
ABSTRACT 

CLEVELAND, KRISTIN MARIE. Small Grain Silage for Lactating Dairy Cows. (Under the 
direction of Dr. Vivek Fellner). 
 

Two experiments were conducted to evaluate an alternative to corn silage for lactating dairy 

cows. Three small grain silages were evaluated in vitro and in vivo. There is immediate need 

to find alternative feedstuffs for ruminants. Corn silage is a common forage source in dairy 

rations but current price volatility has made it less economic to include in dairy rations. Other 

forages have potential to support high milk yields when ensiled under optimum conditions. 

Oats (normal or hulless) and wheat were harvested at the milk stage, ensiled then included at 

either 65% (Exp 1) or 100% (Exp 2) in a TMR. Twenty four Holstein cows were blocked by 

parity, DIM, and milk production and fed diets for 60 d. In exp 1, normal oat and wheat 

silages increased (p<.001) DM intakes compared with corn and hulless silages (p<.01). Milk 

yields were lesser for all small grains compared with corn. In exp 2, normal and wheat 

silages resulted in decreased DM intakes when compared with corn and hulless silages. 

However, milk production was similar between corn and hulless oat treatments but lesser 

with normal oat and wheat silages. An in vitro experiment using continuous cultures of 

ruminal microorganisms was designed to evaluate the effects of the diets on fermentation. In 

vitro true Dry matter disappearance (IVTDMD) was greater (p<.01) for corn silage when 

compared with the small grain silages.  Small grain silages increased concentration of acetate 

and decreased butyrate concentrations (p<.01) compared with corn silage. Methane was 

similar across treatments except for hulless oats that resulted in a lesser (p<0.04) 

concentration. At both 65% and 100% hulless oat silage was a reasonable alternative to corn 



silage based diets. Normal oat and wheat silages resulted in lesser animal performance and 

the affect was greater at 100% inclusion rate. 
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Literature Review 

Economics of livestock feeds 

 Over 80 million acres of corn were planted in the United States in 2006, accounting 

for 94.8% of all feed grain produced that year (Westcott, 2007). Corn has been the first 

choice as concentrate for livestock for hundreds of years. Corn use has changed drastically 

since the advent of its conversion to ethanol and other biofuels and subsequent  by products 

from its  processing.  

 The Energy Policy Act of 2005 set standards for biofuel use in the US through 2012. 

The Energy Independence and Security Act of 2007 expanded these mandates and extended 

the timeline through 2022. These laws seek to reduce the amount of greenhouse gas 

emissions and increase domestic production of biofuels such as ethanol and biodiesel. At 

least twenty-five percent of corn grown in the United States (3 billion bushels in 2008) is 

now used to produce ethanol (Gecan and Johansson, 2009).  

 In 2008, corn grain prices rose $115/t of DM above the 2005 average. Such an 

increase created tight marginal profits for small (<100) and medium-sized (100 to 199) dairy 

farms in the United States, that were importing corn grain as animal feed supplement 

(Ghebremichael et al., 2009). The added increase in demand for corn has not increased the 

supply of corn, but rather its price due to lack of availability.  Between April of 2007 and 

April of 2008 corn prices increased by 50% and the feed costs per herd averages over 50% of 

total production costs (Short, 2004). Feed cost is also influenced by milk production, feed 
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intake, forage pricing and quality. Burdine and Halich (2008) presented a series of equations 

evaluating the cost of corn silage from the producer and livestock feeder perspectives. The 

price of an alternative hay substitute is taken into account in the feeding price calculations. 

Based on the energy value of corn silage, versus grass hay, there appears to be little 

opportunity for either the grain or livestock producer to benefit from the sale of corn silage at 

current prices (Burdine and Halich, 2008). The rise in cost of animal husbandry and cropland 

has, in turn, driven up the cost of farm commodities, and consequently the retail cost of food.  

Feed cost is still the largest operating expense in milk production. Therefore, any 

improvement in the conversion of feed to milk has a direct impact on the profit margin of the 

dairy farm (Britt et al., 2003). There is a need for suitable alternative feed sources to be 

evaluated for livestock, particularly dairy cows.  

Dairy nutrition 

 Dairy rations can be formulated with 40% of the dry matter in the diet consisting of 

forages and the other 60% concentrates. This ratio can be varied according to nutritive value, 

forage quality, and cost effectiveness. Forage has been defined as the plant material eaten by 

grazing livestock directly but now also includes these plants that have been cut and fed to the 

animals as hay or silage (Fageria, 1997). Forages contain fiber, protein, minerals and 

carbohydrates, and there concentrations are referred to as their nutritive value and are 

important for animal health and subsequent production.  

 The nutritive value of any certain forage is related to its composition to support 

increased animal performance. Greater quality forage reflects nutrients that favor greater dry 

matter intake and digestion than lesser quality forages. Chemical composition and hence 
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nutritive value of forage can vary depending on species, and on harvesting and storage 

procedures. Using forages with greater nutritive value not only support increased animal 

performance, but also will decrease feed costs by reducing the cost of a TMR. Concentrates 

include mature grains, non-fiber supplements, and additives. These are usually added as an 

additional source of protein, energy, or to meet a mineral requirement.  

Small Grains as an alternative feedstuff 

 An alternative to corn grain in dairy cattle rations is the use of small grains as silages. 

 Wheat (Triticum aestivum L.), rye (Secale cereal L.), oats (Avena sativa L.), and barley 

(Hordeum vulgare L.) are all cool-season cereal grains.  Small grains have the potential to 

provide supplemental nutrition to livestock as fall and spring pasture, as silage, or as a hay 

crop while serving as a winter cover, nurse crop, and/or scavenger of residual fertilizer 

nitrogen (Ditsch and Bitzer, 1995). Small grains offer the potential of a consistent feed 

source at a time when soil moisture is usually high and animal feed supplies are often limited 

(Edmisten et al., 1998a). They can be grown over the winter months in a double cropping 

system aimed at high feed production and harvested in the spring as forage. Harvesting them 

as silage rather than finished grain, offers many benefits to farmers that have available land.  

With an early harvest in mid-May, a double crop of corn harvested for silage can follow the 

small grain crop (Short, 2004). As winter tends to be a slow time, this latent system makes 

use of otherwise wasted acreage. Cows can also graze this winter crop, although the most 

profitable yield may prevent this.  

 A whole–farm model was used to compare corn and alfalfa cropping systems on a 

representative farm in the mid–Atlantic region. Five options evaluated included 1) barley 
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harvested as cash grain and straw bedding followed by a double crop of corn silage, 2) barley 

harvested as feed grain and straw bedding followed by a double crop of corn silage, 3) barley 

harvested as silage followed by a double crop of corn silage, 4) rye silage double cropped 

with corn silage, and 5) corn replaced with a cash wheat crop and straw bedding followed by 

a summer alfalfa seeding (Rotz et al., 2002).  

 Annual farm net return or profit was increased by up to $93/cow when double cropped 

barley or single–cropped wheat was harvested as grain and straw, by about $30/cow for 

double–cropped barley silage, and $50/cow for double–cropped rye silage. Use of small 

grains generally reduced the risk or year–to–year variation in net return. Use of a small grain 

crop may provide several advantages, which include yields that are less prone to drought 

compared to corn and more diversity in the crop sequence, both of which reduce production 

risk (Rotz et al., 2002). 

 Cereal grains used as cover crops can reduce groundwater nitrate contamination 

(Brinsfield and Starer., 1991). Nitrogen leaching loss over the farm was reduced by 10 kg/ha 

(8.9 lb/acre) when 40% of the corn was double cropped with a small grain, and soil P 

accumulation was reduced by 2 kg/ha (1.8 lb/acre) per year (Rotz et al., 2002).  

Cropping Systems 

 Studies have shown that diverse cropping systems should be considered (Crookston et 

al., 1991; Ghaffarzadeh, 1997). For example, Ghaffarzadeh (1997) demonstrated that 

intercropping berseem clover and oats between a corn-soybean-oat rotation treatment 

produced more corn yield and greater biomass harvested from the oat straw. Generally in the 

Midwest, corn acres are managed with a corn-soybean sequence. Crookston et al. (1991) 
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found that adding a third crop to the soybean-corn rotation can create a superior cropping 

system, given that the third crop is economically viable from the yield standpoint (Crookston 

et al., 1991). Small grains, such as oats are well suited for this application. Berseem clover 

was used in this study to underseed oats in the attempt to produce biomass of greater nutritive 

value and also to increase the soil N contributions from the legume cover crop.  This study 

showed greater corn yield following oat plus berseem clover and attributed to the additional 

N contribution from the clover. The potential N contribution of berseem clover from 

aboveground biomass was approximately 60 lb N/acre per year. Intercropping also resulted 

in greater profits than a sole oat crop in each year of experimentation (Ghaffarzadeh, 1997). 

Crop growth and yield 

 Unlike perennial grasses and legumes, most annual grain-producing plants have the 

capacity to maintain, or improve in feed value as maturity is approached (Edmisten et al., 

1998b). Harvesting small grain as silage, rather than grain, allows more of the dry matter to 

consist of green leaf and permits the following summer crop to be planted sooner.  

 There is a delicate balance between crop yield, dry matter and nutritive value that must 

be considered when choosing a harvest date. This balance lies within the morphology of the 

small grain and development of the grain head. Crop quality is defined here as digestible dry 

matter.  The three important stages of grain development to consider when evaluating growth 

for quality are the boot, milk and dough stages.  During the boot stage the grain head is 

enclosed by the sheath of the uppermost leaf. The milk stage is when the grain head releases 

a white liquid substance when opened, and the dough stage is when the grain starch 

consistency is more like dough. As it continues to develop and lay down carbohydrates the 



 

6 

dry matter (DM)  concentrations of whole plants at harvest also increase from boot through 

maturity (Edmisten et al., 1998a).  

 The plant physiology changes rapidly from head emergence to bloom as the stem 

stiffens and fiber and lignin increase within the stem to support the filled head. The 

vegetative ratio of leaf to stem goes down, and there is little nutrition in the head to offset 

this change. As the head fills, carbohydrate content increases, which offsets some of the loss 

in nutritive value due to greater fiber and lignin concentrations (Ditsch and Bitzer, 1995). 

 Planting small grains for forage in the fall or winter can be a beneficial cropping 

strategy by making efficient use of tillable land that may otherwise lie dormant for the 

winter. Further, they supply a source of fiber for lactating dairy cows and a hedge against 

failed spring plantings. However, lack of rainfall in the winter will quickly reduce small grain 

development. The fiber content of small grains in a concentrate ration is important for 

lactating cows. Oat and wheat silages should be harvested in the milk to soft dough stage 

even though the yields per acre of crude protein and digestible dry matter are lesser at this 

stage of maturity. The time frame for optimum harvest of small grains is short, they mature 

rapidly especially during dry, warm days (Staples, 2003). 

 As the plant matures from the boot stage to the dough stage, crude protein and 

digestible dry matter decreases while yield increases (Collar et al., 2004). While total yield of 

digestible nutrients are greatest when plants are harvested at the dough stage of maturity, the 

nutritive value has been reduced to the point where animal performance will be less than 

desired. Cows eating small grain silage harvested at the dough stage of maturity will eat less 

total feed and produce less milk than cows fed small grain silage harvested at the milk or 
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boot stage of maturity (Staples, 2003). The primary reason for this reduced performance is 

the accumulation of indigestible lignin in the stem of the plant. With more indigestible fiber 

being consumed and taking up room in the digestive tract, the animal is forced to eat less 

feed which results in less milk production (Staples, 2003). 

 Small grains can provide quality forage for dairy cattle, but nutritive value depends on 

the stage of maturation at the time of harvest, and it declines with plant maturity. Although 

CP and  NDF digestibility (NDFD) are least, TDN and NEl are greatest at soft dough with 

greatest DM yield occurring by the soft-dough stage (Collar et al., 2004). Yields in some 

cases quadrupled from boot- to soft-dough stage. CP declined with advancing maturity for all 

seven cultivars of wheat and the triticale cultivar (Collar et al., 2004). ADF and NDF 

increased until approximately flowering time, but then declined after significant seed 

development (Collar et al., 2004). TDN often improves from the milk to the soft-dough 

stages of harvest. Greater concentration of energy coupled with greater DM yield makes soft- 

dough stage the obvious choice for obtaining the greatest yield of energy per acre.  

 There are situations when growers wish to remove a small grain forage crop before it 

matures to the soft-dough stage to enable earlier planting of corn. If harvest must occur early, 

then the best time would be boot stage, when CP and NDFD are greatest (Collar et al., 2004). 

Comparisons of Small Grain Silages  

 Differences among small grain plant species exist (Bergen et al., 1991; Collar et al., 

2004; Ditsch and Bitzer, 1995; Oltjen and Bolsen, 1980; Rotz et al., 2002; Smith et al., 2004; 

Staples, 2003). Wheat silage has the most TDN, followed by oats, followed by rye (Smith et 

al., 2004). As silage, wheat is of excellent quality and will normally produce more tonnage 
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(6-10 T/Ac at 65% moisture) than barley (5-8 T/Ac) and be of greater quality than rye when 

cut at the bloom stage (Ditsch and Bitzer, 1995). Oats are the least tolerant of frost so 

freezing temperatures are always a risk to oat growers (Staples, 2003). While rye yields the 

least dry matter due to the need for earlier harvests than wheat and oats, it has two major 

advantages over the other small grains, it is the most frost tolerant, and it grows well on 

sandy soils (Staples, 2003). 

 Testing programs for alfalfa quality have been in place for decades based on research 

that has shown greater digestibility, faster weight gains, and greater milk production from 

cattle fed alfalfa harvested at an immature stage. Maturity of alfalfa is closely related to its 

fiber concentration and content which increases with stage of maturity.  

 In small grain forages the concentration of fiber does not always increase with 

increasing maturity (Collar et al., 2004). During early growth up to flowering, fiber 

concentration (ADF and NDF) increases as the plant matures, similar to alfalfa. However, 

when grain is produced, the relationship becomes more complex. The fiber concentration is 

usually lesser or about the same at soft dough as it is at boot stage and due to the 

development of the grain. As the plant matures, grain development contributes non-structural 

carbohydrate (starch) that dilutes the fiber component. The negative effects of more fibrous 

stems and leaves are often more than compensated for by the development of the non-

fibrous, high energy grain portion (Collar et al., 2004). 

 Bergen contrasted the effects of 64 d ensiling on wheat, oat and barley harvested at 

milk and dough stages (Bergen et al., 1991). Silage DM was greater at the dough, than milk 

stage, at day 0 and day 64. Silage total N was not different between small grain species or 
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stage at day 0 or 64. Buffering capacity (BC) on day 0 was greatest in oats and barley than in 

wheat. All small grains had greater BC at the milk stage than dough stage. Silage pH 

declined by day 64 in all small grains reflecting active fermentation. Lactic acid increased 

during ensiling in all small grains with no appreciable amounts of propionic or butyric acid at 

either date. This signifies an overall excellent ensiling process and the domination of lactic 

acid bacteria in the microbial population. Acetic acid increased during ensiling and is related 

to continued plant metabolism and microbial fermentation. The reduced levels of acetic acid 

indicate that available carbohydrates were used by lactic acid bacteria. Ammonia N increased 

during ensiling but never exceeded 0.2% of DM. Crops ensiled during the milk stage, rather 

than dough stage, used a greater percentage of water soluble carbohydrates due to greater 

microbial activity earlier in the ensiling period (Bergen et al., 1991). 

Oat Silage 

 While corn and wheat are both commonly used as ingredients in livestock diets, oats is 

a grain that is usually associated with equine applications. Breeders have tried to improve the 

amino acid composition of maize, barley and wheat proteins to increase their biological 

value, but oat protein is already quite rich in lysine because of its high globulin content. The 

lipid content of grain is largely unsaturated fatty acids, which, when fed, can alter the fatty 

acid composition of animal fat (Welch, 1995).  

 There are two rather different types of oats; normal, and hulless. Both types of oat 

produce glumes (lemma and palea) that contain the seed (groat). The major difference in 

these species of oat is that once the plant matures and is harvested the groat falls away from 

the glumes in the hulless variety while it remains attached in the normal oat variety. This 
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makes the hulless oat of greater nutritive value than the normal variety at its maturity. The 

source of the germplasm also differs in that the hulless oats come from Zimbabwe and is a 

new release from NCSU with limited availability. The normal oat variety used in the 

following studies is ‘Rodgers’ developed and released by NCSU.  It is important to note that 

these differences are most apparent at the mature stage of the grain development. When the 

oats are harvested in the milk or boot stages, these differences are less apparent and become 

more of a difference in species rather than appearance.  

 An advantage of oat silage is that it is available much earlier in the season than is 

maize or sorghum silage, and thus provides supplementary feed in the late summer months, 

when pasture is often in short supply. The most favorable stage for cutting oats for silage is 

when the kernels are in the soft dough stage and most of the leaves are still on the stalk. 

Cutting oats for silage gets the crop off the field about two weeks earlier than when cut for 

grain (Welch, 1995). 

 Stallcup and Horton (1957) reported data regarding the chemical composition and 

apparent digestibility of oat silage which would indicate that for greatest nutritive value oats 

should be harvested in the milk stage of maturity. They showed TDN values of 71.3, 58.4 

and 58.8 for fall-sown Arkwin oats harvested for silage in the boot, milk and hard-dough 

stages, respectively (Stallcup and Horton, 1957).  The greatest yield per acre was also 

obtained in the milk stage as compared to either the boot or hard-dough stage (Stallcup and 

Horton, 1957). 

 Lassiter et al. (1958) showed that oat silage harvested in the early dough stage was 

comparable to corn silage. At a 63% inclusion rate, oats supported a greater feeding value 
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than corn while at a 77% inclusion rate; it produced significantly less FCM that corn silage. 

Oat silage had less DMI than corn. At a 100% inclusion rate, oat silage supported less ADG 

than corn or alfalfa. Cows fed corn or oat had lesser DMI than those fed alfalfa hay.  

 In the first milk production trial, little difference was found between the two silages 

with respect to butterfat test. The cows produced slightly more milk and gained more in body 

weight when fed the oat silage, than when fed corn silage (Lassiter et al., 1958). These 

differences were statistically significant (1% level). This may have been due to the slightly 

greater amount of oat silage consumption. 

 Data from the second milk production trial indicate that cows fed oat silage produced 

significantly less milk and gained significantly less in body weight than the cows fed corn 

silage (Lassiter et al., 1958). The average daily production of 4% FCM during the last seven 

days of each period for cows fed corn silage was 28.4 lb., as compared to 26.7 lb. for cows 

fed oat silage. These differences in milk production appear to be due to a reduced 

consumption of oat silage dry matter. Cows fed oat silage consumed 18.3 lb. of silage dry 

matter per day compared with 20.8 lb. for cows fed corn silage (Lassiter et al., 1958) . 

 It is possible that the oat silage used in the second trial was lesser in nutritive value 

than the oat silage used in the first trial. A greater amount of silage was fed in the second 

trial, but when the cows were fed oat silage they did not consume as much dry matter as 

when fed the corn silage. Oat silage did not appear to be as appetizing as corn silage at 

greater levels of consumption. A lesser quantity of grain was fed in both trials and was 

essentially the same for the two trials (Lassiter et al., 1958). 
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 A study was conducted on feeding dairy cows with whole-crop oats harvested at 

heading stage, or a bit earlier, in contrast with silage maize. Because of oats’ greater nutritive 

value, compared with maize silage, each dairy cow could produce an additional 2.13 kg milk 

per day more, resulting in each dairy cow giving an annual extra return of $ 225.36 (Welch, 

1995). 

Organic acids as feed additives 

 A common goal of nutritionists and rumen microbiologists is to manipulate the rumen 

environment to improve efficiency of converting feed to consumable human products 

(Khampa and Wanapat, 2007). The use of feed additives in diets is to try to alter the rumen 

ecosystem and thereby decrease fermentation losses through methane or ammonia. 

Ionophores are commonly added to feedstuff in the attempt to increase propionate, decrease 

CH4, and decrease lactate production in the rumen.  

 Organic acid salts (fumarate, malate, and aspartate) are receiving more attention as the 

trend to move away from antibiotic and antimicrobial additives escalates. Organic acids 

stimulate specific ruminal bacterial populations rather than inhibit them as antimicrobial 

compounds do. Supplementation with organic acids is a desirable alternative because there is 

no effect on microbial resistance, or chance of any unwanted residue appearing in meat or 

dairy animal products.  

 Organic acids have been thought to act as an electron sink for the organism S. 

ruminantium (Martin and Park, 1996; Nisbet and Martin, 1991). Treatment of mixed ruminal 

microorganism fermentations with DL-malate yielded responses similar to those of 

ionophores, indicating that organic acids have an effect on electron flow (Martin and 
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Streeter, 1995). Ionophore effects closely associated with electron redistribution (decreased 

lactate and increased propionate) were enhanced by organic acid treatment (Callaway and 

Martin, 1997). Therefore, by providing an electron sink in the form of organic acids, the 

effects of monensin are enhanced in some cases (Martin, 1998).  

Malic acid biochemistry 

 Malic acid is a four-carbon dicarboxylic acid with the chemical formula C4H6O5.  The 

L-isomer occurs naturally in plant tissue but the D- and L- enantiomers can be produced 

synthetically. A malate anion is an intermediate of the citric acid cycle and succinate-

proprionate cycle (Castillo et al., 2004). Food grade malic acid is often used in candy making 

and other applications where a very sour taste is preferred.  

 Malic acid stimulates the production of succinate and/or propionate production by S. 

ruminantium and in turn decreases the availability of H2 to methanogenic bacteria(Castillo et 

al., 2004). Castillo also concluded that the effect of malic acid additives will vary based on 

dietary factors including forage type and ration, relative to the amount of malic acid found in 

the plant tissue of the basal diet. Immature and fresh forage contain more malic acid than 

mature forage or hay; and legumes contain more than grasses (Castillo et al., 2004).  

Fat supplementation in ruminants 

 Due to the tremendous demand for nutrients in lactating dairy cows, they are 

consistently in a negative energy balance. This metabolic demand makes it difficult for the 

animal to maintain body weight and also produce 40 kg of milk per day. Physical limits 

preclude the lactating cow from consuming adequate amounts of feed to meet her nutritional 
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requirements. Increasing the energy content of feed is another way to increase production 

rather than trying to increase feed intake.  

 The most common way to make feed more energy dense, without requiring fiber 

reduction, is to feed a fat supplement. Specific fatty acids produced in the rumen also play a 

critical role being viewed as signaling molecules involved in the expression of specific genes 

and the regulation of metabolic processes (Bauman et al., 2003). Following absorption, a 

major fate of fatty acids is their oxidation to energy (Bauman et al., 2003). The total diet of a 

lactating dairy cow can contain 4 to 5 % fat. Supplemental fat can be included up to 5% of 

DM bringing total fat in the diet to ~8%. The type and source of fat has an impact on amount 

that can be included in the diet. Greater levels of fat in the diet, however, can have an adverse 

effect by suppressing microbial fermentation. Forages generally are four to six %  fat on a 

DM basis, and primarily in the form of glycolipids (Jenkins et al., 2008). Concentrates 

contain more lipids than forages and are in the form of triglycerides (TG).  

 Most commercial fat supplements are composed of TG while rumen protected fat 

supplements, such as calcium salts, contain lipids in the form of free fatty acids (FFA). These 

“inert” fat supplements are meant to minimally affect rumen fermentation (Jenkins et al., 

2008). Recent discoveries in the functional foods area indicate that specific fatty acids 

produced in the rumen may have beneficial effects on human health, and there is a keen 

interest in the possibility of designing natural food products with enhanced levels of these 

fatty acids (Bauman et al., 2003). 
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Introduction 

 Corn is more widely used in biofuel applications than ever before (Westcott, 2007). It 

has been incorporated into federal laws such as the Energy Policy Act of 2005, requiring an 

increased production of domestically produced ethanol and biodiesel with a timeline 

stretching into 2022 (Energy Policy Act,  2005). As the cost of transporting corn rises, and 

the uses for it are ever expanding, so does the need for alternatives feedstuffs for dairy cows. 

The cost to benefit ratio that farmers once found acceptable has been skewed as the price of 

feed ingredients increase (Burdine and Halich, 2008). There is a delicate balance between 

nutrient levels versus feed cost (Britt et al., 2003). Feed cost is still the largest operating 

expense in milk production, it can account for up to 60% of the cost of milk production. 

Therefore, any improvement in the conversion of feed to milk has a direct impact on the 

profit margin of the dairy farm (Britt et al., 2003). There is immediate need to find 

alternative feedstuffs for ruminants. Corn silage is a common forage source in dairy rations, 

but current price volatility has made it less economic to include in dairy rations. Other 

forages have potential to support high milk yields when ensiled under optimum conditions. 

 Some alternatives to corn (Zea mays L.) as a source of nutrients in dairy cattle rations 

are small grain silages.  Wheat (Triticum aestivum L.), rye (Secale cereal L.), oats (Avena 

sativa L.), and barley (Hordeum vulgare L.) are cool-season cereal grains.  Small grains have 

the potential to provide supplemental nutrition to livestock as fall and spring pasture, as 

silage, and as a hay crop while serving as a winter cover, nurse crop, and/or scavenger of 

residual fertilizer nitrogen (Ditsch and Bitzer, 1995). Rotz found in a whole-farm simulation 

that the economic benefit of using small grains was not sensitive to farm size, herd milk 
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production level, the amount of forage used in animal rations, or grain prices (Rotz et al., 

2002). The economic benefit for producing grain as a cash crop or feed was eliminated if 

straw was not used for bedding (Rotz et al., 2002). Use of small grain crops should be 

encouraged, particularly when double cropped with corn, to reduce N leaching loss, reduce 

soil P accumulation, and improve farm profit (Rotz et al., 2002). 

Small grains offer the potential of a consistent feed source at a time when soil 

moisture is usually high and animal feed supplies are often limited (Edmisten et al., 1998a). 

They can be grown over the winter months in a double cropping system aimed at high feed 

production and harvested in the spring as forage. Harvesting them as silage, rather than 

finished grain, offers many benefits to the farmers who are able to plant them on available 

land.  With a harvest in mid-May a double crop of corn harvested for silage can follow the 

small grain silage crop (Short, 2004). As winter tends to be a slow time, this latent system 

makes use of otherwise wasted acreage. Small grain silage also permits greater utilization of 

silage storage and feeding equipment (Smith et al., 2004). Cows can also graze on this winter 

crop, although the greatest and most profitable yield would prevent this.  

Unlike perennial grasses and legumes, most annual grain-producing plants have the 

capacity to maintain or improve in feed value as maturity is approached (Edmisten et al., 

1998b). Removing the small grain plants as whole-crop silage, rather than grain allows more 

dry matter to be harvested per acre and the earlier harvest permits the planting of a summer 

crop sooner in the spring. The term whole-crop denotes that grain and stalks (stem and leaf) 

are harvested and stored in a mix (Sutton et al., 2002). Species name is used with silage made 
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from cereal grain species; however grain can be harvested and ensiled separately before full 

ripeness.  

Special consideration is given to the maturity of the grains at harvest. When harvested 

at similar stages of maturity, the nutrient composition of the different small grains is similar, 

maturity affects composition more than does species (Ditsch and Bitzer, 1995). The 

nutritional value of small grain forage declines rapidly with increasing maturity (Weiss, 

2006). Small grain forage (preboot stage) has about 20% crude protein, 40% NDF, 30% ADF 

and in vitro DM disappearance  of about 80% (Weiss, 2006). Compared to corn silage, small 

grains harvested at boot stage have energy concentrations similar to corn silage but greater 

concentrations of crude protein (CP); it has more energy and about the same CP content as 

high quality alfalfa (Weiss, 2006). At the milk stage, CP averages 12%, NDF averages 48%, 

ADF averages 35% and in vitro DM disappearance  averages 62%; about 10% less energy 

than corn silage but 3 to 4 percentage units more CP (Weiss, 2006). Compared with alfalfa, 

milk stage small grain forage has about the same energy content but lesser CP (Weiss, 2006). 

When harvested in the boot stage, dry matter yields should range between 1.5 and 2.5 tons 

per acre. When harvested at the milk stage, yields range from 3 to 4 tons per acre (Weiss, 

2006).  

Oat and wheat silages should be harvested in the milk to soft-dough stage even 

though the yields per acre of crude protein and digestible dry matter are lesser at this stage of 

maturity. The time frame for optimum harvest of small grains is short, they mature rapidly 

especially during dry, warm days (Staples, 2003).  
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As the plant matures from the boot stage to the dough stage, nutritive value (crude 

protein) and quality (digestible dry matter) decreases while yield increases (Collar et al., 

2004). Although crude protein (CP) and NDF digestibility (NDFD) are least, total digestible 

nutrients (TDN) and NEl are greatest at soft dough with greatest DM yield at soft-dough 

stage (Collar et al., 2004). Yields in some cases quadrupled from boot to soft-dough stage. 

CP declined with advancing maturity for all seven cultivars of wheat and the triticale cultivar 

(Collar et al., 2004). Acid detergent fiber (ADF) and NDF increased until approximately 

flowering time, but then declined after significant seed development (Collar et al., 2004). 

TDN often improves from the milk to the soft-dough stages of harvest. TDN % in wheat 

silage changed from 60, 56, 56 in boot milk and dough stages respectively (Ditsch and 

Bitzer, 1995). TDN % in oat silage changed from 65 to 56, and 57 in boot, milk, and dough 

stages, respectively (Ditsch and Bitzer, 1995).   

Harvesting of cereals for ensiling at early stages of growth is associated with greater 

moisture and buffering capacity (BC) and comparatively lesser amounts of water-soluble 

carbohydrates (WSC) (Bergen et al., 1991). Allowing the crop to wilt to ~35% DM can help 

alleviate this problem. By delaying the harvest date of small grain from early-growth stages 

to the dough stage, DM yield may double, primarily due to an increase in grain content, 

without any loss in protein yield (Bergen et al., 1991). Compared to forages, where C18:3 is 

the most abundant FA, cereal grains and oilseeds contain a large proportion of C18:2; they 

and starch and a reduced fat concentration (Vibart, 2006).  

Differences among small grain plant species exist (Bergen et al., 1991; Burgess et al., 

1973; Collar et al., 2004; Ditsch and Bitzer, 1995; Lassiter et al., 1958; Oltjen and Bolsen, 
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1980; Rotz et al., 2002; Smith et al., 2004; Staples, 2003). Wheat silage has the greatest TDN 

concentration, followed by oats, then rye (Staples, 2003). As silage, wheat is of excellent 

quality and will normally produce more tonnage (6-10 T/Ac at 65% moisture) than barley (5-

8 T/Ac) and be of greater quality than rye when cut at the bloom stage (Ditsch and Bitzer, 

1995). Whole-crop wheat provides both digestible fibers and energy (9.0 MJ kg-1 DM) and 

its nutritional value may approach that of maize silage, so that it can serve as an excellent 

forage for high-lactating cows or beef cattle (Adamson and Reeve, 1992). Generally, wheat 

for silage is harvested at the milk-dough ripening stage with a DM concentration of 30-35% 

(Ben-Ghedalia et al., 1995; Weinberg et al., 1991). 

Oats are the least tolerant of frost so freezing temperatures are always a risk to oat 

growers (Staples, 2003). While rye yields the least dry matter, due to the need for earlier 

harvests than wheat and oats, it has two major advantages over the other small grains. First, it 

is the most frost tolerant, and secondly, it grows well on sandy soils (Staples, 2003). 

Stallcup and Horton (1957) reported data regarding the chemical composition and 

apparent digestibility of oat silage. They noted that   for greatest nutritive value oats should 

be harvested in the milk stage of maturity. They showed TDN values of 71.3, 58.4 and 58.8% 

for fall-sown Arkwin oats harvested for silage in the boot, milk and hard-dough stages, 

respectively (Stallcup and Horton, 1957).  The greatest yield per acre was also obtained in 

the milk stage as compared to either the boot or hard-dough stage (Stallcup and Horton, 

1957). 

Small grains silages have been investigated as partial forages in many studies but few 

researchers have used small grain silage as the entire forage composition. Corn silage 
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supported more milk than barley, wheat or oat silages; small grains were similar in feeding 

value (Burgess et al., 1973).  Corn silage had more TDN than oat silage; however at 63% 

inclusion of oat silage had greater feeding value than corn silage (Lassiter et al., 1958).  

Voelker compared oat silage and a mixed acreage of oats and barley, harvested in the early-

dough stage. The mixed silage supposed greater DMI as well as milk production than oat 

silage (Voelker et al., 1977). Milk production did not differ between treatments in the second 

year of experimentation; milk composition, digestibility, and growth rates were similar 

(Voelker et al., 1977).  

Our objective was to determine feeding value of small grain silage compared with 

corn silage. Two animal studies were conducted to monitor milk yield of cows fed a 

combination of corn silage and small grain silage (Exp 1) or only small grain silage as the 

main source of forage (Exp 2). A third study (Exp 3) was conducted to determine in vitro 

fermentation characteristics of small grain silages and a fourth study (Exp 4) the addition  of 

a fiber enhancing feed additive and fat supplement.  

Materials and Methods 

Experiments 1 and 2 were conducted at the North Carolina State University Lake 

Wheeler Dairy Educational Unit, Raleigh, NC, 2007-2009. Twenty-four lactating Holstein 

cows were grouped by parity, days in milk (DIM), and milk yield and randomly assigned to 

four treatment groups. They were housed in free stalls equipped with Calan gates.  A total of 

six cows were assigned to each treatment (n=6). All cows were trained over a 2-wk period 

prior to the initiation of the study to Calan feeding stations (American Calan Inc., 

Northwood, NH).  During this training period the cows were fed their experimental diet.  
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The small grain silages were planted the fall of 2006 and harvested the spring of 2007 

for experiment 1 and planted the fall of 2007 and harvested the spring of 2008 for experiment 

2. Each step of planting, harvesting and feeding was recorded in order to follow as closely as 

possibly to a small farm planting the crops for their herd. The small grains for both 

experiments were planted with the same procedure and treated with the same fertilizers and 

ensiling techniques.  

The land was prepared in November and top dressed with 450 lbs. per acres of 10N-

10P-20K and disked in. Wheat, hulless oat, and normal oats were planted at 3 bushels per 

acre with 8 acres per treatment for a total of 24 acres for the 3 small grains. This is the 

equivalent of 180 lbs. of wheat per acre and 96 lbs. of oats per acre. The crops were fertilized 

with 60 lbs N/acre, in the form of 34-0-0 ammonium nitrate, in December and February 

utilizing 177 lbs of fertilizer per acre. Three acres of normal oats were given lime at the rate 

of 1000 lbs. per acre.  

Canopy heights were taken on 5/5/08. Hulless oats averaged 54 inches, wheat 

averaged 43 inches and normal oats averaged 55 inches. Each field was harvested in the milk 

stage of grain development and immediately ensiled in Ag Bag horizontal silos. All crops 

were harvested within 1-5 days of each other. The field of hulless oats was cut from 4:00 

p.m.-5:30 p.m. on 5/7/2008 and chopped from 4:30 p.m.-7:00 p.m. the same day. The field of 

wheat was cut from 9:30 a.m.-12:30 p.m. on 5/6/08 and chopped from 11:00a.m.-4:30 p.m. 

on the same day. The normal oat crop was harvested from 5:00p.m. - 7:00 p.m. on 5/12/08 

and chopped from 12:30 p.m.-6:00 p.m. on 5/13/08. The overnight temperature was forty-

five degrees F.  
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During harvesting, dry matter was sampled from each truck load and recorded. 

Hulless oats were 28.4% DM, wheat was 29.2% DM, and normal oats were 27.4% DM. In 

experiment 2, bi-weekly samples of the silages were obtained on 12/15, 12/29, 1/12, 1/26, 

and 2/9 and used to monitor silage pH, dry matter content, and total nonstructural 

carbohydrates (TNC). TNC are calculated by adding the % starch, % monosaccharide, and % 

disaccharide and polysaccharide. Pre-ensiling samples were collected for all small grain 

silages; however, corn was harvested and stored in bunker silos the previous year. Pre-

ensiled samples were not obtained hence silage fermentation analysis are not available for the 

corn silage. TMR samples were submitted to the North Carolina Forage Testing Laboratory 

for mineral analysis (NC Department of Agriculture and Consumer Services, Raleigh, NC). 

Diets 

Experiment 1  

The control (C) treatment in Exp 1 consisted of corn silage as the main source of 

forage at 36.8 % of total DM (Table 1). The other three small grain silage treatments, hulless 

oat (H), normal oat (N), and wheat (W), replaced 60% of the corn silage (DM basis).  This 

resulted in a 60:40 ratio of small grain silage to corn silage, on a DM basis, for the small 

grain silage treatments. Alfalfa hay was included in each diet at 9.5% DM for C and 1.9% 

DM for H, N, and W. All experimental diets contained soybean hulls, corn gluten feed, and 

whole cottonseed at 9.7%, 15.1%, and 9.4% DM, respectively. Nutrimax, a rumen bypass 

protein source, was included at 3.5 % of DM in the C diet and at 3.3 % of DM in H, N, and 

W diets. All diets included  a concentrate mix (CM) (21% CP) at 16.0% DM for C, and 

22.9% DM for H, N, and W. Diets were formulated to maintain a crude protein level of 17 % 
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and to meet the requirements for a mature lactating cow producing 80 lbs of milk (NRC, 

2001). 

Experiment 2  

  The control (C) treatment consisted of a corn-silage based TMR (38.2% DM of diet) 

(Table 2). The small grain silage treatments consisted also of a TMR except 100 % of the 

corn silage was replaced with wheat (W), normal oat (N), or hulless oat (H) silage. 

Experimental diets were similar to those fed in Exp 1 and formulated to maintain a crude 

protein level of 17 % based on the requirements for a mature lactating cow producing 80 lbs 

of milk (NRC, 2001).  

Sample Analysis 

Daily feed offered and feed refused was monitored and recorded daily. Cows were 

milked twice daily, and milk weights were recorded throughout the trial. Milk samples from 

individual cows were taken (a.m. and p.m.) on day 0, 30 and 60. The a.m. and p.m. samples 

were composited and a 10 mL aliquot was shipped in bottles with preservative to the United 

DHIA milk testing lab (Blacksburg, VA) where it was analyzed for milk fat, protein, and 

milk urea nitrogen (MUN) using infrared spectrophotometry (Fossomatic 360, Foss 

Electronic, Slangerupgade, Denmark).  

Samples of the complete total mixed diets (TMR) from both experiments were 

obtained weekly and frozen. At the end of the trial all samples were thawed and composited 

by month to obtain a 30 d and 60 d composite and stored for subsequent analysis. In  Exp 2, 

silage samples were obtained prior to ensiling and post ensiling to compare silage 
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fermentation parameters  including  DM, total non-structural carbohydrates (TNC) , starch, 

monosaccharides, disaccharides, and polysaccharides, as well as crude protein.  

Statistical Analysis 

Experiment 1  

This experiment was analyzed as a randomized complete block design. Data were 

analyzed by the Proc Mixed procedure in SAS (Sas-Institute, 1999). The model included 

diets as the dependent variable with cow as the random variable and day as the repeated 

variable. .  

Experiment 2  

This experiment was also analyzed as a randomized complete block design. Data 

were analyzed by the Proc Mixed procedure in SAS (Sas-Institute, 1999). The model 

included diet as the dependent variable with cow as the random variable and day as the 

repeated variable. Pre-planned contrasts were used as follows: 1) Control (C) vs. small grains 

(SG), 2) Wheat (W) vs. Oats (O) and 3) hulless (H) vs. normal (N) oats.
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Results 

Experiment 1 

 Dry matter percent was similar across treatments with W and C at 54.7% and 53.3% 

and N and H at 50.7% and 52.9%, respectively (Table 3).  Diets were formulated to maintain 

a similar adjusted CP concentration which ranged from 18.1% for W, 18.4 % for C and H, 

and 19.4% for N. Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were greatest 

in C (36.2 and 28.8%, respectively). The NDF and ADF were numerically similar between H 

(35.8 and 27.8%, respectively), N (35.8 and 26.4%, respectively), and W (35.8 and 25.4%, 

respectively). Percentage of non fibrous carbohydrates (NFC) was greatest in W (35.1%), 

least in H (33.87%) and N (33.7%), and intermediate for C (34.2%). Crude fat ranged from 

4.6% (W) to 5.1% (C), with H and N at 4.5%. Net energy for lactation (NEL mcal/kg) was 

1.51 for N and W, followed by 1.47 for H and 1.45 for C. Total digestible nutrient (TDN) 

was greatest for W (72.7%), followed by N and H (71.8% and 70.6%, respectively), with C 

being the lowest (69.6%). 

Experiment 2 

Dry matter percent was similar across treatments with N and C at 47.5 and 47.6% and 

W and H at 50.3 and 50.4%, respectively (Table 4).  Diets were formulated to maintain a 

similar CP concentration which ranged from 16.8% for N, 17.7% for C, 18.2% for W, and 

18.5% for H. Neutral detergent fiber % (NDF) and acid detergent fiber % (ADF) were lowest 

in C (35.2 and 23.9%, respectively) and greatest in H (47.3 and 33.2%, respectively). The 

NDF and ADF were numerically similar between N (43.3 and 31.5%, respectively) and W 

(43.9 and 31.0%, respectively). Percentage of non fibrous carbohydrates (NFC) was greatest 
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in C (35.8%), least in H (22.6%), and intermediate for N (28.0%) and W (26.6%). Crude fat 

% ranged from 5.0 to 5.4% across all treatments. Net energy for lactation (NEL mcal/kg) was 

1.54 for C, followed by 1.43 for N and W and 1.41 for H. Total digestible nutrient (TDN %) 

was greatest for C (74.0), followed by N and W (67.2 and 67.6, respectively), with H being 

the lowest (65.7%). 

Silage Data 

Across all small grain treatments the ensiling process produced an increase in DM 

percent (Table 5). H increased from 28.4% to 35%; N increased from 27.3% to 29.2%; W 

increased from 29.2% to 32.4%. DM percent for C was numerically lower (25.8%) post 

ensiling than the small grain silages.  

Sugars are non-fiber carbohydrates (NFC), as they are   nonstructural carbohydrates 

(NSC), and are not included in NDF but are found in the cell contents. Glucose, galactose, 

and fructose are the monosaccharides most commonly found in plants (Asp, 1993). The most 

abundant disaccharide in plants is sucrose, which is a molecule of glucose bonded to 

fructose. Fermented feeds, including silages, distillers grains, or brewers grains, should have 

little remaining glucose, fructose, or sucrose, as they should have been largely consumed in 

the fermentation process (Jones et al., 1992). The ensiling process breaks down total 

nonstructural carbohydrates (TNC) with the TNC changing from 19.8% to 6.7 % for H; from 

24% to 5.6% for N; and from 27.3% to 9.6% for W. Because starch and sugars make up TNC 

it follows that they decreased during the process as well. The percent TNC post ensiling was 

numerically much greater in C than all of the small grains; most of the difference was from 

the high starch (14.5%) left in the corn silage. Starch levels dropped by nearly 50% in all 
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treatments. Ensiling reduced disaccharides and polysaccharides from 5.3% to 0.5% in H, 

10.4% to 0.23% in N and from 17.0% to 0.6% in W. 

Monosaccharide levels decreased from 4.0% to 1.1% in H, 6.5% to 1.3% in N, 

however; W increased from 7.0% to 7.7%. Ben-Ghedalia et al. (1995) compared in vitro 

digestibility of monosaccharide residues of wheat plants (Triticum aestivum) harvested at the 

bloom and soft-dough stages and ensiled. A total of 8-9% of the neutral detergent fiber 

(NDF) soluble residue was partly utilized during ensilage (Ben-Ghedalia et al., 1995). 

Glucose and galactose were the most fermentable sugars among the ND soluble 

monosaccharides. Fructose was equally fermented in both silages, but the greater recovery of 

reducing sugars in the soft-dough silage, as compared with the bloom silage (44.1 vs. 26.8), 

indicates the possible participation of starch in the fermentation process of the former (Ben-

Ghedalia et al., 1995). A possible explanation for this increase in monosaccharide levels 

might be that the available sugars exceeded the amount needed to decrease pH for 

preservation (Jones et al., 1992). The high sugar concentration (24% of DM) of the wheat 

silage may reflect fragments of other carbohydrates that were hydrolyzed during 

fermentation or associated with the acidic conditions of ensiling (Jones et al., 1992).  

Milk Production and Composition 

Experiment 1 

 Feed intake was similar (p > 0.10) for cows fed C and H diets and averaged 22.5 and 

22.2 kg/d for C and H, respectively (Table 6). Cows fed N and W resulted in increased 

(p<0.01) feed intake when compared with both the control and hulless diets (24.3 and 23.6 

kg/d for N and W, respectively).  
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 Milk production was significantly affected by treatment as cows fed C produced more 

milk (34.4 kg/d) (p < 0.01) compared with all other treatments (Table 6). Hulless and wheat 

treatments had similar and less (p<0.01) milk production averaging 32.2 and 32.7 kg/d, 

respectively. The N diet produced the least (p<0.01) average amount of milk per day at 29.9 

kg/d.  

 Milk fat percentage was similar ( p > 0.10) across all treatments; cows fed the N diet 

tended ( p < 0.09) to have greater fat % than cows fed W. Milk protein was not affected ( p > 

0.10) by treatment. Milk urea N (MUN) values were excessive for all treatments and feeding 

N resulted in reduced (p > 0.10) MUN when compared to other diets.  MUN has been used as 

an indicator to monitor protein nutrition and excretion and was within the normal range of 

10–15 mg/dl (Moore and Varga, 1996). Although dietary CP concentration is a key 

nutritional factor influencing MUN, factors such as  CP intake, the proportion of rumen 

degradable and rumen undegradable protein, and protein/energy ratios in the diet have 

proven to affect MUN (Vibart, 2006).  Milk protein ranged from 2.9 to 3.0% and was not 

significantly different across treatments. 

Experiment 2 

Average intake in Exp 2 ranged from 17 to 24 kg/d (Table 7). When compared with 

the small grains, cows fed C had the greatest (p<0.001) DM intake (24 kg/d).  Compared 

with oats (N and H), DM intakes of cows fed W was less (p<0.001). Feeding H resulted in 

greater (p<0.001) intakes (23 kg/d) compared with N (17 kg/d). Although, small grains 

resulted in lesser DM intakes compared to C the decrease was due primarily to lesser intakes 

observed with N and W treatments; cows fed H had intakes similar to C. Both the N (17 
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kg/d) and W (18 kg/d) treatments had the least and similar DM intake. The reduced intakes 

for animals fed N is the reason for oats as a whole to have a lesser DM intake when 

compared to animals fed W.  

Milk yield was not significantly different between corn and SG, or W vs. O. Milk 

yield was greater (p<0.04) for H than N. Milk yield was similar between C (37 kg/d) and H 

(38 kg/d) but numerically less when compared to N and W (28 and 27 kg/d, respectively). H 

was greater (p<0.04) than N treatment.  

Adjusted final BWs, calculated by covariate analysis to account for differences in 

initial BW, were not significantly different (Table 7).  

Percent milk fat from SG was not significantly altered when compared to C (Table 8).  

Further, W (4.1%) was not significantly different than O. Milk fat percentage was less 

(p<0.03) in H (3.7 %) than N (4.4%). C had a lesser (p<0.006) MUN concentration (14 

mg/dl) than the SG. Neither W (16 mg/dl) vs. O, or H (15 mg/dl) vs. N (16 mg/dl) was 

significantly different. Milk protein was similar across all treatments averaging from 2.9% in 

H, 3.0% in W, 3.1% in C and 3.1% in N.  
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Discussion 

 Proper ensiling is critical to control fermentation and ensure high quality silage and 

DM recovery (Muck and Pitt, 1993).   Drier silage or coarsely chopped silage can result in 

poor packing resulting in increased air circulation which can allow respiration for a longer 

period of time (Nadeau and Barnhart, 2008). During the pre-seal phase silage moisture 

concentration is paramount, as is chop length. Plant and microbial respiration dominates 

during the chopping, filling, and packing steps, causing changes and nutrient losses from the 

chopped crop (Nadeau and Barnhart, 2008).   

 As the silage goes through active fermentation, pH declines to ~4.0, and proteins are 

broken down into NPN. Maximum protein breakdown occurs from pH 5.5-6.0. Silage NPN 

can range from 20-85% of total N (Nadeau and Barnhart, 2008). Care must be taken to avoid 

clostridium bacteria contamination which produces butryic acids as well as ammonia from 

plant protein. Volatile fatty acids (acetic, propionic and butyric) produced during ensiling 

inhibit yeasts and mold (Weinberg et al., 1991). 

 The stable phase results from lactic acid bacteria, either from using all of the available 

sugars in the crop, or being limited by reduced pH (Muck and Pitt, 1993). The silage should 

remain stable at this point, with the chance of oxygen leaching on the outer surfaces of the 

silages where yeast, mold and aerobic bacteria can contaminate the crop (Nadeau and 

Barnhart, 2008). Forage preservation, either by drying or ensiling, has been reported to 

reduce the concentration of total and polyunsaturated fatty acids (PUFA) in forage DM.  Leaf 

tissues contain more FA than stem tissues, and because hay making is more damaging to 

leaves than silage making, the former results in greater FA losses (Vibart, 2006). 
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 Bergen et al. (1991) contrasted the effects of 64 d ensiling on wheat, oat and barley 

harvested at milk and dough stages. Data from milk stage harvesting is shown here to 

compare with the current study. Wheat DM percentage changed from 37% on day 0 to 34.5% 

on day 64 when harvested in the milk stage (Bergen et al., 1991). In comparison, oat silage 

DM percent started lesser at 27.4% on day 0 and decreased to 25.9% by day 64 when 

harvested in the milk stage. However, these changes were not significant (Bergen et al., 

1991). Our silage data showed the opposite effect; each treatment silage increased DM 

percent. H increased from 28.4% to 35%; N increased from 27.3% to 29.2%; W increased 

from 29.2% to 32.4%. DM percent for C was numerically lesser (25.8%) post ensiling than 

the small grain silages. These small changes could be the result of cultivar or type of 

experimental silos.  

 Wheat WSC percent changed from day 0 (18.9%) to day 64 (11.4%) when harvested 

in the milk stage. Oat silage WSC% changed from day 0 (13.9%) to day 64 (1.7%) when 

harvested in the milk stage (Bergen et al., 1991). Our silage data showed the same effect for 

WSC (monosaccharides + poly- and disaccharides) regardless of treatment. H decreased from 

9.3% to 1.6%; N decreased from 16.9% to 1.63%; W decreased from 24% to 8.3%. WSC% 

for C was numerically lesser (1.56%) post ensiling than the small grain silages. Water-

soluble carbohydrate stores are necessary for adequate preservation of stored silages and are 

influenced by herbage DM content, buffering properties, initial respiration, and bacterial 

species dominating the fermentation (Bergen, 1991).  

 Bergen et al. (1991) showed that small-grain silages were of excellent quality for 

storage and livestock feeding based on ensiling fermentation indicators. Silage pH declined 
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by day 64 in all small grains reflecting active fermentation (Bergen et al., 1991). Lactic acid 

increased during ensiling in all small grains. No small grains at either the milk or dough 

stages showed any appreciable amounts of propionic or butyric acid at either date, signifying 

an overall excellent ensiling process and the domination of lactic acid bacteria in the 

microbial population (Bergen et al., 1991). Acetic acid increased during ensiling and related 

to continued plant metabolism and microbial fermentation. The reduced level of acetic acid 

indicates that available carbohydrates were used by lactic acid bacteria. Ammonia N 

increased during ensiling but never exceeded 0.2% DM (Bergen et al., 1991). Crops ensiled 

during the milk stage rather than dough stage used a greater percentage of WSC due to 

greater microbial activity earlier in the ensiling period (Bergen et al., 1991). Our silage data 

indicate the same effect on WSC regardless of treatment. H decreased from 9.3% to 1.6%; N 

decreased from 16.9% to 1.63%; W decreased from 24% to 8.3%. WSC% for C was 

numerically least (1.56%) post ensiling than the small grain silages. 

 The increase in demand for corn has increased its price and availability. In 2008, 

corn grain prices rose $115/t of DM above the 2005 average. Such an increase creates small 

marginal profits for small (<100) and medium-sized (100 to 199) dairy farms in the United 

States who import corn grain as an animal-feed supplement (Ghebremichael et al., 2009). 

Any improvement in the conversion of feed to milk has a direct impact on the profit margin 

of the dairy farm (Britt et al., 2003). We have evaluated suitable alternative feed sources for 

dairy cows in our in vivo experiments. Greater quality forage has typically been defined as 

the green, leafy, upper portion of the canopy with ~18 to 24% DM with a CP concentration 
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of 18 to 25%, 40 to 50% NDF, NEl of 1.53 to 1.67 mcal/kg of DM (Cherney and Allen, 

1995). 

 Most studies have found that small-grain forage harvested at the boot or milk stage 

will support 50 to 65 lbs. of milk when fed in properly balanced diets. There are no 

consistent effects of cutting date or stage of maturity of silages on (define MPS )(and 

efficiency); effects in individual experiments are probably related to other factors, including 

interactions with level and type of concentrate, and not maturity per se (Dewhurst et al., 

2000). Diets based on small-grain forage harvested at the milk stage will require more 

concentrate supplementation (energy) than corn silage-based diets (Weiss, 2006). 

 Lassiter et al. (1958) showed that normal oat-silage harvested in the early-dough stage 

was comparable in nutrient concentration to corn silage. Corn and oat silages had average 

TDN values of 65.4 and 61.4% (Lassiter et al., 1958). Our C, N, and H diets had TDN values 

of 74, 67.2, and 65.7% respectively.  

At a 63% inclusion rate, oats supported more (p<0.01) FCM (30.2 lb/day) than corn 

(27.7 lb/day) (Lassiter et al., 1958). Intakes of corn silage (14.7 lb/day) and wheat silage 

(15.5 lb/day) were not significantly different (Lassiter et al., 1958). In experiment 1 with 

65% small grain inclusion cows fed C produced more milk (34.4 kg/d) (p< 0.01) compared to 

all other treatments. H and W treatments had lesser (p<0.01) milk production (32.2 and 32.7 

kg/d, respectively) than C. The N diet produced the least (p<0.01) average amount of milk 

per day at 29.9 kg/d. Replacing 65% of the corn silage resulted in greater (p<0.01) intakes for 

N and W and lesser intakes of H and C. Milk yields were lesser for SG with the exception of 

H compared to C. 
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 At a 77% inclusion oat silage produced significantly (p<0.01) less FCM (26.7 lb/day) 

than corn silage (28.4 lb/day) (Lassiter et al., 1958). Data from the second trial show 

differences in milk production that appear to be due to a lesser consumption of oat silage dry 

matter; cows fed oat silage consumed less (p<0.01) silage dry matter (18.3 lb/day) compared 

to 20.8 lb/day for cows fed the corn silage .  

 Lassiter et al. (1958) also compared intake and ADG of heifers fed 100% oat silage 

compared to corn and alfalfa in a third growth study. Intake for alfalfa hay was 12.1 lb/day, 

corn silage was 9.6 lb/day and oat silage was 9.2 lb/day, number much lesser than both prior 

production studies (Lassiter et al., 1958). In our study, cows fed 100% silage had DMI of 24, 

23, 17, and 17 kg/day for C, H, N, and W treatments respectively. Our data indicate that H is 

comparable to C, which is the opposite of Lassiter’s trial considering normal oats were used.  

 Lassiter’s diets also included varying amounts of hay as a part of the DMI when they 

concluded corn was superior to oats for milk production. Burgess compared field yields and 

feeding value of corn, wheat, barley, and forage oats silage as the sole forage in dairy cow 

TMR (Burgess et al., 1973). Small grains were harvested in the early-dough stage during 

Burgess’ trials. Corn silage DMI was lesser, but more efficiently used for milk production, 

than barley or oats, whereas wheat, barley and oats were similar in feeding values (Burgess et 

al., 1973).   

 To explore the effect of chop length on animal performance Bhandari compared oat to 

alfalfa silage in a TMR; 42.0% barley grain-based energy supplement, 10% protein 

supplement, and 24% of DM being either longer chop or shorter chop alfalfa silage and 24% 

of DM being either longer chop or shorter chop oat silage (DM basis) (Bhandari et al., 2008). 
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Oats and alfalfa that were grown on the same field were chopped to either 6 mm or 19 mm. 

Reducing the alfalfa chop length did not affect feed intake, whereas reducing the oat silage 

chop length increased DMI  from to 19.4 to 21.2 kg/d. Daily milk yield, milk fat percentage, 

and milk protein percentage averaged 36.1 kg/d, 3.00%, and 3.16%, respectively, across oat 

silage and alfalfa diets (Bhandari et al., 2008). The low milk fat percentages indicate that the 

diets induced subacute ruminal acidosis. This was also substantiated by the rumen pH, which 

was below 5.6 for more than 122 min/d for all diets. The onset of subacute ruminal acidosis, 

despite apparently adequate dietary neutral detergent fiber content and particle size 

distribution, as well as the long duration of chewing, might be attributed to sorting against 

long feed particles (Bhandari et al., 2008). 

 Our treatment diet with normal oats and wheat silages resulted in lesser animal 

performance, particularly at the 100% inclusion rate. Replacing 100% of the corn silage 

resulted in lesser intakes of small grain silages primarily for normal oats and wheat. The H 

treatment showed the greatest NDF fraction and ADF fraction which has been previously 

shown to decrease animal intake and reduce fiber digestibility (Staples, 2003). 

 Both 65% and 100% hulless oat-silage was a reasonable alternative to corn-silage 

based diets when considering the milk yield (Tables 6 and 7).  Small grains are a viable 

alternative to corn if double cropping is an option and they become more attractive as a feed 

source when corn prices are volatile (Bergen et al., 1991; Ditsch and Bitzer, 1995; 

Ghaffarzadeh, 1997; Stallcup and Horton, 1957; Staples, 2003).  

Hulless oat silage mirrors many key components of corn such as greater starch, lower 

concentration monounsaturated fat, and greater concentration of CP. Cows fed this diet had 
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significantly greater DMI and milk (kg/d) than any other small grain tested at the 100% 

inclusion and have also been shown to be comparable at the 65% inclusion rate.  

 While growing a new crop of any small grains may not be profitable to all farms, there 

are many situations where adding this double crop can be beneficial to a feeding strategy. 

Small grains have the potential to provide supplemental nutrition to livestock as fall and 

spring pasture, as silage, and as a hay crop while serving as a winter cover, nurse crop, and a 

scavenger of residual fertilizer nitrogen (Smith et al., 2004). When double cropped, it can fill 

down time in the rotation as well as significantly cut feed costs (Edmisten et al., 1998b; 

Short, 2004; Staples, 2003). Hulless oat-silage, especially, can replace corn silage in TMR 

and maintain milk production.   
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Table 1. Ingredients of basal diet for Exp 1. 

Ingredient Diet (%DM)1 

 C H N W 

Corn Silage 36.8 14.7 14.7 14.7 

Hulless Oat Silage --- 23.0 --- --- 

Normal Oat Silage --- --- 23.0 --- 

Wheat Silage --- --- --- 23.0 

 Alfalfa Hay 9.5 1.9 1.9 1.9 

 Soybean Hulls 9.7 9.7 9.7 9.7 

 Nutrimax 3.5 3.3 3.3 3.3 

 Corn Gluten 15.1 15.1 15.1 15.1 

 Whole Cottonseed 9.4 9.4 9.4 9.4 

 CM2 (21% CP) 16.0 22.9 22.9 22.9 

 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat 
2 Concentrate Mix included: 80% ground corn grain; 12% soybean meal; 2.4% calcitic 
limestone; .84% salt; 3.4% sodium bicarbonate; .21% BioPhos; .2% Dyna-Mate; .78% 
Rumensin; and .23% McNess 
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Table 2. Ingredients of basal diet for Exp 2. 

 Diet (%DM)1 

Ingredient C H N W 

Corn Silage 38.2 --- --- --- 

Hulless Oat Silage --- 37.6 --- --- 

Normal Oat Silage --- --- 34.0 --- 

Wheat Silage --- --- --- 42.9 

CM2 (13% CP) 18.4 18.6 22.1 13.1 

Soybean Hulls 11.2 11.2 11.2 11.2 

Nutrimax 3.6 3.6 3.6 3.6 

Corn Gluten 18.4 18.4 18.4 18.4 

Whole Cottonseed 10.6 10.6 10.6 10.6 

 
1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat 
2 Concentrate Mix included: 80% ground corn grain; 12% soybean meal; 2.4% calcitic 
limestone; .84% salt; 3.4% sodium bicarbonate; .21% BioPhos; .2% Dyna-Mate; .78% 
Rumensin; and .23% McNess 
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Table 3. Chemical composition of basal diet for Exp 1. 

 Diets1 

  C    H N W 

DM % 53.3 ± 2.0 52.9 ± 1.8 50.7 ± 2.44 54.7 ± 1.85 

Adj CP, % 18.4 ± 0.83 18.4 ± 0.47 19.4 ± 0.64 18.1 ± 0.27 

NDF, % 36.2 ± 0.98 35.8 ± 1.90 35.8 ± 0.33 35.8 ±  1.31 

ADF, % 28.8 ± 0.63 27.8 ±  0.69 26.4 ± 1.20 25.4 ± 0.76 

NFC3, % 34.2 ± 2.14 33.8 ±  0.33 33.7 ± 0.99 35.1 ±1.99 

Crude Fat, % 5.1 ± 0.32 4.7 ± 0.22 4.7 ± 0.31 4.6 ± 0.55 

Ash, % 5.8 ± 0.03 6.5 ± 0.12 6.2 ± 0.09 6.3 ± 0.35 

NEL
2(mcal/kg) 1.46 ± 0.02 1.47 ±  0.00 1.51 ± 0.02 1.51 ± 0.02 

TDN % 69.60 ± 0.57 70.54 ± 0.62 71.81 ± 1.08 72.72 ± 0.69 

     

Macro minerals, %     

Ca 0.44 ± 0.01 0.51 ± 0.04 0.48 ± 0.03 0.52 ± 0.07 

P 0.48 ± 0.01 0.49 ± 0.06 0.49 ± 0.00 0.48 ± 0.06 

S 0.29 ± 0.02 0.29 ± 0.01 0.29 ± 0.01 0.27 ± 0.04 

Mg 0.21 ± 0.00 0.20 ± 0.00 0.18 ± 0.00 0.19 ± 0.00 

Na 0.38 ± 0.01 0.54 ± 0.07 0.52 ± 0.02 0.49 ± 0.03 

K 1.09 ± 0.06 1.19 ± 0.03 1.10 ± 0.03 1.08 ± 0.03 

Microminerals, ppm   

Cu 18 ± 2.83 22 ± 5.66 20.5 ± 2.12 20 ± 0.00 

Fe 225.5 ± 9.19 
237.5 ± 
53.03 

213 ± 22.63 
237.5 ± 
67.18 

Mn 47.5 ± 3.54 71 ± 14.14 67.5 ± 6.36 68.5 ± 3.54 

Zn 70 ± 1.14 96 ± 19.80 84 ± 7.07 88 ± 7.07 
 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat, n=2 
2 Net energy of lactation 
3Non-fibrous carbohydrate= 100-(CP+NDF+ ether extract+ash) 
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Table 4. Chemical composition of basal diet for Exp 2. 

 Diets1 

 C H N W 

DM % 47.6 ± 0.60 50.4 ± 0.80 47.5 ± 2.10 50.3 ± 0.60 

Adj CP, % 17.7 ± 0.20 18.5 ± 1.10 16.8 ± 0.60 18.2 ± 0.10 

NDF, % 35.2 ± 4.50 47.3 ± 0.40 43.3 ± 1.30 43.9 ± 3.30 

ADF, % 23.9 ± 2.70 33.2 ± 2.80 31.5 ± 1.00 31.0 ± 1.70 

NFC3, % 35.8 ± 4.50 22.6 ± 0.40 28.0 ± 0.20 26.6 ± 3.50 

Crude Fat, % 5.0 ± 0.50 5.3 ± 0.60 5.4 ± 0.20 5.2 ± 0.50 

Ash, % 6.3 ± 0.10 6.3 ± 0.30 6.4 ± 0.10 6.3 ± 0.10 

NEL
2(mcal/kg) 1.54 ± 0.20 1.41 ± 0.02 1.43 ± 0.04 1.43 ± 0.02 

TDN % 74.0 ± 2.38 65.7 ± 2.53 67.2 ± 0.91 67.6 ±  1.63 
Macro 
minerals, % 

    

Ca 0.60± 0.06 0.51± 0.01 0.53 ± 0.01 0.51 ± 0.04 

P 0.53± 0.01 0.49± 0.01 0.49 ± 0.01 0.48 ± 0.03 

S 0.25 ± 0.02 0.25 ± 0.01 0.23 ± 0.01 0.26 ± 0.01 

Mg 0.29 ± 0.01 0.31 ± 0.00 0.26 ± 0.01 0.27 ± 0.01 

Na 0.31 ± 0.07 0.24 ± 0.04 0.37 ± 0.04 0.31 ± 0.05 

K 1.10 ± 0.26 1.2 ± 0.00 1.25 ± 0.05 1.26 ± 0.06 
Microminerals, 
ppm 

    

Cu 13.5 ± 0.71 9.5 ± 0.71 12.0 ± 0.00 12.5 ± 0.71 

Fe 349 ± 46.7 361 ± 70.7 345.5 ± 46.0 315.5 ± 77.1 

Mn 45.0 ± 1.41 47.5 ± 3.54 62.5 ± 2.12 58.5 ± 6.36 

Zn 67.5 ± 4.95 54.5 ± 2.12 61.0 ± 0.00 65.5 ± 0.71 
 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat, n=2 
2 Net energy of lactation 
3Nonfiber carbohydrate= 100-(CP+NDF+ ether extract+ash) 
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Table 5. Dry matter and chemical composition of forage pre-ensiling (pre) and post-ensiling 
(post).  
 

 C H N W 

Item Post Pre Post Pre Post Pre Post 

DM, % 25.8 28.4 35.0 27.3 29.2 29.2 32.4 

TNC, 
% 

16.0 19.8 6.7 24.0 5.6 27.3 9.6 

Starch, 
% 

14.5 10.5 5.1 7.1 4.0 3.3 1.3 

MONO, 
% 

1.1 4.0 1.1 6.5 1.4 7.0 7.7 

Di and 
Poly, % 

0.46 5.3 0.5 10.4 0.23 17.0 0.6 

CP, % 9.9 --- 14.1 --- 8.4 --- 12.5 

 
* Corn was harvested and stored in silos the previous year. No samples were available for 
pre-ensiling chemistry of fermentation. 
1 C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat, n=4
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Table 6. Dry matter intake (DMI), milk production, and composition of corn and small grain 
silage in Exp 1. 

 

 Treatment1  

 C H N W SE 

DMI, kg/d 22.5a 22.2a 24.3b 23.6b .39 

Milk, kg/d 34.4a 32.2b 29.9c 32.7b .65 

Milk Composition 

Fat % 3.7d,e 3.6d,e 4.2e 3.5d .34 

Protein % 3.0 2.9 2.9 2.9 .09 

MUN 

mg/dl  

19.0a 19.7a 16.9b 19.7a 1.4 

 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat, n=6  
a, b, c treatment means differ p <0.01   
d,e treatment means differ p < 0.09 
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Table 7. Dry matter intake (DMI), milk production, and body weight (BW) of cows fed corn 
and small grain silage in Exp 2. 
 

 Treatment1  p < 

 C H N W SE C vs. SG2 W vs. O3 H vs. N 

DMI (kg/d) 24 23 17 18 .57 .001 .001 .001 

Milk (kg/d) 37 38 28 27 3.4 .14 .16 .04 

BW (kg)* 655 634 635 628 12.8 .15 .67 .96 

*Adjusted final BW was calculated by covariate analysis to account for differences in initial 
BW. 
1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat, n=6 
2SG=Small Grains  
3O= Oats (Hulless and Normal) 
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Table 8. Milk composition of cows fed corn and small grain silage in Exp 2. 

 Treatment1  p <  

 C H N W SE C vs. SG2 W vs. O3 H vs. N 

Fat, % 4.2 3.7 4.4 4.1 .24 .51 .98 .03 

Protein, %  3.1 2.9 3.1 3.0 .08 .34 .94 .16 

MUN, mg/dl 14 15 16 16 .51 .006 .43 .15 

 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat, n=6 
2SG=Small Grains  
3O= Oats (Hulless and Normal) 
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Introduction 

Small grain silage 

 Some alternatives to corn (Zea mays L.) in dairy cattle rations are small grain silages. 

 Wheat (Triticum aestivum L.), rye (Secale cereal L.), oats (Avena sativa L.), and barley 

(Hordeum vulgare L.) are cool-season cereal grains.  Small grains have the potential to 

provide supplemental nutrition to livestock as fall and spring pasture, as silage, and as a hay 

crop while serving as a winter cover, nurse crop, and/or scavenger of residual fertilizer 

nitrogen (Ditsch and Bitzer, 1995).  Previous studies indicated that grain type and cultivar 

have an impact on ruminal fermentation and that lesser starch concentration minimizes the 

drop in culture pH and improved digestibility (Fellner et al., 2008). However, there are no 

consistent effects of cutting date or stage of maturity of silages on microbial protein synthesis 

(MPS), and efficiency effects in individual experiments are probably related to level and type 

of concentrate, and not maturity (Dewhurst et al., 2000). Bergen et al. (1991) showed that 

small-grain silages were of excellent quality for storage and livestock feeding based on 

fermentation indicators. 

 Previous experiments have been conducted using small grain silages as a complete 

source of forage as well as a mixture with hay or other forage (Bergen et al., 1991; Bhandari 

et al., 2008; Burgess et al., 1973; Kung et al., 2000; Lassiter et al., 1958; Oltjen and Bolsen, 

1980; Petit and Alary, 1999; Rotz et al., 2002; Rustas et al., 2011; Sutton et al., 2002; 

Voelker et al., 1977). Animal studies have found that feeding small grain silages to dairy 

cows can either improve production and composition or can have no impact. Corn silage 

supported more milk production than barley, wheat or oat silages and the small grains were 
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similar in feeding value (Burgess et al., 1973).  Corn silage had more TDN than oat silage, 

however, at 63% inclusion oat silage supported a greater feeding value than corn silage 

(Lassiter et al., 1958).  Voelker compared oat silage and a mixed acreage of oats and barley 

harvested in the early-dough stage. The mixed silage supported both greater DMI as well as 

milk production than oat silage (Voelker et al., 1977). Milk production, composition, 

digestibility, and growth rates did not differ between treatments in the second year of 

experimentation (Voelker et al., 1977). A study was conducted on feeding dairy cows with 

whole-crop oats harvested prior to the heading stage with corn silage, each dairy cow on corn 

silage could produce an additional 2.13 kg milk per day (Welch, 1995). 

Two animal studies were conducted to monitor DMI, milk yield and composition of 

cows fed a combination of corn silage and small grain silage or only small grain silage as the 

main source of forage. Hulless oat silage mirrors many key components of corn such as 

greater starch concentration, lesser monounsaturated fat concentration, and greater CP 

concentration (Hill et al., 2009). Cows fed this diet resulted in significantly greater DMI and 

milk production (kg/d) than any other small grain tested at 100% inclusion (Exp 2) and was 

also comparable at the 65% inclusion rate in Exp 1.  

Small grain silages have been tested with in vitro systems to determine if 

fermentation can explain the differences in animal response and performance. Petit and Alary 

(1999) compared rolled hulled and hulless oat grains for ruminal effective degradabilities and 

found degradabilities of DM to be greater for naked oats than for covered oats. The ruminal 

degradabilities of crude protein and starch, however, were similar (Petit and Alary, 1999). 

The rapidly degradable fractions of the DM, i.e.,  crude protein, and starch were greater for 
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naked than covered oats, whereas the potentially degradable fractions were less (Petit and 

Alary, 1999). In vitro DM disappearance  of naked oats was greater than was that of covered 

oats (Petit and Alary, 1999). In cannulated sheep, dietary substitution of naked oats for barley 

can alter ruminal digestion through effects that apparently arise from the associated increase 

in lipid intake (Martin, 1990). 

Continuous culture systems are used as an in vitro method to test and monitor the 

effects of various feeds on the rumen microbial population without the associated cost and 

length required to run animal performance studies.  A common goal of nutritionists and 

rumen microbiologists is to manipulate the rumen ecosystem in order to improve efficiency 

of converting feed to consumable products by humans (Khampa and Wanapat, 2007).  

 In vitro testing is a necessary tool in screening feedstuffs before they are evaluated in 

animal studies. This is a cost effective, as well as data generating, step that can help 

troubleshoot a diet before the time and expense is put into an animal trial. In vitro 

fermentation systems also make it possible to sample the culture throughout lipolysis and 

biohydrogenation. These chemical changes made to the dietary lipids by the microbial 

population are keys to understanding the pathways that poly unsaturated fatty acids become 

saturated fatty acids in the rumen (Jenkins et al., 2008). The objectives of Exp 3 and 4 were 

to evaluate the TMR in vitro and improve digestibility of the diets with additives. 
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Materials and Methods  

Experiment 3 

Considering the variability in animal response to small grain diets in experiments 1 

and 2; the same diets fed in experiment 2 in the animal trials were used in the following in 

vitro experiments. Fermentation can sometimes be used to explain animal performance.  

Experiment 4 

 Diets at 100% inclusion of small grain silage are constrained by having excess fiber 

compared to corn silage. This decrease in fiber digestibility limits the amount of energy 

available to the animal. In experiment 4 we compared poorly performing silages in the 

animal studies (N and W) correcting for lesser energy levels with an additional 2% fat 

supplement added. After excluding energy differences, we also added malic acid to increase 

fiber digestibility as suggested by previous workers (Foley et al., 2009; Kung et al., 1982a; 

Sniffen et al., 2006).  

Fermentor Conditions 

 A dual flow, continuous culture system consisting of eight glass fermentors was uses 

to evaluate each diet. Each fermentor holding approximately 700 mL of strained rumen fluid 

was used as the experimental unit to compare four dietary treatments in a randomized 

complete block design with 3 replicates. Two experiments were conducted and both the same 

parameters, but differing in diets fed. 

 Whole ruminal contents were collected from a mature, non-lactating, ruminally-

cannulated Holstein cow fed predominantly a mixed orchard grass and (what else in the 

mixture) hay diet with free access to a mineral block.  The ruminal contents were extracted at 
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the initiation of each fermentation period using a hand pump, and transported immediately in 

pre-heated vacuum containers from the farm to the lab.  The contents were strained though 

double layered cheesecloth before the fermentors were inoculated. Prior to the addition of 

ruminal fluid, each fermentor was purged with CO2 gas, which was kept throughout the 

experiment at a fixed flow of 20 mL CO2 min-1 to maintain anaerobic conditions in the 

fermentation vessels. Artificial saliva buffer solution (Slyter et al., 1966) was delivered by 

precision pump at a flow rate of 1.3 mL/min. Over a 24-h period, 1.87 L of artificial saliva 

was delivered to each ruminal culture as described by Johnson et al. (2009). The temperature 

inside the fermentors was maintained by a circulating water bath set at 39˚C, and the contents 

were stirred at 10 rpm with a central paddle.  

Diets and Experimental Design 

One treatment diet was corn-silage based (38.2% DM of diet) TMR (C)  

(Table 1). The other three treatments consisted also of a TMR except corn silage was 

replaced with either wheat (W) (42.9 % DM in diet), normal (34% DM in diet) (N) or hulless 

oat (37.5 % DM in diet) (H) silage.  

Experimental diets contained soybean hulls, Nutrimax, corn gluten feed, and whole 

cottonseed at 11.2, 3.6, 18.4 and 10.6% DM, respectively. Each treatment silage was 

balanced with a CNC mix (13% CP) at 18.4% DM for C, 18.6% DM for H, 22.1% DM for N 

and 13.1% DM for W. Diets were formulated to maintain a crude protein level of 17 % and 

based on the requirements for a mature lactating cow producing 80 lbs of milk (NRC, 2001).  

In experiment 4 we evaluated only normal (N) oat and wheat (W) silages. Soybean oil 

and malic acid (Sigma Chemical Co. St. Louis, MO) were added to each treatment. Soybean 
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oil was added and mixed throughout each treatment diet at 2% inclusion rate. Total fatty acid 

concentration of soybean oil was 88.1% and consisted predominantly of C18:2 (55%) and cis 

C18:1 (22.5%) (Johnson et al., 2009). Malic acid was included at 0.7% of the ration DM. We 

chose this level since it has been used in earlier continuous culture work (Foley et al., 2009; 

Kung et al., 1982b; Sniffen et al., 2006) with positive effects on microbial fermentation. The 

inclusion levels of soybean oil and malic acid were based on an average cow consuming 20 

kg/d of dry matter.  

A total of 15g dry matter (DM) was offered in two equal aliquots at 0900 and 1500. 

During day one and two in the transition period all fermentors received their experimental 

diet (7.5g DM) with alfalfa hay pellets (7.5g DM) (Table 3). During the next five days the 

fermentors were fed 15g of the 100% experimental diet. Microbial populations were allowed 

to stabilize for 72 hours prior to data collection, which included two days of the 50/50 diet, 

and two days of the experimental diet.  

Sample Collection and Analysis 

TMR samples were submitted to the North Carolina Forage Testing Laboratory for 

chemical analysis (NC Department of Agriculture and Consumer Services, Raleigh, NC). 

The corn silage was obtained from the regularly stocked silo at the Dairy Education Unit.  

The dynamics of fermentation were determined by monitoring gas production, culture 

pH, and the concentration of VFAs in the fermentors. Headspace gas and culture fluid 

samples were collected at several predetermined intervals. Gas samples (10 µL) were 

withdrawn six times daily (immediately before the 0900 feeding time; and two, four, and six 

hours after feeding) with the aid of a gas tight syringe (Hamilton Co., Reno, Nevada). 
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Samples were immediately analyzed in duplicate for methane (CH4) concentration using gas-

liquid chromatography (CP-3800, Varian, Walnut Creek, California) equipped with a 

Molsieve 5A 45/60 mesh (Supelco Inc., Bellefonte, Pennsylvania) stainless steel column. 

Daily averages were used for statistical analysis. Culture pH was recorded each time CH4 

samples were taken.  

 Culture samples (10 mL) were collected two hours after feeding from each vessel on 

days 5, 6, and 7, thoroughly mixed, and frozen at -74 °C until further processing. Samples 

were analyzed for ammonia, VFAs, LCFA, and lactic acid.  

Five millilitres were used to analyze VFAs by gas-liquid chromatography (CP-3380, 

GC Varian, Walnut Creek, California) using a fused silica capillary column (Nukol, Supelco 

Inc., Bellefonte, Pennsylvania). Five millilitres were used to analyze ammonia N (NH3-N) 

according to a colorimetric assay (Beecher and Whitten, 1970). Fatty acids were extracted 

with chloroform/methanol (2:1 vol/vol) (Fellner et al., 1995). Lipids were methylated 

(Kramer et al., 1997) and fatty acid methyl esters (FAME) were separated by gas-liquid 

chromatography (CP-3380, GC Varian, Walnut Creek, California). Separation was achieved 

using a CP–Sil 88 capillary column (100 m x 0.25 mm x 0.2–µm film The Netherlands). The 

column was operated at 70ºC for 4 min, then temperature–programmed at 13ºC/min up to 125ºC, 

held there for 27 min, programmed at 8ºC/min up to 215ºC, and held there for 31 min for a total 

run time of 80 min. Peak identity was verified by comparing peak retention times of samples 

to known FAME standards (Matreya Inc., Pennsylvania). The concentration of each FA was 

calculated by dividing the area under the corresponding FA peak by the sum of the areas 

under the total FA peaks (for rumen contents, C = C12 to C22). 
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In vitro true dry matter disappearance  (IVTDMD) was determined by Ankom bags 

filled with 0.5g of feed and placed in fermentors for the final 48 hours of the data collection 

period Disappearance  were also calculated using stoichiometric equations with VFA and 

gas production. Apparent digestibility was calculated as grams of feed used for VFAs 

(Acetate, mol/d x 60.1) + (Proprionate, mol/d x 74.1) + (Butyrate, mol/d x 88.1) production 

per 15 g of dry feed added each day (Eun et al., 2004). Total digestibility was calculated as 

grams of feed used for VFA, CH4 + CO2 + 2H2O, per 15 g of dry feed added each day. 

Data were analyzed using proc mixed analysis in SAS (Sas-Institute, 1999). Day was 

used a repeated variable, and replicate was used a random variable. Pre-planned orthogonal 

contrasts were used consisting of the following; C vs. small grains (SG), W vs. O (hulless 

and normal oats), and N vs. H. 
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Results 

Experiment 3 

 Methane ranged from 21.1 mmol/day for H to 29.1 mmol/day for C (Table 4). H was 

lesser (p<0.04) in methane levels than N. pH averaged 6.0 and was similar across treatments. 

Ammonia was also similar across treatments ranging from 13.1 for C to 15.6 mg/dl for H.  

 In vitro true dry matter disappearance (IVTDMD) was greater (p<0.01) for C (67%) 

than small grains (Table 5). H and N were 61%, W was 63% IVTDMD.  

 Apparent fermentability percentage was calculated as grams of feed used for VFA 

production [(acetate, mol/d x 60.1) + (proprionate, mol/d x 74.1) + (butyrate, mol/d x 88.1)], 

per 15 g of dry feed added each day. C was 36% fermentable, and greater (p<0.04) than small 

grains. N was 33%, which was similar to H and W (31%). 

Total fermentability was calculated as grams of feed used for VFA plus CH4 + CO2 + 

2H2O, per 15 g of dry feed added each day. In this case C (52%) was also greater (p<0.02) 

than the small grains (N 48%, H 45%, W 44%).  

Total mM VFA concentrations tended to be greater (p<0.09) for C than small grains 

(Table 6).  Millimolar concentrations of propionate (p<0.02) and butyrate (p<0.001) were 

greater for C compared with small grains. Valerate tended (p<0.09) to be greater for hulless 

oats (H) compared to normal (N) oats. Molar percentages for acetate (p<0.01), proprionate 

(p<0.09), butyrate (p<0.001), isovalerate (p<0.05), and A:P (p<0.02) were greater for C 

compared with the small grains. Molar percent of propionate tended (p<0.10) to be greater 

for N compared with H and valerate was reduced (p<0.02) when compared with H. Feeding 

W tended (p<0.10) to reduce the A:P ratio when compared to the oat silages. 
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Comparison of long chain fatty acids across treatment groups indicate that C was 

lesser than small grains in C16 (p<0.0003), and C18:1 trans (p<0.07) but greater than small 

grains in C18:1 cis (p<0.04), C18 cis-trans (p<0.05), and C18:2 (p<0.0001) (Table 7). W was 

greater than oats (p<0.04) in C18 concentration and lesser than oats (p<0.02) in C18:1 cis 

and C18:3 (p<0.04). N was greater (p<0.03) than H in C18:1 cis and tended to be greater 

C18:2 (p<0.08). There were no significant differences among the CLAs. 

Experiment 4 

The effect of treatments on methane, pH, and ammonia in continuous cultures 

revealed that only N resulted in greater (p<0.05) methane production (299.17 nm/d) than W 

(188.19 nm/d) while the pH and ammonia concentration of the cultures were similar for N 

(5.99) and W (6.09) (Table 8). Further, IVTDMD was similar between W and N. 

 Volatile fatty acids (VFAs) are shown in Table 9 in mM and mol %. Total VFAs were 

numerically greater in N (77.52 mM) than W (72.82 mM). Acetate (49.93% and 49.45%), 

propionate (32.17% and 32.36%), and A:P ratios (1.56 and 1.52) were similar for N and W, 

respectively. N and W were similar for butyrate (10.08% and 10.18%), Isobutyrate (1.66% 

and 1.48%), Valerate (1.62% and 1.58%) and Isovalerate (4.53% and 4.68%).  

Fatty acid profile of continuous cultures receiving the different diets showed that N 

produced 22.22% C16, 7.15% C18, 27.37% C18:1 trans, 18.92% C18:1 cis, and 22.59% 

C18:2 (Table 10). W produced 20.90% C16, 7.91% C18, 26.92% C18:1 trans, 20.53% C18:1 

cis, and 22.90% C18:2.  
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Discussion 

Continuous culture systems are used as an in vitro method to test and monitor the 

effects of various feeds on the rumen microbial population without the associated cost and 

length required to run animal performance studies.  A common goal of nutritionists and 

rumen microbiologists is to manipulate the rumen ecosystem in order to improve efficiency 

of converting feed to products consumable by humans (Khampa and Wanapat, 2007).  

 In vitro testing is a necessary tool in screening feedstuffs before they are evaluated in 

animal studies. This is a cost effective as well as data generating step that can help 

troubleshoot a diet before the time and expense is devoted to an animal trial. In vitro 

fermentation systems also make it possible to sample the culture throughout lipolysis and 

biohydrogenation. These chemical changes made to the dietary lipids by the microbial 

population are keys to understanding the pathways that poly-unsaturated fatty acids become 

saturated fatty acids in the rumen (Jenkins et al., 2008).  

 Extensive metabolism of lipid occurs in the rumen and has a major effect on the type 

of fatty acids available for absorption and tissue utilization. Major players in these processes 

are rumen protozoa, fungi, bacteria, and salivary and plant lipases. Ruminal protein 

degradation is affected by pH and the predominant species of microbial population. Ruminal 

proteolytic activity decreases as pH decreases with dairy cattle rations that are predominantly 

forage, but not in beef cattle rations with appreciable concentrate (Bach et al., 2004). 

Lipolysis, or hydrolysis, of the ester linkages is followed by biohydrogenation of free fatty 

acids.  
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Anaerovibrio lipolytica, a rumen bacteria that is primarily responsible for hydrolyzing 

TG, and Butyrivibrio fibrisolvens acts on phospholipids and glycolipids (Bauman et al., 

2003). Selenomonas ruminantium is a gram-negative bacterium that can account for up to 

51% of the total number of viable bacteria in the rumen (Nisbet and Martin, 1991). These 

bacteria can grow under many dietary conditions and can ferment many soluble 

carbohydrates (Hungate, 1975). They can provide homolactic fermentation when grown in 

batch culture with glucose (Hobson, 1965), and utilize lactate as a carbon and energy source 

once the glucose is depleted (Scheifinger et al., 1975). One of the known pathways these 

bacteria use is the succinate-proprionate pathway, in which malic acid is an intermediary.  

Lipolysis 

 Lipid digestion and absorption in the rumen has a great effect on the metabolism of the 

animal. Lipolysis is the process by which ingested lipids are degraded to release free fatty 

acids (FFA). Microbial lipases and hydrolases hydrolyze the ester linkages of phospholipids, 

TG, and glycolipids forming fatty acids with a free terminal carboxyl group (Bauman et al., 

2003). 

 Biohydrogenation (BH) is the process by which ingested polyunsaturated fatty acids 

(PUFA) are saturated and absorbed as saturated fatty acids (SFA). Considering that BH 

requires free fatty acids, the rate is less than that of lipolysis. The first step in the BH of cis-9, 

cis-12 C18:2 (linoleic acid) is the conversion of the cis-12 double bond to a trans-11 isomer 

by an isomerase. Next, reductase hydrogenates cis-9. Incomplete BH can yield cis-9, trans-

11 C18:2 (conjugated linoleic acid; CLA) or trans-11 C18:1 (vaccenic acid), and complete 

BH yields C18:0 (stearic acid)  (Jenkins et al., 2008). 
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 Some of the lipids found in the rumen are components of the phospholipid bilayer of 

microbial membranes. Naturally occurring rumen bacteria may account for up to 17% of the 

lipid flowing from the rumen when a corn silage diet is fed (Bauman et al., 2003). 

 Research on rumen microorganisms has contributed greatly to our understanding of 

anaerobic microbial ecosystems, and has also influenced feeding practices and nutritional 

modeling with ruminants (Wallace, 1992). Silages typically contain large amounts of soluble 

protein but mainly structural carbohydrates that ferment slowly (Eun et al., 2004). This 

mismatch between the rate at which energy and N are supplied to the microbes increases the 

loss of N in the rumen. Supplementing silage-based diets with moderate levels of starch often 

increases microbial protein synthesis (Eun et al., 2003). 

 The rise of feed additives to diets is an attempt to alter the rumen ecosystem and 

decrease fermentation losses through methane or ammonia.  Organic acids have been used to 

act as an electron sink for S. ruminantium (Martin and Park, 1996; Nisbet and Martin, 1991). 

Treatment of mixed-ruminal microorganism fermentations with DL-malate yielded responses 

similar to those of ionophores (i.e., increased propionate, decreased CH4, and decreased 

lactate), indicating that organic acids have an effect on electron flow (Martin and Streeter, 

1995). Ionophore effects, closely associated with electron redistribution, (decreased lactate 

and increased propionate) were enhanced by organic acid treatment (Callaway and Martin, 

1997). This occurred by providing an electron sink in the form of organic acids, the effects of 

monensin are enhanced in some cases (Martin, 1998). Organic acids have been receiving 

more attention as the trend to move away from antibiotic and antimicrobial additives 
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continues. We chose to use DL-malate as an organic acid in order to increase fiber 

digestibility in the diets that showed decreased intake and production in animal trial.  

 We also added a fat supplement (soybean oil, Wesson brand) to these diets in order to 

make the silage more energy dense to mirror the chemical composition of corn silage. Fat 

supplements can have a major effect on rumen microbial protein synthesis (MPS) either 

directly by not supplying fermentable energy for rumen microbes or indirectly through 

effects on the composition of rumen microbes and, in particular, rumen protozoa (Martin and 

Park, 1996). One of the major ‘costs’ to the rumen microbes is the energy lost through 

protozoal predation on bacteria. Feeding high levels of free oils (unsaturated fat) to ruminants 

often leads to defaunation and a marked increase in MPS (Dewhurst et al., 2000). The 

treatment diets used here were identical in composition and ingredients to the diets fed in 

experiment 2 in the animal trials. 

 Small grain silage had greater acetate and lesser butyrate concentrations than corn 

silage. Acetate is used for fatty acid synthesis and is the main precursor for lipogenesis in 

adipose tissue (Hungate, 1982). Some acetate is also used for muscle metabolism and body 

fat. Production of adequate levels of acetate in the rumen is essential to maintain adequate 

quantities of milk fat (Hungate, 1975). 

 Small grain silage had lesser DMD than corn. Hulless oats has been shown to have a 

greater IVDMD than normal oats in dairy cow diets (Petit and Alary, 1999). The rapidly 

degradable fractions of DM, crude protein, and starch were greater for naked than covered 

oats; the potentially degradable fractions were less (Petit and Alary, 1999).  
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 Our treatment diet of normal oats and wheat silages resulted in reduced animal 

performance, particularly at the 100% inclusion rate (experiment 2). Replacing 100% of the 

corn silage resulted in lesser intakes of small grain silages primarily for normal oats and for 

wheat. The H treatment showed the greatest NDF fraction and ADF fraction which has been 

previously shown to decrease animal intake and lesser fiber digestibility (Staples, 2003).In 

vitro data tend to support the lower animal performance of naked oat and wheat silage.   

In experiment 4, N had greater methane production and total VFAs than W; pH did 

not seem to be affected by additional supplement either. Reduced ruminal pH has negative 

effects on ruminal fermentation. The effects of pH on rumen fermentation appears as soon as 

pH drops to suboptimal levels (Cerrato-Sanchez et al., 2007). 

Organic acids, such as malic acid, act as propionate precursors in the rumen. Such 

acids are generally converted to propionate via the succinate pathway. Thus, they can act as 

electron acceptors for hydrogen and reduce the amount of hydrogen which is available for 

methane formation (Foley et al., 2009). Inclusion of malic acid in the diet resulted in a linear 

reduction (p < 0.05) in total daily CH4 emissions and CH4 emissions per kg DMI (Foley et 

al., 2009). The greatest level of malic acid led to a 9% reduction (p < 0.05) in methane 

emissions per kg DMI when compared with the control diet (Foley et al., 2009). The 

inclusion of malic acid in the diet resulted in a linear reduction (p < 0.05) in DMI and a 

significant reduction in CH4 emissions at the greatest level of inclusion. However, the 

maximum level of inclusion also had a greater negative effect on DMI. The reductions 

observed in CH4 output were lesser than those in previous experiments (Foley et al., 2009). 
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Both fat and monensin have been shown to decrease the A:P ratio and reduce 

methane production (Jenkins et al., 2008) by altering microbial populations within the 

rumen. 

 Diets with additives produced roughly twice as much total VFAs as the small grain 

diet. The presence of soybean oil in in vitro cultures altered the response to ionophores 

(Johnson et al., 2009). Diets without additives produced a more varied FA profile than N and 

W with malic and fat additives (C18:3, cis-trans, CLAs).  In experiment 3, the total 

concentration of FA as C18:0 is nearly double the amount in diets treated with malic acid and 

soybean oil compared with   experiment 4. Since the fat added to the diets in experiment 4 

was unsaturated it was expected that these treatments would be greater in C 18:2, the major 

component of soybean oil. It seems that adding additional fat inhibits biohydrogenation. The 

increase in biohydrogenation intermediaries (C18:1 cis, trans) in experiment 4 indicates that 

the fats are becoming saturated but the cycle is not being completed entirely. 

 DL-Malate has been effective in altering the ruminal fermentation and has affects  

similar to those of ionophores (Martin and Streeter, 1995). As with L-aspartate and fumarate, 

DL-malate fermentation by mixed ruminal bacteria primarily yielded acetate and propionate. 

Similar results were reported previously (Russell and Van Soest, 1984), but malate 

disappeared within 10 h rather than 24 h. Some of this difference might have been due to 

differences in the diets fed to the donor animals. Our data did not show any differences in 

acetate and propionate percentage between N and W treated or untreated diets.  

 Both cellobiose and monensin affected the in vitro fermentation of organic acids by 

mixed ruminal bacteria by providing a carbon and energy source and by influencing electron 
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disposal (Callaway and Martin, 1997). Cellobiose addition to DL-malate fermentations 

tended to increase acetate and propionate concentrations, which corresponded to an increase 

in total VFAs. In the presence of monensin, all DL-malate was fermented after 24 h but some 

DL-malate remained in the medium after 24 h in cultures that were not treated with monensin 

(Callaway and Martin, 1997). Disappearance rates of organic acids and concentrations of 

total VFAs were found to be greatest, and the acetate to propionate ratio was the least, in 

incubations treated with cellobiose plus monensin. Therefore, the beneficial effects such as 

increased total VFAs and propionate concentrations of organic acids on fermentation by 

mixed ruminal bacteria are apparently enhanced by the addition of cellobiose and monensin 

(Callaway and Martin, 1997).  

 In experiment 4, total VFAs were nearly double the amount of the non-treated group. 

Malate and fat supplementation add energy to the system. The A:P ratio was also the least in 

the malate treated diets.  Malate may be used as a feed additive for ruminant animals fed 

greater proportions of cereal grains, because it increased pH and propionate production and 

subsequently decreased CH4 production and L-lactate concentrations (Carro and Ranilla, 

2003).  There is an apparent beneficial effect when diets are treated with malate and soybean 

oil.  
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Table 1. Ingredients of the basal diets for Exp 3 and 4. 

 Diet (%DM)1 

Ingredient C H N W 
Corn Silage 38.2 --- --- --- 
Hulless Oat Silage --- 37.6 --- --- 
Normal Oat Silage --- --- 34 --- 
Wheat Silage --- --- --- 42.9 
CM2 (13% CP) 18.4 18.6 22.1 13.1 
Soybean Hulls 11.2 11.2 11.2 11.2 
Nutrimax 3.6 3.6 3.6 3.6 
Corn Gluten 18.4 18.4 18.4 18.4 
Whole Cottonseed 10.6 10.6 10.6 10.6 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat 
2 Concentrate Mix included: 80% ground corn grain; 12% soybean meal; 2.4% calcitic 
limestone; .84% salt; 3.4% sodium bicarbonate; .21% BioPhos; .2% Dyna-Mate; .78% 
Rumensin; and .23% McNess DM 
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Table 2. Chemical composition of basal diets for Exp 3 and 4. 

 Diets1 

 C H N  W 
DM % 47.6 ± 0.60 50.4 ± 0.80 47.5 ± 2.10 50.3 ± 0.60 
Adj CP, % 17.7 ± 0.20 18.5 ± 1.10 16.8 ± 0.60 18.2 ± 0.10 
NDF, % 35.2 ± 4.50 47.3 ± 0.40 43.3 ± 1.30 43.9 ± 3.30 
ADF, % 23.9 ± 2.70 33.2 ± 2.80 31.5 ± 1.00 31.0 ± 1.70 
NFC3, % 35.8 ± 4.50 22.6 ± 0.40 28.0 ± 0.20 26.6 ± 3.50 
Crude Fat, % 5.0 ± 0.50 5.3 ± 0.60 5.4 ± 0.20 5.2 ± 0.50 
Ash, % 6.3 ± 0.10 6.3 ± 0.30 6.4 ± 0.10 6.3 ± 0.10 
NEL

2(mcal/kg) 1.54 ± 0.20 1.41 ± 0.02 1.43 ± 0.04 1.43 ± 0.02 
TDN % 74.0 ± 2.38 65.7 ± 2.53 67.2 ± 0.91 67.6 ± 1.63 
Macro minerals, %     
Ca 0.60± 0.06 0.51± 0.01 0.53 ± 0.01 0.51± 0.04 
P 0.53± 0.01 0.49± 0.01 0.49 ± 0.01 0.48 ± 0.03 
S 0.25 ± 0.02 0.25 ± 0.01 0.23 ± 0.01 0.26 ± 0.01 
Mg 0.29 ± 0.01 0.31 ± 0.00 0.26 ± 0.01 0.27 ± 0.01 
Na 0.31 ± 0.07 0.24 ± 0.04       0.37 ± 0.04 0.31 ± 0.05 
K 1.10 ± 0.26 1.2 ± 0.00 1.25 ± 0.05 1.26 ± 0.06 
Microminerals, ppm     
Cu 13.5 ± 0.71 9.5 ± 0.71 12.0 ± 0.00 12.5 ± 0.71 
Fe 349 ± 46.7 361 ± 70.7 345.5 ± 46 315.5 ± 77.1 
Mn 45.0 ± 1.41 47.5 ± 3.54 62.5 ± 2.12 58.5 ± 6.36 
Zn 67.5 ± 4.95 54.5 ± 2.12 61.0 ± 0.00 65.5 ± 0.71 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat 
2 Net energy of lactation 
3Nonfiber carbohydrate= 100-(CP+NDF+ ether extract+ash) 
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Table 3. Dietary protocol for continuous cultures in Exp 3 and 4 

Day Period Diet 
1 Transition 7.5g alfalfa hay pellets + 7.5g experimental diet 
2 Transition 7.5g alfalfa hay pellets + 7.5g experimental diet 
3 Stabilization 15g experimental diet 
4 Stabilization 15g experimental diet 
5 Data Collection 15g experimental diet 
6 Data Collection 15g experimental diet 
7 Data Collection 15g experimental diet 
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Table 4. Effect of treatments on methane, pH, and ammonia for Exp 3 

 Treatment1  p2 <  

 C H N W SE 
C vs. 
SG 

O vs. 
W H vs. N 

Methane 
(mmol/d) 291 211 290 256   26 0.22 0.82 0.04 
pH 5.96 6.05 5.99 6.05    0.031 0.06 0.42 0.23 
Ammonia 
(mg/dl) 13.09 15.64 13.76 13.29 1.89 0.30 0.23 0.17 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat 
2SG=Small Grains; O= Oats (Hulless and Normal)  
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Table 5. Effect of treatments on in vitro fermentation for Exp 3 

 Treatment1  p2 <  

 C H N W SE C vs. SG W vs. O H vs. N 

IVTDMD % 67 61 61 63 1.3 .01 .22 .87 

Fermentability         

Apparent %
3  36 31 33 31 1.5 .04 .45 .34 

Total %
4 52 45 48 44 2.0 .02 .42 .23 

Substrate used, g/d
 

      

VFA 5.3 4.7 5.0 4.6 .23 .04 .45 .34 

VFA + GAS 7.7 6.7 7.2 6.7 .30 .02 .42 .23 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat 
2SG=Small Grains; O= Oats (Hulless and Normal) 
3 Calculated as grams of feed used for VFA, (acetate, mol/d x 60.1) + (proprionate, 
mol/d x 74.1) + (butyrate, mol/d x 88.1) per 15 g of dry feed added each day.  
4 Calculated as grams of feed used for VFA plus CH4 + CO2 + 2H2O, per 15 g of 
dry feed added each day.  
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Table 6. Effect of treatments on volatile fatty acid concentrations for Exp 3 

 Treatment1  p2 <  
 C H N W SE C vs. SG W vs. O H vs. N 
Total VFA, mM 43.82 39.53 41.44 38.84 1.94 0.09 0.49 0.49 
Individual VFA, mM         
Acetate 22.53 21.46 22.20 20.55 0.98 0.33 0.29 0.60 
Proprionate 12.79 10.51 11.79 11.08 1.03 0.02 0.92 0.13 
Butyrate 6.21 4.87 5.18 4.68 0.36 0.001 0.37 0.50 
Isobutyrate 0.49 0.58 0.50 0.47 0.07 0.64 0.32 0.27 
Valerate 0.66 0.68 0.56 0.56 0.08 0.33 0.38 0.09 
Isovalerate 1.16 1.43 1.27 1.52 0.18 0.25 0.47 0.55 
         
Individual VFA, mol %        
Acetate (A) 51.38 54.52 53.91 52.82 1.09 0.01 0.15 0.58 
Proprionate (P) 29.21 26.48 28.16 28.69 1.67 0.09 0.12 0.10 
Butyrate 14.18 12.32 12.58 11.98 0.88 0.001 0.29 0.61 
Isobutyrate 1.11 1.42 1.18 1.21 0.15 0.18 0.48 0.11 
Valerate 1.50 1.71 1.32 1.45 0.18 0.94 0.61 0.02 
Isovalerate 2.63 3.55 3.03 3.85 0.39 0.05 0.21 0.30 
A:P 1.77 2.09 1.96 1.87 0.15 0.02 0.10 0.20 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat 
2SG=Small Grains; O= Oats (Hulless and Normal) 
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Table 7. Effect of treatments on fatty acid biohydrogenation in continuous  
cultures for Exp 3 
 

 Treatment1  p2 <  

 C H N W SE C vs. SG O vs. W H vs. N 

 % of total FA     

C16 22.55 25.23 24.29 24.43 0.996 0.0003 0.53 0.14 

C18 13.44 14.79 12.23 16.48 2.78 0.46 0.04 0.12 

c18:1 trans 19.39 20.79 21.31 21.78 1.05 0.07 0.48 0.66 

C18:1 cis 18.63 17.21 18.55 16.75 1.11 0.04 0.04 0.03 

cis-trans 0.08 0.6 0.36 0.42 0.27 0.05 0.74 0.26 

C18:2 21.27 16.61 18.23 16.94 0.95 0.0001 0.54 0.08 

C18:3 0.73 0.7 0.72 0.44 0.2 0.38 0.04 0.89 

CLA c9, t11 0.37 0.39 0.45 0.4 0.15 0.79 0.89 0.75 

CLA t10, c12 0.3 0.1 0.32 0.06 0.13 0.34 0.28 0.18 

1C=Control; H=Hulless Oat; N=Normal Oat; W=Wheat 
2SG=Small Grains; O= Hulless and Normal Oats 
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Table 8. Effect of treatments on methane, pH, ammonia, and DM disappearance in 
continuous cultures for Exp 4 
 
 Treatment1 
 N W 
Methane 
(mmol/d) 299* 188* 
pH 5.99 6.09 
Ammonia 
(mg/dl) 16.87 16.12 
IVTDMD  (%) 63.68 65.54 

*Means differed at p <0.05 
1 N=Normal Oat; W=Wheat; Both N and W received  
0.7% malic acid and 2% soybean oil. 
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Table 9. Effect of treatments on volatile fatty acid concentrations  
in continuous cultures for Exp 4 
 
 Treatment1 
 N W 
Total VFA, mM 77.52 72.82 
Individual VFA, mM   
Acetate 38.64 35.97 
Proprionate 25.01 23.78 
Butyrate 7.84 7.41 
Isobutyrate 1.29 1.10 
Valerate 1.25 1.16 
Isovalerate 3.50 3.42 
   
Individual VFA, mol %  
Acetate (A) 49.93 49.45 
Proprionate (P) 32.17 32.63 
Butyrate 10.08 10.18 
Isobutyrate 1.66 1.48 
Valerate 1.62 1.58 
Isovalerate 4.53 4.68 
A:P 1.56 1.52 

1 N=Normal Oat; W=Wheat 
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Table 10.   Effect of treatments on fatty acid biohydrogenation  
in continuous cultures for Exp 4 
 
 

Treatment1 
 

 N W SE 

 % of total FA  

C16 22.22 20.9 1.47 

C18 7.16 7.91 2.33 

C18:1 trans 27.37 26.92 2.49 

C18:1 cis 18.82 20.53 1.8 

C18:2 22.59 22.9 1.41 

1 N=Normal Oat; W=Wheat 

 

 

 


