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CHAPTER 1 

REVIEW OF LITERATURE 

1.1 Introduction 

Dairy calves are an investment into the future of the lactating herd. It is 

clear that early life experiences of a calf can have long-term impacts on health and 

productivity throughout the life of the animal. During the first two weeks of life, 

calves have an elevated risk of morbidity and mortality, which decreases calf 

health, well-being, and performance; therefore, improving the development of 

immunity in calves is important to dairy producers. The USDA’s National Animal 

Health and Monitoring System (NAHMS, 2002; 2007) reported that the mortality 

rates of pre-weaned calves ranges from 7.8 to 10.5%, whereas the mortality rates of 

the weaned heifer calves ranges from 1.8 to 2.8%. The recent NAHMS survey 

reported morbidity rates were 26.9 and 21.3% in the 1st and 2nd week, respectively. 

After the 2nd week of life, there was a trend of decreased morbidity through the 9th 

week of life. During early life, the greatest risk for mortality is enteric disease, and 

it was estimated that 56.5% of disease was associated with scours (NAHMS, 2007). 

Therefore more data are needed to identify strategies that improve the health of 

calves, especially enteric immunity.  

 

1.2 Risk for gastrointestinal disease 

In 2006, approximately 8% of pre-weaned heifers died primarily caused by 

diarrhea or other gastrointestinal tract (GIT) illness (NAHMS, 2011). 

Gastrointestinal tract diseases in early life can be divided into two components, 
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scours-only and septicemia. Dehydration is the major cause for death when calves 

suffered scours, and calves with scours-only can be successfully treated with 

electrolytes and fluids to prevent dehydration (Ballou, 2013). Septicemia, which is 

different from scour-only disease, occurs when the microorganisms, commonly 

bacterial, may gain access to blood causing systemic disease. The mortality rate of 

calves with bacteremia was greater than non-bacteremia calves, 57.4 and 15.1%, 

respectively (Lofstedt, 1999). 

Gastrointestinal tract diseases are caused by many different 

microorganisms, including: bacteria, viruses, protozoa, and yeasts (Stoltenow, 

2003). Enterotoxigenic Escherichia coli is common among calves with scours and 

observed usually during the first week of life. Salmonella sp. and enteropathogenic 

E. coli are also important causes of scours, but they also can invade and cause 

septicemia. These infections are most common during the first 2 weeks of life. 

Clostridium perfringens can also cause scours in neonatal calves, and this bacteria 

causes a sudden onset of weakness or death. Rotavirus is a genus of a double-

stranded RNA virus in the Reoviridae family. Rotavirus is commonly found in the 

feces of calves between 1 to 30 days of age. Calves with rotavirus usually suffer 

scours within 3 to 7 days after they are infected with the rotavirus. Coronavirus is 

similar to rotavirus, but not all calves with coronavirus develop scours; however, 

the intestinal mucosa was more severely damaged by coronavirus than rotavirus. 

Cryptosporidium parvum is one of several protozoal species, which are prevalent 

on dairies and are capable of causing scours by itself or in combination with other 

microbial agents. Cryptosporidium parvum usually infects calves shortly after birth 



   
Texas Tech University, Yu Liang, May 2015 

 3 

and they subsequently develop scours at about 5 to 7 days of life. This organism 

survives well in the environment, and calves that do not receive adequate passive 

immunity are particularly susceptible. 

 

1.3 Gastrointestinal immune system  

The GIT is essential for the absorption of nutrients, but it also serves as the 

first line of defense against enteric pathogens (Kourtis et al., 2013). Calves are 

extremely susceptible to GIT diseases during the first few weeks of life, and the 

risk for disease decreases with increasing age (Roy, 1990). The risk of GIT disease 

is greatest during the neonatal period because the GIT is undergoing rapid 

maturation. The GIT begins to develop during fetal life, but complete development 

will not occur until after parturition (Guilloteau et al., 2009). Maturation of 

intestine is known to occur during the first few weeks of postnatal life, and until 

this is complete the risk for GIT disease is great. There is very little known 

regarding how the GIT tract of dairy calves changes during the neonatal period; 

however, using risk for GIT disease as an indirect measurement we can presume it 

occurs quite rapidly in the first few weeks of life.  

 There are many components to the GIT immune system and defects in any 

one of these can increase the risk for GIT disease (Figure 1). The epithelial cells 

that make up the mucosal surface and the tight junctions between those cells form a 

physical barrier that prevents luminal contents from flowing directly into systemic 

circulation. A breakdown in the tight junctions increases the likelihood of infectious 

disease because of increased bacterial translocation. Goblet cells are one of the 
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types of epithelial cells found in the GIT, and they produce mucus that creates a 

layer that covers most of the intestinal epithelium. This mucus layer forms an 

additional physical barrier against potential enteric pathogens. Additionally, the 

mucus layer contains many antimicrobial factors that were secreted from immune 

cells in the intestinal mucosa. These antimicrobial factors include: defensins, 

lysozyme, and sIgA, and their function is to limit the interactions of live 

microrganims with epithelial cells by creating a chemical barrier. Many 

leukocytes are found in the mucosa of the GIT as well as large lymphoid aggregates 

are localized in the submucosa of the distal region of the small intestines. These 

leukocytes contribute to the immunological barrier of the GIT. The majority of 

leukocytes found in the gastrointestinal (sub)mucosa contribute to adaptive immune 

responses and create memory that will help to prevent subsequent infections. 

Macrophages are found in the mucosa and could be involved in the clearance of 

some microorganisms, but neutrophils are rarely found in the mucosa and are only 

present in a pathologic state. Trillions of commensal microorganisms live in the 

GIT and they have a symbiotic relationship with the calf. These commensal 

microorganisms are part of a microbial barrier that limits the colonization of the 

gastrointestinal epithelium with more potentially pathogenic microorganisms. 

These commensal microorganisms compete directly for substrates and space with 

the potentially pathogenic microorganisms and many of them produce antimicrobial 

factors and stimulate mucus production that further restrict potential pathogens 

from infecting the calf. These barriers work together to create a competent Immune 
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System of the GIT. A defect in any of these components can increase the risk for 

infectious disease. 

 

1.4 Post-natal development of gastrointestinal immune system      

Many of the components of the gastrointestinal immune system begin to 

develop as early as the first trimester of gestation; however, further maturation of 

many of these barriers occurs only after birth (Guilloteau et al., 2009). This process 

of rapid intestinal maturation is known as “gut closure” and contributes to the 

physical barrier. The enterocytes, the nutrient absorptive cells that make up the 

majority of cells in the intestinal epithelium, are considered fetal-type at birth 

because they are largely vacuolated and can absorb intact macronutrients through 

pinocytosis. These fetal-type enterocytes are quickly replaced by more adult-like 

enterocytes (Baintner, 2002). This process occurs from the proximal to distal 

intestines and from the crypt to the villus tip; therefore, even though the majority of 

the gastrointestinal tract may have undergone “gut closure” in the day and a half 

after birth there likely persist vacuolated, fetal-type enterocytes toward the villus tip 

of the lower regions of the intestines for a longer period of time. In addition to 

transcellular absorption of macromolecules, the gastrointestinal epithelium may 

also be more prone to paracellular absorption because of reduced tight junctions 

between the enterocytes (Sherman, 2010). The mucus layer that covers the 

intestinal epithelium is dynamic and cannot be studied with traditional histological 

methods; therefore, very little is known regarding the postnatal changes in the 

mucus layer. The mucus layer acts as a diffusion barrier against unwanted 
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substances and also as a lubricant to minimize sheer stress on the physical barrier 

(Anderson et al., 2012). Goblet cells are responsible for producing highly 

glycosylated mucins generating a mucus matrix acting as a protective barrier by 

covering the gut mucosa (Tourneur and Chassin, 2013). Moreover, goblet cells start 

producing mucin by week 12 of gestation in humans (Montgomery et al., 1999), but 

some data suggested that the mucus layer development is limited in the pre-

weaning stage in pigs (Deplancke and Gaskins, 2000). Goblet cells respond to 

microbial exposure by increasing mucus secretion; therefore, it is conceivable that 

the mucus layer develops further during the post-natal period. Intestinal motility 

and the movement of digesta through the GIT can also reduce colonization of 

potentially pathogenic microorgansims, so a reduced intestinal motility can also 

contribute to the high incidence of enteric disease. Therefore, the physical barrier 

of the intestines is compromised during the early post-natal period and likely 

contributes to the high incidence of enteric disease and bacterial translocation. 

 The chemical and immunological barriers are also compromised during 

the early post-natal period. Paneth cells begin to develop during gestation; however, 

the number of Paneth cells and the antimicrobial secretions increase throughout life. 

Additionally, the adaptive arm of the immune system is naïve at birth and develops 

over the life of the animal as the calf is exposed and re-exposed to antigens. 

Therefore, sIgA concentrations and diversity are low and will remain low until the 

calf begins to develop it’s own active immunity. Antibodies from colostrum are 

known to recirculate back to the mucosa of the intestines, and can offer some 

immediate protection from enteric pathogens; however, the half-life of many 
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passively derived antibodies is 1 to 2 weeks. Therefore, the GIT will become more 

susceptible to those specific microorganisms again until they develop their own 

active immunity against them. This is probably why many calves start developing 

localized enteric disease and scours during the 2nd or 3rd week of life. The fact is 

young animals will always be at an increased risk for infectious diseases until they 

develop their own active immunity. It’s one of the benefits of getting older, the 

adaptive arm of the immune system becomes ‘wiser’ because of what it has been 

exposed to and experienced.      

 The calf in utero is developing in a relatively sterile environment and upon 

parturition and during the post-natal life they are exposed to a greater number and 

diversity of microorganisms. There is a progression in the microbial colonization of 

the GIT, with facultative anaerobes from the environment (ie: Enterobacteriaceae, 

Streptococcus, and Staphylococcus) dominating during the early post-natal period. 

There will be a switch to where strict anaerobes (ie: Bifidobacterium, Bacteroides, 

Lactobacilli, and Clostridia) will dominate and account for greater than 99% of the 

bacteria in the intestines for the rest of the animal’s life. Therefore, the microbial 

barrier of the GIT is also compromised during early life and likely contributes to 

the greater incidence of enteric disease. 

  A greater number of circulating neutrophils and antimicrobial activity of 

those neutrophils may help partially compensate for the impaired GIT immunity 

during the first few weeks of life (Menge et al., 1998; Obeidat et al., 2013), which 

may help protect the calf from developing septicemia upon bacterial translocation. 

In contrast, the total antimicrobial capacity of whole blood increased from 1 to 21 
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days of age when whole blood was co-cultured with either an E. coli or Salmonella 

enterica (Ballou et al., 2008). The assay utilized by Ballou et al. (2008) is a 

cumulative assay, so a change in any single component of an immune response 

cannot be determined; however, the data do indicate that 1 day old calves are likely 

more susceptible to septicemia from either E. coli or Salmonella enterica. Ballou et 

al. (2008) also reported improved antimicrobial activity of whole blood from birth 

to 1 day of age, which is likely increased from passive derived immunoglobulin and 

other antimicrobial compounds.  

 Therefore, from a systematic perspective, there are many holes in the 

gastrointestinal and systemic immunity during the early post-natal life, which 

greatly increases the relative risk for enteric disease and septicemia, respectively. It 

is well known that what an animal is fed during the neonatal period will influence 

the development of the gastrointestinal immune system and enteric disease 

resistance. It should be noted that a lot more basic research on the development of 

the post-natal gastrointestinal immune system in calves is needed and should be a 

research priority. 
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Figure 1.1. Schematic drawing of the small intestinal mucosa. The crypt-villus 
axis and common leukocytes found in the mucosa are shown on the right. The 
insert on the left is a magnification of the epithelial layer, depicting microvilli, tight 
junctions between epithelial cells, a goblet cell secreting mucus, and an 
intraepithelial lymphocyte.  
 

1.5 Plane of nutrition on gastrointestinal health 

In utero, the developing calf is receiving its nutrients from the cow through 

the placenta. Immediately after birth the calf must adapt and be able to obtain all its 

required nutrients through the GIT. As discussed previously, the GIT is undergoing 

a rapid post-natal maturation to be able to survive in the ex utero environment. The 

function, structure, and digestive capabilities of the GIT change rapidly (Guilloteau 

et al., 2009). Very little is known about how nutrition and specific nutrients 

influence GIT maturation. Further, the influence that plane of milk replacer 

nutrition has on the GIT maturation and digestive capabilities early in life are not 

well understood.     
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Soon after birth, colostrum from the cow provides large of quantities of 

immunoglobulins and varied growth factors to the neonatal calf. Receiving 

adequate quantities of high quality, clean colostrum soon after birth is the most 

important factor for their survival for the first 3 weeks of life. Wells et al. (1990) 

observed that newborn calves that did not receive colostrum were 74 times more 

likely to die in the first 21 days of life. However, the data from NAHMS illustrates 

that even calves that receive adequate colostrum are still at a high risk for GIT 

diseases. Guilloteau et al. (2009) reported that colostrum is also significant for the 

development of GIT of neonatal calves. The colostrum provides varied growth 

factors that aid in the maturation of the GIT. In addition to colostrum, the quantity 

of milk or milk replacer fed to calves early in life may influence the maturation of 

the GIT, the percentage of dietary nutrients that are digested and absorbed, and the 

risk for GIT disease. Many data reported positive effects on growth performance of 

calves during the first few weeks of life when fed higher planes of milk and milk 

replacer nutrition (HPN) (Bartlett et al., 2006; Ballou et al., 2013). These data 

indicate that some of the additional nutrients fed to calves on a HPN are digested, 

absorbed, and incorporated into body tissue; however, the percentage of dietary 

nutrients that are digested and absorbed are not known. If greater quantities of 

many of the nutrients are not digested and absorbed in the proximal GIT then more 

of these nutrients would be available for microorganisms in the more distal GIT, 

which could increase the risk for bacterial overgrowth of more pathogenic 

microorganisms, especially while the GIT is still immature.  
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During the first 2 weeks of life, the high mortality rate among calves is 

primarily caused by enteric pathogens, which is the period of time the GIT is 

undergoing maturation. There are many components to the GIT immune system; 

however, there are no data on how plane of nutrition influences any of the GIT 

immune defenses. Instead, most studies investigated fecal consistency or fecal 

scores as the primary measurement of GIT health (Nonnecke et al., 2003). Many of 

studies observed that calves fed with HPN excreted more loose feces or had greater 

fecal scores (Nonnecke et al., 2003; Bartlett et al., 2006; Osorio et al., 2013). 

However, other studies did not report any difference in fecal scores among calves 

fed different planes of nutrition (Ballou, 2012; Obeidat et al., 2013). Nonnecke et al. 

(2003) argued that even though calves fed a HPN had looser fecal scores that did 

not necessarily indicate that they had greater incidence of GIT disease. Nonnecke et 

al. (2003) suggested the greater fecal scores among the HPN calves may reflect the 

greater quantity of solids and fluid consumed by those calves.  

A few studies have investigated the role that early life plane of nutrition 

plays on various systemic leukocyte responses. Pollock et al. (1994) reported that 

antigen-specific IgA and IgG2 were reduced when calves were fed a HPN. In 

agreement, Nonnecke et al. (2003) reported that less interferon-γ was secreted when 

peripheral blood mononuclear cells were stimulated with T-lymphocyte mitogens. 

However, not all data indicate that adaptive leukocyte responses are reduced when 

fed a HPN; Foote et al. (2007) did not observe any difference in either the 

percentage of memory CD4+ or CD8+ T lymphocytes or antigen-induced 

interferon-γ secretion. Ballou (2012) reported that neither neutrophil oxidative burst 
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nor whole blood bactericidal capacity was influenced by plane milk replacer 

nutrition during the pre-weaned period among either Jersey or Holstein calves. 

However, in that study the calves fed the HPN, irrespective of breed, had greater 

plasma concentrations of haptoglobin after a subcutaneous challenge with 

lipopolysaccharide at 7 day of age, which suggests the HPN calves have a greater 

inflammatory response capacity early in life. In contrast to the study by Ballou 

(2012), Obeidat et al. (2013) observed that Holstein calves fed a LPN had elevated 

neutrophil oxidative burst and surface expression of the adhesion molecule, L-

selectin compared to calves fed a HPN during the pre-weaned period. In agreement, 

Ballou et al., (In Press) reported that Jersey calves fed a LPN had greater 

expression of L-selectin on the surface of circulating neutrophils. Those authors 

speculated that the greater neutrophil activity among the calves fed the restricted 

quantity of milk replacer resulted in either less stress or increased microbial 

exposure due to more non-nutritive oral behaviors. Taken together, these data 

indicate that plane of nutrition can influence systemic leukocyte responses and the 

effect is likely multifactorial and dependent on many direct and non-direct 

nutritional factors.  

To date, only 2 studies have investigated the role that plane of milk replacer 

nutrition plays in response to an enteric disease challenge during the first few 

weeks of life. Quigley et al. (2006) fed high-risk sale barn calves either a LPN or a 

variable HPN and raised the calves on wood shavings that were contaminated with 

coronavirus. The calves fed the HPN increased the number of days with scours by 

53% and also increased the number of days calves received the antibiotics. In 
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contrast, Ollivett et al. (2012) reported that fecal scores improved faster among 

HPN calves when they were challenged with Cryptosporidium parvum at 3 days of 

life. They also reported improved hydration among the HPN calves as evident by 

lower hematocrit percentages. Therefore, there could be a pathogen-host interaction 

between the risk for enteric disease and plane of milk replacer nutrition. More data 

are needed, both large data sets with spontaneous disease as well as specific enteric 

pathogen challenges, before definitive conclusions can be drawn. Further, data are 

needed on how plane of nutrition influences immune defenses in the GIT. 

 

1.6 Conclusions 

Nutrition is the very important component for the calves during the first two 

weeks of life not only because it supplies nutrients for lean tissue growth, but those 

nutrients also likely influence GIT maturation and risk for enteric disease. No study 

has been conducted that investigated how the plane of nutrition influences the 

digestibility of nutrients in neonatal calves. Additionally, only 2 studies examined 

how plane of nutrition influences the health of calves after an enteric pathogen 

challenge, whereas no data reported how plane of nutrition influenced GIT 

maturation. The objectives of the research for this thesis were: (1) to evaluate the 

capability of digestion and absorption for calves fed different planes of nutrition 

during first week of life and (2) to observe the effects of different planes of 

nutrition on growth performance and GIT health after an opportunistic bacterial 

challenge at 10 days of age.   
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CHAPTER II 

THE GASTROINTESTINAL TRACT OF 1-WEEK OLD JERSEY CALVES 

IS WELL SUITED TO DIGEST AND ABSORB NUTRIENTS FOR 

INCORPORATION INTO LEAN TISSUE EVEN WHEN FED A HIGH 

PLANE OF MILK REPLACER   

2.1 Abstract 

The objectives of the current study were to determine the digestibilities of 

nutrients as well as investigate the nitrogen retention of calves fed different planes 

of milk replacer nutrition during the first week of life. Twelve Jersey calves were 

blocked by BW at birth and randomly assigned into either high plane of nutrition 

(HPN) or low plane of nutrition (LPN) treatments. The HPN calves were offered 

20g DM/kg BW of a 28% CP and 20% fat milk replacer. The LPN calves were fed 

14.5g DM/kg BW of a 20% CP and 20% fat milk replacer. All calves were given 3 

L of pooled colostrum within 1 hour of birth after which they were assigned to 

treatments. Calves were given 1 day to adapt to their treatments, so calves were 30 

to 36 hours old at the start of data collection. The study was divided into two 72 

hour periods. Total collection of feces occurred over each 72 hour period and total 

urine was collected for the last 24 hours of each period. Peripheral blood samples 

were collected at the beginning and end of each period and analyzed plasma 

glucose and urea nitrogen concentrations. Fecal scores were greater (P=0.004) for 

HPN calves during both periods; however, there was no difference (P≥0.253) in the 

dry matter percentage of feces. There were no differences (P≥0.239) between 
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treatments in either digestible or metabolizable energy efficiencies, which averaged 

92 and 83%, respectively. There was a treatment x period interaction (P=0.038) on 

the percentage of intake nitrogen retained, whereas calves fed the HPN had greater 

percentage of intake nitrogen retained during period 1 (88.0 vs 78.7 ± 1.79; 

P=0.004), but was not different from calves fed the LPN during period 2 (85.3 vs 

85.0 ± 1.79; P=0.904). Therefore these data indicate that neonatal calves have the 

capability to digest and absorb the additional nutrients with a higher plane of 

nutrition during the first week of postnatal life. The additional energy and amino 

nitrogen absorbed by calves fed the higher plane of nutrition were incorporated into 

lean tissue growth with a great efficiency.  

 

Key words: calf, digestibility, nutrition 

 

2.2 Introduction 

 A dairy calf must adapt to the ex utero environment soon after birth. Many 

things changed in the calf’s life at parturition, including: receiving all of its 

nutrients from milk rather than the placenta, as well as living in a dynamic, 

microbial environment rather than a more consistent and sterile one. Therefore, this 

adaptation to the ex utero environment can be stressful and it is not surprising that 

the risk of morbidity and mortality are great during this period (NAHMS, 2007). 

The risk for gastro-intestinal disease is the greatest during the first few weeks of life 

and is inversely proportional to the age of the calf. The gastro-intestinal tract of a 

neonatal calf changes greatly during the first week of life, from more vacuolated to 
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more adult-like enterocytes (Guilloteau et al., 2009). Those authors also reported 

that digestive enzyme secretions increased rapidly over the first 48 hours after birth, 

but some functions of the gastro-intestinal tract will further develop over the first 

month of life, for example, gastro-intestinal motility. The integrity of the gastro-

intestinal tract influences not only digestion of nutrients but also the resistance to 

many infectious diseases. 

 There is interest in how plane of milk nutrition fed to dairy calves 

influences future lactational performance as well as health (Soberon et al., 2012; 

Ballou, 2012). Most data investigating the effects of plane of nutrition on enteric 

health primarily used the consistency of feces as the outcome variable (Nonnecke et 

al., 2003; Bartlett et al., 2006; Ballou, 2012). Many studies reported softer feces 

among calves fed higher planes of milk (Nonnecke et al., 2003; Bartlett et al., 

2006), whereas others observed no difference (Ballou, 2012; Obeidat et al., 2013). 

Nonnecke et al. (2003) suggested that the softer feces among calves fed a higher 

plane of milk nutrition was likely associated with the greater consumption of dry 

matter and fluid; rather than any difference in enteric health. It is common for 

calves fed restricted quantities of milk to lose BW during the first week of life, 

whereas the BW of calves fed higher planes of nutrition will increase slightly 

during the first week (Nonnecke et al., 2003; Ballou, 2012; Obeidat et al., 2013). 

Plasma urea nitrogen concentrations among calves fed higher planes of nutrition are 

greater during the first week of life when compared to calves fed restricted 

quantities of milk (Obeidat et al., 2013; Ballou et al. In Press). After the first week, 

the plasma urea nitrogen concentrations decrease to concentrations similar as those 
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observed among calves fed restricted quantities of milk. These data suggest that 

some of the additional digestible protein among calves fed a high plane of nutrition 

may not be used for protein synthesis during the first week of life. In addition, the 

digestibilities of nutrients during the first week of life among calves fed different 

planes of milk nutrition are unknown.  

The objectives of the current study were to determine the digestibilities of 

nutrients as well as investigate the nitrogen retention of calves fed different planes 

of milk replacer nutrition during the first week of life. The hypotheses of this 

experiment were that calves fed higher planes of milk replacer nutrition would have 

increased total nutrient digestion, absorption, and retention (g/d), but when 

expressed as a percentage of intake they would be reduced when compared to 

calves fed restricted quantities of milk replacer.    

2.3 Materials and Methods 

2.3.1 Calves and treatments 

The experiment was conducted in March of 2014. All animal procedures 

were reviewed and approved by the Livestock Issues and Research Unit of the 

USDA-ARS animal care committee. Twelve Jersey bull calves were transported 

150 km from a large, commercial dairy to the temperature controlled calf nursery at 

the Livestock Issues Research Unit in Lubbock, TX. All calves were born between 

0000 and 0600 of the enrollment date and fed 3L of pooled colostrum within 1 hour 

of birth via an esophageal feeding tube. The calves were picked up from the dairy at 

0700 and a peripheral blood sample immediately collected into an evacuated tube 
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without any additive. Serum was collected after centrifugation at 1,200 x g for 15 

minutes upon arrival at the USDA calf nursery. Total serum protein from each calf 

was recorded using a hand-held refractometer, all calves had total serum protein 

concentrations > 5.2 g/dL and averaged 6.3 g/dL. At enrollment, each calf was 

weighed, stratified by BW, and assigned to treatments by randomly placing the 2 

calves with the most similar BW to the 2 different planes of nutrition treatments. 

Calves were housed in elevated individual stainless steel pens (1.5 m x 0.75 m) 

with slotted rubber mat floor. The calf nursery was maintained at 21±1.00C. 

  Calves were assigned to either a low plane of nutrition (LPN) or a high 

plane of nutrition (HPN) dietary treatment. All management of calves was identical. 

The LPN calves were fed 14.5 g DM/kg BW milk replacer powder per day of a 

20% all milk protein and 20% fat milk replacer (Table 2.1; Land O’Lakes Animal 

Protein Co., Shoreview, MN). The HPN calves were fed 20 g DM/kg BW milk 

replacer powder per day of a 28% all milk protein and 20% fat milk replacer (Table 

1; Land O’Lakes Animal Protein Co., Shoreview, MN). The milk replacer for each 

calf was weighed out individually and reconstituted to 14% DM and fed at 

approximately 370C. Calves were fed twice daily at 0700 and 1900 for the duration 

of study. No calf starter or water was offered during the study. In addition, no 

electrolytes were offered to any calf because they may have influenced the results. 

The calves were given 24 hours to adapt to their treatment and new environment 

prior to initiating the study, so calves were 30 to 36 hours old at the start of data 

collection. All calves had defecated the initial meconium. The study was divided 
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into 2 seventy-two hour periods starting at 1200. The study was conducted in 2 

blocks (n = 3 calves / treatment / block) that were run in successive weeks.  

2.3.2 Health observations 

 Fecal scores were assessed as 4 grades, 1 = firm, well-formed (not hard); 2 

= soft, pudding-like; 3 = runny, pancake batter; 4 = liquid, splatters, pulpy orange 

juice. Calf disposition was assessed prior to each feeding as 1 = alert, strong suckle 

reflex; 2 = slightly depressed and response to stimuli slightly decreased, still strong 

suckle reflex; 3 = lethargic, respond to stimuli more severely depressed, weak 

suckle reflex; 4 = lying lateral, response to stimuli greatly decreased, unable to 

stand or suckle. The hydration score was assessed prior to each feeding as 1 = 

normal, well hydrated; 2 = mild hydration, able to stand, slight skin tenting less 

than 3 seconds, eyes not sunken; 3 = moderate dehydration, able to stand, slight 

skin tenting less than 5 seconds, eyes sunken; 4 = severely dehydrated, unable to 

stand, skin tenting greater than 5 seconds, eyes sunken.  

2.3.3 Sampling and analysis 

  Calves were individually weighed at arrival, and immediately prior to and at 

the end of each of the 2 experimental periods. Milk replacer refusals were recorded 

approximately 30 min after each feeding. Ten mL of peripheral blood was collected 

from the jugular vein into an evacuated tube with K2EDTA at the immediately prior 

to measuring each calf’s BW. Plasma was immediately obtained after 

centrifugation at 1,200 x g for 15 min and stored at -400C until subsequently 

analyzed. Plasma was analyzed for glucose and urea nitrogen using a micro-manual 

method according to manufacturer’s instructions (Stanbio Laboratory, Boerne, TX).  
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Total fecal collection was performed on each calf during each 72 hr 

experimental period. Within 3 hours of defecation, each fecal sample was weighed 

and placed in a bag for each calf during each period. The fecal samples were stored 

at -400C until subsequently analyzed. To prevent urine from mixing with the fecal 

samples, 3 diapers (Guards for Men, Depends, Kimberly-Clark Inc, Neenah, WI) 

were attached to each calf using an extra large washable male canine wrap. When 

the diapers were wet, they were replaced with new diapers. Total urine collection 

was collected for the last 24 hr of each experimental period. The diapers were 

removed during the total urine collection and calves were continuously monitored 

over the entire 24 hr period and immediately after either defecation or urination the 

sample was collected, measured, and stored. A frame made from PVC pipe was 

lined with a plastic liner and placed under each pen. The urine was collected from 

the plastic liner using a 60 mL syringe. Urine was acidified by adding 

approximately 1 mL of 5 N HCL for every 30 mL of urine collected. Urine samples 

were stored in the -400C freezer until analyzed.  

Fecal and milk replacer samples were analyzed for dry matter percentage at 

500C until the weight no longer changed and the concentration of kilocalories and 

nitrogen. Urine was also analyzed for the concentrations of kilocalories and 

nitrogen. All colorimetric analysis was performed on a 6100 compensated jacket 

calorimeter (Parr Instrument Company, Moline, IL). Urine kilocalories were 

determined by adding 3 mL of urine to 0.5 g of dried cellulose before analysis in 

the calorimeter. The concentration of kilocalories in urine was determined from the 

difference of analyzing 0.5 g of dried cellulose alone. The nitrogen concentrations 
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were measured on a TruMac CNS with an autoloader (Leco Corporation, St. 

Joseph, MI). 

2.3.4 Energy partitions and nitrogen calculations 

Apparent digestible and metabolizable energy were calculated as gross 

energy intake – fecal energy and gross energy intake – (fecal energy + urinary 

energy), respectively. The apparent digestible and metabolizable energy efficiencies 

were calculated by dividing each partition of energy by the gross energy intake x 

100. Further, the apparent digestible and metabolizable energy contents of each 

milk replacer was calculated as apparent digestible and metabolizable energy intake 

/ kg of DMI of each milk replacer, respectively.  

The apparent digestible nitrogen was calculated as nitrogen intake – fecal 

nitrogen. Further, the apparent efficiency of digestible nitrogen was estimated by 

dividing the apparent digestible nitrogen by total nitrogen intake x 100. Nitrogen 

retention was calculated as nitrogen intake – (fecal nitrogen + urinary nitrogen), 

and the efficiency of nitrogen retention was estimated by dividing the nitrogen 

retained by the nitrogen intake x 100.  

2.3.5 Statistical analyses 

All continuous, repeated data were analyzed by restricted maximum-

likelihood ANOVA using the MIXED procedure of SAS (v.9.3, SAS Inst. Inc., 

Cary, NC). Compound symmetry and autoregressive (1) were the covariance 

structures tested for the within-calf measurements and the lowest Bayesian’s 

Information Criteria determined the structure with the best fit. Prior to statistical 

analyses, repeated data were tested for normality of the residuals by evaluating the 
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Shapiro-Wilk statistic using the UNIVARIATE procedure of SAS (v.9.3). In 

addition, a model with block and treatment x period x block was analyzed. There 

were no significant block effects, so they were completely removed from any 

additional analysis. Pairwise differences were performed at each time interval using 

a sliced effect multiple comparison approach with a Tukey-Kramer adjustment. 

Differences of P ≤ 0.05 was considered significant and 0.10 ≥ P > 0.05 was 

considered a tendency.  

2.4 Results  

2.4.1 Intakes, performance, and fecal characteristics 

Body weights, ADG, and intakes of milk replacer are reported in Table 2.2. 

There was no difference (P=0.895) in initial BW of the calves at enrollment. 

Calves fed the HPN consumed more milk replacer by design of the experiment than 

the LPN calves. The increased consumption of milk replacer resulted in an 

increased (P=0.001) ADG of the HPN calves during the 1st period; however, during 

the 2nd period although numerically greater was not different (P=0.383) from the 

LPN calves. Calves fed the HPN had a greater (P=0.001) final BW. 

The fecal characteristics of calves fed either the LPN or HPN are reported in 

Table 2.2. There was a treatment x period interaction (P=0.011) on fecal output per 

day, whereas there was no treatment difference during period 1 (P=0.479), but the 

HPN calves excreted more fecal DM during period 2 (P=0.002). Similarly, there 

was a treatment x period interaction (P=0.009) on fecal score. The HPN calves had 

greater fecal scores during period 2 (P=0.003), but not during period 1 (P=0.603). 



Texas Tech University, Yu Liang, May 2015 

 23 

Despite differences in fecal scores there were no difference in the DM percentage 

of feces (P=0.307). Additionally, there was no difference in urinary excretion 

between treatments (P=0.704).   

2.4.2 Partitions of energy and plasma glucose  

Gross energy intake, fecal energy, urinary energy, as well as digestible and 

metabolizable energy are reported in Table 2.3. During the first period, there were 

no treatment differences (P>0.229) in either the total fecal or urinary energy 

excreted; however, during the 2nd period, the HPN calves excreted more fecal 

(P=0.009) and urinary energy (P=0.064). The increased gross energy intake of the 

HPN calves resulted in greater (P=0.001) digestible and metabolizable energy 

intakes during both periods; however, there were no differences (P>0.907) between 

planes of nutrition when both digestible and metabolizable energy were expressed 

as a percentage of gross energy intakes. The HPN calves had greater digestible 

energy in milk replacer, however, there was no difference between treatments in 

metabolizable energy of milk replacer. Plasma glucose was numerically greater 

(P=0.185) among the HPN calves throughout the experiment.   

2.4.3 Digestibility of N, plasma urea nitrogen, and N retention 

The partitions of dietary nitrogen and plasma urea nitrogen are reported in 

Table 2.4. There was a treatment x period (P=0.013) interaction on fecal nitrogen, 

whereas during period 1 there was no difference (P=0.303) between planes of 

nutrition, but during period 2 the HPN calves excreted more fecal nitrogen 

(P=0.001). Calves fed the HPN excreted more urinary nitrogen during both periods 

(P=0.001). During the 1st period, the HPN calves greater percentages (P>0.011) of 
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digestible and metabolizable nitrogen. Further, when nitrogen retention was 

expressed relative to nitrogen intake, the HPN during the 1st period retained a 

greater percentage (P=0.004). In contrast, there were no differences (P>0.419) in 

the percentages of intake nitrogen captured as digestible, metabolizable, or retained 

between planes of nutrition during the 2nd period. There was no treatment or 

treatment x period interaction (P>0.130) on plasma urea nitrogen concentrations; 

however, when sliced by day the HPN calves had greater (P=0.039) plasma urea 

nitrogen concentrations immediately prior to initiating the 1st period (Figure 2.1).     

2.5 Discussion 

This study investigated the digestibility efficiencies of nutrients and energy 

as well as nitrogen retention of Jersey calves fed different planes of milk replacer 

during the first week of life. The calves fed the HPN tolerated the additional 

nutrients well during the first week of life. The HPN calves had increased ADG, 

metabolizable energy, and nitrogen retention when compared to calves fed the LPN. 

Additionally, the percentage of intake energy that was either digested or available 

for metabolism was not different between treatments. Digestible and metabolizable 

nitrogen when expressed as a percentage of intake nitrogen were actually greater 

for calves fed the HPN during the 1st period and not different during the 2nd period 

when compared to calves fed the LPN.  

In agreement with others, feeding a HPN during the first week of life 

increased ADG (Bartlett et al., 2006; Ballou et al., 2013). Fecal scores of calves fed 

a HPN were greater; however, no scours, a fecal score of 4, were observed among 
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any calf during the study. Furthermore, the dry matter percentages of feces were not 

different between calves fed a HPN or LPN. Bascom et al. (2007) also reported that 

calves fed a HPN had greater fecal scores, but others have reported no differences 

in fecal scores between calves fed a HPN and LPN (Ballou et al., 2013; Obeidat et 

al., 2013). No study has observed a greater fecal score among LPN calves when 

compared to HPN. These data indicate that under certain circumstances calves fed a 

HPN will have greater fecal scores than calves fed a LPN. The greater fecal scores 

in some studies resulted from increased scours among calves fed a HPN (Grieve et 

al., 1973; Huber et al., 1984). Additionally, Jenny et al. (1981) reported that both 

fluid intake and milk replacer dry matter concentration had positive linear effects 

on fecal scores and duration of scours for Holstein calves during the first 6 weeks 

of life. In contrast, Nonnecke et al. (2003) suggested that the greater volume of 

fluid fed to HPN calves caused the greater fecal scores without an increased 

incidence of scouring. The current data further indicate that fecal scores are not the 

best indicator of gastrointestinal health when comparing calves fed different planes 

of nutrition because the HPN had greater fecal scores, but the dry matter percentage 

of feces was not different from calves fed a LPN. The greater mass of feces among 

calves fed a HPN may make the feces appear looser than feces with a similar dry 

matter percentage from calves fed a LPN. Future studies comparing planes of milk 

or milk replacer nutrition should measure fecal dry matter percentage in addition to 

fecal scores.   

No differences were observed in the partitions of energy efficiencies 

between treatments in current study. The HPN calves had greater gross energy 
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intake, but also excreted more energy as fecal and urinary energy. The apparent 

digestible and metabolizable energy intakes, Mcal per day, were greater for HPN 

calves; however, the efficiencies of digestible and metabolizable energy, expressed 

relative to gross energy intake, were not different between treatments. In agreement, 

Diaz et al. (2001) reported no difference in the apparent digestibility of energy 

among Holstein calves fed 1, 3, or 4% of BW as dry matter from milk replacer from 

weeks 2 to 7 of life. In the current study, the digestibility of energy was high, 

greater than 92.7%. These data are consistent with Gerrits et al. (1996) that reported 

the digestibility of energy from milk replacer for older Holstein calves, BW ranging 

from 80 to 160 kg, was greater than 94%. The apparent digestible energy increased 

slightly during the 2nd period, but it is likely that the apparent digestibility of the 1st 

period was slightly under estimated because of residual meconium feces. Similar to 

the apparent digestible energy efficiency, there was no treatment difference in 

apparent metabolizable energy efficiency. We assumed that a constant 1% of gross 

energy was lost as gas energy and in the current study 9.6 and 9.4% of gross energy 

was lost as urinary energy among LPN and HPN calves, respectively. Therefore, 

the additional gross energy consumed by calves fed the HPN during the first week 

of life was digested, absorbed, and available for metabolism. The additional intake 

of metabolizable energy among the HPN calves increases the efficiency of retained 

energy relative to the gross energy intake (Bartlett et al., 2006). This is because the 

maintenance energy requirements are further diluted out at greater metabolizable 

energy intakes. Plasma glucose concentrations were not different between 

treatments, but the HPN had numerically greater concentrations. The lack of 
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statistical significance is likely due to the sample size of 6, but these data are at 

least consistent with others that have reported that HPN often have greater plasma 

glucose concentrations (Obeidat et al., 2013). 

By design of this study, the HPN calves had greater nitrogen intakes than 

the LPN calves. Fecal nitrogen output was not different between treatments during 

period 1, but was greater among the HPN calves during the 2nd period. This resulted 

in greater digestible nitrogen efficiency among the HPN calves during the 1st period. 

The lack of a difference in fecal nitrogen during period 1, as noted before, may be 

partially due to residual meconium feces. Assuming a constant amount of 

meconium feces in the total fecal collection during period 1 for both LPN and HPN 

treatments, the apparent digestibility would be underestimated to a greater degree 

among the LPN calves. This could partially explain the reduced apparent digestible 

nitrogen efficiency among the LPN calves during the 1st period. Similar to the 2nd 

period in the current study, Diaz et al. (2001) reported no difference in the apparent 

digestibility of nitrogen between the Holstein calves, ranging in BW from 80 to 160 

kg, fed 1, 3, or 4% of their BW as milk replacer dry matter. Apparent digestibility 

of nitrogen in that study ranged from 92.5 to 94.2%, which is slightly greater than 

was observed in the current study. This difference could be attributed to either the 

age or breed of the calves that were studied.  

Some of the additional nitrogen that was digested among the HPN calves 

was lost as urinary nitrogen. Plasma urea nitrogen concentrations were greater 

among HPN calves at the start of period 1, but at the end of periods 1 and 2 there 

were no treatment differences. These data are consistent with reports that plasma 
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urea nitrogen concentrations are greater among calves fed a HPN for the first few 

days to week of life and then are not different from calves fed a LPN for the 

remainder of the preweaned period (Obeidat et al., 2013; Ballou et al. In Press). 

Urinary excretion of nitrogen, when expressed relative to nitrogen intake, was only 

1.67 and 1.79% for the LPN and HPN calves, respectively. Therefore, most of the 

digestible nitrogen was retained irrespective of plane of milk replacer nutrition. 

This indicates that calves as early as the first week of life can digest, absorb, and 

incorporate amino acids into lean tissue growth from a high quality all-milk protein 

milk replacer with a high efficiency. In order for the calf to survive ex utero, the 

gastrointestinal tract must adapt quickly to enteric stimulation.  

 Guilloteau et al. (2009) reviewed the ontogenesis of the gastrointestinal tract 

that occurs in neonatal calves. During the first week of life fetal-type enterocytes, 

which are highly vacuolated, are replaced with more adult-like enterocytes. This 

process occurs in a proximal-distal pattern and is influenced by local bioactive 

compounds, and likely contributes to closure of the intestines. Pancreatic secretions 

respond to feeding within the first day after birth, but increase further during the 

first week of life. Intestinal activities of lactase and aminopeptidase are high at birth 

and actually decrease thereafter. Guilloteau et al. (2009) also reported that the 

activity of intestinal enzymes was dependent on the quantity and quality of feed 

ingested during the first week of life. Taken together, with the current data, the 

gastrointestinal tract of neonatal calves is well suited to digest and absorb dietary 

nutrients, even when fed at a HPN.  
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2.6 Conclusions 

Although the gastrointestinal tract of neonatal calves are adapting to the ex 

utero environment during the first week of life, it is capable of digesting and 

absorbing the additional nutrients when calves are fed a higher plane of nutrition. 

The additional energy and amino nitrogen absorbed by calves fed the higher plane 

of nutrition were incorporated into lean tissue growth with a great efficiency. 

Future research should determine how those additional nutrients influence the 

integrity of the gastrointestinal tract of neonates, as they are highly susceptible to 

enteric disease at this stage of life.   
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Table 2.1. The formulated nutrient content of the milk replacer fed to Jersey calves. 

Milk replacer1 
Nutrient LPN HPN 
Dry matter, % 97 98 
Crude protein, % 20 28 
Ether extract, % 20 20 
Acid detergent fiber (max), % 0.15 0.15 
Metabolizable energy, 
Mcal/kg2 4.65 4.75 

Metabolizable energy, 
Mcal/kg3 4.76 4.55 

Calcium, % 0.75 0.75 
Phosphorus, % 0.7 0.7 
Iron, mg/kg - - 
Manganese, mg/kg - - 
Zinc, mg/kg - - 
Selenium, ppm - - 
Vitamin A (min), IU/lb 20,000 20,000 
Vitamin D3 (min), IU/lb 5,000 5,000 
Vitamin E (min), IU/lb 100 150 

1Two commercial milk replacers were fed (Land O’Lakes Animal Milk Products Co., 
Shoreview, MN); LPN = Low plane of nutrition and HPN = High plane of nutrition. 
Both milk replacers were formulated with similar macro and micro-ingredients and 
included: dried whey, dried whey protein concentrate, dried whey product, dried skim 
milk, dried milk protein, animal fat, lecithin, polysorbate 80, dicalcium phosphate, 
calcium carbonate, brewers dried yeast, vitamin A acetate, d-alpha tocopherol acetate, 
vitamin D3, thiamine monohydrate, riboflavin, niacin supplement, folic acid, vitamin 
B12 supplement, choline chloride, zinc methionine complex, manganese methionine 
complex, copper lysine complex, iron amino acid complex, ethylenediamine 
dihydroiodide, selenium yeast, and natural and artificial flavor. 

2Calculated based on NRC (2001) 
3Calculated from data collected in this study. Reported in Table 3 
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Table 2.2. Influence of plane of nutrition on milk replacer intake, growth performance, and fecal and 
urine excretion of Jersey calves during the first week of life. The experiment was divided into 2 
periods, Period 1 = 1 to 3 days and Period 2 = 4 to 7 days 

Nutrition1 Largest Trt Period 
Trt x 

Period 
Item LPN HPN SEM P < 
Initial BW, kg 29.7  29.3  1.32 0.895 --- --- 
Final BW, kg 28.8  30.5  1.24 0.001 --- --- 
Milk replacer, kg/d 0.373 0.602 0.008 0.001 1.00 1.00 
Average daily gain, kg/d -0.106 0.211 0.039 0.001 0.050 0.152 
  Period 1 -0.064 0.444 0.096 0.004 --- --- 
  Period 2 -0.147 -0.023 0.096 0.383 --- --- 
Fecal output, kg DM/d 0.030 0.045 0.003 0.011 0.424 0.011 
  Period 1 0.036 0.041 0.004 0.479 --- --- 
  Period 2 0.023 0.049 0.004 0.002 --- --- 
Fecal score2 1.52 2.01 0.131 0.004 0.001 0.057 
  Period 1 1.28 1.39 0.217 0.603 --- --- 
  Period 2 1.76 2.63 0.217 0.003 --- --- 
Fecal DM, % 31.9  30.9  0.06 0.307 0.001 0.545 
  Period 1 34.3  32.7  0.09 0.253 --- --- 
  Period 2 29.6  29.1  0.09 0.733 --- --- 
Urinary output, L/d 3.56 3.66 0.175 0.704 0.555 0.339 
1LPN = low plane of nutrition were fed 13.0 grams of a 20% CP and 20% fat milk replacer per kg of 
BW at the start of the first period (n=6); HPN = high plane of nutrition were fed 21.0 grams of a 28% 
CP and 20% fat per kg of BW at the start of the first period (n=6). 
2Fecal score is assessed as, 1 = firm, well-formed (not hard); 2 = soft, pudding-like; 3 = runny, 
pancake batter; 4 = liquid, splatters, pulpy orange juice. 
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Table 2.3. Influence of plane of nutrition on partitions of gross energy intake and energy content of milk 
replacers fed to Jersey calves during the first week of life. The experiment was divided into 2 periods, Period 
1 = 1 to 3 days and Period 2 = 4 to 7 days 

Nutrition1 Largest Trt Period Trt x Period 
Item LPN HPN SEM P < 
Gross energy intake, Mcal/d 1.985 2.979 0.065 0.001 1.00 1.00 
Fecal energy, Mcal/d 0.143 0.215 0.020 0.029 0.049 0.077 
  Period 1 0.189 0.218 0.025 0.427 --- --- 
  Period 2 0.097 0.213 0.025 0.009 --- --- 
Urinary energy, Mcal/d 0.19 0.28 0.085 0.043 0.877 0.573 
  Period 1 0.20 0.27 0.117 0.229 --- --- 
  Period 2 0.18 0.30 0.117 0.064 --- --- 
Digestible energy intake, 
Mcal/d2 1.843 2.764 0.072 0.001 0.036 0.456 
  Period 1 1.797 2.675 0.082 0.001 --- --- 
  Period 2 1.888 2.852 0.082 0.001 --- --- 
Metabolizable energy intake, 
Mcal/d3 1.652 2.480 0.079 0.001 0.138 0.789 
  Period 1 1.598 2.405 0.097 0.001 --- --- 
  Period 2 1.706 2.555 0.097 0.001 --- --- 
Digestible energy efficiency, 
% 92.8 92.7 0.876 0.907 0.026 0.103 
  Period 1 90.5 92.2 1.144 0.597 --- --- 
  Period 2 95.1 93.1 1.144 0.239 --- --- 
Metabolizable energy 
efficiency, % 83.0 83.1 1.206 0.981 0.221 0.315 
  Period 1 80.4 82.8 1.966 0.415 --- --- 
  Period 2 85.6 83.3 1.966 0.431 --- --- 
Digestible energy of milk 
replacer, Mcal/kgDM4 4.94 4.71 0.045 0.006 0.025 0.095 
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 Table 2.3 Continued 

  Period 1 4.82 4.69 0.084 0.172 --- --- 
  Period 2 5.06 4.74 0.084 0.003 --- --- 
Metabolizable energy of milk 
replacer, Mcal/kgDM4 4.42 4.23 0.063 0.056 0.215 0.304 
  Period 1 4.28 4.21 0.103 0.630 --- --- 
  Period 2 4.56 4.23 0.103 0.054 --- --- 
Plasma glucose 
concentrations, mg/dL 98.8 103.7 2.45 0.185 0.009 0.544 
1LPN = low plane of nutrition were fed 13.0 grams of a 20% CP and 20% fat milk replacer per kg of BW at 
the start of the first period (n=6); HPN = high plane of nutrition were fed 21.0 grams of a 28% CP and 20% fat 
per kg of BW at the start of the first period (n=6). 
2Digestible energy intake = (Gross energy intake - Fecal energy) 
3Metabolizable energy intake = [Gross energy intake - (Fecal energy + Urinary energy + Gas energy)]. Gas 
energy was estimated as 1% of the gross energy intake 
4Digestible and metabolizable energy contents of milk replacers were calculated as (Intake of each energy, 
Mcal / Intake of milk replacer, kg DM)   



Texas Tech University, Yu Liang, May 2015 

 34 

Table 2.4. Influence of plane of nutrition on nitrogen retention in Jersey calves during the first week of life. The 
experiment was divided into 2 periods, Period 1 = 1 to 3 days and Period 2 = 4 to 7 days 

Nutrition1 Largest Trt Period Trt x Period 
Item LPN HPN SEM P < 
Nitogen intake, g/d 11.9 27.7 0.28 0.001 --- --- 
Fecal nitrogen, g/d 1.96 3.18 0.232 0.004 0.911 0.013 
  Period 1 2.33 2.78 0.294 0.303 --- --- 
  Period 2 1.59 3.58 0.294 0.001 --- --- 
Urinary nitrogen, g/d 0.218 0.520 0.044 0.001 0.048 0.732 
  Period 1 0.237 0.546 0.047 0.001 --- --- 
  Period 2 0.199 0.495 0.047 0.001 --- --- 
Digestible nitrogen, % 83.7 88.5 1.185 0.016 0.419 0.04 
  Period 1 80.7 90.1 1.780 0.011 --- --- 
  Period 2 86.7 87.1 1.780 0.419 --- --- 
Nitrogen retention, g/d 9.76 24.01 0.395 0.001 0.954 0.015 
  Period 1 9.37 24.38 0.435 0.001 --- --- 
  Period 2 10.15 23.65 0.435 0.001 --- --- 
Nitrogen retention, % 81.8 86.6 1.20 0.017 0.353 0.038 
  Period 1 78.7 88.0 1.79 0.004 --- --- 
  Period 2 85.0 85.3 1.79 0.904 --- --- 
  Plasma urea nitrogen, mg/dL 9.3 10.6 0.89 0.342 0.001 0.130 
1LPN = low plane of nutrition were fed 13.0 grams of a 20% CP and 20% fat milk replacer per kg of BW at the start of 
the first period (n=6); HPN = high plane of nutrition were fed 21.0 grams of a 28% CP and 20% fat per kg of BW at the 
start of the first period (n=6). 
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Figure 2.1 Plasma urea concentrations during the first week of life when fed different 
planes of milk replacer nutrition. On the day 1 of age, the High Plane of Nutrition (High 
Plane) calves had greater plasma nitrogen concentration than Low Plane of Nutrition (low 
Plane) calves (P=0.001). No differences were observed between treatments of plasma 
urea concentrations on the day 4 (P=0.905) and 7 (P=0.993).  
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CHAPTER III 

PLANE OF MILK REPLACER NUTRITION INFLUENCES THE RESISTANCE 

TO AN ORAL CITROBACTER FREUNDII OPPORTUNISTIC INFECTION IN 

JERSEY CALVES AT 10 DAYS OF AGE 

3.1 Abstract 

The objective of the current study was to evaluate the effects of plane of milk 

replacer nutrition on the resistance to an opportunistic enteric challenge with Citrobacter 

freundii at 10 days of life. Twenty colostrum-fed Jersey calves were blocked by BW at 

birth and randomly assigned to either a high plane of nutrition (HPN) or low plane of 

nutrition (LPN) treatment. The LPN calves were fed 400 and 450 g DM/d of a 20% CP 

and 20% fat milk replacer during the 1st week and the remainder of the study, 

respectively. The HPN calves were fed 600 and 700 g DM/d of a 28% CP and 20% fat 

milk replacer during the 1st week and the remainder of the study, respectively. All calves 

were challenged orally with 1 x 108 colony forming units of a stationary phase culture of 

Citrobacter freundii at day 10. Fecal scores were recorded throughout the study and 

rectal temperatures were recorded daily immediately before and after the challenge. Fecal 

samples and plasma from peripheral blood samples were collected stored at -80oC at day 

10, 12, 14, 16, 18, 20, 22, and 24 until further analysis. Fecal samples were analyzed for 

dry matter percentage and plasma was analyze for concentrations of urea nitrogen, 

glucose, and haptoglobin. All calves were harvested at day 24 and ileum tissue samples 

were analyzed for morphology. Water intakes were greater for the HPN calves before the 

enteric challenge (P≤0.062) and increased to a greater extent after the challenge 
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(P≤0.021). Fecal scores were also greater among HPN calves (2.52 vs 2.04 ± 0.07; 

P=0.001); however, there was no difference in dry matter percentage of feces between 

treatments (19.9 vs 21.9 ± 1.34%; P=0.291). There was a difference in the dry matter 

percentage of feces scored as a fecal score 3 between the HPN and LPN calves (20.2 vs 

16.3 ± 0.965%; P=0.006). Rectal temperatures were greater among the HPN calves 

(P=0.024). In addition, the HPN calves had numerically greater peak plasma haptoglobin 

concentrations after the challenge (511 vs 266 ± 108.0 µg/mL; P=0.118) and tended to 

have a greater total mucosal height of the distal ileum (921 vs 752 ± 59.1 µm; P=0.059). 

Therefore these data indicate that calves fed a HPN during the neonatal period have a 

mildly greater acute phase response to an opportunistic bacterial enteric infection and it 

may be associated with a greater mucosal surface area of the distal ileum. Furthermore, 

these data reiterate that fecal scores should not be the only measure of enteric health, 

especially when evaluating the effects of planes of nutrition. 

Key words: calf, disease, health, nutrition 

3.2 Introduction 

Newborn dairy calves are highly susceptible to the enteric diseases during the first 

and second weeks of life (NAHMS, 2007). The gastro-intestinal tract is rapidly 

developing and adapting to the ex utero environment since it is the first time for calf to 

contact with a greater load of microorganisms and is receiving all of its nutrients orally. 

Many dairy calves are fed restricted quantities of either milk or milk replacer during the 

preweaned period to stimulate early consumption of calf starter (NAHMS, 2007). 
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However, the impacts of feeding these restricted milk diets on the health of calves are not 

well understood.  

Most studies evaluating the enteric health of dairy calves report the consistency of 

feces (Larson et al., 1977). Therefore, many data evaluating the enteric health of calves 

fed different planes of nutrition during the preweaned period reported fecal scores 

(Nonnecke et al., 2003; Bartlett et al., 2006; Ballou, 2012). Many studies report that 

calves fed higher planes of nutrition have softer feces (Nonnecke et al., 2003; Bartlett et 

al., 2006), but Nonnecke et al. (2003) suggested that the softer feces was associated with 

the increased consumption of nutrients and water when compared to calves fed restricted 

quantities of milk. Quigley et al. (2006) evaluated how plane of nutrition in high-risk 

group of Holstein calves, poor colostrum management and purchased from a sale barn, 

influenced the performance and health of calves raised on bedding that was contaminated 

with coronavirus. The calves fed the higher plane of nutrition had a 53% increase in the 

number of days calves were scouring and they also were on antibiotics for more days, 3.1 

versus 1.9 d, when compared to calves fed a restricted quantity of milk replacer. In 

contrast, Ollivett et al. (2012) reported improvements, fecal scores improved quicker and 

calves maintained better hydration, when fed higher planes of nutrition and challenged at 

3 d of age with Cryptosporidium parvum. Therefore, there are conflicting data on how 

plane of nutrition during the preweaned period influences resistance to enteric disease 

challenges. Ballou (2012) reported that neutrophil oxidative burst and whole blood killing 

of an enteropathogenic Escherichia coli were not different between either Holstein or 

Jersey calves fed different planes of nutrition during the preweaned period. However, 

when the calves were challenged with lipopolysaccharide on d 7 of age they observed a 
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mild increase in the acute phase response among calves fed the higher planes of nutrition, 

as evident by greater plasma haptoglobin concentrations. Therefore, feeding a higher 

plane of nutrition during the preweaned period may increase the acute phase response, 

activate innate leukocytes, and improve disease resistance.  

Therefore, the objectives of the current study were to investigate how the plane of 

milk replacer nutrition during the preweaned period influences the resistance to an 

opportunistic oral infection with Citrobacter freundii at 10 d of age. The hypotheses of 

the current study were that calves fed a higher plane of milk replacer nutrition would 

have increased performance and improved resistance to an opportunistic infection with 

Citrobacter freundii as evident by reduced rectal temperatures and plasma haptoglobin 

concentrations. 

3.3 Materials and Methods 

3.3.1 Calves and treatments 

The experiment was conducted in April of 2014. All animal procedures were 

reviewed and approved by the Livestock Issues and Research Unit of the USDA-ARS 

animal care committee. Twenty Jersey bull calves were transported 150 km from a large, 

commercial dairy to a cross ventilated, temperature controlled calf barn at the Livestock 

Issues Research Unit in Lubbock, TX. The barn was maintained at 21±4.00C. All calves 

are born within 48 hours of each other. The calves were picked up from the dairy at 0800 

and a peripheral blood sample immediately collected into an evacuated tube without any 

additive. Serum was collected after centrifugation at 1,200 x g for 15 minutes upon 

arrival at the USDA calf barn. Total serum protein from each calf was recorded using a 
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hand-held refractometer, all calves had total serum protein concentrations > 5.2 g/dL and 

averaged 6.7 g/dL. At enrollment, each calf was weighed, stratified by BW, and assigned 

to treatments by randomly placing the 2 calves with the most similar BW to the 2 

different planes of nutrition treatments. Calves were housed in individual pens (1.2 m x 

1.8 m; Agri-Plastics, Tonawanda, NY) with a Tenderfoot (Minneapolis, MN) floor above 

a manure pit.  

Calves were assigned to either a low plane of nutrition (LPN) or a high plane of 

nutrition (HPN) dietary treatment. All management of calves was identical. The LPN 

calves were fed 400 and 450 g DM/d of a 20% CP and 20% fat milk replacer during the 

1st week and the remainder of the study, respectively. The HPN calves were fed 600 and 

700 g DM/d of a 28% CP and 20% fat milk replacer during the 1st week and the 

remainder of the study, respectively. The milk replacer was fed twice daily at 0700 and 

1700 throughout the entire study. The milk replacers were fed at 10.5 and 14% DM for 

the LPN and HPN treatments, respectively. Both milk replacers were formulated with all 

milk proteins and with similar ingredients (Table 3.1; Land O’Lakes Animal Protein Co., 

Shoreview, MN). Calves had ad libitum access to fresh water and a commercially 

available texturized calf starter (Purina Mills, St. Louis, MO). Water and calf starter 

intakes were measured daily.  

3.3.2 Citrobacter freundii challenge 

Ten days after enrollment all calves were challenged orally with approximately 1 

x 108 colony forming units of a stationary phase culture of Citrobacter freundii. An single 

colony from a streak plate was cultured overnight in tryptic soy broth at 370C and 200 

rpm. Serial 1:10 dilutions were spread plated on tryptic soy agar overnight to determine 
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the number of colony forming units / mL. The bacteria culture was kept at 40C for 20 hr 

until it was diluted to a working concentration of 1 x 107 colony forming units / mL with 

sterile phosphate buffered saline. The working bacterial suspension was mixed with an 

equal volume of an antacid solution (20% sodium bicarbonate and 20% calcium 

carbonate) immediately before adding 20 mL of the bacterial solution to the morning 

milk feeding. The milk replacer was 360C when the bacteria solution was added to the 

bottle.   

3.3.3 Health observations 

 Fecal scores were assessed as 4 grades, 1 = firm, well-formed (not hard); 2 = soft, 

pudding-like; 3 = runny, pancake batter; 4 = liquid, splatters, pulpy orange juice. Calf 

disposition was assessed prior to each feeding as 1 = alert, strong suckle reflex; 2 = 

slightly depressed and response to stimuli slightly decreased, still strong suckle reflex; 3 

= lethargic, respond to stimuli more severely depressed, weak suckle reflex; 4 = lying 

lateral, response to stimuli greatly decreased, unable to stand or suckle. The hydration 

score was assessed prior to each feeding as 1 = normal, well hydrated; 2 = mild 

hydration, able to stand, slight skin tenting less than 3 seconds, eyes not sunken; 3 = 

moderate dehydration, able to stand, slight skin tenting less than 5 seconds, eyes sunken; 

4 = severely dehydrated, unable to stand, skin tenting greater than 5 seconds, eyes 

sunken. A rectal temperature was measured daily prior to the AM feeding from day 10 

through the end of the observation period.  

3.3.4 Sampling and analysis 

 Individual calf weights were recorded at enrollment and on day 10, 14, 17, and 

24. Voluntary milk replacer refusals were recorded approximately 30 min after each 
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feeding. Ten mL of peripheral blood was collected from the jugular vein into an 

evacuated tube with K2EDTA at enrollment and on day 10, 12, 14, 16, 18, 20, 22, and 24. 

Plasma was immediately obtained after centrifugation at 1,200 x g for 15 min and stored 

at -400C until subsequently analyzed. Plasma was analyzed for glucose and urea nitrogen 

using a micro-manual method according to manufacturer’s instructions (Stanbio 

Laboratory, Boerne, TX). Plasma haptoglobin was determined by measuring the 

hemoglobin/haptoglobin complex by estimating the difference in peroxidase activity. A 

standard curve was created using a plasma sample with a known concentration of 

haptoglobin that was analyzed by ELISA that was serially diluted. A fresh fecal sample 

was collected from each calf, and approximately a 5 g representative sample was dried at 

500C until the weight no longer changed. Ileum tissue samples, collected approximately 

10 cm proximal to the ileocecal junction, were collected on day 24, the ileum samples 

were rinsed with sterile 1X PBS and were stored in 10% formalin solution until they were 

sectioned, mounted on a slide, and stained with hematoxylin and eosin. The slides were 

observed under 40x magnification using an inverted microscope (Nikon Eclipse TS100, 

Tokyo, Japan). Representative pictures of the mucosa and submucosa were taken for each 

sample using a high-definition color camera (Nikon DS-Fi1, Tokyo, Japan). The villus 

height and width, crypt depth and width, the total mucosal height and width, and the 

lymphoid aggregate height and width were determined as the average of 10 

measurements per sample using microscope imaging software (Nikon NIS-Elements 

F2.20, Tokyo, Japan). One trained individual that was blinded to the treatments 

performed all measurements and data are reported in µm.   
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3.3.5 Statistical analyses 

All continuous, repeated data were analyzed by restricted maximum-likelihood 

ANOVA using the MIXED procedure of SAS (v.9.3, SAS Inst. Inc., Cary, NC). 

Compound symmetry and autoregressive (1) were the covariance structures tested for the 

within-calf measurements and the lowest Bayesian’s Information Criteria determined the 

structure with the best fit. Prior to statistical analyses, repeated data were tested for 

normality of the residuals by evaluating the Shapiro-Wilk statistic using the 

UNIVARIATE procedure of SAS (v.9.3). Pairwise differences were performed at each 

time interval using a sliced effect multiple comparison approach with a Tukey-Kramer 

adjustment. Peak concentrations of plasma haptoglobin and the date of the peak 

haptoglobin concentration were recorded for each calf. The peak haptoglobin data were 

analyzed by ANOVA using the GLM procedure of SAS (v.9.3) with the fixed effect of 

treatment. The date of the peak haptoglobin data did not meet the assumptions of 

normality, so it was analyzed using the median test in NPAR1Way procedure of SAS 

(v.9.3). Differences of P ≤ 0.05 was considered significant and 0.10 ≥ P > 0.05 was 

considered a tendency.  

3.4 Results 

3.4.1 Intakes, performance, partition of energy and morphology of ileum mocusa 

Body weights, ADG, milk replacer consumption, intakes of water, and starter 

intakes are reported in Table 3.2. There were no difference between HPN and LPN for 

initial BW; however, the final BW for HPN was greater than LPN (P=0.001). The 

average daily gain of HPN was significant greater than LPN (P=0.002).  
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Intakes of milk replacer, starter intakes, and water intakes are reported in the 

Table 3.2. The milk replacer consumption for HPN was greater than LPN as experiment 

designed. There were no milk refusals after the citrobacter challenge and no calves died 

during the observation period. Although there was no statistically difference in intakes of 

starter, HPN had numerically greater amounts of starters than LPN (P=0.078). The 

intakes of water for HPN were statistically greater than the water intakes of LPN 

(P=0.002).  

The data for metabolizable energy intakes per day, crude protein intakes energy 

per day, metabolizable energy intakes per kg in BW, and the intakes of crude protein per 

kg in BW are reported in Table 3.2. The metabolizable energy intake from day 1 to day 6 

for HPN was greater than LPN as designed in this experiment, calculated based on NRC 

(2011) and experiment 1. The metabolizable energy intakes on per day for HPN was 

greater than LPN (P=0.001) from day 7 to day 24, calculated based on NRC (2011) and 

experiment 1. The HPN had greater crude protein per day from day 1 to day 6 as 

experiment designed; furthermore, the intake of crude protein for HPN from day 7 to day 

24 was greater than LPN (P=0.001). The metabolizable energy intake based on BW for 

HPN was greater than LPN (P=0.001), calculated based on NRC (2011) and experiment 

1. The HPN had more crude protein based on BW than LPN (P=0.001).

3.4.2 The health index after challenge 

The rectal temperature, fecal dry matter percentage, fecal score, plasma 

haptoglobin concentration, the peak plasma haptoglobin concentration, the day of peak 

plasma haptoglobin concentration, the plasma glucose concentration, and the plasma urea 

nitrogen concentration were reported in Table 3.3. The rectal temperature for HPN was 
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higher than LPN during day 10 (challenging day) to day 24 (P=0.024). There was no 

difference in fecal dry matter percentage (P=0.0291); however, the fecal score of HPN 

was greater than LPN (P=0.001). There were no differences observed for fecal dry matter 

percentage on fecal score in 1, 2, and 4; but, LPN had higher fecal dry matter percentage 

than HPN on fecal score 3 (P=0.006, Figure 3.1). No difference was observed in plasma 

haptoglobin concentration (P=0.351); furthermore, the HPN had numerically greater peak 

plasma haptoglobin concentration than LPN (P=0.118). The peak plasma haptoglobin 

concentration for HPN occurred two days later than LPN. The plasma glucose 

concentration for HPN was greater than LPN (P=0.014). The HPN had greater 

concentration of plasma urea nitrogen concentration than LPN (P=0.014).  

The distal ileum morphology data are reported in Table 3.3. The HPN had 

numerically greater villi height than the LPN (P=0.120). No treatment difference was 

observed in villi width (P=0.474). Additionally, there were no treatment differences 

observed in either crypt depth (P=0.245) or crypt width (P=0.336). There was no 

difference between HPN and LPN when the relationship between villi height and crypt 

depth were expressed as ratio of villi height to crypt depth (P=0.869). There was a 

tendency (P=0.059) for HPN calves to have a greater total mucosal length, but there was 

no difference in total mucosal width between treatments (P=0.344). Lastly, there were no 

treatment differences observed in either the lymphoid aggregate height (P=0.722) or 

width (P=0.408).  
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3.5 Discussion 

This study was designed to investigate how plane of milk replacer nutrition 

influences the resistance to an opportunistic oral challenge with Citrobacter freundii. 

Rectal temperatures and plasma haptoglobin concentrations increased mildly after the 

citrobacter challenge and the rectal temperatures were greater among the HPN calves. In 

agreement, the peak plasma haptoglobin concentrations after the challenge were 

numerically greater among the HPN calves. There were no milk refusals or deaths 

following the citrobacter challenge; in fact, the clinical course of disease was mild 

among all calves. Although the HPN calves had greater fecal scores, there were no 

differences in the dry matter percentage of feces between treatments either before or after 

the citrobacter challenge. Taken together these data indicate that calves fed the HPN may 

have an increased risk for enteric disease during the neonatal period. 

The HPN calves had increased ADG both before and immediately after the 

citrobacter challenge, which is consistent the greater intakes of metabolizable energy and 

crude protein among those calves. The citrobacter challenge caused mild disease and did 

not cause any milk replacer refusals. The lack of a significant difference in ADG during 

the 2nd week after the challenge was due to the greater increase in calf starter intake 

among the LPN calves.  

This study used an opportunistic infection model to study how plane of nutrition 

influences resistance to enteric disease. The greater increase in rectal temperature and 

numerically greater peak haptoglobin concentrations among the HPN calves indicates 

those calves had a stronger acute phase response to the citrobacter challenge. 

Opportunistic infection models can only cause disease in an immune compromised host; 



Texas Tech University, Yu Liang, May 2015 

47 

therefore, these data suggest that HPN calves may be more susceptible to enteric disease 

early in life because of greater deficiencies in gastrointestinal immunity. These data are in 

agreement with Quigley et al. (2006) who observed that a high-risk group of calves, 

inadequate colostrum and purchased from a sale barn, fed a variable HPN program and 

raised on coronavirus contaminated bedding had a greater number of days with scours 

and antibiotic treatments than the calves fed a LPN. Further, although not statistically 

significant, the mortality rates of calves in the study of Quigley et al. (2006) were 22.3 

and 8.6% for the variable HPN and LPN programs, respectively. The greatest incidences 

of mortality occurred during the 2nd week of the study and necropsies of the calves were 

consistent with enteric disease. A criticism of the study by Quigley et al. (2006) was they 

force-fed calves that refused milk replacer with an esophageal feeding tube, and the 

calves fed the HPN were force-fed milk replacer more often than the LPN calves 

(Borderas et al., 2007). It remains to be determined if force-feeding milk replacer with an 

esophageal feeding tube increases morbidity and mortality among calves. Regardless, 

there were no milk replacer refusals after the citrobacter challenge in the current study.  

Not all studies reported deleterious effects of feeding a HPN during an enteric 

challenge. Ollivett et al. (2012) observed that fecal scores among HPN challenged with 

C. parvum improved at a mildly faster rate, -0.1 versus -0.06 fecal score per feeding on a 

3-point fecal scoring criterion among HPN and LPN calves, respectively. However, 

Ollivett et al. (2012) also reported that after peak fecal shedding of C. parvum there were 

no differences in the proportions of calves at each feeding with severe scours. Therefore, 

the biological significance of the reported quicker resolution of fecal scores among the 

HPN calves is debatable. Ollivett et al. (2012) also reported that the HPN calves had 
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greater hydration as evident by lower hematocrits after the C. parvum challenge. They 

suggested the improved hydration could be due to the quicker resolution of scours; 

however, neither water intake nor urinary or fecal excretions of water were measured in 

that study, so definitive conclusions on what caused the improvements hydration are 

unknown. The current data taken together with Quigley et al. (2006) and Ollivett et al. 

(2012) indicate that more research is needed to understand specifically how early life 

plane of milk replacer nutrition influences immunity to enteric infections. It should also 

be noted that the relationship between plane of milk replacer nutrition and risk of enteric 

disease is likely dependent on the infectious microorganism. 

 Although the HPN calves had greater fecal scores throughout this study, the fecal 

dry matter percentages were not different between the HPN and LPN calves at any time 

during the study, either before or after the citrobacter challenge. These data agree with 

previous reports indicating that calves fed a HPN had increased fecal scores, but the dry 

matter percentage of feces was not different from calves fed a LPN (Liang et al., 

unpublished). Fecal scores are commonly used as a measure of enteric health among 

calves; however, others have rightfully suggested that they may not reflect true 

differences in health when comparing calves fed different planes of nutrition (Nonnecke 

et al., 2003; Borderas et al., 2007). In the current study, the dry matter percentage of feces 

decreased with increasing fecal scores among the HPN calves. Generally the fecal dry 

matter percentage dropped approximately 5% for each increase in fecal score when fed a 

HPN. In contrast, data from the LPN calves indicted the fecal dry matter percentages of 

fecal scores 1 or 2 and 3 or 4 were not different from each other. The current data further 

indicate that the dry matter percentage for a fecal sample classified as a score 3 varies 
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depending on whether they are fed a LPN or HPN. Therefore, these data confirm that 

fecal scores should not be used as the sole measure of enteric health in calves, especially 

when evaluating different planes of milk replacer nutrition.     

Voluntary water intake tended to be greater among the HPN immediately before 

the citrobacter challenge and increased to a larger extent among the HPN calves after the 

challenge. The slightly elevated increase in water intake among the HPN before the 

challenge could be due to a greater secretion of water or increased intake of milk solids 

by those calves. The HPN have mildly greater plasma urea nitrogen concentrations; 

therefore, they may excrete more urine because urea is the primary osmol in urine (REF). 

Additionally, previous data indicate that calves fed a HPN excreted approximately twice 

as much fecal material per day than calves fed a LPN (Liang et al., unpublished). During 

the first week of life Liang et al. (unpublished) observed daily fecal excretions of 

approximately 25 and 50 g DM for the LPN and HPN, respectively. The dry matter 

percentages in the present study were not different and were approximately 20%; 

therefore, the HPN calves in this study likely excreted approximately 100 mL more water 

per day in fecal material. Additionally, the HPN calves were fed their milk replacer at a 

greater dry matter percentage in the current study, which could account for the milk 

increase in voluntary water intake among those calves prior to the challenge. In contrast 

to the current data, Quigley et al. (2006) did not observe any difference in voluntary 

water intake between calves fed the LPN and variable HPN programs during the first 4 

weeks of their study.  

After the citrobacter challenge the HPN calves voluntarily consumed a lot more 

water than the calves fed the LPN. Urea excretion did not likely increase greatly because 
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plasma urea nitrogen concentrations did not change after the challenge. Additionally, the 

citrobacter challenge did not cause an increased incidence of scours, and there was no 

difference in fecal dry matter percentages between treatments. Therefore, an explanation 

for why the HPN calves consumed more water after the citrobacter challenge is not clear. 

As mentioned previously, Ollivett et al. (2012) reported that calves fed a HPN had greater 

hydration after the C parvum challenge. Those authors suggested the improved hydration 

could be due to the mild improvement in the recovery of fecal scores after the C. parvum 

challenge. However, another possibility is that the HPN calves voluntarily consumed 

more water after the C. parvum challenge. Future studies should determine if calves fed a 

HPN maintain better hydration during enteric disease because they voluntarily consume 

more water.    

An exact mechanism for the greater susceptibility of the HPN to the opportunistic 

enteric pathogen is unknown. There are many components to the gastrointestinal immune 

system and how plane of milk replacer nutrition influences these is unknown. In the 

present study the HPN calves tended to have a greater total mucosal height than LPN 

calves. This increased mucosal height increases the surface area that is available for 

potential pathogens to interact with the gastrointestinal epithelium. This could 

compromise the resistance to enteric pathogens as other components of the 

gastrointestinal immune system develop soon after birth (Guilloteau et al., 2009).  

 

3.6 Conclusions 

 Feeding calves with a HPN nutrition increased the susceptibility of calves to an 

opportunistic Citrobacter freundii infection at 10 day of life as evident by the greater 
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rectal temperatures and numerically greater peak plasma haptoglobin concentrations. 

Future research should determine the underlying mechanisms that led to the increased 

risk for this opportunistic bacterial disease. This information would be helpful to 

understand whether calves fed a HPN are at an increased risk for other enteric infections 

and diseases. The present data suggest that increased total mucosal height of the distal 

ileum may play a role in the heightened susceptibility. Voluntary water intake and 

hydration status should be measured in calf studies evaluating how planes of nutrition 

influence enteric health. An increased voluntary water intake may explain why others 

observed improved hydration among calves fed a HPN. Lastly, the present data further 

reiterate that fecal scores should not be used as the sole indicator of enteric health in 

calves, especially when evaluating the effects of varying planes of milk replacer nutrition. 
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Table 3.1. The formulated nutrient content of the milk replacer and calf starter fed to 
Jersey calves.  

Milk replacer1 Calf starter2 
Nutrient LPN HPN 
Dry matter, % 97 98 95 
Crude protein, % 20 28 20 
Ether extract, % 20 20 3.5 
Acid detergent fiber (max), % - - 8.0 
Metabolizable energy, Mcal/kg3 4.65 4.75 2.90 
Metabolizable energy, Mcal/kg4 4.71 4.38 --- 
Calcium, % 0.75 0.75 1.0 
Phosphorus, % 0.7 0.7 0.5 
Iron, mg/kg - - 50 
Manganese, mg/kg - - 40 
Zinc, mg/kg - - 40 
Selenium, ppm - - 0.3 
Vitamin A (min), IU/kg 20,000 20,000 10,000 
Vitamin D3 (min), IU/kg 5,000 5,000 1,000 
Vitamin E (min), IU/kg 100 150 200 
1Two commercial milk replacers were fed (Land O’Lakes Animal Milk Products Co., 
Shoreview, MN); LPN = Low plane of nutrition and HPN = High plane of nutrition. Both 
milk replacers were formulated with similar macro and micro-ingredients and included: 
dried whey, dried whey protein concentrate, dried whey product, dried skim milk, dried 
milk protein, animal fat, lecithin, polysorbate 80, dicalcium phosphate, calcium carbonate, 
brewers dried yeast, vitamin A acetate, d-alpha tocopherol acetate, vitamin D3, thiamine 
monohydrate, riboflavin, niacin supplement, folic acid, vitamin B12 supplement, choline 
chloride, zinc methionine complex, manganese methionine complex, copper lysine 
complex, iron amino acid complex, ethylenediamine dihydroiodide, selenium yeast, and 
natural and artificial flavor. 
2A pelleted calf starter was formulated with ground corn, soybean meal, hominy feed, 
ground oats, dehydrated alfalfa meal, linseed meal, vegetable oil, calcium carbonate, 
monocalcium phosphate, dicalcium phosphate, copper sulfate, manganese oxide, zinc 
oxide, sodium selenite, ethylenediamine dihydroiodide, cobalt carbonate, vitamin A, 
vitamin D, and vitamin E.    
3Calculated based on NRC (2001). 
4Calculated from data collected in Experiment 1. 
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Table 3.2. Influence of plane of nutrition on milk replacer (MR) intake, starter intake, water intake, growth 
performance, and metabolizable energy after an oral Citrobacter freundii challenge.  

Nutrition1 Largest Trt Day Trt x Day 
Item LPN HPN SEM P < 
Initial BW, kg 28.5  27.9  0.67 0.001 --- --- 
Final BW, kg 31.9  36.5  0.75 0.001 --- --- 
MR intake day 1 - 6, kg DM/d 0.40 0.60 --- --- --- --- 
MR intake day 7 - 24, kg DM/d 0.45 0.70 --- --- --- --- 
Starter intake, kg/d 0.104 0.054 0.019 0.078 0.001 0.011 
Average daily gain, kg/d 0.162 0.345 0.0367 0.002 0.001 0.072 
Water intake, Liter/d 0.68 1.59 0.181 0.002 0.001 0.001 
ME intake day 1 - 6, Mcal/d2 1.86 2.85 --- --- --- --- 
ME intake day 7 - 24, Mcal/d2 2.39 3.48 0.0551 0.001 0.001 0.001 
ME intake 1 - 6, Mcal/d3 1.88 2.63 --- --- --- --- 
ME intake 7 - 24, Mcal/d3 2.42 3.22 0.0551 0.001 0.001 0.001 
CP intake day 1 - 6, kg/d 0.08 0.17 --- --- --- --- 
CP intake day 7 - 24, kg/d 0.11 0.22 0.004 0.001 0.001 0.001 
ME intake per kg BW0.75, Mcal/kg2,4 0.090 0.133 0.003 0.001 0.001 0.001 
ME intake per kg BW0.75, Mcal/kg3,4 0.101 0.143 0.003 0.001 0.001 0.001 
CP intake per kg BW0.75, kg/kg4 0.018 0.037 0.0009 0.001 0.001 0.001 
1LPN = low plane of nutrition were fed 400 g DM / d of a 20% CP and 20% fat MR for week 1 and 450 g DM / d of 
the same MR for the remainder of the experiment (n=10) and HPN = high plane of nutrition were fed 600 g DM / d of 
a 28% CP and 20% fat MR for week 1 and 700 g DM / d of the same MR for the remainder of the experiment (n=10).
2ME intake, Mcal/d = calculated based on NRC (2011). Starters were offered on day 4.     
3ME intake, Mcal/d = calculated from data collected in Experiment 1. Starters were offered on day 4.     
4BW0.75 = (Initial BW + Final BW)/2*0.75. 0.75 indicates the energy exhausted by the body surface. 
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Table 3.3. Influence of plane of nutrition on calves' health after an oral Citrobacter freundii challenge. 

Nutrition1 Largest Trt Day Trt x Day 
Item LPN HPN SEM P < 
Recal temperature, 0C 38.4  38.6  0.05 0.024 0.001 0.147 
Fecal dry matter, % 21.9  19.9  1.34 0.291 0.284 0.346 
Fecal score 2.04 2.52 0.07 0.001 0.001 0.105 
Plasma haptoglobin, µg/mL  134 169 20.2 0.351 0.001 0.966 
Peak haptoglobin, ug/ mL2 266 511 108.0 0.118 --- --- 
Peak haptoglobin, day3 14 16 --- 0.509 --- --- 
Villi height, µm4 410 463 22.7 0.120 --- --- 
Villi width, µm4 123 139 15.8 0.474 --- --- 
Crypt depth, µm4 246 294 27.9 0.245 --- --- 
Crypt width, µm4 50 57 5.1 0.336 --- --- 
Villi height:Crypt depth4 1.69 1.72 0.135 0.869 --- --- 
Total mucosal height, µm4 752 921 59.1 0.059 --- --- 
Total mucosal width, µm5 762 906 105.5 0.344 --- --- 
Lymphoid aggregate height, µm4 1,688 1,647 78.7 0.722 --- --- 
Lymphoid aggregate width, µm4 360 343 13.8 0.408 --- --- 
Plasma glucose, mg/dL 100.3 109.1  2.08 0.008 0.001 0.622 
Plasma urea nitrogen, mg/dL 8.10 9.85 0.455 0.014 0.001 0.406 
1LPN = low plane of nutrition were fed 400 g DM / d of a 20% CP and 20% fat MR for week 1 and 450 g DM / d of the same 
MR for the remainder of the experiment (n=10) and HPN = high plane of nutrition were fed 600 g DM / d of a 28% CP and 
20% fat MR for week 1 and 700 g DM / d of the same MR for the remainder of the experiment (n=10).
2Peak haptoglobin = The peak haptoglobin after challenge - haptoglobin concentration on day 10. 
3Peak haptolgobin day indicates the day of peak of haptoglobin concentration. Data analyzed using the Proc NPAR1Way 
Median Test (SAS, V9.2) 
4Data are reported as the mean of 10 individual measurements. 
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5Data are reported as the width of 5 continuous villi. 
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Figure 3.1. Fecal dry matter percentage at different fecal scores when fecal samples 
were collected on day 10, 12, 14, 16, 18, 20, 22, and 24. The fecal dry matter 
percentages at four different fecal scores for high plane of nutrition calves were 
different from each other (the different capitalized superscripts signify differences, 
P<0.05). The non-capitalized superscripts indicate differences (P<0.05) in fecal dry 
matter percentages among the fecal scores of low plane of nutrition calves. The asterix 
indicates a plane of nutrition treatment sliced by fecal score difference (P=0.006).       
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Figure 3.2. The average daily gain (ADG) for calves fed with different planes of 
nutrition in varied period. The ADG from day 0 to 10 was greater for high plane of 
nutrition calves than low plane of nutrition calves (P=0.001). However, the tendency 
was observed that high plane of nutrition calves had greater ADG than low plane of 
nutrition calves from day 10 to 14, 14 to 17, 10 to 17 (P=0.058, P=0.056, P=0.057, 
respectively). There was no difference observed between treatments in ADG from day 
17 to 24 (P=0.129). The last, the high plane of nutrition calves had greater ADG 
compared to low plane of nutrition calves from day 0 to 24 (P=0.004). 
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