as activity monitors, rumination monitors, or 
pedometers. 
2Naturally is defined as a cow being bred by a bull or without a hormone management 
program. 
3Cherry picking is defined as breeding a cow that comes into estrus by AI before a 
hormone management program protocol is complete. 
4Program used for majority of cows. 
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Table 3.4. Number of pens observed (% of pens by visit) with different waterer type 
and count, feeding and feed push-up frequencies, bedding and surface types, presence 
or absence of rubber flooring and locations of rubber pen flooring if present during the 
far off, close-up, fresh, and high lactating periods as part of a prospective cohort study 
involving 72 farms across the Northeastern US 
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Item Far-off Close-up Fresh High 
Number of rows     

≤ 1 10 (8.9%) 21 (22.6%) 4 (4.3%) 0 (0.0%) 
2 16 (14.3%) 21 (22.6%) 26 (27.7%) 25 (13.2%) 
3  73 (65.2%) 50 (53.8%) 62 (66.0%) 160 (84.7%) 
≥ 4 13 (11.6%) 1 (1.1%) 2 (2.1%) 4 (2.1%) 

Number of waterers     
1 47 (42.0%) 45 (48.4%) 22 (23.4%) 6 (3.2%) 
2 51 (45.5%) 36 (38.7%) 40 (42.6%) 75 (39.5%) 
3 5 (4.5%) 8 (8.6%) 29 (30.9%) 78 (41.1%) 
4+ 9 (8.0%) 4 (4.3%) 3 (3.2%) 31 (16.3%) 

Primary water type1     
Trough (plastic or 

metal) 81 (72.3%) 67 (72.0%) 66 (70.2%) 129 (67.9%) 

Cement waterer 24 (21.4%) 17 (18.3%) 28 (29.8%) 61 (32.1%) 
Ball waterer 6 (5.4%) 8 (8.6%) 0 (0.0%) 0 (0.0%) 
Flap waterer 1 (0.9%) 1 (1.1%) 0 (0.0%) 0 (0.0%) 

Feeding frequency     
1× / d 104 (92.9%) 87 (93.6%) 64 (68.1%) 101 (53.4%) 
2× / d 8 (7.1%) 6 (6.5%) 27 (28.7%) 73 (38.6%) 
≥ 3× / d 0 (0.0%) 0 (0.0%) 3 (3.2%) 15 (7.9%) 

Feed push-up frequency     
≤ 4× / d 36 (38.3%) 16 (20.3%) 13 (14.8%) 29 (16.0%) 
5× to 8× / d 28 (29.8%) 38 (48.1%) 42 (47.7%) 83 (45.9%) 
≥ 9× / d 30 (31.9%) 25 (31.7%) 33 (37.5%) 69 (38.1%) 

Feed bunk barrier     
Post and rail 43 (38.4%) 39 (41.9%) 22 (23.4%) 29 (15.3%) 
Headlocks 57 (50.9%) 42 (45.2%) 67 (71.3%) 138 (73.0%) 
Post and rail 

w/headlocks 12 (10.7%) 12 (12.9%) 5 (5.3%) 22 (11.6%) 

Rubber flooring 
present?     

No 99 (88.4%) 77 (82.8%) 62 (66.0%) 100 (52.6%) 
Yes 13 (11.6%) 16 (17.2%) 32 (34.0%) 90 (47.4%) 

Location of rubber 
flooring, if present     

Feed alley 8 (61.5%) 9 (56.3%) 22 (68.8%) 65 (72.2%) 
Waterers 2 (15.4%) 3 (18.8%) 4 (12.5%) 6 (6.7%) 
Everywhere 2 (15.4%) 2 (12.5%) 3 (9.4%) 5 (5.6%) 
Walking alleys 1 (7.7%) 2 (12.5%) 3 (9.4%) 7 (7.8%) 
Feed alley and 

waterers 0 (0.0%) 0 (0.0%) 0 (0.0%) 7 (7.8%) 

 
 
 



 

127 

Table 3.4. Continued 
Stall and pen bedding     

Sawdust or shavings 42 (38.2%) 28 (30.1%) 30 (31.9%) 56 (29.6%) 
Sand 38 (34.6%) 36 (38.7%) 39 (41.5%) 87 (46.0%) 
Straw 7 (6.4%) 10 (10.8%) 0 (0.0%) 0 (0.0%) 
Manure solids 9 (8.2%) 9 (9.7%) 11 (11.7%) 25 (13.2%) 
Gypsum 14 (12.7%) 9 (9.7%) 12 (12.8%) 19 (10.1%) 
Other 0 (0.0%) 1 (1.1%) 2 (2.1%) 2 (1.1%) 

Stall Surface     
Deep Bedding 44 (39.3%) 51 (54.8%) 45 (47.9%) 96 (50.8%) 
Mattress 33 (29.5%) 19 (20.4%) 20 (21.3%) 35 (18.5%) 
Mat 9 (8.0%) 7 (7.5%) 14 (14.9%) 28 (14.7%) 
Waterbed 8 (7.1%) 6 (6.5%) 15 (16.0%) 28 (14.7%) 
Concrete 17 (15.2%) 4 (4.3%) 0 (0.0%) 2 (1.1%) 
Dirt 1 (0.9%) 6 (6.5%) 0 (0.0%) 0 (0.0%) 

Bedding appearance2     
Bare 15 (13.4%) 6 (6.7%) 4 (4.3%) 5 (2.7%) 
Thin 29 (25.9%) 18 (20.0%) 17 (18.1%) 31 (16.4%) 
Moderate 25 (22.3%) 17 (18.9%) 29 (30.9%) 72 (38.1%) 
Deep 43 (38.4%) 49 (54.4%) 44 (46.8%) 81 (42.9%) 

Difference in depth of 
bedding at visit vs. 
average depth of 
bedding2 

    

Negative (< 0 cm)  32 (28.6%) 19 (21.1%) 12 (12.8%) 30 (15.9%) 
Neutral (= 0 cm)  79 (70.5%) 68 (75.6%) 79 (84.0%) 155 (82.0%) 
Positive (> 0 cm) 1 (0.9%) 3 (3.3%) 3 (3.2%) 4 (2.1%) 

1Based on amount of linear space provided. 
2Subjective observations on all stall types in pens (unlimited and limited lunge space 
stalls). 
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Table 3.5. Descriptive statistics of the analyzed nutrient composition by NIR as a % of 
DM, unless noted otherwise, for the TMR samples acquired during the far-off, close-
up, fresh, and high periods visits of a prospective cohort study involving 72 farms across 
the Northeastern US
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Nutrient n Mean SD 
25th 

Percentile Median 
75th 

Percentile Range 
DM, % of as fed        

Far-off 87 40.5 5.5 36.9 40.3 43.7 28.0 – 57.9 
Close-up 74 42.9 5.4 38.9 41.9 46.1 34.0 – 55.8 
Fresh 73 44.8 3.8 42.4 44.4 47.6 31.7 – 52.5 
High 84 45.3 3.7 43.3 45.6 47.8 36.9 – 54.5 

CP        
Far-off 87 13.3 1.9 11.9 13.0 14.5 8.6 – 18.0 
Close-up 74 13.8 1.7 12.5 14.0 14.9 9.9 – 17.6 
Fresh 73 16.9 0.9 16.3 16.8 17.5 14.5 – 18.8 
High 84 16.9 0.9 16.4 16.9 17.5 14.0 – 18.3 

Soluble CP, % of 
CP 

       

Far-off 87 43.9 8.0 38.5 43.1 49.1 28.0 – 61.2 
Close-up 74 38.5 5.2 34.8 37.9 42.4 27.3 – 53.7 
Fresh 73 39.1 3.7 36.9 39.1 40.7 30.7 – 51.2 
High 84 38.5 3.9 36.5 38.6 41.2 27.9 – 47.1 

ADF        
Far-off 87 31.1 3.4 28.7 31.1 33.5 22.4 – 41.2 
Close-up 74 28.4 3.2 26.9 28.4 30.5 17.9 – 35.4 
Fresh 73 20.7 1.9 19.3 20.6 21.7 16.6 – 25.6 
High 84 19.8 2.0 18.4 19.2 21.3 15.5 – 25.1 

NDF        
Far-off 87 46.5 5.2 43.0 46.4 50.3 33.9 – 62.1 
Close-up 74 43.2 4.5 40.5 42.7 45.9 27.8 – 53.3 
Fresh 73 31.4 3.1 29.2 30.8 33.2 25.9 – 39.0 
High 84 30.4 2.7 28.5 29.9 32.1 25.8 – 40.2 
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Table 3.5. Continued 
NDFD241, % NDF        

Far-off 86 45.6 5.7 41.3 45.4 49.8 31.1 – 61.1 
Close-up 74 43.6 4.5 40.6 43.7 46.2 34.2 – 55.9 
Fresh 73 50.9 3.0 48.8 51.0 53.0 42.1 – 59.1 
High 82 52.6 3.5 50.8 52.7 54.9 39.1 – 60.0 

uNDF2402         
Far-off 86 16.5 2.6 14.9 16.5 17.9 10.4 – 23.7 
Close-up 74 15.1 2.5 13.7 15.1 16.6 7.7 – 20.9 
Fresh 73 10.0 1.2 9.2 9.8 10.7 7.1 – 13.0 
High 84 9.7 1.4 8.8 9.7 10.4 6.1 – 15.6 

peNDF3        
Far-off 64 43.7 5.0 40.4 43.0 47.2 28.8 – 53.6 
Close-up 71 38.6 5.6 35.6 39.0 42.2 20.9 – 51.2 
Fresh 72 26.6 3.4 24.5 26.1 28.9 20.2 – 36 
High 57 25.7 3.6 23.3 24.6 28.0 19.2 – 35.8 

peuNDF2404        
Far-off 63 15.5 2.6 13.6 15.4 17.4 10.7 – 22.8 
Close-up 71 13.5 2.7 11.6 13.8 15.4 5.8 – 20.5 
Fresh 72 8.4 1.1 7.6 8.3 9.2 5.3 – 10.9 
High 57 8.2 1.4 7.5 8.1 8.7 4.8 – 12.4 

Lignin        
Far-off 87 5.5 0.9 4.8 5.5 6.0 3.4 – 8.2 
Close-up 74 4.9 0.8 4.4 4.9 5.5 2.7 – 6.9 
Fresh 73 3.8 0.5 3.5 3.7 4.1 2.8 – 4.9 
High 84 3.4 0.7 2.9 3.5 3.9 0.7 – 4.7 

Sugar        
Far-off 87 3.9 1.3 3.0 3.8 4.7 1.0 – 7.5 
Close-up 74 4.5 1.1 3.8 4.5 5.1 1.3 – 7.8 
Fresh 73 4.9 1.1 4.1 4.9 5.5 2.8 – 8.2 
High 84 4.5 1.3 3.7 4.5 5.3 2.1 – 8.0 
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Table 3.5. Continued 
Starch        

Far-off 87 14.8 3.9 11.6 14.9 17.6 4.9 – 22.1 
Close-up 74 18.1 3.6 15.5 17.7 20.2 12.4 – 37.5 
Fresh 73 24.7 3.0 23.1 25.2 26.9 17.4 – 32.2 
High 84 25.5 2.3 24.0 25.8 26.9 19.0 – 29.9 

Fermentable total 
carbohydrate4        

Far-off 90 26.3 4.5 23.5 25.8 29.2 16.5 – 39.7 
Close-up 76 24.9 3.9 21.8 24.9 28.2 15.5 – 32.6 
Fresh 74 41.0 5.6 36.0 41.2 45.0 28.2 – 51.6 
High 87 46.5 5.8 42.5 46.3 50.5 34.1 – 64.4 

Total fatty acids        
Far-off 86 2.07 0.50 1.65 2.05 2.35 1.06 – 3.19 
Close-up 74 2.05 0.61 1.63 1.94 2.39 0.94 – 3.46 
Fresh 73 3.75 0.66 3.35 3.77 4.22 2.23 – 5.68 
High 84 4.02 0.68 3.60 4.07 4.42 1.90 – 5.76 

Fat        
Far-off 87 3.5 0.6 3.0 3.5 3.9 2.2 – 4.8 
Close-up 74 3.2 0.6 2.7 3.1 3.6 1.9 – 4.6 
Fresh 73 4.6 0.6 4.2 4.7 5.1 3.4 – 6.2 
High 84 4.8 0.6 4.4 4.8 5.2 3.2 – 6.3 

Ash        
Far-off 87 7.4 1.1 6.6 7.3 8.1 5.2 – 11.2 
Close-up 74 7.5 0.9 6.7 7.5 8.1 5.3 – 9.4 
Fresh 73 7.8 0.7 7.4 7.9 8.2 6.2 – 9.9 
High 84 7.4 0.8 6.7 7.4 7.9 6.0 – 9.4 

NEL, Mcal/kg        
Far-off 87 1.45 0.07 1.40 1.46 1.50 1.26 – 1.62 
Close-up 74 1.49 0.08 1.43 1.48 1.54 1.31 – 1.76 
Fresh 73 1.70 0.06 1.66 1.71 1.74 1.54 – 1.84 
High 84 1.72 0.05 1.68 1.72 1.75 1.59 – 1.85 
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Table 3.5. Continued 
MP, g/kg of DM5        

Far-off 90 77.75 10.29 68.98 75.85 86.07 58.65 – 103.68 
Close-up 76 89.43 8.03 84.61 88.38 93.09 71.03 – 119.05 
Fresh 74 107.51 6.49 103.68 107.81 111.03 86.07 – 121.94 
High 87 110.37 4.51 106.74 110.07 112.91 101.28 – 124.96 

Ca6        
Close-up 74 1.32 0.37 1.03 1.32 1.56 0.47 – 2.28 
Fresh 73 1.06 0.19 0.95 1.03 1.18 0.65 – 1.57 

P6        
Close-up 74 0.39 0.06 0.35 0.39 0.42 0.28 – 0.56 
Fresh 73 0.43 0.05 0.39 0.43 0.46 0.28 – 0.55 

Mg6        
Close-up 74 0.48 0.10 0.43 0.48 0.55 0.21 – 0.72 
Fresh 73 0.38 0.05 0.35 0.37 0.42 0.29 – 0.50 

K6        
Close-up 74 1.31 0.19 1.22 1.31 1.42 0.88 – 1.76 
Fresh 73 1.45 0.17 1.36 1.44 1.55 0.92 – 1.73 

S6        
Close-up 74 0.37 0.10 0.31 0.38 0.43 0.09 – 0.63 
Fresh 73 0.29 0.03 0.27 0.28 0.30 0.20 – 0.39 

Na6        
Close-up 71 0.17 0.09 0.12 0.16 0.21 0.05 – 0.55 
Fresh 72 0.46 0.11 0.38 0.43 0.53 0.24 – 0.79 

Cl6        
Close-up 71 0.59 0.25 0.41 0.56 0.76 0.19 – 1.23 
Fresh 72 0.53 0.12 0.45 0.53 0.61 0.19 – 0.80 

DCAD, mEq/kg of 
DM6 

       

Close-up 71 7.3 100.9 -63.9 -15.0 74.0 -208.3 – 268.1 
Fresh 72 238.2 53.1 202.2 235.9 271.4 99.1 – 351.9 
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Table 3.5. Continued 
PSPS 19-mm 
screen, % of as fed7 

       

Far-off 64 34.0 11.4 26.8 34.0 41.0 4.2 – 55.5 
Close-up 71 24.0 11.5 15.1 24.2 30.9 2.0 – 58.9 
Fresh 72 14.7 7.8 9.0 14.2 19.3 3.7 – 44.2 
High 57 12.1 7.2 8.0 10.8 15.2 2.7 – 43.1 

PSPS 8-mm 
screen, % of as fed7 

       

Far-off 64 43.2 9.5 36.5 42.0 49.3 23.0 – 75.0 
Close-up 71 43.5 9.8 37.6 44.2 49.4 21.6 – 75.7 
Fresh 72 44.1 6.4 39.9 43.7 47.9 27.3 – 58.4 
High 57 45.0 6.4 40.9 44.2 47.6 31.9 – 63.1 

PSPS 4-mm 
screen, % of as fed7 

       

Far-off 64 16.5 4.1 13.6 16.0 19.0 8.0 – 28.3 
Close-up 71 21.9 5.0 18.3 21.4 25.6 10.8 – 38.5 
Fresh 72 26.1 5.6 22.8 26.3 29.3 4.7 – 39.3 
High 57 26.5 4.6 23.4 26.1 29.4 18.7 – 37.3 

PSPS bottom pan, 
% of as fed7 

       

Far-off 64 6.4 4.4 3.1 5.3 8.9 0.2 – 20.5 
Close-up 71 10.6 6.1 5.6 10.3 13.8 0.5 – 26.4 
Fresh 72 15.0 6.9 10.2 15.4 19.8 0.8 – 31.1 
High 57 16.4 7.1 11.0 18.0 20.8 0.9 – 32.3 
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Table 3.5. Footnotes 
1NDFD24 = NDF digestibility measured at 24 h of in vitro fermentation. 
2uNDF240 = undigested NDF measured at 240 h of in vitro fermentation. 
3peNDF = physically effective NDF, calculated by multiplying the proportion of TMR 
above the 4-mm sieve by the analyzed NDF content on a DM basis. 
4peuNDF240 = physically effective undigested NDF measured at 240 h of in vitro 
fermentation, calculated by multiplying the proportion of TMR above the 4-mm sieve 
by the analyzed uNDF240 content on a DM basis. 
5As predicted by the Cornell Net Carbohydrate and Protein System (v. 6.1, Cornell 
University, Ithaca, NY) biology, utilizing the Nutritional Dynamic System software 
platform (NDS Professional v. 3.9.2.03, RUM&N Sas, Reggio Emilia, Italy) based on 
analyzed forage composition. 
6Analyzed by wet chemistry.  
7Determined using an automated Penn State Particle Separator (PSPS; Cumberland 
Valley Analytical Services, Maugansville, MD). 
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Table 3.6. Percentage of farms that supplemented diets of multiparous cows during the 
close-up, fresh, and high lactating period diets with the select feed additives during a 
prospective cohort study involving 72 farms across the Northeastern US 
Feed Additive Close-up Fresh High 
Commercial anionic 
supplement 

77.8% 
(n = 56/72) 

― ― 

Rumen-protected choline 27.8% 
(n = 20/72) 

18.1% 
(n = 13/72) 

― 

Yeast 54.2% 
(n = 39/72) 

66.7% 
(n = 48/72) 

65.3% 
(n = 47/72) 

Animal source protein 79.2% 
(n = 57/72) 

84.7% 
(n = 59/72) 

86.1% 
(n = 62/72) 

Rumen-protected AA1 16.7% 
(n = 12/72) 

81.9% 
(n = 56/72) 

86.1% 
(n = 62/72) 

Rumen-protected fat 11.1% 
(n = 8/72) 

90.3% 
(n = 65/72) 

91.7% 
(n = 66/72) 

Monensin 93.1% 
(n = 67/72) 

91.7% 
(n = 66/72) 

91.7% 
(n = 66/72) 

1Does not include analogs. 
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Table 3.7. Stall stocking density, bunk space density, and water space for pens observed during the far-off dry, close-up dry, fresh, 
and high lactating period visits as part of a prospective cohort study involving 72 farms in the Northeastern US. Calculations are 
based on the number of cows present in the pen at the time of observation 

 

 

 

 

 

 

 

 

1Stocking density = number of cows / number of usable stalls*100. If a pen was a bedded pack, a stall was considered = 11 m2. 
2Bunk space density = number of cows / headlocks * 100. If a pen had a rail at the feed bunk, a headlock was considered =  61cm. 
3Linear water space = cm of linear water space / number of cows in the pen.  
 

 

Item n Mean SD 
25th 

Percentile Median 
75th 

Percentile Range 
Stall stocking density1, %         

Far-off period 110 98.1 32.8 80.0 97.0 111.9 42.7 – 314.7 
Close-up period 91 98.6 42.1 69.7 93.8 115.0 34.1 – 282.6 
Fresh period 93 102.0 21.9 86.4 99.0 115.6 54.4 – 159.6 
High period 186 119.0 16.4 109.2 117.0 126.9 73.1 – 208.1 

Bunk space density2, %         
Far-off period 110 136.7 49.8 98.5 133.5 167.8 45.7 – 333.3 
Close-up period 92 109.9 50.1 77.8 98.1 133.8 31.1 – 266.7 
Fresh period 93 131.0 48.5 97.0 120.5 153.7 37.0 – 281.3 
High period 186 165.7 40.0 144.4 161.5 185.9 89.1 – 357.0 

Linear water space3, cm         
Far-off period 110 6.6 4.4 3.7 5.8 8.9 0.2 – 21.8 
Close-up period 92 9.1 6.3 5.4 7.8 11.6 0.7 – 40.3 
Fresh period 93 10.0 4.6 6.7 9.5 11.6 1.6 – 26.5 
High period 186 7.0 2.2 5.5 7.0 8.8 2.3 – 12.7 
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Table 3.8. Stall dimension measurements (cm) and the number of pens (%) separated 
by stall type (with or without unlimited lunge space) in the prepartum and postpartum 
pens observed during a prospective cohort study involving 72 farms in the Northeastern 
US. A stall was classified as having unlimited lunge space if [(total stall length – curb 
to brisket board length) + space in front of the stall] was > 99 cm, the space in front of 
the stall was > 99 cm, the total stall length was > 3 m, or if the (stall length + space in 
front of the stall) was > 3 m 
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 Unlimited Lunge Space Stalls  Limited Lunge Space Stalls 
Limitation1 n Mean SD Range  n Mean SD Range 
Stall width (A)          

Prepartum 145 115 6 91 – 130  126 115 5 91 – 130 
Postpartum 158 114 4 102 – 122  118 114 3 104 – 122 

Stall length (D)          
Prepartum 145 224 15 168 – 259  126 231 19 193 – 274 
Postpartum 158 227 13 193 – 269  118 234 15 188 – 290 

Neck rail height (G)          
Prepartum 144 119 9 94 – 140  126 116 9 89 – 137 
Postpartum 158 119 8 99 – 140  118 119 8 99 – 145 

Neck rail to rear curb (H)          
Prepartum 144 164 13 140 – 206  126 164 11 130 – 188 
Postpartum 158 164 10 145 – 201  118 165 9 145 – 193 

Curb to brisket (B)          
Prepartum 57 170 11 140 – 198  56 171 7 157 – 196 
Postpartum 75 169 9 147 – 188  53 172 9 155 – 193 

Brisket board height (C)          
Prepartum 57 14 6 5 – 36  56 15 6 5 – 28 
Postpartum 75 14 5 3 – 30  53 14 5 3 – 30 

Lower divider height (E)          
Prepartum 145 28 10 0 – 51  126 26 9 0 – 56 
Postpartum 158 27 10 0 – 61  118 27 9 0 – 53 

Width of stall divider (I)          
Prepartum 145 31 3 24 – 36  126 31 3 23 – 36 
Postpartum 158 31 4 17 – 38  118 32 3 20 – 39 

Curb height (K)          
Prepartum 145 24 4 18 – 36  126 24 4 18 – 33 
Postpartum 158 24 4 18 – 30  118 24 4 15 – 33 
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Table 3.8. Continued 
Length of open space in 
front of stall (J) 

         

Prepartum – – – –  126 15 12 0 – 74 
Postpartum – – – –  118 16 9 0 – 79 
 Unlimited Stalls, n (%)  Limited Stalls, n (%) 
 Prepartum  Postpartum  Prepartum  Postpartum 

Bob zone obstruction 
location (F)2     

 
   

No bob zone 
obstruction  

35 (24.1%)  43 (27.2%)  32 (25.4%)  24 (20.3%) 

Upper 37 (25.5%)  46 (29.1%)  10 (7.9%)  8 (6.8%) 
Lower 54 (37.2%)  58 (36.7%)  45 (35.7%)  64 (54.2%) 
Upper and lower 19 (13.1%)  11 (7.0%)  39 (31.0%)  22 (18.6%) 

Lunge space location3        
No lunge space 0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%) 
Front, only 0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%) 
Side, only 0 (0.0%)  0 (0.0%)  64 (50.8%)  59 (50.0%) 
Front and side 145 (100%)  158 (100%)  62 (49.2%)  59 (50.0%) 

Neck rail limitations3        
No neckrail limitation 77 (53.5%)  79 (50.0%)  51 (40.5%)  61 (51.7%) 
Too low 57 (39.6%)  76 (48.1%)  67 (53.2%)  56 (47.5%) 
Too close to curb 4 (2.8%)  0 (0.0%)  3 (2.4%)  0 (0.0%) 
Too low & close to 
curb 

6 (4.2%)  3 (1.9%)  5 (4.0%)  1 (0.9%) 

1The letter in the parentheses references the location of the measurement found in the stall dimension diagram in Figure 3.3. 
2Obstruction between 10 and 102 cm in the front end of the stall.  
3Categorization based on subjective interpretation of cows rising in the stall. 
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Figure 3.1. Prevalence of elevated biomarkers as a proportion of cows per herd. Cows 
were sampled during a prospective cohort study involving 72 farms in the Northeastern 
US. Elevated concentrations of A) non-esterified fatty acids (NEFA; ≥0.27 mmol/L) 2 
to 14 d prepartum, B) NEFA (≥0.60 mmol/L for primiparous and ≥0.70 mmol/L for 
multiparous cows) 3 to 14 DIM, C) BHB (≥1.2 mmol/L) 3 to 14 DIM and D) 
haptoglobin (≥1.0 g/L) 0 to 12 DIM
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Figure 3.2. Locomotion scores (LS) categorized by severity of lameness for A) primiparous and B) multiparous cows at each of the 
4 visits during the prospective cohort study involving 72 farms in the Northeastern US (far-off: primiparous n = 371, multiparous n 
= 996; close-up: primiparous n = 470, multiparous n = 1002; fresh: primiparous n = 469, multiparous n = 991; high: primiparous n = 
456, multiparous n = 959). Cows with LS < 3 were considered not lame or slightly lame (black), LS = 3 were considered moderately 
lame (striped), and LS > 3 were considered severely lame (gray)  
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Figure 3.3. Diagram of stall dimension measurements used for Table 3.4 and Table 3.5. Legend: A = stall width, B = curb to brisket 
length, C = brisket board height, D = stall length, E = lower divider height, F = bob zone obstruction space, G = neck rail height, H 
= neck rail to rear curb length, I = width of stall divider, J = length of open space in front of stall, K = curb height 
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CONCLUSION 

This dataset captures the range in freestall dairy herd management practices in 

the Northeastern US. Based on our findings, it is apparent that farms have adjusted their 

management practices based on industry and academic recommendations. Notably, the 

average pen stocking density during the dry and fresh periods were found to be <100%, 

the majority of herds did not lockup fresh cows on a daily basis or fresh cows were not 

locked up for more than 1 h/d, and the majority of herds moved cows into a calving pen 

when showing signs of labor. However, not all recommendations have been adapted as 

readily as others. For instance, the majority of herds did not separate primiparous and 

multiparous cows into different pens during the close-up and fresh periods, the majority 

of herds had >20% of the far-off and close-up TMR on the 19-mm screen of the Penn 

State Particle Separator, and nearly half of the pens observed had a brisket board height 

above the recommended 15 cm above the bedded surface. This may be due to the 

financial requirement in order to adapt such practices or due to limited research backing 

up these recommendations. Herds enrolled in this study have also adapted products and 

technology to help prevent or monitor fresh cow health disorders to improve 

productivity. The majority of these herds fed commercial anionic salts during the close-

up period, a blood ketone test was used to help monitor for ketosis in a third of the 

enrolled herds, and a hormone synchronization program was used for first service in 

almost all the enrolled herds. Based on cutpoints and herd-alarm levels established in 

previous studies, approximately half of the herds enrolled in the present study were 

above the herd-alarm level for prepartum NEFA, postpartum NEFA, and postpartum 

BHB, indicating that there is still room for improvement.  
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This study provides a dataset for subsequent papers and demonstrates the range 

of management practices and nutritional programs implemented on ≥400 milking cow 

herds across the Northeastern US. This information can be used by industry stakeholders 

in regions with similar nutritional and management practices for comparisons of 

management and performance indicators. 
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ABSTRACT 

The objectives were to: 1) establish cow-level thresholds for prepartum 

nonesterified fatty acids (NEFA) and postpartum NEFA, β-hydroxybutyrate (BHB), and 

haptoglobin (Hp) concentrations associated with negative health events; 2) evaluate 

cow-level associations between biomarkers and 305-d mature equivalent milk at 

approximately 120 days in milk (DIM; ME305) and reproductive performance; and 3) 

identify herd-alarm levels (proportion of cows sampled above the identified critical 

threshold) for biomarkers that are associated with herd-level changes in disorder 

incidence [displaced abomasum (DA) and clinical ketosis (CK)], reproductive 

performance, and ME305. In a prospective cohort study, 1,473 cows from 72 farms were 

enrolled in the Northeastern United States. Blood samples were collected from the same 

11 to 24 cows per farm during the late prepartum and early postpartum periods. Whole 

blood was analyzed for postpartum BHB concentrations; plasma was analyzed for 

prepartum and postpartum NEFA, and postpartum Hp concentrations. Critical 

thresholds for the biomarkers associated with health events were established using a 

receiver operating characteristic curve analysis. Poisson, linear mixed effects, and Cox 

proportional hazards models investigated the association of the biomarkers with health 

and performance. The prepartum NEFA and Hp threshold associated with culling was 

≥0.17 mmol/L and 0.45 g/L, respectively. The postpartum NEFA and BHB thresholds 

associated with diagnosis of MET, DA, or CK were ≥0.46 mmol/L and ≥0.9 mmol/L, 

respectively. Multiparous cows with prepartum NEFA concentration ≥0.17 mmol/L 

produced 479 kg less ME305. Multiparous and primiparous cows with postpartum 

NEFA concentration ≥0.46 mmol/L produced 280 kg less and 446 kg more ME305, 
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respectively. Cows with BHB concentration ≥0.9 and ≥1.1 mmol/L produced 552 kg 

more ME305 and had a 20% decreased risk of conception as identified by pregnancy 

within 150 DIM, respectively; however, multiparous cows with BHB concentration 

≥1.5 mmol/L produced 376 kg less ME305. Cows with Hp concentration ≥0.45 g/L 

produced 492 kg less ME305 and had 28% decreased risk of conceiving as identified 

by pregnancy (CR) by 150 DIM. Cows with Hp concentration ≥0.45 g/L had 19% 

decreased pregnancy risk to first service (PRFS). Herds above the herd-alarm levels for 

prepartum NEFA had a 6.0-percentage unit increase in disorder incidence and a 6.0-

percentage unit decrease in 21-d pregnancy rate (PR) for multiparous cows, a 3.9-

percentage unit increase in PR and a 5.8-percentage unit increase in CR for primiparous 

cows. Herds above the herd-alarm levels for postpartum NEFA had a 5.8 and 4.2-

percentage unit increase in disorder incidence for multiparous and primiparous cows, 

respectively, a decrease of 789 kg of ME305 milk yield for multiparous cows, a 6.8 and 

6.3-percentage unit decrease and increase in PR and PRFS for multiparous cows, 

respectively. Herds above the herd-alarm levels for BHB had an 8.5-percentage unit 

increase in disorder incidence, an increase of 332 and 229 kg of ME305 milk yield 

primiparous and multiparous cows, respectively, 3.2, 5.2, and 7.0-percentage unit 

decrease in PR, CR, and PRFS, respectively. Herds above the herd-alarm levels for 

postpartum Hp had a 5.3-percentage unit increase in disorder incidence. At the cow-

level and herd-level, elevated biomarker concentrations resulted in an increased risk of 

disorders and varied responses in performance.  

Key words: herd-alarm level, transition cow, haptoglobin, β-hydroxybutyrate, 

nonesterified fatty acids 
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INTRODUCTION 

Given an increase in nutrient requirements for milk production, decrease in 

DMI, parturition, and management factors such as frequent pen moves, the transition 

period is arguably the most demanding time in a dairy cow’s life. Increased blood 

concentrations of nonesterified fatty acids (NEFA) and BHB are a result of adipose 

tissue being mobilized in response to meeting the energy demands of the conceptus or 

calf, via milk production, as well as partial oxidation of NEFA by the liver (Bell, 1995). 

In addition, haptoglobin (Hp), a positive acute phase protein produced in the liver, may 

be elevated in the postpartum cow due to inflammation (Uchida et al., 1993; Bradford 

et al., 2015). Inflammation may occur in the transition cow due to tissue damage 

associated with parturition (Medzhitov, 2008), uterine infection (Skinner et al., 1991; 

Huzzey et al., 2011), insults to the gastrointestinal tract causing gastrointestinal barrier 

dysfunction (Horst et al., 2021), or potentially through infiltration of excessive NEFA 

in the liver (Katoh, 2002). Environmental stressors, such as transportation, may also 

trigger an acute phase response (Lomborg et al., 2008; Cooke et al., 2011), though this 

has not been investigated in transition cows. It is of interest to investigate Hp since it is 

observed at negligible blood concentrations in a healthy dairy cow but can increase over 

100-fold at the onset of an inflammation event (Eckersall, 2000). 

 Cows with elevated circulating NEFA, BHB, and Hp during the first couple 

weeks of lactation are at increased risk of developing disorders (Huzzey et al., 2009; 

Ospina et al., 2010c; Chapinal et al., 2011), have decreased milk production (Ospina et 
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al., 2010b; Chapinal et al., 2012a; Huzzey et al., 2015), and reduced reproductive 

performance (Ospina et al., 2010b; Garverick et al., 2013; Huzzey et al., 2015).  

 Thresholds have been established for prepartum NEFA and postpartum NEFA 

and BHB concentrations (Ospina et al., 2010c; Chapinal et al., 2011). Measuring these 

biomarkers in fresh cows can help identify individual cows that are at a greater risk of 

adapting poorly to lactation. In addition, these biomarkers can be used as a herd-level 

monitoring tool for improving a herd’s health management program. We wanted to 

reevaluate these metabolites to further investigate their association with health and 

performance in an independent population and identify associations between the 

prevalence of elevated biomarkers and nutritional and management strategies. Although 

there have been large, epidemiological studies evaluating metabolic-related analytes 

(Ospina et al., 2010a; Chapinal et al., 2012b), Hp thresholds have previously been 

identified in controlled research trials rather than cohort studies of large populations. It 

is of interest to evaluate Hp as it may provide a unique opportunity to address nutritional 

and non-nutritional challenges, such as management and environmental aspects that 

may be related to inflammation (Huzzey et al., 2015).  

We hypothesized that: 1) elevated prepartum NEFA, and postpartum NEFA, 

BHB, and Hp concentrations are associated with negative health events, 2) elevated 

prepartum NEFA, and postpartum NEFA, BHB, and Hp concentrations are associated 

with decreased milk production and reproductive performance, and 3) herds above the 

herd-alarm level identified for prepartum NEFA and postpartum NEFA, BHB, and Hp 

concentrations, will have increased disorder incidence, decreased milk production, and 

decreased reproductive performance. Therefore, the objectives were to: 1) establish 
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cow-level thresholds for prepartum NEFA and postpartum NEFA, BHB, and Hp 

concentrations that are associated with negative health events in the first 30 DIM, 2) 

evaluate the association between the identified prepartum NEFA and postpartum NEFA, 

BHB, and Hp concentration thresholds with milk production and reproductive 

performance at the cow-level, and 3) identify the herd-alarm levels for prepartum NEFA 

and postpartum NEFA, BHB, and Hp concentrations that are associated with herd-level 

changes in disorder incidence, reproductive performance, and milk production.  

 

MATERIALS AND METHODS 

Study Population and Study Design 

A more complete description of the study design and study population can be 

found in Chapter 3 of this dissertation. Briefly, a prospective cohort study was 

conducted from a convenience sample of 72 farms located in New York and Vermont 

between November 2012 and August 2015. All procedures involving animals in this 

study were approved by the Cornell University Institutional Animal Care and Use 

Committee, protocol # 2012-0124. Inclusion criteria for herds were 1) Holstein herds, 

2) ≥ 400 milking cows, 3) freestall housing, 4) TMR-fed herds, and 5) enrolled in 

monthly DHI testing or have on-farm milk recording with record management by Dairy 

Comp 305 (DairyComp 305, Valley Ag Software, Tulare, CA) or PCDART (PCDART, 

Dairy Records Management System, Raleigh, NC). The inclusion criteria represents the 

majority of cows within NY and provides us with an adequate sample size for blood 

sample collection. 
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Detail on blood sampling and analytical methods can be found in Chapter 3 of 

this dissertation. Briefly, blood from a convenience sample of 11 to 24 cows was 

collected twice; once during the close-up dry period when they were approximately 0 

to 17 d (0 to 21 d for the first 10 herds enrolled) from expected calving and once during 

the fresh period when they were 0 to 17 DIM (0 to 21 DIM for the first 10 herds 

enrolled). Approximately one third of the cows sampled were primiparous cows to 

reflect typical dairy herd demographics. Primiparous cows were defined as cows 

entering their first lactation and multiparous cows as cows entering their second or 

greater lactation. Whole blood from the postpartum period was analyzed for BHB 

concentrations. Plasma from the prepartum and postpartum periods were analyzed for 

NEFA concentrations and plasma from the postpartum period were analyzed for Hp 

concentrations for cows 0 to 12 DIM. Cows were observed for health disorders of 

interest by the farm personnel and these were described previously (Kerwin et al., 2021). 

Locomotion scores (LS) and BCS were assigned to each cow at each visit by a single 

investigator. Health event records, reproductive records, and milk records were acquired 

through the farm’s record management software program when all cows observed were 

at least 150 DIM.  

Statistical Analysis 

 A sample size calculation was conducted to estimate the prevalence of cows with 

hyperketonemia within a farm (≥1.2 mmol/L; McArt et al., 2012) using a two-stage 

cluster sampling (Thrusfield, 2005). With a 95% confidence interval (CI), precision of 

± 3.5%, expected prevalence of 17.5%, a calculated between-cluster variance of 0.01 

(Ospina et al., 2010c), and a fixed cluster size of 72 farms, we calculated we needed 12 
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cows per farm. A precision of 3.5% was chosen as it is 1/5th of the estimated prevalence 

(Pourhoseingholi et al., 2013). With a precision of ± 3.0%, we needed 23 cows per farm. 

We attempted to sample 24 cows per herd during the close-up visit to account for 

attrition rate of cows that were excluded from further sampling if they had not calved 

by the fresh visit.  

Raw data were entered into Microsoft Excel (Microsoft Corp., Redmond, WA). 

All statistical analyses were performed using SAS software (SAS 9.4, SAS Institute 

Inc., Cary, NC). Prior to statistical analysis, data cleaning was conducted to correct 

human data recording errors.  

 Biomarker Threshold Analysis. Poisson regression models using PROC 

GENMOD with a log-link function, p-scale option for overdispersion correction, an 

exchangeable correlation matrix, and herd as a random effect were developed to 

determine if postpartum 1) NEFA, 2) BHB, and 3) Hp as independent variables were 

associated with the following dependent binary variables: A) MET B) DA, C) CK, D) 

1 or more of the disorders (MET, DA, CK) or E) culling within 30 DIM. Additional 

models were developed to determine if prepartum NEFA as an independent variable 

was associated with the following dependent binary variables: A) MET or RP, B) DA, 

C) CK, D) 1 or more of the disorders (MET, RP, DA, CK), or E) culling within 30 DIM. 

The unit of observation was the cow. A farm was removed from the analysis for the 

specific dependent variable if the disorder was not recorded, but was retained for the 

other analyses. A cow was removed from the analysis for the specific dependent variable 

if the outcome of interest occurred before the blood sample was acquired. Cows with 

missing covariate information were not included in the analysis unless if the covariate 
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was not included in the final model. Categorical covariates were screened and included 

in the full model if a simple logistic regression model (PROC LOGISTIC) yielded a P 

< 0.20. Covariates considered in the full model included the following binary variables: 

parity group (primiparous vs. multiparous), calving difficulty (CD; calving score < 3 vs. 

calving score ≥ 3 or twins), LS at time of blood sample collection (< 3 vs. ≥ 3), and 

calving season [cool (October through April) vs. warm (May through September)]. 

Additional covariates considered for the postpartum biomarker models were BCS at the 

close-up visit (≤ 3.25 vs. > 3.25) and fresh visit (≤ 3.0 vs. > 3.0), and the change in BCS 

from the close-up to fresh visit (≥ -0.25 vs. < -0.25). Additional covariates considered 

for the prepartum NEFA models were BCS at the far-off visit and close-up visit (≤ 3.25 

vs. > 3.25) and the change in BCS from the far-off to close-up visit (≥ 0 vs. < 0). 

Multicollinearity was assessed and determined to be present if a covariate that was 

included in the full model had a tolerance <0.40 (Allison, 2012). Days relative to 

parturition was forced into all models as a continuous covariate to control for variability 

within the sampled cohort. The main effect of biomarker was initially forced into the 

model as a continuous variable and manual backward stepwise elimination was used to 

remove variables with P ≥ 0.10. Biologically plausible interactions between the main 

effect and covariates were then assessed and manual backward stepwise elimination was 

used to remove any variable with P ≥ 0.05. If the biomarker remained in the model, a 

generalized linear regression using the GLIMMIX procedure with farm as a random 

effect was used to obtain predicted probabilities. A simple linear regression using the 

LOGISTIC procedure was then used to perform a receiver operating characteristic 

(ROC) curve analysis using the predicted probabilities from the generalized linear 
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regression for determining the critical threshold for predicting the health event of 

interest. If the interaction between the biomarker and parity had a P < 0.05, the ROC 

analysis was conducted separately for each parity group (postpartum NEFA ketosis 

model). The point on the curve with the maximum Youden’s index was considered the 

critical threshold. Positive likelihood ratios (LR+) were evaluated using the sensitivity 

(Se) and specificity (Sp) values obtained from the ROC analysis. The continuous 

variables were then categorized based on the critical threshold from the ROC analysis 

and the reduced Poisson regression model was reassessed to obtain risk ratios (RR; 

Ospina et al., 2012). Type III P-values are reported and the SE and RR CI were rescaled 

to reflect the type III score statistic (Stokes et al., 2012).  

 Milk and Reproduction Analysis. The outcomes of interest in this next step 

were: A) 305-d mature equivalent milk yield at the 4th test day (ME305; mean ± standard 

deviation: 114 ± 13 DIM), B) time to conception as identified by pregnancy with 

censoring at 150 DIM, and C) pregnancy risk at first service (PRFS). Models were 

developed for each outcome with each of the following main independent effects: 1) 

prepartum NEFA, 2) postpartum NEFA, 3) postpartum BHB, and 4) postpartum Hp in 

the binary categorization derived from thresholds determined in the biomarker analysis 

described above. The unit of observation was the cow. For the NEFA and BHB models, 

primiparous and multiparous cows were initially analyzed separately; however, if the 

magnitude of the model P-values for associations between the main effect and outcome 

were similar, primiparous and multiparous cows were combined for the final analysis 

and parity group and the interaction between parity group and the biomarker were 

included as covariates but removed if P ≥ 0.05. Due to a limited sample size for 
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primiparous cows and to decrease risk for Type II error, primiparous and multiparous 

cows were grouped in the Hp analysis a priori with parity included as a covariate. The 

final model included the smallest biomarker threshold that resulted in the largest 

estimate and smallest chance of committing a type I error. 

Herds and cows with missing ME305 milk were removed from the analysis. 

Cows with missing covariate information were not included in the analysis unless if the 

covariate was not included in the final model. A linear mixed effects model using the 

MIXED procedure with herd included as a random effect was used to analyze ME305. 

Binary covariates included in the milk production models were LS (< 3 vs. ≥ 3) and 

BCS at the fresh period visit (≤ 3.0 vs. > 3.0), change in BCS from the close-up visit to 

the fresh visit (≥ -0.25 vs. < -0.25), and season [cool (October through April) vs. warm 

(May through September)]. If primiparous and multiparous cows were combined in the 

analysis, parity group and the interaction between the biomarker and parity group were 

included. The main effect was initially forced into the model and manual backward 

stepwise elimination was used to remove variables with P ≥ 0.10. If the parity 

interaction had a P < 0.05, an F-test using the SLICE option was used in the LSMEANS 

statement to determine at which parity level the biomarker groups differed. Type III P-

values are reported for the ME305 milk analysis. 

Conception as identified by pregnancy within 150 DIM was analyzed by a Cox 

proportional hazards model using the PHREG procedure. Cows that died or were sold 

before the end of the herd’s voluntary waiting period (VWP) were not included in the 

analysis as they were not eligible to be bred. Herds were removed from the analysis due 

to using natural service or because the farm’s reproductive management was altered 
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during the period of data collection. Cows with missing covariate information were not 

included in the analysis unless if the covariate was not included in the final model. Cows 

that were culled after the VWP or not pregnant by 150 DIM were right censored. All 

potential covariates were first assessed using a bivariate analysis and if the association 

between the covariate and the outcome was P < 0.2, then they were offered to the model 

and manual backward stepwise elimination was used to remove any variable with P ≥ 

0.05. Binary covariates included in the models were ME305 (above vs. below median 

production of the sampled cohort within each herd) and BCS at the fresh period visit (≤ 

3.0 vs. > 3.0). Herd was included as a random effect except for the primiparous cow 

models as herd did not contribute to the variation observed and was therefore removed. 

The proportional hazards assumption was checked statistically for the time-dependent 

covariates (Allison, 2010) and a sensitivity analysis was performed to evaluate 

noninformative censoring. The final model included the biomarker threshold that 

resulted in the largest estimate and smallest chance of committing a type I error. Kaplan-

Meier estimator graphs of time to conception as identified by pregnancy within 150 

DIM were created for cows above and below the chosen threshold for the biomarker of 

interest using the LIFETEST procedure and the survival curves were compared using 

the Log-rank test. 

Pregnancy risk to first service was analyzed with a Poisson regression model 

using the GENMOD procedure with a log-link function, p-scale option for correcting 

for overdispersion, an exchangeable correlation matrix, and herd as a random effect. 

Herds were removed from the analysis due to using natural service or because the farm’s 

reproductive management was altered during the period of data collection. Cows that 
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were never bred were not included in the analysis. Cows with missing covariate 

information were not included in the analysis unless if the covariate was not included in 

the final model. Binary covariates included ME305 (above vs. below median production 

of the sampled cohort within each herd), LS (< 3 vs. ≥ 3) and BCS at the fresh period 

visit (≤ 3.0 vs. > 3.0), change in BCS from the close-up visit to the fresh visit (≥ -0.25 

vs. < -0.25), and season [cool (October through April) vs. warm (May through 

September)]. Covariates were removed if P ≥ 0.10 using a manual backward stepwise 

elimination process. If primiparous and multiparous cows were combined in the 

analysis, parity group and the interaction between the biomarker and parity group were 

included. Type III P-values are reported for the PRFS analysis. 

Herd-Alarm Levels. The outcomes of interest in this next step were: A) 

incidence of DA, CK, or both, B) ME305 milk yield, C) 21-d herd pregnancy rate (PR), 

D) herd conception risk as identified by pregnancy (CR), and E) PRFS. Models were 

developed for each outcome with each of the following main independent effects: 1) 

prepartum NEFA, 2) postpartum NEFA, 3) postpartum BHB, and 4) postpartum Hp. 

The unit of observation was the herd. For the NEFA and BHB models, primiparous and 

multiparous cows were initially analyzed separately; however, if the associations 

between the main effect and outcome were similar, the primiparous and multiparous 

cows were combined in the final analysis. Due to a limited sample size for primiparous 

cows, primiparous and multiparous cows were grouped a priori in the Hp analysis. The 

herd-alarm level for all outcomes was evaluated with mixed effects models using PROC 

MIXED. Milking herd size was included as a covariate. Milking herd size was divided 

by 100, reflecting a herd size change of 100 cows for every 1-unit change in the model. 
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Herds were removed from the disorder incidence analysis if at least one of the disorders 

was not recorded on the farm. Herds with missing ME305 milk were removed from the 

ME305 analysis. Herds were removed from the 21-d PR, CR, and PRFS analyses due 

to using natural service or because the farm’s reproductive management was altered 

during the period of data collection. 

The 21-d herd PR was determined by averaging the two-21 d periods after the 

herd VWP for the group of cows that calved within the same calving date range as the 

cows observed. The herd CR was determined by averaging the CR for the first 2 estrus 

cycles after the herd VWP for the group of cows that calved within the same calving 

date range as the cows observed. The PRFS was calculated for each herd from the cohort 

of cows that were blood sampled and cows never bred were not included in the analysis.  

Similar to Ospina et al. (2010a), the herd-alarm level was based on: 1) the 

biomarker threshold and 2) the proportion of cows within a herd with elevated 

biomarker concentrations that is associated with the outcome of interest. The biomarker 

thresholds tested were based on the thresholds established in the first part of this study: 

prepartum NEFA, 0.17 mmol/L; postpartum NEFA, 0.46 to 0.59 mmol/L; postpartum 

BHB, 0.9 to 1.2 mmol/L; and postpartum Hp, 0.45 to 0.96 g/L. The proportion of cows 

above the thresholds were determined and 30% was the initial proportion evaluated. To 

increase the sensitivity, the proportion of cows evaluated was decreased in 5% 

increments until the highest estimate and lowest P-value was attained. The lowest 

biomarker threshold that resulted in the greatest change in the outcome of interest with 

the lowest P-value was kept in the final model. A herd-alarm level was determined if P 

≤ 0.10.   
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Prevalence. Herds were categorized into risk groups based on the proportion of 

cows above the herd-alarm level associated with negative outcomes for the biomarkers; 

prepartum NEFA, postpartum NEFA, BHB and Hp: ≥30% of multiparous cows sampled 

with prepartum NEFA concentrations ≥0.17 mmol/L, ≥15% of cows sampled with 

postpartum NEFA concentrations ≥0.59 mmol/L, ≥15% of cows sampled with 

postpartum BHB ≥1.2 mmol/L, and ≥20% of cows sampled with postpartum Hp ≥0.45 

g/L. Bar graphs were created for the proportion of cows above the biomarker threshold. 

 

RESULTS 

Descriptive Results and Study Population 

 Negative health event incidence and the number of cows included for each 

model are reported in Table 4.1. A more complete description of the study population 

has been reported previously in Chapter 3 of this dissertation. The mean ± standard 

deviation (SD) ME305 for primiparous and multiparous cows was 12,711 ± 2,224 kg (n 

= 435) and 12,614 ± 2,030 kg (n = 882), respectively. The herd mean ± SD 21-d PR for 

primiparous and multiparous cows was 30.1 ± 8.0% (n = 66) and 23.7 ± 6.9% (n = 68), 

respectively. The herd mean ± SD CR for primiparous and multiparous cows was 30.0 

± 9.9% (n = 66) and 36.3 ± 9.2% (n = 68), respectively. The herd mean ± SD PRFS for 

primiparous and multiparous cows was 39.4 ± 20.1% (n = 66) and 32.1 ± 15.5% (n = 

68), respectively.  

Samples showing moderate or severe hemolysis, as defined by the laboratory 

where analysis was performed, were removed from the haptoglobin analysis (n = 1). 

Samples with severe hemolysis were removed from the prepartum NEFA analysis (n = 
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3). For the biomarker threshold analysis, there were 72 farms included in the culling 

within 30 DIM and DA models, 71 farms in the CK models, 67 farms in the MET 

models, and 66 farms in the 1 or more of the disorders models. Cows were removed 

from the DA, CK, MET, and 1 or more of the disorders models if the cow was diagnosed 

with the disorder prior to blood sample collection (postpartum NEFA and BHB: n = 12, 

51, 84, and 131 cows respectively; postpartum Hp: n = 7, 35, 55, and 87 cows 

respectively). For the cow-level ME305 analysis, 2 farms, representing 34 cows, and 

individual cows from remaining farms (n = 131; n = 101 for Hp) were removed due to 

missing records. For the cow-level conception as identified by pregnancy within 150 

DIM analysis, farms were removed due to using natural service or because the farm’s 

reproductive management was altered during the period of data collection (n = 3 farms 

representing 45 cows) and individual cows from remaining farms were removed if they 

were culled prior to the end of the farm’s VWP (n = 64; n = 51 for Hp) and due to 

missing ME305 at the 4th test day (n = 84; n = 62 for Hp). For the cow-level PRFS 

analysis, farms were removed due to using natural service or because the farm’s 

reproductive management was altered (n = 3 farms representing 45 cows) or if ME305 

at the 4th test day (~120 DIM) was missing (n = 2 farms representing 25 cows). Cows 

were removed if they died or left the farm before the end of the farm’s VWP (n = 64; n 

= 51 for Hp) or if they were never bred (n = 51; n = 30 for Hp). Cows were right censored 

if they left the herd after the end of the herd’s VWP or if they were not pregnant by 150 

DIM (n = 432 or 33.8% for prepartum NEFA; n = 433 or 33.8% for postpartum NEFA 

and BHB analysis; n = 275 or 32.6% for Hp analysis). For the herd-level analysis, 1 

farm was removed from the disorder analysis due to incomplete disorder records, 2 
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farms were removed from the ME305 analysis due to missing records, 4 farms were 

removed from the 21-d PR, CR, and PRFS analyses due to missing records, use of 

natural service, or altered reproductive management.  

Biomarker Thresholds and Negative Health Event Association 

 Results for biomarkers that remained in the multivariable models and that were 

subjected to ROC analysis to establish critical thresholds are reported in Table 4.2. The 

generalized linear models were reassessed with the dichotomized variables and the 

results from the final models are reported in Table 4.3, along with measures of 

association (RR) between the variables and health event outcomes.  

Prepartum NEFA. Prepartum NEFA only remained in the CULL model. 

Prepartum samples with a NEFA concentration ≥0.17 mmol/L were 3.3 times as likely 

to come from a cow that was culled within 30 DIM than from a cow not culled within 

30 DIM (LR+ = 3.3; P < 0.001; Table 4.2). The multivariable analysis was reevaluated 

with the dichotomized biomarker based on the established critical threshold and RR 

were calculated and are reported in Table 4.3. When controlling for LS and BCS change 

from the far-off to the close-up period visit and days relative to parturition, cows with a 

prepartum NEFA concentration ≥0.17 mmol/L were 2.3 times more likely to be culled 

within 30 DIM than cows with NEFA concentrations <0.17 mmol/L (P = 0.02). 

 Postpartum NEFA. Postpartum NEFA remained in the MET, DA, CK, and the 

1 or more of the disorders (MET, DA, CK) models and the critical thresholds for NEFA 

ranged from 0.46 to 0.59 mmol/L (Table 4.2). When controlling for calving season, 

change in BCS from the close-up to the fresh period visit, and DIM, cows with a 

postpartum NEFA concentration ≥0.46 mmol/L were 3.2 times more likely to be later 
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diagnosed with any of the disorders (MET, DA, CK) than cows with NEFA 

concentration < 0.46 mmol/L (P < 0.001; Table 4.3). For the CK model, we identified 

a threshold of 0.48 and 0.46 mmol/L for multiparous and primiparous cows, respectively 

(Table 4.2); however, the interaction between parity and NEFA did not remain in the 

final model (Table 4.3). Cows with elevated NEFA concentrations were 4.5 times more 

likely to be later diagnosed with clinical ketosis than cows with NEFA concentrations 

below the threshold identified (Table 4.3).  

 Postpartum β-hydroxybutyrate. Beta-hydroxybutyrate remained in the DA, CK, 

and the 1 or more of the disorders (MET, DA, CK) models and the critical thresholds 

for BHB ranged from 0.9 to 1.2 mmol/L (Table 4.2). For the prediction of 1 or more of 

the disorders, the ROC analysis yielded a BHB critical threshold of 0.9 mmol/L (Table 

4.2). Cows with a BHB concentration ≥0.9 mmol/L were 3.8 times more likely to be 

diagnosed with any of the disorders (MET, DA, CK) compared to cows with BHB 

concentration <0.9 mmol/L (P < 0.001; Table 4.3). 

 Postpartum Haptoglobin. Haptoglobin remained in the MET and CULL models 

(Table 4.3). For the prediction of MET and CULL, the ROC analysis yielded a Hp 

critical threshold of 0.96 and 0.45 g/L, respectively (Table 4.2). Cows with a Hp 

concentration ≥0.96 g/L were 4.7 times more likely to be diagnosed with MET 

compared to cows with Hp concentration <0.96 g/L (P = 0.003; Table 4.3). While 

controlling for LS, cows with a Hp concentration ≥0.45 g/L were 4.2 times more likely 

to be culled within 30 DIM compared to cows with Hp concentration <0.45 g/L (P = 

0.001; Table 4.3). 
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Milk and Reproduction  

 Milk Production. Results from the milk production models are reported in Table 

4.4. While controlling for LS and BCS at the fresh period visit, multiparous cows with 

a prepartum NEFA concentration ≥ 0.17 mmol/L produced 479 kg less ME305 milk 

than cows with prepartum NEFA concentrations < 0.17 mmol/L (P < 0.001). We did 

not observe an association between prepartum NEFA and ME305 for primiparous cows. 

Data from primiparous and multiparous cows were combined in the postpartum NEFA 

model, as the association between NEFA and milk production were similar for both 

parity groups. There was an interaction between NEFA and parity (P = 0.002) such that 

primiparous and multiparous cows with NEFA ≥0.46 mmol/L produced 446 kg more 

(P = 0.02) and 280 kg less (P = 0.03) ME305 milk compared to primiparous and 

multiparous cows with NEFA concentration <0.46 mmol/L, respectively. Primiparous 

cows with BHB concentrations ≥0.9 mmol/L produced 552 kg more ME305 milk than 

primiparous cows with BHB concentrations <0.9 mmol/L (P = 0.04). We did not 

observe an association between BHB concentrations and ME305 for multiparous cows. 

Cows with Hp concentrations ≥0.45 g/L produced 492 kg less ME305 milk than cows 

with Hp <0.45 g/L (P < 0.001).  

 Since we unexpectedly did not observe a milk response for multiparous cows 

with elevated BHB concentrations using a threshold range of 0.9 to 1.2 mmol/L and we 

observed a positive milk response for primiparous cows, we repeated the analysis for a 

BHB range of 0.7 to 1.6 mmol/L at 0.1 mmol/L increments for primiparous and 

multiparous cows. We observed a positive ME305 response for all BHB thresholds for 

primiparous cows (ME305 range: 551 to 1,164 kg; P < 0.10); however, for multiparous 
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cows, we observed a positive ME305 response using a threshold of ≥0.7 mmol/L (+363 

kg) and a negative ME305 response using a BHB threshold of ≥1.5 mmol/L (-376 kg; 

Table 4.5). Although differences in ME305 milk evaluated using BHB concentration 

thresholds 0.9 to 1.4 mmol/L were not different from 0, we observed an apparent 

inflection point using a threshold of 1.2 mmol/L.  

 Reproduction. Results from the conception as identified by pregnancy within 

150 DIM analysis for postpartum biomarkers are reported in Table 4.6. We did not 

observe as association between prepartum NEFA and conception as identified by 

pregnancy by 150 DIM for multiparous or primiparous cows nor between postpartum 

NEFA and conception as identified by pregnancy by 150 for primiparous cows. 

Multiparous cows with a postpartum NEFA concentration ≥0.46 mmol/L had a 20% 

decreased risk of conceiving by 150 DIM compared to multiparous cows with a NEFA 

concentrations <0.46 mmol/L (HR = 0.80; P = 0.02). The Kaplan-Meier analysis yielded 

a median time to conception as identified by pregnancy of 117 d for multiparous cows 

with elevated postpartum NEFA versus 114 d for multiparous cows with a NEFA 

concentration <0.46 mmol/L and there was no evidence that the survival curves were 

different (P = 0.15; Figure 4.1). Primiparous and multiparous cows were combined in 

the BHB model since the association between BHB and conception as identified by 

pregnancy by 150 DIM were similar between parities. Cows sampled with a BHB 

concentration ≥1.1 mmol/L had a 20% decreased risk of conceiving by 150 DIM 

compared to cows with BHB concentration <1.1 mmol/L (HR = 0.80; P = 0.02). The 

Kaplan-Meier analysis yielded a median time to conception as identified by pregnancy 

of 115 d for cows with elevated BHB versus 107 d for multiparous cows with BHB 
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concentration <1.1 mmol/L and the survival curves were different (P = 0.02; Figure 

4.1). Cows sampled with a Hp concentration ≥0.45 g/L had a 28% decreased risk of 

conceiving by 150 DIM compared to cows with Hp concentration <0.45 g/L (HR = 0.72; 

P < 0.001). The Kaplan-Meier analysis yielded a median time to conception as identified 

by pregnancy of 115 d for cows with elevated Hp versus 100 d for cows with a Hp 

concentration <0.45 g/L and there was evidence that the survival curves were different 

(P < 0.001; Figure 4.1). 

 Results from the PRFS analysis are reported in Table 4.7. Haptoglobin was the 

only biomarker associated with PRFS. Cows with a Hp concentration ≥0.45 g/L were 

0.81 times as likely to conceive to first service compared to cows with Hp concentration 

<0.45 g/L (P = 0.03).  

Herd-Alarm Levels  

 Prepartum NEFA. The herd-level associations of increased prepartum NEFA 

concentrations on disorder incidence, 21-d PR, and CR are reported in Table 4.8. We 

did not identify a herd-alarm level for ME305 or PRFS. We only identified a herd-alarm 

level for disorders (DA, CK, or both) for multiparous cows and was defined as ≥ 30% 

of sampled multiparous cows with a prepartum NEFA concentration of ≥0.17 mmol/L. 

Herds above this herd-alarm level had a 6.0-percentage unit increase in disorder 

incidence for multiparous cows (P = 0.05). The 21-d PR herd-alarm level for 

multiparous and primiparous cows was defined as ≥15% of sampled multiparous cows 

(P = 0.009) and ≥40% of sampled primiparous cows (P = 0.09) with a prepartum NEFA 

concentration ≥0.17 mmol/L. Herds above these herd-alarm level had a 6.0-percentage 

unit decrease and 3.9-percentage unit increase in 21-d PR for multiparous and 
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primiparous cows, respectively. We only identified a herd-alarm level for CR for 

primiparous cows and was defined as ≥40% of sampled primiparous cows with a 

prepartum NEFA concentration ≥0.17 mmol/L (P = 0.04). Herds above this herd-alarm 

level had a 5.8-percentage unit increase in CR for primiparous cows.  

Postpartum NEFA. The herd-level associations of increased postpartum NEFA 

concentrations on disorder incidence, ME305 milk, 21-d PR, and PRFS are reported in 

Table 4.9. Primiparous and multiparous cows were separated for the ME305 model due 

to dissimilar results. The herd-alarm level for disorder (DA, CK, or both) was defined 

as ≥15% of sampled multiparous or primiparous cows with a postpartum NEFA 

concentration of ≥0.59 mmol/L. Herds above this herd-alarm level had a 5.8 and 4.2-

percentage unit increase in disorder incidence for multiparous and primiparous cows, 

respectively (P = 0.04 and P = 0.02, respectively). We did not identify a herd-alarm 

level associated with ME305 milk for primiparous cows; however, the ME305 milk 

herd-alarm level for multiparous cows was defined as ≥30% of sampled multiparous 

cows with a postpartum NEFA concentration of ≥0.48 mmol/L. Multiparous cows in 

herds above this herd-alarm level had on average a 789 kg decrease in ME305 milk (P 

= 0.01). We did not identify a herd-alarm level associated with PR or PRFS for 

primiparous cows; however, the herd-alarm level for 21-d PR and PRFS was defined as 

≥10% and ≥20% of sampled multiparous cows with a postpartum NEFA concentration 

of ≥0.48 mmol/L, respectively. Herds above these herd-alarm levels had a 6.8-

percentage unit decrease in 21-d PR (P = 0.05) and a 6.3-percentage unit increase in 

PRFS (P = 0.07) for multiparous cows. The disorder incidence and PRFS models had 
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herd size with P ≤ 0.10 such that an additional 100 milking cows resulted in a 0.3 and 

0.7-percentage unit increase in disorder incidence and PRFS, respectively. 

 Postpartum β-hydroxybutyrate. The herd-level associations of increased BHB 

concentrations on disorder incidence, ME305 milk, 21-d PR, CR, and PRFS are reported 

in Table 4.10. Primiparous and multiparous cows were combined in the disorder, 21-d 

PR, CR, and PRFS but were separated for the ME305 models due to dissimilar results. 

The herd-alarm level for disorders (DA, CK, or both) was defined as ≥15% of sampled 

cows with a BHB concentration of ≥1.2 mmol/L. Herds above this herd-alarm level had 

an 8.5 percentage unit increase in disorder incidence (P < 0.001). The herd-alarm level 

associated with ME305 milk was separated by parity and defined as ≥20% of sampled 

primiparous cows with a BHB concentration of ≥0.9 mmol/L and ≥10% of sampled 

multiparous cows with a BHB concentration of ≥1.2 mmol/L. Primiparous and 

multiparous cows in herds above these herd-alarm levels had a 332 kg (P = 0.04) and 

229 kg (P = 0.09) increase in ME305 milk, respectively. The herd-alarm level for 21-d 

PR was defined as ≥15% of sampled cows with a BHB concentration of ≥0.9 mmol/L 

and the herd-alarm level for CR and PRFS was defined as ≥10% of sampled cows with 

a BHB concentration of ≥1.1 mmol/L. Herds above these herd-alarm levels had a 3.2-

percentage unit decrease in 21-d PR (P = 0.05), a 5.2-percentage unit decrease in CR (P 

= 0.009), and 7.0-percentage unit decrease in PRFS (P = 0.03).  

 Postpartum Haptoglobin. The herd-level associations of increased Hp 

concentrations on disorder incidence are reported in Table 4.11. There was not a herd-

alarm level associated with ME305 milk, 21-d PR, CR, or PRFS. The herd-alarm level 

for disorders (DA, CK, or both) was defined as ≥20% of sampled cows with a Hp 
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concentration of ≥0.45 g/L. Herds above this herd-alarm level had an 5.3-percentage 

unit increase in disorder incidence (P = 0.05).  

 Prevalence. We determined the prevalence of herds above the biomarker herd-

alarm levels for the 72 farms included in this study: 71% of herds had ≥30% of sampled 

multiparous cows with a prepartum NEFA concentration ≥0.17 mmol/L; 61% of herds 

had ≥15% of sampled cows with a postpartum NEFA concentration ≥0.59 mmol/L; 46% 

of herds had ≥15% of sampled cows with a BHB concentration ≥1.2 mmol/L; and 93% 

of herds had ≥20% of sampled cows with a Hp concentration ≥0.45 g/L (Figure 4.2).  
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Table 4.1. Postpartum incidence of negative health events and the proportion of primiparous and multiparous cows included in each 
model for evaluating the association between different biomarkers and negative health events for a prospective cohort study involving 
72 farms across the Northeastern US. Cows diagnosed with the negative health event of interest prior to the postpartum blood sample 
collection were removed from the postpartum biomarker models. Herds that did not have accurate records for the negative health 
event of interest were removed from the analysis 
 

 Prepartum NEFA  Postpartum NEFA and BHB  Haptoglobin 

Outcome1 

n cows 
(% primiparous; 
% multiparous) 

Disorder 
Incidence 

 n cows 
(%primiparous; 
% multiparous) 

Disorder 
Incidence 

 n cows 
(%primiparous; 
% multiparous) 

Disorder 
Incidence 

DA 1468 (32%; 68%) 2.3%  1461 (32%; 68%) 1.4%  981 (30%; 70%) 1.9% 
CK 1444 (32%; 68%) 7.1%  1398 (33%; 67%) 3.7%  944 (31%; 69%) 4.7% 
MET2 1369 (32%; 68%) 12.4%  1290 (31%; 69%) 1.9%  865 (29%; 71%) 2.4% 
CULL 1468 (32%; 68%) 2.5%  1473 (32%; 68%) 2.5%  988 (30%; 70%) 3.2% 
DA, CK, MET2, or 
any combination 

1345 (32%; 68%) 18.1%  1219 (32%; 68%) 5.7%  824 (30%; 70%) 7.0% 

1DA = displaced abomasum, CK = clinical ketosis, MET = metritis, and CULL = culling within 30 DIM. 
2In the prepartum NEFA model, retained placenta was assessed concurrently with MET. 
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Table 4.2. Receiver operator characteristic (ROC) curve determination of critical thresholds for biomarkers associated with transition 
cow negative health events for a prospective cohort study involving 72 farms across the Northeastern US. The ROC analysis was 
performed if the biomarker (P < 0.05) remained in the logistic regression model with the negative health event as the outcome after 
manual backwards stepwise elimination. To account for herd as a random effect in the ROC analysis, a generalized linear regression 
model was used to obtain predicted probabilities which were used for the ROC analysis. The population incidence reported are the 
raw values.  

  Population incidence, n (%)         
Negative health 
event1 

Critical 
threshold2 

Below 
threshold 

At or above 
threshold Se3 Sp4 PPV5 NPV6 AUC7 AUC CI8 LR+9 P-value 

Prepartum NEFA10 
models 

           

CULL 0.17  14/739 (1.9%) 23/729 (3.2%) 92 72 0.08 1.00 0.86 0.83 to 0.90 3.3 <0.001 
Postpartum NEFA 
models 

           

 MET 0.48 7/787 (0.9%) 17/503 (3.4%) 96 80 0.09 1.00 0.92 0.89 to 0.95 4.9 0.006 
 DA 0.59  4/1101 (0.4%) 17/360 (4.7%) 95 85 0.09 1.00 0.93 0.90 to 0.97 6.4 <0.001 
 CK – multiparous 0.48  11/531 (2.1%) 33/408 (8.1%) 93 75 0.15 1.00 0.90 0.87 to 0.94 3.7 <0.001 
 CK – primiparous 0.46  1/314 (0.3%) 7/145 (4.8%) 100 92 0.18 1.00 0.98 0.96 to 1.0 12 <0.001 
 Any 3 0.46  19/722 (2.6%) 50/497 (10.1%) 84 74 0.16 0.99 0.87 0.83 to 0.90 3.3 <0.001 
Postpartum BHB 
models 

           

 DA 1.2  7/1226 (0.6%) 14/235 (6.0%) 90 82 0.07 1.00 0.92 0.88 to 0.96 5.1 <0.001 
 CK 1.1  13/1137 (1.1%) 39/261 (14.9%) 87 86 0.19 0.99 0.93 0.91 to 0.96 6.0 <0.001 
 Any 3 0.9  25/869 (2.9%) 44/350 (12.6%) 91 70 0.15 0.99 0.88 0.85 to 0.92 3.1 <0.001 
Postpartum Hp11 
models 

           

 MET 0.96 7/647 (1.1%) 14/218 (6.4%) 90 88 0.16 1.00 0.95 0.92 to 0.98 7.7 <0.001 
 CULL 0.45  7/550 (1.3%) 25/438 (5.7%) 97 58 0.07 1.00 0.83 0.78 to 0.88 2.3 <0.001 

1CULL = culling within 30 DIM; MET = metritis; DA = displaced abomasum; CK = clinical ketosis; Any 3 = 1 or more of the 
disorders (DA, CK, MET).  
2Critical threshold is the point on the receiver operating characteristic curve with the highest combined sensitivity and specificity (i.e. 
Youden’s index). Units of measure for NEFA and BHB are mmol/L and for Hp is g/L.  
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Table 4.2. Footnotes continued 
3Se = sensitivity. 
4Sp = specificity. 
5PPV = positive predictive value. 
6NPV = negative predictive value. 
7AUC = area under the curve. 
8AUC CI = area under the curve 95% confidence interval. 
9LR+ = likelihood ratio positive. Calculated by Se/(100-Sp). 
10NEFA = nonesterified fatty acids. 
11Hp = haptoglobin 
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Table 4.3. Risk ratios (RR) of negative health events for biomarkers categorized based 
on the critical thresholds established by the receiver operator characteristic analysis and 
other covariates for a prospective cohort study involving 72 farms across the 
Northeastern US 
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Negative health event1 and 
variable 

Comparison Estimate SE P-value RR 95% CI2 

Prepartum NEFA3 models       
 CULL       

NEFA ≥ 0.17 vs. < 0.17 mmol/L 0.83 0.36 0.02 2.3 1.1 to 4.6 
LS4 ≥ 3 vs. < 3 0.71 0.34 0.04 2.0 1.0 to 4.0 
BCS change5 < 0 vs. ≥ 0 0.92 0.40 0.02 2.5 1.1 to 5.5 

Postpartum NEFA models       
 MET       
 NEFA ≥ 0.48 vs. < 0.48 mmol/L 1.07 0.44 0.02 2.9 1.2 to 7 
 DA       
 NEFA ≥ 0.59 vs. < 0.59 mmol/L 2.35 0.76 0.002 11 2.4 to 47 
 Parity Multiparous vs. primiparous 1.16 0.57 0.04 3.2 1.0 to 10 
 CK       
 NEFA Elevated vs. not elevated6  1.50 0.42 <0.001 4.5 2.0 to 10 
 Parity Multiparous vs. primiparous 0.82 0.33 0.01 2.3 1.2 to 4.3 
 Season Warm vs. cool 1.14 0.44 0.009 3.1 1.3 to 7.3 
 Any 3       
 NEFA  ≥ 0.46 vs. < 0.46 mmol/L 1.16 0.34 <0.001 3.2 1.6 to 6.2 
 BCS change7 < -0.25 vs. ≥ -0.25 0.43 0.21 0.05 1.5 1.0 to 2.3 
 Season Warm vs. cool 0.89 0.33 0.008 2.4 1.3 to 4.7 
Postpartum BHB models       
 DA       
 BHB ≥ 1.2 vs. < 1.2 mmol/L 2.38 0.82 0.004 11 2.2 to 54 
 CK       
 BHB ≥ 1.1 vs. < 1.1 mmol/L 2.31 0.62 <0.001 10 3.0 to 34 
 Parity Multiparous vs. primiparous 0.65 0.32 0.04 1.9 1.0 to 3.6 
 Any 3       
 BHB ≥ 0.9 vs. < 0.9 mmol/L 1.33 0.35 <0.001 3.8 1.9 to 8 
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Table. 4.3. Continued 
Postpartum Hp8 models       
 MET       
 Hp ≥ 0.96 vs. < 0.96 g/L 1.55 0.52 0.003 4.7 1.7 to 13 
 CULL       
 Hp ≥ 0.45 vs. < 0.45 g/L 1.43 0.44 0.001 4.2 1.8 to 10 
 LS ≥ 3 vs. < 3 1.26 0.36 <0.001 3.5 1.7 to 7.1 

1MET = metritis; DA = displaced abomasum; CK = clinical ketosis; CULL = culled within 30 DIM; Any 3 = 1 or more of the 
disorders (MET, DA, CK). 
2Confidence interval for the risk ratio. 
3NEFA = nonesterified fatty acids. 
4LS = Locomotion score. 
5BCS change = change in BCS from the far-off to close-up period visits.   
6Threshold used for primiparous cows was 0.46 mmol/L and multiparous cows was 0.48 mmol/L. 
7BCS change = change in BCS from the close-up to fresh period visits.   
8Hp = haptoglobin
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Table 4.4. Cow-level differences in least squares means of 305-d mature equivalent 
milk production at approximately 120 DIM (ME305) for the main effect of prepartum 
nonesterified fatty acids (NEFA), postpartum NEFA, BHB, or haptoglobin (Hp) and 
associated covariates for a prospective cohort study involving 72 farms across the 
Northeastern US 
Variable Difference in ME305, kg SE P-value 
Prepartum NEFA model for 
multiparous cows1 

   

NEFA -479 162 <0.001 
LS2 -474 161 <0.001 
BCS3 -268 169 0.05 

Postpartum NEFA model4    
 NEFA 83 161 0.49 
 LS -303 155 0.006 
 Parity5 -71 163 0.54 
 NEFA × Parity   0.002 
 Primiparous6 446 208 0.02 
 Multiparous6 -280 161 0.03 
BHB model for primiparous 
cows7 

   

 BHB 552 275 0.04 
Hp model8    
 Hp -492 165 <0.001 

1Prepartum NEFA dichotomized into ≥ 0.17 versus < 0.17 mmol/L (n = 878). 
2Locomotion score (LS) was dichotomized into lame (LS ≥ 3) versus not lame (LS < 3). 
3Body condition score at corresponding blood sampling visit dichotomized as ≥ 3.5 vs. 
< 3.5.  
4Postpartum NEFA dichotomized into ≥ 0.46 versus < 0.46 mmol/L (n = 1305). 
5Parity was dichotomized into multiparous versus primiparous cows. 
6F-test P-value reported. 
7BHB dichotomized into ≥ 0.9 versus < 0.9 mmol/L (n = 435). 
8Hp dichotomized into ≥ 0.45 versus < 0.45 g/L (n = 868). 
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Table 4.5. Cow-level differences in least squares means and SE of 305-d mature 
equivalent milk production at approximately 120 DIM (ME305) for multiparous cows, 
0 to 21 DIM, at or above the threshold versus below the threshold for a range of 
postpartum BHB concentrations (n = 870) for cows enrolled in a prospective cohort 
study involving 72 farms across the Northeastern US 
BHB threshold, 
mmol/L 

Proportion of cows at or 
above threshold (%) 

Difference in 
ME305, kg SE P-value 

0.7 506/870 (58.2%) 363 132 0.006 
0.8 402/870 (46.2%) 280 131 0.03 
0.9 300/870 (34.5%) 164 138 0.24 
1.0 225/870 (25.9%) 106 149 0.48 
1.1 195/870 (22.4%) 129 157 0.41 
1.2 152/870 (17.5%) -2 172 0.99 
1.3 126/870 (14.5%) -274 184 0.14 
1.4 112/870 (12.9%) -308 192 0.11 
1.5 102/870 (11.7%) -376 196 0.06 
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Table 4.6. Hazard ratios (HR) from the Cox proportional hazards model for the main 
effect of postpartum nonesterified fatty acids (NEFA), BHB, or haptoglobin (Hp) and 
covariates on days to conception as identified by pregnancy within 150 DIM for a 
prospective cohort study involving 72 farms across the Northeastern US 
Variable Estimate SE P-value HR 95% CI1 
NEFA model for 
multiparous cows2  

     

NEFA -0.22 0.09 0.02 0.80 0.67 to 0.97 
ME3053 0.12 0.09 0.16 1.13 0.95 to 1.34 
BCS4 0.16 0.10 0.09 1.17 0.97 to 1.42 

BHB model5      
 BHB -0.22 0.10 0.02 0.80 0.66 to 0.97 
 ME305 0.20 0.07 0.004 1.22 1.07 to 1.40 
 BCS 0.14 0.07 0.06 1.15 0.99 to 1.33 
 Parity6 -0.22 0.07 0.002 0.80 0.69 to 0.92 
Hp model7       
 Hp -0.33 0.09 <0.001 0.72 0.61 to 0.86 
 ME305 0.23 0.09 0.007 1.26 1.06 to 1.49 
 BCS 0.19 0.09 0.03 1.21 1.02 to 1.44 
 Parity -0.24 0.09 0.008 0.79 0.66 to 0.94 

1Confidence interval for the hazard ratio. 
2NEFA dichotomized into ≥ 0.46 versus < 0.46 mmol/L (n = 849). 
3Mature equivalent 305-d milk yield at 120 DIM (ME305) was dichotomized into ≥ 
versus < the median ME305 of the sampled cows within herd. 
4BCS was dichotomized into > 3.0 versus ≤ 3.0. 
5BHB dichotomized into ≥ 1.1 versus < 1.1 mmol/L (n = 1271). 
6Parity was dichotomized into multiparous versus primiparous cows. 
7Hp dichotomized into ≥ 0.45 versus < 0.45 g/L (n = 840). 
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Table 4.7. Risk ratios (RR) of pregnancy to first service for the main effect of 
haptoglobin (Hp) and covariates for a prospective cohort study involving 72 farms 
across the Northeastern US 
Variable Estimate SE P-value RR 95% CI1 
Hp2 -0.21 0.09 0.03 0.81 0.68 to 0.98 
ME3053 0.17 0.09 0.07 1.19 0.99 to 1.42 
Season4 -0.25 0.10 0.02 0.78 0.64 to 0.95 
Parity5 -0.16 0.08 0.07 0.85 0.72 to 1.00 

1Confidence interval for the risk ratio. 
2Hp dichotomized into ≥ 0.45 versus < 0.45 g/L (n = 833). 
3Mature equivalent 305-d milk yield at 120 DIM (ME305) was dichotomized into ≥ 
versus < the median ME305 of the sampled cows within herd.  
4Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
5Parity was dichotomized into multiparous versus primiparous cows. 
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Table 4.8. Herd-level associations of increased prepartum nonesterified fatty acids 
(NEFA) concentrations on disorder incidence (DI; displaced abomasum, clinical 
ketosis, or both), 21-d pregnancy rate (PR), and risk of conceiving as identified by 
pregnancy (CR) for a prospective cohort study involving 72 farms across the 
Northeastern US 
Association and variable Change SE P-value 
 In DI, %   
Association with DI in multiparous cows1    
 Herd-alarm level 6.0 3.0 0.05 
 Herd size2 0.2 0.3 0.44 
 In PR, %   
Association with herd PR in multiparous cows3    
 Herd-alarm level -6.0 2.2 0.009 
 Herd size 0.2 0.1 0.21 
Association with herd PR in primiparous cows4    
 Herd-alarm level 3.9 2.3 0.09 
 Herd size 0.1 0.2 0.42 
 In CR, %   
Association with herd CR in primiparous cows5    
 Herd-alarm level 5.8 2.8 0.04 
 Herd size 0.0 0.2 0.83 

1The association with disorder incidence if ≥30% of multiparous cows sampled had a 
prepartum NEFA concentration ≥0.17 mmol/L (n = 71). 
2A 1-unit change in herd size is equivalent to 100 cows. 
3The association with herd PR for multiparous cows if ≥15% of multiparous cows 
sampled had a prepartum NEFA concentration ≥0.17 mmol/L (n = 66). Herd PR was 
measured as the average of the two 21-d periods after the herd voluntary waiting period 
for the multiparous cows that calved during the same time frame as the multiparous 
cows observed.  
4The association with herd PR for primiparous cows if ≥40% of primiparous cows 
sampled had a prepartum NEFA concentration ≥0.17 mmol/L (n = 66). Herd PR was 
measured as the average of the two 21-d periods after the herd voluntary waiting period 
for the primiparous cows that calved during the same time frame as the primiparous 
cows observed. 
5The association with herd CR for primiparous cows if ≥40% of primiparous cows 
sampled had a prepartum NEFA concentration ≥0.17 mmol/L (n = 66). The herd CR 
was determined by averaging the CR for the first 2 estrus cycles after the herd VWP for 
the group of primiparous cows that calved within the same calving date range as the 
primiparous cows observed. 
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Table 4.9. Herd-level associations of increased postpartum nonesterified fatty acids 
(NEFA) concentrations on disorder incidence (DI; displaced abomasum, clinical 
ketosis, or both), mature equivalent 305-d milk production at 120 DIM (ME305), 21-d 
pregnancy rate (PR), and pregnancy risk at first service (PRFS) for a prospective cohort 
study involving 72 farms across the Northeastern US 
Association and variable Change SE P-value 
 In DI, %   
Association with DI in multiparous cows1    
 Herd-alarm level 5.8 2.8 0.04 
 Herd size2 0.3 0.3 0.30 
Association with DI in primiparous cows3    
 Herd-alarm level 4.2 1.8 0.02 
 Herd size 0.3 0.2 0.08 
 In ME305, 

kg 
  

Association with average ME305 milk in 
multiparous cows4 

   

 Herd-alarm level -789 311 0.01 
 Herd size 22 26 0.39 
 In PR, %   
Association with herd PR for multiparous 
cows5 

   

 Herd-alarm level -6.8 3.5 0.05 
 Herd size 0.2 0.1 0.25 
 In PRFS, %   
Association with PRFS for multiparous cows6    
 Herd-alarm level 6.3 3.4 0.07 
 Herd size 0.7 0.3 0.02 

1The association with disorder incidence if ≥15% of multiparous cows sampled had a 
postpartum NEFA concentration ≥0.59 mmol/L (n = 71). 
2A 1-unit change in herd size is equivalent to 100 cows. 
3The association with disorder incidence if ≥15% of primiparous cows sampled had a 
postpartum NEFA concentration ≥0.59 mmol/L (n = 69). 
4The association with average ME305 milk in multiparous cows if ≥30% of multiparous 
cows sampled had a postpartum NEFA concentration ≥0.48 mmol/L (n = 70). 
5The association with herd PR if ≥10% of multiparous cows sampled had a postpartum 
NEFA concentration ≥0.48 mmol/L (n = 68). Herd PR was measured as the average of 
the two 21-d periods after the herd voluntary waiting period for the multiparous cows 
that calved during the same time frame as the cows observed. 
6The association with PRFS if ≥25% of multiparous cows sampled had a postpartum 
NEFA concentration ≥0.48 mmol/L (n = 68). 
  



 

192 

Table 4.10. Herd-level associations of increased BHB concentrations on disorder 
incidence (DI; displaced abomasum, clinical ketosis, or both), mature equivalent 305-d 
milk production at 120 DIM (ME305), 21-d pregnancy rate (PR), risk of conceiving as 
identified by pregnancy (CR), and pregnancy risk at first service (PRFS) for a 
prospective cohort study involving 72 farms across the Northeastern US 
Association and variable Change SE P-value 
 In DI, %   
Association with DI1    
 Herd-alarm level 8.5 2.0 <0.001 
 Herd size2 0.3 0.2 0.11 
 In ME305, kg   
Association with average ME305 milk 
in primiparous cows3 

   

 Herd-alarm level 332 158 0.04 
 Herd size2 -1 14 0.93 
Association with average ME305 milk 
in multiparous cows4 

   

 Herd-alarm level 229 133 0.09 
 Herd size2 7 12 0.57 
 In PR, %   
Association with herd PR5    
 Herd-alarm level -3.2 1.6 0.05 
 Herd size2 0.2 0.1 0.18 
 In CR, %   
Association with herd CR6    
 Herd-alarm level -5.2 1.9 0.009 
 Herd size2 0.0 0.2 0.97 
 In PRFS, %   
Association with PRFS7    
 Herd-alarm level -7.0 3.2 0.03 
 Herd size2 0.5 0.3 0.08 

1The association with disorder incidence if ≥15% of cows sampled had a BHB 
concentration ≥1.2 mmol/L (n = 71). 
2A 1-unit change in herd size is equivalent to 100 cows. 
3The association with average ME305 milk in primiparous cows if ≥20% of primiparous 
cows sampled had a BHB concentration ≥0.9 mmol/L (n =69). 
4The association with average ME305 milk in multiparous cows if ≥10% of primiparous 
cows cows sampled had a BHB concentration ≥1.2 mmol/L (n = 70). 
5The association with herd PR if ≥15% of cows sampled had a BHB concentration ≥0.9 
mmol/L (n = 68). Herd PR was measured as the average of the two 21-d periods after 
the herd voluntary waiting period for the cows that calved during the same time frame 
as the cows observed. 
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Table. 4.10. Footnotes continued. 
6The association with herd CR if ≥10% of cows sampled had BHB concentration ≥1.1 
mmol/L (n = 68). The herd CR was determined by averaging the CR for the first 2 estrus 
cycles after the herd VWP for the group of cows that calved within the same calving 
date range as the cows observed.  
7The association with PRFS if ≥10% of cows sampled had a BHB concentration ≥1.1 
mmol/L (n = 66). 
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Table 4.11. Herd-level associations of increased haptoglobin (Hp) concentrations on 
disorder incidence (DI; displaced abomasum, clinical ketosis, or both) for a prospective 
cohort study involving 72 farms across the Northeastern US 
Association and variable Change SE P-value 
 In DI, %   
Association with DI1    
 Herd-alarm level 5.3 2.6 0.05 
 Herd size2 0.2 0.2 0.44 

1The association with disorder incidence if ≥20% of cows sampled had a Hp 
concentration ≥0.45 g/L (n = 71). 
2A 1-unit change in herd size is equivalent to 100 cows. 
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Figure 4.1. Kaplan-Meier estimator graphs for time to conception as identified by 
pregnancy for cows with A) nonesterified fatty acid (NEFA) concentrations ≥0.46 
mmol/L or <0.46 mmol/L for multiparous cows (Log-rank P = 0.15), B) BHB 
concentrations ≥1.1 mmol/L or <1.1 mmol/L (Log-rank P = 0.02), and C) haptoglobin 
(Hp) concentrations ≥0.45 g/L or <0.45 g/L (Log-rank P < 0.001), for a prospective 
cohort study involving 72 farms across the Northeastern US
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Figure 4.2. The prevalence of herds in which at least A) 30% of sampled multiparous 
cows had a prepartum nonesterified fatty acids (NEFA) concentration ≥0.17 mmol/L, 
B) 15% of sampled cows had a postpartum NEFA concentration ≥0.59 mmol/L, C) 15% 
of sampled cows had a postpartum BHB concentration ≥1.2 mmol/L, and D) at least 
20% of sampled cows had a postpartum haptoglobin concentration ≥0.45 g/L, for a 
prospective cohort study involving 72 farms across the Northeastern US 
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Figure 4.2. Continued. 
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DISCUSSION 

This study investigated critical thresholds for prepartum NEFA and postpartum 

NEFA, BHB, and Hp and their association with negative health events, milk production, 

and reproductive performance at the cow- and herd-level for herds in the Northeastern 

US. Although previous studies have identified thresholds for prepartum NEFA, 

postpartum NEFA and BHB, this study adds to the body of literature, particularly for 

the Northeastern US. This is the first large, epidemiological study to identify Hp 

thresholds.  

Cow-level Biomarker Thresholds and Disorder Association 

We determined that there was an association between elevated prepartum and 

postpartum NEFA and postpartum BHB with negative health events at the cow-level. 

We found that elevated prepartum NEFA was only associated with a higher risk of being 

culled within 30 DIM. This agrees with Roberts et al. (2012) who reported that cows in 

wk -1 relative to parturition with a prepartum NEFA concentration ≥0.4 mmol/L were 

at greater odds of being culled within 60 DIM. Our study had a higher Se and Sp and 

lower threshold identified compared to Roberts et al. (2012). This difference may be 

explained by the use of different analytical assays, sample population, or difference in 

statistical analysis. To our knowledge, this is the first study to account for herd as a 

random effect when identifying thresholds in the ROC analysis. Despite not finding 

evidence of an association between prepartum NEFA and other disorders, other studies 

have reported an association between elevated prepartum NEFA (range ≥0.27 to ≥0.6 

mmol/L) and negative health events such as RP, MET, DA, and CK (Dubuc et al., 2010; 

Ospina et al., 2010c; Chapinal et al., 2011). It is important to note that transition cow 
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disorders are often interrelated; Curtis et al. (1985) observed an increased risk of ketosis 

when the cow was previously diagnosed with RP, left DA, and parturient paresis. 

We identified a very narrow range of postpartum NEFA concentration 

thresholds associated with MET, DA, CK, and 1 or more of the disorders (0.46 to 0.59 

mmol/L) compared to Ospina et al. (2010c; 0.36 to 0.72 mmol/L). We identified lower 

thresholds for postpartum NEFA for the risk of being diagnosed with DA, CK, and 1 or 

more of the disorders and reported a higher Se, Sp, and AUC compared to Ospina et al. 

(2010c); however, Ospina et al. (2010c) reported a low threshold for MET with a similar 

Se and much lower Sp than our study. Chapinal et al. (2011) identified a higher threshold 

and lower Se and Sp for postpartum NEFA concentrations associated with DA 

compared to our study; however, the authors did not identify an association between 

postpartum NEFA and MET. Dubuc et al. (2010) identified a higher threshold and lower 

Se and Sp for postpartum NEFA concentrations during the first and second wk of 

lactation that was associated with MET compared to our study. Although we did not 

identify a postpartum NEFA concentration threshold associated with CULL, Roberts et 

al. (2012) reported that cows in the first 2 wk of lactation with postpartum NEFA 

concentrations ≥0.8 mmol/L were at greater odds of being culled within 60 DIM.  

Ospina et al. (2010c) reported a similar range of thresholds (7 to 10 mg/dL) for 

BHB compared to our study. Unlike Ospina et al. (2010c) and Dubuc et al (2010), we 

did not identify an association between BHB concentrations and MET; however, we 

reported slightly higher thresholds, Se, Sp, and AUC for the association of BHB with 

DA and CK than Ospina et al (2010c). We also reported a slightly lower threshold, 

higher Se, lower Sp, and higher AUC for the association of BHB concentration with 1 
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or more of the disorders. Similar to Chapinal et al. (2011), we did not identify an 

association between BHB and MET; however, we did identify a higher threshold, Se, 

and Sp for the association between BHB and DA. 

Our study differs from Ospina et al. (2010c) as we did not sample only 

apparently healthy cows but followed a cohort from the prepartum to the postpartum 

periods, and therefore cows were included in the study regardless of their health status 

at the time of sampling. Therefore, our results are likely to better reflect the true 

incidence of disorders in the sampled population and prevalence of elevated biomarkers. 

However, the disorder incidence we reported for the prepartum NEFA model was very 

similar to Ospina et al. (2010c) and we had lower disorder incidence for our postpartum 

biomarker models. This is due to the sampling scheme of this study, which resulted in 

sampling cows further away from parturition (median DIM = 10) and removing cows 

already diagnosed with the negative health event from the analysis.  

We found there was an association between elevated Hp concentrations with 

negative health events at the cow-level. We determined that cows with elevated Hp 

were more likely to be culled within 30 DIM and diagnosed with MET. Our study is 

unique in that it is the first study to our knowledge to evaluate the association between 

culling and Hp. Previous research has observed an association between Hp and MET 

(Huzzey et al., 2009; Dubuc et al., 2010; Pohl et al., 2015). For the association 

between Hp and MET, we observed a very similar threshold and Sp with a higher Se 

compared to Huzzey et al. (2009); Huzzey et al (2009) reported a threshold of 1.0 g/L. 

Compared to other studies (Humblet et al., 2006; Burfeind et al., 2014), we observed 

greater combined sensitivity and specificity using a Hp threshold of ≥0.96 g/L 
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associated with MET. This may be due to the higher threshold identified compared to 

previous studies reporting Hp thresholds (Humblet et al., 2006), our sample being 

more representative of the population, or herds diagnosing clinical metritis versus 

acute puerperal metritis diagnosed by vaginal palpation. It is important to note that 

Humblet et al. (2006) used a predetermined Hp threshold based on previous studies 

(0.15 g/L). Burfeind et al., (2014) identified 3 thresholds, 0.93, 1.39, 0.77 g/L, at 2, 5, 

and 10 DIM, respectively. Skinner et al. (1991) observed higher mean Hp 

concentrations in cows diagnosed with acute severe MET and RP but did not observe 

higher mean Hp concentrations in cows diagnosed with CK compared to healthy cows. 

We also did not observe a direct association between Hp and CK; however, we cannot 

disregard the possible association between Hp and excessive fatty acid mobilization. It 

has been proposed that cows with fatty liver would have elevated Hp due to stimulated 

liver parenchymal cells from excessive lipid accumulation (Katoh, 2002). In addition, 

an increase in NEFA can cause stress on the endoplasmic reticulum in the hepatocytes, 

stimulating an inflammatory response as a result of increased reactive oxygen species; 

however, an inflammatory response will depend on the antioxidant status of the cow 

(Sordillo et al., 2009; Bradford et al., 2015; Ringseis et al., 2015). An inflammatory 

response has been associated with anorexic effects (Kushibiki et al., 2003) and 

depressed intakes around parturition have been observed in cows with increased Hp 

concentrations (Trevisi et al., 2002). It has been proposed by Horst et al. (2021) that 

decreased DMI, increased NEFA concentrations, and hyperketonemia may be a result 

of immune activation. Observing the association between elevated Hp with elevated 



 

204 

NEFA or BHB was not one of the objectives of this study but warrants further 

investigation.  

Haptoglobin is part of the acute phase response, which may be activated from 

the act of parturition (Uchida et al., 1993). Therefore, it is difficult to distinguish 

whether elevated Hp in the immediate postpartum period is a result of the acute phase 

response due to parturition or if it is a result of inflammation from an infection or 

disease. Humblet et al. (2006) proposed that it may be difficult to distinguish between 

parturition and disease as the root cause of elevated Hp due to inter-individual variability 

in the acute phase response at parturition. Humblet et al. (2006) observed elevated Hp 

concentrations in the first week postpartum in clinically healthy and diseased cows but 

reported Hp concentrations in the first week after parturition were higher in diseased 

cows than healthy cows. Skinner et al. (1991) did not observe an increase in Hp in cows 

with normal calving, indicating that an increase in Hp was a result of infection and not 

from calving trauma. Our study only evaluated the association between health events of 

interest with Hp, and therefore we did not evaluate cow-level factors that may be 

associated with elevated Hp; however, our models initially included calving difficulty 

as a covariate but the variable was removed since P > 0.05. The association between 

cow-level factors and elevated Hp should be investigated in the future.   

A lot of variation exists when reviewing thresholds identified in this study and 

the others studies discussed. This may be due to differences in study population, sample 

size, variation in the identification of disorders, or the statistical analysis approach.  
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Cow-Level Associations with Milk Production and Reproduction  

We found an association between multiparous cows with elevated prepartum 

and postpartum NEFA concentrations and cows with elevated postpartum Hp 

concentrations with decreased subsequent milk yield; however, we observed an 

association between primiparous cows with elevated postpartum NEFA and BHB 

concentrations with increased subsequent milk yield. Ospina et al. (2010b) and Huzzey 

et al. (2015), did not observe a parity effect on milk production for prepartum NEFA. 

Ospina et al. (2010b) reported a 683 kg decrease in ME305 milk for cows with a 

prepartum NEFA concentration ≥0.33 mmol/L. Huzzey et al. (2015) reported a 1,465 

kg decrease in ME305 at the 3rd DHI test day, which occurred at 102 ± 17 DIM, for 

every 1 mmol/L increase in prepartum NEFA concentration during wk -2 relative to 

parturition. Huzzey et al. (2015) did not observe an association between prepartum 

NEFA and ME305 milk during wk -1 relative to parturition. Similar to our results, 

Chapinal et al. (2012a) observed a parity effect for prepartum NEFA such that only 

multiparous cows had a decrease in milk yield (-1.6 kg milk/d across the first 4 DHIA 

test days) if prepartum NEFA (-1 wk relative to parturition) concentrations were ≥0.5 

mmol/L. Ospina et al. (2010b) and Huzzey et al. (2015) reported a 647 kg and 529 kg 

decrease in milk yield for multiparous cows with elevated postpartum NEFA, 

respectively. Chapinal et al. (2012a) reported a 1.8 kg of milk/d decrease at the first 

DHIA test for multiparous cows with elevated postpartum NEFA at 1 wk postpartum 

(≥0.7 mmol/L). Chapinal et al. (2012a) did not observe an association between 

postpartum NEFA and milk yield for primiparous cows. Two studies have also observed 

increased milk yield for primiparous cows with elevated postpartum NEFA and BHB 
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(Ospina et al., 2010b; Huzzey et al., 2015). This further suggests that primiparous cows 

may utilize homeorhetic mechanisms more readily than cows for mobilizing nutrient 

resources to meet milk production demands while balancing for maintenance and 

growth (Bauman and Currie, 1980). There is a clear linear relationship between ME305 

and BHB concentrations for multiparous cows (x-intercept would be approximately 1.2 

mmol/L), as demonstrated in Table 4.5. By dichotomizing BHB, we are able to observe 

a positive effect on milk production with lower BHB concentrations and detrimental 

effects on milk production with higher BHB concentrations. This observed relationship 

would support the hypothesis that moderate increases in BHB may be beneficial and a 

necessary physiological response for supporting the energy demands of milk production 

but may be detrimental when in excess. For this reason, the statistical approach of 

dichotomizing BHB is more applicable at the farm level. Analyzing BHB as a 

continuous variable would result in a negative relationship between BHB and ME305 

(as demonstrated in Table 4.5), resulting in the conclusion that any increase in BHB 

concentration would be detrimental to ME305.  Duffield et al. (2009) and Chapinal et 

al. (2012a) evaluated a series of postpartum BHB thresholds and observed a positive 

association on DHI milk yield at the first test day for cows with BHB ≥0.6 mmol/L 

during wk 1 and 2 of lactation and a positive association on DHIA milk yield over the 

first 4 DHIA tests for cows with BHB ≥0.8 mmol/L during wk 1 and 2 of lactation, 

respectively. Beta-hydroxybutyrate can serve as an energy substrate and as a substrate 

for de novo fatty acid synthesis by the mammary gland (White, 2015), but can also be 

used as an energy source by other tissues, thus sparing glucose for lactose production 

(Herdt, 2000). This sparing effect may explain the increase in milk yield when moderate 
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increases in BHB concentration are observed in this study, by Duffield et al. (2009) and 

by Chapinal et al. (2012a); however, when in excess, BHB can have deleterious effects 

on the health and productivity of the cow (Chapinal et al., 2012a; White, 2015). Our 

results for the Hp analysis are in agreement with 2 other studies (Huzzey et al., 2015; 

Shin er al., 2018). Huzzey et al. (2015) observed a 464 kg decrease in 305-d mature 

equivalent milk at the 3rd test day (~90 DIM) for every 1 g/L increase in Hp during the 

first week of lactation. Shin et al. (2018) also reported a decrease in milk yield at 1 and 

2 mo postpartum for cows with elevated Hp concentrations (>0.1 g/L).  

Multiparous cows with elevated postpartum NEFA and cows with elevated 

postpartum BHB and Hp had a lower hazard of conceiving within 150 DIM and cows 

with elevated Hp were also less likely to conceive to first service. We did not observe 

an association between prepartum NEFA for conceiving within 150 DIM nor did we 

observe an association between prepartum NEFA, postpartum NEFA or BHB 

concentrations on PRFS. Similar to our results, Huzzey et al. (2015) did not observe an 

association between prepartum NEFA concentrations and risk of conception as 

identified by pregnancy by 150 DIM and Chapinal et al. (2012a) reported no evidence 

of prepartum NEFA concentrations being associated with the odds of pregnancy to first 

service. Ospina et al. (2010b) also evaluated the association of elevated postpartum (3 

to 14 DIM) NEFA and BHB concentrations on conception risk as identified by 

pregnancy within 70 d post VWP. They reported cows with postpartum NEFA 

concentration ≥0.72 mmol/L had a 16% decreased risk of conception as identified by 

pregnancy (HR = 0.84; P = 0.05), and cows with postpartum BHB concentration ≥1.0 

mmol/L had a 13% decreased risk of conception as identified by pregnancy (HR = 0.87; 
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P = 0.1). Walsh et al. (2007) reported a lower odds of pregnancy to first service for cows 

with BHB concentration ≥1.0 mmol/L during the first week of lactation (odds ratio = 

0.7; P = 0.04). Huzzey et al. (2015) reported a 26% decreased risk of conception as 

identified by pregnancy by 150 DIM for every 1 mmol/L unit increase in BHB 

concentration [HR (95% CI) = 0.74 (0.56 to 0.98); P = 0.04] for cows 3 to 10 DIM. The 

association between prepartum NEFA, postpartum NEFA and postpartum BHB 

concentrations with reproductive outcomes is not consistent throughout the literature. 

Ospina et al. (2012b) reported a 19% decrease risk of conception as identified by 

pregnancy within 70 d after the VWP for cows with a prepartum NEFA concentration 

≥0.27 mmol/L (HR = 0.81; P = 0.01). Huzzey et al. (2015) did not observe an association 

between postpartum NEFA concentration and conception risk as identified by 

pregnancy by 150 DIM. Likewise, Chapinal et al. (2012a) did not observe an association 

between postpartum NEFA or BHB concentrations on pregnancy to first service. McArt 

et al. (2012) sampled 751 cows across 3 farms and did not observe an association 

between elevated BHB (≥1.2 mmol/L; 3 to 16 DIM) and pregnancy to first service (RR 

= 0.9; P = 0.55) or conception as identified by pregnancy within 150 DIM (HR = 0.9; P 

= 0.40). Our results for the Hp analysis are in agreement with previous studies. 

Nightingale et al. (2015) reported multiparous Holstein cows 2 to 8 DIM with high Hp 

concentrations (≥459 μg/L) had a different survival curve for days to conception as 

identified by pregnancy than cows with moderate (8.4 μg/L≤ Hp ≤ 458 μg/L; P = 0.044) 

or low Hp concentrations (Hp < 8.4 μg/L; P = 0.09). The mean days for 75% of cows 

to conceive was 183 d for high Hp cows compared to 139 d and 123 d for moderate and 

low Hp cows, respectively. Huzzey et al. (2015) reported a 19% decreased risk of 
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conception as identified by pregnancy by 150 DIM for every 1 g/L unit increase in Hp 

concentration [HR (95% CI) = 0.81 (0.70 to 0.97); P = 0.02] for cows 3 to 10 DIM. 

Herd-Alarm Levels 

We identified herd-alarm levels for prepartum NEFA and postpartum NEFA, 

BHB, and Hp associated with changes in disorder incidence, ME305, and reproductive 

performance. Herds above the identified herd-alarm level for all biomarkers had an 

increase in disorder incidence. We also determined that herds above the identified herd-

alarm level for postpartum NEFA produced less ME305 for multiparous cows, while 

herds above the herd-alarm level for BHB produced more ME305 for primiparous and 

multiparous cows. Herds above the herd-alarm level for prepartum NEFA had lower PR 

for multiparous cows, and higher PR and CR for primiparous cows. Herds above the 

herd-alarm level for postpartum NEFA had lower PR but higher PRFS for multiparous 

cows. Herds above the herd-alarm level for BHB had a lower PR, CR, and PRFS, 

compared to herds below the identified herd-alarm level.  

In general, the cow- and herd-level analysis were in agreement with each other 

except for some outcomes of interest. Although we observed prepartum NEFA 

concentrations for multiparous cows, postpartum NEFA concentrations for primiparous 

cows, and Hp concentrations were associated with ME305 at the cow-level, we did not 

identify a herd-alarm level for ME305. Conversely, there was no evidence for prepartum 

NEFA concentration to be associated with reproductive outcomes at the cow-level; 

however, we did identify prepartum NEFA herd-alarm levels for reproductive outcomes 

at the herd-level. In addition, the cow and herd-level analysis for postpartum NEFA had 

slightly differing results for reproductive performance outcomes. At the cow-level, we 
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did not observe an association between postpartum NEFA and PRFS but multiparous 

cows with elevated postpartum NEFA (≥0.46 mmol/L) had a decreased risk of 

conceiving within 150 DIM. Conversely, at the herd-level, herds that had at least 10% 

and 25% of their multiparous cows with a NEFA concentration ≥0.48 mmol/L had a 

6.8-percentage unit decrease in PR and a 6.3-percentage unit increase in PRFS, 

respectively, compared to herds with less than 10% and 25% of their multiparous cows 

with a NEFA concentration ≥0.48 mmol/L, respectively. This difference may be a 

reflection of the short and long-term reproductive outcomes. The 21-d PR and CR 

outcomes assess reproductive success immediately after the VWP while risk of 

conceiving by 150 DIM can be used to assess long-term reproductive success; however, 

the only outcome evaluating only the cows sampled were the PRFS and risk of 

conceiving as diagnosed by pregnancy within 150 DIM outcomes, which may also 

explain the discrepancy between the herd-alarm level differences for postpartum NEFA. 

In addition, there was a wide range in the DIM for the first breeding (range: 35 to 150 

DIM, mean ± standard deviation: 70 ± 12 DIM; Kerwin et al., 2021); therefore, it is 

plausible we may have observed a negative association with PRFS for the prevalence of 

elevated postpartum NEFA concentrations if we eliminated cows that weren’t bred for 

the first time until later in lactation. Pre- and post-ovulatory failure has been associated 

with the severity of negative energy balance during the early lactation period as it 

coincides with follicular development (Roche et al., 2018). Negative energy balance 

during the early lactation period can have a negative impact on reproductive success 

after the VWP as follicles and oocytes will ovulate 50 to 60 d after development (Santos 

and Staples, 2017). When observing the Kaplan-Meier graph for postpartum NEFA 
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concentrations (Figure 1), the lines do not start to diverge until ~120 DIM, indicating 

that there is little difference in the proportion of cows becoming pregnant prior to 120 

DIM. The differences in the cow and herd-level analysis for the biomarkers discussed 

may be due to other herd-level factors, such as nutrition or management, which may 

have a greater effect on milk production and reproductive success.  

There have only been two studies that have identified herd-alarm levels for 

metabolic-related analytes (Ospina et al., 2010a; Chapinal et al., 2012b); however, this 

is the first study to identify herd-alarm levels for a biomarker related to inflammation. 

Ospina et al. (2010a) observed 60 herds for the herd-level analysis and Chapinal et al. 

(2012b) observed 55 herds. We identified a lower threshold but higher proportion for 

the prepartum NEFA herd-alarm level that was associated with disorder incidence 

compared to Ospina et al. (2010a; ≥15% of cows with a prepartum NEFA concentration 

≥0.27 mmol/L). Ospina et al., (2010a) reported that herds above the herd-alarm level 

had a 3.6% increase in disorder incidence (DA, CK, or both), 1.2% decrease in 21-d PR, 

and 282 kg decrease in ME305 milk. The identified prepartum NEFA herd-alarm levels 

by Chapinal et al. (2012b) had a higher prepartum NEFA concentration threshold (≥0.5 

mmol/L) and proportion (≥30% and 50%) compared to our study or Ospina et al. 

(2010a); however, the reported decrease in milk yield and odds of pregnancy to first 

service was only observed for multiparous cows and not primiparous cows. In our study, 

we only observed an association between the prepartum NEFA herd-alarm level with 

disorder incidence, 21-d PR for primiparous and multiparous cows, and CR for 

primiparous cows; however, we observed the opposite association on 21-d PR for 

primiparous cows compared to Ospina et al. (2010a). The differences observed in our 
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study compared to Ospina et al. (2010a), may be due to our study having a lower 

prevalence of elevated NEFA (≥0.27 mmol/L; Kerwin et al., 2021). Similar to Ospina 

et al. (2010a), we identified a lower postpartum NEFA threshold (0.48 mmol/L) that 

was associated with reproductive performance compared to the threshold identified for 

disorder incidence (0.59 mmol/L). As hypothesized by Ospina et al. (2010a), the 

mechanism associated with DA and CK may not be as sensitive to elevated postpartum 

NEFA concentrations as the reproductive system.  

There were other limitations to this study. This study aimed to take blood 

samples from 1/3 primiparous and 2/3 multiparous cows to reflect typical herd 

demographics in the Northeastern US. This study design allowed the results to be 

interpretable at the herd-level for monitoring purposes; however, the herd-alarm level 

analysis was stratified by parity for certain outcomes. This reduced our sample size, 

particularly for the primiparous cow analysis, and therefore decreased our confidence 

that our sample reflects the true herd incidence adequately. Therefore, future studies 

should aim to investigate these metabolites with outcomes of interest with an adequate 

sample size for primiparous cows. It is difficult to develop a test at the cow-level that is 

applicable at the herd-level due to normal biological variation and sample size 

constraints (Oetzel, 2004). In addition, the accuracy of the herd-level test [i.e. whether 

the herd is truly above the herd-alarm level (herd-level Se), or truly not (herd-level Sp)] 

is influenced by the Se and Sp of the cow-level test (Ospina et al., 2013). We also 

followed the same cohort of cows throughout this study, which will allow us to 

investigate associations with pen and herd-level factors in other studies; however, for 

this part of the study, we observed a slight skewness in the days relative to parturition 
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relative to the prepartum and postpartum sampling visits. The cows observed were 

closer to parturition during the prepartum visit (median = -7 d) and further away from 

parturition at the postpartum visit (median = +10 d). For the health disorder analysis at 

the cow and herd-level, this potentially led us to removing more cows in the postpartum 

analysis due to the cows being diagnosed with the health disorder of interest before we 

took the blood sample. Although our sampling scheme estimates herd-level prevalence 

of elevated biomarkers, it did not allow us to identify when the cow first had the elevated 

biomarker of interest relative to parturition and therefore, misclassification may have 

occurred. Our analysis removed cows that were diagnosed with the disorder of interest 

prior to blood sample collection, leading to potential selection bias; however, this 

approach results in more conservative values, the prevention of potential confounders 

(i.e. the influence of treatment), and maintains the temporal association and true 

sequence of events (Hill, 1965). In addition, since this was an observational study, there 

are many sources of variation that are not accounted for in the models, such as 

differences in nutrition or management. We also relied on the farm staff to record our 

outcomes of interest. Although we tried to standardize the disorder definitions between 

farms, herds have different protocols for identifying sick cows and for fresh cow health 

checks (Kerwin et al., 2021 submitted) and the farm staff may interpret the definitions 

differently, which likely adds to variation observed.    
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ABSTRACT 

The objective was to identify relationships between dry period and periparturient 

period nutritional strategies, determined by the diet content of starch, forage NDF, or 

both, and metabolic- [nonesterified fatty acids (NEFA) and β-hydroxybutyrate (BHB)] 

and inflammation-related [haptoglobin (Hp)] biomarkers, health, milk production, and 

reproductive performance. Multiparous and primiparous cows from 72 farms in the 

Northeastern United States were enrolled in a prospective cohort study. Farms were 

visited three times during the prepartum and postpartum periods: far-off dry, close-up 

dry, and fresh. Herds were retrospectively dichotomized within parity group 

(primiparous and multiparous) into different nutritional strategies within each period; 

far-off: controlled energy diet (CE; <16.5% starch and ≥40% forage NDF) or not CE 

(NCE; ≥16.5% starch or <40% forage NDF or both), close-up: high forage NDF (HF; 

≥40% forage NDF) or low forage NDF diet (LF; <40% forage NDF), and fresh: low 

starch (LS; <25.5% starch) or high starch diet (HS; ≥25.5% starch). Blood samples were 

collected from the same 11 to 24 cows per farm on the close-up and fresh period visit. 

Whole blood was analyzed for postpartum BHB concentrations while plasma from the 

prepartum period was analyzed for NEFA and postpartum plasma was analyzed for 

NEFA and Hp. Mixed effects linear models were generated at the herd-level for all 

outcomes. For multiparous cows, we found herds that were fed a HF close-up diet or a 

HS fresh diet had the lowest prevalence of elevated BHB concentrations compared to 

LF or LS fed herds. Herds that fed a HF close-up diet and a HS fresh diet numerically 

had one of the lowest disorder incidences along with herds fed the LF close-up and LS 

fresh diet; however, cows in herds that were fed a LF close-up diet had a higher 
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pregnancy rate and lower prevalence of elevated Hp concentration than HF fed herds 

for multiparous cows. Primiparous cows in herds that were fed a CE far-off and a LF 

close-up diet had the highest prevalence of elevated BHB concentrations and 

numerically the lowest pregnancy rate. Herds that fed a HF close-up diet had a higher 

prevalence of elevated Hp concentration for primiparous cows than LF fed herds. For 

the peripartum period for primiparous cows, we found herds that were fed a HF close-

up and a HS fresh diet had the highest CR, numerically one of the lowest disorder 

incidences, and had a higher prevalence of elevated postpartum NEFA concentration 

than LF × HS fed herds. Primiparous cows in herds that were fed a HS fresh diet had a 

lower prevalence of elevated BHB concentrations and higher prevalence of elevated Hp 

concentrations than herds fed LS. We found no evidence that nutritional strategies were 

associated with milk production outcomes. In general, the results of our study support 

feeding multiparous cows a HF close-up and HS fresh diet to minimize excessive 

prevalence of elevated BHB concentration and decrease disease incidence in the early 

postpartum period. Similarly, the results of our study support feeding primiparous cows 

a CE far-off, HF close-up, and HS fresh diet to maximize reproductive performance, 

minimize excessive prevalence of elevated BHB, and reduce disease incidence in the 

early postpartum period.   

Key words: transition cow, nutrition, performance, health, biomarkers 

 

INTRODUCTION 

Nutritional strategy recommendations during the transition cow period are often 

driven by results from controlled research trials or anecdotal observations. Although 
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research exists evaluating transition cow nutritional strategies, large-scale data 

availability is limited, particularly for the periparturient and fresh cow periods. In 

addition, controlled research trials are often completed in tiestall barns, removing many 

influences of environment and management, potentially resulting in varying outcomes 

in freestall herds.  

 The adoption of a controlled energy diet throughout the dry period has increased 

amongst the dairy industry and has been supported by controlled research trials for 

improving postpartum health (Janovick et al., 2011; Mann et al., 2015; Richards et al., 

2020); however, some studies have demonstrated decreased milk production in cows 

fed a controlled energy prepartum diet (Vickers et al., 2013). It has been proposed that 

feeding a lower starch diet during the fresh period might result in cows having improved 

milk production compared to cows fed higher levels of fermentable starch during the 

fresh period (Allen et al., 2009); however, data are lacking or have not fully supported 

this theory (Andersen et al., 2003; Rabelo et al., 2003; McCarthy et al., 2015c). 

The objectives were to identify relationships between dry period and 

periparturient period nutritional strategies as characterized by diet contents of starch, 

forage NDF, or both, and metabolic- [nonesterified fatty acids (NEFA) and BHB] and 

inflammation-related [haptoglobin (Hp)] biomarkers, health disorders, milk production, 

and reproductive performance. We hypothesized that: 1) herds feeding a controlled 

energy far-off diet and higher forage NDF close-up diet would have a lower prevalence 

of postpartum elevated biomarkers, lower disorder incidence, no difference in milk 

yield, and improved reproductive performance than herds feeding a controlled energy 

far-off diet and lower forage NDF close-up diet or a not controlled energy far-off diet 
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and lower forage NDF close-up diet, 2) herds feeding a higher forage NDF close-up diet 

will produce more milk but have a higher prevalence of elevated Hp when transitioning 

onto a higher starch fresh diet versus a lower starch fresh diet, and 3) herds feeding a 

higher starch fresh diet will produce more milk, have a lower prevalence of elevated 

NEFA, BHB but a higher prevalence of elevated Hp, and have better health than cows 

fed a lower starch fresh diet.  

 

MATERIALS AND METHODS 

Study Population and Study Design 

A more complete description of the study design and study population was 

provided in Chapter 3. Briefly, a prospective cohort study was conducted from a 

convenience sample of 72 farms located in New York and Vermont between November 

2012 and August 2015. All procedures involving animals in this study were approved 

by the Cornell University Institutional Animal Care and Use Committee, protocol # 

2012-0124. Inclusion criteria for herds were 1) Holstein herds, 2) ≥ 400 milking cows, 

3) free-stall housing, 4) TMR-fed herds, and 5) enrolled in monthly DHI testing or have 

on-farm milk recording with record management by Dairy Comp 305 (DairyComp 305, 

Valley Ag Software, Tulare, CA) or PCDART (PCDART, Dairy Records Management 

System, Raleigh, NC).  

Farms were visited 3 times and characterization and sampling was focused on 

the same cohort of cows during the far-off dry (28 to 49 d prior to expected parturition), 

close-up dry (0 to 21 d prior to expected parturition; 4 wk after the far-off visit), and 

fresh (0 to 21 DIM; 16 to 21 d after the close-up visit) periods. The formulated diets fed 
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to the cows observed at the time of the visit were collected from the nutritionist or herd 

manager. The forages fed to the observed group of cows were sampled at each visit and 

analyzed by near-infrared spectroscopy at a commercial laboratory (Green Mountain 

Feed Testing Laboratory, Newport, VT). The formulated diets with analyzed forage 

samples were inputted into the Cornell Net Carbohydrate and Protein System (CNCPS, 

v. 6.1, Cornell University, Ithaca, NY). The diet CNCPS files were imported into the 

Nutritional Dynamic System Professional (NDS Professional version 3.8.10.06, 

RUM&N Sas, Reggio Emilia, Italy) for nutrient extraction. 

For each visit, the farms were retrospectively dichotomized within parity group 

(primiparous vs. multiparous cows) into different nutritional strategies as determined by 

starch, forage NDF, or both, based on the CNCPS-formulated diet. The CNCPS-

formulated diet was used instead of the analyzed TMR as we only collected TMR 

samples once relative to the visit period and we were not always able to collect the TMR 

sample at the time of feed delivery. For the far-off period, farms were characterized as 

feeding a controlled energy diet (CE; <16.5% starch and ≥40% forage NDF) or not CE 

(NCE; ≥16.5% starch or <40% forage NDF or both). For the close-up period, farms 

were characterized as feeding a higher forage NDF (HF; ≥40% forage NDF) or lower 

forage NDF diet (LF; <40% forage NDF) and for the fresh period, farms were 

characterized as feeding a lower starch (LS; <25.5% starch) or higher starch diet (HS; 

≥25.5% starch).  

A more complete description of the blood sampling scheme and analysis was 

provided previously in Chapter 3. Briefly, a convenience sample of 11 to 24 cows per 

herd was blood-sampled twice; once during the close-up dry period visit and once 
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during the fresh period visit. Approximately one-third of the cows sampled were 

primiparous cows to reflect herd demographics. Primiparous cows were defined as cows 

entering their first lactation and multiparous cows were defined as cows entering their 

second or greater lactation. Postpartum whole blood was analyzed for BHB 

concentrations. Prepartum and postpartum plasma was analyzed for NEFA 

concentrations and postpartum plasma was analyzed for Hp concentrations on cows 0 

to 12 DIM.  

 The outcomes of interest were: 1) disorder incidence (one or more of displaced 

abomasum, clinical ketosis, or metritis within 30 DIM), 2) prevalence of elevated 

prepartum NEFA (≥0.17 mmol/L) for multiparous cows, 3) prevalence of elevated 

postpartum NEFA (≥0.59 mmol/L), 4) prevalence of postpartum BHB (≥1.2 mmol/L), 

5) prevalence of elevated postpartum Hp (≥0.45 g/L), 6) average milk production at 4 

wk of lactation (WK4MP), 7) average 305-d mature equivalent milk yield at the 4th test 

day (ME305; mean ± standard deviation: 114 ± 13 DIM), 8) 21-d herd pregnancy rate 

(PR), 9) herd conception risk as identified by pregnancy (CR), and 10) the pregnancy 

risk to first service (PRFS). Health disorders were recorded by herd personnel and 

disorder definitions were defined previously in Chapter 3. Biomarker thresholds were 

chosen as they were the herd-alarm levels associated with an increase in disorder 

incidence for primiparous and multiparous cows (Chapter 4). The prevalence of elevated 

prepartum NEFA concentrations were only evaluated for multiparous cows since a herd-

alarm level was not identified for primiparous cows (Chapter 4). Milk production at 4 

wk of lactation and ME305 was acquired from the farm’s Dairy Comp 305 records or 

DHIA records provided as a Dairy Comp 305 file. The 21-d PR was determined by 
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averaging the two-21 d periods after the herd VWP for the group of cows that calved 

within the same time frame as the cows sampled. The CR was determined by averaging 

the conception risk, as identified by pregnancy, for the first 2 estrus cycles after the 

VWP for the group of cows that calved within the same time frame as the cows sampled. 

Cows that were never bred were removed from the PRFS analysis (n = 155). All 

outcomes were calculated by parity within a farm due to some farms feeding different 

diets to the multiparous and primiparous cows.  

Statistical Analysis 

A sample size calculation was conducted to estimate the prevalence of cows with 

hyperketonemia within a farm, as described previously in Chapter 4. Raw data was 

entered into Microsoft Excel (Microsoft Corp., Redmond, WA). Data cleaning was 

conducted to correct human recording errors prior to statistical analysis.  

All statistical analyses were performed in SAS software (SAS 9.4, SAS Institute 

Inc., Cary, NC). Descriptive statistics were performed using the FREQ procedure. 

Mixed effects linear models were generated using PROC MIXED for all outcomes by 

parity group at the herd-level. Nutritional strategies were assessed during the dry period 

and the periparturient period using two models for each outcome: A) the main effects 

of the nutritional strategy during the far-off and close-up dry periods, and B) the main 

effects of the nutritional strategy during the close-up dry and fresh periods. The 

prevalence of elevated prepartum NEFA outcome was only evaluated for the dry period 

nutritional strategy since the outcome was evaluated prior to the fresh period. Calving 

season [cool (October through April) vs. warm (May through September)] and the 

interaction between the nutritional strategy main effects were included in the full 
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models. Multiparous and primiparous cows were initially analyzed separately. If the 

association between the nutritional strategies and outcome of interest were similar 

between parity groups, then multiparous and primiparous cows were combined and 

parity group was included as a covariate and herd was included as a random effect. 

Parity group was not included in the ME305 model since ME305 is a calculation which 

accounts for parity group. A manual backwards stepwise elimination was used to 

remove the interaction term if P ≥ 0.15 and season and parity group if P ≥ 0.10. For the 

periparturient models, if an interaction had a P < 0.15, then P-values were corrected for 

multiple comparison using a Tukey honest significance difference test as all 

comparisons were of interest. For the dry period models, P-values were corrected for 

multiple comparison using a Bonferroni test in the LSMESTIMATE statement. 

Comparisons to farms that fed NCE during the far-off period and HF in the close-up 

period were not assessed due to a limited number of observations, as this is not a 

common nutritional strategy amongst farms in the Northeastern United States. Plots of 

studentized residuals were visually assessed for homogeneity and normality of variance 

for the mixed effects models and extreme outliers were removed. The least squares 

means (± standard error) are reported throughout for all models. 

RESULTS 

Descriptive Results and Study Population 

The frequency of herds in each overall nutritional strategy is reported in Table 

5.1. Complete diet information was missing on 20 herds for primiparous cows. The 

formulated nutrient composition utilizing the analyzed forage composition is reported 

in Table 5.2. For the far-off dry period, the diets classified as CE had a greater proportion 
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of forage NDF and a lower proportion of starch, NEL, and MP, compared to the diets 

classified as NCE. For the close-up period, the diets classified as HF had a greater 

proportion of forage NDF and a lower proportion of starch and ether extract, compared 

to the diets classified as LF. For the fresh period, the nutrient composition was very 

similar between diets classified as LS and HS, except the proportion of starch and 

fermentable starch was lower in the diets classified as LS compared to HS.  

Primiparous cows were not present on 2 of the 72 herds and on 1 additional herd 

for the herd prevalence of elevated haptoglobin analysis due to observed primiparous 

cows being more than 12 DIM. Nineteen herds (15 for the herd prevalence of elevated 

haptoglobin analysis) were removed from the dry period nutritional strategy 

primiparous cow analyses and 1 herd (except for the herd prevalence of elevated 

haptoglobin analysis) was removed from the periparturient nutritional strategy 

primiparous cow analyses due to missing diet information. Six herds were removed 

from the disorder incidence model due to the herds not recording one of the disorders. 

For the herd prevalence of elevated haptoglobin analysis in primiparous cows, herds 

were removed if there were < 3 primiparous cows observed within a farm (n = 12). Two 

farms were removed from the ME305 analysis and 1 farm was removed from the milk 

production at 4 wk of lactation due to not participating in monthly DHIA test or missing 

records. For the 21-d PR and CR, 4 farms were removed due to the farm either using 

natural service (n = 2), compliance in the farm’s reproductive program being 

compromised (n = 1), or not having adequate records (n = 1). Three farms were removed 

from the PRFS analysis due to the farm using natural service or compliance in the farm’s 

reproductive program being compromised.   
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Prevalence of Elevated Biomarkers 

The associations between nutritional strategies for the dry period and the 

prevalence of elevated prepartum NEFA concentration for multiparous cows are 

reported in Table 5.3. We found no evidence that there was a difference in the 

prevalence of elevated prepartum NEFA concentration between the far-off (P = 0.97) 

or close-up (P = 0.25) nutritional strategies.  

The associations between nutritional strategies and the prevalence of elevated 

postpartum NEFA concentration are reported in Table 5.4. We found no evidence that 

there was a difference in the prevalence of elevated postpartum NEFA concentration for 

the dry period nutritional strategies for multiparous and primiparous cows nor for the 

periparturient period nutritional strategies for multiparous cows. We observed an 

interaction between the close-up and fresh period nutritional strategies for primiparous 

cows such that herds that were fed HF × HS had a higher prevalence of elevated NEFA 

than herds that were fed LF × HS (P = 0.14).  

Results for the prevalence of elevated BHB concentration analysis are reported 

in Table 5.5. Multiparous and primiparous cows were separated for the dry period 

nutritional strategy analysis due to dissimilar results. We observed an interaction 

between the far-off and close-up nutritional strategy for primiparous cows; however, we 

found no evidence that there was a difference in the prevalence of elevated postpartum 

BHB concentration for the typical nutritional strategies observed in the Northeastern US 

based on the Bonferonni test. For the dry period model for multiparous cows, we 

observed a lower prevalence of elevated BHB concentration for HF fed herds during the 

close-up period than LF fed herds (P = 0.07) and there was no evidence for a difference 
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in the prevalence of elevated BHB concentration for the far-off nutritional strategies (P 

= 0.59). Primiparous and multiparous cows were combined for the periparturient model 

due to similar results. We observed an association between the close-up and fresh 

nutritional strategies with the prevalence of elevated BHB concentration. We observed 

a lower prevalence of elevated BHB concentration on HF fed herds versus LF fed herds 

(P = 0.11) and HS fed herds versus LS fed herds (P = 0.02).  

Results for the prevalence of elevated Hp concentration analysis are reported in 

Table 5.6. We found no evidence that there was a difference in the prevalence of 

elevated postpartum Hp concentration for the periparturient period nutritional strategies 

for multiparous cows. For the dry period nutritional strategy, we found no evidence that 

there was a difference in the prevalence of elevated Hp concentration for the far-off 

nutritional strategy (P = 0.77); however, we observed primiparous and multiparous 

cows in HF fed herds during the close-up period had a higher prevalence of elevated Hp 

concentration that LF fed herds (P = 0.14). Primiparous cows in LS fed herds had a 

lower prevalence of elevated Hp concentration that HS fed herds (P = 0.06). 

Postpartum Performance Outcomes 

Disorder Incidence. The associations between nutritional strategies and disorder 

incidence are reported in Table 5.7. We found no evidence that there was a difference 

in disorder incidence for the dry period nutritional strategies for multiparous and 

primiparous cows. We observed an interaction between the close-up and fresh 

nutritional strategies for multiparous and primiparous cows (P = 0.009) such that cows 

fed HF close-up followed by a LS fresh diet or LF close-up followed by a HS fresh diet 

had the highest disorder incidence; however, we found no evidence that the disorder 
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incidence differed between any of the nutritional strategies based on the Tukey honest 

significance difference test (P > 0.19).   

Milk Production. Results for the WK4MP and ME305 analyses are reported in 

Table 5.8 and Table 5.9, respectively. We found no evidence that there was an 

association between different nutritional strategies and either milk production outcome.  

Reproduction Performance. Results from the 21-d PR analysis are reported in 

Table 5.10. Multiparous and primiparous cows were separated for the dry period 

nutritional strategy analysis due to dissimilar results. For multiparous cows, there was 

no evidence that the 21-d PR differed between far-off nutritional strategies (P = 0.69); 

however, the 21-d PR was slightly higher in LF fed herds during the close-up period 

compared to HF fed herds (P = 0.14). We observed an interaction between the far-off 

and close-up period nutritional strategies for primiparous cows; however, we found no 

evidence that there was a difference in the 21-d PR for the typical nutritional strategies 

observed in the Northeastern United States, based on the Bonferroni test (P > 0.26). 

Multiparous and primiparous cows were also separated for the periparturient period 

nutritional strategy analysis due to dissimilar results. Similar to the dry period 

nutritional strategy model for multiparous cows, the 21-d PR was slightly higher in LF 

fed herds during the close-up period compared to HF fed herds (P = 0.14); however, 

there was no evidence that the 21-d PR differed between the fresh period nutritional 

strategies (P = 0.75). We found no evidence that the 21-d PR differed between the close-

up (P = 0.49) or fresh period (P = 0.22) nutritional strategies for primiparous cows. 

Calving season remained in the dry and periparturient period models for multiparous 

cows such that cows that calved during the warmer months had a lower 21-d PR than 
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cows that calved during the cool months.  

The results from the CR analysis are reported in Table 5.11. Multiparous and 

primiparous cows were separated for the dry period nutritional strategy analysis because 

the results were dissimilar; however, we found no evidence that there was an association 

between different dry period nutritional strategies and CR for multiparous or 

primiparous cows. For multiparous cows, there was no evidence that the CR differed 

between the periparturient nutritional strategies. For primiparous cows, we observed an 

interaction (P = 0.14) between the close-up and fresh period nutritional strategies such 

that HF × HS fed herds had a higher CR than HF × LS fed herds (P = 0.08), LF × LS 

fed herds (P = 0.03), and LF × HS fed herds (P = 0.11). 

The results for the PRFS analysis are reported in Table 5.12. Multiparous and 

primiparous cows were combined in the dry period and periparturient period models 

due to similar results. We found no evidence that there was an association between 

different nutritional strategies and PRFS.   
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Table 5.1. Frequency of herds (%) by parity that have complete diet information within 
each of the overall nutritional strategies enrolled in a 72 farm prospective cohort study 
in the Northeastern US. Complete diet information was collected on 50 herds for 
primiparous cows and 72 herds for multiparous cows 
 Parity 
Overall nutritional strategy  
(Far-off1 – Close-up2 – Fresh3)  Primiparous Multiparous 
CE – HF – HS  6 (12.0%) 8 (11.1%) 
CE – LF – HS  13 (26.0%) 15 (20.8%) 
NCE – HF – HS 3 (6.0%) 5 (6.9%) 
NCE – LF – HS 8 (16.0%) 12 (16.7%) 
CE – HF – LS  6 (12.0%) 8 (11.1%) 
CE – LF – LS  4 (8.0%) 12 (16.7%) 
NCE – HF – LS 2 (4.0%) 4 (5.6%) 
NCE – LF – LS 8 (16.0%) 8 (11.1%) 

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Fresh period diet was characterized as a low starch (LS; <25.5% starch) or high starch 
diet (HS; ≥25.5% starch). 
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Table 5.2. Formulated nutrient composition (mean ± SD, % of DM, unless otherwise noted) for the nutritional strategies during the far-
off dry, close-up dry, and fresh periods for diets fed to primiparous cows, multiparous cows, or both. The formulated diets with analyzed 
forage samples were inputted into the Cornell Net Carbohydrate and Protein System (CNCPS v. 6.1, Cornell University, Ithaca, NY) 
and CNCPS files were imported into Nutritional Dynamic System Professional (NDS Professional version 3.8.10.06, RUM&N Sas, 
Reggio Emilia, Italy) for nutrient extraction 
 Far-off1  Close-up2  Fresh3 
Nutrient CE NCE  HF LF  LS HS 
DM, % of as fed 37.8 ± 5.3 45.3 ± 6.1  42.9 ± 6.3 45.9 ± 5.7  44.9 ± 4.2 45.8 ± 4.2 
CP 13.4 ± 2.0 14.0 ± 1.4  13.8 ± 1.1 14.8 ± 1.5  16.5 ± 0.9 16.3 ± 0.9 
Soluble protein, % 
CP 49.4 ± 8.0 38.3 ± 6.9 

 
39.1 ± 6.2 37.0 ± 6.6 

 
36.3 ± 5.0 38.1 ± 5.0 

ADF 32.9 ± 2.2 27.3 ± 2.0  29.4 ± 1.5 26.0 ± 2.2  20.6 ± 1.3 19.8 ± 1.3 
aNDFom 49.9 ± 3.3 43.3 ± 2.7  46.6 ± 1.9 41.3 ± 3.5  32.9 ± 1.8 31.2 ± 2.1 
Forage NDF 48.3 ± 3.8 38.7 ± 3.8  42.7 ± 2.0 34.8 ± 3.4  24.5 ± 1.9 23.6 ± 2.2 
Starch 11.8 ± 3.4 17.5 ± 3.9  15.9 ± 2.3 18.5 ± 2.5  23.7 ± 1.4 28.0 ± 1.5 
Sugar 2.9 ± 0.8 3.3 ± 1.1  3.3 ± 1.0 3.4 ± 1.0  4.8 ± 1.4 3.7 ± 1.0 
NFC 25.2 ± 3.9 30.7 ± 2.7  28.2 ± 2.5 30.6 ± 2.8  37.5 ± 1.6 40.1 ± 1.7 
Fermentable starch 7.8 ± 2.6 9.8 ± 2.9  9.4 ± 1.9 10.3 ± 2.0  19.3 ± 3.1 23.4 ± 3.8 
Fermentable NDF 13.7 ± 2.5 10.3 ± 2.0  11.2 ± 2.1 9.7 ± 1.7  12.0 ± 1.6 11.0 ± 1.8 
Fermentable total 
carbohydrate 27.1 ± 4.2 25.4 ± 4.5 

 
25.6 ± 4.0 24.8 ± 3.8 

 
39.8 ± 5.4 41.8 ± 5.7 

Ether extract 3.28 ± 0.40 3.20 ± 0.52  2.95 ± 0.28 3.61 ± 0.81  5.05 ± 0.71 5.15 ± 0.61 
NEL, Mcal/kg 1.30 ± 0.05 1.37 ± 0.06  1.32 ± 0.06 1.38 ± 0.05  1.59 ± 0.04 1.61 ± 0.04 
ME, Mcal/kg of DM 2.02 ± 0.09 2.13 ± 0.09  2.06 ± 0.10 2.15 ± 0.08  2.47 ± 0.06 2.50 ± 0.07 
MP, g/kg of DM 70.87 ± 5.62 86.65 ± 7.49  84.43 ± 5.67 91.67 ± 7.94  108.68 ± 6.22 106.58 ± 6.73 

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% forage NDF; n = 29 diets fed to primiparous cows 
and 43 diets fed to multiparous cows) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both; n = 22 diets fed to primiparous 
cows and 29 diets fed to multiparous cows).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF; n = 23 diets fed to primiparous cows and 25 diets 
fed to multiparous cows) or low forage NDF diet (LF; <40% forage NDF; n = 47 diets fed to primiparous cows and 47 diets fed to 
multiparous cows).  
  



 

238 

Table 5.2. Footnotes continued. 
3Fresh period diet was characterized as a low starch (LS; <25.5% starch; n = 30 diets fed to primiparous cows and 32 diets fed to 
multiparous cows) or high starch diet (HS; ≥25.5% starch; n = 39 diets fed to primiparous cows and 40 diets fed to multiparous cows).
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Table 5.3. Least squares means ± SE of the herd prevalence of elevated prepartum 
nonesterified fatty acids (NEFA) concentration (proportion of multiparous cows within 
a herd with prepartum NEFA concentration ≥0.17 mmol/L) for the dry period nutritional 
strategy for multiparous cows enrolled in a 72 farm prospective cohort study in the 
Northeastern US 

Variable 
Prevalence of 

elevated NEFA P-value 
Far-off strategy1  0.97 

CE 44.9 ± 3.7  
NCE 44.7 ± 4.5  

Close-up strategy2  0.25 
HF 48.2 ± 4.8  
LF 41.4 ± 3.5  

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF). 
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Table 5.4. Least squares means ± SE of the herd prevalence of elevated postpartum 
nonesterified fatty acids (NEFA) concentration (proportion of cows within a herd with 
postpartum NEFA concentration ≥0.59 mmol/L) for the dry period and periparturient 
period nutritional strategies for multiparous and primiparous cows enrolled in a 72 farm 
prospective cohort study in the Northeastern US 

Variable 
Prevalence of 

elevated NEFA P-value 
Dry period model for multiparous and primiparous 
cows 

 
 

Far-off strategy1  0.99 
CE 25.0 ± 3.2  
NCE 24.9 ± 3.8  

Close-up strategy2  0.84 
HF 25.5 ± 4.2  
LF 24.4 ± 3.0  

Parity  0.01 
Multiparous 29.7 ± 2.9  
Primiparous 20.2 ± 3.3  

Periparturient period model for multiparous cows   
Close-up strategy  0.64 

HF 27.6 ± 4.7  
LF 30.3 ± 3.4  

Fresh strategy3  0.59 
LS 27.5 ± 4.2  
HS 30.5 ± 3.8  

Periparturient period model for primiparous cows   
Close-up strategy  0.34 

HF 22.4 ± 4.7  
LF 16.8 ± 3.4  

Fresh strategy  0.83 
LS 19.0 ± 4.2  
HS 20.2 ± 3.9  

Close-up × fresh  0.05 
HF × LS 16.1 ± 6.7xy  
HF × HS 28.7 ± 6.5x  
LF × LS 21.9 ± 5.1xy  
LF × HS 11.7 ± 4.3y  

x-yMeans with different superscripts differ (P < 0.15). 
1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch). 
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Table 5.5. Least squares means ± SE of the herd prevalence of elevated postpartum 
BHB concentration (proportion of cows within a herd with BHB concentration ≥1.2 
mmol/L) for the dry period and periparturient period nutritional strategies for 
multiparous cows and primiparous cows enrolled in a 72 farm prospective cohort study 
in the Northeastern US 

Variable 
Prevalence of 
elevated BHB P-value 

Dry period model for multiparous cows   
 Far-off strategy1  0.59 

CE 18.2 ± 2.8  
NCE 15.9 ± 3.4  

Close-up strategy2  0.07 
HF 13.0 ± 3.6  
LF 21.1 ± 2.6  

Calving season3  0.002 
Warm 23.9 ± 2.9  
Cool 10.2 ± 3.2  

Dry period model for primiparous cows   
Far-off strategy  0.96 

CE 11.5 ± 3.3  
NCE 11.2 ± 4.5  

Close-up strategy  0.79 
HF 12.1 ± 4.7  
LF 10.6 ± 3.0  

Far-off × close-up4  0.10 
CE × HF 7.6 ± 5.1  
CE × LF 15.4 ± 4.3  
NCE × HF 16.7 ± 7.9  
NCE × LF 5.8 ± 4.3  

Periparturient period model for 
multiparous and primiparous cows 

  

Close-up strategy  0.11 
HF 11.1 ± 2.8  
LF 16.6 ± 2.0  

Fresh strategy5  0.02 
LS 17.8 ± 2.5  
HS 10.0 ± 2.3  

Calving season  0.009 
Warm 18.3 ± 2.3  
Cool 9.4 ± 2.2  

Parity  <0.001 
Multiparous 18.3 ± 2.1  
Primiparous 9.4 ± 2.2  

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
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Table 5.5. Footnotes continued. 
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF). 
3Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
4Means were compared with a Bonferroni test and comparisons to farms that fed NCE 
during the far-off period and HF in the close-up period were not assessed due to a limited 
number of observations, as this is not a common nutritional strategy amongst farms in 
the Northeastern United States. 
5Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch).  



 

243 

Table 5.6. Least squares means ± SE of the herd prevalence of elevated postpartum 
haptoglobin (Hp) concentration (proportion of cows within a herd with Hp 
concentration ≥0.45 g/L) for the dry period and periparturient period nutritional 
strategies for multiparous and primiparous cows enrolled in a 72 farm prospective 
cohort study in the Northeastern US 

Variable 
Prevalence of 
elevated Hp P-value 

Dry period model for multiparous and primiparous 
cows   

Far-off strategy1  0.77 
CE 47.7 ± 2.8  
NCE 49.0 ± 3.4  

Close-up strategy2  0.14 
HF 51.6 ± 3.6  
LF 45.0 ± 2.7  

Parity   0.002 
Multiparous 41.4 ± 2.7  
Primiparous 55.3 ± 3.4  

Periparturient period model for multiparous cows   
Close-up strategy  0.36 

HF 43.1 ± 3.9  
LF 38.6 ± 2.9  

Fresh strategy3   0.76 
LS 40.1 ± 3.5  
HS 41.6 ± 3.2  

Periparturient period model for primiparous cows   
Close-up strategy  0.32 

HF 57.1 ± 5.7  
LF 50.1 ± 4.1  

Fresh strategy  0.06 
LS 47.2 ± 5.0  
HS 59.9 ± 4.6  

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch). 
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Table 5.7. Least squares means ± SE of disorder incidence (incidence of one of more 
displaced abomasum, clinical ketosis, metritis within 30 DIM) for the dry period and 
periparturient period nutritional strategies for multiparous and primiparous cows 
enrolled in a 72 farm prospective cohort study in the Northeastern US 

Variable 
Disorder 
Incidence P-value 

Dry period model for multiparous and primiparous cows   
Far-off strategy1  0.99 

CE 14.0 ± 2.2  
NCE 14.0 ± 2.7  

Close-up strategy2  0.67 
HF 13.2 ± 3.0  
LF 14.8 ± 2.1  

Calving season3  0.04 
Warm 17.7 ± 2.5  
Cool 10.3 ± 2.6  

Periparturient period model for multiparous and 
primiparous cows 

  

Close-up strategy  0.94 
HF 13.2 ± 2.9  
LF 13.4 ± 2.1  

Fresh strategy4  0.56 
LS 14.3 ± 2.6  
HS 12.2 ± 2.5  

Close-up × fresh  0.009 
HF × LS 18.9 ± 4.0  
HF × HS 7.4 ± 4.1  
LF × LS 9.7 ± 3.2  
LF × HS 17.1 ± 2.7  

Calving season  0.03 
Warm 17.1 ± 2.4  
Cool 9.5 ± 2.5  

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
4Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch). 
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Table 5.8. Least squares means ± SE of the herd average milk production at 4 wk of 
lactation (WK4MP) for the dry period and periparturient period nutritional strategies for 
multiparous and primiparous cows enrolled in a 72 farm prospective cohort study in the 
Northeastern US 
Variable WK4MP P-value 
Dry period model for multiparous and primiparous cows   

Far-off strategy1  0.76 
CE 40.0 ± 0.5  
NCE 40.2 ± 0.6  

Close-up strategy2  0.28 
HF 40.5 ± 0.7  
LF 39.6 ± 0.5  

Parity  <0.001 
Cows 46.9 ± 0.5  
Heifers 33.3 ± 0.5  

Periparturient period model for multiparous and 
primiparous cows 

  

Close-up strategy  0.44 
HF 40.5 ± 0.6  
LF 39.9 ± 0.5  

Fresh strategy3  0.52 
LS 40.4 ± 0.6  
HS 39.9 ± 0.5  

Parity  <0.001 
Multiparous 46.8 ± 0.4  
Primiparous 33.5 ± 0.5  

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch). 
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Table 5.9. Least squares means ± SE of the herd average 305-d mature equivalent milk 
yield at the 4th test day (ME305) for the dry period and periparturient period nutritional 
strategies for multiparous and primiparous cows enrolled in a 72 farm prospective 
cohort study in the Northeastern US 
Variable ME305 P-value 
Dry period model for multiparous and 
primiparous cows 

  

Far-off strategy1  0.90 
CE 12,620 ± 177  
NCE 12,649 ± 200  

Close-up strategy2  0.26 
HF 12,799 ± 240  
LF 12,470 ± 172  

Periparturient period model for multiparous and 
primiparous cows 

  

Close-up strategy  0.38 
HF 12,767 ± 242  
LF 12,509 ± 176  

Fresh strategy3  0.81 
LS 12,603 ± 223  
HS 12,673 ± 198  

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch). 
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Table 5.10. Least squares means ± SE of the 21-d pregnancy rate (PR) for the dry period 
and periparturient period nutritional strategies for multiparous and primiparous cows 
enrolled in a 72 farm prospective cohort study in the Northeastern US. Herd 21-d PR 
was measured as the average of the two 21-d periods after the herd voluntary waiting 
period for the cows that calved during the same time frame as those sampled 
Variable 21-d PR P-value 
Dry period model for multiparous cows   

Far-off strategy1  0.69 
CE 23.2 ± 1.1  
NCE 23.8 ± 1.3  

Close-up strategy2  0.14 
HF 22.2 ± 1.4  
LF 24.7 ± 1.0  

Calving season3  0.05 
Warm 21.9 ± 1.1  
Cool 25.1 ± 1.2  

Dry period model for primiparous cows   
Far-off strategy  0.95 

CE 29.0 ± 1.5  
NCE 28.9 ± 2.0  

Close-up strategy  0.80 
HF 29.3 ± 2.1  
LF 28.6 ± 1.4  

Far-off × close-up4  0.07 
CE × HF 31.7 ± 2.3  
CE × LF 26.4 ± 2.0  
NCE × HF 26.9 ± 3.5  
NCE × LF 30.8 ± 2.0  

Periparturient period model for multiparous cows   
Close-up strategy  0.14 

HF 22.1 ± 1.3  
LF 24.7 ± 1.0  

Fresh strategy5  0.75 
LS 23.1 ± 1.2  
HS 23.7 ± 1.1  

Calving season  0.05 
Warm 21.8 ± 1.1  
Cool 25.0 ± 1.2  

Periparturient period model for primiparous cows   
Close-up strategy  0.49 

HF 30.8 ± 1.7  
LF 29.3 ± 1.3  

Fresh strategy  0.22 
LS 28.8 ± 1.5  
HS 31.3 ± 1.4  
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Table 5.10. Footnotes. 
1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
4Means were compared with a Bonferroni test and comparisons to farms that fed NCE 
during the far-off period and HF in the close-up period were not assessed due to a limited 
number of observations, as this is not a common nutritional strategy amongst farms in 
the Northeastern United States. 
5Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch). 
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Table 5.11. Least squares means ± SE of the conception risk as identified by pregnancy 
(CR) for the dry period and periparturient period nutritional strategies for multiparous 
and primiparous cows enrolled in a 72 farm prospective cohort study in the Northeastern 
US. The herd CR was determined by averaging the CR for the first 2 estrus cycles after 
the herd VWP for the group of cows that calved within the same calving date range as 
the cows observed 
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Variable 21-d CR P-value 
Dry period model for multiparous cows   

Far-off strategy1  0.90 
CE 36.3 ± 1.4  
NCE 36.0 ± 1.7  

Close-up strategy2  0.29 
HF 34.9 ± 1.8  
LF 37.3 ± 1.4  

Calving season3  0.01 
Warm 33.2 ± 1.5  
Cool 39.0 ± 1.6  

Dry period model for primiparous cows   
Far-off strategy  0.58 

CE 42.7 ± 1.9  
NCE 44.3 ± 2.3  

Close-up strategy  0.17 
HF 45.6 ± 2.5  
LF 41.3 ± 1.8  

Periparturient period model for multiparous cows   
Close-up strategy  0.32 

HF 34.9 ± 1.8  
LF 37.2 ± 1.4  

Fresh strategy4  0.46 
LS 35.3 ± 1.6  
HS 36.9 ± 1.5  

Calving season  0.009 
Warm 33.2 ± 1.5  
Cool 38.9 ± 1.6  

Periparturient period model for primiparous cows   
Close-up strategy  0.11 

HF 45.4 ± 2.0  
LF 41.4 ± 1.5  

Fresh strategy  0.02 
LS 40.4 ± 1.8  
HS 46.3 ± 1.6  

Close-up × fresh  0.14 
HF × LS 40.6 ± 2.8aby  
HF × HS 50.1 ± 2.7ax  
LF × LS 40.2 ± 2.3by  
LF × HS 42.5 ± 1.9aby  

Calving season  0.08 
Warm 41.3 ± 1.6  
Cool 45.4 ± 1.7  

a-bMeans with different superscripts differ (P < 0.05). 
x-yMeans with different superscripts differ (P < 0.15). 
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Table 5.11. Footnotes continued. 
1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
4Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch). 
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Table 5.12. Least squares means ± SE of the pregnancy risk to first service (PRFS) for 
the dry period and periparturient period nutritional strategies for multiparous and 
primiparous cows enrolled in a 72 farm prospective cohort study in the Northeastern US 
Variable PRFS P-value 
Dry period model for multiparous and primiparous 
cows 

  

Far-off strategy1  0.94 
CE 35.9 ± 2.3   
NCE 36.1 ± 2.7   

Close-up strategy2  0.81 
HF 36.4 ± 2.9   
LF 35.6 ± 2.1   

Parity  0.04 
Multiparous 32.8 ± 2.2  
Primiparous 39.2 ± 2.6  

Calving season3  0.006 
Warm 31.0 ± 2.5  
Cool 41.0 ± 2.6  

Periparturient period model for multiparous and 
primiparous cows 

  

Close-up strategy  0.91 
HF 36.7 ± 2.7  
LF 36.3 ± 2.0  

Fresh strategy4  0.45 
LS 37.7 ± 2.5  
HS 35.2 ± 2.3  

Parity  0.01 
Multiparous 32.8 ± 2.2  
Primiparous 40.2 ± 2.3  

Calving season  0.008 
Warm 32.0 ± 2.3  
Cool 41.0 ± 2.5  

1Far-off period diet characterized as a controlled energy (CE; <16.5% starch, ≥ 40% 
forage NDF) or not CE diet (NCE; ≥16.5% starch, <40% forage NDF or both).  
2Close-up period diet characterized as a high forage NDF (HF; ≥40% forage NDF) or 
low forage NDF diet (LF; <40% forage NDF).  
3Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
4Fresh period diet characterized as a low starch (LS; <25.5% starch) or high starch diet 
(HS; ≥25.5% starch). 
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DISCUSSION 

Our study identified dry period and periparturient period nutritional strategy 

relationships with metabolic- (NEFA and BHB) and inflammation-related (Hp) 

biomarkers, disorder incidence, milk production, and reproductive performance. For 

multiparous cows, we determined that herds that were fed a HF close-up diet or a HS 

fresh diet had the lowest prevalence of elevated BHB concentrations compared to LF or 

LS fed herds. Herds that fed a HF close-up diet and a HS fresh diet numerically had 

among the lowest disorder incidences for multiparous cows along with herds fed the LF 

close-up and LS fresh diet; however, herds that were fed a LF close-up diet had a higher 

PR. For primiparous cows, we determined that herds that were fed a CE far-off and a 

LF close-up diet had the highest prevalence of elevated BHB concentration and 

numerically the lowest PR. For the peripartum period for primiparous cows, we found 

herds that were fed a HF close-up and a HS fresh diet had the highest CR, numerically 

one of the lowest disorder incidences, and had a higher prevalence of elevated 

postpartum NEFA concentration than LF x HS fed herds. Herds that were fed a HS fresh 

diet had a lower prevalence of elevated BHB concentration and higher prevalence of 

elevated Hp concentration than LS fed herds for primiparous cows.  

To our knowledge, there have not been any large, observational studies 

evaluating nutritional strategies on transition period health and performance outcomes 

on dairy farms; therefore, our discussion will focus on results reported in controlled 

research trials evaluating the plane of energy or overall nutrient supply. Before delving 

into the discussion, it is important to note major differences between our study and 

previous controlled research trials. First, one of the biggest differences we observe 
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between the present study and previous controlled research trials are the vast differences 

in the energy concentration of the treatment strategies in many of the controlled trials. 

There are moderate differences in the mean nutrient concentration in our defined 

nutritional strategies (Table 5.2); however, they are all within the range of what would 

typically be fed on herds. It is of note that many controlled studies have tested the limits 

or have utilized treatments that have discernable differences (e.g. 14% vs. 26% starch) 

as a way of investigating biological functions; therefore, some of these diets may not be 

representative of diets typically fed on a farm (Rabelo et al., 2005; Haisan et al., 2021). 

Secondly, some of these controlled research trials have tested treatments that involved 

feed restriction, which is not advised on farms as it can alter feeding behavior (Leonardi 

and Armentano, 2007). For the purposes of this discussion, results from restricted-fed 

treatments within studies will not be included. Thirdly, our analysis was conducted at 

the herd-level whereas in controlled research trials, it was analyzed at the cow-level; 

therefore, our outcomes may differ slightly compared to those in the literature. Lastly, 

the controlled research trials discussed herein evaluated cows in tiestalls and not 

freestalls; therefore, the cows observed in this study were subjected to additional 

environmental factors, such as negative social interactions and increased competition, 

which may alter the cows’ feeding and lying behavior. This may provide an explanation 

as to why there are differences observed in this study compared to controlled research 

trials.  

Dry Period Nutritional Strategies 

 In our study, the dry period nutritional strategy was only associated with the 

prevalence of elevated postpartum BHB and Hp concentrations and 21-d PR outcomes. 
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Since most controlled research trials evaluating nutritional strategies have not evaluated 

reproduction, we will review reproductive outcomes later in the discussion. Primiparous 

cows in pens that were fed a CE far-off diet and a LF close-up diet had at least twice the 

prevalence of elevated BHB than primiparous cows in pens fed a NCE far-off and a LF 

close-up diet or a CE far-off and a HF close-up diet. Primiparous cows in pens that were 

fed a LF close-up diet had a lower prevalence of elevated Hp concentration than 

primiparous cows in pens that were fed a HF close-up diet. We did not observe an 

interaction between the far-off and close-up strategy for multiparous cows for any 

outcome; however, we did observe a main effect of close-up strategy such that herds 

with multiparous cows that were fed a LF close-up diet had a greater prevalence of 

elevated BHB concentration and a lower prevalence of elevated Hp concentration than 

herds with multiparous cows that were fed a HF close-up diet. Overall, results were 

similar between multiparous and primiparous cows. These results support controlled 

research findings that feeding a controlled energy diet during the close-up dry period 

can minimize increases in postpartum BHB concentrations (Janovick et al., 2011; Mann 

et al., 2015; Richards et al., 2020).  

Contrary to our hypothesis, we did not observe an association between dry 

period nutritional strategies and the prevalence of elevated postpartum NEFA 

concentration. Previous studies have reported lower postpartum NEFA concentration 

for cows fed a controlled energy diet (Janovick et al., 2011; Mann et al., 2015; Richards 

et al., 2020). It is important to note that our analysis was at the herd-level and not the 

cow-level; therefore, it is plausible that if the unit of observation was the cow, we may 

have detected differences in postpartum NEFA concentrations as our herd-level analysis 
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evaluated if there was a difference in the proportion of cows above the identified 

threshold. To our knowledge, Hp concentrations have not been evaluated in controlled 

research trials evaluating prepartum nutritional strategies. We did not observe an 

association between dry period nutritional strategies and disorder incidence. Although 

caution should be used when interpreting health data in controlled research trials due to 

sample size, Mann et al. (2015) reported half as many hyperketonemia cases and no 

clinical ketosis cases within 3 wk postpartum for cows fed a controlled energy diet 

during the entire prepartum period compared to cows fed an intermediate (controlled 

energy far-off diet and intermediate energy close-up diet) or high energy diet (high 

energy during the entire prepartum period). Janovick et al. (2011) observed an increased 

incidence of displaced abomasum and ketosis, and had more cows with more than 1 

negative health event, regardless of parity, for cows fed the high energy prepartum diet 

for the entire dry period compared to cows fed the controlled energy diet for the entire 

dry period. Contrary, there were not any discernable differences in negative health 

events between cows that were fed a controlled energy diet for the whole dry period, a 

step-up diet (controlled energy at dryoff switching to a high-energy 21 d before expected 

parturition), or a high energy diet for the whole dry period in the study by Richards et 

al. (2020). 

As hypothesized, we did not observe an association between prepartum 

nutritional strategies on milk production (WK4MP or ME305). These results are similar 

to previous studies (Dann et al., 2006; Janovick et al., 2011; Mann et al., 2015; Richards 

et al., 2020).  

It is important to note when reviewing the literature that the fresh diet is not 
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considered when investigating dry period nutritional effects on postpartum 

performance, metabolic, and health outcomes. Most of the previous studies had cows 

transition onto a higher energy fresh cow diet (Dann et al., 2006; Janovick et al., 2011; 

Mann et al., 2015; Richards et al., 2020); however, Mann et al., (2015) had cows 

transitioning onto a lower energy fresh cow diet (21.2% starch, 35.4% NDF).  

Periparturient Period Nutritional Strategies   

The periparturient period nutritional strategies were associated with the 

prevalence of elevated postpartum NEFA and Hp concentration for primiparous cows, 

prevalence of elevated postpartum BHB concentration, disorder incidence, CR for 

primiparous cows, and PR for multiparous cows. As stated previously, most controlled 

research trials evaluating nutritional strategies have not evaluated reproduction; 

therefore, we will review reproductive outcomes later in the discussion. Few studies 

have evaluated the effects of periparturient period feeding. 

In our study, we observed an interaction between the close-up and fresh 

nutritional strategies for the prevalence of elevated postpartum NEFA concentrations 

such that herds that fed primiparous cows a HF close-up and HS fresh diets had a greater 

prevalence of elevated NEFA concentrations compared to herds that fed primiparous 

cows a LF close-up and HS fresh diets. In a 2 × 2 factorial design, Rabelo et al. (2005) 

fed multiparous and primiparous cows a low energy (1.58 Mcal/kg NEL, 39.7% NDF, 

and 38.2% NFC) or high energy (1.70 Mcal/kg NEL, 32.2% NDF, 44.6% NFC) close-

up dry period diet and a low energy (1.57 Mcal/kg NEL, 29.9% NDF, and 41.1% NFC) 

or high energy (1.63 Mcal/kg NEL, 24.9% NDF, 47.2% NFC) fresh period diet. The 

authors observed a main effect of close-up nutritional strategy on postpartum NEFA 
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concentrations such that cows fed the high energy prepartum diet had lower NEFA 

concentrations than cows fed a low energy prepartum diet. The authors did not observe 

an interaction between close-up and fresh strategy for postpartum NEFA concentrations, 

unlike the present study; however, both prepartum treatments in the Rabelo et al. (2003; 

2005) study were much higher in NEL and NFC concentration than our study. In another 

2 × 2 factorial design, Haisan et al. (2021) fed multiparous and primiparous cows a 

control (14.0% starch, 47.7% NDF) or high starch (26.1% starch, 37.8% NDF) close-

up diet and a high fiber (25.1% starch, 33.8% NDF) or high starch (32.8% starch, 27.2% 

NDF) fresh diet. The authors did not observe an interaction between close-up and fresh 

period nutritional strategies; however, there was a main effect of close-up and fresh 

period nutritional strategy such that cows fed the high starch prepartum or postpartum 

diet had greater postpartum NEFA than the cows on the control prepartum or high fiber 

postpartum treatment. 

  We also observed an interaction between the close-up and fresh nutritional 

strategies for disorder incidence such that herds that fed cows a HF close-up and HS 

fresh diet or LF close-up and LS fresh diet numerically had the lowest disorder incidence 

compared to herds that fed cows a HF close-up and LS fresh diet or LF close-up and HS 

fresh diet. Contrary to our findings, Haisan et al. (2021) reported a greater incidence of 

negative health events in cows that were fed the high starch prepartum and postpartum 

diets, but there was not a discernable difference amongst the other nutritional strategy 

combinations. As stated before, caution needs to be used when interpreting health event 

data from controlled research trials due to a limited sample size. The study by Haisan et 

al. (2021) is the only study that reported health event data when investigating 
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periparturient nutritional strategy effects.  

Contrary to our hypothesis, we did not observe an association between 

periparturient nutritional strategies and milk production outcomes (WK4MP or 

ME305). Rabelo et al. (2003) did not observe any treatment effects on milk yield 

through 20 DIM; however, Haisan et al. (2021) reported greater milk yield through 20 

DIM in cows fed the control prepartum diet and high starch postpartum compared to 

any other treatment. We also hypothesized that we would observe increased prevalence 

of elevated Hp concentrations in cows fed HF close-up and HS fresh diets than cows 

fed HF close-up and LS fresh diets; however, we did not observe an association between 

periparturient nutritional strategies and the prevalence of elevated Hp concentrations. 

Haisan et al. (2021) did not observe an interaction between prepartum and postpartum 

nutritional strategies on Hp concentrations; however, cows fed the high starch 

postpartum diet had lower Hp concentrations than cows fed the high fiber postpartum 

diet.  

Our results and others (Rabelo et al., 2003; Haisan et al., 2021) indicate that the 

interaction between the close-up and fresh diet should be considered when evaluating 

certain outcomes.  

Fresh Period Nutritional Strategies   

  In the periparturient models, the main effect of fresh period nutritional strategy 

was associated with the prevalence of elevated BHB concentration and the prevalence 

of elevated Hp concentration for primiparous cows. In agreement with our hypothesis, 

herds with cows fed a high starch fresh diet had a lower prevalence of elevated BHB 

concentration than herds with cows fed a low starch fresh diet. McCarthy et al., (2015a; 
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b) evaluated dietary starch in the fresh period and fed a high starch (26.2% starch, 34.3% 

NDF, 1.64 Mcal/kg NEL) or low starch (21.5% starch, 36.9% starch, 1.56 Mcal/kg NEL) 

diet through 21 DIM before all cows were fed the high starch diet through 63 DIM. 

Supporting our results, the authors observed lower BHB concentrations through 21 

DIM, regardless of parity, in cows fed the high starch diet compared to the low starch 

diet. Rabelo et al. (2005) also observed a postpartum treatment by time interaction such 

that BHB concentrations were lower for cows fed the high starch postpartum diet at 7 

and 21 DIM. Our results and others (Rabelo et al., 2005; McCarthy et al., 2015b) support 

the notion that increasing dietary starch immediately after parturition, rather than 

delaying as in a step-up fresh approach, is effective in minimizing the increase in BHB 

concentrations; however, these results are not consistent in the literature. Dann and 

Nelson (2011) did not observe a difference in BHB concentrations for the first 3 wk of 

lactation when feeding a low starch (21.0% starch through 91 DIM), medium to high 

starch (23.2% starch for 21 DIM then 25.5% until 91 DIM) or high starch (25.5% starch 

through 91 DIM) postpartum diet. Sun and Oba (2014) also did not observe treatment 

or a treatment by week interaction for BHB concentrations when feeding a high starch 

(29.2% starch) or low starch (19.1%) diet from parturition through 12 wk of lactation.  

In agreement with our hypothesis, herds that fed primiparous cows a HS fresh 

diet had a higher prevalence of elevated Hp concentrations than herds that fed 

primiparous cows a LS fresh diet. Supporting our results, McCarthy et al. (2015b) 

observed higher Hp concentrations through 15 DIM in cows fed a high starch compared 

to a low starch diet, regardless of parity; however, Haisan et al. (2021) observed the 

opposite results. Regardless of parity, Haisan et al. (2021) reported lower serum Hp 
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concentrations in cows fed the high starch fresh diet compared to the high fiber fresh 

diet; however, it is important to note that the high fiber diet was very similar to the high 

starch diet in the study by McCarthy et al. (2015b).  

Contrary to our hypothesis, we did not observe an association between fresh 

period nutritional strategy and the prevalence of elevated postpartum NEFA 

concentration, milk production (WK4MK or ME305), or disorder incidence. Dann and 

Nelson (2011) reported higher NEFA concentrations in cows fed the medium starch diet 

through 21 DIM compared to the high starch diet yet greater milk production in cows 

fed the low starch diet compared to the high starch diet. McCarthy et al. (2015d) reported 

lower NEFA concentrations, no difference in the frequency of health events, and greater 

early lactation milk production (McCarthy et al., 2015c) for cows fed a high starch fresh 

diet compared to a low starch diet. Sun and Oba (2014) reported higher NEFA 

concentrations for primiparous (wk 2, 6, and 8 postpartum) and multiparous cows (wk 

3 and 4) fed the low starch postpartum diet compared to the high starch diet. It is 

important to note that cows fed the low starch postpartum diet stayed on that diet through 

12 wk of lactation instead of transitioning onto a higher energy diet earlier in lactation 

to maintain milk production as typically observed in a step-up fresh approach. 

Interestingly, the Sun and Oba (2014) did not observe a difference in milk yield between 

treatments. Although we did not observe any associations with these outcomes, 

discrepancies amongst the literature when evaluating starch level in the fresh period 

may be due to differences in the prepartum or postpartum diets. Research within the last 

decade would indicate there might be an interaction between starch or starch 

digestibility with forage or forage NDF levels on postpartum performance and health 
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(Overton, 2021). Favorable responses have been observed when feeding a higher starch 

or starch digestibility fresh diet with higher forage or forage NDF concentrations 

(McCarthy et al., 2015c; McCarthy et al., 2015d; Rockwell and Allen, 2016) while 

neutral or negative responses have been observed when feeding a higher starch fresh 

diet with lower forage or forage NDF concentrations (Dann and Nelson, 2011; Sun and 

Oba, 2014; Albornoz and Allen, 2018; Haisan et al, 2021). 

Nutritional Strategies on Reproductive Outcomes 

Very limited research has evaluated the effects of nutritional strategies 

pertaining to energy on reproductive outcomes. This may be due to a limited sample 

size within the study or due to the need for an increase in follow-up time; however, 

Cardoso et al. (2013) pooled results within their group from 7 studies evaluating 

prepartum nutrition to evaluate the effects of nutrition on reproductive performance (n 

= 354 multiparous cows, 54 primiparous cows). Far-off and close-up period nutritional 

strategies were assigned as controlled energy (≤100% of NEL requirements) or high 

energy (>100% of NEL requirements). All the lactating diets supplied to the cows in the 

Cardoso et al. (2013) study appeared to be similar and were higher energy diets (≥1.67 

Mcal/kg NEL). Cardoso et al. (2013) reported less days to pregnancy when cows were 

fed a controlled energy diet during the close-up period compared to the high energy 

close-up diet; however, there were no differences in days to pregnancy when evaluating 

the effects of far-off period nutrition. Similar to Cardoso et al. (2013), Vickers et al. 

(2013) reported a greater odds of pregnancy at 120 and 150 DIM for cows fed a 

controlled energy far-off and close-up diet (13.6% starch, 48.4% NDF, 1.41 Mcal/kg 

NEL) compared to cows fed the controlled energy far-off  and a higher energy close-up 
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diet (16.3% starch, 41.3% NDF, 1.45 Mcal/kg NEL). These results correspond similarly 

with our data for primiparous cows, but not for multiparous cows. In our study, CE far-

off and HF close-up fed herds had the greatest 21-d PR for primiparous cows. For 

multiparous cows, we did not observe an interaction between far-off and close-up 

nutritional strategies; however, LF close-up fed herds had a higher 21-d PR than HF fed 

herds. In addition, we observed an interaction between close-up and fresh nutritional 

strategies for primiparous cows such that herds that fed a HF close-up and HS fresh diet 

had a higher CR than all other nutritional strategy combinations. It is important to note 

that we observed an interaction between far-off and close-up nutritional strategy for 

primiparous cows while Cardoso et al. (2013) did not evaluate the interaction between 

far-off and close-up nutrition.  

It has been suggested that feeding controlled energy diets during the prepartum 

period will prevent over-consumption of nutrients during the prepartum period and 

promote DMI during the early postpartum period, thus reducing the degree of negative 

energy balance compared to feeding high energy prepartum diets (Drackley and 

Cardoso, 2014; Santos and Staples, 2017). The severity of negative energy balance in 

early lactation has been associated with pre- and postovulatory reproductive failure as 

it coincides with follicular development and uterine involution (Roche et al., 2018). 

Follicles and oocytes will ovulate 50 to 60 d after development in the early lactation 

period (Santos and Staples, 2017); therefore, nutrition during the early postpartum 

period can play a critical role in determining if ovulation occurs after the herd voluntary 

waiting period. Although research is limited on optimizing reproductive performance 

through postpartum nutritional strategies, glucose is required for oocyte maturation and 
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development of the blastocyst and it has been suggested to feed more starch (more 

glucogenic diet) to increase blood insulin and reestablish the growth hormone-IGF1 axis 

to resume ovarian activity (Drackley and Cardoso, 2014; Santos and Staples, 2017).  

Although we intended to classify these herds adequately into different nutritional 

strategies, there are many limitations to this study. In this study, we focused on starch 

and forage inclusion as a proxy for energy intake but we did not account for other 

nutrients such as amino acids that may provide substrates for the tricarboxylic acid cycle 

or vitamins and minerals that may have an impact on immune function and reproductive 

performance. We also do not have individual or pen-level DMI, which would have 

provided additional information with regard to energy balance. We did not account for 

forage quality, which may influence DMI, such as the forage chop length and TMR 

particle size distribution, moisture, or if the forage was spoiled or moldy. We did not 

account for the time spent on each of these diets. Particularly in the fresh period, cows 

may have been on the fresh cow diet for 14 to 30 d, which may limit intakes depending 

on the concentration of forage NDF (LaCount, 2019). We also did not assess the overall 

nutritional strategy of the herd as we were not powered for that many comparisons. 

Despite these limitations, this observational study was performed using freestall, 

commercial dairy herds versus tiestall herds, allowing there to be an influence from 

other environmental factors. We were able to evaluate if current nutritional strategy 

recommendations are supported in the field, despite variation observed with other 

management factors.  

Nutritional strategies are multifactorial and are likely driven by a wide range of 

factors, such as the BCS of the cow, the interaction between nutrients in the diet, and 
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social and environmental factors. These factors may explain why one strategy may work 

well on one farm but leads to an increase in fresh cow health disorders or decreased 

milk production in other herds. As stated by Van Saun and Sniffen (2014), “In the 

current transition cow system, a range of feeding program and grouping strategies are 

observed, with no one approach consistently resulting in the desired outcome.” 

 

CONCLUSION 

In general, the results of our study support feeding multiparous cows a HF close-

up and HS fresh diet to minimize excessive prevalence of elevated BHB concentrations 

and reduce disorder incidence in the early postpartum period. Similarly to the 

multiparous cows, the results of our study support feeding primiparous cows a CE far-

off, HF close-up, and HS fresh diet to maximize reproductive performance, minimize 

excessive prevalence of elevated BHB concentrations, and to reduce disorder incidence 

in the early postpartum period.   
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ABSTRACT 

The objective was to evaluate relationships between putative periparturient 

management factors at the pen- and herd-level with metabolic- and inflammation-

related biomarkers, health disorders, milk production, and reproductive performance. 

Multiparous and primiparous cows from 72 farms in the Northeastern US were enrolled 

in a prospective cohort study. Farms were visited three times during the prepartum and 

postpartum periods: far-off dry, close-up dry, and fresh periods. Pen measurements were 

taken at each visit for the pens where cows sampled were housed and particle size was 

determined for the total mixed ration for the pen. A survey was used to acquire data on 

herd-level management variables. Blood samples were collected from the same 11 to 24 

cows per farm during the close-up and fresh period visits. Whole blood was analyzed 

for postpartum β-hydroxybutyrate (BHB) concentrations while plasma was analyzed for 

prepartum and postpartum nonesterified fatty acids (NEFA) and postpartum 

haptoglobin (Hp) concentrations. Health event, milk production, and reproductive 

records were acquired through the records management software program used on the 

farm. For the pen-level analysis, primiparous and multiparous cows were analyzed 

separately. For the pen- and herd-level analysis, a simple linear regression was 

conducted on all possible explanatory variables. Variables were included in the full 

multivariable general linear model if P < 0.20 and a manual backwards stepwise 

elimination process ensued until all variables had a P < 0.1. Our results indicate that 

pen- and herd-level management factors are associated with blood biomarkers, health, 

milk production, and reproductive performance. For the fresh period, our results 

generally support maximizing bunk space, avoiding commingling, increasing the 
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feeding frequency, and avoiding high physically effective undigested NDF after 240 h 

of in vitro fermentation and undigested NDF after 240 h of in vitro fermentation fresh 

diets to reduce the prevalence of elevated postpartum NEFA and BHB concentrations, 

minimize disorder incidence, and maximize milk production. For the prepartum period, 

our results support increasing the proportion of particles on the 19-mm sieve of the Penn 

State Particle Separator and maximizing bunk space to decrease the prevalence of 

elevated Hp concentrations, decrease disorder incidence, and increase wk 4 milk 

production. At the herd-level, our results generally support not vaccinating in the 

calving pen, minimizing the number of prepartum and postpartum pen moves, and 

avoiding long stays in the calving pen after parturition to reduce the prevalence of 

elevated biomarker concentrations, decrease disorder incidence, increase milk 

production and improve reproductive performance.  

Key words: transition cow, management, performance, health, biomarkers 

 

INTRODUCTION 

The transition cow period is characterized as a time of many changes for the 

dairy cow. Frequent pen moves, the adaptation to lactation, dietary changes, increase in 

social interactions, and other environmental factors can all contribute towards success 

or lack of success during the early postpartum period. Although there are limited data 

on feeding strategies to optimize transition cow health and productivity during the 

transition cow period, there are even fewer research studies that have investigated 

management factors during this timeframe. Current recommendations are often driven 
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by field observations originating from concepts evaluated in small, controlled research 

studies.  

Bach et al. (2008) reported a 13.2 kg/d range in the mean milk production across 

47 herds that were fed the exact same TMR and determined that 50% of the observed 

variation was attributed towards non-nutritional management factors. Research has 

demonstrated that non-nutritional management factors, such as stocking density, pen 

moves, and commingling of primiparous and multiparous cows, can impact health and 

milk production (Cook and Nordlund, 2004; von Keyserlingk et al., 2008; Huzzey et al., 

2012); however, besides heat abatement, little research has evaluated the impact of 

management factors on reproductive performance. Controlled research trials typically 

attempt to evaluate the change in one management factor while minimizing changes 

with additional management factors; therefore, the magnitude of the impact of 

management factors has not been fully elucidated. In addition, most studies evaluating 

management factors have not been conducted during the transition period.  

Our objective was to evaluate relationships between putative periparturient 

management factors at the pen- and herd-level with metabolic- and inflammation-

related biomarkers, disorder incidence, milk production, and reproductive performance. 

For the pen-level analysis, we hypothesized that: 1) an increase in stall or bunk stocking 

density during the periparturient period would be associated with an increased 

prevalence of elevated blood biomarker concentrations [nonesterified fatty acids 

(NEFA), BHB, and haptoglobin (Hp)], increased disorder incidence (DI; one or more 

of displaced abomasum, clinical ketosis, or metritis within 30 DIM), decreased milk 

production, and poorer reproductive performance, 2) an increase in the proportion of 
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particles retained on the 19-mm sieve of the Penn State Particle Separator (PSPS) would 

be associated with an increased prevalence of elevated postpartum NEFA and BHB 

concentrations and increased DI, 3) an increase in the TMR content of physically 

effective NDF (peNDF), physically effective undigested NDF after 240 h of in vitro 

fermentation (peuNDF240) or undigested NDF after 240 h of in vitro fermentation 

(uNDF240) in the fresh period would be associated with decreased DI, prevalence of 

elevated Hp concentrations, and milk production and increased prevalence of elevated 

postpartum NEFA, and BHB concentrations, 4) an increase in postpartum feeding 

frequency or feed pushup frequency would be associated with increased milk production 

and decreased prevalence of elevated postpartum NEFA and BHB concentrations, 5) 

commingling of primiparous and multiparous cows during the close-up and fresh 

periods would be associated with decreased milk production and increased prevalence 

of elevated postpartum NEFA, BHB, and Hp concentrations in primiparous cows, and 

6) an increase in fresh pen water space per cow would be associated with increased milk 

production. For the herd-level analysis, we hypothesized that: 1) utilizing a maternity 

pen, where a cow is moved to at least 0 to 3 d prior to expected calving, versus a calving 

pen, where a cow is moved when demonstrating signs of labor, would be associated 

with an increased prevalence of postpartum biomarker concentrations (NEFA, BHB, 

Hp), DI, and decreased reproductive performance, 2) moving cows more frequently 

during the prepartum period would be associated with an increased prevalence of 

prepartum NEFA concentrations and postpartum biomarker concentrations (NEFA, 

BHB, Hp), and DI, 3) moving cows more frequently during the postpartum period would 

be associated with decreased milk production, and 4) moving cows out of the calving 
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pen within 8 h of parturition would be associated with decreased prevalence of elevated 

postpartum NEFA and BHB concentrations and increased milk production. 

 

MATERIALS AND METHODS 

Study Population and Study Design 

A more complete description of the study population and study design can be 

found in Chapter 3. Briefly, a prospective cohort study was conducted from a 

convenience sample of 72 farms located in New York and Vermont between November 

2012 and August 2015. All procedures involving animals in this study were approved 

by the Cornell University Institutional Animal Care and Use Committee, protocol # 

2012-0124. Inclusion criteria for herds were 1) Holstein herds, 2)  ≥ 400 milking cows, 

3) free-stall housing, 4) TMR-fed herds, and 5) enrolled in monthly DHI testing or have 

on-farm milk recording with record management by Dairy Comp 305 (DairyComp 305, 

Valley Ag Software, Tulare, CA) or PCDART (PCDART, Dairy Records Management 

System, Raleigh, NC). Farms were visited 3 times for data collection focused on the 

same cohort of cows during the far-off dry (28 to 49 d prior to expected parturition), 

close-up dry (0 to 21 d prior to expected parturition; 4 wk after the first visit), and fresh 

(0 to 21 DIM; 16 to 21 d after the second visit) periods. Pen measurements, including 

stall dimensions, feed bunk space, water space, and facility design, were taken at each 

visit for the pens where sampled cows were housed. Cows were observed for health 

disorders of interest in the first 30 DIM by farm personnel and case definitions for the 

health disorders were provided to the farm for recording and consistency purposes as 

described previously in Chapter 3.  
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 A more complete description on the blood sampling scheme was described 

previously in Chapter 3. A convenience sample of the same 11 to 24 cows was blood 

sampled twice; once during the close-up visit and again during the fresh period visit. To 

reflect herd demographics, the cows selected on the close-up visit were approximately 

one-third primiparous cows and two-thirds multiparous cows. Primiparous cows were 

defined as cows entering their first lactation and multiparous cows were defined as 

entering the second or greater lactation. Whole blood was analyzed for BHB 

concentrations on the fresh period visit. Plasma from the close-up and fresh period visits 

were analyzed for NEFA concentrations and plasma from the fresh period visit was 

analyzed for Hp concentrations on cows 0 to 12 DIM.  

The formulated diets fed to the cows observed at the time of the visit were 

collected from the nutritionist or herd manager. Total mixed ration samples fed to pens 

housing the cows of interest were collected as each visit and were analyzed by near-

infrared spectroscopy and evaluated for particle size with the 3-sieve PSPS. The 

addition of the 4-mm sieve was used to estimate peNDF in the diet (Mertens, 1997; 

Heinrichs and Jones, 2013). Physically effective NDF was calculated by multiplying the 

proportion of TMR above the 4-mm sieve by the average analyzed diet NDF on a DM 

basis. Physically effective undigested NDF after 240 h of in vitro fermentation was 

calculated by multiplying the proportion of TMR above the 4-mm sieve by the average 

analyzed diet uNDF240 on a DM basis (Miller et al., 2020).  

Health event, milk production, and reproductive records were acquired through 

the record management software program used on the farm when all the observed cows 

were at least 150 DIM.  
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Management Explanatory Variables of Interest 

 For the pen-level analysis, we assessed management explanatory variables 

during the far-off, close-up, and fresh period visits. Stall stocking density was calculated 

as the number of cows in the pen at the time of the visit divided by the number of usable 

stalls in the pen. If the pen was a bedded pack, a stall was considered 11 m2 of pack 

space (Nordlund, 2009). Bunk stocking density was calculated as the number of cows 

in the pen at the time of the visit divided by the number of headlocks. If a pen did not 

have headlocks, a headlock was considered 61 cm of rail space (NFACC, 2009). The 

feed pushup frequency within each day for a pen was dichotomized as < 5×/d or ≥ 5×/d 

(Miller-Cushon and DeVries, 2017). The feeding frequency within each day was not 

evaluated during the prepartum period due to too few observations (<5) feeding the pen 

more than once per day. Commingling of primiparous and multiparous cows was also 

assessed at the pen-level.  

For the herd-level analysis, explanatory variables assessed included whether 

cows were routinely vaccinated in the calving pen and fresh pen, whether the herd 

utilized a maternity pen or a calving pen, the number of pen moves during the prepartum 

and postpartum period, time spent in the calving pen and fresh pen, and time spent 

locked up in the fresh pen. A maternity pen was classified as a pen cows moved into at 

least 0 to 3 d prior to expected calving while a calving pen was classified as a pen cows 

moved into when exhibiting signs of labor. The prepartum pen moves were the number 

of pen moves from dry off or 60 d prior to expected calving to parturition for 

multiparous and primiparous cows, respectively (> 2 vs. ≤ 2). The move from the 

lactating pen to the far-off dry cow pen was included in this measure for multiparous 
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cows. The postpartum pen moves were the number of pen moves from parturition to 90 

DIM (> 2 vs. ≤ 2). The time spent in the calving pen before moving to the fresh pen 

after parturition was dichotomized as ≤ 8 h or > 8 h. Eight hours was chosen as the 

cutpoint to reflect the time between milkings, assuming a herd is milked 3×/d. 

Approximately 75% of fresh period pens were milked 3×/d in this study (Chapter 3). 

The time spent in the first pen moved into after parturition was dichotomized as ≤ 10 d 

or > 10 d. Time spent locked up in fresh pen for health checks was categorized as: 1) 

locked up < 1×/d for < 1 h, 2) locked up daily for < 1 h, or 3) locked up daily for ≥ 1 h. 

Statistical Analysis 

 The outcomes of interest were: 1) prevalence of elevated prepartum NEFA 

concentrations in multiparous cows (≥0.17 mmol/L), 2) prevalence of elevated 

postpartum NEFA concentrations (≥0.59 mmol/L), 3) prevalence of postpartum BHB 

concentrations (≥1.2 mmol/L), 4) prevalence of elevated postpartum Hp concentrations 

(≥0.45 g/L), 5) DI, 6) average milk production at 4 wk of lactation (WK4MP), 7) 

average 305-d mature equivalent milk yield at the 4th test-day (ME305; mean ± standard 

deviation: 114 ± 13 DIM), 8) 21-d herd pregnancy rate (PR), 9) herd risk of conceiving 

as identified by pregnancy (CR), and 10) the pregnancy risk to first service (PRFS). 

Biomarker thresholds were chosen as they were the herd-alarm levels associated with 

an increase in disorder incidence for primiparous and multiparous cows (Chapter 4). 

The prevalence of elevated prepartum NEFA was only evaluated for multiparous cows 

because a herd-alarm level was not identified for primiparous cows. The 21-d PR was 

determined by averaging the two-21 d periods after the herd voluntary waiting period 

for the group of cows that calved within the same time frame as the sampled cows. The 
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herd CR was determined by averaging the CR, as identified by pregnancy, for the first 

2 estrus cycles after the herd voluntary waiting period for the group of cows that calved 

within the same calving date range as the cows observed. Cows that were never bred 

were not included in the PRFS analysis (n = 155). Due to the 21-d PR and CR being 

calculated at the herd-level, it was not possible to assess these outcomes at the pen-level. 

A sample size calculation was conducted to estimate the prevalence of cows with 

hyperketonemia within a farm, as described previously in Chapter 4. Raw data was 

entered into Microsoft Excel (Microsoft Corp., Redmond, WA). Data cleaning was 

conducted to correct human recording errors prior to statistical analysis.  

All statistical analyses were calculated using SAS software (SAS 9.4, SAS 

Institute Inc., Cary, NC). Descriptive statistics and the prevalence of elevated 

biomarkers were calculated using PROC MEANS and PROC FREQ. Analyses were 

conducted at the pen and herd-level.  

For the pen-level analysis, primiparous and multiparous cows were analyzed 

separately. The far-off period was not assessed for primiparous cows due to too many 

missing observations. Pens representing < 4 cows were removed from the analysis. The 

fresh period visit explanatory variables were not assessed for the prevalence of elevated 

prepartum NEFA concentrations outcome because the outcome occurred before the 

explanatory variables were measured. A simple linear regression (PROC REG or PROC 

GLM) was conducted on all possible continuous explanatory variables and categorical 

explanatory variables that occurred before the outcome of interest to determine the 

univariable association. Plots were assessed visually to determine if there was a linear 

or quadratic relationship between the outcome of interest and the continuous 
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management variables. Leverage was assessed by observing Cook’s distance and 

outliers were removed if Cook’s D > 0.13 (Cody, 2011). Explanatory variables with a 

P < 0.2 and were offered to a multivariable general linear model (PROC GLM) for each 

outcome. Calving season was included as a covariate if P < 0.10 in a univariate analysis 

and a manual backwards stepwise elimination process ensued until all variables had a P 

< 0.1. 

For the herd-level analysis, outcomes were calculated by parity within a herd. 

Prepartum pen moves was the only explanatory variable assessed for the prevalence of 

elevated prepartum NEFA concentrations outcome since all the other explanatory 

variables occurred after the outcome was measured. A multivariable linear regression 

analysis (PROC MIXED) was conducted on all possible explanatory variables and 

included parity, the interaction with parity, and the random effect of farm. Calving 

season was included in the multivariable linear regression analysis as a covariate if 

season was associated with the outcome (P < 0.1; BHB, DI, PR, CR, and PRFS). If the 

interaction with parity resulted in a P ≥ 0.2, then it was removed and the multivariable 

linear regression analysis was repeated and the P-value reported. Since ME305 is a 

calculation which accounts for parity, the interaction between parity and the explanatory 

variable was initially assessed but the interaction and parity were removed if the 

interaction had a P ≥ 0.20. Leverage was assessed by observing Cook’s distance and 

outliers were removed if Cook’s D > 0.13 (Cody, 2011). Explanatory variables with a 

P < 0.2 were offered to the full multivariable general linear model (PROC MIXED) for 

each outcome with herd as a random effect and a manual backwards stepwise 

elimination process ensued until all variables had a P < 0.1. P-values for variables with 
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more than 2 categories (time locked in fresh pen) were corrected for multiple 

comparisons with a Tukey honest significant difference test. If there was an interaction 

between parity and a categorical variable, an F-test was conducted to determine at which 

parity level the variable of interest differed using the SLICE option in the LSMEANS 

statement. If the F-test resulted in a P < 0.10 for at least one of the parity groups and the 

explanatory variable had more than 2 levels, Bonferroni tests were conducted for each 

comparison within the parity in the LSMESTIMATE statement to correct P-values for 

multiple comparisons.  

Prior to the initial analysis of the full model for the pen- and herd-level models, 

collinearity was assessed. For continuous variables, collinearity was assessed by using 

PROC REG with the TOL and COLLINOINT options. If variables had a tolerance <0.4 

or if variables in an eigenvector with a condition number >10 were contributing more 

than 50% to the variance decomposition of the eigenvector, then the variable that had 

the lowest risk of committing a Type I error with the outcome was kept in the model 

and the other was removed (Allison, 2012). For categorical variables, a Fisher’s exact 

chi-square test was calculated using PROC FREQ and if P < 0.10, the variable that had 

the lowest risk of committing a Type I error with the outcome was kept in the model. 

Variables not tested that were removed for collinearity were reintroduced to the reduced 

model if they did not introduce excessive collinearity. Plots of studentized residuals 

were visually assessed for homogeneity and normality of variance and leverage was 

assessed by observing Cook’s distance. Extreme outliers based on studentized residual 

plots and observations with Cook’s D > 0.13 were removed. The restricted maximum 
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likelihood parameter estimates and least squares means with SE are reported throughout 

for models that yielded at least one explanatory variable with a P < 0.10. 

 

RESULTS 

Descriptive Results and Univariable Associations 

 A more complete description of the study population can be found in Chapter 3 

and 4. The simple linear regression results for the association between the pen-level 

explanatory variables and the prevalence of elevated biomarkers for primiparous and 

multiparous cows are reported in Table 1 and Table 3, respectively. The association 

between the prevalence of elevated Hp concentrations and feed pushup frequency for 

primiparous cows and the association between ME305 milk and feed pushup frequency 

during the close-up period for primiparous cows are not reported due to too few 

observations (< 5) remaining in one of the categories after removing outliers or high 

leverage observations. Caution should be used when interpreting the association 

between the prevalence of elevated Hp concentrations and feeding frequency and 

commingling in the fresh period for primiparous cows due to high leverage points being 

removed from the category with less observations. Four observations were removed for 

the feeding frequency analysis leaving 7 observations in the > 1×/d category. Five 

observations were removed for the commingling analysis leaving 6 observations in the 

not commingled category. The simple linear regression results for the association 

between the pen-level explanatory variables and postpartum performance outcomes (DI, 

WK4MP, ME305, and PRFS) for primiparous and multiparous cows are reported in 

Table 2 and Table 4, respectively. The simple linear regression P-values for the 
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association between the herd-level explanatory variables and the outcomes of interest 

are reported in Table 5. 

Prevalence of Elevated Biomarker Concentrations 

 The pen-level results for the prevalence of elevated prepartum NEFA 

concentrations analysis are reported in Table 6. We found no evidence for the herd-level 

explanatory variable to be associated with the prevalence of elevated prepartum NEFA 

concentrations. For the pen-level analysis, no explanatory variables remained in the far-

off model for multiparous cows. Eight observations from the far-off multiparous cow 

analysis were removed due to having < 4 observed cows in the pen. For the close-up 

period, a 1-percentage unit increase in the proportion of particles on the 4-mm sieve of 

the PSPS for the close-up period pens for multiparous cows resulted in a 1.2-percentage 

unit increase in the proportion of multiparous cows with elevated prepartum NEFA 

concentrations (R2 = 0.06; P = 0.03).  

For the prevalence of elevated postpartum NEFA concentrations, the pen- and 

herd-level results are reported in Table 7. No explanatory variables remained in the 

postpartum NEFA models for primiparous cows nor in the far-off period model for 

multiparous cows. Four observations from the close-up primiparous cow analysis, 7 

observations from the fresh primiparous cow analysis, 8 observations from the far-off 

multiparous cow analysis, and 1 observation from the fresh multiparous cow analysis 

were removed due to having < 4 observed cows in the pen. For the pen-level analysis, a 

1-percentage unit increase in the proportion of particles in the PSPS pan during the 

close-up and fresh periods resulted in a 1.0-percentage unit decrease (P = 0.04) and 0.7-

percentage unit increase (P = 0.09) in the proportion of multiparous cows with elevated 
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postpartum NEFA concentrations, respectively. A 1-percentage unit increase in bunk 

stocking density for multiparous cows during the fresh period resulted in a 0.15-

percentage unit increase in the proportion of multiparous cows with elevated postpartum 

NEFA concentrations (P = 0.06). For the herd-level analysis, herds that kept cows in 

the calving pen for > 8 h after parturition had a greater proportion of cows with elevated 

postpartum NEFA concentrations compared to herds that kept cows in the calving pen 

for ≤ 8 h (43.6 ± 6.0 vs. 21.0 ± 2.3%; P < 0.001).  

The pen- and herd-level results for the prevalence of elevated postpartum BHB 

concentrations analysis are reported in Table 8. No explanatory variables remained in 

the BHB models for the far-off period for primiparous cows or the close-up period for 

primiparous and multiparous cows. Four observations from the close-up primiparous 

cow analysis, 7 observations from the fresh primiparous cow analysis, 8 observations 

from the far-off multiparous cow analysis, and 1 observation from the fresh multiparous 

cow analysis were removed due to having < 4 observed cows in the pen. Three 

observations from the fresh period primiparous cow analysis, 1 observation from the 

far-off period multiparous cow analysis, and 4 observations from the herd-level analysis 

were removed due to high leverage. For the pen-level analysis, a 1-percentage unit 

increase in the proportion of particles on the 8-mm sieve during the fresh period resulted 

in a 1.2-percentage unit decrease in the proportion of primiparous cows with elevated 

postpartum BHB concentrations (P < 0.001). Commingled fresh period pens had a 

higher proportion of primiparous cows with elevated BHB concentrations compared to 

non-commingled fresh period pens (16.2 ± 2.6 vs. 6.2 ± 3.6%; P = 0.03). Fresh period 

pens that were fed > 1×/d had a lower proportion of primiparous cows (7.1 ± 3.7 vs. 
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15.3 ± 2.5%; P = 0.08) and multiparous cows (21.7 ± 4.9 vs. 40.1 ± 3.2%; P = 0.08) 

with elevated BHB concentrations compared to pens that were fed ≤1×/d. A 1-cm per 

cow increase in water space during the far-off period resulted in a 3.7-percentage unit 

decrease in the proportion of multiparous cows with elevated postpartum BHB 

concentrations (P = 0.04). For the herd-level analysis, we observed an interaction 

between parity group and the time spent in the calving pen after parturition such that 

herds that kept multiparous cows in the calving pen for more than 8 h had a lower 

proportion of multiparous cows with elevated postpartum BHB concentrations (4.7 ± 

7.0 vs. 17.7 ± 2.0%; P = 0.08) and herds that kept primiparous cows in the calving pen 

for more than 8 h had a higher proportion of primiparous cows with elevated postpartum 

BHB concentrations (26.6 ± 5.4 vs. 7.2 ± 2.1%; P = 0.001) compared to herds that kept 

primiparous or multiparous cows in the calving pen for ≤ 8 h.  

For the prevalence of elevated Hp concentration analysis, the pen- and herd-

level results are reported in Table 9. No explanatory variables remained in the Hp 

models for the close-up period for multiparous cows. Twenty-two observations from the 

close-up primiparous cow analysis, 25 observations from the fresh primiparous cow 

analysis, 7 observations from the far-off multiparous cow analysis, and 3 observations 

from the fresh multiparous cow analysis were removed due to having < 4 observed cows 

in the pen. One observation from the close-up and fresh period primiparous cow 

analysis, 1 observation from the far-off and fresh period multiparous cow analysis, and 

1 observation from the herd-level analysis were removed due to high leverage. For the 

pen-level analysis, pushing up feed ≥ 5×/d during the close-up and fresh periods resulted 

in a 22.9% (R2 = 0.08; P = 0.07) and 22.7% (R2 = 0.08; P = 0.06) increase in the 
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proportion of primiparous cows with elevated Hp concentrations, respectively. A 1-

percentage unit increase in the proportion of particles on the 19-mm PSPS sieve during 

the far-off period resulted in a 0.4-percentage unit decrease in the proportion of 

multiparous cows with elevated Hp concentrations. Commingled fresh period pens had 

a lower proportion of multiparous cows with elevated Hp concentrations compared to 

non-commingled fresh period pens (36.0 ± 2.5 vs. 48.8 ± 4.3%; P = 0.01). For the herd-

level analysis, we observed an interaction between the number of prepartum pen moves 

and parity. Herds that moved primiparous cows ≤  2× from 60 d prior to expected calving 

to parturition had a lower proportion of primiparous cows with elevated Hp 

concentrations compared to herds that moved primiparous cows > 2× (57.1 ± 5.2 vs. 

69.0 ± 5.6%; P = 0.04). There was no evidence that the proportion of multiparous cows 

with elevated Hp concentrations in herds that moved cows ≤ 2× from dry-off to 

parturition versus herds that moved multiparous cows > 2 times differed (42.0 ± 7.2 vs. 

37.2 ± 4.5%, respectively; P = 0.50). We also observed an interaction between parity 

group and the time in the calving pen after parturition. Herds that kept primiparous cows 

in the calving pen for > 8 h had a greater proportion of primiparous cows with elevated 

Hp concentrations compared to herds that kept primiparous cows in the calving pen for 

≤ 8 h (79.4 ± 8.3 vs. 46.7 ± 3.5; P < 0.001). There was no evidence that the proportion 

of multiparous cows with elevated Hp concentrations differed between herds that kept 

cows in the calving pen for > 8 h versus ≤ 8 h (37.2 ± 4.5 vs. 42.0 ± 7.2; P = 0.57). We 

also observed an interaction between parity group and the time locked in the fresh pen. 

There was no evidence that the proportion of multiparous cows with elevated Hp 

concentrations differed between herds that had multiparous cows locked up for different 
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periods of time (P = 0.56). Herds that had primiparous cows locked up daily for ≥ 1 h 

had the lowest proportion of primiparous cows with elevated Hp concentrations (53.3 ± 

7.9%) compared to herds that had primiparous cows locked up daily for < 1 h (72.3 ± 

5.7%; P = 0.11) but did not differ from herds that had primiparous cows locked up for 

< 1×/d for < 1 h (63.6 ± 5.6%; P = 0.72).  

Disorder Incidence 

The pen- and herd-level results for the DI analysis are reported in Table 10. 

Herds were removed from the DI analysis if they did not record one of the disorders (n 

= 6). Three observations from the close-up primiparous cow analysis, 6 observations 

from the fresh primiparous cow analysis, 8 observations from the far-off multiparous 

cow analysis, and 1 observation from the fresh multiparous cow analysis were removed 

due to having < 4 observed cows in the pen. Five observations from the close-up period 

primiparous cow analysis, 1 observation from the fresh period primiparous cow 

analysis, 1 observation from the close-up period multiparous cow analysis, and 4 

observations from the fresh period multiparous cow analysis were removed due to high 

leverage. For the pen-level analysis, a 1-percentage unit increase in bunk stocking 

density during the close-up period resulted in a 0.13-percentage unit increase in DI for 

primiparous cows (R2 = 0.09; P = 0.03). Fresh period pens that had feed pushed-up ≥ 

5×/d had a higher DI for primiparous cows than pens that had feed pushed-up < 5×/d 

(14.0 ± 2.5 vs. 0.0 ± 7.5%; P = 0.08). Caution should be used when interpreting the 

fresh period model for primiparous cows as only 6 observations remained in the < 5×/d 

feed pushup frequency category. A 1-percentage unit increase in the proportion of 

particles on the PSPS 19-mm sieve during the far-off period and particles on the 8-mm 
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sieve during the close-up period resulted in a 0.3-percentage unit decrease (P = 0.08) 

and 0.5-percentage unit increase (P = 0.02) in DI for multiparous cows, respectively. 

Fresh period pens that were fed > 1×/d had a lower DI for multiparous cows than pens 

that were fed ≤ 1×/d (7.5 ± 2.9 vs. 14.8 ± 1.8%; P = 0.04). For the herd-level model, 

herds that had cows vaccinated in the calving pen had a higher DI than herds that did 

not (26.1 ± 5.0 vs. 13.5 ± 2.0%; P = 0.02). Herds that had cows locked up < 1×/d for < 

1 h had a lower DI (14.4 ± 3.2%) compared to herds that had cows locked up daily for 

< 1 h (22.7 ± 3.5%; P = 0.06); however, there was no evidence that herds that had cows 

locked up < 1×/d for < 1 h differed from herds that had cows locked up daily for ≥ 1 h 

(22.2 ± 4.5%; P = 0.25). 

Milk Production 

 The pen- and herd-level results for the association between management factors 

and WK4MP are reported in Table 11. No explanatory variables remained in the far-off 

WK4MP models for multiparous cows. One farm was removed from the pen- and herd-

level analyses due to missing WK4MP. Four observations from the close-up 

primiparous cow analysis, 8 observations from the fresh primiparous cow analysis, 8 

observations from the far-off multiparous cow analysis, and 1 observation from the fresh 

multiparous cow analysis were removed due to having < 4 observed cows in the pen. 

One observation from the fresh period primiparous cow analysis, 1 observation from 

the close-up period multiparous cow analysis, 2 observations from the fresh period 

multiparous cow analysis, and 5 observations from the herd-level analysis were 

removed due to high leverage. For interpretation purposes, a 1-percentage unit increase 

in the proportion of particles on the PSPS 19-mm sieve for the close-up pen diets 
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resulted in a 0.1-kg/d increase in WK4MP for primiparous cows (P = 0.07). A 1-

percentage unit increase in the fresh pen stall stocking density resulted in a 0.03-kg/d 

increase in WK4MP for primiparous cows (P = 0.07). Primiparous and multiparous 

cows in fresh period pens and multiparous cows in close-up pens that had feed pushed 

up ≥ 5×/d produced less WK4MP than pens that had feed pushed up < 5×/d (Fresh pen 

for primiparous: 33.4 ± 0.4 vs. 35.2 ± 1.0 kg/d; P = 0.09; close-up pen for multiparous: 

46.5 ± 0.5 vs. 48.6 ± 1.1 kg/d; P = 0.08; fresh pen for multiparous: 46.6 ± 0.4 vs. 49.1 

± 1.0 kg/d; P = 0.03). Primiparous cows commingled with multiparous cows in the fresh 

period pens produced less WK4MP than primiparous cows in non-commingled pens 

(33.4 ± 0.4 vs. 35.2 ± 1.0 kg/d; P = 0.03). A 1-percentage unit increase in uNDF240 in 

the fresh period pen TMR resulted in a 0.9-kg/d decrease in WK4MP for multiparous 

cows (P = 0.01). For the herd-level analysis, we observed a calving pen vaccination by 

parity group interaction (P = 0.05). Herds that had multiparous cows vaccinated in the 

calving pen produced less milk than herds that did not have multiparous cows 

vaccinated in the calving pen (42.7 ± 1.8 vs. 46.8 ± 0.4 kg/d; P = 0.04); however, we 

found no evidence that there was a difference in WK4MP for primiparous cows that 

were vaccinated in the calving pen versus not vaccinated (33.1 ± 1.2 vs. 33.4 ± 0.4 kg/d, 

respectively; P = 0.80). 

 For the ME305 analysis, the pen- and herd-level results are reported in Table 12. 

No explanatory variables remained in the close-up period model for primiparous cows 

nor for the far-off period model for multiparous cows. Two farms were removed from 

the analysis due to missing ME305. Six observations from the close-up primiparous cow 

analysis, 10 observations from the fresh primiparous cow analysis, 9 observations from 
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the far-off multiparous cow analysis, 1 pen from the close-up multiparous cow analysis, 

and 2 observations from the fresh multiparous cow analysis were removed due to having 

< 4 observed cows in the pen. Two observations from the close-up period multiparous 

cow analysis were removed due to high leverage. For interpretation purposes of the pen-

level analysis, a 1-percentage unit increase in peuNDF240 during the fresh period 

resulted in a 468-kg (P = 0.002) and 278-kg (P = 0.02) decrease in ME305 for 

primiparous and multiparous cows, respectively. A 1-percentage unit increase in stall 

stocking density during the close-up period resulted in an 8-kg increase in ME305 for 

multiparous cows (P = 0.06). A 1-percentage unit increase in the proportion of particles 

on the PSPS 4-mm sieve for the close-up period TMR resulted in an 86-kg increase in 

ME305 for multiparous cows. Multiparous cows that were commingled with 

primiparous cows in the close-up period pens produced less ME305 than multiparous 

cows that were not commingled (12,414 ± 166 vs. 13,129 ± 253 kg; P = 0.02). For the 

herd-level analysis, there was an interaction between postpartum pen moves and parity 

such that herds that had primiparous cows moved ≤ 2× within the first 90 DIM produced 

more ME305 milk than herds that moved primiparous cows > 2× (12,950 ± 199 vs. 

12,231 ± 214 kg; P = 0.01). We found no evidence for a difference in ME305 for herds 

that moved multiparous cows ≤ 2× versus > 2× within the first 90 DIM (12,715 ± 203 

vs. 12,441 ± 208 kg, respectively; P = 0.32).  

Reproductive Performance 

  The 21-d PR herd-level analysis results are reported in Table 13. Farms were 

removed from the pen- and herd-level analysis if the farm used natural service (n = 2), 

the reproductive management was compromised (n = 1), or missing data (n = 1). The F-
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test conducted for the parity and maternity pen interaction resulted in a P = 0.32 for 

multiparous cows and P = 0.10 for primiparous cows, such that herds that moved 

primiparous cows into a maternity pen where they were expected to calve in the next 0 

to 3 d had a lower 21-d PR compared to herds that move primiparous cows into a calving 

pen when the primiparous cow is showing signs of labor (26.4 ± 1.8 vs. 29.7 ± 1.3%).  

 The herd-level results for the CR analysis are reported in Table 14. Farms were 

removed from the pen and herd-level analysis if the farm used natural service (n = 2), 

the reproductive management was compromised (n = 1), or missing data (n = 1). Herds 

that had cows stay in the calving pen for > 8 h after parturition had a lower CR than 

herds that had cows in the calving pen for ≤ 8 h (35.8 ± 2.4 vs. 40.3 ± 0.9; P = 0.09).  

 The pen- and herd-level analysis results from the PRFS are reported in Table 15. 

Farms were removed from the pen- and herd-level analysis if the farm used natural 

service (n = 2), the reproductive management was compromised (n = 1), or missing data 

(n = 1). Four observations from the close-up primiparous cow analysis, 8 observations 

from the fresh primiparous cow analysis, 8 observations from the far-off multiparous 

cow analysis, and 1 observation from the fresh multiparous cow analysis were removed 

due to having < 4 observed cows in the pen. Six observations from the close-up 

primiparous cow analysis, 3 observations from the fresh period primiparous cow 

analysis, and 3 observations from the far-off period multiparous cow analysis, and 1 

observation from the herd-level analysis were removed due to high leverage. For the 

pen-level analysis, a 1-percentage unit increase in stall stocking density during the 

close-up period for primiparous cows and far-off period for multiparous cows resulted 

in a 0.15- (P = 0.06) and 0.19-percentage unit (P = 0.03) increase in PRFS, respectively. 
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A 1-percentage unit increase in the proportion of particles on the PSPS 8-mm sieve 

during the close-up period for primiparous cows and close-up period for multiparous 

cows resulted in a 0.9- (P = 0.002) and 0.5-percentage unit (P = 0.007) increase in PRFS, 

respectively. Multiparous cows in the far-off and close-up period pens that had feed 

pushed up ≥ 5×/d had a higher PRFS than for pens that had feed pushed up < 5×/d (far-

off: 35.2 ± 1.9 vs. 27.9 ± 3.1%; P = 0.05; close-up: 34.5 ± 2.0 vs. 23.3 ± 4.4%; P = 

0.02). For the herd-level analysis, we observed an interaction between the amount of 

time locked in the fresh pen and parity group (P = 0.08); however, we found no evidence 

that PRFS differed within parity (multiparous: P = 0.25; primiparous: P = 0.16). Herds 

that kept cows in the calving pen for > 8 h after parturition had a lower PRFS than herds 

that kept cows in the calving pen for ≤ 8 h (24.5 ± 4.2 vs. 38.2 ± 1.8%; P = 0.003). 
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Table 6.1. Estimates (β coefficient) and P-values from simple linear regression analyses 
for primiparous cows assessing the effect of pen-level management variables on the 
prevalence of elevated biomarkers [postpartum nonesterified fatty acids (NEFA; ≥ 0.59 
mmol/L), postpartum BHB (≥ 1.2 mmol/L), and postpartum haptoglobin (Hp; ≥ 0.45 
g/L)] for the close-up and fresh period visits of a 72-farm prospective cohort study in 
the Northeastern US 
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 Post NEFA  Post BHB  Post Hp 
Management variable n β P  n β P  n β P 
Close-up Period            

Stall stocking density, % 62 -0.09 0.17  63 -0.06 0.37  43 0.04 0.72 
Bunk stocking density, % 64 0.03 0.60  63 0.02 0.73  42 0.11 0.29 
Water space, cm per cow 61 -1.8 0.17  60 -0.5 0.69  44 -3.2 0.17 
PSPS1 19-mm sieve, % of as fed 59 0.0 0.87  59 0.2 0.57  42 0.0 0.93 
PSPS 8-mm sieve, % of as fed 60 0.0 0.91  60 -0.5 0.06  41 -0.3 0.43 
PSPS 4-mm sieve, % of as fed 57 0.1 0.89  54 0.0 0.96  42 0.9 0.37 
PSPS pan, % of as fed 60 -0.6 0.20  57 0.8 0.06  41 0.4 0.61 
peNDF2, % of DM 60 0.4 0.44  58 -0.9 0.18  40 -1.2 0.18 
peuNDF2403, % of DM 60 0.3 0.78  60 0.3 0.81  42 0.2 0.91 
uNDF2404, % of DM 63 -0.2 0.86  63 0.5 0.66  45 0.5 0.78 
Pushup frequency5 63 12.7 0.12  63 8.2 0.32  44 22.9 0.07 
Commingling6 64 8.7 0.11  65 -0.2 0.98  46 -8.4 0.32 

Fresh Period            
Stall stocking density, % 64 0.09 0.49  62 -0.07 0.58  43 -0.16 0.42 
Bunk stocking density, % 63 0.03 0.64  62 -0.12 0.08  44 0.07 0.50 
Water space, cm per cow 63 -0.4 0.80  60 2.3 0.09  44 0.6 0.75 
PSPS 19-mm sieve, % of as fed 63 -0.1 0.74  63 0.6 0.09  46 0.2 0.65 
PSPS 8-mm sieve, % of as fed 62 -0.6 0.13  62 -1.4 <0.001  44 -1.2 0.09 
PSPS 4-mm sieve, % of as fed 62 0.3 0.56  61 -1.0 0.06  42 -1.3 0.10 
PSPS pan, % of as fed 60 0.3 0.32  60 0.9 0.00  44 -0.2 0.67 
peNDF, % of DM 60 -0.1 0.89  60 -0.5 0.47  45 -1.1 0.31 
peuNDF240, % of DM 62 -1.9 0.43  63 -0.8 0.75  46 -3.1 0.33 
uNDF240, % of DM 61 -0.2 0.94  63 2.7 0.23  46 -1.4 0.65 
Pushup frequency 64 10.4 0.18  64 9.8 0.21  45 22.7 0.06 
Feeding frequency7  63 -7.0 0.22  63 -18.2 <0.001  43 10.7 0.25 
Commingling 64 7.2 0.22  65 14.7 0.01  44 3.6 0.69 
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Table 6.1. Footnotes. 
1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2peNDF = physically effective NDF, calculated by multiplying the proportion of TMR above the 4-mm sieve by the diet NDF 
content on a DM basis. 
3peuNDF240 = physically effective undigested NDF measured at 240 h of in vitro fermentation, calculated by multiplying the 
proportion of TMR above the 4-mm sieve by the diet uNDF240 content on a DM basis. 
4uNDF240 = undigested NDF measured at 240 h of in vitro fermentation. 
5Pushup frequency was dichotomized as < 5× (ref.) or ≥ 5×. 
6Commingling was dichotomized as no commingling (ref.) or yes commingling. 
7Feeding frequency was dichotomized as ≤ 1× (ref.) or > 1×. 
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Table 6.2. Estimates (β coefficient) and P-values from simple linear regression analyses 
for primiparous cows assessing the effect of pen-level management variables on 
disorder incidence (DI), milk production [milk production at 4th week of lactation 
(WK4MP), and 305-d mature equivalent milk at the 4th test day (ME305)], and 
pregnancy risk to first service (PRFS)] for the close-up and fresh period visits of a 72-
farm prospective cohort study in the Northeastern US 
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 DI  WK4MP  ME305  PRFS 
Management variable n β P  n β P  n β P  n β P 
Close-up Period                

Stall stocking density, % 54 -0.01 0.90  61 0.02 0.04  59 5 0.22  57 -0.11 0.12 
Bunk stocking density, % 54 0.13 0.03  62 0.01 0.08  61 5 0.24  61 -0.03 0.59 
Water space, cm per cow 57 -0.9 0.41  63 0.03 0.90  61 34 0.71  60 1.4 0.25 
PSPS1 19-mm sieve, % of as fed 55 0.2 0.43  59 0.1 0.07  55 -1 0.95  57 -0.2 0.27 
PSPS 8-mm sieve, % of as fed 53 -0.1 0.51  58 -0.1 0.08  54 -34 0.10  54 0.7 0.02 
PSPS 4-mm sieve, % of as fed 55 -0.5 0.36  59 0.0 0.67  55 65 0.15  56 0.5 0.35 
PSPS pan, % of as fed 55 -0.1 0.79  58 -0.1 0.17  53 -9 0.79  57 -0.2 0.65 
peNDF2, % of DM 55 0.4 0.40  59 0.0 0.97  54 -43 0.30  57 -0.1 0.91 
peuNDF2403, % of DM 55 0.2 0.87  59 0.1 0.51  54 -112 0.19  57 -0.2 0.81 
uNDF2404, % of DM 57 0.3 0.74  62 0.1 0.66  59 -19 0.82  60 -0.5 0.61 
Pushup frequency5 59 3.9 0.63  61 -1.0 0.41  ‒ ‒ ‒  61 -5.9 0.43 
Commingling6 58 0.6 0.89  64 0.0 0.99  60 -12 0.97  62 2.2 0.67 

Fresh Period                
Stall stocking density, % 58 -0.15 0.18  60 0.03 0.08  58 -5 0.59  59 0.06 0.61 
Bunk stocking density, % 58 -0.01 0.83  59 0.02 0.09  58 -10 0.06  59 0.01 0.90 
Water space, cm per cow 58 -0.8 0.62  61 0.0 0.84  58 -97 0.39  60 1.2 0.34 
PSPS 19-mm sieve, % of as fed 57 0.3 0.42  60 0.1 0.11  59 -9 0.70  58 -0.4 0.20 
PSPS 8-mm sieve, % of as fed 58 -0.1 0.71  61 -0.1 0.26  59 -18 0.51  59 0.0 0.95 
PSPS 4-mm sieve, % of as fed 59 -0.6 0.20  58 0.1 0.20  59 -2 0.94  56 1.8 <0.001 
PSPS pan, % of as fed 58 0.1 0.77  61 0.0 0.86  59 29 0.26  59 -0.2 0.53 
peNDF, % of DM 58 -0.6 0.45  58 0.0 0.94  59 -142 0.005  57 1.2 0.07 
peuNDF240, % of DM 59 -1.5 0.48  60 -0.1 0.85  59 -468 0.002  58 3.8 0.10 
uNDF240, % of DM 59 -0.7 0.74  61 -0.3 0.38  58 -420 0.005  58 2.0 0.36 
Pushup frequency  59 14.0 0.08  63 -1.9 0.10  60 256 0.62  61 -5.5 0.43 
Feeding frequency 57 -3.0 0.51  61 0.8 0.35  61 -18 0.96  61 -6.1 0.25 
Commingling7 58 6.2 0.19  63 -1.9 0.03  60 -275 0.49  61 0.4 0.95 

1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2peNDF = physically effective NDF, calculated by multiplying the proportion of TMR above the 4-mm sieve by the diet NDF 
content on a DM basis. 
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Table 6.2. Footnotes continued. 
3peuNDF240 = physically effective undigested NDF measured at 240 h of in vitro fermentation, calculated by multiplying the 
proportion of TMR above the 4-mm sieve by the diet uNDF240 content on a DM basis. 
4uNDF240 = undigested NDF measured at 240 h of in vitro fermentation. 
5Pushup frequency was dichotomized as < 5× (ref.) or ≥ 5×. 
6Commingling was dichotomized as no commingling (ref.) or yes commingling. 
7Feeding frequency was dichotomized as ≤ 1× (ref.) or > 1×. 
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Table 6.3. Estimates (β coefficient) and P-values from simple linear regression analyses 
for multiparous cows assessing the effect of pen-level management variables on the 
prevalence of elevated biomarkers [prepartum nonesterified fatty acids (NEFA; ≥ 0.17 
mmol/L), postpartum NEFA (≥ 0.59 mmol/L), postpartum BHB (≥ 1.2 mmol/L), and 
postpartum haptoglobin (Hp; ≥ 0.45 g/L)] for the far-off, close-up, and fresh period 
visits of a 72-farm prospective cohort study in the Northeastern US 
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 Pre NEFA  Post NEFA  Post BHB  Post Hp 
Management variable n β P  n β P  n β P  n β P 
Far off Period                

Stall stocking density, % 71 -0.05 0.69  72 -0.05 0.72  71 0.24 0.09  70 0.08 0.49 
Bunk stocking density, % 72 0.08 0.28  72 -0.02 0.76  71 -0.02 0.81  70 0.03 0.63 
Water space, cm per cow 71 1.2 0.51  65 3.0 0.15  71 -3.5 0.06  71 -0.6 0.68 
PSPS1 19-mm sieve, % of as fed 66 0.1 0.58  66 0.0 0.96  66 0.1 0.72  64 -0.4 0.10 
PSPS 8-mm sieve, % of as fed 66 -0.4 0.23  66 -0.4 0.17  66 0.1 0.87  65 0.4 0.16 
PSPS 4-mm sieve, % of as fed 65 0.7 0.39  65 1.1 0.16  65 0.0 1.00  65 0.6 0.33 
PSPS pan, % of as fed 66 0.6 0.37  64 0.9 0.17  65 -1.1 0.17  62 -0.1 0.86 
peNDF2, % of DM 65 -0.3 0.61  66 0.0 0.96  66 0.7 0.29  65 -0.2 0.64 
peuNDF2403, % of DM 65 0.1 0.96  65 -0.2 0.84  65 0.8 0.50  63 -1.0 0.33 
uNDF2404, % of DM 74 0.7 0.53  73 0.3 0.80  74 0.0 0.97  72 -1.5 0.15 
Pushup frequency5 73 4.7 0.44  72 -2.1 0.72  73 -9.9 0.12  72 -2.4 0.65 
Commingling6 76 -1.9 0.76  73 -6.6 0.24  76 3.8 0.55  75 2.2 0.67 

Close-up Period                
Stall stocking density, % 67 -0.02 0.86  70 -0.03 0.66  70 -0.11 0.16  71 0.00 0.99 
Bunk stocking density, % 71 0.07 0.34  71 0.12 0.11  72 0.00 0.96  70 0.01 0.89 
Water space, cm per cow 72 -1.1 0.32  72 1.8 0.09  67 -1.5 0.37  71 -1.3 0.24 
PSPS1 19-mm sieve, % of as fed 70 -0.3 0.19  70 0.1 0.75  70 0.1 0.73  69 0.0 0.86 
PSPS 8-mm sieve, % of as fed 69 0.5 0.14  70 0.1 0.68  70 -0.2 0.45  69 0.2 0.54 
PSPS 4-mm sieve, % of as fed 70 1.2 0.03  70 0.5 0.38  70 0.5 0.38  69 0.6 0.23 
PSPS pan, % of as fed 70 -0.5 0.35  70 -1.0 0.04  70 -0.1 0.87  69 -0.4 0.29 
peNDF2, % of DM 70 0.5 0.38  70 0.6 0.25  70 -0.3 0.57  69 -0.3 0.43 
peuNDF2403, % of DM 70 0.8 0.44  69 0.4 0.66  70 -0.7 0.54  69 -0.5 0.60 
uNDF2404, % of DM 73 0.7 0.56  72 -0.4 0.73  72 -0.4 0.75  72 -1.0 0.31 
Pushup frequency 73 -4.8 0.52  68 -3.6 0.66  70 -9.0 0.27  72 -1.5 0.81 
Commingling 73 -1.2 0.84  73 5.5 0.34  73 1.6 0.79  73 -0.7 0.89 
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Table 6.3. Continued.  
Fresh Period                

Stall stocking density, % ‒ ‒ ‒  74 0.12 0.34  74 -0.07 0.58  71 0.10 0.34 
Bunk stocking density, % ‒ ‒ ‒  73 0.10 0.16  74 -0.06 0.44  69 -0.04 0.54 
Water space, cm per cow ‒ ‒ ‒  73 0.9 0.52  74 1.7 0.25  71 1.0 0.40 
PSPS 19-mm sieve, % of as fed ‒ ‒ ‒  73 -0.1 0.85  73 0.2 0.68  72 -0.1 0.81 
PSPS 8-mm sieve, % of as fed ‒ ‒ ‒  73 -0.4 0.40  73 -0.9 0.04  72 0.2 0.65 
PSPS 4-mm sieve, % of as fed ‒ ‒ ‒  72 0.7 0.24  71 0.0 0.94  72 0.5 0.26 
PSPS pan, % of as fed ‒ ‒ ‒  74 0.5 0.20  74 0.3 0.54  72 -0.4 0.29 
peNDF, % of DM ‒ ‒ ‒  74 -0.9 0.27  74 0.2 0.81  72 0.1 0.90 
peuNDF240, % of DM ‒ ‒ ‒  73 -3.1 0.21  74 -1.3 0.62  72 0.6 0.79 
uNDF240, % of DM ‒ ‒ ‒  74 -1.8 0.46  75 -0.3 0.92  73 -0.6 0.76 
Pushup frequency  ‒ ‒ ‒  70 -3.5 0.66  73 -3.7 0.64  72 -0.4 0.95 
Feeding frequency7 ‒ ‒ ‒  75 -0.9 0.87  75 -18.4 0.003  73 -3.6 0.48 
Commingling ‒ ‒ ‒  72 0.3 0.97  75 7.3 0.27  72 -12.9 0.01 

1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2peNDF = physically effective NDF, calculated by multiplying the proportion of TMR above the 4-mm sieve by the diet NDF 
content on a DM basis. 
3peuNDF240 = physically effective undigested NDF measured at 240 h of in vitro fermentation, calculated by multiplying the 
proportion of TMR above the 4-mm sieve by the diet uNDF240 content on a DM basis. 
4uNDF240 = undigested NDF measured at 240 h of in vitro fermentation. 
5Pushup frequency was dichotomized as < 5× (ref.) or ≥ 5×. 
6Commingling was dichotomized as no commingling (ref.) or yes commingling. 
7Feeding frequency was dichotomized as ≤ 1× (ref.) or > 1×. 
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Table 6.4. Estimates (β coefficient) and P-values from simple linear regression analyses 
for multiparous cows assessing the effect of pen-level management variables on 
disorder incidence (DI), milk production [milk production at 4th week of lactation 
(WK4MP), and 305-d mature equivalent milk at the 4th test day (ME305)], and 
pregnancy risk to first service (PRFS)] for the far-off, close-up, and fresh period visits 
of a 72-farm prospective cohort study in the Northeastern US 
 



 

303 

 DI  WK4MP  ME305  PRFS 
Management variable n β P  n β P  n β P  n β P 
Far off Period                

Stall stocking density, % 64 0.12 0.23  70 0.01 0.67  69 -1 0.90  65 0.22 0.01 
Bunk stocking density, % 65 0.06 0.32  71 -0.01 0.54  68 -2 0.56  65 0.14 0.005 
Water space, cm per cow 64 -0.7 0.57  70 0.0 0.53  68 1 0.99  66 -1.3 0.30 
PSPS1 19-mm sieve, % of as fed 59 -0.3 0.07  64 0.1 0.79  57 -14 0.34  63 -0.2 0.24 
PSPS 8-mm sieve, % of as fed 58 0.1 0.53  64 -0.1 0.12  63 -7 0.67  63 0.4 0.07 
PSPS 4-mm sieve, % of as fed 58 0.2 0.72  65 -0.1 0.12  63 -5 0.89  63 0.6 0.16 
PSPS pan, % of as fed 58 1.3 0.02  65 0.1 0.31  63 -4 0.90  61 -0.6 0.20 
peNDF2, % of DM 59 0.5 0.30  64 0.1 0.47  58 1 0.98  62 -0.5 0.26 
peuNDF2403, % of DM 59 -0.5 0.57  64 0.2 0.35  63 16 0.79  60 0.2 0.79 
uNDF2404, % of DM 68 -0.4 0.60  73 0.3 0.16  72 27 0.65  70 0.3 0.67 
Pushup frequency5 65 2.8 0.52  71 -1.5 0.14  68 -175 0.57  70 9.5 0.02 
Commingling6 69 -4.1 0.31  74 0.8 0.43  72 -90 0.77  73 -3.4 0.38 

Close-up Period                
Stall stocking density, % 64 0.04 0.46  69 0.02 0.16  68 7 0.08  66 -0.03 0.60 
Bunk stocking density, % 62 0.14 0.01  69 0.00 0.80  69 4 0.25  66 -0.02 0.67 
Water space, cm per cow 64 -1.3 0.12  70 0.1 0.50  67 22 0.76  67 -0.5 0.60 
PSPS1 19-mm sieve, % of as fed 62 -0.2 0.29  69 0.0 0.98  66 -16 0.27  67 -0.4 0.01 
PSPS 8-mm sieve, % of as fed 62 0.4 0.03  68 -0.1 0.18  67 -7 0.64  67 0.5 0.01 
PSPS 4-mm sieve, % of as fed 63 -0.4 0.32  69 0.0 0.84  63 98 0.005  64 0.9 0.02 
PSPS pan, % of as fed 62 -0.6 0.14  69 0.1 0.25  67 25 0.32  67 -0.3 0.29 
peNDF2, % of DM 63 0.1 0.70  69 -0.1 0.54  67 -3 0.92  67 0.5 0.12 
peuNDF2403, % of DM 63 0.0 0.96  67 -0.1 0.74  67 -8 0.88  66 0.8 0.24 
uNDF2404, % of DM 65 -0.7 0.41  69 -0.1 0.48  67 -85 0.16  69 0.8 0.30 
Pushup frequency  63 -3.9 0.17  71 -2.1 0.08  68 -253 0.50  70 9.3 0.07 
Commingling 66 -0.8 0.85  72 -0.6 0.53  70 -418 0.16  70 0.8 0.85 
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Table 6.4. Continued. 
Fresh Period                

Stall stocking density, % 65 -0.08 0.36  71 0.02 0.43  69 1 0.88  71 0.18 0.05 
Bunk stocking density, % 66 -0.04 0.47  72 0.02 0.13  70 0 0.98  70 -0.08 0.17 
Water space, cm per cow 65 0.0 0.60  73 0.1 0.58  70 -9 0.91  71 0.2 0.86 
PSPS 19-mm sieve, % of as fed 65 -0.5 0.06  72 0.0 0.58  72 0 0.98  70 -0.3 0.26 
PSPS 8-mm sieve, % of as fed 66 -0.3 0.33  73 0.0 0.67  72 -4 0.84  71 0.1 0.83 
PSPS 4-mm sieve, % of as fed 66 -0.2 0.61  73 0.0 0.73  71 6 0.83  70 0.7 0.07 
PSPS pan, % of as fed 67 0.5 0.10  73 0.0 0.76  72 7 0.71  71 -0.2 0.54 
peNDF, % of DM 67 -0.5 0.35  71 0.0 0.80  71 -47 0.26  71 0.3 0.61 
peuNDF240, % of DM 65 0.1 0.97  72 -0.5 0.20  72 -278 0.02  70 2.1 0.26 
uNDF240, % of DM 66 1.8 0.27  73 -0.7 0.07  72 -264 0.03  72 0.6 0.72 
Pushup frequency 67 0.0 1.00  73 -2.1 0.08  71 -174 0.63  72 4.9 0.35 
Feeding frequency7 67 -7.0 0.07  73 1.2 0.23  72 344 0.25  71 -0.3 0.94 
Commingling 67 4.8 0.24  73 0.1 0.90  72 -155 0.62  70 9.8 0.03 

1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2peNDF = physically effective NDF, calculated by multiplying the proportion of TMR above the 4-mm sieve by the diet NDF 
content on a DM basis. 
3peuNDF240 = physically effective undigested NDF measured at 240 h of in vitro fermentation, calculated by multiplying the 
proportion of TMR above the 4-mm sieve by the diet uNDF240 content on a DM basis. 
4uNDF240 = undigested NDF measured at 240 h of in vitro fermentation. 
5Pushup frequency was dichotomized as < 5× (ref.) or ≥ 5×. 
6Commingling was dichotomized as no commingling (ref.) or yes commingling. 
7Feeding frequency was dichotomized as ≤ 1× (ref.) or > 1×. 
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Table 6.5. P-values from simple linear regression analyses assessing the effect of herd-level management variables on the incidence 
of elevated biomarkers [prepartum (Pre) nonesterified fatty acids (NEFA; ≥ 0.17 mmol/L for multiparous cows), postpartum (Post) 
NEFA (≥ 0.59 mmol/L), BHB (≥ 1.2 mmol/L), and haptoglobin (Hp; ≥ 0.45 g/L)], disorder incidence (DI), milk production [milk 
production at 4th week of lactation (WK4MP), and 305-d mature equivalent milk at the 4th test day (ME305)], and reproductive 
performance [pregnancy rate (PR), risk of conceiving as identified by pregnancy (CR), pregnancy risk to first service (PRFS)] for a 
72-farm prospective cohort study in the Northeastern US 

Management variable 
Pre 

NEFA 
Post 

NEFA 
Post 
BHB Post Hp DI WK4MP ME305 PR CR PRFS 

Calving pen vaccination ‒ 0.40 0.91 0.22 0.111 0.051 0.90 0.111 0.47 0.121 
Fresh pen vaccination ‒ 0.54 0.101 0.91 0.73 0.59 0.83 0.55 0.64 0.14 
Maternity pen2 ‒ 0.57 0.171 0.60 0.32 0.75 0.83 0.041 0.131 0.68 
Prepartum pen moves3 0.67 0.22 0.30 0.101 0.36 0.47 0.56 0.95 0.98 0.25 
Postpartum pen moves4 ‒ ‒ ‒ ‒ ‒ ‒ 0.061 0.27 0.40 0.92 
Time in calving pen ≤8 hr 
after calving 

‒ 0.191 <0.0011 <0.0011 0.20 0.40 0.43 0.08 0.09 0.002 

Time in fresh pen ≤10 d ‒ 0.82 0.83 0.40 0.89 0.33 0.141 0.151 0.86 0.69 
Time locked up in fresh 
pen5 

‒ 0.27 0.35 0.131 0.05 0.12 0.55 0.84 0.53 0.171 

1P-value associated with the interaction with parity. 
2A maternity pen was classified as a pen cows move into at least 0 to 3 d prior to expected calving while a calving pen was 
classified as a pen cows move into when exhibiting signs of labor.  
3The prepartum pen moves were the number of pen moves from dry off or 60 d prior to expected calving to parturition for 
multiparous and primiparous cows, respectively (> 2 vs. ≤ 2). The move from the lactating pen to the far-off dry cow pen was 
included in this measure for multiparous cows.  
4The postpartum pen moves were the number of pen moves from parturition to 90 DIM (> 2 vs. ≤ 2). 
5Time locked up in fresh pen was categorized as: 1) locked up < 1×/d for < 1 h, 2) locked up daily for < 1 h, or 3) locked up daily 
for ≥ 1 h.
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Table 6.6. The restricted maximum likelihood parameter estimates for the prevalence 
of elevated prepartum nonesterified fatty acids concentration (≥ 0.17 mmol/L) pen-level 
analysis for a 72-farm prospective cohort study in the Northeastern US 
Management factor Estimate SE P-value 
Pen-Level Model    

Multiparous – Close-up period model (n = 70)    
Intercept 18.2 12.3  
PSPS1 4-mm sieve, % of as fed 1.2 0.6 0.03 

1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
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Table 6.7. The restricted maximum likelihood parameter estimates for the prevalence 
of elevated postpartum nonesterified fatty acids concentration (≥ 0.59 mmol/L) pen- and 
herd-level analysis for a 72-farm prospective cohort study in the Northeastern US 
Management factor Level Estimate SE P-value 
Pen-Level Models     

Multiparous – Close-up period 
model (n = 70) 

    

Intercept  40.0 5.7  
PSPS1 pan, % of as fed  -1.0 0.5 0.04 

Multiparous – Fresh period model 
(n = 73) 

    

Intercept  1.3 12.5  
Bunk stocking density, %  0.15 0.08 0.06 
PSPS pan, % of as fed  0.7 0.4 0.09 

Herd-level model (n = 142)     
Intercept  15.2 2.7  
Time in calving pen after calving > 8 h 22.6 6.4 <0.001 
 ≤ 8 h ‒ ‒  
Parity group Multiparous 11.5 2.9 <0.001 
 Primiparous ‒ ‒  

1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
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Table 6.8. The restricted maximum likelihood parameter estimates for the prevalence 
of elevated postpartum BHB concentration (≥ 1.2 mmol/L) pen- and herd-level analysis 
for a 72-farm prospective cohort study in the Northeastern US 
Management factor Level Estimate SE P-value 
Pen-Level Models     

Primiparous – Fresh period (n 
= 60) 

    

Intercept  56.9 13.1  
PSPS1 8-mm sieve, % of as 
fed 

 -1.2 0.3 <0.001 

Commingling Commingled 9.9 4.4 0.03 
 Not 

Commingled 
‒ ‒  

Feeding frequency > 1×/d -8.1 4.6 0.08 
 ≤ 1×/d    
Calving season2 Warm 10.8 3.8 0.006 
 Cool ‒ ‒  

Multiparous – Far-off period 
(n = 71) 

    

Intercept  38.1 6.2  
Water space, cm per cow  -3.7 1.7 0.04 
Calving season Warm 15.8 5.5 0.005 
 Cool    

Multiparous – Fresh period (n 
= 75) 

    

Intercept  40.1 3.2  
Feeding frequency > 1×/d -18.4 5.9 0.003 
 ≤ 1×/d ‒ ‒  

Herd-Level Model (n = 138)     
Intercept  3.5 2.7  
Time in calving pen after 
calving 

> 8 h 19.4 5.7 0.55 

 ≤ 8 h ‒ ‒  
Parity group Multiparous 10.5 2.4 0.16 
 Primiparous ‒ ‒  
Calving season Warm 7.4 3.2 0.02 
 Cool ‒ ‒  
Time in calving pen after 
calving × parity group 

> 8 h × 
multiparousy 

-32.4 8.0 <0.001 

 ≤ 8 h × 
multiparousx 

‒ ‒  

 > 8 h × 
primiparousa 

‒ ‒  

 ≤ 8 h × 
primiparousb 

‒ ‒  
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Table 6.8. Footnotes. 
a-bMeans within parity group with different superscripts differ (P < 0.05) as 
determined by an F-test. 
x-yMeans within parity group with different superscripts differ (0.05 ≤ P < 0.10) as 
determined by an F-test. 
1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
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Table 6.9. The restricted maximum likelihood parameter estimates for the prevalence 
of elevated postpartum haptoglobin concentration (≥ 0.45 g/L) pen- and herd-level 
analysis for a 72-farm prospective cohort study in the Northeastern US 
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Management factor Level Estimate SE P-value 
Pen-Level Models     

Primiparous – Close-up period (n 
= 44) 

    

Intercept  31.0 11.6  
Feed pushup frequency ≥ 5×/d 22.9 12.3 0.07 
 < 5×/d ‒ ‒  

Primiparous – Fresh period (n = 
46) 

    

Intercept  30.3 11.0  
Feed pushup frequency ≥ 5×/d 22.7 11.7 0.06 
 < 5×/d ‒ ‒  

Multiparous – Far-off period (n = 
64) 

    

Intercept  53.0 7.8  
PSPS 19-mm sieve, % of as fed  -0.4 0.2 0.10 

Multiparous – Fresh period (n = 
72) 

    

Intercept  48.8 4.3  
Commingling Commingled -12.9 5.0 0.01 
 Not 

Commingled 
‒ ‒  

Herd-Level Model (n = 140)     
Intercept  31.0 7.8  
Prepartum pen moves4 ≥ 3 11.9 5.8 0.44 
 ≤ 2 ‒ ‒  
Time in calving pen after calving > 8 h 32.7 9.0 0.03 
 ≤ 8 h    
Time locked in fresh pen < 1×/d for < 1 h  10.2 8.6 0.46 
 Daily for < 1 h 18.9 8.8  
 Daily for ≥ 1 h ‒ ‒  
Parity group Multiparous 13.5 12.0 <0.001 
 Primiparous ‒ ‒  
Prepartum pen moves × parity 
group 

≥ 3 × 
multiparous 

-16.7 8.9 0.07 

 ≤ 2 × 
multiparous 

‒ ‒  

 ≥ 3 × 
primiparousa 

‒ ‒  

 ≤ 2 × 
primiparousb 

‒ ‒  

Time in calving pen after calving 
× parity group 

> 8 h × 
multiparous 

-37.5 11.8 0.002 

 ≤ 8 h × 
multiparous 

‒ ‒  
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 > 8 h × 
primiparousa 

‒ ‒  

 ≤ 8 h × 
primiparousb 

‒ ‒  

Time locked in fresh pen × parity 
group 

< 1×/d for < 1 h 
× multiparous 

-7.0 11.4 0.09 

 Daily for < 1 h × 
multiparous 

-22.3 11.7  

 Daily for ≥ 1 h × 
multiparous 

‒ ‒  

 < 1×/d for < 1 h 
× primiparous 

‒ ‒  

 Daily for < 1 h × 
primiparous 

‒ ‒  

 Daily for ≥ 1 h × 
primiparous 

‒ ‒  

a-bMeans within parity group with different superscripts differ (P < 0.05) as 
determined by Bonferroni tests (Time locked in fresh pen × parity group) or an F-test. 
x-yMeans, within parity group if applicable, with different superscripts differ (P < 0.10) 
as determined by an F-test (interaction).  
1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2peNDF = physically effective NDF, calculated by multiplying the proportion of TMR 
above the 4-mm sieve by the diet NDF content on a DM basis. 
3uNDF240 = undigested NDF measured at 240 h of in vitro fermentation 
4The prepartum pen moves were the number of pen moves from dry off or 60 d prior 
to expected calving to parturition for multiparous and primiparous cows, respectively 
(> 2 vs. ≤ 2). The move from the lactating pen to the far-off dry cow pen was included 
in this measure for multiparous cows. 
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Table 6.10. The restricted maximum likelihood parameter estimates for the disorder 
incidence (displaced abomasum, clinical ketosis, metritis, or any 3) within 30 DIM pen- 
and herd-level analysis for a 72-farm prospective cohort study in the Northeastern US 
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Management factor Level Estimate SE P-value 
Pen-Level Models     

Primiparous – Close-up period 
model (n = 54) 

    

Intercept  -1.2 5.7  
Bunk stocking density, %  0.13 0.06 0.03 

Multiparous – Fresh period model 
(n = 59) 

    

Intercept  0.0 7.5  
Feed pushup frequency ≥ 5×/d 14.0 7.9 0.08 
 < 5×/d    

Multiparous – Far-off period 
model (n = 60) 

    

Intercept  22.0 6.5  
PSPS1 19-mm sieve, % of as fed  -0.3 0.2 0.08 
Calving season2 Warm 9.8 4.2 0.02 
 Cool ‒ ‒  

Multiparous – Close-up period 
model (n = 62) 

    

Intercept  -8.9 8.9  
PSPS 8-mm sieve, % of as fed  0.5 0.2 0.02 
Calving season Warm 7.8 3.7 0.04 
 Cool ‒ ‒  

Multiparous – Fresh period model 
(n = 65) 

    

Intercept  9.2 2.6  
Feeding frequency > 1×/d -7.3 3.4 0.04 
 ≤ 1×/d    
Calving season Warm 11.1 3.1 <0.001 
 Cool    

Herd-Level Model (n = 130)     
Intercept  10.2 4.7  
Calving pen vaccination Vaccinated 12.5 5.3 0.02 
 Not vaccinated ‒ ‒  
Time locked in fresh pen < 1×/d for < 1 

hy 
-7.8 4.9 0.05 

 Daily for < 1 hx 0.5 5.1  
 Daily for ≥ 1 

hxy 
‒ ‒  

Parity group Multiparous 3.6 2.2 0.10 
 Primiparous ‒ ‒  
Calving season Warm 7.9 3.3 0.02 

 Cool ‒ ‒  
x-yMeans with different superscripts differ (P < 0.10) as determined by a Tukey honest 
significant difference test. 
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Table 6.10. Footnotes continued. 
1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
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Table 6.11. The restricted maximum likelihood parameter estimates for the milk 
production at the 4th week of lactation (WK4MP, kg/d) pen and herd-level analysis for 
a 72 farm prospective cohort study in the Northeastern US 
Management factor Level Estimate SE P-value 
Pen-Level Models     

Primiparous – Close-up period 
model (n = 59) 

    

Intercept  31.8 0.9  
PSPS1 19-mm sieve, % of as 
fed 

 0.1 0.0 0.07 

Primiparous – Fresh period 
model (n = 61) 

    

Intercept  32.9 2.2  
Stall stocking density, %  0.03 0.02 0.07 
Feed pushup frequency ≥ 5×/d -1.7 1.0 0.09 

 < 5×/d ‒ ‒  
Commingling Commingled -1.8 0.8 0.03 
 Not 

Commingled 
‒ ‒  

Multiparous – Close-up period 
model (n = 71) 

    

Intercept  48.6 1.1  
Feed pushup frequency ≥ 5×/d -2.1 1.2 0.08 

 < 5×/d ‒ ‒  
Multiparous – Fresh period 
model (n = 72) 

    

Intercept  58.3 3.8  
uNDF2402, % DM  -0.9 0.4 0.01 
Feed pushup frequency ≥ 5×/d -2.5 1.1 0.03 

 < 5×/d ‒ ‒  
Herd-Level Model (n = 135)     

Intercept  33.4 0.4  
Calving pen vaccination Vaccinated -0.3 1.3 0.11 
 Not vaccinated ‒ ‒  
Parity group Multiparous 13.4 0.4 <0.001 
 Primiparous ‒ ‒  
Calving pen vaccination × parity 
group 

Vaccinated × 
multiparousb 

-3.7 1.9 0.05 

 Not vaccinated × 
multiparous a 

‒ ‒  

 Vaccinated × 
primiparous 

‒ ‒  

 Not vaccinated × 
primiparous 

‒ ‒  
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Table 6.11. Footnotes 
a-bMeans within parity group with different superscripts differ (P < 0.05) as 
determined by an F-test. 
1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2uNDF240 = undigested NDF measured at 240 h of in vitro fermentation 
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Table 6.12. The restricted maximum likelihood parameter estimates for the 305-d 
mature equivalent milk at the 4th test day (kg) pen- and herd-level analysis for a 72-farm 
prospective cohort study in the Northeastern US 
Management factor Level Estimate SE P-value 
Pen-Level Models     

Primiparous – Fresh period (n = 
59) 

    

Intercept  16,684 1,252  
peuNDF2401, % of DM  -468 146 0.002 

Multiparous – Close-up period (n 
= 63) 

    

Intercept  10,523 883  
Stall stocking density, %  8 4 0.06 
PSPS2 4-mm sieve, % of as fed  86 33 0.01 
Commingling Commingled -714 303 0.02 
 Not 

Commingled 
‒ ‒  

Multiparous – Fresh period (n = 
72) 

    

Intercept  14,960 1,026  
peuNDF240, % of DM  -278 121 0.02 

Herd-Level Model (n = 139)     
Intercept  12,950 199  
Parity group Multiparous -235 160 0.91 
 Primiparous ‒ ‒  
Pen moves calving to 90 DIM > 2 -718 277 0.05 
 ≤ 2 ‒ ‒  
Pen moves calving to 90 DIM × 
parity group 

> 2  × 
multiparous 445 234 0.06 

 ≤ 2 × 
multiparous 

‒ ‒  

 > 2 × 
primiparousb 

‒ ‒  

 ≤ 2 × 
primiparousa 

‒ ‒  

a-bMeans within parity group with different superscripts differ (P < 0.05) as 
determined by an F-test. 
1peuNDF240 = physically effective undigested NDF measured at 240 h of in vitro 
fermentation, calculated by multiplying the proportion of TMR above the 4-mm sieve 
by the diet uNDF240 content on a DM basis. 
2PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
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Table 6.13. The restricted maximum likelihood parameter estimates for the 21-d 
pregnancy rate (PR) herd-level analysis (n = 134) for a 72-farm prospective cohort study 
in the Northeastern US. The 21-d PR was determined by averaging the two-21 d periods 
after the herd voluntary waiting period for the group of cows that calved within the same 
time frame as the observe cows 
Management factor Level Estimate SE P-value 
Intercept  33.1 1.3  
Time in calving pen after calving > 8 h -3.7 2.1 0.08 
 ≤ 8 h ‒ ‒  
Calving season1 Warm -3.3 1.4 0.02 
 Cool ‒ ‒  
Parity group Multiparous -7.8 1.3 <0.001 
 Primiparous ‒ ‒  
Maternity pen2 Maternity pen -3.3 2.0 0.66 
 Calving pen ‒ ‒  
Maternity pen × parity group Maternity pen 

× multiparous 
5.2 2.5 0.04 

 Calving pen × 
multiparous 

‒ ‒  

 Maternity pen 
× primiparous 

‒ ‒  

 Calving pen × 
primiparous 

‒ ‒  

1Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
2A maternity pen was classified as a pen cows move into at least 0 to 3 d prior to 
expected calving while a calving pen was classified as a pen cows move into when 
exhibiting signs of labor. 
  



 

320 

Table 6.14. The restricted maximum likelihood parameter estimates for the conception 
risk as identified by pregnancy (CR) herd-level analysis (n = 134) for a 72-farm 
prospective cohort study in the Northeastern US. The herd CR was determined by 
averaging the CR for the first 2 estrus cycles after the herd voluntary waiting period for 
the group of cows that calved within the same calving date range as the cows observed 
Management factor Level Estimate SE P-value 
Intercept  46.0 1.5  
Time in calving pen after calving > 8 h -4.5 2.6 0.09 
 ≤ 8 h ‒ ‒  
Calving season1 Warm -4.8 1.7 0.006 
 Cool ‒ ‒  
Parity group Multiparous -6.7 1.5 <0.001 
 Primiparous ‒ ‒  

1Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
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Table 6.15. The restricted maximum likelihood parameter estimates for the pregnancy 
risk to first service pen- and herd-level analysis for a 72-farm prospective cohort study 
in the Northeastern US 
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Management factor Level Estimate SE P-value 
Pen-Level Models     

Primiparous – Close-up period (n 
= 49) 

    

Intercept  -10.2 15.6  
Stall stocking density, %  0.15 0.08 0.06 
PSPS1 8-mm sieve, % of as fed  0.9 0.3 0.002 

Primiparous – Fresh period (n = 
56) 

    

Intercept  -3.4 12.5  
PSPS 4-mm sieve, % of as fed  1.8 0.5 <0.001 

Multiparous – Far-off period (n = 
66) 

    

Intercept  14.9 8.8  
Stall stocking density, %  0.19 0.08 0.03 
Feed pushup frequency ≥ 5×/d 7.3 3.7 0.05 
 < 5×/d ‒ ‒  
Calving season2 Warm -9.1 3.3 0.008 
 Cool ‒ ‒  

Multiparous – Close-up period (n 
= 67) 

    

Intercept  0.7 9.5  
PSPS 8-mm sieve, % of as fed  0.5 0.2 0.007 
Feed pushup frequency ≥ 5×/d 11.2 4.9 0.02 
 < 5×/d ‒ ‒  

Herd-Level Model (n = 135)     
Intercept  42.7 5.7  
Time in calving pen after calving > 8 h -13.7 4.5 0.003 
 ≤ 8 h ‒ ‒  
Time locked in fresh pen < 1×/d for < 1 h 7.3 6.3 0.52 
 Daily for < 1 h -0.9 6.4  
 Daily for ≥ 1 h ‒ ‒  
Calving season Warm -8.9 2.9 0.004 
 Cool ‒ ‒  
Parity group Multiparous 3.6 7.3 0.16 
 Primiparous ‒ ‒  
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Table 6.15. Continued 
Time locked in fresh pen × parity 
group 

< 1×/d for < 1 h 
× multiparous 

-17.2 8.4 0.08 

 Daily for < 1 h 
× multiparous 

-6.9 8.5  

 Daily for ≥ 1 h 
× multiparous 

‒ ‒  

 < 1×/d for < 1 h 
× primiparous 

‒ ‒  

 Daily for < 1 h 
× primiparous 

‒ ‒  

 Daily for ≥ 1 h 
× primiparous 

‒ ‒  

1PSPS = Penn State particle separator (Nasco, Fort Atkinson, WI). 
2Calving season was dichotomized into warm (May through September) versus cool 
(October through April). 
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DISCUSSION 

Our study identified relationships between transition cow management factors 

and metabolic- (NEFA and BHB) and inflammation-related (Hp) biomarkers, health, 

milk production, and reproductive performance. We identified a positive relationship 

between stall stocking density and PRFS, ME305, and WK4MP; however, we identified 

a positive relationship between bunk stocking density and prevalence of elevated 

postpartum NEFA concentrations and DI. An increase in water space per cow during 

the far-off period was associated with a decrease in the prevalence of elevated BHB 

concentrations. An increase in the proportion of particles on the PSPS 19-mm sieve 

during the prepartum period resulted in a decrease in the prevalence of elevated Hp 

concentrations and DI but an increase in WK4MP. We observed an increase in DI and 

PRFS with an increase in the proportion of particles on the PSPS 8-mm sieve during the 

close-up period but a decrease in the prevalence of elevated BHB concentrations during 

the fresh period. There was a positive relationship between the proportion of particles 

on the PSPS 4-mm sieve and the prevalence of elevated prepartum NEFA 

concentrations and ME305 during the close-up period and PRFS during the fresh period. 

An increase in the proportion of particles on the PSPS pan during the close-up period 

resulted in a decrease in the prevalence of elevated postpartum NEFA concentrations; 

however, an increase in the fresh period TMR resulted in an increase in the prevalence 

of elevated postpartum NEFA concentration. An increase in the fresh period 

peuNDF240 or uNDF240 resulted in a decrease in WK4MP and ME305. Pushup 

frequency was positively associated with PRFS during the far-off period, positively 

associated with the prevalence of elevated Hp concentrations and PRFS but negatively 
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associated with WK4MP during the close-up period, and positively associated with the 

prevalence of elevated Hp concentrations and DI but negatively associated with 

WK4MP during the fresh period. Fresh period feeding frequency was negatively 

associated with the prevalence of elevated BHB concentrations and DI. Commingling 

primiparous and multiparous cows during the close-up period resulted in decreased 

ME305 for multiparous cows; however, commingling during the fresh period resulted 

in decreased WK4MP and increased prevalence of elevated BHB concentrations for 

primiparous cows and decreased prevalence of elevated Hp concentrations for 

multiparous cows. We observed an increased DI and a decrease in WK4MP for 

multiparous cows when cows were routinely vaccinated in the calving pen. Herds that 

had primiparous cows moved into a maternity pen at least a few days prior to expected 

parturition had a lower 21-d PR than primiparous cows that moved into a calving pen 

when showing signs of labor. An increase in prepartum and postpartum pen moves for 

primiparous cows was associated with an increase in the prevalence of elevated Hp 

concentrations and a decrease in ME305, respectively. Herds that moved cows out of 

the calving pen within 8 h of parturition had a lower prevalence of elevated postpartum 

NEFA concentrations, higher prevalence of postpartum BHB concentrations for 

multiparous cows but lower prevalence of postpartum BHB and Hp concentrations for 

primiparous cows, and higher 21-d PR, CR, and PRFS. Herds that had cows locked up 

< 1×/d for < 1 h had a lower DI compared to herds that had cows locked up daily for < 

1 h; however, there was no difference between herds that had cows locked up < 1×/d 

for < 1 h than herds that had cows locked up daily for ≥ 1 h. 
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Little to no work has evaluated management factors during the transition cow 

period on postpartum performance outcomes related to blood biomarkers, health, milk 

production, or reproductive performance. Previous studies evaluating management 

factors have focused on mid to late lactation cows and were performed in a controlled 

research environment or were controlled research trials evaluating the effects of 

management factors on the behavior in transition cows. Therefore, this discussion will 

mostly focus on comparing results to controlled research trials.  

Pen-level Management Variables 

Stall and bunk stocking density. We unexpectedly observed a positive 

relationship between stocking density during the far-off period and PRFS for 

multiparous cows, during the close-up period and PRFS for primiparous cows and 

ME305 for multiparous cows, and during the fresh period and WK4MP for primiparous 

cows. It is plausible that dairy producers may increase pen stocking densities if they feel 

they are able to manage other aspects adequately to minimize other potential stressors 

that may affect the productivity of the cow. We observed positive relationships between 

feed bunk stocking density during the close-up and fresh periods and DI for primiparous 

cows and the prevalence of elevated postpartum NEFA concentrations, respectively, 

indicating that feed bunk space may be a better predictor for negative outcomes than 

stall stocking density. Nordlund et al. (2006) noted that bunk space is more likely to be 

an important risk factor for ketosis than stall stocking density as stall stocking density 

typically does not account for the risk of decreased DMI. In a prospective study of 67 

farms in Michigan, Cameron et al. (1998) observed that herds with suboptimal 

prepartum feed bunk management (bunk space < 30 cm/cow or bunk space was 30 to 
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60 cm/cow and the diet was feed restricted) had increased incidence of displaced 

abomasum. Contrary to our results, Deming et al. (2013) reported milk yield was 

positively associated with an increase in feed bunk space in 13-automatic milking 

system herds. In an observational study, Sova (2013) observed that an increase in feed 

bunk space was associated with a decrease in milk fat percentage; however, stall 

stocking density did not remain in any of the milk production, milk component, or DMI 

models. Stall stocking density and feed bunk density do not always correspond with one 

another due to a difference in the number of rows within a pen. We did not account for 

the number of rows within the pen when assessing stall stocking density. In general, 

previous controlled research studies have demonstrated negative behavioral differences, 

such as increased feed bunk displacements or decreased lying time, when overstocking 

compared to not overstocking; however, there is limited data demonstrating negative 

production or biologically meaningful effects of an increase in stall stocking density 

(Hosseinkhani et al., 2008; Huzzey et al., 2012; Krawczel et al., 2012; Miltenburg et al., 

2018). Most controlled research trials evaluating stall or bunk stocking density have 

only assessed behavioral differences amongst cows (DeVries et al., 2005; Huzzey et al., 

2006; Hill et al., 2009; Proudfoot et al., 2009; Lobeck-Luchterhand et al., 2015).  

Water space. We did not confirm our hypothesis that an increase in fresh pen 

water space per cow would be associated with increased milk production. Instead, we 

observed an increase in water space during the far-off period resulted in decreased 

prevalence of elevated BHB concentrations for multiparous cows. To our knowledge, 

there have not been any controlled research trials investigating the effect of water space 

on production and performance outcomes. In an observational study evaluating the 
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highest producing group of cows, Sova (2013) observed a positive relationship between 

increased water space per cow and test day milk yield, FCM, and ECM; however, a 

negative relationship was observed with MUN and milk protein. Providing ample access 

to water, as well as feed and resting space, can be crucial to health and performance 

(Chebel et al., 2016), though no research has demonstrated the importance of water 

space during the transition cow period.   

Commingling. Contrary to our hypothesis, commingling during the close-up 

period resulted in decreased ME305 for multiparous cows; however, our results support 

our hypothesis such that commingling during the fresh period resulted in increased 

prevalence of elevated BHB concentrations and decreased WK4MP for primiparous 

cows. We also observed commingling during the fresh period was associated with a 

decreased prevalence of elevated Hp concentrations for multiparous cows. Boyle et al. 

(2013) did not observe milk production (yield or component) differences, serum cortisol 

concentration differences, or differences in BCS or BW loss during the fresh period 

between primiparous cows that were commingled or not commingled with multiparous 

cows during the close-up dry cow period.  

Feeding and feed pushup frequency. We hypothesized that an increase in 

postpartum feeding frequency or feed pushup frequency would be associated with 

increased milk production and decreased prevalence of elevated postpartum NEFA and 

BHB concentrations. In our study, feeding frequency was only associated with 

outcomes during the fresh period such that an increase in feeding frequency resulted in 

decreased prevalence of elevated BHB concentrations in primiparous and multiparous 

cows and decreased DI for multiparous cows. Feed is consumed more evenly after each 
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feed delivery and cows tend to increase the amount of time spent feeding when fed > 

1x/d (Devries, 2005; Mantyssari, 2006). Feed sorting is decreased with an increase in 

feeding frequency (DeVries et al., 2005; Sova et al., 2013) which results in a more 

consistent diet being consumed throughout the day. An increase in feeding frequency 

can promote an increase in DMI (Hart, 2014; Sova, 2013; Miller-Cushon and DeVries, 

2017), reduce the risk of subclinical acidosis (Plaizier et al., 2008), and can result in less 

sorting against long particles (DeVries et al., 2005; Endres and Espejo, 2010). 

Increasing DMI can reduce the extent of NEB during early lactation and therefore 

reduce blood NEFA concentrations. Severe negative energy balance can result in health 

disorders such as ketosis, displaced abomasum, and metritis (Grummer, 2004); 

however, to our knowledge, studies evaluating the effects of increased feeding 

frequency on blood metabolites and health disorders have not been evaluated during the 

transition cow period.  

Scientific evidence does not exist to suggest that an increase in pushup frequency 

results in increased DMI (DeVries, 2017); however, Bach (2008) observed herds that 

pushed up feed produced more milk (3.9 kg/d) than herds that did not push up feed. In 

our dataset, we did not observe any herds that never pushed up feed; herds pushed up 

feed at least 3x/d in the close-up and fresh periods (Chapter 3). Contrary to our 

hypothesis, an increase in pushup frequency during the fresh period was associated with 

decreased WK4MP for all cows and increased DI for primiparous cows and during the 

close-up period, pushup frequency was associated with decreased WK4MP for 

multiparous cows. It is plausible that herds may increase feed push-up frequency to 

stimulate eating and improve DMI and milk as a way of compensating for poor forages; 
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however, data have shown that feed delivery is the primary stimulus for eating and not 

feed pushup or milking (DeVries, 2017). 

Penn State Particle Separator. Most of the work assessing particle size has 

evaluated the effects on sorting, rumination, and DMI, particularly comparing longer to 

shorter particles; however, little work has evaluated the effects of the proportion of TMR 

on each sieve of the PSPS. There is evidence of decreased milk yield and components 

when sorting against long particles (Sova et al., 2013; Miller-Cushon and DeVries, 

2017; Coon et al., 2018). Coon et al. (2019) observed that an increase in particle size 

often leads to sorting and a less stable rumen environment, putting the cow at a greater 

risk of subacute ruminal acidosis. Havekes et al. (2020) observed an increase in 

prepartum DMI, less sorting against longer particles, and lower postpartum BHB 

concentration for cows consuming a prepartum diet with a short straw length (chopped 

with a 2.54-cm screen) compared to a long straw length (chopped with a 10.16-cm 

screen). Contrary to our hypothesis, we observed decreased DI for multiparous cows 

and increased WK4MP for primiparous cows as the proportion of particles on the PSPS 

19-mm sieve increased in the far-off and close-up period, respectively. Our results may 

contradict our hypothesis as we did not account for the size of the particles found on the 

19-mm sieve. It has been recommended to chop hay or straw so that particles are < 4 

cm (Nydam et al., 2017); therefore, most of the herds enrolled in this study may have 

chopped the hay or straw to an adequate size to reduce sorting and prevent postpartum 

health issues and maximize milk production.   

peNDF, peuNDF240, and uNDF240. Evaluating peNDF, peuNDF240, and 

uNDF240 in diets are a relatively new concept; therefore, there is limited research 
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evaluating the effects during the transition cow period. We observed decreased WK4MP 

for multiparous cows and decreased ME305 milk for primiparous and multiparous cows 

as peuNDF240 or uNDF240 increased during the fresh period. This is in agreement with 

previous studies (Grant et al., 2018; LaCount, 2019) indicating that as peNDF, 

peuNDF240, or uNDF240 increase, intake may be limited and milk production may be 

compromised; however, we did not observe an association between peNDF, 

peuNDF240, or uNDF240 and the prevalence of elevated postpartum BHB or NEFA 

concentrations unlike LaCount (2019), who observed greater NEFA and BHB 

concentrations for cows fed a high fiber fresh diet (12.2% uNDF240. 23.2% peNDF) 

compared to a low fiber fresh diet (9.5% uNDF240, 21.6% peNDF). Utilizing 

peuNDF240 may be more beneficial than peNDF or uNDF240 alone since it accounts 

for uNDF240 and physically effective fiber. Contrary to our hypothesis, we did not 

observe an association between peNDF, peuNDF240 or uNDF240 and the prevalence 

of elevated Hp concentrations. LaCount (2019) observed an interaction between 

treatment and parity group for Hp such that 2nd lactation cows had lower Hp 

concentrations when fed the high fiber fresh diet compared to the low fiber fresh diet; 

however, treatment differences were minor (0.23 vs. 0.17 g/L; P = 0.15). Feeding a high 

fiber diet, with adequate particle size (< 4 cm; Nydam et al., 2017), may help reduce 

sorting and subacute ruminal acidosis (Coon et al., 2019), reducing the risk of negatively 

affecting the gut barrier integrity and systemic inflammation (Horst et al., 2021). 

Herd-level Management Variables 

Vaccination. We observed increased DI for all cows and decreased WK4MP for 

multiparous cows when cows were routinely vaccinated in the calving pen. Vaccinating 
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cows stimulates an acute phase protein response (Stokka et al., 1994; Cooke and 

Arthington, 2013). Transition cows are already in a state of immune dysregulation 

(Sordillo and Raphael, 2013; Vlasova and Saif, 2021) and further insults may make the 

transition cow more susceptible to health disorders and disease (Sordillo and Raphael, 

2013). Immune activation requires repartitioning glucose from the mammary gland, 

which could result in reduced milk production (Kvidera et al., 2017a). Our results 

support the recommendation to avoid vaccinating in the calving pen (Guterbock, 2004). 

 Maternity pen. Contrary to our hypothesis, we did not observe an association 

between the use of a maternity pen and an increase in the prevalence of postpartum 

biomarker concentrations (BHB, NEFA, and Hp) or DI; however, we did observe 

decreased 21-d PR for primiparous cows. Although limited work has evaluated moving 

cows around the time of parturition (Cook and Nordlund, 2004; Proudfoot et al., 2013), 

no research has evaluated long-term production effects. Field investigations have 

observed elevated NEFA concentrations and an increased risk of ketosis and DA for 

cows that were on a maternity pack for 3 or more days compared to cows that calved 

within 2 days of being on the maternity pack. It is plausible that moving cows a few 

days prior to parturition could increase stress, due to a new environment and new social 

interactions (Arthington et al., 2003; Cook and Nordlund, 2004), stimulate an acute 

phase protein response, increase the risk of retained placenta, metritis, or both (Huzzey 

et al., 2009), and increase the risk of poor reproductive performance (Huzzey et al., 

2015; Chapter 4). Further research needs to evaluate short- and long-term effects of 

moving a cow a few days prior to parturition versus when parturition is imminent.  
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 Pen moves. Contrary to our hypothesis, we did not observe an association 

between prepartum pen moves and the prevalence of elevated prepartum NEFA, 

postpartum NEFA or postpartum BHB concentrations, or DI; however, in agreement 

with our hypothesis, we did observe an increase in the prevalence of elevated Hp 

concentrations for primiparous cows when prepartum pen moves were increased and 

decreased ME305 for primiparous cows when postpartum pen moves were increased. 

Pen moves have been associated with increased negative social interactions or 

avoidance behaviors (Kondo and Hurnik, 1990; Grant and Albright, 2001; Cook and 

Nordlund, 2004). Social behavior can play a critical role in the health of the transition 

cow, such that cows diagnosed with severe metritis engaged in fewer aggressive 

interactions, had depressed prepartum DMI, and produced less milk during the first 3 

wk of lactation, compared to healthy cows (Huzzey et al., 2007). In a commingled pen, 

primiparous cows tend to be the low-rank or subordinate cow and may exhibit more 

avoidance behaviors than multiparous cows (Cook and Nordlund, 2004). Although Hp 

concentrations were not observed by Huzzey et al. (2007), metritis has been 

significantly associated with elevated Hp concentrations (Huzzey et al, 2009; Chapter 

4). Increased Hp concentrations have also been observed in cows and calves due to a 

stressful event, such as transportation (Arthington et al., 2003; Lomborg et al., 2008). 

Limited research has evaluated transition cow postpartum pen moves on milk 

production; however, mid-lactation, multiparous cow studies have generally observed a 

decrease in short-term milk production due to a pen move (Cook and Nordlund, 2004; 

von Keyserlingk et al., 2008). 
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 Time spent in calving pen. In agreement with our hypothesis, we did observe a 

decrease in the prevalence of elevated postpartum NEFA concentrations for cows and 

in the prevalence of elevated BHB concentrations for primiparous cows when cows 

were moved out of the calving pen within 8 h of parturition compared to when they 

remained in the calving pen for more than 8 h; however, contrary to our hypothesis, we 

observed an increase in the prevalence of elevated BHB concentrations for multiparous 

cows and we did not observe an association with milk production. To our knowledge, 

previous research has not evaluated the time spent in the calving pen on postpartum 

health, blood biomarkers, milk production, or reproductive performance. Our results 

indicate that it may be beneficial to move the cow shortly after calving so the cow can 

resume being a herding animal (Cook and Nordlund, 2004). Previous work has 

demonstrated that cows prefer to be secluded in the hour before and after calving but 

will rejoin cows in the pen afterward (Proudfoot et al., 2014). It is important to note that 

not all herds utilized a single cow calving pen; some herds utilized a maternity pen 

where cows would calve amongst others. It is plausible that the longer amount of time 

a cow remains isolated from the herd, the more stressed she will become which could 

negatively affect eating, putting the cow at a greater risk of increased negative energy 

balance and increased mobilization of NEFA. We also observed a decreased prevalence 

of elevated Hp concentrations for primiparous cows, and increased 21-d PR, CR, and 

PRFS for herds that had cows moved out of the calving pen within 8 h of parturition. 

An increase in NEFA concentrations has been associated with poorer reproductive 

performance (Santos and Staples, 2017; Roche et al., 2018; Cardoso et al., 2020).  
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Time locked up in the fresh pen. To our knowledge, previous research has not 

evaluated the amount of time locked up in the fresh pen for health checks on postpartum 

health, blood biomarkers, milk production, or reproductive performance. We observed 

herds that had cows locked up < 1×/d for < 1 h had a lower DI compared to herds that 

had cows locked up daily for < 1 h. It is plausible that herds that had cows locked up 

more frequently did a more thorough fresh cow examination and identified more sick 

cows, potentially resulting in a higher DI. Alternatively, herds that did not have cows 

locked up daily may have a lower DI due to underreporting and missing cases or the 

herd truly has a low DI and therefore the herd does not do daily fresh cow health checks 

to minimize disruptions to the cow’s schedule. Our results do not advocate against the 

current recommendation of locking cows up for < 1 h/d to minimize daily time-budget 

disruptions (Nordlund, 2009); however, research should investigate this practice further.  

Although we attempted to evaluate these management factors accurately, there 

are limitations to the study. The measurements acquired for the management variables 

were a snapshot of the current herd practices and pen demographics. There is inherent 

variation by measuring the variable once as the measurement may change from day to 

day. We analyzed each period separately as periods may be confounded. Farms may 

have similar management styles across the different periods (e.g. similar or the same 

diet and particle size between the far-off and close-up period, similar feed pushup 

frequencies, etc.); therefore, it is difficult to differentiate where the management 

variable has the most influence and whether it truly does have an influence during the 

period where we identified an association. As an example, we observed a negative 

association between feed pushup frequency during the close-up and fresh periods with 
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WK4MP; however, the proportion of pens that had feed pushed up ≥ 5×/d was very 

similar between periods (Chapter 3), making it difficult to differentiate the management 

factor between the two periods. We also did not assess interactions between variables. 

The summation of multiple management stressors may have a more pronounced effect 

on health and postpartum performance than any one management factor alone 

(Campbell and Grant, 2016); however, our evaluation identifies the management factors 

that have the most pronounced associations with postpartum outcomes without 

minimizing other potential stressors. Although we evaluated PSPS, we did not evaluate 

the size of the particles on the top sieve. The particle size may have a greater effect on 

our observed outcomes compared to just evaluating the proportion of particles on the 

top screen. We also did not evaluate the TMR refusals to determine the extent of sorting 

in this study.  

 

CONCLUSION 

Our results indicate that pen- and herd-level management factors are associated 

with metabolic- and inflammation-related biomarkers, health, milk production, and 

reproductive performance. During the prepartum period, our results support increasing 

the proportion of particles on the PSPS 19-mm sieve for the prepartum diets and 

maximizing bunk space during the close-up period. During the fresh period, our results 

support maximizing bunk space, avoiding commingling, increasing the feeding 

frequency, and avoiding high peuNDF240 or uNDF240 diets. At the herd-level, our 

results support the practice of avoiding vaccination in the calving or maternity pen, 

utilizing a calving pen compared to a maternity pen, reducing the number of prepartum 



 

337 

and postpartum pen moves for primiparous cows, and avoiding long stays (≥ 8 h) in the 

calving or maternity pen after parturition. Due to limited data or contradicting results, 

further research should evaluate short- and long-term effects of the amount of time 

locked up in the fresh pen, particle size, feed pushup frequency, the use of a calving pen 

versus a maternity pen, and time spent in the calving or maternity pen. 
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CHAPTER 7  

OVERALL CONCLUSIONS AND FUTURE DIRECTIONS 

 

The transition cow period is arguably the most demanding time in a dairy cow’s 

life due to an increase in nutrient demand, metabolic and endocrine changes, diet 

changes, and management factors. Minimizing disruptions during this time period can 

ease the transition into lactation; however, limited controlled and large epidemiological 

research exists exploring the relationships between nutrition and management factors 

during the transition cow period. This research explored the relationship between 

metabolic- and inflammation-related biomarkers with cow- and herd-level outcomes, 

common transition cow nutritional strategies with postpartum health and performance 

outcomes, and putative management factors with postpartum health and performance 

outcomes.  

 

OVERALL CONCLUSIONS 

The first objective of the research described in this dissertation was to provide a 

description of current management practices in the surveyed herds and the cohorts of 

cows sampled in support of subsequent parts of the study that focused on testing 

hypotheses regarding relationships of biomarkers with outcomes and the relationships 

of nutrition and management factors with transition period outcomes. This dataset 

captured a range in freestall dairy herd management practices in the Northeastern US. 

Based on our findings, it is apparent that farms have adjusted their management 

practices based on industry and academic recommendations pertaining to pen stocking 
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densities, the amount of time locked up for fresh cow health checks, and the utilization 

of a calving pen where a cow moves when exhibiting signs of labor. However, not all 

recommendations have been adapted as readily as others, such as avoiding 

commingling, avoiding an excessive proportion of particles on the 19-mm screen of the 

Penn State Particle Separator for the far-off and close-up diets, and stall dimensions. 

Herds enrolled in this study have also adapted products and technology to help prevent 

or monitor fresh cow health disorders to improve productivity, such as  feeding 

commercial anionic salts during the close-up period, utilizing a blood ketone test to help 

monitor hyperketonemia, and implementing a hormone synchronization program for 

first service.  

Our second objective was to investigate critical thresholds for prepartum 

nonesterified fatty acids (NEFA) and postpartum NEFA, β-hydroxybutyrate (BHB), 

and haptoglobin (Hp) and their association with negative health events, milk 

production, and reproductive performance at the cow- and herd-level for herds in the 

Northeastern US. In general, cows with elevated biomarkers had an increased risk of 

negative health events, decreased milk production, and poorer reproductive 

performance at the cow- and herd-level.  

Our third objective was to identify relationships between dry period and 

periparturient period nutritional strategies as characterized by diet contents of starch, 

forage NDF, or both, with metabolic- (NEFA and BHB) and inflammation-related (Hp) 

biomarkers, health disorders, milk production, and reproductive performance. In 

general, the results of our study support feeding multiparous cows a high fiber close-up 

and high starch fresh diet to minimize excessive prevalence of elevated BHB 
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concentrations and reduce disorder incidence in the early postpartum period. Similar to 

the multiparous cows, the results of our study support feeding primiparous cows a 

controlled-energy far-off, high fiber close-up, and high starch fresh diet to maximize 

reproductive performance, minimize excessive prevalence of elevated BHB 

concentrations, and to reduce disorder incidence in the early postpartum period. 

Our fourth objective was to identify relationships between putative transition 

period management factors with metabolic- (NEFA and BHB) and inflammation-related 

(Hp) biomarkers, health disorders, milk production, and reproductive performance. 

During the prepartum period, our results support increasing the proportion of particles 

on the PSPS 19-mm sieve for the prepartum diets and maximizing bunk space during 

the close-up period. During the fresh period, our results support maximizing bunk space, 

avoiding commingling, increasing the feeding frequency, and avoiding high 

peuNDF240 or uNDF240 diets. At the herd-level, our results support the practice of 

avoiding vaccination in the calving pen, utilizing a calving pen compared to a maternity 

pen, reducing the number of prepartum and postpartum pen moves for primiparous 

cows, and avoiding long stays (≥8 h) in the calving pen after parturition. 

 

FUTURE DIRECTIONS 

Based on the conclusions from my dissertation, one future direction of research 

should be to further investigate Hp concentrations in primiparous and multiparous cows. 

Due to a limited sample size, we were not able to evaluate Hp by parity group. Since 

this was the first, large field study to identify Hp thresholds, future work should verify 

our results. In addition, currently there is no gold standard for analyzing Hp, which may 
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explain the variation in reported Hp concentrations in the literature. Future research 

should investigate different lab assays and evaluate the repeatability, the variation, and 

the Hp recovery of such assays.  

Limited research exists evaluating the fresh cow diet and results are often 

contradictory. Future research could focus on the possible interaction between the starch 

and forage NDF concentration in the fresh cow diet. A prospective cohort study 

evaluating the fresh diet while controlling for the close-up diet could provide further 

insight on the ideal fresh cow diet.  

Another area of future research could focus on the feeding management of the 

close-up diet. Although our results correspond with controlled-research studies, 

variation in postpartum outcomes are still observed across commercial dairy farms that 

feed a controlled-energy diet. Evaluating herds that feed a controlled-energy diet and 

have a wide range of feeding management practices would help target specific 

management practices that may result in less ideal postpartum outcomes. In general, 

there is a lack of research evaluating putative management factors during the transition 

cow period. Due to limited data or contradicting results observed in this dissertation, 

further research should evaluate short- and long-term effects of the amount of time 

locked up in the fresh pen, particle size, feed pushup frequency, the use of a calving pen 

versus a maternity pen, and time spent in the calving pen. 
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