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ABSTRACT 

Our objectives were to evaluate the effects of heat stress (HS) and dietary 

supplementation with two levels of an organic acid and plant botanical (OA/PB) 

preparation on growth performance in Holstein calves. The OA/PB consisted of 25% 

citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; 

AviPlus R; Vetagro, Italy). In a completely randomized design, 62 bull and heifer calves 

were assigned to one of five groups (n = 11-14/group): thermoneutral conditions (TN-

Con), heat stressed conditions (HS-Con), thermoneutral conditions pair-fed to HS-Con 

(TN-PF), HS with low-dose OA/PB (75 mg/kg of body weight [BW]; HS-Low) or HS with 

high-dose OA/PB (150 mg/kg of BW; HS-High). Supplements were delivered as a twice 

daily bolus via the esophagus wk 1 through 13 of life; all calves received boluses 

equivalent for triglyceride. Post weaning, calves (62 ± 2 d; 95 ± 10.9 kg) remained in TN 

conditions (temperature-humidity index [THI]: 60 to 69) for a 7 d covariate period. 

Thereafter, calves remained in TN conditions or were moved to HS conditions (THI: 75 

to 83) for 19 d. Clinical assessments and BW were recorded, and blood was sampled 

multiple times. The mixed model included fixed effects treatment, time, and their 

interaction. Rectal and skin temperatures, and respiration rates were greater in HS-Con, 

relative to TN-Con (P < 0.01). Dry matter intake (DMI) and average daily gain (ADG) 

were lower in HS-Con, relative to TN-Con (P < 0.01). Plasma fatty acids were elevated 

in TN-PF versus all other groups (P = 0.04; not observed for HS-Con). DMI was greater 

with HS-Low, relative to HS-Con (P < 0.01) and HS-High had no effect. ADG for HS-

Low and HS-High were not different from HS-Con or TN-Con. We conclude that 
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reductions in DMI account for losses in growth of calves during HS and dietary OA/PB 

helped to partially mitigate the negative effects of HS. 

 

  



vi 

ABBREVIATIONS 

ADG Average daily gain  HS-Low Heat stress low organic 

acids and plant botanicals  

AST Aspartate amino transferase  IGF Insulin-like growth factors 

BHBA β-hydroxybutyrate  N Nitrogen  

BW Body weight   NADH Nicotinamide adenine 

dinucleotide phosphate 

CON Control   OA/PB Organic acids and plant 

botanicals  

DMI Dry matter intake  PF Pair-fed 

GH Growth hormone  THI Temperature-humidity index  

HS Heat stress  TN Thermoneutral 

HS-Con Heat stress control   TN-Con Thermoneutral control  

HS-High Heat stress low organic acids 

and plant botanicals 

 TN-PF Thermal neutral pair-fed 
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INTRODUCTION 

Excessive exposure to extreme heat reduces growth and milk production in dairy 

cattle, which contributes to substantial loss of profit for producers each year (Lees et al., 

2019). Although heat abatement technologies including sprinklers and fans provide 

dairy cattle some relief, heat stress [HS] may develop in these animals. This involves an 

evolutionary adaptation to reduce feed intake as means to lower the “heat increment” of 

feeding (O’Brien et al., 2010). The animal will also experience a redistribution of blood 

away from the gastrointestinal tract (i.e., mucosa) and towards the extremities in an 

effort to decrease body temperature (Yazdi et al., 2016). Enhanced permeability of the 

gut may also be a feature of heat stress in dairy cattle (Yazdi et al., 2016). The 

decrease in dry matter intake [DMI], and blood flow to the gut are adaptations by cattle 

to help lower heat load but has potential to decrease nutrient absorption by the intestine 

and cause endotoxemia through reduced intestinal barrier function. This is a concern 

because maintenance energy requirements increase during heat stress to support heat 

dissipation (e.g., increase respiration rate; O’Brien et al., 2010). In addition, nutrients 

are needed to support growth or lactation in dairy cattle. In animals, heat stress may 

slow body weight [BW] gain per day (i.e. average daily gain) [ADG] but also predispose 

them to bacterial infection (Hall et al., 2001; Pearce et al., 2013). 

Dietary approaches that improve gut health and nutrient absorption may be a 

means to enhance heat stress resilience in dairy cattle. One such example is dietary 

organic acid and plant botanical supplementation [OA/PB]. Organic acids include citric 

and sorbic acid, whereas plant botanicals include thymol, and vanillin. Citric acid 

decreases the load of pathogenic bacteria in the gut of pigs (Partanen et al., 1999; Grilli 
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et al., 2015b;). Sorbic acid inhibits the microbial enzymatic apparatus and nutrient 

transport system in bacterial cells (Sofos et al., 1986; Grilli et al., 2015b). Thymol acts 

as bacterial membrane permeabilizer allowing for leaking of ions which leads to 

disruption of membrane potential (Lambert et al., 2001; Grilli et al., 2015b). Vanillin is 

added as an aldehyde to improve feed palatability and digestibility for swine and poultry 

(Windisch et al., 2008; Grilli et al., 2015b). In rumen cultures, OA/PB supplementation 

was found to reduce the growth rate of pathogens including Escherichia coli and 

Salmonella Typhimurium (Grilli et al., 2015a). In weaned piglets, dietary OA/PB 

supplementation decreased intestinal permeability by enhancing the maturation of 

mucosa and decreasing systemic inflammation. These outcomes likely contributed to 

the observed increase in growth performance when OA/PB were fed to these animals 

(Grilli et al., 2015b). The objective of the research presented in this thesis was to 

evaluate the effects of heat stress and dietary OA/PB supplementation on growth 

performance in Holstein calves. My hypothesis was that the dietary supplementation of 

these nutrients would enhance growth in weaned Holstein dairy calves.   
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REVIEW OF THE LITERATURE 

Growth in calves 

Dairy calves at a young age have a tremendous ability for growth depending on 

the quality of milk and the nutrients supplied. Growth at an early stage of life has been 

found to directly impact future productivity of the animal (Soberon et al., 2012). Growth 

is affected by the calf’s plane of nutrition divided into two categories: energy and protein 

allowable gain. Allowable gain is how much energy and nutrients are left after essential 

maintenance processes for survival are met. If a diet only fulfills maintenance 

requirements, then growth is impeded. If the calf is fed below maintenance 

requirements, weight loss is observed. Metabolizable energy is the net energy 

remaining after fecal and urinary energy loss and represents the energy available for  

maintenance and growth in young calves. In order to support growth, metabolizable 

energy needs to exceed the maintenance requirement; however, dietary protein for 

growth must be considered. Due to the composition of milk and milk replacers, it is 

common for young calves to be limited in the amount of fed protein available for growth. 

To achieve maximum protein deposition for growth, the recommendation is to feed at a 

protein content of approximately 28% (Bartlett, 2001; Diaz et al., 2001). However, in a 

study by Drackley (2000), protein requirements were determined as a function of energy 

allowable gain. In calves fed at 2.3 Mcal/d as energy the dry matter protein requirement 

was lower than calves fed at 6.46 Mcal/d (Drackley, 2000). As written, one could infer 

that there is no ceiling for protein accretion and there definitively is. Regarding fat 

feeding, a milk replacer fat content of 15 to 20% has been deemed adequate for normal 
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growth and development in Holstein calves (Bartlett, 2001; Diaz et al., 2001). Increasing 

fat content beyond 20% supports BW gain in the form of adipose tissue.   

The main endocrine drivers of growth in young ruminants include growth 

hormone [GH] (i.e., somatotropin) and insulin-like growth factors [IGFs] (e.g., IGF-1). 

Growth hormone stimulates protein synthesis in multiple tissues. Growth hormone and 

IGFs act by stimulating amino acid uptake and stimulating proliferation and 

differentiation of myoblasts (Florini, 1996). Growth hormone has a pronounced lipolytic 

effect on adipose tissue (Butler and Le Roith, 2001). Growth hormone binds to growth 

hormone receptors in the liver and induces IGF-1 transcription and secretion from the 

liver. Other endocrine factors that influence health are thyroid hormone, insulin, gonadal 

hormones, and glucocorticoids. Thyroid hormone affects growth by stimulating growth 

hormone synthesis and secretion. Gonadal hormones play a key role later in calf life, 

near puberty. Lastly glucocorticoids secreted by adrenal gland in periods of stress have 

numerous physiological effects which include the down regulation of growth.  Colostrum 

fed to calves has been found to boost growth hormone and IGF concentrations in 

circulation (Chase et al., 2008). In a study by Daniels et al., (2008) it was also found that 

feeding milk replacer above 20% crude protein, and 21% fat increased IGF-1 levels. 

This response may contribute to enhanced growth at this heightened plane of nutrition 

(Daniels et al., 2008).     

 

Immunity in dairy calves 

Maintaining the health of growing calves is challenging due to their naïve 

immunity at birth. The immune system in calves takes approximately 6 months. When 
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calves are born, they receive passive immunity in the form of colostrum; the cow’s 

placenta is unable to transfer maternal immunoglobulins to the fetus. Colostrum 

contains immunoglobulins such as IgG and IgA, cytokines including interleukin-6 and 

interleukin 1-β, and leukocytes to provide early-life immunological protection. Shortly 

after birth, the ability of the intestine to absorb IgGs decreases and ends by 48 h of 

neonatal life. Thereafter, the neonatal calf relies predominantly on passive immunity 

until weaning. This represents a period of susceptibility to infection (i.e., “gap in 

immunity”) because passive immunity fades with time and the animals innate and 

adaptive immune systems are in early development (Chase et al., 2008). During this 

critical period of transition in immunity, the calf is highly susceptible to disease.  

The first line of defense against pathogen invasion is the innate immune system. 

This form of immunity is fast acting, broadly distributed, semi-specific, but short in 

duration. The cells of the innate immune system include monocytes, neutrophils, 

macrophages, granulocytes, and natural killer cells. In neonatal calves, decreased 

innate immune function is attributed to decreases in complement cascade activity, 

interferon production, natural killer cell function, dendritic cell population, and neutrophil 

and macrophage activity (Chase et al., 2008). Neutrophils rely on various mechanisms 

to kill microbes, which includes upregulating nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase activity, enhancing the production of hydrogen peroxide, 

and discharging cytosolic granules. In neutrophils NADPH oxidase is an enzyme 

complex that mediates the production and release of reactive oxygen species known as 

the oxidative burst. Hydrogen peroxide production occurs when neutrophils are 

activated by various stimuli leading to activation of the enzyme NADPH oxidase, which 
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manufactures superoxide’s that are partially converted to hydrogen peroxide.  The 

release of granules by neutrophils causes the release proteins that have antimicrobial 

and bactericidal properties. The newborn calf has decreased phagocytic ability of 

neutrophils (Menge, 1998). By week 1 of life, neutrophils become functional and by 5 

months age functionality is equivalent to adults (Kampen, 2006). The number of 

dendritic cells is lower in neonates compared to adults and the ability of these cells to 

present antigen to T lymphocytes to activate the adaptive immune system is limited. 

This results in less activation of the adaptive immune system during an infection 

(Morein, 2002; Chase et al., 2008).  

Adaptive immunity is slower acting than innate immunity but is specific to 

pathogens and is long-lasting. However, activation of adaptive immunity is reliant on the 

innate immunity and its functionality. Dendritic cells are part of the innate immune 

system that initiates the adaptive response by presenting antigenic peptides to T 

lymphocytes. This causes an interaction of co-stimulatory molecules on the surface of 

the dendrite cells and the T cells to produce an adaptive immune response in the form 

of antigen specific T lymphocytes (Kabarowski, 2009). Lymphocytes are the main 

combatant in adaptive immunity and consist of B and T cells. B cells produce antibodies 

to kill or mark bacteria for phagocytes to engulf. B cells can be activated to produce 

antibodies by helper T cells. Helper T cells also stimulate cytotoxic T cell development. 

The opposite of helper T cells are suppressor T cells, which deactivate T and B cells. 

The adaptive immunity has the unique ability to keep the memory of specific B and T 

cells in cases of repeat infection (Chase et al., 2008). Adaptive immunity in the neonatal 

calf is underdeveloped. The number of circulating B cells in neonates is greatly reduced 
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making up only 4% total lymphocytes at 1 week of age eventually increasing to 20% at 

6-8 weeks of age (Kampen, 2006). Both B and T cells of the neonate have no memory 

for past infections. It also has been found that mitogen activation of T lymphocytes is 

slightly decreased in neonates (Chase et al., 2008).    

 

Heat stress in dairy cattle 

At the onset of heat stress, dairy cattle exhibit physiological responses to 

maintain homeothermic body temperature. Heat stress-induced physiological responses 

are well characterized and include decreased feed intake, altered blood flow to skin, 

increased sweating and respiration rates, increased body temperature, and reduced 

immune status (Wijffels et al., 2013). Increased panting and sweating help to cool the 

animal but increase the energy needed for maintenance (Fuquay, 1981; Collier et al., 

1982). It is also hypothesized in dairy cattle that increased production and maintenance 

of heat shock proteins as well as increased Na+/K+ ATPase activity contributes to 

increased maintenance cost (Levy et al., 2005; Tomanek, 2010). Considering all these 

factors, increased maintenance costs of 25 to 30% are expected during heat stress (Fox 

and Tylutki, 1998). Occurring in parallel with increased maintenance cost, the 

heatstressed calf also experience reduced feed intake (Nonaka et al., 2008; O’Brien et 

al., 2010; Yazdi et al., 2016). In a study conducted by O’Brien (2010), growing cattle 

that were heat stressed experienced a 12% decrease in DMI compared to 

thermoneutral cattle. Reduced feed intake limits the availability of nutrients needed for 

maintenance and growth (O’Brien et al., 2010). It is important to realize that the 

utilization of metabolizable energy from fermentation and metabolism generates heat 
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(i.e., the heat increment), which results in net energy for maintenance or growth (Wijffels 

et al., 2013). Reduced feed intake is most likely a biological adaptation to reduce the 

heat increment of digestion and nutrient processing (West, 2003). It was found in beef 

cattle that metabolic heat produced during microbial fermentation accounts for 3 to 8% 

of the total heat production (Czerkawski, 1980). It is important to identify the 

contributions of reduced feed intake to lower growth performance in calves experiencing 

heat stress. Moreover, the direct effects of heat stress on physiology and metabolism 

within the context of growth deserves consideration in dairy calves (Baumgard and 

Rhoads, 2013). This is primarily because composition of tissue accretion is not 

considered when measuring gross changes in BW gain, so reduced feed intake may 

appear to be the main cause for compromised growth, but heat stress likely alters the 

hierarchy of tissue synthesis. In a study by O’Brien et al. (2010), they indicated that 

reduced intake accounted for 100% of the loss in growth during a 9-day heat stressed 

period in growing male beef cattle 4 to 5 months old. Carcass composition was not 

evaluated, and the effects of extended heat stress were not defined.  

A redirection of blood flow from visceral tissue (i.e., intestines) to peripheral 

tissue (i.e., skin) is another adaptation by cattle to facilitate heat loss to the environment 

(Kadzere et al., 2002; Yazdi et al., 2016). Redirection of visceral blood supply damages 

cells lining the gut and rumen due to decreased supply of oxygen and nutrients to these 

tissues along with reduced waste removal (Hall et al., 1999; Cronjé, 2005; Rollwagen et 

al., 2006). This inadequate blood supply is known as ischemia. Ischemia is observed in 

both the rumen and gastrointestinal tract of the heat stressed dairy cattle and is 

believed to have deleterious effects on growth through reduced function, digestion, and 
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absorption (West, 2003). This is because ischemia causes structural damage to 

epithelial cells which leads to reduced function of the gut (Lambert et al., 2002; Pearce 

et al., 2013). Reactive oxygen species are believed to be the main culprit for losses in 

gut functionality, an idea supported by the fact that synthesis of reactive oxygen species 

is promoted by ischemia and hypoxia (Hall et al., 1999; Cronjé, 2005). Reactive oxygen 

species reduce gut function because they are powerful oxidants that remove electrons 

from molecules initiating destructive chain reactions that impair cell structure and 

membrane integrity (Cronjé, 2005). Feed restriction in the absence of heat stress also 

disrupts intestinal function through increased oxidative stress (Ferraris and Carey, 

2000). Therefore, the effects induced by heat stress on the intestinal tract may be 

confounded and exacerbated by decreased feed intake (Wijffels et al., 2013).  

Changes in nutrient digestibility in response to extreme heat are also likely in 

livestock. In a study by Nonaka et al. (2008), young Holstein heifers subject to 14 days 

at 33°C experienced increased digestibility of gut contents due to decreased rate of 

passage of digest through the gut. In addition, gut retention time increased from 56 

hours at 20°C to 92 hours at 33°C (Nonaka et al., 2008). Increased breakdown and 

uptake of nutrients within the digesta, especially slow fermenting starches, is an 

outcome (Nonaka et al., 2008;). However, this increase in nutrient digestibility only 

appears to occur at the onset of heat stress and progressively decreases with duration 

of heat exposure. However, the long-term decrease in digestibility may not be due to the 

effects of hyperthermia on gut morphology, as proven in a study by Yazdi et al. (2016), 

who found that exposure to a 9-day heat stress protocol had little or no effect on rumen 

morphology in Holstein calves. More research is needed to better understand the 
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effects of heat stress on lower gut morphology and the role of the gastrointestinal 

microbiome on nutrient digestion.  

 Any stressor has the potential to redirect endocrine and metabolic processes 

toward maintenance of homeostasis and away from growth and production (Wijffels et 

al., 2013). The acute response to heat stress activates the hypothalamic pituitary 

adrenal axis and consequently increases circulating levels of stress hormones (i.e. 

cortisol) (Collier et al., 2006). Stress hormones reduce intake and down regulate growth 

(Silanikove, 2000; Collier et al., 2006). In a study by Rhoads et al. (2009, 2010) they 

observed that independent of reduced feed intake, heat stressed lactating cows had a 

decrease in hepatic GH receptor and hepatic IGF-1 mRNA abundance compared to 

pair-fed cows. The significance of reduced hepatic GH receptor abundance during heat 

stress is unclear at this time but may serve to alter other GH dependent hepatic 

processes such as gluconeogenesis regulation (Baumgard and Rhoads, 2013). If it can 

be proven that GH receptor abundance and IGF-1 levels are reduced in growing calves 

during heat stress then it could be hypothesized that heat stress has a negative effect 

on growth through altered partitioning of nutrients away from growth and towards 

survival mechanisms.  

A study by O’Brien et al., (2010) looked at metabolic adaptations in a group of 12 

beef cattle ~5 months old. To distinguish the effects of poor growth performance from 

decreases in nutrient intake, they used a thermoneutral pair-fed group for comparison. 

Both pair-fed and heat stressed cattle had decreased DMI (~12%) but heat stress 

caused a 30% increase in plasma insulin, compared to pair-fed (O’Brien et al., 2010). 

This spike in insulin is characteristic of heat stressed cattle (Wheelock et al., 2010). 
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Increased insulin is a unique adaptation in heat stress due to the fact that reduced feed 

intake and negative energy balance in lactating dairy cows suppresses circulating 

insulin (Bauman and Currie, 1980; Baumgard and Rhoads, 2013). Heat stressed 

Holstein bull calves also had heightened insulin secretion to a glucose tolerance test 

compared to thermoneutral pair-fed calves (O’Brien et al., 2010). The reasons for 

increased insulin concentrations and sensitivity are not fully understood but are believed 

to be a mechanism to upregulate the use of glucose by survival mechanisms 

(Baumgard and Rhoads, 2013). The mechanism for enhanced insulin signaling during 

heat stress is also not clear in growing dairy calves but is believed to be due to changes 

in circulating prolactin (Lacasse et al., 2012). Regardless of the mechanism, elevated 

insulin production and sensitivity has been found to lower blood glucose as well as non-

esterified fatty acids in heat stressed growing cattle (Nonaka et al., 2008; O’Brien et al., 

2010). The reduced feed intake heat stressed cattle experience should increase 

circulating fatty acids as seen in pair-fed cattle but due to high insulin levels adipose 

tissue lipolysis is suppressed (O’Brien et al., 2010). These postabsorptive metabolic 

adaptations promote glucose as the ideal energy source in heat stress because the 

efficiency of capturing ATP from glucose oxidation is high (meaning metabolic heat 

production is low), making it an ideal fuel choice compared to fatty acids (Baumgard and 

Rhoads, 2013). Reduced ability to mobilize adipose tissue is a key factor by which heat 

stressed dairy cattle are prevented from employing glucose sparing mechanisms. 

Normally these glucose sparing mechanisms are enlisted to maintain milk production or 

skeletal muscle accretion during periods of malnutrition (Vernon, 1992; Baumgard and 

Rhoads, 2013). 
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Heat stress also affects postabsorptive protein metabolism with changes in 

quantity of lean tissue accretion in growth (Schmidt and Widdowson, 1967; Close et al., 

1971; Lu et al., 2007). Increased catabolism of muscle is believed to increase plasma 

urea levels due to increased deamination of amino acids by the liver, resulting in more 

ammonia that needs to be captured as urea nitrogen and discharged into the blood 

stream (McGuire et al., 1989). Increased deamination and catabolism of muscle may be 

the result of reduced absorption of amino N by the rumen and intestine. This is 

supported by the fact that heat stress causes a redistribution of blood flow to the rumen 

and intestine to reduce amino N uptake (McGuire et al., 1989; O’Brien et al., 2010; 

Peace et al., 2013). The amount of skeletal muscle nitrogen accretion lost because of 

lower amino acid absorption by the rumen and intestine during heat stress is not yet 

known. Despite insulin’s ability to promote protein synthesis in muscles, increased 

skeletal muscle catabolism is still observed in heat stressed calves (Baumgard and 

Rhoads, 2013). There appears to be a difference between muscle and adipose tissue 

responsiveness to insulin during heat stress (O’Brien et al., 2010). Unfortunately, 

increased catabolism of skeletal muscle has negative effects on growth.   

The last important variable to consider is how heat stress may promote leakiness 

of the gastrointestinal tract and trigger inflammation, and the impact this may have on 

growth. Heat stress-induced ischemia and hypoxia caused by reduced blood flow to the 

intestine interferes with the function of tight junction proteins causing a reduction in 

barrier function of the gastrointestinal tract (Lambert et al., 2002; Pearce et al., 2013). 

Altered barrier function increases the permeability of the gastrointestinal tract and 

enhances an animal’s risk for bacterial transmigration into blood circulation. This 



13 

condition is referred to as “leaky gut”, which may elicit an immune response by the host 

thorough a common activator found on the surface of gram-negative bacteria, 

lipopolysaccharide (LPS; i.e., endotoxin) (Horst, et al., 2019). In crossbred gilts, heat 

stress and nutrient restriction by pair-feeding was demonstrated to increase 

permeability of jejunum to endotoxins ex vivo (Pearce et al., 2014). Even in the absence 

of heat stress higher plasma endotoxin concentrations have been observed in dairy 

cattle experiencing a bacterial challenge compared to control healthy cattle (Waldron, 

2006; Horst et al, 2019). The development of endotoxemia promotes inflammation and 

this activation of the immune system could have negative effects on growth through 

altered energy partitioning (Johnson, 1997; Horst et al., 2019). In the study by O’Brien 

et al., (2010) they concluded that reduced DMI induced by heat stress, fully explained 

the reductions in ADG for short-term heat stressed growing cattle. This is in contrast to 

mature lactating cows, where reductions in DMI account for approximately 35 to 50% of 

milk yield losses (Wheelock 2010). It is still unclear whether heat stress causes leaky 

gut in lactating cows, but it is hypothesized that such an occurrence shifts glucose 

utilization towards an activated immune system and away from the mammary gland 

(Kvidera et al., 2017).  

 

Dietary organic acid and plant botanical supplementation  

Dietary approaches that improve gastrointestinal health and nutrient absorption 

may be a means to enhance heat stress resilience in dairy cattle. One such example is 

dietary OA/PB supplementation. Organic acids of interest are citric and sorbic acids. 

Citric acid has a moderate antimicrobial effect when metabolized by bacteria (Partanen 
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et al., 1999; Grilli et al., 2015b). Citric acid can traverse bacterial cell membranes and 

lower the intracellular pH causing damage to enzymatic activity, protein, DNA, and 

extracellular membranes (Su et al., 2014). Sorbic acid is a long-chain unsaturated fatty 

acid that exerts strong antimicrobial actions by inhibiting the microbial enzymatic 

apparatus and uncoupling the cell’s nutrient transport system (i.e., extracellular 

membrane transporters). For plant botanical supplements, compounds of interest 

include thymol and vanillin. Thymol is a member of a class of compounds known as 

terpenoids, which act as membrane permeabilizer and pore forming agent that allows 

for ion leakage and membrane potential disruption to cause microbial cell death 

(Lambert, 2001). Vanillin is an anti-oxidant and anti-inflammatory compound (Windisch 

et al., 2008; Wu et al., 2009; Rita De Cássia et al., 2013). Vanillin is also utilized as a 

flavoring agent to improve feed palatability and digestibility (Windisch et al., 2008).  

In a study conducted by Grilli et al. (2015a), the effects dietary OA/PB 

supplementation (citric acid, sorbic acid, thymol, and vanillin) on the growth of 

foodborne pathogens (i.e., Escherichia coli and Salmonella typhimurium) was evaluated 

using pure bacterial cultures as well as in vitro mixed ruminal microorganism 

fermentations. Results showed that water-solubilized OA/PB in concentrations greater 

than 2 percent of total culture volume reduced growth rates and populations of 

Escherichia coli and Salmonella Typhimurium. It was also discovered that pathogen 

populations were reduced in in vitro mixed ruminal microorganism fermentations with 

the addition of organic acids and plant botanicals in concentrations greater than or 

equal to 5 percent of total culture volume. These findings suggest that dietary organic 

acid and plant botanical supplementation may be a means to reduce potentially harmful 
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populations of pathogenic bacteria found in the rumen and intestine of calves exposed 

to environmental conditions that promote heat stress (Likavec et al., 2016). 

 Grilli and coworkers (2015b) also evaluated the effects of dietary OA/PB 

supplementation on the intestinal integrity and inflammation in weaned pigs. For this 

study, twenty neonatal pigs received diets with or without dietary OA/PB 

supplementation. Ileum and jejunum tissue samples were collected post-weaning for 

analyses. The dietary therapy was able to improve the maturation of the intestinal 

mucosa by modulating the local and systemic inflammatory response resulting in a less 

permeable intestine (Grilli et al., 2015b). In broiler chickens, dietary organic acid 

supplementation has been shown to increase villi height, crypt depth, and the width of 

the tunica muscularis (Smulikowska et al., 2009). These physiological changes are 

likely to improve functionality of the intestine through improved absorption and digestion 

(Smulikowska et al., 2009). These studies suggest that dietary OA/PB supplementation 

may help to support gut function, enhance growth, and minimize that adverse response 

to extreme heat in dairy calves.  
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MATERIALS AND METHODS 

Experimental design and sampling 

All experimental procedures were approved by the Cornell University Institutional 

Animal Care and Use Committee (protocol #2018-0110). Beginning the first week of life, 

calves were housed at the Cornell University Dairy Research Center (Harford, NY). 

Calves were fed twice daily a milk replacer consisting of 26% CP, 20% fat at 1.75% of 

BW on a dry matter basis. At d 42 of age milk replacer intake was reduced by half and 

terminated on d 49 of age. Sixty-two weaned Holstein heifer and bull calves, averaging 

62 ± 2 d of age (mean ± SD) and 95 ± 10.9 kg of BW were enrolled in a study with a 

completely randomized design. Starter calf grain was fed ad libitum for the duration of 

the trial (Table 1). 

Table 1. Ingredient and nutrient composition (% of DM unless otherwise noted) of mixed 
grains diet and milk replacer. 

 

Abbreviations: ADF, acid detergent fiber; CP, crude protein; DM, dry matter; aNDF, acid 
neutral detergent fiber; TDN, total digestible nutrients; ME, metabolizable energy; NEm, 
net energy for maintenance; NEg, net energy for gain.  



17 

 Starting at wk 1 of life and for the duration of the study, calves received a diet 

unsupplemented (control; n = 35) or supplemented with OA/PB at two feeding levels (75 

mg or 150 mg/kg of BW; low OA/PB and high OA/PB, respectively; n = 11-14/group) 

divided equally over two esophageal boluses administered at 0800 and 1700 h daily. 

The OA/PB supplement was composed of 25% citric acid, 16.7% sorbic acid, 1.7% 

thymol, 1.0% vanillin, and 55.6% triglyceride (AviPlus R®; Vetagro, Italy). All calves 

including those on control treatment received an equivalent amount of triglyceride 

(vegetable lipid encapsulate). Gelatin capsules (Torpac; Fairfield, NJ) were utilized for 

bolus administration. Two weeks after weaning (62 ± 2 d of age), calves remained on 

starter and their respective dietary treatments but were transported to the Cornell 

University Block Barn (Ithaca, NY) for facility acclimation in thermoneutrality for 7 d (20 

± 1.7°C; 68 ± .04 relative humidity %; temperature-humidity index [THI] = 63 ± 2). 

Acclimated calves were subject to environmental conditions assigned at enrollment as 

follows: thermoneutrality and unsupplemented (TN-Con; n = 12, 6 heifers and 6 bulls), 

heat stressed and unsupplemented (HS-Con; n = 12, 6 heifers and 6 bulls), 

thermoneutrality and unsupplemented but pair-fed to match the intake of heat stressed 

and unsupplemented calves (TN-PF; n = 11, 6 heifers and 5 bulls), heat stressed and 

supplemented with low-dose OA/PB (HS-Low; n = 14, 8 heifers and 6 bulls), and heat 

stressed and supplemented with high-dose OA/PB (HS-High; n = 13, 7 heifers and 6 

bulls) for a 19-d period. Temperatures for each environment were monitored using 

HOBO® loggers (model lMX2300; Onset Computer Corporation, Bourne, MA). For 

thermoneutral conditions, daily ambient temperature was kept at ~18 to 22°C. For heat 

stress conditions, ambient temperature increased at 0700 h from 27 to 34°C and 
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decreased at 1700 h from 34 to 27°C. The goal was to maintain a THI of ≤ 68.0 in 

thermoneutrality and between 76 (night) and 83 (day) for heat stressed conditioning. For 

TN-PF, calves in thermoneutrality were pair-fed with HS-Con on a per kg of metabolic 

BW basis to eliminate confounding effects of dissimilar nutrient intake. Water was 

provided ad libitum but intake was not recorded.  

Rectal temperatures were recorded at 0800, 1200, and 1700 h daily. If calves 

developed a rectal temperature above 40.8°C, they were removed (max of 20 min) from 

and then returned to heat stressed conditioning when rectal temperatures were below 

40°C to remain IACUC compliant. Skin temperatures and respiration rates were 

recorded at 0800 and 1700 h daily. Body weight (kg) were recorded weekly. Blood was 

collected via the jugular vein at 0630 and 1630 h on d 1, 2, 3, 8, 15, and 19 of the 

experimental period. Blood samples (~6 mL) were centrifuged at 3,400 × g for 20 min. 

Separated plasma or serum was initially stored at -20°C and then transferred to -80ᵒC 

for long-term storage within 2-weeks of collection. 

 

Sample analyses 

A standard wet chemistry analysis was performed on milk replacer and starter 

grain by Cumberland Valley Analytical Services Inc. (Cumberland, MD). Parameters; 

dry matter (DM) drying at 135°C (AOAC International, 2000), crude protein (CP) Leco 

FP-528 nitrogen combustion analyzer method (AOAC International, 2000), soluble 

protein borate-phosphate procedure (Krishnamoorthy et al., 1982), acid detergent fiber 

(ADF) Acid detergent solution procedure (AOAC International, 2000), acid neutral 
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detergent fiber (aNDF) neutral detergent solution method (Van Soest et al., 1991), ash 

(AOAC International, 2000), total digestible nutrients (TDN).  

 Plasma markers were tested using an automated clinical chemistry analyzer 

(Daytona, Randox Laboratories Ltd., Kerneysville, WV). Specifically, plasma 

concentrations of albumin (Bromocresol green method #AB3800), aspartate 

aminotransferase (AST; IFCC method #AS3876), total protein (Biuret method 

#TP4001), triglycerides (glycerine phosphate oxidase peroxidase method #TR3823), 

urea (kinetic method #UR3825), glucose (ultraviolet method #GL3816), β-

hydroxybutyrate (BHBA; enzymatic method #RB1007), and calcium (arsenazo method 

#CA3871) using reagents provided by Randox. Total fatty acids (HR series NEFA-HR 

#999-34691, 995-34791, 991-34891, and 993-35191 Wako chemicals USA Inc., 

Richmond, VA) and serum amyloid A (solid phase sandwich ELISA method #TP-802, 

Tridelta Development Limited Ireland Co., Maynooth, Kildare) were quantified according 

to manufacturer’s instructions. 

  

Calculations and statistical analysis 

Statistical analyses were carried out using the mixed model procedure of SAS 

(v9.4, SAS Institute Inc., Cary, NC, USA) according to the following model: 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  =  𝜇𝜇 + 𝐶𝐶𝑖𝑖 + 𝐷𝐷𝑖𝑖 + 𝑇𝑇𝑖𝑖 + 𝑅𝑅𝑖𝑖 + 𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚 +  𝑝𝑝𝑉𝑉𝑉𝑉𝑉𝑉𝑛𝑛 + 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚𝑛𝑛 

Where is 𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   = dependent variable; 𝜇𝜇 = overall mean; 𝐶𝐶𝑖𝑖 = random effect of calf 

(i = 1 to 62); 𝑃𝑃𝑖𝑖  = fixed effect of day (j = 1 to 19); 𝑇𝑇𝑖𝑖 = fixed effect of time (k = 1 to 2); 𝑅𝑅𝑖𝑖  

= fixed effect of treatment (l = 1 to 5); 𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚   = BW at birth used as a covariate to 

remove sex effects;  𝑝𝑝𝑉𝑉𝑉𝑉𝑉𝑉𝑛𝑛  = pre-trial value for each response variable used as a 
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covariate; and 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚𝑛𝑛 = was the residual error. The model was used to evaluate growth 

and production parameters, clinical production responses, blood and plasma 

metabolites. Observations were deemed as outliers if Studentized residuals > 4.0 or < 

−4.0, and the effect of their removal was evaluated (≤ 1 per variable). Normality of the 

residuals was checked with normal probability and box plots and homogeneity of 

variances with plots of residuals versus predicted values in order ensure no violation of 

model assumptions. The least square means comparisons analysis was performed 

using the Tukey-Kramer adjustment. Main effects were declared significant at P ≤ 0.05 

and trending towards significance at 0.05 < P ≤ 0.15. Interactions were declared 

significant at P ≤ 0.10, and tendencies were declared at P ≤ 0.15. Results are 

expressed as least squares means ± SEM, unless otherwise noted. 
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RESULTS 

 The actual environmental conditions achieved are presented in Figure 1A-C. The 

peak temperature, humidity, and THI for thermoneutral and heat stressed conditions 

were 22 and 36ᵒC, 77 and 46%, and 69 and 83 THI, respectively. Housing post-weaned 

Holstein calves in moderate heat stress conditions for 19 d increased rectal 

temperatures (39.7 vs. 38.7ᵒC), respiration rates (97 vs. 59 breaths per min), and skin 

temperatures (38.2 vs. 31.9ᵒC; HS-Con, HS-Low, HS-High vs TN-Con and TN-PF; P < 

0.01; Table 2 and Figure 2A-C). Although rectal temperatures decreased by morning 

measurement, respiration rates and skin temperatures would remain elevated across 

time. Interestingly, we observed a decrease in respiration rate and skin temperature 

with pair-feeding (P < 0.01), relative to control calves in thermoneutrality. Dietary OA/PB 

feeding at low or high levels did not modify rectal or skin temperatures, or respirations 

rates, relative to unsupplemented calves in thermoneutral conditions.  
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Figure 1. Environmental conditions for experimental weaned Holstein calves. (A) 
temperature, (B) humidity, and (C) temperature-humidity index (THI). 
1THI calculation: THI= 0.08*temp + relative humidity*(temp-14.4) + 46.4. Environmental 
conditions consisted of thermoneutral conditions THI: 60 to 90 and heat stress 
conditions THI: 75 to 83 
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Table 2. Effects of environmental conditioning and dietary organic acid and plant 
botanical supplementation on growth performance in weaned Holstein calves.1 

1In a completely randomized design, 62 bull and heifer calves were assigned to one of 
five groups (n = 12 or 13/group): Thermoneutral conditions (TN-Con), HS conditions 
(HS-Con), thermoneutral conditions pair-fed to HS-Con (TN-PF), HS with low-dose 
OA/PB (75 mg/kg of BW; 25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, 
and 55.6% triglyceride; AviPlus R; Vetagro, Italy; HS-Low), or HS with high-dose OA/PB 
(150 mg/kg of BW; AviPlus R; HS-High). 
2Difference in superscripts correspond to significance within row (P ≤ 0.05).  
  

Item TN-Con HS-Con TN-PF HS-Low HS-High SEM P-value2 

Rectal temperature, 
°C        

  0800 h 38.8A 39.3B 38.6A 39.4B 39.4B 0.08 <0.01 

  1200 h 38.9A 39.9B 38.6A 39.9B 39.9B 0.09 <0.01 

  1700 h 38.9A 39.9B 38.7A 39.9B 40.0B 0.09 <0.01 
Skin temperature, °C        
  0800 h 31.8A 37.7B 31.5A 37.7B 37.9B 0.41 <0.01 

  1700 h 32.8A 38.7B 31.8A 38.7B 38.8B 0.40 <0.01 
Respiration rate, 
breaths/min        
  0800 h 60A 91B 54A 94B 89B 2.73 <0.01 

  1700 h 64A 104B 58A 104B 101B 2.83 <0.01 
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Figure 2. Effects of environmental conditioning and dietary organic acid and plant 
botanical supplementation on the heat stressed response in weaned Holstein calves. 
(A) Rectal temperature, (B) respiration rate, and (C) skin temperature. In a completely 
randomized design, 62 bull and heifer calves were assigned to one of five groups (n = 
12 or 13/group): Thermoneutral conditions (TN-Con), HS conditions (HS-Con), 
thermoneutral conditions pair-fed to HS-Con (TN-PF), HS with low-dose OA/PB (75 
mg/kg of BW; 25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6% 
triglyceride; AviPlus R; Vetagro, Italy; HS-Low), or HS with high-dose OA/PB (150 
mg/kg of BW; AviPlus R; HS-High). For all figures, treatment, day, and treatment × day, 
P < 0.01. 
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Environmental conditions significantly modified DMI in post-weaned calves (P < 

0.05; Table 3). HS-Con decreased DMI by approximately 18%, relative to TN-Con (P < 

0.05). In accordance with our experimental design, TN-PF had similar DMI as compared 

to HS-Con (P = 0.99) but lower DMI, relative to TN-Con (P < 0.05). Although DMI was 

comparable for HS-Con, HS-Low, and HS-High,  

 

Table 3. Effects of environmental conditioning and dietary organic acid and plant 
botanical supplementation on growth performance in weaned Holstein calves.1 

  
Item TN-Con HS-Con TN-PF HS-Low HS-High SEM P-value2 

       
DMI, kg/d 3.81A 3.13B 3.05B 3.37AB 3.14B 0.16 <0.01 

BW, kg 108.9 104.0 104.3 106.1 103.4 2.98 0.65 

ADG, kg/d 1.32A 0.84B 1.04AB 0.93B 0.96AB 0.09 <0.01 
 

1In a completely randomized design, 62 bull and heifer calves were assigned to one of 
five groups (n = 12 or 13/group): Thermoneutral conditions (TN-Con), HS conditions 
(HS-Con), thermoneutral conditions pair-fed to HS-Con (TN-PF), HS with low-dose 
OA/PB (75 mg/kg of BW; 25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, 
and 55.6% triglyceride; AviPlus R; Vetagro, Italy; HS-Low), or HS with high-dose OA/PB 
(150 mg/kg of BW; AviPlus R; HS-High). 
2Difference in uppercase superscripts correspond to significance within row (P ≤ 0.05). 
Difference in lowercase superscripts correspond to tendency for significance within row 
(0.05 < P ≤ 0.15). 

 

DMI intake for HS-Low was not significantly different from TN-Con (P > 0.15) and 

numerically greater than HS-Con. Upon closer examination, we detected a significant 

treatment by time interaction for HS-Low, whereas DMI was increased in HS-Low during 

the first week of the study, relative to HS-Con (P < 0.01; Figure 3). Although BW was 

not modified by treatment, HS-Con and HS-Low had lower ADG, relative to TN-Con 

(~35% lower; P < 0.01). Interestingly, TN-PF and HS-High had ADG values that were 
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not significantly different from TN-Con or HS-Con (P ≥ 0.16), suggesting that ADG 

responded in an intermediary manner for TN-PF and HS-Low.  

 
Figure 3. Effects of environmental conditioning and dietary organic acid and plant 
botanical supplementation on dry matter intake (DMI). In a completely randomized 
design, 62 bull and heifer calves were assigned to one of five groups (n = 12 or 
13/group): Thermoneutral conditions (TN-Con), HS conditions (HS-Con), thermoneutral 
conditions pair-fed to HS-Con (TN-PF), HS with low-dose OA/PB (75 mg/kg of BW; 25% 
citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; 
AviPlus R; Vetagro, Italy; HS-Low), or HS with high-dose OA/PB (150 mg/kg of BW; 
AviPlus R; HS-High).  

 

 Table 4 and Figure 4 describe changes in circulating plasma metabolites in 

response to environmental conditions and diet. Relative to thermoneutral conditioned 

calves, heat stressed calves had decreased plasma glucose concentrations (Treatment, 

P < 0.001; HS-Con vs TN-Con, P < 0.01). This effect was pronounced by d 8 of the 

experimental period (Treatment × Day, P = 0.11; Figure 4A). Pair-fed calves in 

thermoneutrality to match the intake of calves exposed to heat stress conditions 

increased circulating total fatty acids, relative to TN-Con and HS-Con (Treatment, P < 

0.0001; PF-TN vs TN-Con, P < 0.01). Plasma total fatty acids concentrations were 
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greatest during wk 2 of environmental conditions for the TN-PF calves (Figure 4B). Pair-

feeding calves in thermoneutrality also decreased plasma β-hydroxybutyrate [BHBA] 

concentrations, relative to all other treatments (Treatment, P < 0.001; Treatment × Day; 

Figure 4C). We detected a tendency for a treatment × day interaction for plasma urea 

concentrations being lowest in TN-Con calves wk 1 of the experimental period (P = 

0.06; Figure 4D). Treatment tended to modify plasma albumin concentrations (P = 0.11) 

being highest in TN-PF and lowest in HS-Con. Plasma aspartate aminotransferase 

[AST] was significantly lower in TN-PF vs all other treatments by the end of the 

experimental period (Treatment, P = 0.12; Treatment × Day, P = 0.01; Figure 4E). We 

also observed a tendency for plasma calcium concentrations to be modified by 

treatment (P = 0.06) being lowest in heat stressed calves and highest in thermoneutral 

calves. We did not detect a significant treatment or treatment × day effect for plasma 

total protein or triglyceride concentrations, or serum amyloid A. 
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Table 4. Effects of environmental conditioning and dietary organic acid and plant 
botanical supplementation on blood plasma in weaned Holstein calves.1 

1In a completely randomized design, 62 bull and heifer calves were assigned to one of 
five groups (n = 12 or 13/group): Thermoneutral conditions (TN-Con), HS conditions 
(HS-Con), thermoneutral conditions pair-fed to HS-Con (TN-PF), HS with low-dose 
OA/PB (75 mg/kg of BW; 25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, 
and 55.6% triglyceride; AviPlus R; Vetagro, Italy; HS-Low), or HS with high-dose OA/PB 
(150 mg/kg of BW; AviPlus R; HS-High). 
2Difference in uppercase superscripts correspond to significance within row (P ≤ 0.05). 
Difference in lowercase superscripts correspond to tendency for significance within row 
(0.05 < P ≤ 0.15).  
 

  

Item 

 
Treatment   P-values 

TN-Con HS-Con TN-PF HS-Low HS-High SEM   Treatment2 

Metabolic markers                

Glucose, mmol/L 127.2A 117.1B 127.9A 115.8B 114.2B 2.26   <0.01 

Total fatty acids, 
µmol/L 70.3A 69.7A 105.3B 66.9A 80.8A 6.13   <0.01 

BHBA, mmol/L 0.36A 0.37A 0.26B 0.39A 0.37A 0.02   <0.01 

Urea, mmol/L 33.1  34.3 34.5  34.6 35.3 0.98   0.59 
Liver function & 
inflammation markers                

Serum amyloid A, 
ug/mL 67.1  55.7  64.3  46.6  43.2  14.3   0.61 

Albumin, g/L 3.78ab  3.74a 3.89b 3.74a 3.77ab  0.05   0.11 

Total protein, g/L 6.95  6.83  6.95  6.91  6.81  0.10   0.75 

AST, U/L 90.3ab 94.1a 76.1b  94.1a 92.6ab  5.80   0.12 

Triglycerides, mmol/L 31.5 27.6  29.9  30.3 29.8  1.52   0.46 

Calcium, mmol/L 10.7 10.4  10.7  10.4 10.4 0.11   0.06 
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Figure 4. Effects of environmental conditioning and dietary organic acid and plant 
botanical supplementation on blood plasma in weaned Holstein calve. (A) glucose, (B) 
total fatty acids, (C) β-hydroxybutyrate (BHBA), (D) urea, and (E) aspartate 
aminotransferase (AST). In a completely randomized design, 62 bull and heifer calves 
were assigned to one of five groups (n = 12 or 13/group): Thermoneutral conditions 
(TN-Con), HS conditions (HS-Con), thermoneutral conditions pair-fed to HS-Con (TN-
PF), HS with low-dose OA/PB (75 mg/kg of BW]; 25% citric acid, 16.7% sorbic acid, 
1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; AviPlus R; Vetagro, Italy; HS-Low), 
or HS with high-dose OA/PB (150 mg/kg of BW; AviPlus R; HS-High).  
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DISCUSSION 

In this study, we were able to establish heat stress and thermoneutral 

environmental conditions for group comparison. We did observe a decrease in relative 

humidity with an increase in ambient temperature; which could not be avoided with 

facility limitations; however, our target THI values for each environmental condition were 

achieved. The thermoneutral group had a consistent THI < 70 and the heat stress group 

had a peak THI of 82 and an overnight low THI of ~76. According to Armstrong (1994) a 

THI ranging from 72 to 79 induces mild heat stress in dairy cattle whereas moderate 

and severe stress is caused by a THI ranging from 80 to 89 and 90 to 98, respectively 

and is fairly indicative of heat stress in growing calves.  We consider that our calves 

experienced severe heat stress during the daytime hours and moderate heat stress at 

night due to cooling.   

Heat stress caused rectal and skin temperatures to increase in calves with 

highest temperatures observed in the evening at 1700 h and the lowest temperatures at 

0800 h. Overnight cooling in heat stressed calves contributed to reduced rectal 

temperatures. Heat also increased respiration rate, which suggests that calves adapted 

to reduce heat load; however, respiration and skin temperatures remained elevated 

overnight. These data suggest that although calves were cooled each night, the 

response to heat stress was continuous throughout the duration of each day. Heat 

stress also substantially decreased DMI in HS-Con calves by ~18% compared to TN-

Con animals. O’Brien’s et al. (2010) and Yazdi et al. (2016) observed ~12 and 20% 

decreases in DMI, respectively, relative to a thermoneutral control. Our findings were 

comparable. To identify the contributions of reduced DMI to lower growth performance 
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in calves, a pair-fed model was utilized. We pair-fed starter intake on a metabolic BW 

basis, and DMI was equivalent between the HS-Con and TN-PF groups. It was 

observed that TN-PF calves had lower rectal temperatures as compared to TN-Con. 

This observation is likely due to less metabolic heat from digestion and metabolism of 

nutrients because TN-PF were fed less then TN-Con calves. Heat stressed calves had 

reduced ADG as compared to TN-Con. With regard to TN-PF, their ADG values were 

comparable to HS-Con and TN-Con (i.e., numerically intermediate between the two). 

Our findings are similar to O’Brien et al. (2010) and Yazdi et al. (2016) because they 

also report similar decreases in ADG between heat stressed and pair-fed groups. These 

observations led the authors to conclude that the reduction in ADG observed was due to 

decreased DMI. However, they report that ADG was different between ad libitum and 

both pair-fed and heat stressed calves. Our experimental design included an ad libitum 

fed group within the same experimental period, and ADG was comparable between this 

group and the pair-fed animals, which was different from their studies; albeit, pair-fed 

calves had numerically lower ADG. In addition to a difference in experimental design, 

differences between our study and the work by Yazdi et al. (2016) and O’Brien et al. 

(2010) include dissimilarities in age (our calves were younger), gender (our study 

included heifers), duration (our study was twice as long) and severity (we achieved 

reduced temperatures by 5 °C) of heat stress. 

Blood was collected and analyzed for plasma metabolites. The reduction in blood 

glucose concentrations in response to heat stress is an observed response (Nonaka et 

al., 2008; O’Brien et al., 2010; Yazdi et al., 2016). Others have routinely observed an 

increase in circulating insulin concentrations with heat stress induction (Rhoads et al., 
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2009; O’Brien et al., 2010; Yazdi et al., 2016). An increase an insulin would explain an 

increase in glucose utilization. In addition, a lower starter intake likely reduced available 

glucose for intestinal absorption. Calves subjected to the TN-PF treatment had the 

ability to spare glucose which is most likely the result of an increased ability to mobilize 

fatty acids to be oxidized for energy. This is reflected in calves given the TN-PF 

treatment by increased levels of total fatty acids relative to all heat stressed calves. We 

hypothesize that circulating insulin concentrations were suppressed in TN-PF calves, 

relative to all heat stressed calves. Lower circulating insulin concentrations would 

suppress lipogenesis and enhance lipolysis and may explain the observed elevation in 

total fatty acids. We also observed greater circulating urea concentrations in heat 

stressed calves and TN-PF, relative to TN-Con. This is common in underfed and heat 

stressed animals and is believed to be due to altered rumen fermentation and increased 

proteolysis of skeletal muscle (Schneider et al., 1988; Kamiya et al., 2006). 

Interestingly, plasma aspartate aminotransferase (AST) was significantly lower in TN-PF 

vs all other treatments. Higher circulating AST concentrations often correlates with liver 

and muscle damage (Hashim, 2010); however, our observed concentrations were within 

the range of good clinical health.  

Despite the ADG losses observed in HS-Con calves, dietary OA/PB 

supplemented calves had a tendency to restore ADG throughout the 19 d heat stress 

period. Explanations for why ADG was preserved in HS-Low calves could be due to the 

increased DMI that was confirmed during wk 1; however, this was less pronounced in 

HS-High calves. One possibility that we considered is that dietary OA/OB 

supplementation was able to prevent inflammation and protect the intestinal barrier. 
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Previous studies using pigs are supportive (Pearce et al., 2013). Endotoxin has been 

shown to decrease ionized calcium in cattle (Kvidera et al., 2017). In our study, heat 

stress decreased total calcium in circulation. Perhaps this involved endotoxin 

transmigration across the intestinal epithelium. Endotoxin is also able to activate the 

acute phase response including the hepatic release of serum amyloid A (Kvidera et al., 

2017). In our study, heat stress did not modify circulating serum amyloid A 

concentrations. Dietary OA/PB feeding did not modify circulating calcium or serum 

amyloid A. It is possible that our heat stress protocol did not induce leaky gut; therefore, 

the ability to detect an effect of OA/PB feeding on measures of gut leakiness may have 

been hampered. Citrate is a key metabolite of the citric acid cycle and supports aerobic 

respiration in mammals to produce adenosine triphosphate. Based on this, another 

alternative is that calves fed citrate were able to spare glucose and amino acids for 

growth because of greater mitochondrial citrate utilization. Sorbic acid and thymol are 

anti-microbial compounds. Therefore, a third possibility is that OA/PB treatment 

prevented gastrointestinal dysbiosis, which is a common feature of heat stress in 

domestic animals (Grilli et al., 2015b). In support of this idea, OA/PB has been shown to 

reduce the proliferation of pathogenic bacteria in rumen cultures (Grilli et al., 2015a). 

We do recognize that we are not able to distinguish differences in body composition 

among treatment groups to explain the observations in ADG.  

  

Conclusion  

We conclude that heat stress impaired growth by reducing starter intake; 

however, the absence of an ADG response between TN-Con and PF-Con, or between 
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HS-Con and PF-Con suggests that reductions in starter intake were not completely 

explanatory. Dietary supplementation of organic acid and plant botanicals helped to 

partially mitigate the negative effects of heat stress including the enhancement of DMI 

and ADG; albeit, these responses were dependent on feeding level. Future research 

should investigate whether this dietary approach prevents gut microbial dysbiosis, 

inflammation, and barrier dysfunction to support growth. 
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