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Abstract 

This study determined effects of adding sodium monensin, the active ingredient in Rumensin 

90TM, to a contemporary California diet fed to high producing early lactation multiparity dairy 

cattle on dry matter (DM) intake, milk and milk constituent yield, and potential environmental 

impacts. Two five-week experimental periods were used in a replicated 2 x 2 Latin square on a 

dairy farm near Hanford (CA, USA). Four ‘high group’ pens (i.e. cows moved from fresh pens 

but not confirmed pregnant) were used. Rations were formulated identically, except for the 

mineral premix which contained, or did not contain, 11 mg monensin/kg DM. Milk composition 

and yield was collected one day prior to each period end. Blood samples were collected from the 

tail vein of 18 cows 2 days prior to each period end during morning lock-up and analyzed for 

plasma volatile fatty acids, glucose and amino acids. Milk production was 4.27 kg/cow/day 

higher (P<0.01) with monensin feeding, with no change in composition. The digestible energy 

(DE; MJ/kg DM) and net energy (NEL; MJ/kg DM) differed numerically (P≤0.15) suggesting 

higher DE availability and post absorptive utilization efficiency (i.e. NEL). Production responses 

appear to have been driven by up regulation of lactose production supported by lower blood 

plasma concentrations of acetic, butyric, propionic and glutamic acids (P≤0.05), and higher 

plasma glucose (P=0.10) in cows fed monensin. In contrast, plasma threonine and tryptophan 

were higher in cows fed monensin (P≤0.05). Blood plasma metabolite levels were likely driven 

by increased ruminal degradation of organic matter, especially neutral detergent fiber (P<0.05). 

However, body condition score change, DM intake and microbial crude protein output were not 

monensin impacted. Incorporation of monensin to diets of lactating dairy cattle in California 

could maintain milk yield but allow reduction of cow numbers by ~160,000 with an associated 

estimated reduction of 19.6 M kg methane annually, compared to cows not feed monensin.  
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Introduction 

The global human population is expected to exceed 9 billion by 2050 with an associated 

increase in overall per capita consumption of animal products (Mlambo and Mnisi, 2019). Export 

of animal origin foods from developed nations will be essential to meeting these higher global 

requirements (White and Hall, 2017). However, expansion of livestock production creates 

competition for land and water resources to support crop and animal production. In particular, 

environmental impacts of dairy production is already under scrutiny from consumers and 

governments (Arriola Apelo et al., 2014). Thus, increasing animal production levels, with 

associated increases in production efficiency, to meet the growing global animal product demand 

is an essential task for dairy producers.  

Mechanisms of Action and Environmental Impacts of Monensin  

 Antibiotics were initially incorporated into animal feeds as residues from industrial waste 

which was found to stimulate animal growth rates (Russell and Houlihan, 2003). Use of 

antibiotics in animal feeds has since expanded to include the ionophores monensin, lasalocid, 

and laidlomycin (Russell and Houlihan, 2003). Inclusion of monensin in cattle diets is 

commonplace worldwide and use in lactating dairy cattle diets was approved some time ago in 

the United States and Canada (Russell and Houlihan, 2003; Duffield et al., 2008c).  

Monensin typically forms complexes with the cations sodium, lithium (Huczyński et al., 

2007), and sliver (Pinkerton and Steinrauf, 1970).  In particular, sodium monensin, a common 

feed additive in some parts of the world, has been shown to increase feed efficiency by 

increasing milk yield per kilogram of diet dry matter (DM), although this has not occurred in all 

studies. Similar to other ionophores, monensin is lipophilic and becomes embedded within the 
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cell membranes of microbes to catalyze ion movement (Russell and Houlihan, 2003). Within 

ruminal populations, monensin has been found to selectively inhibit gram-positive bacteria in 

accordance with their cell envelope composition, suggesting that the complex structure of gram-

negative bacteria makes them impermeable to large antibiotic molecules (Russell and Houlihan, 

2003; Lowicki and Huczyński, 2013).  

 Once within the cell membrane, monensin acts to exhaust adenosine triphosphate (ATP) 

storage and production (Russell and Houlihan, 2003) by disrupting ion gradients where 

monensin induces a rapid influx of sodium and efflux of potassium (Russell and Houlihan, 2003; 

Lowicki and Huczyński, 2013). Disruption of the Na+/K gradient activates membrane ATP’ases 

in an attempt to restore ion balance thereby exhausting energy stores and eventually causing 

cellular death (Russell and Houlihan, 2003; Lowicki and Huczyński, 2013).  

Monensin action to selectively reduce some gram-positive (e.g. Streptococcus bovis, 

Clostridium aminophilum, Ruminococcus flavefaciens) microbial population numbers in the 

rumen could prove environmentally beneficial, when fed to beef and dairy cattle, through either 

or both of improved feed efficiency or sustained reduction of ruminally produced and eructated 

methane (Russell and Houlihan, 2003). Ionophores have been shown to increase feed efficiency 

(i.e. kg milk produced/kg DM fed or kg body weight (BW)/kg DM fed) by as much as 10% when 

incorporated into cattle diets (Russell and Houlihan, 2003). Improving feed efficiency to reduce 

animal wastes through lower DM intake per unit milk production is an environmental benefit of 

monensin feeding and a priority goal for dairy producers. In an extensive review, it was 

determined that while monensin only reduced DM intake (DMI) by 0.3 kg/day, but feed 

efficiency increased 2.5% (Duffield et al., 2008b). 
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An estimated 2 to 12% of gross energy (GE) intake is represented by eructated methane 

created by ruminal organic matter (OM) fermentation and, thus, increased methane production is 

associated with decreased diet efficiency (Odongo et al., 2007; Capelari and Powers, 2017). 

Monensin has been cited as a way to reduce ruminal methane creation due to elimination of H2-

producing bacteria thereby inhibiting methane production by limiting substrate availability 

(Capelari and Powers, 2017). However, bacterial populations can adapt to treatment induced 

ruminal changes and it has been suggested that they may revert to pre-treatment conditions after 

a period of time (Russell and Houlihan, 2003). However, inclusion of 24 mg/kg (DM) of 

monensin in a dairy total mixed ration (TMR) resulted in a sustained 7% reduction of methane 

production for six months (Odongo et al., 2007). Nevertheless, findings of impacts of monensin 

feeding on sustained reduction in methane emissions over time from cattle are not consistent. For 

example, and in contrast to Odongo et al., (2007), initial reduction of methane emissions 

associated with monensin feeding returned to near initial levels after 30 days of monensin 

feeding (Johnson and Johnson, 1995).  

While desirable reductions of ruminal methane production, and increased feed efficiency, 

are commonly reported with monensin feeding to cattle, monensin is also categorized in the class 

of antibiotics known as ionophores (Russell and Houlihan, 2003). Antibiotic feeding to cattle has 

recently come under public scrutiny as a potential health hazard to humans due to potential 

antibiotic resistance within livestock which could weaken the effectiveness of similar antibiotics 

utilized in human health (Russell and Houlihan, 2003). However, as ionophore modes of action 

differ significantly from antibiotics used in human therapeutic settings, a common mechanism of 

resistance is very unlikely (Russell and Houlihan, 2003). Indeed, bacterial resistance to 

ionophore action appears to be a pre-existing selection criteria rather than induced by mutation 
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after exposure to an ionophore, which means that bacterial communities surviving exposure will 

not maintain resistance (Russell and Houlihan, 2003).  

Impacts of Monensin on Dry Matter Intake, Energetic Efficiency and Whole Tract Digestibility  

Adding monensin to cattle diets improved feed efficiency (kg fed/kg BW gain) up to 17% 

(Van Maanen et al., 1978). It is well documented that monensin shifts rumen fermentation 

products from acetate and butyrate to propionate by inhibiting growth of hydrogen producing 

bacteria (Russell and Houlihan, 2003). However, shifts in fermentation only contribute about 

12% of the increased feed efficiency (Russell and Houlihan, 2003). Feeding monensin at high, 

low and intermediate levels in a diet that was 800 g/kg (DM) cornstalks increased ruminal OM 

and neutral detergent fiber (NDF) digestion, thereby contributing to increased feed efficiency 

(Faulkner et al., 1985). A resultant increase in DMI could contribute to increased ruminal 

volatile fatty acid (VFA) production due to the well documented impact of increased nutrient 

availability on rumen VFA production. However, this theory is not consistent with a study in 

which monensin was fed to post-partum transition dairy cows had no impacts on DMI possibly 

due to overarching DMI reductions during this period (Plaizier et al., 2000). Dry matter intake 

was also not altered when cows were fed 16 mg/kg DM of monensin in their diet, but the cows 

were over 90 DIM and in a positive energy balance due to reduced milk production at that DIM 

(Benchaar et al., 2006). Conversely, monensin incorporation in a TMR at 8 to 33 mg/kg (DM) 

decreased DMI (Plaizier et al., 2000). Benchaar et al., (2006), suggested that inconclusive DMI 

trends could be related to stage of lactation and associated negative or positive energy balances. 

Incorporation levels of monensin could additionally impact variation in DMI (Benchaar et al., 

2006) with lower monensin-feeding levels having minimal or no impact, but higher feeding 

levels potentially excessively disrupting ruminal function.  
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When incorporated in dairy diets at 27 to 33 mg/kg (DM), monensin improved whole 

tract apparent crude protein (CP) digestibility (Plaizier et al., 2000). Feeding monensin has been 

found to increase CP digestion by inhibiting ruminal protein degradability thereby increasing its 

digestion in the small intestine (Plaizier et al., 2000; Russell and Houlihan, 2003). Indeed, cattle 

fed monensin reduced deamination from 27 to 17 nmol ammonia mg/protein/min (Russell and 

Houlihan, 2003). Interestingly, impacts of monensin on ruminal bacterial deamination, and the 

influx of dietary amino acids (AA) to the small intestine has been debated in the literature with 

mixed conclusions (Surber and Bowman, 1998; Russell and Houlihan, 2003). Monensin addition 

to corn and barley grain based diets decreased ruminal degradation of dietary CP and increased 

dietary CP flow to the abomasum (Surber and Bowman, 1998). An in vitro study completed 

incorporating 5 and 8 uM/30 ml of monensin reported no impact on true protein or CP contents 

of the liquid associated microbial fraction, but with increased efficiency of microbial CP 

synthesis (Castro-Montoya et al., 2012). Overall, absorption of nonessential AA excess to 

absolute metabolic needs can be linked to increased gluconeogenesis and, potentially, increased 

milk lactose yield (Duffield et al., 1998).  

Impacts of Monensin on Ruminal and Blood Plasma Volatile Fatty Acid Levels  

Increases in feed efficiency have been attributed to increased ruminal propionate 

production, which has been widely assumed to drive increased glucose production after its 

absorption from the rumen (Van Maanen et al., 1978; Faulkner et al., 1985). This assumption is 

based, in part, in that 27 to 55% of metabolized blood plasma glucose is propionate derived (Van 

Maanen et al., 1978). 

Inconsistencies in the extent that monensin impacts ruminal VFA production, and ratios, 

could be due to either the level of dietary monensin inclusion and/or a lack of understanding of 
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dietary differences among diets on the impacts of monensin feeding (Benchaar et al., 2006). 

Monensin inclusion at 10 mg/kg (DM) slightly decreased ruminal acetate and butyrate levels, 

while increasing propionate, but there were no changes in total VFA concentrations (Broderick, 

2004). Similarly, when monensin was included in a dairy diet at 16 mg/kg (DM) there were no 

impacts on VFA production or the acetate to propionate ratio (Benchaar et al., 2006).  

Conversely, monensin inclusion at 33 mg/kg (DM) in both high forage and high concentrate 

diets increased propionate production, and rumen pool sizes, with no apparent connection to diet, 

while ruminal molar concentrations of butyrate, but not acetate, decreased (Van Maanen et al., 

1978).  

An in vitro study containing 3 to 6 mg/L monensin in buffered rumen fluid collected 

from cows fed 100% forage diets found that total rumen VFA production tended to decline with 

monensin feeding (Capelari and Powers, 2017). This decrease was due to reductions in ruminal 

acetate, butyrate and valerate production, while propionate increased (Capelari and Powers, 

2017). Conversely, when the dietary concentrate proportion increased in diets fed to dairy cows, 

monensin feeding had no impact on total ruminal VFA concentrations (Capelari and Powers, 

2017). Reductions in acetate and butyrate proportions occurred, but with an increased propionate 

proportion (Capelari and Powers, 2017). Similarly, an in vitro study incorporating 5 and 8 uM/30 

mL of monensin with a 700:300 (DM) hay to concentrate ratio reported decreased ruminal 

concentrations of acetate (Castro-Montoya et al., 2012).  

Thus, overall, it seems clear that increasing dietary inclusion levels of monensin to dairy 

cattle diets decrease molar concentrations of acetate and butyrate in the rumen, with a decrease in 

the acetate to propionate ratio. However at lower levels of monensin inclusion, molar 

concentrations of acetate and butyrate remain unchanged or had a reduced extent of change 
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(Broderick, 2004; Benchaar et al., 2006). Variations in the dietary forage to concentrate ratio is 

known to change VFA production, and ratios. Indeed, a study comparing VFA production in 

steers fed barley or corn grain based diets with added monensin (42 ppm DM) reported no 

difference in total ruminal VFA concentrations (Surber and Bowman, 1998). However, addition 

of monensin reduced ruminal butyrate levels in diets including barley to a greater extent than 

corn grain (Jenkins et al., 2003). Indeed, ruminal acetate to propionate ratios decreased more in 

steers fed barely versus corn grain based diets, showing that impacts of monensin feeding are 

related, at least in part, to dietary levels of its feed components (Jenkins et al., 2003).   

Altered ruminal bacterial population numbers can induce changes in the resultant ruminal 

VFA ratios by selectively removing some VFA producing bacterial populations. It has been 

extensively reported that monensin increases levels of ruminal propionic acid, and reduces those 

of acetic and butyric (Duffield et al., 2008c); and the increased ruminal concentration of 

propionic acid has been directly linked to increases in the hepatic gluconeogenic flux (Duffield et 

al., 2008c). This makes biological sense as liver uptake of VFA, released from portal drained 

viscera, comprises 44 to 78% of liver glucose release with propionate representing 90 to 95% of 

this contribution (Larsen and Kristensen, 2013). A meta-analysis analyzing metabolic impacts of 

monensin addition to diets of dairy cattle suggested a net decrease of blood acetoacetate 

concentrations, and a net increase of blood glucose concentrations (Duffield et al., 2008c). 

Consistent with decreased blood acetoacetate, dairy cattle fed monensin had decreased molar 

concentrations of acetate and butyrate, while molar concentrations of propionate in the rumen 

increased (Sauer et al., 1989). Indeed, increased levels of blood glucose associated with 

monensin feeding has been linked to increased ruminal production of propionic acid, and an 

associated suppressive effect on ruminal protein degradation (Duffield et al., 1998). 
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Most health related diseases in dairy cattle occur in the late dry period and very early 

lactation and are connected to lower blood glucose, due to low DMI, pre-partum colostrum 

production and rapidly post-partum increasing milk production, with an inevitable increase in 

concentrations of blood ketone bodies (Beckett et al., 1998; Duffield et al., 1998). Broderick, 

(2004), found a trend towards increased blood glucose with monensin feeding. When monensin 

was incorporated to the diet at 33 mg/kg (DM), propionate production and pool sizes increased 

along with total glucose entry rates while blood glucose pool sizes remained unchanged, 

presumably due to their use to support milk production (Van Maanen et al., 1978). One of the 

more common ways of measuring impacts of diet monensin addition on blood glucose levels is 

by measuring blood beta-hydroxybutyrate (BHBA) levels. Indeed, monensin feeding did not 

change blood glucose levels, although an increase in blood glucose had been expected due to the 

long known correlation of low BHBA and glucose surplus (Sauer et al., 1989). Similarly, 

administration of monensin using a controlled release capsule (calculated to be 30 mg/kg of diet 

DM intake) found reduced blood BHBA concentrations and increased blood glucose 

concentrations during early lactation (Duffield et al., 1998). However, blood BHBA 

concentration cannot be used as the sole metric of blood glucose levels since monensin feeding 

has been shown to reduce ruminal butyrate concentrations, potentially decreasing conversion of 

butyrate to BHBA (Duffield et al., 1998).  

Impacts of Monensin on Ruminal Microbial Crude Protein Flow and Blood Plasma Amino Acid 

Levels 

Dairy cattle must be fed nutritionally balanced rations to enhance ruminal microbial CP 

(MCP) output, which generally supplies the majority of essential AA absorbed from the small 

intestine (Swanepoel et al., 2016). However, it is well known that the net energy of lactation 
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(NEL) and metabolizable protein requirement immediately postpartum, and for up to 90 days 

postpartum, exceeds diet availability thereby creating negative energy and protein balances 

(Duffield et al., 1998; Plaizier et al., 2000). The inability of intake to fully meet metabolic 

requirements driven by increasing post-partum milk production necessitates fat and protein 

mobilization from body stores (Duffield et al., 1998; Plaizier et al., 2000). Indeed, high 

production dairy cattle in very early lactation must mobilize body protein to meet their protein 

and energy requirements (Plaizier et al., 2000). Interestingly, blood urea concentrations have 

been shown to increase with monensin feeding, likely due to this increased mobilization of body 

protein as well as increased protein flux to the small intestine caused by selective inhibition of 

the ruminal bacteria that deaminate dietary proteins (Duffield et al., 1998, 2008c; Surber and 

Bowman, 1998; Broderick, 2004). Since monensin feeding selectively acts on gram-positive 

ruminal bacteria to inhibit cellular transport, thereby encouraging cellular death (Duffield et al., 

2008b), inclusion of monensin in early lactation dairy cattle diets should reduce ruminal escape 

of MCP (Plaizier et al., 2000). Decreased microbial degradation, and increased ruminal escape, 

of dietary protein suggests increased contribution of dietary AA absorbed from the small 

intestine to blood plasma AA profiles (Plaizier et al., 2000).  

Fluctuations in post-absorptive blood plasma AA levels of dairy cattle vary among AA 

due to mammary and splanchnic tissue affinity (Arriola Apelo et al., 2014). In commercial dairy 

settings, with regard to milk production, methionine and lysine are often accepted as potentially 

limiting AA (Doepel et al., 2004; Arriola Apelo et al., 2014). However, when grass silage rations 

are fed, histidine can become first limiting (Doepel et al., 2004). Individually absorbed AA can 

also impact milk production and milk component proportions through contribution to milk 

protein synthesis, lactose synthesis and mammary efficiency.  
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Reduced ruminal deamination of dietary protein due to the selective bacteriostatic action 

of monensin could result in higher digestible energy (DE) in the form of increased absorption of 

gluconeogenic AA and a resultant increase in milk yield. Positive correlations between diet DE 

level and milk production suggest that higher diet DE leads directly to increased milk production 

(Swanepoel et al., 2016). Indeed, supplementation of post-ruminally absorbable AA increased 

milk lactose yields, thereby suggesting a close relationship between gluconeogenic AA 

absorption and glucose availability (Doepel et al., 2016). Green et al., (1999), attributed 

increased glucose production associated with monensin feeding to increased absorption of AA 

from the small intestine. Russell and Houlihan, (2003), suggested that monensin could reduce 

unnecessary AA deamination while Doepel et al., (2016) agreed that increased AA absorption 

contributed to increased blood plasma glucose levels due to their stimulating enhanced 

gluconeogenesis. As NEL demands increase in very late pregnancy and early lactation, 

absorption of AA from portal drained viscera are utilized for one of three purposes which are: 

anabolism of export proteins, replacement of sloughed cells, and utilization of carbon skeletons 

for energy supply (i.e. glucose) (Arriola Apelo et al., 2014).  

Increased contribution of gluconeogenic AA to the DE supply with monensin feeding 

could result in increased lactose production with an associated increase in milk yield. In lactating 

dairy cattle, AA derived milk lactose is limited to the branched chain AA, methionine, glutamine 

and glutamic acid (Young, 1977; Arriola Apelo et al., 2014). Removal of blood plasma essential 

and nonessential AA by the mammary gland was 43 and 30%, respectively, in lactating dairy 

cattle (Arriola Apelo et al., 2014) and glutamate, alanine, aspartate, glycine and serine were 

metabolically significant gluconeogenic AA (Young, 1977).   
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Glutamic acid is a glucogenic AA that comprises ~20% of total milk protein and ~22% of 

casein (Egan and Black, 1968). Glutamate and glutamine contribute to nonessential AA uptake 

by the mammary gland, and it is hypothesized that they provide C and N for biosynthesis of milk 

protein (Lobley et al., 2001). Under normal metabolic conditions of dairy cattle, where demand 

for glucose and protein is high, 14C labeled glutamate infused via portal and jugular blood 

appeared as blood plasma glucose within 3 minutes with maximum concentrations of plasma 

glucose 15 to 25 minutes after infusion (Egan and Black, 1968). Plasma glucose activity was 

higher when it was infused via the portal vein rather than the jugular vein (Egan and Black, 

1968). However, when propionate was infused immediately prior to glutamate, levels of labeled 

14C appearing in plasma glucose decreased (Egan and Black, 1968). Within milk constituents, 

glutamate derived C appeared in 46 to 54% and 25 to 37% of lactose and casein, respectively 

indicating that more glutamate derived C was used for glucose synthesis than for milk protein, 

(Egan and Black, 1968). However, milk production responses to post-absorptive gluconeogenic 

AA supplies are inconsistent suggesting that glutamine and glutamate are also involved in 

nutrient partitioning (Lobley et al., 2001). Indeed, glutamine is abundant in the tissues of many 

species and, in cattle, is thought to spare methionine from hepatic oxidation, permitting an 

increased abundance of this potentially limiting AA (Lobley et al., 2001).  

When measured post-partum, alanine increased liver glucose synthesis, likely connected 

to its role in inter-organ transfer of amino groups (Larsen and Kristensen, 2013). Similarly, in 

mid-lactation cows, alanine is one of three glucogenic AA that comprise 60 to 70% of liver AA 

uptake (Larsen and Kristensen, 2013). In hypoglycemic sheep, alanine conversion to glucose 

occurred at higher rates compared to propionate conversion to glucose (Larsen and Kristensen, 

2013).  
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Contribution of gluconeogenic AA to plasma glucose synthesis in times of metabolic 

stress is well documented, and could explain how monensin in the diet of dairy cattle increases 

milk yield through increased lactose anabolism from added glucose.  

Monensin impacts could also increase nutrient utilization efficiency within mammary 

cells leading to increased milk production. In mammary tissue, tryptophan is used to synthesize 

serotonin, a proposed inhibitor of lactation as a component of the autocrine-paracrine homeo- 

static feedback, which inhibits endocrine stimulation of milk secretion (Hernandez et al., 2008). 

Blocking the impact of serotonin through interrupted synthesis and receptor interference 

increased milk yield (Hernandez et al., 2008). Interestingly, the rate limiting step in conversation 

of tryptophan to serotonin is up regulated by prolactin, a hormone produced naturally within 

bovine mammary epithelial cells (Hernandez et al., 2008). Monensin had no impact on plasma 

prolactin levels in lactating goats fed 33 mg/kg (DM) daily (Brown and Hogue, 1987). However, 

as milk production was not measured it cannot be concluded that monensin feeding does not 

impact the relationship between prolactin and milk production (Brown and Hogue, 1987). 

Supplementation of ruminally protected tryptophan increased blood plasma tryptophan 

associated with increased milk yield with no direct correlation to blood plasma prolactin, 

serotonin, or oxytocin (Kollmann et al., 2008). Further research is needed to determine impacts 

of feeding monensin on tryptophan synthesis and its resultant hormonal regulation of milk 

production.  

While various connections between absorbed AA and their biological use have been 

reported, Swanepoel et al., (2016) suggested that AA should not be considered individually, but 

must be considered as a group of bioactive compounds and so examined as the whole.  
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Impacts of Monensin on Milk Production and Composition  

Impacts of dietary monensin on milk and component yield and proportion varies in the 

published literature with fat proportion impacts being highly variable (Duffield et al., 2008b). 

Variable impacts of monensin on changes in milk yield is likely due to ration formulation 

differences, and dietary inclusion levels of monensin. Indeed, studies incorporating 8 to 48 

mg/kg (DM) of monensin to dairy TMR reported milk yield responses from -1.3 to 2.8 kg/d, with 

the largest increases being at medium inclusion levels (i.e. 15 to 18 mg/kg DM) of dietary 

monensin, with either milk suppression or reduced increases in yield occurring at the highest 

levels of monensin incorporation (i.e. 24 to 48 mg/kg DM; Sauer et al., 1989; Phipps et al., 2000; 

Broderick, 2004; Bell et al., 2006; Benchaar et al., 2006; Odongo et al., 2007; Erasmus et al., 

2008; Dubuc et al., 2010; Gandra et al., 2010; Akins et al., 2014; Ferreira de Jesus et al., 2016). 

Additionally, low levels of monensin incorporation (i.e. 8 to 10 mg/kg DM) were associated with 

small losses in milk protein and fat yield, but with increases in both milk and milk lactose yield 

(kg/d) (Phipps et al., 2000; Broderick, 2004). Conversely, studies incorporating intermediate 

levels of monensin (i.e. 15 to 18 mg/kg DM), reported increases in milk and milk lactose yield 

while milk protein and milk fat yields had the highest extent of decline (Sauer et al., 1989; 

Benchaar et al., 2006; Erasmus et al., 2008; Dubuc et al., 2010; Akins et al., 2014). Overall, a 

meta-analysis compiled from 36 publications representing 77 studies suggests that, overall, 

monensin only increased milk yield by 0.7 kg/d (Duffield et al., 2008b). 

Impacts of dietary monensin inclusion on milk protein yield and proportion also varies in 

the literature. Indeed, monensin has been found to reduce milk protein proportion, but yield 

remained unchanged (Phipps et al., 2000; Dubuc et al., 2010; Akins et al., 2014). Conversely, 

Benchaar et al., (2006)  found no changes in either milk protein yield or proportion. A study 
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utilizing 3,577 cows found that monensin increased milk protein yield, while protein proportion 

was unchanged (Ferreira de Jesus et al., 2016). However, Duffield et al., 2008b, reported that 

monensin decreased milk protein proportion while increasing milk protein yield suggesting that 

protein synthesis could not meet the metabolic demands of increased milk yield.  

Studies incorporating low to medium levels of monensin to dairy diets all reported 

decreased milk fat yield and proportion (Phipps et al., 2000; Broderick, 2004; Benchaar et al., 

2006; Erasmus et al., 2008; Dubuc et al., 2010). The meta-analysis of 77 studies suggested 

decreased milk fat proportion, while milk yield increased (Duffield et al., 2008b). Interestingly, 

at medium to high levels of monensin inclusion, fat yield was unchanged while its proportion in 

milk remained unchanged or declined (Akins et al., 2014; Ferreira de Jesus et al., 2016).  

The commonly reported decrease in milk fat and protein proportions due to increased 

milk production has been suggested to be due to their yield remaining unchanged when it is 

associated with increased milk production (Benchaar et al., 2006). However, inconsistent 

impacts may be due to interactions of monensin feeding levels and milk and milk constituent 

yields, suggesting that diet formulation itself (i.e. nutrient and/or ingredient level differences 

among studies) is a likely factor in the type, and extent, of the production response. Indeed, 

Duffield et a., (2003), reported an interaction between the monensin induced milk fat yield 

response and the proportion of fiber (i.e. NDF) in a dairy TMR, with TMR low in fiber being 

more susceptible to milk fat reduction compared to TMR with adequate fiber. Similarly, when 

physically effective fiber levels (determined by dietary particle size) were higher (i.e. 45% or 

more of the TMR (DM) remained within the top 2 sieves of a Penn State Particle Separator) the 

negative impacts of monensin feeding on milk fat yield were less (Dubuc et al., 2010). The lower 

effect of monensin feeding on cows fed high fiber diets was explained by increased ruminal pH 
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due to bicarbonate production from high amounts of ruminative chewing (Duffield et al., 2003). 

According to Duffield et al., (2003), increased ruminal pH may decrease production of trans-

fatty acids through increased populations of microbes responsible for biohydrogenation of long-

chain fatty acids and as a result increased milk fat yield. However, this effect would be impacted 

by the amount of biohydrogenation precursors, especially oils and polyunsaturated fatty acids. 

Additionally, a dose-dependent impact of monensin feeding (i.e. increased diet inclusion level) 

has been associated with a milk fat proportion depression (Duffield et al., 2003).     

Impacts of Inclusion Rate of Monensin in Dairy Cattle Total Mixed Ration  

At increasing inclusion levels of monensin in dairy cattle rations reported in several 

published studies, molar concentrations of acetate and butyrate, and the acetate to propionate 

ratios, decreased in the rumen. However, at lower levels of monensin inclusion in rations, molar 

concentrations of acetate and butyrate remained unchanged or had a reduced extent of change 

(Broderick, 2004; Benchaar et al., 2006). Given that bovine milk pricing in California (CA) is 

predominately based on yield of only two components (i.e. fat and protein), and not milk yield 

per se, ensuring that monensin feeding either improves, or does not impact, component yield is 

essential to support its widespread commercial use.  
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Objectives   

The objectives were to measure impacts of relatively low level dietary monensin feeding 

on dairy production, by measuring milk yield and composition in early lactation high producing 

dairy cows fed a contemporary California TMR. Incorporation of monensin into California style 

rations has not been previously examined, but is critical to assessing impacts of sodium 

monensin on milk production and DMI of California dairy cattle. In addition, as few monensin 

feeding studies have examined impacts of monensin feeding on post absorptive efficiencies, 

blood plasma VFA and AA, as well as whole tract digestibility of aNDF, CP and OM were 

measured to assess potential mechanisms of action of monensin feeding.  
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Materials and Methods  

Animals, Management and Experimental Design  

A total of 1312 multiparity Holstein cows were divided amongst 4 early lactation high 

pens (i.e. those cows which had cleared the fresh pen but were not yet confirmed pregnant, 

Figure 1) on a commercial dairy farm near Hanford (CA, USA). The study design used all 4 pens 

in two 35 d experimental periods, each ending with a 7 d sample collection week, in a replicated 

2 x 2 Latin square design. Cows over 21 DIM and less than 90 DIM at study start were eligible 

to be selected for sample collection and all cows in pen were used to calculate DMI. Cows were 

assigned to one of the four pens from a common fresh cow pen and moved to a mid-group pen 

once confirmed pregnant at, but not before, 150 DIM. Thus, 538 cows remained in their 

originally assigned pens throughout the study and were fed each diet once. The first 28 d of each 

period were for adaptation to diet change with samples collected during the final 7 d. Any cows 

out of pen during the collection week, out of pen for an extended period of time, moved to the 

sick pen, or treated for mastitis as electronically identified by DairyComp 305 (Valley Ag 

Software, Tulare, CA, USA) or visual observation were removed from the study.    

Cows were milked three times daily in a double 35-herringbone parlor in sequence which 

began with pen 1 followed by pens 2, 3, and 4 starting at 07:00, 13:00, and 20:00 h in 45-minute 

milking periods. Housing consisted of covered barns with access to free stalls bedded with dried 

manure solids which was replaced weekly. Additionally, cows had access to a pen specific 

uncovered drylot, except directly after each morning milking at which time cows were ‘locked’ 

in head-gates to facilitate breeding for 30 to 60 minutes. Feed and water were provided ad 

libitum. Internal alleyways were flushed three times daily corresponding to milking times for 

each pen (i.e. when cows were out of pen at milking).  
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Ration Formulation and Feeding of the Diets  

 Treatment and control total mixed rations (TMR) were formulated to be identical except 

for inclusion of a targeted 11 mg/kg (DM) of sodium monensin added to the treatment diets. The 

diet monensin (ElancoTM, 2500 Innovation Way Greenfield, IN, USA) inclusion level was 

selected as being representative of contemporary use levels in California, and consistent with 

manufacturer recommendations. Monensin was incorporated into the treatment TMR as part of a 

mineral premix that differed from that incorporated into the control diet only by monensin 

inclusion between treatments. These mineral premixes were added to dry ingredient premixes 

containing whole cottonseed, almond hulls, cracked pima cotton seed, canola meal, wheat straw, 

Figure 1 Aerial view of high lactation pens 1, 2, 3, and 4 that were used within the study and 
their relation of to the milking parlor. 
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rumen inert fat, DDGS and liquid molasses to allow for rapid mixing with high moisture and 

bulk ingredients to create the TMR directly prior to feeding. 

The TMR were delivered as a full, and a top-off load, delivered twice daily between 

05:30 h and 08:00 h (full load) when cows were at milking and between 11:30 h and 12:30 h 

(split load between pens fed the same diets), respectively. Delivery amounts to each pen were 

calculated using refusals from the previous day, for a target 20 g/kg refusals. Actual as-fed 

amounts of each ingredient mixed into rations and total weights of TMR delivered to each pen, 

was recorded by EZFeed software (Amelicor, Provo, UT, USA). Refusals were collected and 

weighed daily and entered into the EZFeed software.  

Environmental Conditions During the Study  

 Ambient temperature and relative humidity were recorded hourly using two Onset HOBO 

MX2301A weather stations located in pens 1 and 3 (Figure 1). The weather data loggers were 

positioned at center pen ~3 m above the floor and shielded from direct sunlight. This study was 

conducted from late December through early March.  

Sample Collection 

Feeds and Total Mixed Rations  

 All dietary ingredients were sampled twice during each collection week, in each period 

once near the beginning and once at the end (i.e. 7 and 3 days prior to period end). All 

ingredients, except silages, were sampled from the storage area by collecting 3 handfuls per 

sampling (i.e. 6 total handfuls per period) of each ingredient and combining these within a pre-

labeled plastic bag. Liquid ingredients (i.e. water and liquid molasses) were not sampled. Silages 

were sampled by collecting 4 handfuls per sampling from the loose silage pile created for use 
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that day. A ‘golf club’ hay style probe (Seifert Analytical, Lodi, CA, USA) was used to collect 6 

core samples from baled hay and straw twice in each period as previously described. Individual 

ingredient samples, except silages which were preserved and analyzed separately, from the start 

and end of the collection week were combined to create one sample per ingredient per treatment 

period prior to chemical analysis.  

 The TMR sampling was completed according to Robinson and Meyer, (2010) where 10 

handfuls, ~100 g each, were collected at pre-determined posts along the bunk-line of each pen. 

TMR sampling was completed immediately after feeding and prior to cows returning from the 

milking parlor. These TMR samples were combined within pen and period, and subsampled to 

create 8 TMR samples for chemical analysis (i.e. one sample per pen per period).  

To track monensin inclusion levels, and ensure correct ration delivery to pens in real 

time, a colored micro-grit tracer (Micro-Tracers, San Francisco, CA, USA) was blended into the 

treatment dry ingredient premix at about 800 g tracer per 13,608 kg of premix. Visual assessment 

and confirmation of correct TMR delivery was conducted weekly on random days of the week 

by two methods. Both methods used the Penn State Particle Separator and the Rumensin® 

Microtracer® Mason Jar. The third Penn State tray residue used to visually count micro-grit 

numbers while the bottom tray residue was used in the Rumensin® Microtracer® Mason Jar 

Method (Figure 2). Once collected, 100 g of the bottom residue was transferred into a treatment 

specific mason jar prepared with a filter paper and magnet. The filled mason jar was mixed and 

monensin microtracer was magnetically ‘sealed’ to the filter paper. After the filter paper was 

removed, a 70 ml/L alcohol solution was dripped onto it and allowed to diffuse outward through 

the trapped micro-tracer particles. The appearance of red and/or pink dots indicated the presence, 

or lack thereof, of monensin within the diets, and the dots were counted and recorded. 
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Milk Sample Collection  

A herd sampling for milk composition and production was completed by Dairy Herd 

Improvement Association (Kings County, CA, USA) personnel at the end of each experimental 

period. Milk samples were collected into tubes containing bronopol and natamycin as 

preservatives using Tru-test milk meters (Tru-Test Ltd., Auckland, New Zealand).  

 

 

Figure 2 Rumensin® Microtracer® Mason Jar Method used as a visual assessment and confirmation 
of Monensin inclusion and delivery to correct pens in real time. 
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Body Condition Scoring 

 Body condition (BCS) was scored at three timepoints throughout the study, being once at 

the beginning (i.e. day 0), and at the end of each collection period immediately after milking. All 

cows >21 DIM and <105 DIM at the start of the study were eligible to be selected for BCS but, 

as more cows met this criterium than required, cows were randomly removed based on cow ID 

tag until groups of ~180 cows per pen were selected. Cows from these groups were scored at all 

three timepoints, if that remained in their originally assigned pen throughout the study, and were 

used to establish the BCS average and change in each period. The Edmonson et al., 1989 1 to 5 

scale was used to score cows, with intermediate values between the ¼ points if a ¼ score was not 

completely clear.  

Fecal Sample Collection  

 Fecal samples were collected manually from the same 18 cows per period at the end of 

each experimental period during morning lock-up. These cows were within the BCS cow group. 

Feces were collected directly from the rectum, 150 g/sample, which was placed into plastic 

containers and immediately stored at -20°C.  After the study was complete, fecal samples from 

the same pen and period were composited into the same 3 groups of 6 cows per pen for analytical 

analysis. Composite samples were created to support the assumption that the DM intake of 6 

cows represented the chemical composition of the TMR sampled from the bunk.  

Blood Sample Collection for VFA, Glucose and AA Analysis  

 Blood sample collection from the tail (coccygeal) vein of the same 18 cows per pen used 

for feed collection occurred at the end of each experimental period during morning lock-up 2 d 

from period end. These cows were the same as those sampled for feces. Collected samples were 
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placed on ice until all cows were collected, and then centrifuged at 2100 xg for 15 min at 4°C, 

with blood plasma removed and stored immediately at -20°C until chemical analysis.  

Urine Sample Collection for Ruminal Microbial Crude Protein Flow Estimation  

 Urine samples were collected from the same 15 cows per period at the end of period 1 

and 2 during morning lock-up. Only cows eligible for BCS were additionally eligible for urine 

sampling. The actual cows selected were the first to urinate voluntarily or by stimulation. Cows 

sampled in period one (i.e. 25 to 30 per pen) were eligible for recollection in period two, and 

were selected similarly for urine collection until 15 cows per pen of repeated samples were 

collected. Urine samples were kept on ice, analyzed for specific gravity (SG) within 90 minutes, 

and subsampled. Sub-sampled urine was diluted with 25 mL water, 1.4 mL acid, and 7 mL urine. 

Once subsampled, urine samples were frozen at -20°C until chemical analysis.  

Analytical Methods: 

Feeds and Total Mixed Ration Chemical Analysis  

 Composite period samples were homogenized and quartered, with two opposing quarters 

used for immediate on farm 105ºC DM determination and the remaining two preserved 

separately and later used for chemical analysis or kept as a reserve. The TMR samples selected 

for immediate DM determination by gravimetric moisture loss were heated to 105ºC for 24 

hours. Remaining TMR and ingredient samples were frozen at -20°C until study end for analysis. 

All TMR samples and high moisture ingredients (i.e. silages and citrus pulp) were dried at 55°C 

for 48 h and removed to air equilibrate for 24 h at room temperature. Additional ingredients (i.e. 

dry ingredients) were analyzed for 105ºC DM using a forced air oven for 24 hours without prior 
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air drying. The DM of silages and TMR were determined by multiplying the 55°C air 

equilibrated DM by the 105ºC DM of the subsequently ground and dried at 105ºC sample.  

Once dried, samples were analyzed at the UC Davis Analytical Laboratory (Davis, CA, 

USA). All samples were ground using a 1 mm screen on a model 4 Wiley Mill (Thomas 

Scientific, Swedesboro, NJ, USA). Ash was the residue after heating to 550°C for at least 3 h. 

Nitrogen (N) was determined using a thermal conductivity/IR detection in LECO FP-528 and 

TruSpec CN Analyzers which gives results by “flash combustion” converting all inorganic 

substances into combustion gases (LECO Inc., St. Joseph, MI, USA). A protein factor of 6.25 

was applied to the N result to calculate dietary CP according to the method of Sweeney (1989). 

Neutral detergent fiber (NDF) was determined using a neutral detergent solution containing 

sodium sulfite to remove nitrogenous matter and heat-stable amylase to remove starch and 

inactivate enzymes and expressed with (aNDF) and without (aNDFom) residual ash. Acid 

detergent fiber (ADF) was the residue remaining after acid detergent extraction used to dissolve 

cell solubles, hemicellulose and soluble minerals. Lignin(sa) was determined by extraction from 

ADF residue with 72% H2SO4. The ADF, lignin(sa) and aNDF were all determined according to 

Goering and Van Soest, (1970). Acid detergent insoluble N (ADIN) was determined by 

combustion of ADF residue as described above. Starch content was determined by enzyme 

hydrolysis of the sample with α amylase and amyloglucosidase (Hall, 2008). Crude fat (CF) was 

determined utilizing the Randall modification of the standard Soxhlet extraction. Minerals were 

determined by utilizing a nitric acid/hydrogen peroxide microwave digestion by ICP-AES 

according to Meyer and Keliher (1992). Gross energy was determined using the Standard Test 

Method for Gross Calorific Value of Coal and Coke (LECO Inc., St. Joseph, MI, USA). Dried 

and ground samples were subsampled by weight (i.e. 0.5 to 0.8 g each) and placed in a 
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combustion vessel setup with a thread fuse and wire fuse, and then pressurized. These 

pressurized samples were then placed into AC600’s bucket lid mating socket and combusted.  

Quantification of Monensin in the Diets Fed 

Monensin levels of the TMR were determined by the California Animal Health & Food 

Safety Laboratory (University of California, Davis, CA, USA) using an LC/Post-Column 

Derivatization System. Sampled TMR was ground and 10 g were removed for analysis from 

each pen/period (i.e. 8 TMR Sample) and added to 50 ml of 9:1 v/v Methanol (MeOH):water 

(Thermo Fisher Scientific, Waltham, MA, USA) and allowed to mix for 30 minutes. Most 

supernatant was transferred and centrifuged at 4000 xg for 3 to 5 min. After centrifugation, 

supernatant was filtered through a 0.22µm filter into an autosampler vial and analyzed using 

High Performance Liquid Chromatography (HPLC; Agilent Scientific Instruments, Santa Clara, 

CA, USA) with post-column derivatization (Pickering Laboratories, Inc., Mountain View, CA, 

USA).  

TMR Composition and Intake 

The total weights of each TMR delivered to all four treatment pens, pen specific refusals, 

and each ingredient incorporated into the TMR during the collection week (i.e. the final 7 d) of 

each experimental period were compiled from EZ Feed software (Amelicor, Provo, UT, USA). 

Records collected from EZ Feed were used to calculate the amount of TMR delivered and 

refused.  

Milk and Milk Constituent, Yield and Composition 

 Milk and milk constituent (i.e. fat, true protein, lactose) yield and proportion, as well as 

somatic cell counts (SCC), were determined by the Kings County Dairy Herd Improvement 
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Association Laboratory in Hanford (CA, USA) using the Bentley Combi and infra-red 

spectroscopy on milk samples collected one day prior to each period end, as previously 

described.  

Fecal Analysis for Whole Tract Digestibility Estimation 

 Fecal samples composited as previously described were dried at 55°C for 48 h and then 

air dried for 24 h. These pooled samples (i.e. 3 per pen per period) were analyzed by the UC 

Davis Analytical Laboratory for CP, lignin(sa), aNDFom and ash. Fecal GE was determined by 

the same method previously described for GE in the TMR.  

Blood Plasma VFA Analysis  

 Blood plasma VFA samples were analyzed by the W.M. Keck Metabolomic Research 

Laboratory using gas chromatography mass spectrometry as described by Hsu et al., (2019). 

Samples were thawed on ice and 500 µL of each sample was transferred to a microcentrifuge 

tube where 10 µg of internal standard (10 µL of 10 mg/mL acetate-d3, Sigma-Aldrich CO., St. 

Louis, MO, USA) and 30 µL of 8.5% phosphoric acid (Fisher Scientific) were added to each 

sample. The VFA were isolated by liquid-liquid extraction with 500 µL HPLC grade 1-butanol 

(Fisher Scientific, Waltham, MA, USA) and centrifuged for 7 min at 16,300 xg to achieve phase 

separation of the 1- butanol, the upper layer was isolated for GC-MS analysis. Standards for 

acetic, propionic, isobutyric, butyric and isovaleric acids (Sigma-Aldrich CO., St. Louis, MO) 

concentrations were prepared in the range of 0.0625 to 200 µg/mL (dissolved in HPLC grade 

water, Fisher Scientific). 

An Agilent 7890C gas chromatograph (GC) equipped with an Agilent 19091F-433 HP-

FFAP column (30 m x 250 μm x 0.25 μm) and coupled to a 5975C Mass Spectrometer (MS) was 
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used to detect plasma VFA. It was operated under standard conditions with a 230°C ion source 

and a mass acquisition range of m/z 20 to 660. The inlet and transfer line operated at 260°C and 

the system was used with a helium carrier gas at flow rate of 1 mL/minute. The GC oven 

program started at 80°C for 0.5 minutes and increased at 20°C/minute until 240°C as the final 

temperature which was held for 1.5 minutes. Finally, 2 µL of butanol VFA extract was injected 

under splitless conditions.  

Agilent Mass Hunter Qualitive and Quantitative Analysis programs (version 10.0) were 

used to complete GC-MS analysis. VFA identification and quantification were compared against 

VFA standards and the acetate-d3 internal standard. Additional identification was performed 

using NIST17 and Wiley 11 GC-MS spectral library.   

Blood Plasma AA Analysis  

 Blood plasma AA analysis was conducted on 6 samples/pen/period by the UC Davis 

Molecular Structure Facility. This number was suggested by Swanepoel et al. (2016) to minimize 

SEM. Samples were delivered frozen at -80°C and stored at the facility until analysis. Fifty µl of 

10% sulfosalicylic acid was added to 200 µl of sample, vortexed and allowed to rest for 15 min 

at room temperature. Treated samples were then frozen overnight, thawed and centrifuged prior 

to analysis the following day. From each treated sample, 100 µl of supernatant was transferred to 

a new microcentrifuge tube where 100 µl of AE-Cys diluent was added for a final dilution of 

1:2.5. AE-Cys was also used as the internal standard. Final samples were vortexed and 50 µl of 

each sample was analyzed for AA concentration using the Hitachi 8900 Amino Acid Analyzer 

(Hitachi High-Technologies Corporation, Tarrytown, NY, USA). 
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Blood Plasma Glucose Analysis 

 Blood plasma glucose analysis were analyzed by the UC Davis Veterinary Medical 

Teaching Hospital, Clinical Diagnostic Laboratories. Samples for analysis were delivered frozen 

and stored until analysis. At the time of analysis, samples were thawed at room temperature and 

analyzed using a Roche cobas® c501 system (Roche Diagnostics, Indianapolis, IN, USA), 

according to manufacturer instructions with a GLUC3 reagent.  

Urine Analysis for Microbial Crude Protein Estimation  

 Urine samples were analyzed for allantoin using the colorimetric method described by 

Young and Conway (1942) as adapted by Chen and Gomes (1992). Allantoin standards at 

concentrations of 0, 20, 40, 60 and 80 mg/L were used as inter-run calibration standards and to 

calculate the final allantoin concentration of each urine sample.   

Urine samples were thawed at room temperature and placed in a 4ºC refrigerator until 

analysis. Approximately 5 ml of each thawed sample was centrifuged at 1200 xg for 15 min at 

~22ºC (Thermo Electron Corporation, Waltham, MA, USA). Of the supernatant, 0.2 ml was 

diluted with 2.2 ml of deionized water. Remaining centrifuged samples were placed in the 

refrigerator and stored at 4ºC until analysis was complete. In duplicate 15 ml tubes, 1 ml of 

diluted urine, allantoin standard or deionized water was added and followed by 1 ml 0.5 M 

sodium hydroxide. Tubes were then vortexed and placed in a boiling water bath for 7 minutes 

followed by 4 minutes in a 4ºC cooling bath. Immediately following the cooling bath, 1.5 ml of 

0.5 HCl was added to all tubes and mixed with manual inversion. After mixing, pH was checked 

to confirm pH was below 3 and above 2. To each tube, 1 ml of 0.023 M phenylhydrazine 

hydrochloride was added and vortexed followed by placement in a boiling water bath for 7 
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minutes and consecutively moved to an ice bath (-10ºC) for 4 min. Both 3 ml of chilled 12 M 

HCl and 1 ml of 0.05 M potassium ferricyanide were added to all tubes and mixed with manual 

inversion. Samples were then allowed to develop color at room temperature for 20 minutes prior 

to analysis in a spectrophotometer (Thermo Scientific) at 522 nm. Final values were calculated 

after comparison against a standard curve established by known concentrations of inter-run 

allantoin standards and inter-run blanks.  

Calculations 

Dry Matter Intake 

 The DM intake of each pen of cows in each period was calculated using the final 7 d of 

each experimental period. Actual TMR consumed by pen was calculated after correcting for its 

orts and using the DM proportions of each TMR calculated by drying pen specific sub-samples 

at 105ºC for 24 h. Actual DM consumed per cow was calculated by dividing total DM consumed 

by the average number of cows/pen/day for the period as:  

𝐷𝑀 𝑖𝑛𝑡𝑎𝑘𝑒 = (𝐹𝑒𝑒𝑑 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑
𝑎𝑠 𝑓𝑒𝑑

𝑘𝑔
𝑑
− 𝐹𝑒𝑒𝑑 𝑟𝑒𝑓𝑢𝑠𝑒𝑑

𝑎𝑠 𝑓𝑒𝑑
𝑘𝑔
𝑑

) ∗ (
𝑇𝑀𝑅 𝐷𝑀 𝑝𝑒𝑟𝑐𝑒𝑛𝑡

100
) 

Urine Volume and Rumen Outflow Microbial Crude Protein  

The urine SG was used to estimate urine volume (L/d) based upon the correlation of SG 

to creatine in urine as described in Burgos et al., (2005) as:  

𝑈𝑟𝑖𝑛𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 = 332.66 ∗ (((𝑆𝐺 − 1) ∗ 1000)
−0.884

) 

Total purine derivative (PD) excretion (mmol/d) was used to calculate microbial purines 

absorbed (nmol/d) which was further used to calculate microbial N absorption. As a portion of 
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absorbed PD can be removed in milk and urine, allantoin excretion in urine was assumed to be 

0.906 PD and milk PD was defined as 0.05 of urine, as described by Swanepoel et al. (2015). 

Absorbed PD (nmol/d) was calculated assuming 675 kg cow BW as described by Chen and 

Gomes (1992).  

𝑀𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 𝑃𝑢𝑟𝑖𝑛𝑒𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 =
𝑇𝑜𝑡𝑎𝑙 𝑃𝐷 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛 − 0.385 ∗ (𝐵𝑊0.75)

0.85
 

Daily excretion of PD was used to calculate MCP outflow (g/d) in relation to microbial 

purines absorbed using the equation from Swanepoel et al., (2015) as: 

𝑀𝐶𝑃 𝑜𝑢𝑡𝑓𝑙𝑜𝑤 = (
𝑀𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 𝑃𝑢𝑟𝑖𝑛𝑒𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 ∗ 70

0.116 ∗ 0.83 ∗ 1000
) ∗ 6.25 

Whole Tract Digestibility  

 Apparent digestibility (g/kg) of aNDF, aNDFom, CP, OM and GE was determined by 

their proportion of dietary components in feces. The proportion of the nutrient, or energy, in the 

feed and feces was compared to lignin(sa) which was used has the indigestible marker assuming 

0.95 fecal recovery Stensig and Robinson, 1997 as: 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =  100 ∗ (1 − (
𝑙𝑖𝑔𝑛𝑖𝑛𝑓𝑒𝑒𝑑 ∗ 0.95

𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑓𝑒𝑒𝑑
) /(

𝑙𝑖𝑔𝑛𝑖𝑛𝑓𝑒𝑐𝑒𝑠

𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑓𝑒𝑐𝑒𝑠
)) 

Body Condition Score  

The change in BCS (CBCS) was calculated by cow as the difference of the BCS between 

the beginning and end of each period. This difference was standardized to 30 days as:  

𝐵𝐶𝑆 𝑐ℎ𝑎𝑛𝑔𝑒 (
𝑢𝑛𝑖𝑡𝑠

30 𝑑𝑎𝑦𝑠
) = (

𝐵𝐶𝑆 𝑐ℎ𝑎𝑛𝑔𝑒

𝐴𝑐𝑡𝑢𝑎𝑙 𝑑𝑎𝑦𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑐𝑜𝑟𝑒𝑠
) ∗ 30 
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Milk Energy and Net Energy of Lactation  

Milk energy content (MJ/kg) was calculated using the energy values associated with the 

concentrations of fat, protein and lactose according to Tyrrell and Reid, (1965) where protein 

was converted to CP and Mcal/lb to MJ/kg as described by Swanepoel et al., 2014 as: 

(

 
 
 
 
 
 
 

(

 
 
((4.163 ∗ 𝑓𝑎𝑡 𝑔

𝑘𝑔
) + (2.413 ∗ (

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑔
𝑘𝑔

0.94
)) + (2.16 ∗ 𝑙𝑎𝑐𝑡𝑜𝑠𝑒 𝑔

𝑘𝑔
)) − 11.72

)

 
 
∗ 2.204

1000

)

 
 
 
 
 
 
 

∗ 4.184 

Milk energy output was calculated as the product of milk yield (kg/d) and milk energy 

content. Maintenance energy was assumed to be 44.3 MJ/d by using an average 675 kg BW as:  

𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 = (675 𝑘𝑔0.75 ∗ 0.08) ∗ 4.184 

The BCS change energy was determined using the previously calculated BCS change 

value multiplied by the NEL associated with BCS gain or loss (MJ/d) where 1 unit of BCS was 

assumed equivalent to 300 Mcal of NEL (Chilliard et al., 1991): 

𝐵𝐶𝑆 𝑐ℎ𝑎𝑛𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 = (
𝐵𝐶𝑆 𝑐ℎ𝑎𝑛𝑔𝑒 ∗ 300 𝑀𝑐𝑎𝑙

30 𝑑
) ∗ 4.184 

The net energy of lactation (NEL) output (MJ/kg DM) of each diet by pen and period was 

calculated as the sum of energy from BCS change, milk energy: 

𝑁𝐸𝐿 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑁𝐸𝐿 𝑜𝑢𝑡𝑝𝑢𝑡𝑀𝐽/𝑑

𝐷𝑀 𝑖𝑛𝑡𝑎𝑘𝑒𝑘𝑔/𝑑
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Statistical Analysis  

 Statistical analysis of milk, and milk component production and levels, as well as BCS 

and CBCS occurred after visual assessment of each dataset for outliers completed blind to 

treatment, pen, and period. Outlier analysis removed 5 cows for SCC > 6,000 cells per ml, with 

an additional 2 cows removed for excessively high milk constituent yield, 3 removed for 

excessively low milk yield, 1 cow removed for no constituent yield data, and 4 cows removed for 

BCS gain or loss of  > 1 unit in 30 days.  

 Composite fecal samples totaled 3 samples/pen/period totaling 24 composite samples 

from both period 1 and 2. Blood samples were collected from the same 6 cows/pen/period and 

analyzed for glucose, AA and VFA. Urine samples from 120 cows in total, 15 cows/pen/period, 

collected during both period 1 and 2, were used for allantoin analysis. 

Using the MIXED procedure of SAS (SAS Institute Inc., Cary, NC, USA) milk 

production (n = 538 cows), BCS (n = 340 cows, CBCS (n = 340 cows), urine allantoin (n = 60 

cows), blood plasma glucose (n = 24 cows), blood plasma VFA (n = 24 cows), blood plasma AA 

(n = 24 cows) and TMR and fecal calorimetry (n = 4 pens, n = 12 composite samples) were 

analyzed. Fixed effects were period, pen and treatment with cow nested in pen as a random 

effect.  

The GLM procedure in SAS was used to analyze DM intake and NEL (n = 4 pens). Fixed 

effects were period, pen and treatment.  

Values reported by SAS are the least square means, significance (i.e. P ≤ 0.05), trends 

significance (i.e. 0.10 ≥ P > 0.05) and numerical differences of interest (i.e. 0.15 ≥ P ≥ 0.10) 

were accepted.  
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Results  

Environmental Conditions  

Average daily temperature and humidity were normal for the time of year, averaging 

10°C and 76%, respectively as day-time highs, with average night temperature and humidity of 

9°C and 77% during the 8 week study. As this study spanned the winter solstice, hours of light 

were low and similar throughout the study. There were only 3 rain events totaling 31.8 mm.  

Chemical and Ingredient Composition  

High moisture ingredient nutrient composition (Table 1) of fibrous ration components 

were similar to values described for similar feeds by the National Research Council (NRC; 

National Research Council, 2001).  

Table 1 

Chemical analysis of silages, haylage, and citrus pulp in the total mixed ration (g/kg DM)a. 

 

The ingredient composition of both treatment (+MON) and control (-MON) diets for each 

TMR are very similar except for the inclusion of monensin (Table 2), making it the only 

biologically active ingredient impacting milk production. Chemical composition of both 

treatment (+MON) and control rations (-MON) also have near identical nutrient profiles (Table 

3), suggesting that there was little chance that nutrient differences impacted treatment outcome 

  Dry Matterb Ash 
Crude 

Protein  

ADINc 

(g/kg N) aNDFom ADFb Lignin(sa) 

Wheat, silage  373 141 116 91.6 441 346 37.0 

Corn, silage  308 66.6 84.0 89.8 441 266 25.3 

Alfalfa, haylage  647 128 196 57.5 327 275 47.0 

Pulp, wet  158 50.7 81.9 45.8 240 218 11.0 
a - Average of 4 samples, 2 samples collected from the final week of both periods. 
b – g/kg of the feed as fed. 

c – Acid detergent insoluble N  
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as all cows received nutritionally very similar diets. The chemical compositions of the TMR 

were similar to values recommended by the NRC (2001).   

Table 2 

Ingredient composition (g/kg) of the total mixed rations with (+MON) and without (-MON) added 

monensina. 

 Treatments  

 -MON +MON 

Almond, hulls 111 111 

Alfalfa, high qualityb 8.98 8.24 

Alfalfa, medium qualityb 64.9 67.7 

Alfalfa, haylage 12.0 9.50 

Wheat, silage 85.8 84.6 

Corn, silage  138 139 

Corn, flaked 221 222 

Corn, distillers/dried/solubles 71.0 59.9 

Cotton, seed/fuzzy 36.8 36.8 

Cotton, pima seed/cracked  37.1 37.2 

Mineral/vitamin, premix  22.5 22.3 

Monensin, premixc 0.00 0.01 

Canola, pellets 142 141 

Wheat, straw  16.0 16.0 

Fat, Rumen Inert 13.8 26.5 

Citrus, wet pulp  8.46 8.44 

Molasses, liquid/beet 9.71 9.59 

Waterd 0.11 0.12 
a – Average of 2 samples, one from each experimental period which were pooled from 2 samples 

collected in the final week of each experimental period. 
b - As judged by the farm manager  
c – Monensin incorporation (g/kg) of the TMR as a component of the Mineral/vitamin premix  
d – Water DM levels was assumed to be 0.1% for calculation purposes  
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Table 3 

Nutrient profile (g/kg DM) of both and dietsa. 

             Treatments  

           -MON  +MON  

Dry Matter 574 569  

Crude Protein (CP) 173 174  

ADIN (g/kg N) 74.2 76.5  

aNDFom 276 278  

aNDF 287 290  

ADFb 194 194  

Lignin(sa)c 43 42  

Crude Fat 49.7 49.6  

Starch 205 199  

Soluble Sugars  13.8 15.5  

Ash 85 85  

P  4.8 4.7  

K  14.7 14.4  

S  3.19 3.15  

Ca  8.3 8.6  

Mg  0.34 0.35  

Znb 115 114  

Mnb 43 42  

Feb 290 290  

Cub 9.1 8.8  

MONb 0 10.72  

a - Average of 2 samples, one from each experimental period which were pooled from 2 samples 

collected in the final week of each experimental period. 

b - Expressed as mg/kg DM of the TMR. 
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Whole Tract Digestibility, Urine and Microbial Crude Protein Outputs  

 Whole tract digestibility of OM differed (P=0.02) between treatments at 652 g/kg and 

668 g/kg for -MON and +MON rations, respectively (Table 4). The aNDFom digestion was 

higher in cows fed the +MON ration (P<0.01), but that of CP did not differ.  The DE as a 

proportion of GE did not differ between diets, averaging 645 MJ/MJ (Table 4). 

Urine volume did not differ between monensin and control treatments, and there was no 

difference in MCP yield (Table 4). 

Table 4          
Dry matter intake and whole tract apparent digestibility (g/kg) of the diets as impacted by addition 

of monensin. Urine volume (L) and microbial crude protein (g CP/d) of cows fed control (-MON) 

and treatment (+MON) diets. 

              

 Treatmentsa     
  -MON +MON   SEM   P 

       
Dry matter intake (kg/d)b 29.0 29.0  0.27  0.85 

       
Digestibilityc       

Organic matter 652 668  2.1  0.02 

aNDFom 433 464  2.7  <0.01 

aNDF 456 485  2.9  <0.01 

Crude protein 621 638  3.7  0.11 

Energyd  636 653  6.7  0.47 

       

Urine specific gravity 1.027 1.027  0.0005  0.52 

Urine volume (L/d) 18.5 18.8  0.43  0.51 

Urine allantoin concentration (nmol/L)                                2.62 2.54  0.068  0.32 

Rumen MCP outflow (g/d) 1590 1539   30.2   0.17 
a - Level of MON (ppm) in the dietary dry matter. 
b - n = 4 pens. 

c - n = 9 composite samples. 
d – Digestible energy expressed as MJ/MJ of gross energy  
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Energetic Efficiency  

The DE density was numerically (P=0.13) higher with the +MON diet (Table 5). The 

milk energetic output was much higher (P<0.01) with the +MON diet, which led to a numerical 

(P=0.14) increase of 5.4% in the NEL density of the +MON diet.  

Table 5          
Partial net energy balance of high producing dairy cows fed diets with and without added monensin. 

                

 Treatmentsa      
  -MON +MON   SEM   P   

Gross Energy (MJ/kg)  17.99 17.99  0.205  1.00  
Digestible Energy (MJ/kg)c   13.64 14.02  0.022  0.13  

        

Energy Balance        
  Milk energy (MJ/d) 139.7 152.7  1.12  <0.01  
  BCS energy (MJ/d)d 2.25 1.02  0.670  0.19  
  Total Net Energy, (MJ/d)e 186.8 197.7  3.86  0.22  

        
NEL (MJ/kg DM) 6.47 6.82  0.093  0.14  
a - Level of monensin (ppm) in the dietary dry matter. 
c - Digestible density of the diets expressed as MJ/kg 
d - Energy associated with changes in body condition score, calculated according to Chilliard et al, 

(1991). 

e - Sum of Milk, BCS and maintenance energies (calculated from assumed body weight of 675 kg) 
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Blood Plasma VFA and Glucose Levels 

 Blood plasma glucose (mg/mL) tended to be higher (P=0.10) in cows fed monensin diets. 

Blood plasma acetic, propionic and butyric levels were lower (P≤0.05) in cows fed monensin, 

and the extent of the reduction was similar (Table 6). Isobutyric, isovaleric and valeric acids did 

not differ between treatments.  

Table 6 

Blood plasma volatile fatty acids (µg/mL) and glucose (mg/mL) of cows fed control (-MON) and 

treatment (+MON) diets.  

 

 

Blood Plasma Amino Acid Levels  

 In general, there were few differences in blood plasma AA levels due to feeding 

monensin (Table 7).  Exceptions were phenylalanine, which tended to be lower in the +MON 

diet (P=0.08), as well as threonine (P=0.05) and tryptophan which were higher (P<0.05). In 

contrast, glutamic acid which was lower (P<0.05) in the +MON diet.  

  

 
Treatmentsa     

     -MON 
 

 +MON SEM      P 

Glucose (mg/mL) 0.635  0.651 0.0094    0.10 

Acetic Acid 77.7 64.7 4.78 0.05  

Propionic Acid 3.76 2.97 0.258 0.02  

Butyric Acid 1.93 1.57 0.158 0.03  

Isobutyric 0.17 0.16 0.020 0.76  

Isovaleric 0.44 0.42 0.021 0.48  

Valeric 0.01 0.01 0.001 0.31   

Acetic Acid: Propionic Acid 21.3 22.9 1.00 0.19  
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Table 7           

Blood plasma amino acids (µg/mL) concentrations of cows fed control (-MON) and 

treatment (+MON) diets. 

 

            

 Treatments     

  -MON +MON   SEM     P 

        

Essential Amino Acids        

Threonine 8.71 9.88  0.408  0.05  

Valine 28.1 28.4  0.92  0.74  

Methionine 3.05 2.85  0.139  0.32  

Isoleucine 13.4 13.1  0.45  0.60  

Leucine 21.1 21.0  0.73  0.90  

Phenylalanine 8.13 7.61  0.265  0.08  

Tryptophan  8.89 9.89  0.327  0.04  

Lysine 10.7 10.2  0.46  0.47  

Histidine 7.06 7.16  0.285  0.74  

Arginine 12.8 12.4  0.54  0.52  

Lys:Met ratio 3.57 3.61  0.10  0.65  

  

        

Non-essential Amino Acids        

Aspartic acid 1.15 1.07  0.057  0.25  

Tyrosine 9.26 8.87  0.428  0.40  

Serine 7.35 7.21  0.294  0.73  

Glutamic Acid 5.58 4.99  0.239  0.04  

Glutamine 29.2 30.7  1.16  0.33  

Glycine 18.9 19.6  1.18  0.56  

Alanine 19.3 19.5  0.65  0.79  

Proline 10.3 10.6  0.35  0.59  

3-Methylhistidine 0.66 0.66  0.031  0.97  

Asparagine 5.89 6.02  0.278  0.73  

        

Ammonia 2.44 2.43  0.057  0.89  
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Milk, and Milk Constituents, Yield, BCS and BSC Change  

 Incorporation of monensin to the diet substantially increased (P<0.01) milk, fat, protein, 

and lactose yields (Table 8). Cows fed monensin also had a lower protein and higher lactose 

proportion (P<0.01), but milk energy density was similar. The body condition score change was 

unimpacted by monensin feeding.  

  

Table 8 
         

Milk production and body condition score of cows fed control (-MON) and treatment (+MON) 

diets.  

 
            

 
  Treatmentsa 

    
  -MON +MON   SEM   P 

       
Yield (kg/d) 

      
  Milk 48.31 52.58 

 
0.388 

 
<0.01 

  Milk Fat 1.68 1.85 
 

0.017 
 

<0.01 

  Milk Protein 1.42 1.53 
 

0.010 
 

<0.01 

  Milk Lactose 2.33 2.55 
 

0.018 
 

<0.01 

       
Components (g/kg) 

      
  Fat 35.2 35.3 

 
0.02 

 
0.55 

  Protein 29.5 29.2 
 

0.01 
 

<0.01 

  Lactose 48.3 48.6 
 

0.01 
 

<0.01 

  Energy (MJ/kg) 2.92 2.91 
 

0.002 
 

0.76 

  SCC (x 1000 cell/ml)a 171 161 
 

14.4 
 

0.58 

       
Body Conditionb 

      
  BCS (units) 3.05 3.02 

 
0.029 

 
0.15 

  Change in BCS (units/30 d) 0.054 0.024 
 

0.0160 
 

0.19 

a – Somatic Cell Count  

b – Measured as body condition score (BCS) on a scale of 1 to 5. 
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Discussion  

It is well documented that a key action of monensin in the rumen is to inhibit growth of 

gram-positive bacteria thereby allowing gram-negative bacteria to proliferate (Russell and 

Houlihan, 2003; Lowicki and Huczyński, 2013). Indeed, an increased proliferation of gram-

negative bacteria is consistent with increased ruminal fermentation of NDF in our study, which 

would release free hemicellulose and cellulose units (Tamminga, 1993). Similar to our results, 

Faulkner et al., (1985), found increased ruminal OM and NDF digestion, which the authors 

speculated to contribute to increased feed efficiency. This is likely because ruminal bacteria 

classified as secondary fermenters utilize dietary NDF to create VFA, especially propionate, 

acetate and butyrate as fermentation end products (Dijkstra, 1993), which are absorbed from the 

rumen to support the energetic costs of maintenance, tissue metabolism and milk production. 

Thus, it would be expected that as microbial proliferation changes with monensin feeding; and 

fiber fermentation increases, that availability and rumen concentrations of VFA by-products 

would also increase as well as their plasma concentrations which is consistent with our findings.  

The general similarity of blood plasma concentrations, in addition to similar blood 

plasma acetic to propionic (A:P) acid ratios, suggest increased mammary VFA draw met an 

energetic need, rather than for AA, even though MCP outflow did not change with monensin 

feeding. Positive impacts of monensin feeding on ruminal fiber degradation, likely due to 

decreases in the gram-positive microbial population, are an explanation of why MCP remained 

unchanged as microbial biomass flow out of the rumen on undegraded fiber was likely slightly 

reduced, which could have negated increases in the size of the gram-negative bacterial 

population. Although many studies speculate on potential changes to MCP due to monensin 

feeding, no studies have directly measured it, instead focusing on ruminal escape of dietary 
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protein. Indeed, Plaizier et al., (2000), speculated that inclusion of monensin in the diet would 

reduce MCP outflow and encourage increased ruminal outflow of dietary protein which could be 

digested and absorbed from the small intestine to contribute to blood AA levels. However, 

reported decreases in deamination rates in cattle fed monensin were determined to be diet 

dependent (Russell and Houlihan, 2003). Similarly, Surber and Bowman, (1998), reported a 

trend to increased dietary nitrogen flow to the abomasum, and a trend to reduced ruminal 

degradation of dietary nitrogen; however, total nitrogen flow to the abomasum remained 

unchanged, thereby suggesting a decline in ruminal MCP outflow, which is consistent with our 

findings.  

The trend to 2.8% increased dietary DE (MJ/kg diet DM) with monensin feeding is 

consistent with increased NDF digestibility and, quantitatively, it is biologically relevant. Similar 

to DE, diet NEL (MJ/kg DM density) increased numerically, but here by 5.4%, primarily due to 

the 9% increase in milk energy output by cows fed monensin. The higher increase in NEL versus 

DE indicates production responses were likely driven by increased absorption of energetic 

precursors from the intestine (DE), as well as increased efficiency of utilization of these 

energetic precursors post-absorption. Similar to our 9% increase in milk energy output, Phipps et 

al., (2000), reported a 5% increase in net milk energy output when feeding monensin to lactating 

cows at 8 and at 16 mg/kg. Additionally, our increase in NEL was similar to Phipps et al. (2000) 

who reported a 5% and 7% increase at 8 and 16 mg/kg DM, respectively.  

Alterations in ruminal fermentation and post-ruminal absorption of nutrients associated 

with monensin feeding likely contributed to the altered blood nutrient profiles. It is possible that 

increased absorption of propionic acid from the rumen, as well as the gluconeogenic AA 
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glutamic acid from the small intestine, may have led to increased glucose production and lactose 

anabolism, the main driver of milk production.  

The considerably lower blood plasma propionic, acetic and butyric acid levels in 

monensin fed cows could have been due to lower ruminal production and absorption, and/or to 

higher extraction from blood post-absorption. As a reduction in ruminal VFA production seems 

inconsistent with the higher NDF digestion, and much higher milk yield of the monensin fed 

cows, it seems much more probable that the reduced blood levels of propionic, acetic and butyric 

acids is due to higher metabolic demand leading to the lower levels. Indeed, liver uptake of 

propionate, as a compound released from portal drained viscera, comprises 90 to 95% of VFA 

absorption in early and mid-lactation dairy cows (Larsen and Kristensen, 2013). Thus, if 

propionic acid influx to the blood stream increased due to increased aNDF fermentation 

associated with impacts of monensin on the rumen bacterial populations, it is very likely that the 

contribution of propionic acid to gluconeogenesis within the body increased. Few studies have 

measured blood plasma concentrations of VFA and so connections between ruminal VFA 

concentrations and blood glucose levels and production responses have been documented. 

Indeed, Duffield et al., (2008c) linked monensin driven increases in ruminal concentrations of 

propionate to increased hepatic gluconeogenic flux, assuming a direct connection between 

propionate absorption and gluconeogenesis. Further evidence for the increase between blood 

plasma propionate and glucose synthesis includes increases in propionate pool sizes with 

concomitantly increased total glucose entry rates reported by Van Maanen et al., (1978).  

Lower plasma glutamic acid in cattle fed monensin also suggests that carbon derived 

from glutamic acid was utilized to support increased plasma glucose production in association 

with increased propionate absorption and utilization. In our extensive review of the literature, no 
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information on how monensin impacts blood plasma AA profiles was identified. However, 

glutamate has been found to contribute C and N sources for biosynthesis of milk protein through 

nonessential AA uptake by the mammary gland (Lobley et al., 2001). When analyzing milk 

components, it was clear that glutamate derived carbon contributed more to glucose synthesis 

than to that of milk protein because glutamate derived carbon appeared in 46 to 54% and 25 to 

37% of lactose and casein, respectively (Egan and Black, 1968).  

That blood alanine did not differ with monensin feeding, could be due to its utilization in 

the monensin fed cows to support glucose production in the liver. Thus, it is likely net AA 

absorption from the small intestine increased to meet increased mammary demands and that 

associated draw down prevented a difference in blood plasma levels from occurring.   

Thus, it is likely that increased ruminal production and absorption of propionic acid alone 

could not meet mammary demand, further increasing the contribution of gluconeogenic AA to 

glucose synthesis. An associated increase in glucose synthesis likely contributed to increased 

lactose anabolism thereby resulting in a substantial up regulation of milk and milk component 

production. Indeed, as blood levels glucose tended to be higher in cows fed monensin, and as 

blood samples were collected from the tail vein to represent mammary inflow, it is likely that 

availability of glucose increased, but first pass mammary drawn down minimized treatment 

differences. Similar to our study, an increase in blood glucose was indirectly indicated by a 

lower concentration of BHBA with monensin feeding (Sauer et al., 1989). Increased blood 

glucose availability to the mammary gland is further supported by documented increases in 

glucose entry rates, while blood glucose levels remained relatively unchanged due to increased 

milk production (Van Maanen et al., 1978). As most blood glucose in dairy cattle is derived from 

gluconeogenesis, and not from dietary sources (Young et al.1997), fluctuations in homeostatic 
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regulation is rare and small differences can be biologically indicative of biologically important 

changes in metabolism.  

Milk lactose yield increased by 9%, with an associated increase in milk yield of 4.27 

kg/d. This, increased yield is partly consistent with the literature which suggests an overall 

increase in milk yield of 1.3 to 2.8 kg/d (Phipps et al., 2000; Akins et al., 2014; Ferreira de Jesus 

et al., 2016) using similar diets and monensin feeding levels to those of our study. However, our 

increase of 4.27 kg/d more milk is well above the upper range of other studies. As well, some 

studies (Broderick, 2004; Benchaar et al., 2006; Erasmus et al., 2008) found no change in milk 

production associated with monensin feeding at inclusion rates similar to this study (i.e. 8, 15 

and 16 ppm). This substantially higher milk yield (kg/d), with no change in DMI, in our study 

may indicate a wide discrepancy in monensin effectiveness, possibly due to diet formulation 

and/or the much higher base milk production of the cows. Akins et al. (2014), reported a 1.3 kg/d 

increase in milk yield in cows fed 18 mg/kg DM monensin incorporated into nutritionally similar 

diets to those use in our study, may suggest an upper feeding limit to beneficial impacts of 

dietary monensin inclusion. This was also demonstrated by Phipps et al., (2000) where 

increasing monensin inclusion rates were associated with a decline in the extent of the positive 

milk yield change. Similarly, Sauer et al., (1988), reported a +9% change in milk yield in cows 

fed monensin at 15 mg/kg DM but only a +5% change when cows were fed 30 mg/kg DM 

monensin. While ration formulation may be an important contributor to a monensin impact, the 

base milk production (kg/d) for cows used in our study was double that of Phipps et al., (2000) 

and Sauer et al., (1988), suggesting that increased cow productivity could have contributed to our 

large increase in milk yield. Indeed, the milk yield percent change in our study was 9%, similar 

to values reported by Phipps et al., (2000) and Sauer et al., (1988), who reported milk yield 
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change of +11% and +10%, respectively, with monensin incorporation at a similar dietary level 

used in our study.  

Similar to milk yield, milk protein yield increased by 8% with monensin feeding. 

Increased milk protein yield is likely associated with reduced deamination of dietary CP in the 

rumen allowing for increased absorption of dietary essential AA and AA from the small intestine 

(Surber and Bowman, 1998; Plaizier et al., 2000; Castro-Montoya et al., 2012). This would allow 

higher dietary protein escape from the rumen, seemingly essential as MCP outflow was 

unchanged between our treatments. However, blood phenylalanine and methionine were both 7% 

lower in the cows fed monensin, perhaps suggesting increased uptake by the mammary gland 

and/or an inability of potentially limiting absorbed AA to keep up with increased mammary 

extraction. As it is commonly accepted that methionine can limit milk protein synthesis, 

increased methionine use by the mammary gland due to increased production demands is 

biologically sensible (Doepel et al., 2004). Phenylalanine also tended to be lower in monensin 

fed cows, perhaps indicative of its increased contribution to either milk protein or tyrosine 

synthesis (Doepel et al., 2016; Swanepoel et al., 2018). Further, threonine and tryptophan were 

higher in +MON cows demonstrating mammary specificity for specific AA may have 

contributed to up regulated milk lactose and protein synthesis. Indeed, removal of threonine from 

the ruminal supply of AA had no impact on plasma glucose, and milk or milk protein yield 

(Doepel et al., 2016). In mammary tissue, tryptophan is utilized for serotonin synthesis which, 

when blocked by either interrupted synthesis or receptor interference, resulted in increased milk 

yield (Hernandez et al., 2008). The clear evidence of mammary AA selectivity in the current 

study may also be indicative of altered AA profiles of the protein reaching the small intestine 
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and/or their post-absorptive utilization efficiency, thereby allowing intestinal milk protein 

absorption to keep up with increased mammary demand.  

Milk fat yield and/or proportion commonly decrease with dietary monensin incorporation 

and this decrease has often been attributed to reduced ruminal acetic and butyric acid production 

driven by shifts in rumen microbial populations (Phipps et al., 2000; Broderick, 2004; Benchaar 

et al., 2006; Erasmus et al., 2008; Dubuc et al., 2010). However in the current study milk fat 

yield increased, and proportion remained unchanged, with monensin feeding while blood plasma 

concentrations of acetic and butyric acids declined. Since blood samples were collected from the 

tail vein to closely reflect that available for mammary uptake, lower blood levels could reflect 

utilization in the mammary gland on a previous pass thereby contributing to increased milk fat 

production. While it is evident that monensin did have a ruminal impact in our study, 

demonstrated by increased fiber fermentation, the unaltered A:P ratio could explain why milk fat 

synthesis increased since acetic acid was seemingly produced and utilized at rates equivalent to 

propionate. Further, reductions in molar concentrations of acetic and butyric acids associated 

with monensin feeding has been shown to be diet dependent. Fiber proportion in diets 

determined to be inadequate (i.e. < 30% NDF) were found to be more susceptible to milk fat 

yield and proportion suppression compared to rations with appropriate fiber levels (i.e. > 30% 

NDF) (Duffield et al., 2003; Dubuc et al., 2010). The feeding of a nutritionally balanced ration 

with adequate effective fiber levels and evidence of unchanged blood plasma A:P ratio in our 

study likely contributed resistance to milk fat reduction and allowed for ruminal acetic and 

butyric acid production to sustain the nutrient demands of its increased production.  

 California, and to an extent the U.S. dairy industry, needs to double 2009 food production 

levels by 2050 to sustain human nutrition demands worldwide, which necessitates a rapid 
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increase in production efficiency (Liebe et al., 2020). California’s dairy industry currently has 

about 1.8 million lactating dairy cattle yielding about 18.3 billion kg of milk, annually (USDA, 

2017), and producing an estimated 20% of California’s total human derived methane emissions 

as an enteric by-product of rumen fermentation (California Air Resources Board, 2015). 

Widespread low level monensin incorporation to diets of lactating dairy cattle in California could 

contribute to reduced methane emissions by reducing cow numbers to produce the same amount 

of milk as those not fed monensin, and/or by increase feed efficiency (i.e. L milk/kg feed), likely 

by directly inhibiting growth of methanogens in the rumen. Indeed, current state milk production 

could be achieved by a total reduction of over 160,000 lactating dairy cows, assuming a 9% 

increase in milk yield overall, versus cows not fed monensin. Such a reduction in numbers is 

associated with a statewide estimated reduction of 19.6 M kg CH4 annually, assuming 121 kg 

CH4/cow/year as reported by Rotz, (2018). However, as it is well documented that developed 

nations will be essential exporters of animal origin foods in the future (White and Hall, 2017) 

and because a decrease in dairy cattle numbers in CA is unlikely, it is more likely that monensin 

use would reduce feed needed to produce a liter of milk without increasing feed intake. As crop 

production to produce ruminant feeds accounts for 15.4% of California agricultural emissions, 

such decreases in feed needed per unit milk production of feed would contribute significant 

reductions in greenhouse gas emissions per unit of milk produced (Naranjo et al., 2020).  
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Conclusions  

Lactating dairy cattle fed a contemporary lactation TMR with 11 ppm (DM) monensin 

had 9% higher yield of milk with no substantive change in milk component levels. This increase 

appeared to be driven by increased availability of energetic precursors due to higher ruminal 

NDF digestibility and an associated 2.8% increase in diet DE density and a 5.4% increase in diet 

NEL density. The increased ruminal NDF digestibility appears to have contributed increased 

availability of ruminal propionic, acetic and butyric acid which facilitated increased mammary 

draw. Although ruminal MCP escape was not impacted, but the likely higher ruminal escape of 

dietary CP to the small intestine appears to have increased absorption of both gluconeogenic AA 

and essential AA. Absorption of propionic acid and gluconeogenic AA allowed for increased 

glucose production thereby resulting in a substantial up regulation of milk and milk component 

production. Incorporation of monensin in the diets of early lactation multiparty dairy cattle in CA 

could maintain milk yield, but allow reduction of state herd numbers by over 160,000 with an 

associated estimated reduction of 19.6 M kg methane annually, compared to cows not feed 

monensin.  
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