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Introduction 
 

During the preweaning and weaning periods for calves, there is heightened 
susceptibility to disease and gastrointestinal dysfunction, specifically in the small intestine 
before maturation of the rumen (Steele et al., 2016).  Morbidity and mortality related to 
diarrhea and other digestive issues continue to be an issue in young calves (Urie et al., 
2018).  Diarrhea in young calves reduces dry matter intake, body weight gain, and feed 
efficiency (Morrison et al., 2019). Understanding feeding practices that promote improved 
health and productivity of dairy replacement animals is critical for future success in the 
herd.  

 
While nutritional focus in mature cattle is centered on the rumen, shifting focus to 

the small intestine in the preweaning period is essential and necessary to optimize 
gastrointestinal growth potential, while also minimizing the risk of enteric challenge.  Gut 
growth is regulated by several factors, including metabolic and trophic hormones, and 
chemical and physical properties of the diet (Baldwin et al., 2004).  The interaction of the 
gut mucosa, microbiota, and feed is complicated (Niewold, 2015). As we further develop 
our understanding of the gastrointestinal tract’s (GIT) impact on calf health and growth, 
we can promote feeding strategies to optimize development and integrity of the GIT as 
well as minimize enteric challenges.  
 

Incidence Rate and Outcome of Diarrhea in Calves  
 

Incidence rate of morbidity and mortality continue to affect a large proportion of 
calves in the United States and around the globe.  Survey information of morbidity and 
mortality rates of heifers collected in the United States in 2014 was 33.9% and 5.0%, 
respectively (Urie et al. 2018).  Of the cases recorded, 56.0% of morbidity and 32.0% of 
mortality cases in heifer calves were attributed to digestive signs (Urie et al., 2018). The 
highest rate of abnormal feces is commonly seen within the first 3 wk of life (Bartels et 
al., 2010) with the greatest risk of treatment for diarrhea around 10 d of age (Waltner-
Towes et al., 1986; Windeyer et al., 2014).  

 
Calves may be predisposed to developing diarrhea in the first 21 d of life if they 

have increased intestinal permeability at birth (Araujo et al., 2015).  Additionally, calves 
that are given a delayed colostrum feeding have greater paracellular permeability, which 
could indicate slower tight junction closure that could allow pathogenic bacteria to further 
disrupt intestinal permeability and could result in diarrhea (Araujo et al., 2015).  Several 
studies in calves have indicated higher intestinal permeability in the second week of life 



(Araujo et al., 2015; Morrison et al., 2017) which correspond to increased fecal scores 
and could indicate damage to the villi in the small intestine (Hall, 1999).    

 
Animals that undergo either clinical or subclinical infections will eat and grow less 

and overall have reduced efficiency (Johnson, 1998). A dataset created from four 
experiments of transported calves classified them as either healthy or diarrheic in the first 
21 d after arrival (Morrison et al., 2019).  A retrospective analysis of health status was 
conducted to determine intake and growth of the calves which were managed similarly.   
In total data from 313 calves were used in the analysis with 96 calves classified as 
diarrheic [fecal score >2 (scale 1-4) for ≥3 d in the first 21 d after arrival]. Intake of milk 
replacer, water, starter, and electrolytes were all recorded. Body weight and growth were 
also measured.  

 
The cumulative number of days with elevated fecal scores were 1.88 vs. 6.84 ± 

1.19 d for healthy and diarrheic calves, respectively. Initial total protein concentrations 
were not different between classifications.  Intake of milk replacer for calves classified as 
diarrheic was lower and those calves were more likely to refuse part of the offered milk 
replacer amount. Intake of electrolytes was greater for calves classified as diarrheic.  
Cumulative starter intake was 40% lower in calves that were classified as diarrheic (0.9 
kg) compared with calves that were healthy (1.5 kg) in the first 21 d after arrival.  While 
starter intake does not make up a large portion of intake in this early preweaning period, 
the impact of diarrhea was evident.  Although not measured in this study and the 
timeframe was fairly short, lower starter intake resulting from a diarrheic event could delay 
rumen development if this pattern of reduced starter intake continued.  Finally, calves that 
were diarrheic had a 27% reduction in average daily gain (491 vs. 669 g/d), lower stature 
growth, and were less efficient (0.56 vs. 0.77 kg/kg; Morrison et al., 2019).     

 
Longevity and productivity of the cow have been associated with events in the calf 

period. Specifically, calves treated with antibiotics have decreased lifetime milk 
production (Soberon et al., 2012) and the number of days in the first 4 mo of life that a 
calf is sick negatively impacts first-lactation 305-d metabolizable energy and actual milk, 
protein, and fat production (Heinrichs and Heinrichs, 2011).  Further work is needed to 
continue to minimize the effect of digestive illness to improve production and welfare, and 
reduce increased costs associated with this issue.   
 

Interaction between the Calf Gastrointestinal Tract, Feed, and Microbiota 
  

The GIT of the animal, feed, and microbiota interact to form a dynamically complex 
ecosystem that when in balance work to support the health and growth of the animal 
(Niewold, 2015).  The GIT is a barrier that is able to selectively discriminate the contents 
of the lumen to allow selective absorption of nutrients, while also providing a protective 
barrier to harmful antigens and pathogens (Groschwitz and Hogan, 2009). A mixture of 
different epithelial cells in the GIT form a physical and biochemical barrier to separate the 
luminal contents and microorganisms from the host mucosa and immune system to 
maintain coexistence (Peterson and Artis, 2014).   
 



Intestinal Structure and Cells 
 

The small intestine is composed of absorptive epithelial cells (enterocytes), nerve 
cells, goblet cells, immune cells, and enteroendocrine cells (Peterson and Artis, 2014; 
Niewold, 2015).  Mature enterocytes work through active and passive transport and brush 
border enzyme activity to absorb nutrients (McOrist and Corona-Barrera, 2015).  The 
enteric nervous system is important for motility, secretion, blood flow, and the immune 
system (Hansen, 2003).   

 
A physical barrier is formed with the production of mucus from goblet cells, 

antimicrobial peptides, and immunoglobulin A (IgA; Hooper and Macpherson, 2010) 
which are important sites for both innate and adaptive immunity (Turner, 2009).  The 
mucus layer is a first line of defense against bacterial translocation to the mucosa while 
continuing to allow nutrients to be transported across the mucosa (Atuma et al., 2001; 
Kim and Ho, 2010). Antimicrobial peptides have different actions but many target the cell 
wall or membrane, while others enzymatically attack cell structures (Gallo and Hooper, 
2012; Hooper and Macpherson, 2010).  Intestinal epithelial cells secrete IgA antibodies 
that help regulate commensal bacteria by limiting bacterial association with the intestinal 
epithelial surface (Hooper and Macpherson, 2010; Peterson and Artis, 2014).   

 
Enteroendocrine cells represent approximately 1% of epithelial cells in the intestine 

and link central and enteric neuroendocrine systems through hormone regulators of 
digestive function (Peterson and Artis, 2014). Biological functions regulated by gut 
peptides include food intake, gastric emptying, motility, barrier function, and glucose 
metabolism.  Therefore, gut peptides secreted from enteroendocrine cells play an 
important part in absorption of nutrients but also maintenance of barrier function (Cani et 
al., 2013).   
 
Intestinal Permeability 

 
Permeability of the GIT is location dependent (Penner et al., 2014) and changes 

with age (Wood et al., 2015).  Transcellular permeability is responsible for the transport 
of solutes, including amino acids, electrolytes, short-chain fatty acids, and sugars, through 
selective transporters (Groschwitz and Hogan, 2009).  Paracellular permeability is the 
transport of molecules through the space between the epithelial cells via the apical-lateral 
membrane junction and the lateral membrane (Van Itallie and Anderson, 2006).  
Expression of junctional proteins are dependent on location within the intestine, location 
on the microvilli, and location between epithelial cell membranes (Groschwitz and Hogan, 
2009).  In ruminants, permeability of passive ions is greatest in the jejunum and least for 
the rumen and omasum (Penner et al., 2014).  Furthermore, small pore permeability 
increased after the rumen and omasum until the jejunum and then decreased in the ileum 
(Penner et al., 2014).  Small intestinal permeability can be measured non-invasively by 
dosing two different sized non-digestible probe molecules (Hall, 1999; Menzies et al., 
1979; Uil et al., 1997).  The larger molecules indicate paracellular permeability while the 
smaller molecules indicate transcellular permeability (Bjarnason et al., 1995).     

 



Inflammatory Response 
  

The mucosal immune system works to tolerate contents and microorganisms in 
the lumen and is activated when foreign antigens translocate the GIT barrier (Niewold, 
2015).  The recruitment of circulating inflammatory cells occurs with increased production 
and secretion of pro-inflammatory cytokines in response to foreign antigens (Al-Sadi et 
al., 2009).  Pro- and anti-inflammatory cytokines regulate intestinal barrier function 
differently (Al-Sadi et al., 2009).  An increase in pro-inflammatory cytokines increases the 
disruption of the tight junction barrier and overall increases GIT permeability (Al-Sadi et 
al., 2009; Ma and Anderson, 2006; Nusrat et al., 2000; Bruewer et al., 2006; Shen and 
Turner, 2006).  Alternatively, anti-inflammatory cytokines counteract some inflammation 
to help maintain tight junction functionality (Madsen et al., 1997; Forsyth et al., 2007).   

  
Trophic Hormones and Peptides 
 
 Cells within the GIT secrete a number of hormones and peptides that signal 
maintenance, growth, and repair of epithelial tissue (Drucker et al., 1994; Burrin et al., 
2003).  One of particular interest and research in recent years is glucagon-like peptide 2 
(GLP-2) which has a role in influencing trophic and regenerative actions in the intestinal 
epithelium (Burrin et al., 2000).  Upon ingestion of nutrients, specifically carbohydrates 
and lipids, GLP-2 is secreted from the intestinal L-cells along the jejunum, ileum, and 
colon (Estall and Drucker, 2006; Larsson et al., 1975; Eissele et al., 1992).   Specifically, 
GLP-2 has been shown to increase crypt cell proliferation and reduce apoptotic cell 
numbers which increases small intestinal mass (Tsai et al., 1997; Drucker et al., 1997).  
Furthermore, reductions in intestinal inflammation and increases in nutrient absorption in 
response to GLP-2 have been observed (Furness et al., 2013; Sigalet et al., 2007; 
Brubaker et al., 1997; Shirazi-Beechey et al., 2011).   

 
Overall, factors that regulate gut growth include metabolic and trophic hormones, 

and chemical and physical properties of the diet (Baldwin et al., 2004).  There are large 
energetic and nutrient costs associated with maintenance of the GIT in animals that are 
growing which greatly influences whole body metabolism (Baldwin et al., 2004).  
However, the actual energetic and nutrient cost is complicated by the influence of 
changes in tissue mass in response to plane of nutrition, chemical composition of the diet, 
and physiological status of the animal (Baldwin et al., 2004).   

 
Intestinal Dysfunction 

 
There are several instances that can lead to intestinal dysfunction, including 

pathogenic and nutritional insults that negatively affect intake, growth, and efficiency.  
Dysfunction of the GIT can be classified into three categories: 1) mucosal barrier 
disruption, 2) altered motility, and 3) atrophy of the mucosa (Martindale et al., 2013).  All 
of these effects have been associated with enteric disease attributed with pathogenic 
bacteria resulting in diarrhea (Connor et al., 2013, 2017; Walker et al., 2015) and weaning 
(Malmuthuge et al., 2013; Eckert et al., 2015; Wood et al., 2015).   

 



As the intestinal barrier becomes dysfunctional, an increased risk of foreign 
antigens and harmful bacteria accessing the underlying mucosa can lead to increased 
inflammation in the intestine (Cameron and Perdue, 2005).  Under these conditions, the 
adaptive immune system is activated which reallocates resources previously utilized for 
growth to the production of immune cells and antibodies (Iseri and Klasing, 2013).  
Reduced appetence and catabolism of muscle resulting in a reduction in growth is a 
consequence of increased inflammation, which further increases susceptibility to 
intestinal pathogens (Niewold, 2015).  Actions of enteric pathogens, including viruses, 
bacteria and protozoa, vary and affect different locations in the GIT.  Damage caused by 
enteric pathogens can include intestinal villus and colonic crypt atrophy, secretion of 
enterotoxins, necrosis, and disruption of epithelial tight junction (Cho and Yoon, 2014; 
Foster and Smith, 2009).  Damage caused in the GIT can cause prolonged malnutrition 
and result in decreased growth rates (Cho and Yoon, 2014).   
 

Nutrient induced secretion of GLP-2 and the associated effects in pig models has 
been suggested as an important element in intestinal adaptation during neonatal phases 
by improving mucosal cell proliferation, barrier function, and the inflammatory response 
(Burrin et al., 2003; Cameron and Perdue, 2005; Sigalet et al., 2007; Ipharraguerre et al., 
2013).  Since GLP-2 secretion is responsive to nutrient intake, circulating GLP-2 is 
reduced when milk ingestion drops below 0.875% of calf body weight on a DM basis 
(Castro et al., 2016).  Understanding and promoting GLP-2 and other trophic hormones 
could be important targets for improvements in intestinal integrity in situations that reduce 
feed intake like incidences of diarrhea or weaning (Connor et al., 2016).  Additional 
information on nutrient and ingredient influence of motility could also aid in preventing 
and recovering from intestinal dysfunction in calves.   

 
 Lower feed intake can lead to reduced growth and development of the intestinal 
mucosa (Buchman et al., 1995; Groos et al., 1996).  In a piglet model, varying levels of 
intake were fed to evaluate the amount of intake required to normalize intestinal growth 
(Burrin et al., 2000).  In this study, the authors observed that the proximal segments of 
the small intestine were most sensitive and that 40% of total nutrient intake was needed 
to increase wet weight and protein content, while the ileum requires 60% of enteral intake 
however, 80% of total intake was required to normalize wet weight and protein content in 
both sections (Burrin et al., 2000). 
 

Feeding and Diet Considerations 
  

While colostrum has critical importance in terms of nutrients and bioactive factors 
(Blum and Baumrucker, 2008; Nissen et al., 2017) and weaning strategies impact on GIT 
development and function, the focus for this will center on feeding strategies and diet 
considerations in the preweaning period.  Obviously, the transition into the ruminant 
phase and ruminal development continues to be a priority in terms of long-term animal 
success within the herd but areas of opportunity for improvement in intestinal dysfunction 
contributing to morbidity and mortality in the preweaning period are important.   
 
 



Feeding Rate and Intake 
 

Enhanced feeding rates of 20% of body weight, which are close to ad libitum 
intake, have been linked to increased body weight and growth, organ development and 
growth, metabolic and endocrine changes, improved feeding behavior, and immune and 
health (Hammon et al., 2020).  Increased GIT growth rate and protein accretion of calves 
with enhanced feeding have been observed when calves are fed whole milk or milk 
replacer in comparison to calves fed 4 to 6 L/d (Geiger et al., 2016; Schäff et al., 2016; 
Korst et al., 2017).  If you consider a 50 kg calf that is fed 20% of its body weight as milk 
or milk replacer, the calf would be offered 10 L per day.  In contrast, the same calf only 
fed 4 or 6 L/d would be only 40 to 60% of the enhanced feeding rate.  In neonatal piglets, 
40 to 60% of normal intake reduces small intestinal mass and protein content, while 80% 
of intake was needed to normalize this (Burrin et al., 2000).  Decreased circulating GLP-
2 concentrations at similar reduced intake has been observed when intake drops below 
0.875% of body weight as DM indicating lower trophic actions in the gut (Castro et al., 
2016).   

 
These changes in intestinal growth would be in line with observed increases in 

organ growth, including the small intestine, in response to increased feeding levels in 
calves (Geiger et al., 2016; Koch et al., 2019).   Furthermore, increased surface area and 
absorptive capacity in the small intestine results from increased feeding rates (Geiger et 
al., 2016; Koch et al., 2019).  Intestinal growth was likely mediated by changes in the local 
IGF system (Ontsouka et al., 2016).  Concerns over delayed rumen development 
because of delayed starter consumption (Khan et al., 2011) are common with higher 
levels of milk or milk replacer intake but comparable rumen development and transition 
can be achieved when an appropriate weaning timeline is used (Schäff et al., 2018).  

  
Greater nutrient supply has been suggested to improve intestinal maturation by 

supporting a proper adaptive immune response and stabilizing microbiota within the GIT 
to minimize risk of enteric challenges preweaning (Hammon et al., 2020).  Adequate 
nutrient supply may be required to mature the GIT immune system and to be able to 
defend against invasive enteric pathogens (Khan et al., 2011; Hammon et al., 2018).  
Increased feeding rate, and therefore energy intake with higher fat and protein, can result 
in faster improvement of fecal scores as a result of an infection with Cryptosporidium 
parvum (Ollivett et al., 2012).  This may be a result of enhanced activation of the intestinal 
immune system (Hammon et al., 2018) and a better ability to resist infection (Ballou et 
al., 2015).   

 
In addition to decreased milk allowance in the preweaning period, reductions in 

milk and starter intake during an enteric challenge, like diarrhea, may contribute to 
intestinal atrophy commonly observed with many enteric pathogen infections.  There has 
not been a lot of work specifically looking at level of intake after an enteric disease 
challenge and how this might help with recovery of GIT size and integrity.   It is commonly 
suggested to not completely withdraw milk or milk replacer feeding when calves have 
diarrhea and to allow them to consume at least part of their nutrients through that source 
to aid in recovery (Garthwaite et al., 1994; Quigley et al., 2006; McGuirk, 2011).   



Prolonged time without enteral intake of nutrients would likely result in protracted recovery 
of GIT function and health, but more work in this area is needed.   

 
Dietary Characteristics  

 
Specific dietary factors can impact GIT permeability and tight junction expression 

(Steele et al., 2016).  Milk replacers often have higher content of lactose (42 to 45% DM 
vs. 35% DM) and lower content of fat compared with whole milk (Wilms et al., 2019).  
Differences in fat and lactose content change the energy density of milk replacers and 
influence the osmolality.  Whole milk has an osmolality close to 300 mOsm/kg (McGuirk, 
2003). While milk replacers have a range from slightly hypertonic (>300 mOsm/kg) to very 
hypertonic (>450 mOsm/kg; McGuirk, 2003; Wilms et al., 2019).  Changes in osmolality 
in milk replacers can lead to disturbances of the GIT.  A study evaluated GIT permeability 
in response to varying levels of osmolality (439 to 611 mOsm/kg) and replacement of 
lactose with monosaccharides (dextrose and galactose) in milk replacers observed that 
as osmolality increased GIT permeability increased (Wilms et al., 2019).  Interestingly, 
osmolality and source of sugar did not impact growth, fecal DM, or fecal pH (Wilms et al., 
2019).   
 

Summary and Perspectives 
 

Morbidity and mortality rates related to diarrhea and other digestive issues 
continue to be an issue in replacement programs.  The GIT is a dynamic and complex 
system that changes throughout the preweaning period.  Promoting development of the 
structural and metabolic actions of the GIT can improve calf growth while also minimizing 
intestinal challenges.  Intestinal dysfunction, including pathogenic and nutritional insults 
can negatively affect intake, growth, and efficiency.  By continuing to expand our 
understanding of normal development of the GIT, including the small intestine, we can 
either work to prevent intestinal dysfunction from occurring or target strategies for 
recovery after intestinal dysfunction has occurred.    

 
Reduced intake of nutrients, either in normal feeding practices or illness, can lead 

to reduced GIT growth and permeability.   Under these circumstances, actions of 
metabolic hormones like GLP-2 are reduced, which increases susceptibility to pathogenic 
microbiota.  Other insults to intestinal permeability can include changes in osmolality.  
Further work with more specific types of ingredients or additives could also be useful in 
promoting GIT development and integrity.   

 
If we can maximize intestinal integrity and balance so that intake is maximized in 

the preweaning period, the nutrients consumed by the calf can go toward GIT growth and 
not be used for increased maintenance costs of an infection.  Furthermore, this will result 
in increased growth of the calf, optimal feed efficiency, rumen development, reduced 
medication costs, labor, and productive potential.   

 
 

 



Take Away Messages 
 

1. Enteric challenges resulting in morbidity and mortality of calves results in reduced 
efficiency.  

2. The gastrointestinal tract is a complex system, but our understanding of its 
importance to calf development and health is expanding. 

3. Feeding rate and nutrient provision positively impacts the growth and integrity of 
the gastrointestinal tract which can minimize risk of enteric disease. 

4. Dietary characteristics of feeds could manipulate permeability. 
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