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ABSTRACT 

Dairy calf nutrition aims to improve the nutritional components offered to calves 

and to improve delivery methods to support their performance and health. Morbidity and 

mortality remain major challenges, and early-life nutrition may help address them. Calves 

rely on nutrients from bovine colostrum and later on a liquid and solid diet to transition 

from a neonate to the pre-weaning phase and finally to a post-weaning animal. Bovine 

colostrum, produced in the weeks before and excreted shortly after birth, delivers essential 

immune and growth-supporting factors. The first part of this research is a scoping review 

of bovine colostrum composition, focusing on secondary components and their effects on 

neonatal calf physiology and metabolism. While immunoglobulin G (IgG) is the primary 

indicator of passive immunity, colostrum also contains growth factors, hormones, amino 

acids, proteins, cytokines, oligosaccharides, fatty acids, vitamins, and minerals. We 

examined how nutritional, genetic, and management factors influence their presence, how 

concentrations change from colostrum to transition and mature milk, and their specific 

effects on calf development. These components play diverse roles in early life, but more 

research is needed to understand individual variation and interactions among them. The 

second part is an experiment evaluating how casein presence in colostrum fed to dairy 

calves affects IgG absorption rate and passive immune transfer. Seventy-one Holstein × 

Angus calves were randomly assigned to receive maternal colostrum (MC), a whey-based 

colostrum replacer without casein (CR–C), or one with added casein (CR+C). Casein 

presence reduced the apparent efficiency of IgG absorption (AEA) compared to CR–C but 

not MC. Vigor scores were unaffected. These results suggest casein presence in colostrum 

influences IgG absorption and its dynamics. Finally, milk replacers are commonly used in 

commercial systems to meet nutritional needs and may be formulated with different sources 

of trace minerals (TM) to enhance bioavailability, support immune development, and 

improve growth performance during the pre-weaning period. The third part involved two 

experiments assessing how trace mineral source in milk replacer (organic vs. sulfate) 

affects calf health and performance during the preweaning period. Both MR types met 

NASEM requirements for Zn, Cu, Fe, and Mn. Experiment 1 included 43 Holstein male 

and female calves; Experiment 2 involved two blocks of Holstein male calves (63 and 64 

calves). No differences were observed in performance or health outcomes. Serum 

potassium and cobalt concentration differed in Experiment 1 but not Experiment 2. Liver 

TM concentration were unaffected, and only urea concentration differed in Experiment 2. 

Overall, TM source had minimal effects on calf performance, health, and mineral status. 

These studies advance our understanding of dairy calf nutrition and help inform strategies 

to reduce morbidity and mortality during early life. 
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CHAPTER 1 LITERATURE REVIEW 

1.1 Introduction 

 Morbidity and mortality in dairy calves have steadily declined over recent decades, 

largely due to advances in management and nutritional practices. However, early-life health 

challenges remain a significant concern, especially during the neonatal and preweaning 

phases. Continued research is essential to refine feeding strategies that not only support 

calf health and welfare but also align with evolving production goals in modern dairy 

systems. Calves are born without circulating immunoglobulins and require the timely 

ingestion of high-quality colostrum to initiate immune system development. In addition to 

immune support, proper trace mineral (TM) nutrition is essential during the early growth 

period. Although calves are born with hepatic reserves of certain TMs such as zinc, copper, 

iron, and manganese, these stores are limited and may benefit from different forms and 

amounts in the diet to meet physiological and health demands during postnatal 

development. This literature review first explores the critical roles of colostrum and then 

TMs in neonatal calf health and development. It then outlines current feeding 

recommendations, management practices, and alternatives aimed at promoting calf 

survival, productivity, and long-term performance. 

1.2 Bovine Colostrum 

 Bovine colostrum is the first secretion produced by the dam in the weeks leading 

up to parturition and is compositionally distinct from mature milk (Baumrucker et al., 

2021). In modern commercial dairy systems, calves are typically separated from their dam 

shortly after birth to support the health, welfare, and management of both animals (USDA, 

2021). This practice allows producers to control the delivery of colostrum, minimize the 

risk of disease transmission, and ensure proper care of the cow as she transitions into the 
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milking herd. As a result, production systems must be equipped to effectively harvest, 

assess, and administer high-quality colostrum to neonatal calves. 

1.2.1 Importance for Dairy Calves 

 Calves are born agammaglobulinemic, meaning they lack circulating antibodies in 

serum (Weaver et al., 2000). The successful transfer of passive immunity (TPI) depends on 

timely absorption of immunoglobulins (Ig), primarily from colostrum. The work by Stott 

and colleagues (1979 a,b,c,d) established key principles underlying TPI. The first paper 

defined the window of Ig absorption, introducing the concept of gut closure, whereby the 

capacity to absorb large molecules rapidly declines within hours of birth (Stott et al., 

1979a). The second paper characterized the rate of absorption, showing that delayed 

colostrum feeding reduces absorption rates, though some compensatory uptake may occur 

(Stott et al., 1979b). The third paper examined the amount absorbed, identifying how 

timing and age influence Ig uptake and introducing metrics such as apparent efficiency of 

absorption (AEA), area under the curve (AUC), Tmax (time to peak serum Igs), and Cmax 

(maximum serum Ig concentration) (Stott et al., 1979c). The final paper demonstrated that 

calves allowed to suckle directly from the dam absorbed more Igs than those bottle-fed 

pooled colostrum, emphasizing the biological advantage of natural suckling (Stott et al., 

1979d). Over time, these principles have evolved into the current best practices for feeding 

colostrum to dairy calves. 

1.2.2 Recommendations for Intake 

 An updated review of colostrum intake recommendations is provided in the latest 

edition of NASEM (2021). The most consistently communicated strategies to producers 
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emphasize five key factors: immunoglobulin concentration (quality), volume of colostrum 

fed (quantity), timing of administration, bacterial contamination (cleanliness), and, in some 

cases, measurement of serum IgG to assess passive transfer (quantification) (Geiger, 2020; 

USDA, 2021). These recommendations are grounded in research on the importance of 

colostrum intake in calves and are continually reinforced by recent literature addressing 

emerging challenges in the dairy industry. 

 The quality of colostrum is highly variable and influenced by factors such as parity, 

environmental stressors, breed, management practices, and individual variation (Kehoe et 

al., 2007; Morrill et al., 2012). This variability poses a challenge to producers, whose goal 

is to maintain consistency to support high productivity and reduce calf morbidity and 

mortality. As explained by Stott et al. (1979c), the amount of IgG absorbed by the calf is 

heavily dependent on the amount delivered. The commonly accepted threshold for high-

quality colostrum is 50 g of IgG/L, a recommendation not clearly attributed to a single 

study but consistently reported across farms in the United States in recent years (Kehoe et 

al., 2007; Morrill et al., 2012). On-farm testing of colostrum is practiced on some 

operations, using tools such as the colostrometer or refractometer (USDA, 2021). However, 

a large proportion of operations (45.1%) still rely on visual assessment to determine 

colostrum quality. 

 As a general guideline, feeding 3.8 L of colostrum containing 50 g IgG/L provides 

approximately 190 g of IgG, which is considered adequate to support passive immunity 

and reduce morbidity in calves. Quigley et al. (1998) and Cabral et al. (2015) used average 

calf body weight and blood volume estimates to support colostrum feeding 

recommendations, noting that plasma accounts for approximately 10% of a calf’s body 
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weight. This is closely related to the concept of AEA, which refers to the proportion of IgG 

absorbed by the calf. Apparent efficiency of absorption values vary widely, ranging from 

less than 10% to around 40%. By providing high-quality colostrum in adequate volume, 

producers can increase the likelihood that calves achieve successful transfer of passive 

immunity (TPI). While volume plays a role, Stott et al. (1979c) emphasized that colostrum 

quality, specifically IgG concentration, is the more critical factor, as it is the total mass of 

IgG delivered that ultimately determines transfer efficiency. 

 Stott et al. (1979a) established that the window for IgG uptake begins to close 

around 12 hours postpartum. This recommendation was further refined by Bush and Staley 

(1980) and Matte et al. (1982), who identified the optimal time for colostrum feeding as 

within the first 4 hours of life. More recently, Fischer et al. (2018) demonstrated that calves 

fed colostrum immediately after birth had the highest serum IgG concentrations, which 

declined progressively when feeding was delayed to 6 or 12 hours. Although early feeding 

poses logistical challenges, the average time to first colostrum administration in the U.S. 

is 3.6 hours (USDA, 2021). Reducing this interval or using strategies to enhance colostrum 

absorption may further improve outcomes. 

 Bacterial contamination and proliferation in colostrum can occur during harvesting 

and storage before feeding to calves (Foley and Otterby, 1978; Stewart et al., 2005). Current 

recommendations suggest that total bacterial counts should remain below 100,000 cfu/mL 

and total coliform counts below 10,000 cfu/mL. Strategies to reduce bacterial growth 

include freezing, pasteurizing, and using preservatives. Freezing at −18°C has been shown 

to reduce the proliferation of Mycobacterium bovis (Gille et al., 2018). Armengol et al. 

(2016) demonstrated that on-farm pasteurization of colostrum prior to freezing 
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significantly reduced bacterial and coliform counts. Similarly, Johnson et al. (2007) 

reported that batch heat treatment of colostrum at 60°C for 60 minutes reduced bacterial 

contamination without compromising IgG content and improved serum IgG concentrations 

and AEA in neonatal calves. Another alternative is the use of preservatives; for example, 

the addition of stabilized potassium sorbate to colostrum effectively reduced bacterial 

proliferation during storage at room temperature or refrigeration without affecting IgG 

levels (Godden et al., 2020). 

 Quantifying serum IgG in calves is a valuable tool for evaluating the effectiveness 

of colostrum management. Producers can submit serum samples for laboratory analysis 

using radial immunodiffusion or use on-farm tools, such as refractometers, to estimate IgG 

levels in colostrum. Although this practice is not performed daily due to the need for calf 

sampling, it provides important insights into the success of passive immunity transfer. Prior 

to 2020, TPI was classified using a simple binary system: adequate (>10 g/L) or inadequate 

(<10 g/L) (Gay, 1983). In 2020, Lombard et al. introduced a more nuanced classification: 

excellent (>25.0 g/L), good (18.0–24.9 g/L), fair (10.0–17.9 g/L), and poor (<10.0 g/L). 

For operations aiming to meet high standards, it is recommended that >40%, 30%, 20%, 

and <10% of calves fall into the excellent, good, fair, and poor categories, respectively. 

Compared to the earlier binary approach, these updated classifications offer clearer targets 

that are more closely associated with reduced morbidity and mortality in calves. 

1.2.3 Supplements and Replacers 

 Colostrum has its limitations since quality and quantity varies by cow. To mitigate 

these differences, producers may consider colostrum supplements or replacers when the 

natural colostrum is not readily available. Several products are available on the market to 
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meet the demands of producers, with their own strengths and weaknesses. Products include 

whole spray freeze dried colostrum, whey-based colostrum, and even plasma/serum-based 

products aimed at delivering only Igs.  

 Whole dried colostrum refers to colostrum that has been dried, with or without prior 

pasteurization. Borad et al. (2020) described its characteristics, reporting that it retains 

52.5% Igs from the total 86% protein content derived from maternal colostrum. This 

process also effectively reduced microbial activity and the risk of disease transmission. In 

a study by Ahmadi et al. (2021), calves fed a whole dried colostrum product had a higher 

incidence of failure of TPI, though this did not affect their later performance. 

 Whey-based colostrum replacer refers to whole colostrum that has undergone 

ultrafiltration to reduce lactose, casein, and pH (Borad et al., 2020). This alteration in 

chemical composition results in greater retention of Igs, with 74% of the total 94% protein 

content consisting Igs. In a study by Lopez et al. (2020), whey-based colostrum was used 

either as a total replacer or as a supplement to enrich low-quality colostrum, and both 

approaches achieved adequate passive transfer of immunity. However, maternal colostrum 

still resulted in the highest serum IgG concentrations (mg/mL) compared to all other 

treatments. 

 Plasma- or serum-based Igs can also be used to deliver immunoglobulins derived 

from maternal blood to calves. In the study by Arthington et al. (2000), a serum-based 

spray-dried product administered orally effectively enhanced low-quality colostrum by 

improving Ig delivery to the calf. However, that study did not evaluate whether such 

products alone could fully replace colostrum to achieve adequate TPI. More recently, 

Priestley et al. (2023) assessed the efficacy of maternal colostrum, a plasma-derived 
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colostrum replacer, and a colostrum-derived colostrum replacer. The plasma-derived spray-

dried product, used as a complete replacement for a colostrum meal, performed the worst 

overall compared to the other treatments in key areas, including serum IgG concentration, 

AEA, TPI success rate, weight gain, and morbidity. Bovine colostrum is fundamental to 

the neonate dairy calf as detailed above, but there are other components that play an 

important role in the preweaning phase. Trace minerals are one of those components, 

especially as part of the composition of milk replacer. In the second part of this chapter we 

will discuss the importance, requirements, and other important points of the use of trace 

minerals in calf nutrition. 

1.3 Trace Minerals 

 Trace minerals, or microminerals, are required in much smaller quantities (<100 

ppm) compared to macrominerals (>100 ppm) (McDowell, 2003). In dairy calves, key trace 

minerals (TM) include iron, zinc, copper, manganese, cobalt, molybdenum, and selenium. 

Beyond their required quantities, TMs can also be classified based on their ionic forms. 

For example, iron, manganese, copper, and zinc are typically present as cations, whereas 

molybdate (MoO₄²⁻) and selenite (SeO₃²⁻) are anions. Zinc is commonly found as a divalent 

cation (Zn²⁺), and manganese can exist in multiple ionic states depending on its chemical 

form. These forms influence the physical properties, absorption, and bioavailability of the 

minerals, which will be discussed in later sections. Importantly, TMs play essential roles 

in dairy calf physiology regarding postnatal development and morbidity and mortality. 

 

 



 

8 

 

1.3.1 Importance for Dairy Calves 

 Though required in small amounts, trace minerals are essential for key 

physiological and metabolic processes in calves. This section focuses on iron, zinc, copper, 

cobalt, manganese, and selenium, with relevant interactions noted. 

 Zinc is essential for growth, bone formation, immune function, skin integrity, 

reproduction, enzymatic activity, and nutrient metabolism (McDowell, 2003). Deficiency 

in calves can lead to reduced growth, feed efficiency, and lethargy, along with skeletal 

abnormalities such as bowed legs, stiff joints, and impaired collagen synthesis. Zinc is 

particularly important for testicular development in males and plays a role in infection 

resistance and wound healing. Deficiency also disrupts digestion and nutrient retention, 

increases urinary nitrogen and sulfur loss, and can cause parakeratosis and mucosal lesions. 

Zinc-dependent enzymes support bone turnover and tissue repair, and certain breeds may 

have higher zinc requirements. Behavioral signs like abnormal nibbling may also indicate 

deficiency. 

 Copper is essential for immune function, supporting bactericidal activity, antibody 

production, and lymphocyte proliferation (McDowell, 2003). It is required for 

ceruloplasmin, an acute-phase protein that decreases in deficient calves during infection. 

Calves born to Cu-deficient dams may exhibit neonatal ataxia, weakness, and poor nursing. 

Chronic deficiency leads to poor growth, delayed development, reproductive issues, and 

retained placentas; in bulls, it may impair semen quality. Copper also plays a role in energy 

metabolism and tissue development. However, excess Cu can accumulate in the liver and 

trigger a hemolytic crisis, resulting in jaundice, anemia, and toxic hepatosis. Molybdenum 

antagonizes copper and can induce deficiency, further compromising immune function. 
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 Iron is essential for oxygen transport via hemoglobin and myoglobin and supports 

oxidative metabolism through heme and non-heme enzymes (McDowell, 2003). Calves are 

born with low iron stores, and those on milk-only diets are at high risk for iron-deficiency 

anemia by 8–10 weeks. Signs include anemia, poor weight gain, reduced appetite, lethargy, 

labored breathing, pallor, and atrophied tongue papillae. Twin calves are especially 

vulnerable due to limited prenatal supply. Anemia also increases susceptibility to scours 

and infections. Iron supports immune function through its role in lactoferrin, an iron-

binding glycoprotein with antimicrobial properties. 

 Manganese is essential for skeletal development, cartilage formation, and 

reproductive function (McDowell, 2003). Deficiency in pregnant cows can result in 

congenital deformities in calves, such as twisted legs, stiff gait, enlarged joints, and weak 

bones. Mn functions through metalloenzymes that support metabolism and skeletal 

integrity. While adult cattle absorb only ~1% of dietary Mn, young calves absorb 

significantly more, reflecting higher early-life demands. Liver Mn increases with intake 

but is tightly regulated, and in newborns, supplementation leads to a rapid rise, indicating 

distinct metabolic handling. 

 Cobalt is required for ruminal synthesis of vitamin B₁₂ (McDowell, 2003). Since 

calves are born with underdeveloped rumens, they require dietary cobalt or preformed B₁₂. 

Vitamin B₁₂ is essential for methylmalonyl-CoA mutase, which converts propionate to 

succinate, a key step in energy metabolism for ruminants. B₁₂ deficiency results in poor 

appetite, reduced growth, muscular weakness, and peripheral nerve demyelination. 

 Selenium is critical for preventing white muscle disease (WMD), a condition 

marked by muscular degeneration, weakness, stiffness, and sudden death from heart failure 



 

10 

 

(McDowell, 2003). WMD can be congenital or appear up to four months of age. In calves, 

Se deficiency also leads to impaired suckling due to tongue muscle dysfunction, circulatory 

failure, and poor thermoregulation. Se, along with vitamin E, protects immune cells during 

phagocytosis by limiting oxidative damage, and enhances antibody response. Deficiency 

during gestation results in stillbirths, deformities, and weak neonates. 

1.3.2 Recommendations for Intake 

 Calves are born with hepatic reserves of TMs and researchers have established 

baseline hepatic and serum TM levels in neonates and growing calves (Table 1.1; Adapted 

from Herdt and Hoff, 2011).  

Table 1.1 Neonates and adult and growing calf liver and serum recommendations adapted 

from Herdt and Hoff (2011). 

Trace Mineral Neonates Adults and Growing Calves 

Serum   

Zn, µg/mL 0.6-1.75 0.6-1.9 

Cu, µg/mL 0.3-1.0 0.6-1.1 

Fe, µg/mL 0.25-1.7 1.1-2.5 

Mn, ng/mL 1.0-4.0 0.9-6.0 

Mo, ng/mL 1.0-15 2.0-35 

Co, ng/mL 0.18-2.3 0.17-2.0 

Se, ng/mL 20-70 65-140 

Liver   

Zn, µg/g 120-400 90-400 

Cu, µg/g 125-650 50-600 

Fe, µg/g 160-1000 140-1000 

Mn, µg/g 3.5-15 5-15 

Mo, µg/g 0.6-3 1-4 

Co, µg/g 0.06-0.4 0.10-0.4 

Se, µg/g 1.5-3.5 0.7-2.5 

 

 In the most recent edition of NASEM (2021), updated recommendations for trace 

mineral levels in milk replacers and calf starters are provided (Table 1.2). These updates 
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build on the previous NRC (2001) guidelines and incorporate findings from a new study 

regarding mineral retention (Watson et al., 2018). 

Table 1.2 Trace Mineral Minimum requirements in milk replacer and calf starters adapted 

from NRC (2001) and NASEM (2021). 

Trace Mineral 
Milk Replacer Calf Starter 

NRC (2001) NASEM (2021) NRC (2001) NASEM (2021) 

Zn, mg/kg 40 65 40 55 

Cu, mg/kg 10 5 10 12 

Fe, mg/kg 100 (50 for veal) 85 50 60 

Mn, mg/kg 40 60 40 40 

Co, mg/kg 0.11 NA 0.1 0.2 

Se, mg/kg 0.3 0.3 0.3 0.3 

 

1.3.3 Nutritional Sources  

 Trace minerals are available in various forms, as noted in the introduction. While 

calves would naturally rely on hepatic reserves and maternal milk in early life, modern 

production systems require producers to manage calf nutrition directly. As with other stages 

of production, selecting appropriate trace mineral sources is an important consideration. 

We will not go into depth regarding the effects of TM source during gestation but rather 

primarily focus on investigations with feeding nutritional sources. These minerals can be 

provided in isolated forms or incorporated into uniformly mixed formulations. The primary 

forms of TMs include inorganic, organic, and hydroxychloride forms. Below, we outline 

the key characteristics of each and review their effects when incorporated in the early calf 

diet.   

 Inorganic sources of trace minerals include sulfate, oxide, and carbonate forms and 

are generally considered the cheapest source of TMs (Spears, 2023).  Sulfate sources are 

water soluble, whereas oxides and carbonates are moderately under acidic condition but 
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have little to none in water. Organic sources of TMs are characterized as metal proteinates, 

amino acid complexes, amino acid chelates, metal methionine hydroxy analogue chelates, 

and polysaccharide complexes. Organic metals are covalently bound to ligands such as 

amino acids or polysaccharides. When stable in the digestive tract, they are less likely to 

form inhibitory complexes, improving their absorption. Hydroxychloride (hydroxyl) TMs 

are where metals are covalently bonded to multiple hydroxy groups and are relatively 

insoluble at neutral pH but become soluble under acidic conditions typical of those in the 

abomasum of ruminants.  

 Organic advanced chelated trace minerals fortified in milk replacer improved 

growth performance, health markers, and reduced the need for medical treatment in dairy 

calves compared to inorganic (sulfate) sources or no supplementation (Rajaei-Sharifabi et 

al., 2025). In beef calves, an injectable sulfate-based trace mineral supplement containing 

zinc, copper, manganese, and selenium was more effective in reducing umbilical infections 

(omphalitis) than oral sodium selenite, although both supported calf health (Herman et al., 

2023). In another study, partial replacement of inorganic trace minerals with organic 

chelated minerals in calf starters improved growth and health outcomes, particularly in low 

birth weight calves (Mousavi-Haghshenas et al., 2022). In a study by Ranches et al. (2021), 

preweaned calves offered mineral blocks containing hydroxychloride, organic, or sulfate 

trace minerals showed a preference for hydroxychloride sources. Low-dose zinc 

supplementation (80 mg Zn/day) in newborn Holstein calves reduced diarrhea and 

improved immunity and growth, with zinc oxide (ZnO) being most effective during the 

first three days and zinc methionine (Zn-Met) showing benefits over the first two weeks 

(Chang et al., 2020). Feeding hydroxychloride rather than sulfate trace minerals in milk 
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replacer and calf starter improved feed intake, wither height, and reduced diarrhea in dairy 

calves (LaPierre, 2016). Osorio et al. (2012) reported that organic trace minerals improved 

growth performance in transported calves only when combined with a high plane of 

nutrition; no growth benefit was observed under low nutrition, and health status was 

unaffected by trace mineral source. Finally, Kegley et al. (2001) found that supplemental 

zinc from organic (Zn–amino acid complex) and inorganic (Zn sulfate) sources did not 

consistently improve growth in beef calves, but organic Zn enhanced immune responses, 

including skin test reactivity and antibody production following vaccination, indicating 

benefits for immune function over performance.  

1.4 Conclusion 

 Bovine colostrum and TM are critical to dairy calf health and development. 

Colostrum is well studied, with established guidelines to reduce failure of TPI and improve 

survival. However, evolving production practices and management goals have prompted 

continued research into colostrum composition, supplementation, and harvesting 

techniques to optimize TPI. Trace mineral nutrition is complex, as TM play essential roles 

in physiological development. Recent literature has set benchmarks for TM requirements, 

especially when in utero supply is inadequate or when navigating varying TM sources in 

commercial products. Ongoing research continues to refine these principles to improve 

management practices and reduce morbidity and mortality. 
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1.5 Thesis Objectives 

 The objective of this thesis is to contribute to the growing body of research on dairy 

calf nutrition, with a particular focus on early-life nutritional factors: colostrum and trace 

minerals provided through milk replacer. Through a scoping review and two experimental 

trials, we examine these factors, present new findings, and lay the groundwork for future 

research in this field.  
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2.1 Abstract 

 Bovine colostrum is the first milk-like secretion produced by the dam following 

parturition. For neonatal calves, natural colostrum acts as a complete source of nutrition 

supplying essential nutrients, immune factors, and secondary components to influence 

metabolism and physiological development. The composition of colostrum is influenced 

by several factors, primarily related to the management practices and interventions on cows 

and heifers during the dry period, as well as the handling of colostrum at the time of harvest. 

Extensive research has emphasized the importance of timely colostrum feeding, focusing 

mainly on delivering Immunoglobulin G (IgG) to the calf. In practice, more attention is 

directed to Ig transfer in dairy calves, and consequently it is more common to see producers 

indirectly measuring IgG presence in colostrum and later in the serum of the calf 24-48 

hours after colostrum intake. However, emerging research on secondary components and 

their effects on the calf may also have significant impacts on neonatal calf development. 

This scoping review examines the factors affecting colostrum delivery to neonatal calves, 

with particular emphasis on the function and complexities of absorbing and metabolizing 

secondary colostrum components, such as growth factors, hormones, cytokines, 

oligosaccharides, fatty acids, enzymes, proteins, vitamins, and minerals. 
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2.2 Introduction 

 Dairy calves are born agammaglobulinemic and require the passive transfer of 

immunity via the ingestion of colostrum (Weaver et al. 2000). A ruminant develops a 

cotyledonary placenta during gestation which does not permit passive transfer of immune 

factors in-utero to the fetus(s). Colostrum contains several factors essential for the survival 

of the calf including macronutrients, micronutrients, and secondary components which will 

be the focus of this literature review. The current landscape of colostrum understanding on 

dairy farms in the United States was reported by the National Animal Health Monitoring 

System (NAHMS; USDA, 2021a). They summarized work emphasizing importance on 

quality, quantity, timeliness of feeding, and quantifying passive immunity status of dairy 

calves after feeding colostrum. Most importantly, a benchmark for  colostral and serum 

Immunoglobulin G (IgG) was established, which has contributed to decreases morbidity 

and mortality on farms. Furthermore, a collaborative study determined morbidity and 

mortality rates in 2014 were 33.9 and 5.0 percent (USDA, 2021b) compared to higher 

incidence rates reported in 1992 (USDA, 1992) and 2007 (USDA 2007), when there was 

reported less feeding of colostrum to individual calves and ranges for colostrum feeding 

were lower. These documents identify improvements to the overall care and management 

of dairy calves and implemented several steps to ensure successful passive transfer of 

immunity on dairy farms in the United States. Tasked with caring for these animals and 

achieving high standards of care, some work has been done to understand how to better 

encourage these efforts. Wilson and colleagues (2023) describe the role of benchmarking 

as a potential tool to improve or maintain care of animals specific to colostrum feeding 

practices. A growing area of concern is the value ascribed to male versus female calves and 
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if a calf is not intended for replacement, increasing the management level observed for 

surplus animals (Creutzinger et al., 2022). 

 Over the past decade, studies have looked at dry cow management and determining 

the best feeding practices for improving colostrum quality and quantity produced by the 

dam (i.e. Mann et al., 2016; Westhoff et al., 2024b),  identifying the effects of harvesting 

and preservation processing impacts on colostrum quality (i.e. Stewart et al., 2005; 

Ramírez-Santana et al., 2012; Abdelsattar et al., 2022; Denholm, 2022; Das et al., 2024; 

Mann et al., 2024), looking at the delivery and absorption of colostrum components by the 

calf (Conneely et al., 2014; Desjardins-Morrissette et al., 2018; Lopez et al., 2020), and 

complement feeding colostrum after the first 24-48 hours of life (i.e. Van Soest et al., 2020, 

2022; Zwierzchowski et al., 2020; Kargar et al., 2021; Bahadori-Moghaddam et al., 2023).  

Today, components of colostrum are garnering increased attention, with several reviews 

highlighting their importance when fed to offspring in their respective species, as well as 

the impacts of these components when harvested and used for human consumption (i.e. 

Fasse et al., 2021; Fischer-Tlustos et al., 2021; Poonia and Shiva, 2022; Brockway et al., 

2024; Silva et al., 2024).  

2.2.1  Objectives 

 The eighth edition of the Dairy NRC is a critical text summarizing key data related 

to the feeding of dairy cows, heifers, and calves (NASEM, 2021). Notably, the text 

highlights several important factors related to colostrum and the growing interest in 

understanding how non-IgG compounds are produced by the dam and their effects on 

neonatal calf development when ingested via colostrum. In this scoping review, first there 

is a description of the process of colostrogenesis and the management factors that influence 
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colostrum composition. Secondly, a systematic exploration of the peer review published 

literature and collection of quantitative values for secondary colostrum components from 

journal articles published between 2000 and 2025, with the data summarized in the 

accompanying figures to highlight their natural composition. When available, we 

compared concentrations across subsequent milkings. Finally, we discussed the effects of 

these components on neonatal calf development. 

2.3 Materials and Methods 

 A scoping review of the literature was conducted to identify secondary colostrum 

component quantities in colostrum, transition milk, and mature milk. To conduct this 

review, we established a protocol (Figure 2.1) following the PRISMA guidelines (Page et 

al., 2021). A search of electronic databases including Google Scholar, PubMed, Science 

Direct was conducted using strings of search terms related to colostrum components using 

the terms “bovine colostrum” in combination with “vitamins and minerals”, “enzymes”, 

“fatty acids”, “oligosaccharides”, “cytokines”, “amino acids and proteins”, “hormones”, 

and “growth factors.” The articles included in this meta-analysis were required to be 

published in English, with data collected between January 2000 and April 2025. This 25-

year window was selected to capture developments over the past quarter century, a period 

marked by significant advancements in dairy production, including improvements in 

analytical technologies, breeding strategies, and calf management practices.  
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Figure 2.1 Study selection process for the literature search was conducted using the terms 

to identify relevant studies examining secondary components of colostrum. The search 

included publications from 2000 to 2025. The term “n” indicates the number of studies 

included or excluded at each stage of the selection process. 
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Identified articles (n = 15) were imported to Mendeley (version 2.132.2, Elsevier, 

Mendeley Ltd.), and duplicates removed. One reviewer was tasked with screening the 

article and determining based on title and abstract if the experiment collected colostrum 

from cows with no major nutritional or health interventions prior to parturition and reported 

the concentration of the secondary colostrum component. If the article met these criteria, 

then the study underwent a full-text review to determine if the researchers quantified 

secondary colostrum components by milking number, identified the breed of the cow, 

reported observation count for component analysis, and reported a measure of variability 

(standard deviation or standard error).  

Data was extracted and recorded into MS Excel manually by one researcher from 

tables and figures, and by WebPlotDigitizer to estimate numbers from figures where none 

were provided. The Excel sheet was subsequently uploaded in R for data visualization. 

2.4 Colostrogenesis and Nutritional and Management Impacts on Colostrum 

Composition 

Colostrogenesis is the active transfer of IgG and bioactive components into 

mammary secretions the days or weeks before parturition (Baumrucker et al., 2010, 2021; 

Baumrucker and Bruckmaier, 2014). During this process, a mass transfer of IgG’s into 

colostrum occurs and after the second milking, there is a reduction in how many IgG’s are 

present. The transition from colostrum to mature milk occurs gradually over several 

milkings after parturition and is quantified by the gross composition differences of 

colostrum, transition milk, and mature milk (Figure 2.2).  
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Figure 2.2 Gross Composition of bovine colostrum, transition milk, and mature milk 

overtime. Components include ash (%), fat (%), lactose (%), protein (%) and total solids 

(%).  

In this scoping review, colostrum refers to the first milking collected within 24 

hours after birth. Transition milk includes milkings from days 2 to 3 postpartum (milkings 

2 to 6), while milk produced thereafter (milking 7 and beyond) is generally considered 

mature milk. Colostrum is different from mature milk due to the fact it contains more 

protein, sodium and chloride, and less potassium and lactose compared to mature milk 

(Baumrucker et al., 2021). The somatic cell count is much higher due to leaky tight 

junctions of the mammary gland permitting a mass transfer of cells at this stage prior to 

parturition (Nguyen and Neville, 1998; Baumrucker et al., 2021). Several pathways are 

responsible for the transfer of components to colostrum, more recently the bovine Fc 

receptor (FcRn) garnered attention for it is mainly attributed to IgG accumulation in 

colostrum (Baumrucker et al., 2021). Today, there are specific markers characterizing the 

differences between colostrum and mature milk based on proteomics, fatty acids, and more 

(Fahey et al., 2020; Wilms et al., 2022).  



 

27 

 

The amount of energy provided by nutrients in the cows’ diet impacts IgG, fatty 

acids, and insulin in the colostrum produced (Mann et al., 2016). Higher energy diets result 

in lower IgG, higher colostral insulin, and increased de novo fatty acids. In a recent review, 

Hare et al. (2023a) summarized how different dietary components influence bovine 

colostrum composition. Increased dietary carbohydrates enhanced colostrum yield, IgG, 

insulin, fatty acids, vitamin B12, and oligosaccharides, while reducing fat, protein, and 

lactose concentrations. Higher dietary protein increased insulin but decreased yield, IgG, 

fat, protein, and lactose. Dietary fat increased fat, protein, lactose, and fatty acids, but 

reduced colostrum yield, lactoferrin, lysozyme, and peroxidase. Furthermore, ME protein 

supply changed volume of colostrum for cows in parity 2 and increased fat yield (Westhoff 

et al., 2024a). The dry period energy level impacts IgG, fatty acids, and especially insulin 

(Mann et al., 2016). Where overfeeding energy during the dry period lowered IgG in 

colostrum and increased insulin. 

In a comparative study by Kessler et al. (2020), both breed and parity significantly 

influenced colostrum IgG concentration. Notably, this study highlighted substantial 

individual variation in colostrum production, suggesting that factors beyond breed and 

parity play a critical role in determining IgG levels. In another study, parity differences 

influence the composition of bioactive components in milk (Fischer-Tlustos et al., 2024). 

This study examined a small cohort of cows (n = 10 multiparous and n = 10 primiparous) 

to assess differences in insulin, IGF-I, and lactoferrin concentrations across successive 

milkings during the transition from bovine colostrum to whole milk. IGF-I and insulin 

levels declined rapidly, while lactoferrin decreased more gradually. Parity affected both 

insulin and lactoferrin: primiparous cows had higher insulin concentrations and yields, 
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whereas multiparous cows had higher lactoferrin yields only. Additionally, multiparous 

cows showed associations between bioactive components and mammary adaptations 

resulting from repeated lactations. Parity also affects mineral abundance in bovine 

colostrum (Kume and Tanabe, 1993). Colostral calcium, phosphorus, and magnesium 

concentrations were lower in multiparous cows compared to primiparous cows at 

parturition.  

Oxytocin administration increases colostrum volume without altering its 

composition (Mann et al., 2024). This effect is not due to a disruption of the blood–milk 

barrier but is likely influenced by management factors and stress, which may introduce 

confounding effects. Additionally, the time after the first milking impacted the IgG in 

colostrum. Mineral status and form of minerals fed to the cow directly impacts the 

composition of the colostrum (Van Emon et al., 2020). Typically, the minerals are 

transferred in-utero however as summarized by Van Emon there are correlations between 

the abundance of minerals in colostrum to the immunoglobulin status to which higher 

amounts of selected minerals show a greater amount of IgG. Organic trace minerals have 

been associated in some cases with increased IgG, Ca, and Mg in colostrum compared to 

inorganic forms. Selenium supplementation, particularly in organic form, consistently 

increases colostral Se concentrations, though effects on IgG are inconsistent. Copper and 

zinc supplementation have shown variable effects on colostrum composition, often 

dependent on baseline mineral status, with zinc sometimes associated with higher IgG 

concentrations. Some minerals, such as Mn, Cu, and Zn, may increase colostrum volume 

without altering composition. 
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Given the inherent variability in colostrum composition and the potential influence 

of maternal interventions during the transition period, it is essential to consider the broader 

factors that contribute to these changes. A comprehensive understanding of these influences 

provides valuable context for interpreting colostrum variability. Building on this 

foundation, the following sections review findings from a range of studies that have 

investigated the composition of colostrum and associated components.  

2.5 Quantification of Immunoglobulins and Non-IgG Components in Colostrum and 

Effects of Secondary Components on the Physiology of the Neonatal Calf 

Before exploring the absorption and impacts of secondary components on neonatal 

calf development, it is important to consider the role of fetal programming in shaping 

neonatal outcomes and ability to utilize these components. Fetal programming—affected 

by maternal factors such as environment, stress, and health status prior to parturition—can 

significantly influence calf physiology, including the efficiency of colostral component 

absorption (Osorio, 2020). Heat stress of the dam reduces fetal growth and supply of amino 

acids in-utero (Tao and Dahl, 2013; Wu et al., 2019). When a calf is delivered preterm, 

intestinal morphology is compromised, showing a lack of maturity and a reduction or 

absence of receptors responsible for gut maturation (growth factors), including receptors 

for IGF-I and IGF-II, along with disruptions in hormone secretion (Bittrich et al., 2004). 

Moreover, blood mineral profile of calves with stunted growth in utero, exhibited 

compromised mineral status (Chernitskiy et al., 2022).  

The maturation and development of the neonatal calf GIT morphology are 

characterized by an increase in ileal and jejunal crypt depth, as well as a progressive rise 

in duodenal villus height over time following birth (Guilloteau et al., 2009; Meale et al., 
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2017). Changes in gut morphology including increasing abomasal and mucosal weight, 

affects the absorption of components absorbed in these areas. The environment of the 

neonatal calf is categorized as a functional monogastric and the abomasum and intestine 

are the prime digestion sites (Davis and Drackley, 1998). Overall enzyme activity (pepsin 

and amylase) is decreased in the neonatal calf gut, and HCl levels are low to promote the 

absorption of factors specific to the neonatal period, which dynamically change over time 

(Guilloteau et al., 1984, 2009). 

The concept of gut closure is the underlying mechanism for the absorption of Igs 

where intestinal permeability ceases after 12-24h (Stott et al., 1979). Stott and colleagues 

identified gut closure by measuring the Ig concentration in neonatal calf serum in 4-hour 

increments after feeding different volumes of colostrum, and identifying the different 

absorption rates of IgG, IgA, and IgM. While this study measured serum Igs only up to 24 

hours, it solidified gut closure and lends itself to the major component of timely feeding of 

colostrum. More work on gut closure continues to precipitate from this work and 

investigation into the other components affected by gut closure are mentioned later in this 

review. Gut closure and delaying colostrum feeding impacts passive transfer and intestinal 

bacteria colonization, due to the reduction of pinocytotic absorption of molecules 

decreasing after 7 days of life  (Fischer et al., 2018b; Ma et al., 2019; Song et al., 2019, 

2022)..  Furthermore, a major macronutrient present in colostrum is the protein casein, 

which impacts absorption of nutrients, primarily fat associated secondary components, due 

to its interaction with chymosin reducing passage rate (due to curd formation) of colostrum 

through the calf’s GIT (Davenport et al., 2000). 
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2.5.1 Immunoglobulins 

Immunoglobulin concentrations are significantly higher in colostrum compared to 

mature milk (Figure 2.3): IgG ranges from 68.64 to 122.00 mg/mL in colostrum compared 

to < 2 mg/mL in mature milk, IgA from 0.9 to 6.57 mg/mL whereas it decreases overtime 

to < 1 mg/mL by the fourth milking, and IgM from 2.30 to 4.50 mg/mL versus < 1 mg/mL 

by the fifth milking (Blum and Hammon, 2000; Andrew, 2001; Elfstrand et al., 2002; 

Kehoe et al., 2007; Fischer-Tlustos et al., 2020; Van Soest et al., 2022; Tortadès et al., 

2023a; b). Overall, IgG constitutes 73 to 86 % of all Igs provided by colostrum, where 

IgG1 is present at a much higher concentration compared to IgG2 at 22.7 to 90 mg/ml 

versus 1.8 to 9.39 mg/ml respectively.  

 

Figure 2.3 Immunoglobulin content of bovine colostrum, transition milk, and mature milk 

overtime. Components include IgG (mg/mL), IgG1 (mg/mL), IgG2 (mg/mL), IgA 

(mg/mL), and IgM (mg/mL). 

Immunoglobulin G provides systemic and mucosal immunity by neutralizing virus 

and toxins, clumping and making bacteria more susceptible to phagocytosis (agglutination 

and opsonization) (Barrington and Parish, 2001; Vlasova and Saif, 2021). IgA presence in 

GI tract provides local immunity, however at a much lower rate compared to IgG. IgM, 
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similarly, to IgG, has a role in bacterial agglutination and opsonization of bacteria, as well 

activating complement system which is not fully developed at birth (Chase et al., 2008). 

The importance of Igs is well understood and constitutes and play a major role in colostrum 

and is a focus of delivery. 

2.5.2 Growth Factors 

Growth factors are present in both colostrum and transition milk, but concentrations 

are markedly higher in colostrum (Figure 2.4). IGF-I concentrations decrease from 330–

870 µg/l in colostrum to 150 µg/l in transition milk (milking 4). TGF-β2 levels decline 

from 154–310 µg/l in colostrum to 66 µg/l in transition milk. GH is between 0.03 – 0.17 

µg/l in colostrum and eventually remains constant at 0.03 – 0.04 µg/l across milkings 2 to 

4 (Blum and Hammon, 2000; Elfstrand et al., 2002).  

 

Figure 2.4 Growth factor content of bovine colostrum, transition milk, and mature milk 

overtime. Components include GH (µg/l), IFG-I (µg/l), and TGF-β2 (µg/l).  

Over time, fetal-type enterocytes are replaced by adult enterocytes, strengthening 

GIT integrity and reducing the passive transfer of large molecules. Insulin-like growth 

factor (IGF) receptors are present in the jejunum and ileum (Baumrucker et al., 1994), and 
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although IGF-I is present in colostrum, systemic effects are limited—plasma IGF-I levels 

do not increase beyond 24 hours post-birth. IGFs contribute to the development of 

intestinal tissues, although they are not solely responsible for this process (Roffler et al., 

2003). Their role may include reducing the activity of digestive enzymes during the 

neonatal period (Blum, 2006), though their function is further complicated by interactions 

with other hormones, IGF binding proteins, and lactoferrin. Endogenous glucagon-like 

peptide 2 (GLP-2), for example, is stimulated by nutrient intake and contributes to gut 

maturation  (Burrin et al., 2003). However, the effects of exogenous hormone 

supplementation are mixed. In calves, growth hormone injections alongside colostrum 

feeding have been associated with reduced GIT development (Bühler et al., 1998), whereas 

in rats, similar treatment enhanced villus development in the small intestine (Gómez de 

Segura et al., 1996). 

Natural colostral IGF-I and IGF-II stimulate epithelial cell proliferation 

(Baumrucker et al., 1994), though administration of recombinant IGF-I has not shown the 

same benefit (Bühler et al., 1998). Epidermal growth factors (EGFs) are also known to 

support intestinal growth (Klagsbrun, 1980), but their concentration in bovine colostrum is 

not well documented compared to species with higher EGF levels (Pakkanen and Aalto, 

1997a; Baumrucker and Macrina, 2016). While GLP-2 ingestion may influence epithelial 

proliferation, its direct impact is still uncertain (Inabu et al., 2021). Transforming growth 

factors (TGFs) have been shown to enhance mucosal immunity and promote tissue growth 

(Gauthier et al., 2006). Taken together, growth factors in colostrum appear to support 

neonatal development by stimulating gut growth, enhancing nutrient absorption, and 

contributing to early immune function. 
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2.5.3 Hormones 

Several hormones are present in colostrum (Figure 2.5), where prolactin is present 

280 µg/l in colostrum versus 15 µg/l in mature milk, glucagon is expected to be 0.16 µg/l 

versus 0.01 in mature milk, and insulin is 65 µg/l versus 1 µg/l (Blum and Hammon, 2000).  

 

Figure 2.5 Hormone content of bovine colostrum, transition milk, and mature milk 

overtime. Components include glucagon (µg/l), insulin (µg/l), and prolactin (µg/l). 

Insulin and glucagon regulate metabolic adaptation after birth, with insulin 

promoting growth and energy storage, while glucagon maintains blood glucose through 

glycogen breakdown. Their higher concentrations in colostrum compared to mature milk 

likely reflect the calf’s immediate need for metabolic support and rapid developmental 

transitions during the early postnatal period. Direct influence of prolactin is not fully 

understood, however combined effects of hormone presence may contribute to the 

improvement of substrates to enhance metabolism and regulatory functions (Hammon and 

Blum, 1998). Recently, researchers demonstrated that supplementing insulin to 

pharmacological levels in colostrum did not impact IgG absorption (Hare et al., 2023b). 

Cortisol levels in colostrum are known to vary due to maternal stress around parturition, 
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leading to its transfer into colostrum. While not quantified in this review, cortisol may 

contribute to GI development in neonates by promoting digestive enzyme secretion; 

however, its specific effect is difficult to isolate given the influence of other colostral 

components (Blum, 2006).  

2.5.4 Amino Acids and Proteins 

Colostrum contain a greater proportion of protein bound essential amino acids 

(EAA) and non-essential amino acids (NEAA) to mature milk (Figure 2.6) (Zanker et al., 

2000). Additionally, selected amino acids implicated for the development of the neonatal 

calf: free valine (Val) is higher in colostrum at 46.5 µmol/L compared to 11.6 µmol/L in 

mature milk, while free methionine (Met) is present at 6 µmol/L in colostrum and decreases 

by milking 5 to 3.2 µmol/L. In contrast, free glutamate (Glu) increases from 10 µmol/L in 

colostrum to 108.6 µmol/L in mature milk. Free histidine (His) and lysine (Lys) peak during 

transition milk at milking 3 (357.9 µmol/L) and milking 2 (4.5 µmol/L), respectively, 

before declining to 130.7 µmol/L and 3.3 µmol/L in mature milk. Additionally, free taurine 

(Tau) is highest in colostrum at 193.7 µmol/L and decreases to 15.6 µmol/L in mature milk. 

Protein-bound amino acids are consistently greater in colostrum (milking 1), including His 

(16,424 vs. 4,665 µmol/L), Lys (57,815 vs. 15,486 µmol/L), Met (13,486 vs. 3,608 

µmol/L), Thr (53,663 vs. 8,434 µmol/L), and Val (64,680 vs. 13,362 µmol/L), when 

compared to mature milk. Colostrum has 138 unique proteins and shares 514 proteins with 

mature milk (Nissen et al., 2017).  Additionally, one protein of interest is lactoferrin, which 

ranges from 0.72 to 1.28 mg/mL in colostrum to 0.18 to 0.19 mg/mL in mature milk (Kehoe 

et al., 2007; Tortadès et al., 2023a) 
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Figure 2.6 Selected amino acid and protein content of bovine colostrum, transition milk, 

and mature milk over time. Components include PB Total EAA (µmol/l), PB Total NEAA 

(µmol/l), F Total EAA (µmol/l), F Total NEAA (µmol/l), F Val (µmol/l), PB Val (µmol/l), 

F Met (µmol/l), PB Met (µmol/l), F Lys (µmol/l), PB Lys (µmol/l), F His (µmol/l), PB His 

(µmol/l), PB Thr (µmol/l), F Glu (µmol/l), F Tau (µmol/l), and lactoferrin (mg/ml).  

Amino acids are important in early life for development since calves may not have 

abundance at birth. The unique proteins found in colostrum have many functions and are 

generally regarded to help establish the calf’s immune system, and aid in growth and 

development (Zanker et al., 2000; Nissen et al., 2017). Lactoferrin is considered an 

antimicrobial peptide and may contribute to maintaining a healthy gut in neonatal calves 
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(Pakkanen and Aalto, 1997). Although present in different quantities depending on parity 

(greater in multiparous), they are still more concentrated in colostrum compared to mature 

milk (Tortadès et al., 2023a).  

2.5.5 Cytokines 

Levels of cytokines in colostrum are higher compared to mature milk (Figure 2.7): 

TNF-α is present at 5.00 to 956.55 µg/ml in colostrum versus 2.00 to 4.58 µg/ml in mature 

milk, IL-1β at 844.24 µg/ml versus 0.49 to 3.43 µg/ml, IL-6 at 77.08 µg/ml versus 0.06 to 

0.22 µg/ml, and INF-γ at 261.37 µg/ml versus 0.00 to 0.21 µg/ml (Blum and Hammon, 

2000; Hagiwara et al., 2000).  

 

Figure 2.7 Cytokine content of bovine colostrum, transition milk, and mature milk over 

time. Components include IL-1β (µg/ml), IL-6 (µg/ml),  INF-γ (µg/ml), and TNF-α 

(µg/ml).  

Fetal type enterocytes are responsible for large molecule uptake in the first 24-48 

hours of life, including cytokine uptake (Guilloteau et al., 2009). At birth, the immune 

system is naïve and possesses little to no circulating immune proinflammatory cytokines 

(Yamanaka et al., 2003a). After birth, an increase of IL-6, IL-1β, and TNF-α may have 

impact on the immune system during the first week of life as seen circulating in calf serum 
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after colostrum ingestion (Peetsalu et al., 2022). These cytokines work together to mediate 

inflammation under in the event of an immune challenge. IL-6 helps stimulate the 

production of acute-phase proteins by the liver and supports B cell differentiation, 

contributing to the calf’s ability to mount an initial immune defense (Tanaka et al., 2014). 

IL-1β acts as a potent mediator of inflammation, promoting fever and activating immune 

cells such as macrophages and neutrophils to respond to pathogens (Rider et al., 2011; Koh 

et al., 2018; Aarreberg et al., 2019). TNF-α supports the recruitment of immune cells to 

infection sites and enhances the permeability of vascular endothelium, enabling immune 

cell trafficking (Playford et al., 2000). Alternatively, a high presence of inflammatory 

cytokine mRNAs may be deleterious to the neonate causing impaired performance 

(Hagiwara et al., 2001). They stimulate immune function by enhancing mitogenic response 

of mononuclear immune cells (Yamanaka et al., 2003b).  

2.5.6 Oligosaccharides 

 The most abundant oligosaccharides, sialyloligosaccharides, are found at 

significantly higher levels in colostrum compared to mature milk (Figure 2.8). Specifically, 

3′-sialyllactose (3′SL) is present at 600 to 920 µg/g in colostrum versus 70 µg/g in mature 

milk, 6′-sialyllactose (6′SL) at 100 to 160 µg/g versus 50 µg/g, 6′-sialyllactosamine 

(6′SLN) at 130 to 160 µg/g versus 30 µg/g, and disialyllactose (DSL) at 230 µg/g versus 

40 µg/g (Nakamura et al., 2003; Fischer-Tlustos et al., 2020). 
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Figure 2.8 Oligosaccharide content of bovine colostrum, transition milk, and mature milk 

over time. Components include 3′-sialyllactose (3′SL), 6′-sialyllactose (6′SL), 6′-

sialyllactosamine (6′SLN), and disialyllactose (DSL).  

Oligosaccharides remain present in the ileum and colon of the calf gastrointestinal 

tract (Fischer et al., 2018). In the same study identifying the location of oligosaccharide 

activity, heat treatment of natural bovine colostrum was found to enhance the presence of 

oligosaccharides reviewed here, although it did not significantly alter the overall ratio of 

specific oligosaccharides associated with beneficial effects in calves. Specifically, 

oligosaccharides in colostrum support bifidobacterium by binding to pathogens most 

commonly affecting neonatal calves including enterotoxigenic Escherichia coli (Martín et 

al., 2003). Other forms of oligosaccharides include mannan-, galacto- and fructo-

oligosaccharides and are investigated for their role in development and morbidity. In one 

study, mannan-oligosaccharide reduced IgG absorption when fed with colostrum (Brady et 

al., 2015). Other studies investigate forms of inactive oligosaccharides in nursing calves 

during the milk phase of life (after colostrum intake – assuming intake of natural 

sialyloligosaccharides) and saw improvements in reducing morbidity and increasing 

development (Gao et al., 2024; Gilbert et al., 2024). Overall, oligosaccharides in colostrum 
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play a crucial protective role in the neonatal gut by promoting beneficial bacteria and 

preventing pathogen attachment, supporting early immune defense and gut health. 

2.5.7 Fatty Acids 

Fatty acid (FA) profiles change between colostrum and mature milk (Wilms et al., 

2022). Selected FA are presented in Figure 2.9: palmitic acid (C16:0; PA) is higher at 32.5% 

vs. 27.2%, and the same decreasing pattern is observed for arachidonic acid (C20:4n-6; 

ARA, 0.462% vs. 0.127%), eicosapentaenoic acid (C20:5n-3; EPA, 0.101% vs. 0.027%), 

docosapentaenoic acid (C22:5n-3; DPA, 0.173% vs. 0.032%), and docosahexaenoic acid 

(C22:6n-3; DHA, 0.013% vs. 0.003%), whereas butyric acid (C4:0; BA) shows the 

opposite trend, increasing from 1.58% in colostrum to 4.08% in mature milk.  Overall, 

saturated fatty acids (FA) constitute 69.9% of total FA in colostrum compared to 66.9% of 

total FA in mature milk. De novo FA accounts for 26.1% of total FA in colostrum versus 

24.5% in mature milk, while total branched-chain FA make up 1.33% of total FA in 

colostrum compared to 1.52% in mature milk. Total cis-monounsaturated FA are 24.2% of 

total FA in colostrum versus 24.1% in mature milk, total trans-monounsaturated FA are 

4.38% versus 3.87%, and total monounsaturated FA are 28.7% versus 27.9% in colostrum 

and mature milk, respectively. Additionally, total n-3 polyunsaturated FA are 0.444% in 

colostrum compared to 0.305% in mature milk, and total polyunsaturated FA are 3.22% in 

colostrum versus 2.62% in mature milk.  
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Figure 2.9 Selected fatty acid content of bovine colostrum, transition milk, and mature 

milk over time. Components include C4:0 (% FA), C16:0 (% FA), C20:4n-6 (% FA), 

C20:5n-3 (% FA), C22:5n-3 (% FA), and C22:6n-3 (% FA).  

Fatty acids have a range of impacts on neonatal calves ranging from gut maturation, 

anti-inflammatory properties, immune system development, gluconeogenesis and glucose 

homeostasis, and more (Hammon et al., 2012; Wilms et al., 2022). Docosahexaenoic acid 

(C22:6n-3; DHA) promotes brain maturation and immune system development during the 

early postnatal period. Docosapentaenoic acid (C22:5n-3; DPA) contributes to nervous 

system development and may function as a storage form of DHA and eicosapentaenoic 

acid (C20:5n-3; EPA), both of which play roles in regulating inflammation, especially 

important after birth. Arachidonic acid (C20:4n-6; ARA) and EPA are involved in the 

synthesis of eicosanoids, thereby supporting immune maturation in neonatal calves. 

Palmitic acid (C16:0; PA) serves as a key energy source and a precursor for brain lipids 

essential for neural and immune development. Additionally, butyric acid (C4:0; BA) is 

speculated to play a role in maintaining intestinal permeability during the first days of life, 

thereby facilitating the absorption of Igs through pinocytosis. However, one study 

investigated the effects of butyrate added to a colostrum replacer and observed reduced 
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passive transfer of immunity (Hiltz and Laarman, 2019). Overall, trends of FA presence in 

colostrum suggest importance for immune development and function.  

2.5.8 Vitamins and Minerals 

In colostrum, reported vitamin concentrations include approximately 4.9 µg/g of 

retinol, 2.92 µg/g of tocopherol, 77.17 µg/g of fat for vitamin E, 0.9 µg/g of thiamin, 4.55 

µg/g of riboflavin, and 0.6 µg/g of vitamin B12 (Kehoe et al., 2007). For minerals, calcium 

ranges from 54.20 to 55.71 mmol/L in colostrum versus 28.30 to 33.50 mmol/L in mature 

milk, phosphorus ranges from 41.91 to 52.80 mmol/L versus 23.00 to 30.00 mmol/L, 

magnesium ranges from 12.10 to 13.44 mmol/L versus 4.40 to 5.60 mmol/L, sodium is at 

37.83 mmol/L in colostrum, potassium is 36.31 mmol/L, zinc is at 272.13 µmol/L, iron at 

12.51 µmol/L, copper 3.34 µmol/L, and manganese at 0.1 µmol/L (Kehoe et al., 2007; 

Tsioulpas et al., 2007; Valldecabres and Silva-del-Río, 2022).  

Calves are born vitamin deficient due to lack of passage across the placenta and 

rely on ingestion via colostrum (NASEM, 2021). Not having a supply may compromise 

plasma status of the neonatal calf (Blum et al., 1997). Vitamins are very important for 

establishing many important systems in a calf for the first week of their life (Blum et al., 

1997). Importantly, is the effects of vitamin A and E for leukocyte function (Eicher et al., 

1994). Overall, their presence is critical for health and growth of the neonatal calf and 

providing substrates for important metabolic functions to take place (Godden, 2008). 

Minerals are important for the development of structures including bone and development 

and overall growth (National Research Council, 2001). In older animals, minerals play an 

essential role in structures, enzyme cofactors and activators, electrolyte and fluid balance, 

and hormone synthesis and immune function (Spears, 2000; Weiss and Spears, 2006). 
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Recently, researchers investigated the effects of vitamin and mineral supplementation in 

addition to feeding colostrum replacer on copper, selenium, and vitamin D status in calves 

(Hurlbert et al., 2024). The supraphysiological supply of vitamins and minerals may 

improve growth and development of the calf but additional studies are needed to address 

differences in existing supply of minerals and the lack of comprehensive knowledge 

regarding mineral and trace mineral status of neonatal calves.  

2.5.9 Enzymes and Microbiome 

Although various enzymes are present in colostrum, data on their relative 

abundance narrows this review to a brief overview of their general roles. Lactoperoxidase 

and lysozyme are well-documented for supporting gut health (Pakkanen and Aalto, 1997a). 

Lysozyme plays a protective role against pathogens and has been positively correlated with 

serum concentrations in calves (Paulík et al., 1985). Trypsin inhibitors present in colostrum 

help shield immune components from proteolytic degradation (Laskowski Jr. and 

Laskowski, 1951). These inhibitors have been associated with IgG concentrations in Jersey 

cows and influence TPI (Quigley et al., 1995a). Supplementing colostrum with trypsin 

inhibitors from soy has also been shown to increase serum IgG (Quigley et al., 1995b). 

While calves naturally have low trypsin activity at birth, early colostrum feeding within 24 

hours minimizes the need for inhibitors. However, their presence still plays a key role in 

preserving IgG structure and limiting proteolysis in the neonatal gut. More recently, 

research has shown that enzymatic and bioactive activity in colostrum is higher when it is 

not heat-treated (Mann et al., 2020).  
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2.6 Conclusion 

 In summary, bovine colostrum plays a critical role in the early development of 

neonatal calves, providing immunoglobulins, growth factors, hormones, amino acids, and 

other bioactive compounds that support immune function, growth, and gastrointestinal 

development. Unlike mature milk, colostrum is uniquely rich in IgG, IgA, and IgM, as well 

as cytokines and oligosaccharides that promote gut health and protect against pathogens. 

Growth factors like IGF-I and TGF-β are present at significantly higher concentrations in 

colostrum, enhancing epithelial growth and nutrient absorption. Hormones such as 

prolactin and cortisol contribute to metabolic regulation, while colostral vitamins and 

minerals address deficiencies at birth, supporting overall development. Furthermore, 

macronutrients and enzyme interactions impact nutrient absorption and gut functionality 

during the critical first 24 hours of life. Together, these components highlight the 

importance of colostrum management practices, emphasizing the timing, quality, and 

composition of feeding to maximize passive transfer of immunity and set the foundation 

for improving calf health and performance. 

 As depicted in the secondary component sections, the abundance of literature and 

representation across multiple milkings was notably lower compared to that of IgG. This 

gap highlights an opportunity for further research to better understand the dynamics and 

physiological roles of these components. Continued investigation could enhance our ability 

to contextualize their implications for calf development and inform more targeted strategies 

to improve colostrum management and neonatal outcomes. 
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3.1 Abstract 

Casein’s presence in colostrum may affect the absorption of immunoglobulins in 

neonatal dairy calves. This randomized controlled trial investigated the impact of casein in 

colostrum replacer on serum IgG dynamics on calves. Seventy-one calves (BW: 45.3 ± 5.9 

kg) were randomly assigned to one of three colostrum treatments: colostrum replacer with 

casein addition to match the maternal colostrum (CR+C; n = 23; 85 g/L of IgG; Premolac 

Plus, Zinpro; 95 g/L of casein); colostrum replacer without casein addition (CR-C; n = 23; 

85 g/L of IgG; Premolac Plus, Zinpro); and maternal colostrum (MC; n = 25; 85 g/L of 

IgG). Dystocia scores were recorded, and 3h post-birth calves received 3.7 L of solution 

via tube feeding. Blood samples and calf vigor assessments were conducted at colostrum 

feeding (0 h) and 6, 12, 18, 24, 36, 48, and 72 h post colostrum feeding. Serum was 

analyzed for IgG concentration (g/L), and serum total protein (g/dL; STP). In addition, 

apparent efficiency of absorption of IgG (%; AEA), maximum IgG concentration (g/L; 

Cmax), time to maximum IgG concentration (h; Tmax), IgG area under the curve (g/L×h; 

AUC), and the apparent IgG persistency (%; AIP) were calculated. An ordinal logistic 

model was used to evaluate the odds of treatment improving a calf’s vigor category from 

colostrum feeding (3h of age) to 72h after colostrum feeding. Vigor score was categorized 

as abnormal (≤ 4), average (5), or alert (≥ 6), with hour as a fixed effect. Mixed linear 

models were used to evaluate the effect of colostrum treatments on serum IgG, STP, AEA, 

Cmax, Tmax, AIP, and AUC, with time, dystocia score, calf sex, body weight, and a 

treatment by time interaction as fixed effects. Calf vigor scores were not influenced by 

colostrum treatments. Treatment and time interaction affected serum IgG and STP levels 

post colostrum feeding. Serum IgG was lower for CR with casein addition (CR+C 

compared to CR-C treated) calves from 6 to 72h. No difference was observed for serum 
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IgG between CR+C and MC-treated calves regardless of time. Additionally, treatment 

impacted AEA, with CR+C treated calves exhibiting reduced AEA compared to CR-C 

calves (CR-C = 36.7±2.0, CR+C = 27.4±2.1, MC = 31.3±2.1%). Treatment affected the 

Cmax, with CR+C treated calves exhibiting reduced Cmax compared to CR-C and MC 

calves (CR-C = 29.5±1.3, CR+C = 21.1±1.3, MC = 26.2±1.4 g/L). No differences were 

observed between treatments for Tmax and AIP. The AUC was lower for CR+C compared 

to CR-C and MC treated calves (CR-C = 2641.2±117.5, CR+C = 1719.3±120.6, MC = 

2197.5±124.4 g/L×h). For STP, no differences were observed between CR+C and CR-C 

treated calves (from 6 to 72h). However, calves fed CR+C and CR-C displayed lower STP 

levels compared to MC-treated calves (from 12 to 24h). These findings suggest that casein 

presence in colostrum replacer influences calf serum IgG concentration, STP levels, and 

AEA in neonatal calves. 
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3.2 Introduction 

 Providing an adequate amount of high-quality colostrum shortly after birth is a 

major factor associated with the growth, health, and survival of neonatal calves (Godden 

et al., 2019; Lombard et al., 2020). Colostrum composition includes crucial components 

such as IgG, which are important for developing the naïve immune system of calves after 

birth. The absorption of IgG is commonly evaluated to check transfer of passive immunity 

(TPI) in dairy calves. Calf rearing recommendations traditionally indicated if a calf did not 

achieve an adequate IgG intake, resulting in a serum IgG concentration of less than 10 g/L, 

it was considered to have failure of passive transfer (Wells et al., 1996; Urie et al., 2018). 

More recently, Lombard et al. (2020) proposed new classifications with higher serum IgG 

concentration standards, categorizing TPI as “excellent” (>25.0 g/L), “good” (18.0–24.9 

g/L), “fair” (10.0–17.9 g/L), and “poor” (<10 g/L). Refining the categorization of 

successful TPI aims to further reduce morbidity and mortality in calves and enhance calf 

care. Thus, the ingestion and absorption of high amounts of IgG would be crucial to achieve 

this high TPI standard (Godden et al., 2019; Lombard et al., 2020). 

 If availability of high-quality maternal colostrum (MC) is limited, whey-based 

colostrum replacers may be an alternative to ensure high serum IgG levels (Cabral et al., 

2013). Additionally, when comparing whey-based colostrum replacer and MC preparation, 

colostrum replacer may be the easier on-farm option, as it does not require pasteurization 

or thawing (Geiger, 2020). Previous studies evaluating both whey-based colostrum replacer 

and MC have reported higher levels of serum IgG at 24 h of life for MC but lower values 

for the apparent efficiency of absorption of IgG (AEA; Lago et al., 2018; Lopez et al., 

2020). These results may be linked to the MC component, casein, which can reduce IgG 
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for absorption in the small intestine, thus affecting AEA of IgG (Besser and Osborn, 1993; 

Davenport et al., 2000). Therefore, colostrum constituents may affect IgG absorption 

efficiency in calves. In most neonatal calves, ingestion of colostrum containing casein and 

fat leads to the formation of a curd. Casein interacts with chymosin (rennin) to create the 

curd, whereas the whey fraction remains liquid and continues through the gastrointestinal 

tract. The curd then slowly releases nutrients into the small intestine (Miyazaki et al., 2017). 

However, as IgG is present in the whey fraction, elimination of the casein fraction appears 

to accelerate absorption in the small intestine. This is supported by Al-Mashikhi and Nakai 

(1987) who reported that the curd formation process may trap part of the IgG fraction 

during nutrient coagulation, leading to reduced AEA of IgG in calves fed MC, which 

contains casein. In fact, Davenport et al. (2000) reported that casein inclusion can reduce 

serum IgG concentration and AEA of IgG in calves. These findings highlight a gap in the 

literature regarding the specific effect of casein on IgG absorption efficiency and its 

influence on serum IgG kinetics, underscoring the need for further research to understand 

colostrum feeding strategies for neonatal calves. 

3.2.1 Objectives and Hypotheses  

 The aim of this study was to determine the effects of casein presence in colostrum 

on serum IgG concentration in dairy × beef calves from birth to 72 h of age. Additionally, 

we evaluated if casein addition in colostrum replacer effects AEA of IgG in neonatal dairy 

× beef crossbred calves compared with colostrum replacer lacking casein and pooled MC. 

We hypothesized that calves receiving a whey-based colostrum replacer with casein would 

have lower AEA of IgG compared with those receiving a whey-based colostrum replacer 
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without casein. Additionally, we hypothesized that the AEA of IgG in calves fed a whey-

based colostrum replacer with casein would not differ from that of calves fed MC. 

3.3 Materials and Methods 

 This study was conducted at a commercial dairy farm in Ohio between July and 

September 2022. This study was approved and conducted under the University of 

Kentucky’s Institutional Animal Care and Use Committee under protocol #2019–3159. 

3.3.1 Animal Housing and Enrollment Criteria 

 Periparturient Holstein cows were housed in a tunnel ventilated freestall and every 

hour farm staff evaluated the cows for signs of calving (mucus presence around the 

perineum or appearance of the amniotic sac in the vulva; Schuenemann et al., 2011). Cows 

showing signs of calving were moved to an individual calving pen, deep bedded with 

sawdust. The calving score of cows (assistance used at birth) was recorded by researchers 

using a 1 to 4 scale (1 = no assistance, 2 = manual assistance, 3 = mechanical assistance 

with chains or pull, and 4 = surgery; Schuenemann et al., 2011). Calving assistance was 

provided by farm staff ~1 hr after the appearance of the amniotic sac or at the first sight of 

the front hooves of the calf. Birth time was recorded for each calf and was determined after 

the calf being fully expelled (no assistance) or fully expulsed (with assistance or surgery, 

or both) from the dam (Barrier et al., 2012). Calves with signs of physical defects and twin-

born calves were not enrolled in this study. 

 After birth, calves stayed with the dam for 1 ± 0.2 h before separation and were 

constantly monitored to prevent nursing. Upon separation from the dam, calves were 

weighed on a floor scale (Brecknell, PS1000, Allendale, MI), received individual 
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identification, had their navels dipped in a 7% tincture of iodine solution, and were moved 

to an 18 m2 group pen bedded with straw where they later were fed colostrum. 

 A total of 71 Holstein × Angus calves weighing 45.3 ± 5.91 kg were enrolled in the 

present study (Table 3.1) and randomly assigned to receive 1 of 3 colostrum treatments: 

pooled MC, whey-based colostrum replacer lacking casein (CR-C), or whey-based 

colostrum replacer with casein (CR+C) to match the pooled MC. 

Table 3.1 Birth weight, sex, age at colostrum feeding, and blood parameters of newborn 

calves for each treatment group: CR+C = Whey-based colostrum replacer with inclusion 

of casein (n=24); CR-C = Whey-based colostrum replacer lacking casein (n=23); MC = 

Maternal colostrum (n=24). 

Item  
CR+C1 CR-C2 MC3 

Mean SD Mean SD Mean SD 

BW, kg  44.9 5.9 44 5.2 46.9 5.2 

Sex, n       

      F 10 . 8 . 11 . 

      M 14 . 15 . 13 . 

Age at feeding, min 189.2 11.9 188.4 8.4 188.6 5.2 

Baseline serum IgG at 0h, mg/mL 0.41 0.76 0.12 0.21 0.31 0.5 

STP4 at 0h, g/dL 4.05 0.3 4.04 0.25 4.12 0.27 
1CR+C = Whey-based colostrum replacer with inclusion of casein; 2CR-C = Whey-

based colostrum replacer lacking casein; 3MC = Maternal colostrum; 4STP = serum 

total protein. 

 

 Once daily at ~0800 h, calves were transferred from the indoor group pen to an 

outdoor individual calf hutch (3.0 m × 1.3 m; CalfTel, Standard Outdoor Calf Hutch, 

Germantown, WI) bedded with sawdust according to the farm management protocol. 

Calves that were born after 0500 h, remained at the indoor group pen to receive the 

colostrum treatment, and were moved to the outdoor individual calf hutch the next day. At 

the hutches, calves were offered 4.0 L/d of milk replacer split into 2 feedings at 0600 h and 
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0300 h, via nipple bottle (150 g/L, Kalmbach Feeds, Inc., OH; containing a minimum 22% 

CP, and 20% crude fat) until completion of the study at 72 h after colostrum feeding. Calves 

had unlimited access to water via bucket. Calf starter or forages were not provided to the 

animals during the data collection period. 

3.3.2 Colostrum Management and Feeding 

 The MC used in the present study was collected in October 2021 from the same 

commercial farm in which the study took place. Upon collection the colostrum was 

refrigerated, pooled, and pasteurized utilizing a low-temperature, long-time (60°C for 1 h) 

heat treatment (Godden et al., 2006a, 2006b). The pasteurized MC was then cooled at room 

temperature until it reached 40°C. Then, 3.5 kg (3.7 L) were poured into bags (Perfect 

Udder, Dairy Tech Inc., CO), and stored in a freezer (−20°C) until animal enrollment began. 

Before freezing the MC bags, 10 samples of the colostrum were collected and analyzed for 

IgG concentration using a radio immunodiffusion (RID) 0.8% assay (Chelack et al., 1993) 

and casein concentration (method 998.06; AOAC 2019). The MC IgG and casein 

concentrations were 85 ± 0.8 g/L and 7.37 ± 0.8%, respectively. 

 The CR-C treatment was designed to provide calves with a similar colostrum 

volume and IgG content as MC. For that, 700 g of a whey-based commercial colostrum 

replacer (45% of IgG; Premolac Plus, Zinpro, Eden Prairie, MN) were reconstituted into 

3.0 L of water. Similarly, CR+C treatment was designed to provide calves with a similar 

colostrum volume, IgG, and casein contents as MC. Hence, 700 g of a whey-based 

commercial CR (45% of IgG; Premolac Plus, Zinpro, Eden Prairie, MN) and 260 g of 

casein powder (International Ingredient Corp., MO) were reconstituted into 3.0 L of water. 
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 Once daily, frozen MC bags were removed from the freezer and placed in a fridge 

at 5°C to slowly thaw. If a calf were to receive MC, an MC bag would be removed from 

the fridge and placed into a warm water bath (41–45°C) for ~1 h until the colostrum reached 

40°C. The CR-C and CR+C treatments were reconstituted in warm water (41–45°C) 

utilizing a hand mixer and visually inspected for homogeneity before feeding. Water 

quality monitoring protocols were present on-farm. All colostrum treatments were fed to 

calves at ~40°C in a single feeding by farm personnel via esophageal feeder (Magrath Fluid 

Feeder, Beaver Dam, WI) at 3.0 ± 0.2 h of age. Farm staff were blinded to treatment 

assignments. 

3.3.3 Blood Collection and Analyses 

 Blood samples were collected into a 10-mL serum collection tube via the jugular 

vein at 6, 12, 18, 24, 36, 48, and 72 h after colostrum feeding. In addition, blood samples 

were collected immediately before calves received colostrum to represent the baseline 

point (0 h). Blood samples were allowed to clot at room temperature for ~1 h and were 

centrifuged at 3,000 × g for 15 min for serum separation. All blood serum samples were 

analyzed for IgG determined by RID (Chelack et al., 1993). The IgG concentration was 

determined in grams per liter from each sample for calculation of the AEA. The AEA of 

IgG was calculated according to Hare et al. (2020), where: AEA % = [((serum IgG (g/L) 

24 h − serum IgG (g/L) 0 h) × birth weight (kg) × 0.091 L/kg) / IgG intake (g)] × 100. 

Serum total protein (STP) was immediately measured using a refractometer (model DD-2, 

Misco, Solon, OH), and the remaining serum was stored into 2-mL cryovials frozen at 

−20°C for posterior IgG analysis. 
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 Additionally, the following IgG parameters were also calculated: maximum IgG 

concentration reached (g/L; Cmax), time to reach the maximum IgG concentration (h; 

Tmax), IgG area under the curve (g/L × h; AUC) using the trapezoidal method (Cardoso et 

al., 2011), and the apparent IgG persistency (%; AIP). The AIP was obtained by the 

difference of the Cmax and the serum IgG concentration at 72 h, expressed proportionally 

to the Cmax. 

3.3.4 Calf Vigor Score 

 Calves were scored for vigor using a 0 to 3 scale by research staff before each blood 

sample at 6, 12, 18, 36, 24, 48, and 72 h immediately after colostrum feeding time. In 

addition, calf vigor score was collected immediately before calves received colostrum to 

represent the baseline point (0 h). All measures were collected in the following order: 

respiration rate, movement response on touching the back of the calf from withers to the 

rump, response to straw in nasal cavity, and rectal temperature (Equate 30-Second Digital 

Thermometer, Bentonville, AR). Table 3.2 describes all scores recorded. The sum of the 

calf vigor scores were categorized as abnormal (≤4), normal (5), or alert (≥6; Murray et al., 

2015; Reis et al., 2022). 

Table 3.2 The vigor scoring system performed on calves at 0, 6, 12, 18, 24, 36, 48, and 72 

h after receiving colostrum feeding; adapted from Murray et al. (2015) and Reis et al. 

(2022). 

Calf vigor score 
Score 

0   1   2   3   
Respiration rate, 

breaths/min 
> 36 < 24 24 – 36 NA 

Initial movement 
Cannot 

stand 

Stands after 

stimulation 

Stands without 

stimulation 
NA 

Straw in nasal cavity 
No 

response 
Twitch of flinch Moves head away 

Shakes 

head 
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Table 3.2 (Continued) The vigor scoring system performed on calves at 0, 6, 12, 18, 24, 

36, 48, and 72 h after receiving colostrum feeding; adapted from Murray et al. (2015) and 

Reis et al. (2022). 

Calf vigor score 
Score 

0   1   2   3   
Rectal temperature, °C < 38 or > 39.5 38 > to ≤ 39.5 NA NA 

 

3.3.5 Statistical Analysis 

 A power analysis was performed based on Lago et al. (2018), where the mean serum 

IgG concentration reported was 23.4 mg/mL for the control group, 19.6 mg/mL for the 

treatment group, and the SD was 2.94 mg/mL. Using these values, we calculated the sample 

size needed per treatment group to achieve a power of 80% with an α of 0.05. As a result, 

a sample size of 22 calves per treatment group was calculated to detect a 20% difference 

in serum IgG levels compared with the control group. 

 All statistical analyses were performed using SAS (version 9.4, SAS Institute Inc., 

Cary, NC). The effects of the treatment on calf serum IgG, STP, and AEA were evaluated 

using mixed linear models (PROC MIXED). Study block was considered a random factor. 

The fixed effects in the models included treatment, time, BW, calving score, gender, and 

the interaction between treatment and time. For serum IgG and STP, time was specified as 

a repeated measure and calf as subject. As the blood serum samples were collected with 

unequally spaced time points, the first order ante-dependence (ANTE 1) covariance 

structure was used with the lowest Akaike’s criterion for best model fit, spatial covariance 

structures were also explored. A significant effect of treatment was contrasted with the 

LSMEANS statement using the PDIFF option of the MIXED procedure of SAS. Results 

are presented as LSM with the respective SEM. All means reported were separated by 

Bonferroni’s adjustment. Additionally, calf serum TP and IgG at 24 h data were analyzed 
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using the CORR procedure in SAS. Calf vigor scores were analyzed using an ordinal 

logistic model (PROC LOGISTIC) to evaluate the odds of improving calves’ vigor between 

treatments. Predictor variables were treatment group, time, calf gender, birthweight, and 

calving score. Residuals from the linear models were analyzed for normality. Statistical 

significance was declared at P ≤ 0.05. 

3.4 Results 

 Approximately half of the calves (49.3%, n = 35) did not require assistance during 

calving. Among these, 18.3% of calves in both the CR+C and MC groups, and 12.7% of 

calves in the CR–C group, were born without intervention. For calves that were manually 

pulled by a veterinarian, the rates were 2.8% for the CR+C group, 5.6% for the CR-C 

group, and 1.4% for the MC group. Finally, for calves requiring mechanical assistance, the 

rates were 12.7% for the CR+C group and 14.1% for both the CR-C and MC groups. All 

calves achieved TPI (>10 g/L IgG). The CR+C, CR-C, and MC calves had serum IgG 

concentration of 20.8 ± 1.29 g/L, 27.9 ± 1.29 g/L, and 23.8 ± 1.27 g/L, respectively. 

3.4.1 IgG and STP Concentration 

 The IgG concentration over time by treatment is presented in Table 3.3 and Figure 

3.1. The IgG concentration was affected by treatment group (F2,65 = 25.68; P < 0.001), 

time (F7,483 = 212.54; P < 0.001), and their interaction (F14,483 = 23.1; P < 0.001). Serum 

IgG concentration was lower for CR+C- compared with CR-C-treated calves (from 6 to 72 

h; t = −8.08; P = 0.03). As expected, no difference was observed for serum IgG 

concentration between CR+C- and MC-treated calves regardless of time (t = 3.51; P = 

1.00). 
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Table 3.3 Serum IgG over time LSM by treatment and adjusted p-values for each treatment 

comparison: CR+C = Whey-based colostrum replacer with inclusion of casein (n=24); CR-

C = Whey-based colostrum replacer lacking casein (n=23); MC = Maternal colostrum 

(n=24). 

Time 

(h) 
CR+C1 CR-C2 MC3 SEM 

Adjusted P-Values 

SEM CR+C 

vs. CR-C 

CR+C 

vs. MC 

CR-C 

vs. MC 

0 0.46 0.15 0.35 0.14 1.00 1.00 1.00 0.14 

6 6.88 14.22 9.25 0.71 <0.001 1.00 <0.001 0.71 

12 10.93 21.24 14.60 0.94 <0.001 1.00 <0.001 0.94 

18 14.95 28.15 18.76 1.16 <0.001 1.00 <0.001 1.16 

24 20.81 27.92 23.84 1.29 0.03 1.00 1.00 1.29 

36 19.08 26.01 24.61 1.27 0.03 0.57 1.00 1.27 

48 15.19 23.94 20.25 1.02 <0.001 0.14 1.00 1.02 

72 14.99 23.77 19.65 1.00 <0.001 0.27 0.99 1.00 
1CR+C = Whey-based colostrum replacer with inclusion of casein; 2CR-C = Whey-

based colostrum replacer lacking casein; 3MC = Maternal colostrum; 4STP = serum 

total protein. 

 

 

Figure 3.1 Serum IgG values (LSM ± SEM) throughout the 72 h blood sampling period 

for calves fed either colostrum replacer with addition of casein (CR+C), colostrum replacer 

(CR-C), or maternal colostrum (MC). Calves were tube-fed colostrum (300 g of IgG) at 3 

h postnatal. Differences were detected for treatment, time, and their time interaction for the 

total period (P < 0.001). a,b,abDifferent letters represent differences (P < 0.05) at the time 

point and treatment. 
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 For STP concentration, treatment (F2,65 = 39.92; P < 0.001), time (F7,479 = 124.68; 

P < 0.001), calf gender (F1,65 = 7.92; P < 0.01), calving score (F2,65 = 3.65; P = 0.03), and 

an interaction between treatment and time (F14,479 = 12.48; P < 0.001) were associated 

with STP concentration (Table 3.4; Figure 3.2). Overall, female calves had a lower STP 

compared with male calves (female = 4.97 ± 0.06 g/dL; male = 5.14 ± 0.05 g/dL, P < 

0.01). Calves that had no assistance during calving had higher STP compared with calves 

that required mechanical assistance (no assistance = 5.14 ± 0.05 g/dL; mechanical 

assistance = 4.98 ± 0.06 g/dL; P = 0.03); no differences were observed between “no 

assistance” and “manual assistance” scores. Regardless of time evaluated, no differences 

were observed for STP concentration between CR+C- and CR-C-treated calves (t = 3.32; 

P = 0.56). Nonetheless, CR+C- (t = −7.18; P < 0.001) and CR-C- (t = −10.36; P < 0.001) 

treated calves displayed lower STP concentration (from 12 to 24 h) compared with MC-

treated calves. The correlation values between STP and serum IgG at 24 h for calves fed 

CR+C, CR-C, and MC were 0.35, 0.27, and 0.54, respectively. 

Table 3.4 Serum Total Protein (STP) over time LSM by treatment and adjusted p-values 

for each treatment comparison: CR+C = Whey-based colostrum replacer with inclusion of 

casein (n=24); CR-C = Whey-based colostrum replacer lacking casein (n=23); MC = 

Maternal colostrum (n=24). 

Time 

(h) 
CR+C1 CR-C2 MC3 SEM 

Adjusted P-Values 

SEM CR+C 

vs. CR-C 

CR+C 

vs. MC 

CR-C 

vs. MC 

0 4.01 4.01 4.12 0.07 1.00 1.00 1.00 0.08 

6 4.52 4.46 4.86 0.07 1.00 0.09 0.01 0.10 

12 4.98 4.63 5.77 0.09 0.56 <0.001 <0.001 0.11 

18 5.24 4.81 6.15 0.10 0.27 <0.001 <0.001 0.13 

24 5.37 4.94 6.15 0.10 0.41 <0.001 <0.001 0.14 
1CR+C = Whey-based colostrum replacer with inclusion of casein; 2CR-C = Whey-

based colostrum replacer lacking casein; 3MC = Maternal colostrum; 4STP = serum 

total protein. 
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Table 3.4 (Continued) Serum Total Protein (STP) over time LSM by treatment and 

adjusted p-values for each treatment comparison: CR+C = Whey-based colostrum replacer 

with inclusion of casein (n=24); CR-C = Whey-based colostrum replacer lacking casein 

(n=23); MC = Maternal colostrum (n=24). 

Time 

(h) 
CR+C1 CR-C2 MC3 SEM 

Adjusted P-Values 

SEM 
CR+C 

vs. CR-

C 

CR+C 

vs. MC 

CR-C 

vs. MC 

36 5.32 5.04 5.86 0.12 1.00 0.25 <0.001 0.16 

48 5.20 4.90 5.85 0.10 1.00 <0.001 <0.001 0.14 

72 4.89 4.66 5.66 0.09 1.00 <0.001 <0.001 0.12 
1CR+C = Whey-based colostrum replacer with inclusion of casein; 2CR-C = Whey-

based colostrum replacer lacking casein; 3MC = Maternal colostrum; 4STP = serum 

total protein. 

 

 

Figure 3.2 Serum total protein values (STP, LSM ± SEM) throughout the 72-h blood 

sampling period for calves fed either colostrum replacer with addition of casein (CR+C), 

colostrum replacer (CR-C), or maternal colostrum (MC). Calves were tube-fed colostrum 

(300 g of IgG) at 3 h postnatal. Differences were detected for treatment, time, and their 

time interaction for the total period (P < 0.001). a,b,abDifferent letters represent differences 

(P < 0.05) at the time point and treatment. 
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3.4.2 Serum IgG Dynamics—AEA, Cmax, Tmax, AIP, and AUC 

 The AEA of IgG was affected by treatment (F2,64 = 6.70; P = 0.002; Figure 3.3). 

The CR+C-treated calves had the lowest AEA of IgG compared with the calves fed CR-C 

(P = 0.002; Figure 3). No differences were observed when comparing CR+C (t = −1.51; 

P = 0.41) or CR-C (t = 2.03; P = 0.14) with MC. 

 

Figure 3.3 Apparent efficiency of absorption (AEA; LSM ± SEM) rates for calves fed 

either colostrum replacer with addition of casein (CR+C), colostrum replacer (CR-C), or 

maternal colostrum (MC). Calves were tube-fed colostrum (300 g of IgG) at 3 h postnatal. 

Differences were detected for colostrum treatment (P = 0.002). a,b,abDifferent letters 

represent differences (P < 0.05) between treatment.  

 Treatment affected the Cmax, with CR+C-treated calves exhibiting reduced Cmax 

compared with CR-C and MC calves (F2,64 = 13.35; P < 0.001; Figure 3.4). For Tmax, no 

differences were observed between treatments (CR+C = 29.1 ± 1.1 h, CR-C = 23.7 ± 1.1 

h, MC = 24.9 ± 1.1 h; P = 0.44). In addition, treatment did not affect AIP (CR+C = 48.02 

± 6.3%, CR-C = 60.3 ± 6.1%, MC = 59.8 ± 6.5%; P = 0.21). The AUC was lower for 

CR+C compared with CR-C- and MC-treated calves (F2,64 = 18.19; P < 0.001; Figure 

3.5). 
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Figure 3.4 Maximum IgG concentration (Cmax IgG; LSM ± SEM) for calves fed either 

colostrum replacer with addition of casein (CR+C), colostrum replacer (CR-C), or maternal 

colostrum (MC). Calves were tube-fed colostrum (300 g of IgG) at 3 h postnatal. 

Differences were detected for colostrum treatment (P < 0.001). a,bDifferent letters represent 

differences (P < 0.05) between treatment.  

 

 

Figure 3.5 Area under the curve (AUC; LSM ± SEM) for calves fed either maternal 

colostrum (MC), colostrum replacer (CR-C), or colostrum replacer with addition of casein 

(CR+C). Calves were tube-fed colostrum (300 g of IgG) at 3 h postnatal. Differences were 

detected for colostrum treatment (P < 0.001). a,b,cDifferent letters represent differences (P 

< 0.05) between treatment. 
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3.4.3 Vigor Assessment 

 Vigor score was not associated with treatment group (P = 0.27), gender (P = 0.89), 

birthweight (P = 0.22), or dystocia score (P = 0.27). However, time was associated with 

the probability of a different vigor category (P = 0.01). Specifically, compared with 6 h 

post colostrum feeding, calves at 72 h were less likely (odds ratio: 0.237; 95% CI: 0.10–

0.55; P < 0.001) to be in the abnormal vigor category compared with the normal vigor 

category. At 6 h, 80.6% (58 calves) were categorized as abnormal, 13.9% (10 calves) as 

normal, and 5.6% (4 calves) as alert. By 72 h, the distribution shifted: 54.3% (38 calves) 

were categorized as abnormal, 38.6% (27 calves) as normal, and 7.1% (5 calves) as alert. 

3.5 Discussion 

 In this study, we evaluated the effects of the presence of casein in colostrum or CR 

on serum IgG concentration, AEA of IgG, and calf vigor scores up to 72 h after colostrum 

feeding in dairy × beef crossbred calves. In summary, we found that calves fed CR-C 

presented higher levels of AEA of IgG compared with calves fed CR+C. We did not observe 

a difference in AEA of IgG between CR+C and MC or between CR-C and MC. Our results 

indicated that the CR+C treatment influenced serum IgG concentration over the evaluated 

time period. 

 When colostrum reaches the abomasum, a reaction between chymosin, casein, and 

fat occurs, resulting in curd formation. During curd formation, the whey, which carries the 

IgG, is separated. Thus, the curd formation process could be beneficial to IgG absorption, 

as it accelerates the passage and absorption of IgG in the small intestine (Cabral et al., 

2014; Miyazaki et al., 2017). However, previous research reported that high levels of casein 

inclusion (400 g) in colostrum supplements reduced serum IgG concentration, likely due 
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to gut saturation, which negatively affects IgG absorption (Davenport et al., 2000). 

Therefore, it is important to analyze the factors influencing IgG absorption from different 

colostrum compositions. In our study, the inclusion of CR+C reduced the AEA of IgG 

compared with CR-C. No differences were observed between CR+C and MC or between 

CR-C and MC. Similarly, Davenport et al. (2000) reported a decrease in AEA of IgG when 

casein was included in colostrum. Lago et al. (2018) compared CR-C (150 g IgG) to MC 

(2.8 L containing 63.3 g/L IgG) and reported an AEA of 34.4 ± 1.3% for CR-C calves and 

35.9 ± 1.9% for MC calves, with no significant differences between treatments. This result 

aligns with our findings when comparing CR-C and MC. 

 Gut closure in neonatal calves significantly affects IgG absorption. Research has 

shown that delaying colostrum delivery decreases AEA and delays the peak in IgG 

concentration after birth (Fisher et al., 2018). In our experiment, we did not observe a 

significant difference in Tmax between our treatments. However, in the CR-C treatment, 

we observed a significant increase in AUC for IgG, which may have been due to the fast 

delivery of IgG to the small intestine for absorption. Miyazaki et al. (2017) demonstrated 

the persistence of curd in the abomasum 8 h after MC ingestion. Perhaps, we are observing 

the effects of a slower IgG release due to the presence and persistence of curd in the 

abomasum. However, curd formation varies among calves. Some studies have identified 

incomplete or no curd formation in the abomasum in the presence of casein (Miyazaki et 

al., 2017) or when enzyme profiles are altered by rennet addition (Gregory et al., 2003). 

The interplay between casein proportion and individual differences in chymosin secretion 

may influence curd formation and disappearance, altering colostrum metabolism. 
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 Serum total protein has been used to estimate TPI in newborn calves fed colostrum 

(Wilm et al., 2018). In our study, STP was not different between CR+C and CR-C 

treatments; however, calves fed MC tended to have the highest STP. Differences in 

refractometer readings for whey-based CR and MC are due to compositional differences. 

Previous studies have recommended using a lower STP cutoff for whey-based CR-fed 

calves (Lago et al., 2017; Lopez et al., 2020). In our study, the correlation between STP 

and serum IgG at 24 h post colostrum feeding was 0.35, 0.27, and 0.54 for CR+C, CR-C, 

and MC treatments, respectively. These correlations were lower than those reported by 

Lopez et al. (2020) for whey-based CR (0.64) but higher than those reported by Davenport 

et al. (2000) for colostrum supplements (0.20). Our findings support the use of a lower STP 

cutoff for whey-based CR-fed calves. 

 Our study has limitations related to calf sourcing, assumptions about curd 

formation, and differences in study design, all of which affect comparisons with other 

studies. We observed that feeding a high quantity of IgG resulted in classification as “good” 

TPI for CR+C- and MC-treated calves (18.0–24.9 g/L IgG) and “excellent” TPI for CR-C-

treated calves (≥25.0 g/L), based on current colostrum feeding recommendations (Lombard 

et al., 2020). This may explain the lack of effects of colostrum treatments on calf vigor, as 

all calves in the study were healthy. Whereas we discussed curd formation’s potential effect 

on IgG uptake, we did not directly measure curd formation in calves. Observing this 

process in vivo using ultrasonography has been successful (Miyazaki et al., 2017), but the 

prevalence of curd formation requires further investigation. We did not test for osmolarity 

in our colostrum, which also is suggested to have effects on abomasal emptying rate (Lopez 

et al., 2022). Future studies should explore the osmolarity effects on IgG absorption, 
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prevalence and composition of curd, assess IgG retention within the curd, and measure 

abomasal emptying rates for colostrum with and without casein. Additionally, studies may 

consider investigating the differences in IgG transport in the small intestine for calves fed 

different colostrum sources. Finally, more research is needed to optimize colostrum 

replacers and supplements for practical farm use. 

3.6 Conclusions 

 Casein inclusion on a whey-based colostrum replacer changed the dynamics of 

serum IgG concentration, AEA of colostral IgG, and of dairy × beef crossbred calves. In 

addition, no differences were observed between whey-based CR-C and MC treatments for 

AEA of colostral IgG and serum IgG concentration at 24 h. This study provides valuable 

insights into the use of colostrum replacer without presence of casein to calves. Whereas 

the presence of casein influenced serum IgG concentrations and AEA, it did not 

significantly affect calf vigor, likely due to the overall health of the calves and adequate 

IgG levels across all treatments. These findings can help inform colostrum management 

strategies on commercial farms, particularly when using colostrum replacers with varying 

casein compositions. 

  



 

77 

 

3.7 References 

Al-Mashikhi, S. A., and S. Nakai. 1987. Isolation of bovine immunoglobulins and 

lactoferrin from whey proteins by gel filtration techniques. J. Dairy Sci. 70:2486–

2492. https://doi.org/10.3168/jds.S0022-0302(87)80315-6 

Besser, T. E., and D. Osborn. 1993. Effect of bovine serum albumin on passive transfer of 

immunoglobulin G1 to newborn calves. Vet. Immunol. Immunopathol. 37:321–

327. https://doi.org/10.1016/0165-2427(93)90203-G 

Cabral, R. G., C. E. Chapman, and P. S. Erickson. 2013. REVIEW: Colostrum supplements 

and replacers for dairy calves. Prof. Anim. Sci. 29:449–456. 

https://doi.org/10.15232/S1080-7446(15)30265-5 

Cardoso, F. C., W. Sears, S. J. LeBlanc, and J. K. Drackley. 2011. Technical note: 

Comparison of 3 methods for analyzing areas under the curve for glucose and 

nonesterified fatty acids concentrations following epinephrine challenge in dairy 

cows. J. Dairy Sci. 94:6111–6115. https://doi.org/10.3168/jds.2011-4627 

Chelack, B. J., P. S. Morley, and D. M. Haines. 1993. Evaluation of methods for 

dehydration of bovine colostrum for total replacement of normal colostrum in 

calves. Can. Vet. J. 34:407–412. 

Davenport, D. F., J. D. Quigley III, J. E. Martin, J. A. Holt, and J. D. Arthington. 2000. 

Addition of casein or whey protein to colostrum or a colostrum supplement product 

on absorption of IgG in neonatal calves. J. Dairy Sci. 83:2813–2819. 

https://doi.org/10.3168/jds.S0022-0302(00)75180-0 

Geiger, A. J. 2020. Colostrum: Back to basics with immunoglobulins. J. Anim. Sci. 

98(Suppl._1):S126–S132. https://doi.org/10.1093/jas/skaa142 

Godden, S. M., J. E. Lombard, and A. R. Woolums. 2019. Colostrum management for dairy 

calves. Vet. Clin. North Am. Food Anim. Pract. 35:535–556. 

https://doi.org/10.1016/j.cvfa.2019.07.005 

Hare, K. S., S. Pletts, J. Pyo, D. Haines, L. L. Guan, and M. Steele. 2020. Feeding 

colostrum or a 1:1 colostrum: whole milk mixture for 3 days after birth increases 

serum immunoglobulin G and apparent immunoglobulin G persistency in Holstein 

bulls. J. Dairy Sci. 103:11833–11843. https://doi.org/10.3168/jds.2020-18558 

Lago, A., M. Socha, A. Geiger, D. Cook, N. Silva-del-Río, C. Blanc, R. Quesnell, and C. 

Leonardi. 2018. Efficacy of colostrum replacer versus maternal colostrum on 

immunological status, health, and growth of preweaned dairy calves. J. Dairy Sci. 

101:1344–1354. https://doi.org/10.3168/jds.2017-13032 

Lombard, J., N. Urie, F. Garry, S. Godden, J. Quigley, T. Earleywine, S. McGuirk, D. 

Moore, M. Branan, M. Chamorro, G. Smith, C. Shivley, D. Catherman, D. Haines, 

A. J. Heinrichs, R. James, J. Maas, and K. Sterner. 2020. Consensus 

recommendations on calf- and herd-level passive immunity in dairy calves in the 

United States. J. Dairy Sci. 103:7611–7624. https://doi.org/10.3168/jds.2019-

17955 



 

78 

 

Lopez, A. J., C. M. Jones, A. J. Geiger, and A. J. Heinrichs. 2020. Comparison of 

immunoglobulin G absorption in calves fed maternal colostrum, a commercial 

whey-based colostrum replacer, or supplemented maternal colostrum. J. Dairy Sci. 

103:4838–4845. https://doi.org/10.3168/jds.2019-17949 

Miyazaki, T., K. Okada, and M. Miyazaki. 2017. Short communication: Neonatal calves 

coagulate first-milking colostrum and produce a large curd for efficient absorption 

of immunoglobulins after first ingestion. J. Dairy Sci. 100:7262–7270. 

https://doi.org/10.3168/jds.2017-12808 

Murray, C. F., D. M. Veira, A. L. Nadalin, D. M. Haines, M. L. Jackson, D. L. Pearl, and 

K. E. Leslie. 2015. The effect of dystocia on physiological and behavioral 

characteristics related to vitality and passive transfer of immunoglobulins in 

newborn Holstein calves. Can. J. Vet. Res. 79:109–119. 

Reis, M. E., M. Cantor, C. M. M. Bittar, and J. H. C. Costa. 2022. Association of a green 

tea extract with serum immunoglobulin G status and neonatal vitality in newborn 

dairy calves. J. Dairy Sci. 105:9961–9970. https://doi.org/10.3168/jds.2022-22099 

Urie, N. J., J. E. Lombard, C. B. Shivley, C. A. Kopral, A. E. Adams, T. J. Earleywine, J. 

D. Olson, and F. B. Garry. 2018. Preweaned heifer management on US dairy 

operations: Part V. Factors associated with morbidity and mortality in preweaned 

dairy heifer calves. J. Dairy Sci. 101:9229–9244. https://doi.org/10.3168/jds.2017-

14019 

Wells, S. J., D. A. Dargatz, and S. L. Ott. 1996. Factors associated with mortality to 21 

days of life in dairy heifers in the United States. Prev. Vet. Med 29:9–19. 

https://doi.org/10.1016/S0167-5877(96)01061-6 

Wilm, J., J. H. C. Costa, H. W. Neave, D. M. Weary, and M. A. G. von Keyserlingk. 2018. 

Technical note: Serum total protein and immunoglobulin G concentrations in 

neonatal dairy calves over the first 10 days of age. J. Dairy Sci. 101:6430–6436. 

https://doi.org/10.3168/jds.2017-13553 

  



 

79 

 

CHAPTER 4 EFFECTS OF THE SOURCE OF TRACE MINERAL IN MILK 

REPLACER ON PERFORMANCE AND HEALTH OF  CALVES 

E.V. Lopez-Bondarchuk*, T. E. da Silva*, J.V.R. Lovatti*, Juliana Ranches†, A.J. 

Geiger⁕, J.H.C. Costa* 

*University of Vermont 

†Oregon State University 

⁕Zinpro Corporation 

  



 

80 

 

4.1 Abstract 

 These randomized controlled trials evaluated the effects of the source of trace 

mineral (TM; Zn, Mn, Cu, Fe) on calf performance, health, serum concentration of blood 

metabolites, and TM concentration during pre- and weaning phases. In Experiment 1 

(UVM), 43 calves (44.3 ± 4.8 kg; male N = 25, female N = 18) began weaning at 62 d, and 

were fully weaned by 70 d. In Experiment 2 (MV), 127 male calves (47.3 ± 3.7 kg) were 

enrolled, began weaning at 42 d, and were weaned by 64 d. Calves were randomly assigned 

to milk replacers with either inorganic sulfate (ITM) or organic (OTM) sources of TM, 

with all other nutritional components isometric, however, specific to each experimental 

site. Calf starter intake was recorded daily and body weight (BW) weekly. Fecal and 

respiratory scores, diarrhea and BRD treatments were recorded during the experimental 

period. Statistical analysis was performed in R (v. 4.4.2) where performance variables (BW, 

average daily gain (ADG), feed efficiency (FE), and calf starter intake) were analyzed 

using a Mixed Model for Repeated Measures (MMRM), with pairwise comparisons of 

fixed effects performed post hoc using a Bonferroni correction to adjust for multiple 

comparisons. Logistic regression was used to assess the probability of diarrhea and 

respiratory treatments, treating treatment as a binomial variable and evaluating effects 

based on the source of mineral. In Experiment 1, no treatment differences were observed 

for performance. Male calves fed ITM had higher ADG on d 49 (ITM = 1.02, OTM = 0.86 

± 0.08 kg/d) and d 70 (ITM = 1.39, OTM = 1.09 ± 0.12 kg/d), with a treatment × sex 

interaction for ADG. No overall treatment effects were found in serum metabolites. On d 

60, serum creatinine was higher in ITM female calves (ITM = 0.59, OTM = 0.49 ± 0.03 

mg/dL). No overall differences in serum TM on d 60. Serum potassium was higher in ITM 
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females (ITM = 4.61, OTM = 4.38 ± 0.09 mmol/L), while serum cobalt was higher in OTM 

females (OTM = 0.91, ITM = 0.65 ± 0.10 ng/mL). In Experiment 2, no treatment 

differences in performance. Feed efficiency was higher in ITM calves on d 36 (ITM = 0.68, 

OTM = 0.61 ± 0.06 G:F). An overall treatment effect was observed for urea. On d 63, OTM 

calves had higher serum anion gap (ITM = 18.46, OTM = 20.21 ± 0.45 mmol/L) and urea 

(ITM = 10.09, OTM = 11.83 ± 0.4 mg/dL), while TCO₂ was higher in ITM (ITM = 29.86, 

OTM = 28.55 ± 0.45 mmol/L). No overall treatment differences in serum TM. Serum 

selenium was higher in OTM calves on d 63 (ITM = 55.05, OTM = 57.95 ± 0.89 ng/mL). 

No differences were found in liver TM on d 42, fecal scores, or health treatments. These 

results suggest minimal effects of TM form on performance, TM status, or health. 
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4.2 Introduction 

 Trace minerals (TM) are essential for the physiological development and immune 

function of dairy calves. They support enzymatic activity, antioxidant defense, tissue 

growth, and immune development (McDowell, 2003). In the early weeks of life, calves are 

especially vulnerable to health challenges, with diarrhea being the leading cause of 

morbidity and mortality (USDA, 2021; Renaud, 2020). During this critical period, 

nutritional strategies, including TM delivery is considered. The latest NASEM (2021) 

guidelines reflect evolving knowledge of mineral requirements, with increased 

recommendations for Zn and Mn and reduced levels for Cu and Fe in milk replacers. In 

calf starters, Zn, Cu, and Fe recommendations have also increased. These shifts highlight 

the dynamic understanding of mineral needs and raise questions about the best way to meet 

them. 

 At birth, calves rely on liver mineral reserves deposited in utero (House and Bell, 

1993). However, liver mineral status is variable at birth, and maternal supplementation 

during late gestation yields inconsistent outcomes on calf mineral status and organ 

development (Menezes et al., 2022; Hulbert et al., 2024; Miqueo et al., 2024). Furthermore, 

intestinal permeability may be compromised in calves with diarrhea, reducing nutrient 

absorption during this sensitive period (Araujo et al., 2015). Effective TM delivery 

postnatally is essential to support growth and immune function. Different sources of TM, 

such as inorganic (sulfates), organic (chelated or proteinated), and hydroxy forms, vary in 

bioavailability and physiological impact (Spears, 2023). However, absorption coefficients 

are not readily available due to invasive sampling requirements and the complex roles TM 

play in calf physiology. To make things more complicated, milk replacers contain TM at 
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low inclusion rates, making consistent mixing difficult. Since direct measurements of trace 

mineral absorption are difficult, indirect indicators are often used to assess their impact. 

These include growth performance, health outcomes, and tissue mineral concentrations. 

Together, they provide insight into how effectively calves utilize trace minerals from 

different sources. Prior studies offer mixed results, some report no performance differences 

between sulfate and hydroxy (LaPierre, 2016) or organic TM (Osorio et al., 2012), while 

others have shown increased weight gain and improved health with organic formulations 

(Rajaei-Sharifabadi et al., 2025). 

4.2.1 Objectives & Hypotheses 

 This study aimed to evaluate the effects of two sources of TM in milk replacer, an 

inorganic sulfate-based formulation (ITM) and a novel organic formulation (OTM; Zinpro 

ProPath®, Eden Prairie, MN), on calf performance, health outcomes, and serum and liver 

profiles. It was hypothesized that while performance would be similar between groups, 

calves fed OTM would show improved health indicators and serum mineral profiles 

compared to those fed ITM. 

4.3 Materials and Methods 

 This study included 2 randomized control experiments. Both experiments were 

approved and conducted under the University of Vermont Institutional Animal Care and 

Use Committee under protocol #IPROTO202300000034.  

 

 



 

84 

 

4.3.1 Experiment 1 

4.3.1.1 Animal Enrollment and Housing 

 Experiment 1 was conducted at the Miller Research and Educational Complex at 

the University of Vermont in Burlington, VT, USA, between May and August 2024. 

Experiment 1 enrolled a total of 43 Holstein dairy calves (44.3 ± 4.8 kg), including 25 

males and 18 females. Calves were assigned to ITM (n = 21) or OTM (n = 22) treatments. 

Enrollment serum total protein for all calves was 5.62 ± 0.85 g/dL, and Brix, measured 

using a digital refractometer (model DD-2, Misco, Solon, OH, USA), was 8.62 ± 0.96%, 

indicating successful transfer of passive immunity (Lombard et al., 2020). Calves were 

sourced from a single commercial dairy farm and were transported to the research facility 

at 1.2 ± 0.95 d old, were weighed, and individually housed in a Calf-Tel 7′ Indoor Calf Pen 

(L. T. Hampel Corp., Germantown, WI) measuring 121.92 cm wide by 213.36 cm long. 

Upon arrival, no vaccinations were administered. 

4.3.1.2 Feeding Protocol 

 Calves were bottle fed milk replacer (Cow’s Match Warm Front, Land O Lakes, 

MN; 135 g of milk replacer for 0.865 L of water heated to ~40 oC; 13.5 % DM; 27 % crude 

protein (CP); 10 % fat; Table 4.1). Calves were fed 7 L/d during the pre-weaning period (d 

0 to 62) and 3.5 L/d during the weaning period (d 63 to 70), divided into two equal meals 

fed at 0600 and 1800 h. Calves that initially refused milk replacer were assisted by 

researchers, who guided them to the nipple bottle up to three times or until the calf stopped 

attempting to drink, and any milk orts after assistance were weighed (Seattle Alki Scientific 

Counting Scale, Hochoice, China) and recorded. Calves had ad libitum access to water and 
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texturized calf starter (OPTI-CAF Textured Calf Starter, Poulin Grain, Newport, VT; Table 

4.2) provided via buckets. Calf starter buckets were refilled daily at 0600 h, and starter orts 

were weighed daily to determine feed intake. Once weekly, starter and water buckets were 

emptied, sanitized (FC-700, IBA, Millbury, MA), and refilled. Daily, water buckets were 

emptied, rinsed, and refilled.  

Table 4.1 Milk Replacer composition in in Experiment 1 (UVM) and Experiment 2 (MV). 

 Experiment 1 (UVM) Experiment 2(MV) 

Item ITM1 OTM2 ITM OTM 

DM, % 95.2 95.6 93.9 94.6 

Nutrient, % of DM 

CP 27 27 24 24 

Fat 10 10 20 20 

Trace Minerals 

Zn, mg/kg 83.9 65 73.5 74.2 

Mn, mg/kg 81.5 65 51.9 64.7 

Cu, mg/kg 1.26 4.45 3.47 4.66 

Fe, mg/kg 93.5 93.1 85.1 93.6 
1ITM = Inorganic trace mineral; 2OTM = Organic trace mineral.  

 

Table 4.2 Calf starter composition in Experiment 1 (UVM) and Experiment 2 (MV). 

Item Experiment 1 (UVM) Experiment 2 (MV) 

DM, % 85.8 91.5 

Nutrient, % of DM 

CP 27.6 21.1 

Fat 4.15 3.40 

Ash 10.1 NA 

ADF 7.72 12.0 

aNDF 15.97 21.5 

Starch 21.0 27.9 

Calcium 1.20 0.92 

Phosphorus 0.60 0.45 

Trace Minerals 

Zn, mg/kg 92.2 228.9 

Mn, mg/kg 82.9 80.7 

Cu, mg/kg 22.7 14.6 

Fe, mg/kg 150.5 217.8 
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 Milk and starter samples were analyzed using wet chemistry at Rock River 

Laboratory Inc. (Watertown, WI). Milk samples and starter were analyzed for crude protein 

(method 990.03; AOAC International 2023), fat (method 2003.05; AOAC International, 

2023), ash  (method 942.05; AOAC International, 2023), and minerals (method 985.01 and 

923.01; AOAC International, 2023). In addition, starter samples were analyzed for neutral 

detergent fiber (NDF) with heat-stable α-amylase and sodium sulphite (Van Soest et al., 

1991), acid detergent fiber (ADF; method 973.18; AOAC International, 2023) and starch 

(α-amylase method; (Hall, 2009). 

4.3.1.3 Performance 

 Calves were weighed upon arrival (PS1000 Brecknell, Fairmont, MN) and weekly 

henceforth. Average daily gain (ADG) was calculated weekly by dividing the net weight 

gain between two consecutive weigh days by the number of days between them. Feed 

efficiency (FE) was calculated weekly by dividing ADG by the total dry matter intake 

(DMI) from calf starter and milk replacer over the corresponding period. 

4.3.1.4 Blood Collection and Analysis 

 Blood samples were collected via jugular venipuncture using a 20-gauge 1-inch 

needle into a red top vacutainer tube (BD Vacutainer; Becton, Dickson and Co., Franklin 

Lakes, NJ) on d 0 and d 60. Samples were allowed to coagulate and were subsequently 

spun in a centrifuge for 15 minutes at 3000 rpm. Serum samples were aliquoted into 

cryovials and were stored at -20°C until they were run for analysis. All serum for all calves 

were sent to Michigan State University Veterinary Diagnostic Laboratory (East Lansing, 

MI). Blood metabolites were measured using an autoanalyzer (AU 680 series; Beckman 
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Coulter Inc., Brea, CA) and serum primary TM analyzed using inductively coupled plasma 

MS (Wahlen et al., 2005).  

4.3.1.5 Health Score 

Diarrhea. Calves were observed once daily, following Renaud et al., (2020), where 

a fecal score of 0 = normal consistency, 1 = semiformed or pasty, 2 = loose feces, and 3 = 

watery feces. Calves with a fecal score or 2 or more had rectal temperatures recorded daily 

for a week. Intervention for these calves was only provided if the calf experienced 

additional clinical signs related to respiratory issues. Calves with a fecal score of 2 or 3 

were considered to have diarrhea. With a health score greater than 5,  meloxicam (0.5 

mg/kg BW, oral tablet; USP, Zydus Pharmaceuticals, Pennington, NJ) was administered 

orally. If no improvement was seen, and score of 3 persisted for five consecutive scoring 

periods, calves with a fecal score ≥2 received 2 L of oral electrolyte solution (Truvitalyte, 

Truvital Animal Health, Palmerston, ON) once daily until resolution of diarrhea.  

  Respiratory Disease. Calves were observed once daily for respiratory disease using 

Wisconsin Calf Health Scoring Chart (McGuirk and Peek, 2014). Respiratory scores were 

assigned based on the presence or absence of clinical signs, including ocular discharge, 

nasal discharge, ear droop or head tilt, coughing, abnormal breathing, and rectal 

temperature. The chart sums scores for nasal discharge, eye discharge, ear tilt, rectal 

temperature, and cough on a 4-point scale from 0 (normal) to 3 (severely abnormal). If a 

calf had a total respiratory score greater than 5 and at least two of the parameters were 

abnormal, the calf was considered to receive treatment. At the first respiratory treatment, 

calves received florfenicol (40 mg/kg BW, subcutaneously; Nuflor, Merck & Co., Inc., 

Rahway, NJ) and meloxicam (0.5 mg/kg BW, oral tablet; USP, Zydus Pharmaceuticals, 
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Pennington, NJ). If a second or third treatment was needed florfenicol (40 mg/kg BW, 

subcutaneously; Nuflor, Merck & Co., Inc., Rahway, NJ) was administered, again. 

 Treated levels were determined by the combination of diarrhea and respiratory 

score and the incidence of pharmacological intervention where 0 = no intervention, 1 = 

electrolytes, 2 = pharmacological intervention and/or electrolytes, 3 = 2 or more 

pharmacological interventions and/or electrolytes, 3 = 2 or more pharmacological 

interventions and/or electrolytes, 4 = 3 or more pharmacological intervention and/or 

electrolytes.  

4.3.2 Experiment 2 

4.3.2.1 Animal Enrollment and Housing 

 Experiment 2 was conducted at the Future Performance Research Facility in 

Palmerston, ON, Canada, between September and December 2024. A total of 128 mixed-

breed, all-male calves were enrolled and equally assigned to ITM (n = 64) or OTM (n = 

64) treatments. The study was divided into two blocks: block one included 63 calves (46.5 

± 3.1 kg; Holstein, n = 46; Holstein × Beef, n = 17), and block two included 64 calves (48.1 

± 4.0 kg; Holstein, n = 44; Holstein × Beef, n = 20). One calf in the OTM group was 

removed due to mortality on day 43. Enrollment serum total protein for 24 calves in block 

2 was 5.81 ± 0.86 g/dL, and Brix, measured using the same digital refractometer as in 

Experiment 1, was 8.67 ± 0.86% for all calves in both rooms, indicating successful transfer 

of passive immunity. Calves were sourced at auction and local farms in Ontario and 

Québec.  Calves were transported to the research facility at 0 to 7 d of age (unknown date 

of birth), were weighed, and individually housed on rubber-slatted floor pens, sans bedding,  
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measuring 79 cm wide by 122 cm long. Upon arrival, staff administered two intranasal 

vaccines to each calf: Once-PMH (Merck Animal Health, Kirkland, QC) and Bovillis 

coronavirus (Merck Animal Health, Kirkland, QC). The calves were revaccinated with 

Once-PMH at 21 d after arrival.  

4.3.2.2 Feeding Protocol 

In both blocks, calves were fed by bottles or bucket fed milk replacer (Mapleview, 

Palmerston, ON, Canada; heated to ~40 oC; 13.0 % DM; 24 % CP; 10 % fat; Table 4.1.). 

Calves were fed different rates depending on stage. During the first two weeks (d 0 to 13), 

each calf received 325 g of powder mixed in 2.5 L of liquid, twice daily. From d 14 to 20, 

this increased to 390 g in 3 L, twice daily. Between d 21 to 41, calves received 520 g in 4 L, 

twice daily. From d 42 to 48 (weaning), the amount was reduced to 390 g in 3 L, twice 

daily. From d 49 to 55, calves were fed 260 g in 2 L, twice daily. Finally, from d 55 to 63, 

they continued to 260 g in 2 L, but only once daily (AM only) to facilitate weaning. 

Texturized calf starter (Mapleview, Palmerston, ON, Canada; Table 4.2) with 4% inclusion 

of chopped hay was offered starting d 3 of the study period to the end of weaning.  

Milk replacer and calf starter samples were analyzed using wet chemistry at 

separate laboratories: Eurofins (Madison, WI) for milk replacer and SGS Canada Inc. 

(Guelph, ON) for calf starter. Milk replacer samples were analyzed for crude protein 

(methods 968.06 and 992.15; AOAC International, 2005), fat by acid hydrolysis (methods 

922.06 and 954.02; AOAC International, 2005), moisture (methods 925.09 and 926.08; 

AOAC International, 2005), iodine (method 2012.15; AOAC International, 2023), and 

minerals using inductively coupled plasma–optical emission spectrometry (ICP-OES; 

methods 984.27, 985.01, and 2011.14 (modified); AOAC International, 2009) and 
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inductively coupled plasma–mass spectrometry (ICP-MS; method 2011.19 (modified); 

AOAC International, 2009). Analyses of crude protein and minerals were consistent with 

those performed in Experiment 1. Starter samples were analyzed for trace minerals using 

ICP-MS (method 969.10, AOAC 2006), and macrominerals by ICP-OES (methods 985.01 

for Ca, P, K, Mg and 923.01 for S; AOAC International, 2023). Crude protein was 

determined using method 990.03 (AOAC International, 2023), consistent with Experiment 

1. Calf starter was also analyzed for NDF with heat-stable α-amylase and sodium sulfite 

(method 2002.04), ADF, and ADL using method 973.18 (AOAC International, 2023), as in 

Experiment 1. Sequential fiber fractions (NDF, ADF, ADL) were analyzed using an Ankom 

fiber analyzer (Ankom Technology Corp., Fairport, NY). 

4.3.2.3 Performance 

 Calves were weighed upon arrival on a Tru-Test digital weigh scale (Mineral Wells, 

TX) and weekly henceforth.  Average daily gain and FE were calculated the same as in 

Experiment 1.  

4.3.2.4 Blood Collection and Analysis 

 Blood was collected on d 0, 42, and 64 using the same procedures and materials 

described in Experiment 1. Similarly, sample storage and analysis followed the same 

protocols. Only the calves that underwent liver biopsy were eligible for blood serum 

analysis (N = 24 from block 2). 

4.3.2.5 Liver Biopsy 

 A subset of calves underwent liver biopsy using the method described by Tessman 

(2022), using a Tru-Cut biopsy needle (14-gauge x 15 cm; Penn Veterinary Supply, Inc., 



 

91 

 

Lancaster, PA, USA). Only Holstein calves were selected for biopsy. A total of 25 calves 

were selected; however, only 24 samples were analyzed due to one calf being excluded 

after unsuccessful collection. Calves were excluded after three unsuccessful biopsy 

attempts (~ 0.5 g tissue/sample). Liver samples were collected into cryovials 

(ThermoFisher Scientific, Rochester, NY, USA) and stored at −20°C until analysis. All 

samples were submitted to the Michigan State University Veterinary Diagnostic Laboratory 

(East Lansing, MI) and analyzed for trace minerals using methods described by Strickland 

et al. (2019) and Wahlen et al. (2005). 

4.3.2.6 Health Score 

Diarrhea. Calves were observed twice daily by research staff for fecal consistency 

using the same scoring system as Experiment 1, considering the same animal diarrheic with 

a score ≥ 2. At the first sign of abnormal feces, meloxicam (1 mg/kg BW; Meloxicam Oral 

Suspension, Solvet, Calgary, AB) was administered orally. If no improvement was seen, 

trimethoprim-sulfadoxine (16 mg/kg BW; Borgal, Merck Animal Health, Kirkland, QC) 

was given intramuscularly, along with another oral dose of meloxicam (1 mg/kg BW; 

Meloxicam Oral Suspension, Solvet, Calgary, AB). If a fecal score of 3 persisted for five 

consecutive scoring periods, enrofloxacin (7.5 mg/kg BW; Baytril, Elanco, Guelph, ON) 

was administered subcutaneously. Calves with a fecal score ≥2 also received 2 L of oral 

electrolyte solution (Truvitalyte, Truvital Animal Health, Palmerston, ON) per feeding until 

diarrhea resolved. 

  Respiratory Disease. Calves were observed and scored twice daily for respiratory 

disease using the method developed by Love et al. (2014). Respiratory scores were 

assigned based on the presence or absence of clinical signs, including ocular discharge, 
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nasal discharge, ear droop or head tilt, coughing, abnormal breathing, and rectal 

temperature. Scores were weighted, with nasal discharge and ear droop/head tilt assigned 

scores of 4 and 5, respectively, and other signs (ocular discharge, spontaneous coughing, 

rapid/difficult breathing, and temperature ≥39.2°C) assigned scores of 2. Calves with a 

respiratory score of 0 were considered clinically normal, while those scoring ≥5 were 

classified as having respiratory disease and treated accordingly. At the first respiratory 

treatment, calves received florfenicol (40 mg/kg BW, subcutaneously; Nuflor, Merck 

Animal Health, Kirkland, QC) and meloxicam (0.5 mg/kg BW, subcutaneously; Metacam, 

Boehringer Ingelheim Animal Health Canada Inc., Burlington, ON). If a second treatment 

was needed, marbofloxacin (10 mg/kg BW, intramuscularly; Forcyl, Vetoquinol N.-A. Inc, 

Lavaltrie, QC) was administered. For the third respiratory treatment, calves received 

danofloxacin (8 mg/kg BW, subcutaneously; A-180, Zoetis, Kirkland, QC). 

4.3.3 Statistical Analysis 

 A power analysis based on Katsoulos et al. (2017) and Renaud et al. (2019) 

determined that 32 calves per treatment group were needed to detect a 20% difference in 

diarrhea incidence with 80% power and a significance level of α = 0.05; thus, 212 calves 

were enrolled to ensure sufficient cases of diarrhea. Weekly averages of calf starter intake, 

weight, average daily gain from pre- to weaning were included in the statical analysis using 

R 4.4.2 (R Core Team, 2022).  LSM or estimated means are reported for all variables using 

the emmeans package (Lenth, 2025). Mixed models for repeated measures (MMRM) 

utilized the mmrm package (Sabanes Bove et al. 2024) for specific models as indicated by 

experiment. For all models and analyses, significance was declared at P < 0.05 unless 

otherwise noted. 
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4.3.3.1 Experiment 1 

Analyses in Experiment 1 were conducted on 43 calves, with one calf excluded due 

to mortality (illness – acute clostridial enteritis and toxemia). For performance outcomes, 

an MMRM was used. Least squares means (LSM) pairwise comparisons of fixed effects 

were conducted as a post hoc analysis with Bonferroni correction for multiple comparisons. 

The model included fixed effects of treatment (trt), day, sex, and their two-way interactions 

(trt × day, trt × sex, day × sex), along with initial BW (kg), treatment level, and baseline 

total protein as covariates. A repeated structure was specified for day within calf (day | 

calf_id), and covariance structures were selected based on the lowest BIC for each response 

variable; heterogeneous ante-dependence (adh) for BW, heterogeneous compound 

symmetry (csh) for ADG, heterogeneous autoregressive (ar1h) for FE and calf starter 

intake. No health and disease analyses are reported due to missing data. For blood 

metabolites and serum trace minerals measured on d 60, two-way ANOVA was used to 

evaluate the effects of treatment, sex, and their interaction. 

4.3.3.2 Experiment 2 

Analyses in Experiment 2 were conducted on 128 calves for health treatments and 

127 calves for performance outcomes, due to one mortality after the first 21 days of life 

(diagnosed as pneumonia caused by Streptococcus ruminantium 2+ and Helcococcus ovis 

2+). The same MMRM and LSM used in Experiment 1 was applied in Experiment 2 for 

performance variables. The model included treatment, day, and their interaction (trt × day) 

as fixed effects, with initial body weight, block, and source included as covariates. A 

repeated structure was specified for day within calf (day | tag), and covariance structures 

were selected based on the lowest BIC for each response variable; adh for BW and FE, csh 
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for ADG, and heterogeneous toeplitz (toeph) for calf starter intake. For fecal scores, 

cumulative link mixed models were used utilizing the ordinal package (Christensen, 2023), 

treating the scores categorically. For health treatments, logistic regression was used to 

assess the probability of diarrhea and respiratory treatments based on mineral source, 

treating treatment as a binomial variable. Only calves from block 2 had serum and liver 

analyzed (n = 24). For blood metabolites and serum trace minerals measured on days 42 

and 64, a MMRM was used. Pairwise comparisons of fixed effects were conducted as post 

hoc analyses using Bonferroni correction to adjust for multiple comparisons. A csh 

covariance structure was applied across all variables. For liver tissue trace minerals 

collected on day 42, unpaired t-tests were used to evaluate treatment effects based on a 

single measurement per calf. 

4.4 Results 

4.4.1 Experiment 1 

4.4.1.1 Performance 

 Performance variables (body weight, ADG, FE, and calf starter intake) are 

presented in Table 4.3. Body weight, ADG, FE, and calf starter intake did not differ by 

treatment. Performance varied by day (P < 0.001; BW: F9, 39.76 = 387.74; ADG: F9, 58.75 = 

30.18; FE: F9, 51.66 = 30.42; Calf Starter: F9, 43.14 = 186.38). Male calves had greater BW 

than females (P < 0.001; F1, 41.67 = 22.17), and a BW day × sex interaction was observed 

(P < 0.05; F9, 40.02 = 2.14). Male calves fed ITM had higher ADG than those fed OTM on 

d 49 (1.02 vs. 0.86 kg/d) and d 70 (1.39 vs. 1.09 kg/d). An ADG sex effect (P < 0.05; F1, 

36.03 = 7.93) and a treatment × sex interaction (P < 0.05; F1, 37.08 = 4.50) were observed. 
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Feed efficiency differed by sex (P < 0.001; F1, 157.16 = 17.31). No treatment effects or 

interactions were observed for starter intake. 

  



 

96 

 

Table 4.3 Least square means (LSM) performance response for calves fed different sources 

of trace minerals in Experiment 1 (UVM). 
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Table 4.3 (Continued) Least square means (LSM) performance response for calves fed 

different sources of trace minerals in Experiment 1 (UVM). 
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4.4.1.2 Blood Chemistry 

 Blood chemistry results are presented in Table 4.4. No differences in blood 

chemistry were observed by treatment, However, sex differences were noted for albumin 

(g/dL) (P < 0.05; t = 2.14) and cholesterol (mg/dL) (P < 0.05; t = 1.32). Female calves 

had greater creatinine (mg/dL) (P < 0.05) fed the ITM treatment than those fed OTM (0.59 

vs. 0.49 mg/dL). 

Table 4.4 Least square means (LSM) serum blood metabolites on d 60 for calves fed 

different sources of trace minerals in Experiment 1 (UVM). 

Item Sex 
Treatment 

SE 
P-Value 

ITM1 OTM2 Trt Sex Trt x Sex 

Albumin, g/dl 
M 3.39 3.41 

0.08 NS P < 0.05 NS 
F 3.16 3.35 

ALP3, u/l 
M 301 286 

33.3 NS NS NS 
F 278 304 

Anion Gap, mmol/l 
M 19.6 18.8 

0.6 NS NS NS 
F 19.7 19 

Chloride, mmol/l 
M 97.5 97.5 

0.52 NS NS NS 
F 97.7 98 

Cholesterol, mg/dl 
M 69.5 71.9 

3.4 NS P < 0.05 NS 
F 62.7 59.9 

CK4, u/l 
M 89.3 68.6 

20 NS NS NS 
F 112.3 96.6 

Creatinine, mg/dl 
M 0.52 0.52 

0.03 NS NS NS 
F 0.59* 0.49* 

Total Bilirubin, mg/dl 
M 0.11 0.12 

0.02 NS NS NS 
F 0.14 0.12 

Direct Bilirubin, mg/dl 
M 0.01 0 

0.01 NS NS NS 
F 0.01 0.01 

Indirect Bilirubin, mg/dl 
M 0.11 0.12 

0.02 NS NS NS 
F 0.13 0.11 

GGT5, u/l 
M 13.9 13.5 

0.85 NS NS NS 
F 13.5 13.9 

Globulin, g/dl 
M 2.34 2.2 

0.21 NS NS NS 
F 2.73 2.41 

Glucose, mg/dl 
M 113 108 

4.44 NS NS NS 
F 113 107 

*Indicates significant difference (P < 0.05) for this sex and variable. 1ITM = Inorganic trace mineral (n 

= 21); 2OTM = Organic trace mineral (n = 22); 3ALP = alkaline phosphatase; 4CK= creatine kinase; 
5GGT = gamma-glutamyl transferase. 



 

99 

 

 

Table 4.4 (Continued) Least square means (LSM) serum blood metabolites on d 60 for 

calves fed different sources of trace minerals in Experiment 1 (UVM). 

Item Sex 
Treatment 

SE 
P-Value 

ITM1 OTM2 Trt Sex Trt x Sex 

Osmolarity, mmol/l 
M 290.6 290.3 

0.93 NS NS NS 
F 290.4 291 

TCO23, mmol/l 
M 27.7 28.7 

0.51 NS NS NS 
F 27.3 27.6 

Total Protein, g/dl 
M 5.71 5.63 

0.16 NS NS NS 
F 5.87 5.76 

Urea, mg/dl 
M 11.2 11 

0.53 NS NS NS 
F 11.1 11.7 

*Indicates significant difference (P < 0.05) for this sex and variable. 1ITM = Inorganic trace mineral (n 

= 21); 2OTM = Organic trace mineral (n = 22); 3TCO2= total carbon dioxide. 

 

4.4.1.3 Serum Minerals 

 Serum mineral results are presented in Table 4.5.  Potassium was greater in the ITM 

group (P < 0.05; t = -1.80). No other differences by sex or treatment × sex interactions 

were detected. 

Table 4.5. Least square means (LSM) serum trace minerals on day 60 calves fed different 

sources of trace minerals in Experiment 1 (UVM). 

Item Sex 
Treatment 

SE 
P-Value 

ITM1 OTM2 Trt Sex Trt x Sex 

Macrominerals 

Calcium, mg/dl 
M 10.7 10.6 

0.14 NS NS NS 
F 10.4 10.6 

Phosphorus, mg/dl 
M 8.75 9.01 

0.26 NS NS NS 
F 9.13 9.13 

Magnesium, mg/dl 
M 2.01 2.01 

0.04 NS NS NS 
F 1.95 1.97 

Sodium, mmol/l 
M 140.1 140.3 

0.41 NS NS NS 
F 140.1 140.5 

*Indicates significant difference (P < 0.05) for this sex and variable. 1ITM = Inorganic trace mineral (n 

= 21); 2OTM = Organic trace mineral (n = 22). 
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Table 4.5 (Continued). Least square means (LSM) serum trace minerals on day 60 

calves fed different sources of trace minerals in Experiment 1 (UVM). 

Item Sex 
Treatment 

SE 
P-Value 

ITM1 OTM2 Trt Sex Trt x Sex 

Macrominerals 

Potassium, mmol/l 
M 4.57 4.47 

0.09 P < 0.05 NS NS 
F 4.61 4.38 

Trace Minerals 

Iron, ug/dl 
M 150 196 

24.2 NS NS NS 
F 219 205 

Zinc, ug/dl 
M 0.91 0.92 

0.05 NS NS NS 
F 0.96 1.01 

Copper, ug/ml 
M 0.51 0.51 

0.03 NS NS NS 
F 0.55 0.55 

Manganese, ng/ml 
M 1.39 1.27 

0.16 NS NS NS 
F 1.47 1.57 

Cobalt, ng/ml 
M 0.74 0.93 

0.10 NS NS NS 
F 0.65 0.91 

Molybdenum, ng/ml 
M 12.9 13.4 

0.76 NS NS NS 
F 14.8 13.6 

Selenium, ng/ml 
M 53.5 56.3 

1.91 NS NS NS 
F 54.8 58 

*Indicates significant difference (P < 0.05) for this sex and variable. 1ITM = Inorganic trace mineral (n 

= 21); 2OTM = Organic trace mineral (n = 22). 

 

4.4.2 Experiment 2 

4.4.2.1 Performance 

 Performance variables (body weight, ADG, FE, and calf starter intake) are 

presented in Table 4.6. Body weight, ADG, FE, and calf starter intake did not differ by 

treatment. Performance varied by day (P < 0.001; BW: F8, 125 = 343.73; ADG: F8, 192.64 = 

133.90; FE: F8, 125 = 31.08; Calf Starter: F8, 119.59 = 288.11).   
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Table 4.6. Least square means (LSM) performance response for calves fed different 

sources of trace minerals in Experiment 2 (MV). 

Item Day 

Treatment 

SE 

P-Value 

ITM1 OTM2 Trt Day 
Trt x 

Day 

Body 

Weight, 

kg 

7 52.01 51.87 0.20 

NS P < 0.001 NS 

14 54.30 53.82 0.27 

21 59.34 58.58 0.40 

28 65.22 64.93 0.54 

35 72.73 71.82 0.73 

42 80.20 80.02 0.92 

49 86.83 86.03 1.09 

56 95.17 94.58 1.27 

63 103.83 103.84 1.49 

Average 

Daily Gain, 

kg/d 

7 0.69 0.65 0.04 

NS P < 0.001 NS 

14 0.35 0.29 0.03 

21 0.74 0.69 0.04 

28 0.86 0.91 0.04 

35 1.09 0.99 0.04 

42 1.09 1.18 0.05 

49 0.97 0.87 0.06 

56 1.21 1.23 0.05 

63 1.26 1.33 0.06 

Feed 

Efficiency, 

G:F 

7 0.95 0.93 0.05 

NS P < 0.001 NS 

14 0.37 0.30 0.04 

21 0.57 0.54 0.03 

28 0.60 0.65 0.03 

35 0.68* 0.61* 0.02 

42 0.71 0.79 0.04 

49 0.57 0.49 0.04 

56 0.57 0.58 0.03 

63 0.46 0.47 0.03 

Calf Starter 

Intake, g of 

DM/d 

7 0.07 0.05 0.01 

NS P < 0.001 NS 

14 0.12 0.12 0.01 

21 0.24 0.22 0.03 

28 0.38 0.35 0.03 

35 0.57 0.58 0.04 

42 0.78 0.76 0.05 

49 1.18 1.19 0.06 

56 1.88 1.95 0.07 

63 2.56 2.53 0.08 
*Indicates significant difference (P < 0.05) for this sex and variable. 1ITM = Inorganic trace mineral (n 

= 64); 2OTM = Organic trace mineral (n = 63). 
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4.4.2.2 Blood Chemistry 

 Blood chemistry results are presented in Table 4.7. Only urea (mg/dl) showed an 

effect of treatment, with greater concentrations observed in OTM calves compared to ITM 

(P < 0.05, F1,21 = 5.80). A treatment × day interaction was also detected for urea (P < 0.05, 

F1,22 = 4.39), with higher concentrations in OTM than ITM on d 63 (11.83 vs. 10.09 mg/dl). 

Anion gap (mmol/l), direct bilirubin (mg/dl), glucose (mg/dl), and TCO₂ (mmol/l) were the 

only metabolites without a day effect; all other metabolites exhibited a day effect (Albumin 

(g/dl): P < 0.001; F1,22 = 18.98; ALP (u/l): P < 0.05; F1,22 = 12.00; Chloride (mmol/l): P 

< 0.001; F1,22 = 18.43; Cholesterol (mg/dl): P < 0.05; F1,22 = 7.61; CK (u/l): P < 0.05; 

F1,22 = 4.36; Creatinine (mg/dl): P < 0.001; F1,22 = 60.59; Total bilirubin (mg/dl): P < 

0.05; F1,22 = 12.78; Indirect bilirubin (mg/dl): P < 0.05; F1,22 = 9.10; GGT (u/l): P < 0.001; 

F1,22 = 26.94; Globulin (g/dl): P < 0.05; F1,22 = 9.98; Osmolarity (mmol/l): P < 0.001; 

F1,22 = 45.11; Total protein (g/dl): P < 0.001; F1,22 = 35.30; Urea (mg/dl): P < 0.001; F1,22 

= 269.43). Additionally, anion gap (P < 0.05, F1,22 = 4.41) and TCO₂ showed a treatment 

× day interaction (P < 0.05, F1,22 = 6.10). Calves in OTM group increased anion gap from 

d 42 (18.87 mmol/l) to d 63 (20.21 mmol/l) whereas the ITM did not (18.8 mmol/l to 18.46 

mmol/l). Alternatively, calves in the OTM group decreased TCO2 from d 42 (30.3 mmol/l) 

to d 63 (28.55 mmol/l) whereas the ITM did not (29.7 mmol/l to 29.86 mmol/l). 

Table 4.7. LSM serum blood metabolites on day 42 and 60 for calves fed different sources 

of trace minerals in Experiment 2 (MV). 

Item Day 
Treatment 

SE 
P-Value 

ITM1 OTM2 Trt Day Trt x Day 

Albumin, g/dl 
42 3.12 3.21 

0.05 NS P < 0.001 NS 
63 3.28 3.35 

* Indicates significant difference (P < 0.05) on this day and variable. 1ITM = Inorganic trace mineral (n 

= 12); 2OTM = Organic trace mineral (n = 12). 
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Table 4.7 (Continued). Least square means (LSM) serum blood metabolites on day 42 

and 60 for calves fed different sources of trace minerals in Experiment 2 (MV). 

Item Day 
Treatment 

SE 
P-Value 

ITM2 OTM2 Trt Day Trt x Day 

ALP3, u/l 
42 361.09 385.91 

33.72 NS P < 0.05 NS 
63 282.42 297.58 

Anion Gap, mmol/l 
42 18.8 18.87 

0.45 NS NS P < 0.05 
63 18.46* 20.21* 

Chloride, mmol/l 
42 96.52 96.15 

0.44 NS P < 0.001 NS 
63 97.69 97.73 

Cholesterol, mg/dl 
42 94.16 93.6 

7.56 NS P < 0.05 NS 
63 88.07 77.76 

CK4, u/l 
42 79.48 108.11 

36.99 NS P < 0.05 NS 
63 128.23 187.77 

Creatinine, mg/dl 
42 0.68 0.65 

0.03 NS P < 0.001 NS 
63 0.55 0.5 

Total Bilirubin, 

mg/dl 

42 0.15 0.17 
0.01 NS P < 0.05 NS 

63 0.12 0.11 

Direct Bilirubin, 

mg/dl 

42 0.01 0.01 
0.01 NS NS NS 

63 0 0 

Indirect Bilirubin, 

mg/dl 

42 0.14 0.16 
0.02 NS P < 0.05 NS 

63 0.12 0.1 

GGT5, u/l 
42 19.9 18.27 

0.9 NS P < 0.001 NS 
63 14.23 14.19 

Globulin, g/dl 
42 2.55 2.33 

0.12 NS P < 0.05 NS 
63 2.78 2.66 

Glucose, mg/dl 
42 116.72 110.78 

4.27 NS NS NS 
63 111.14 108.94 

Osmolarity, mmol/l 
42 288.39 288.78 

0.78 NS P < 0.001 NS 
63 292.3 293.53 

TCO26, mmol/l 
42 29.7 30.3 

0.45 NS NS P < 0.05 
63 29.86* 28.55* 

Total Protein, g/dl 
42 5.66 5.55 

0.11 NS P < 0.001 NS 
63 6.06 6.02 

Urea, mg/dl 
42 6.67 7.41 

0.4 P < 0.05 P < 0.001 P < 0.05 
63 10.09* 11.83* 

*Indicates significant difference (P < 0.05) for this sex and variable. 1ITM = Inorganic trace mineral (n 

= 12); 2OTM = Organic trace mineral (n = 12); 3ALP = alkaline phosphatase; 4CK= creatine kinase; 
5GGT = gamma-glutamyl transferase; 6TCO2= total carbon dioxide. 

 

4.4.2.3 Serum Minerals 

Serum mineral results are presented in Table 4.8. No treatment differences were 

observed for serum minerals on d 42 or 60. Significant day effects were detected for 
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phosphorus (P < 0.001, F1,22 = 21.80), sodium (P < 0.001, F1,22 = 23.52), potassium (P < 

0.001, F1,22 = 49.36), iron (P < 0.05, F1,22 = 9.31), zinc (P < 0.001, F1,22 = 18.71), copper 

(P < 0.001, F1,22 = 24.09), cobalt (P < 0.05, F1,22 = 5.38), molybdenum (P < 0.001, F1,22 

= 35.30), and selenium (P < 0.001, F1,22 = 256.30). Selenium differed on d 63, with higher 

concentrations in the OTM group compared to ITM (P < 0.05; 57.95 vs. 55.05 ng/ml).  

Table 4.8 Least square means (LSM) serum minerals on d 42 and d 60 for calves fed 

different sources of trace minerals in Experiment 2 (MV). 

Item Day 

Treatment 

SE 

P-Value 

ITM1 OTM2 Trt Day 
Trt x 

Day 

Macrominerals 

Calcium, mg/dl 
42 10.55 10.73 

0.13 NS NS NS 
63 10.59 10.49 

Phosphorus, mg/dl 
42 9.23 9.67 

0.21 NS P < 0.001 NS 
63 8.51 8.68 

Magnesium, mg/dl 
42 1.88 1.99 

0.05 NS NS NS 
63 1.93 1.98 

Sodium, mmol/l 
42 139.85 139.98 

0.34 NS P < 0.001 NS 
63 141.27 141.57 

Potassium, mmol/l 
42 5.28 5.41 

0.08 NS P < 0.001 NS 
63 4.79 4.83 

Trace Minerals 

Iron, ug/dl 
42 96.95 113.71 

23.2 NS P < 0.05 NS 
63 149.12 155.21 

Zinc, ug/dl 
42 0.88 0.88 

0.04 NS P < 0.001 NS 
63 1.02 1.02 

Copper, ug/ml 
42 0.57 0.54 

0.03 NS P < 0.001 NS 
63 0.65 0.67 

Manganese, ng/ml 
42 1.46 1.58 

0.13 NS NS NS 
63 1.46 1.58 

Cobalt, ng/ml 
42 7.57 10 

0.84 NS P < 0.05 NS 
63 11.13 10.63 

Molybdenum, ng/ml 
42 12.29 16.72 

4.33 NS P < 0.001 NS 
63 31.05 34.65 

Selenium, ng/ml 
42 45.38 45.62 

0.89 NS P < 0.001 NS 
63 55.05* 57.95* 

* Indicates significant difference (P < 0.05) on this day and variable. 1ITM = Inorganic trace mineral (n = 

12); 2OTM = Organic trace mineral (n = 12). 
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4.4.2.4 Liver Minerals 

 Liver mineral results are presented in Table 4.9. No treatment differences were 

observed for liver trace minerals on d 42.  

Table 4.9 Least square means (LSM) liver trace minerals on day 42 calves fed different 

sources of trace minerals in Experiment 2 (MV). 

Item 
Treatment 

SE P-Value 
ITM1 OTM2 

Iron, ug/g 319 319 44.4 NS 

Zinc, ug/g 218 175 23.3 NS 

Copper, ug/g 326 330 38.7 NS 

Manganese, ug/g 8.17 6.63 1.15 NS 

Cobalt, ug/g 0.44 0.54 0.06 NS 

Molybdenum, ug/g 1.6 1.69 0.13 NS 

Selenium, ug/g 1.67 1.72 0.14 NS 
1ITM = Inorganic trace mineral (n = 12); 2OTM = Organic trace mineral (n = 12). 

 

4.4.2.5 Health 

 Predicted fecal score did not differ by treatment, only by day (Figure 4.1; P < 0.001, 

F1 = 141.89).  

 

Figure 4.1 Marginal probability of fecal scores by day and treatment in Experiment 2 

(MV). Trt: P = NS; Day: P < 0.001; Trt:Day: P = NS. ITM = Inorganic trace mineral (n = 

64); OTM = Organic trace mineral (n = 64). 
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 Predicted diarrhea treatment and respiratory treatment did not differ by treatment, 

where predicted probabilities for diarrhea treatment were 95.7% for ITM (95% CI: 75.6–

99.4) and 97.1% for OTM (95% CI: 84.7–99.5), and for respiratory treatment were 0.22% 

for ITM (95% CI: 0.02–1.97) and 0.18% for OTM (95% CI: 0.02–1.57), with P > 0.05 for 

both outcomes. 

4.5 Discussion 

 No major differences in performance, regardless of the source TM, where found in 

the two experiments supporting part of our hypothesis. However, health treatments, serum 

and liver TM status were not different due to the source of TM, contrary to our hypothesis. 

Additional parameters tested included major minerals and blood metabolites to elucidate 

any differences in metabolism and some differences were noted.  

 Our performance results were consistent with those of Osorio et al. (2012), with no 

observed differences between calves fed ITM and OTM. A key distinction between their 

study and ours was the milk allowance (plane of nutrition) assigned by treatment. In our 

experiment, calves received more than 3 Mcal/d of metabolizable energy (up to 5 Mcal/d), 

whereas in the study by Osorio et al. (2012), calves on the high plane of nutrition received 

3.42 Mcal/d during weeks 2 to 6, and those on the low plane received 1.72 Mcal/d. In their 

study, OTM improved performance under the high plane of nutrition. In contrast, our 

results suggest that when energy intake is more comparable across treatments, the effects 

of trace mineral source are limited.  

 Our overall mortality rate was less in both experiments In the United States, the 

average mortality rate is 5 % (USDA, 2021). As a limitation, Experiment 1 did not have a 
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daily fecal score representing all calves, so we are unable quantitively report morbidity in 

this experimental group. Furthermore, fecal scoring in Experiment 2 was only conducted 

up to d 21, so any incidence of diarrhea beyond this point was not captured. However, 

predicted fecal scores followed a similar distribution to those reported by Renaud et al. 

(2020). The aim of this experiment was to use indirect measures to assess the effects of  the 

source of TM. However, researchers may consider directly measuring the gut integrity or 

immune factors to better understand health responses and resilience in the event of a 

disease bout since scoring methods carry their inherent biases.  

Serum urea differences in Experiment 2 revealed an interesting trend. Jacometo et 

al. (2015) fed dams inorganic or organic TM during the last 30 d of gestation and observed 

lower serum urea in calves born to organic TM-fed dams on d 21, despite no overall 

treatment effect. In contrast, our results showed higher urea concentrations in calves fed 

OTM via milk replacer. While serum urea increased over time in both groups in our study, 

Jacometo et al. (2015) reported a decline. Because milk and milk replacers provide no 

rumen-degradable protein fraction, the gradual increase in crude protein intake from solid 

feed combined with physiological ruminal epithelial development in transitioning calves 

(Baldwin et al., 2004) may explain our observations. Furthermore, the difference in 

sampling time (d 21 in Jacometo et al. (2015) versus d 42 and d 63 in our study) may 

contribute to the observed disparities. 

Liver cobalt concentrations were slightly above the reference maximum of 0.4 µg/g 

reported by Herdt and Hoff (2011), with values in Experiment 2 averaging 0.44 µg/g for 

ITM and 0.54 µg/g for OTM. Serum maximum reference value is 2.0 ng/ml where in 

Experiment 2 on 42 d ITM was 7.57 ng/ml and OTM was 10 ng/ml and on 63 d ITM was 
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11.13 ng/ml and OTM was 10.63 ng/ml. Cobalt is a precursor for vitamin B12 synthesis, 

and its serum concentration can influence circulating B12 levels. As a result, serum cobalt 

is highly variable and influenced by dietary intake (Kincaid, 2000). In Experiment 2, blood 

samples were taken within two hours post-feeding. This sampling time may have 

contributed to the elevated circulating levels observed in Experiment 2. Slightly higher 

liver cobalt values compared to reference ranges further support this finding, as liver 

concentrations are considered a more reliable indicator of cobalt status than serum 

measurements. 

 Compared to the TM inclusion rates recommended by NASEM (2021), all TM were 

provided in excess in both experiments, based on combined intake from milk replacer and 

calf starter. Although milk replacers were formulated to deliver equivalent TM levels 

regardless of source, the low inclusion rates may have impacted mixing uniformity, 

potentially contributing to the differences shown in Table 1. Calf starter source of TM was 

not considered a variable, as all calves received the same starter in their respective 

Experiment and consistently consumed their assigned milk replacer treatments, ensuring 

uniform exposure across groups.  

 The results of this investigation build on previous work evaluating the nutritional 

incorporation of different sources of trace minerals and their effects on preweaned calves. 

While performance outcomes were unaffected by TM source, and mineral status remained 

within normal reference ranges, the health implications remain less clear. Limitations in 

daily health scoring, particularly in capturing postnatal morbidity beyond the early 

preweaning period, restrict the ability to draw firm conclusions about the influence of TM 

source on health. Given the biological roles of TM in immune development and gut 
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integrity, future research should focus on direct measures of immune response, gut barrier 

function, and perhaps pathogen resistance. More targeted assessments are needed to 

determine whether TM source influences disease resilience, particularly under conditions 

of environmental or pathogen stress, where micronutrient function may play a more critical 

role.  

4.6 Conclusion 

 Trace minerals play a key role in early calf development, but their source did not 

affect substantially growth and performance in these experiments. While no treatment 

differences in performance were observed in either trial, variability in serum metabolites 

suggests potential effects on health and other metabolic status. Differences in serum 

potassium were seen in Experiment 1, and urea levels varied by treatment in Experiment 

2, though liver mineral levels remained unchanged. Future research should explore whether 

TM source influences immune function or disease resilience, especially under stress 

conditions. 
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CHAPTER 5 SUMMARY AND CONCLUSIONS 

 The objective of this thesis was to contribute to the growing body of research on 

dairy calf nutrition, with a particular focus on early-life nutritional factors that influence 

calf health and development. The literature review explores two critical components of 

neonatal care: bovine colostrum composition and trace mineral sources in milk replacer. 

Colostrum is essential for the transfer of passive immunity and provides both nutrients and 

secondary components, while trace minerals are vital for immune function, metabolic 

processes, and growth. Foundational concepts, current recommendations, and emerging 

alternatives to conventional sources are examined, including comparisons of mineral forms 

and the variability in colostrum quality, as well as supplemental and replacement products. 

By synthesizing work on these topics and identifying knowledge gaps, the review provides 

context for evaluating how these nutritional inputs may shape calf performance and 

survivability. 

 Chapter 2 focuses on bovine colostrum, emphasizing the wide array of secondary 

components beyond immunoglobulin G, including growth factors, hormones, amino acids 

and proteins, cytokines, oligosaccharides, fatty acids, vitamins, minerals, enzymes, and the 

microbiome. Immunoglobulin G remains the most studied component due to its strong 

association with morbidity and mortality. Many other components appear to follow similar 

concentration patterns in early colostrum, but unlike IgG, their quantities are not well-

documented or clearly represented in the literature. The scoping review revealed that, over 

the past 25 years, few studies in the dairy nutrition field have explored these components 

in depth, despite their potential implications for calf health. As more operations adopt 

colostrum alternatives, there is a risk that some of these beneficial constituents may be 
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overlooked. On-farm variability in colostrum composition is well documented, and 

accurately quantifying components found in low concentrations remains a significant 

challenge. In applied settings, IgG continues to serve as the primary benchmark for 

colostrum quality, yet expanding the body of quantified data on secondary components 

could inform both producers and researchers. Doing so would support the development of 

evidence-based benchmarks and tailored colostrum management strategies, particularly as 

new technologies improve our understanding of colostrum composition. This chapter 

underscores the importance of considering these elements when evaluating the overall 

quality of colostrum delivered to calves. 

 Chapter 3 presents an experimental trial investigating the role of one specific 

protein, casein, in IgG absorption. Results indicate that a whey-based colostrum replacer 

supports successful transfer of passive immunity and is absorbed more rapidly than 

maternal colostrum, suggesting its potential as an effective alternative when high-quality 

colostrum is unavailable. While this experiment did not directly assess passage rate or 

quantify the composition of IgG retained during potential curd formation, the findings raise 

important questions about the long-accepted belief that casein-driven clotting enhances 

nutrient utilization in neonatal calves. Other authors have proposed that rapid absorption 

of IgG and overall nutrient transit may carry overlooked consequences, particularly with 

regard to fat-soluble components and amino acids discussed in previous chapters. These 

results challenge a well-established concept in neonatal ruminant nutrition and underscore 

the need for continued research into the basic principles of nutrient absorption and their 

association with immune function during early life. 
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 Chapter 4 reports findings from two trials evaluating inorganic (sulfate) and organic 

sources of trace minerals incorporated into milk replacers. Although research on trace 

mineral supplementation in calves is expanding, few studies have demonstrated clear and 

consistent links between mineral form and performance outcomes. Many variables, 

including milk allowance, environmental conditions, and baseline mineral status, can 

influence results and must be carefully controlled. In this investigation, we made a 

deliberate effort to control these factors and observed limited effects of trace mineral source 

on calf performance and health. However, differences in serum metabolites were noted, 

pointing to potential physiological changes that require further study. Trace minerals 

influence a wide range of biological functions, including enzyme activity, immune 

responses, oxidative stress balance, and cellular development. To better understand the 

impact of mineral form, future research should include more detailed immune, disease, and 

metabolic markers. These indicators may provide insight into how trace minerals influence 

long-term health, even when short-term performance outcomes appear unaffected. 

Understanding these underlying mechanisms is essential for improving animal resilience, 

promoting sustainability in production systems, and enhancing the overall vitality of 

calves. 

 In summary, this thesis advances the understanding of dairy calf nutrition by 

examining established practices and emerging strategies to support health and development 

during early life. Through a focused review of colostrum composition, studies on 

immunoglobulin absorption, and evaluation of trace mineral sources, it underscores the 

complexity of neonatal nutrition and the need for continued research into the biological 

mechanisms influencing immunity, metabolism, and long-term resilience.  
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