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ABSTRACT 

 

This project was targeted at identifying if it is possible to select a barley cultivar that has 

a higher NDF digestibility (NDFD) which can be ensiled in following years for livestock feed  in 

order to  increase digestibility and animal performance. Three barley cultivars, CDC Cowboy (H-

NDFD), CDC Copeland (I-NDFD), and Xena (L-NDFD) were selected based on respective high, 

intermediate, and low NDFD following 30 h in vitro digestion of silage collected from 

commercial farms. The objective of the first study was to determine if a higher NDFD of a barley 

cultivar would alter the fermentation pattern of the silage compared to cultivars with lower 

NDFD. This was accomplished by ensiling the three barley cultivars in mini-silos to be opened at 

3, 7, 14, 21, and 60 d after ensiling to measure fermentation parameters and microbial 

enumeration. Barley cultivars were also ensiled in bunker-silos for the feeding trial. Following 60 

d ensiling, the silage was exposed to air to measure aerobic stability with temperature change 

measured continually, and fermentation parameters and microbial enumeration measured after 3, 

7, 14, and 21 d of exposure. Chemical analysis compared fresh forage to 60 d silage, and silage 

from the bunker-silos used in the feeding trial, as well 60 d mini-silos and bunker-silo samples 

underwent in vitro NDFD analysis to compare to the selection criteria. There was no difference in 

in vitro NDFD of the three cultivars grown for this study. The H-NDFD cultivar had lower pH 

and higher lactate levels. Starch was higher in L-NDFD, and I-NDFD had higher ADF and NDF 

than the other cultivars. Bunker-silos had higher VFA concentrations than the mini-silos, and pH 

of I-NDFD and L-NDFD was lower in bunker-silos than mini-silos. Aerobic spoilage was only 

apparent in H-NDFD which saw silage temperature increase, lactate decrease and pH increase 

compared to the other cultivars.  

The objective of the second trial was to determine whether increased in vitro NDFD 

would increase digestibility and animal performance through improved intake, weight gain, or 

carcass traits. A replicated 3x3 Latin square used rumen cannulated wethers to measure total tract 
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digestibility of the three barley cultivars as part of a 50:50 barley silage to concentrate diet (DM 

basis). Rumen pH was measured using in dwelling pH probes to record pH over 48 h. Total 

collections were conducted over four days with rumen fluid collection on the fourth day at 0, 3, 6, 

12 h after feeding for VFA, ammonia, and protozoa enumeration. A lamb performance trial was 

conducted feeding 42 lambs equally divided ram and ewe lambs between the three barley 

cultivars with diets comprised of 40:60 silage to concentrate (DM basis). Intake was recorded 

daily, and lamb weight weekly, for ADG and F:G calculations. Following 72 d on feed, ram 

lambs were slaughtered and carcass characteristics recorded. The L-NDFD digestibility trial diet 

had lower ADF and NDF, and higher starch than the H-NDFD diet, but there was no difference in 

total tract digestibility, consistent with lack of in vitro NDFD differences. Average rumen pH was 

lower for lambs fed L-NDFD. The 40% silage diets in the performance trial saw no difference 

between cultivars. Lambs fed I-NDFD had lower DMI than the other two cultivars, but no 

difference was observed in terms of weight gain. Carcass characteristics were similar between 

cultivars, with dressing percentage of L-NDFD lambs being higher than I-NDFD lambs. 

The results of this thesis suggest that selecting a barley cultivar with improved NDFD is 

more difficult than selecting the cultivar with the highest in vitro NDFD. Differences in 

fermentation patterns and lamb performances when fed different cultivars suggest that selection 

for barley cultivar to improve NDFD might have some merit though plant maturity has a strong 

effect. 
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1.0 INTRODUCTION 
Production of silage is a method of conservation of high moisture forage through anaerobic 

fermentation. In western Canada, small grain silage is commonly used as livestock feed in both 

the dairy and feedlot industries (McAllister et al. 1995; Baron et al. 2000). Presently, corn (Zea 

mays L.) is primarily restricted to cultivation in the southern latitudes in Canada, whereas cereal 

silages are capable of high yields at more northern latitudes (Baron et al. 2008). Barley (Hordeum 

vulgare) has been shown to have superior nutritional qualities as compared to oat (Avena sativa) 

and triticale (Triticosecale spp.) silage including higher DM, and OM digestibility with a lower 

ADF content (McCartney and Vaage 1994). Research shows that higher digestibility of corn and 

grass silage increases dry matter intake (DMI) of ruminants, thereby increasing growth 

performance (Oba and Allen 1999a, Keady et al. 2013). Fibre digestibility can limit feed intake in 

ruminants as rumen fill can restrict the ability of the animal to consume additional feed (Oba and 

Allen 1999a). Dietary physically effective fiber affects rumen fill more than other components, as 

this fraction is more slowly degraded by rumen microflora (Oba and Allen 1999a, 2000a). Neutral 

detergent fibre (NDF) is a way of quantifying all fiber components, as it consists of cellulose, 

hemicellulose and lignin, (Mertens 1987), the principle components of plant cell walls that vary 

with plant species and maturity (Nocek and Russell 1988). The NDF content of forage is a good 

method of predicting the contribution to gut fill and the nutritional value (Nocek and Russell 

1988). Consequently, selection of forages for increased ruminal NDF digestibility could result in 

reduced gut fill, increased rumen passage rate and increased DMI (Oba and Allen 1999a, 2000a; 

Huhtanen et al. 2006). Previous research shows variation in in vivo NDF digestibility to range 

from 46-52% (DM) for barley silage (McCartney and Vaage 1994; McAllister et al. 1995). 

Previous researchers have selected forage cultivars based on in vitro NDF digestibility, 

including alfalfa (Medicago sativa) following in vitro incubations at 10, 24, 120 h (Dado and 

Allen 1996) and corn after 30 h (Oba and Allen 1999a, b, 2000a, b, c). When fed to dairy cows 



2 
 

(Bos taurus), Dado and Allen (1996) found that alfalfa silage selected for a higher NDF digestion 

increased DMI and milk production. Similarly, when Oba and Allan (2000a) selected a brown 

midrib (BMR) 3 corn with low lignin content, they saw enhanced NDF digestibility, and 

increased DMI, milk yield and total milk protein and lactose yields. Grant et al. (1995) also 

showed that BMR sorghum (Sorghum bicolor L.) silage improved milk yield and levels of fat, 

protein, and lactose in milk. 

When producers choose to grow barley as a forage crop they have plenty of cultivars to 

choose from, however there is not much guidance in terms of how cultivars affect livestock 

performance. Gill et al. (2013) investigated the yield and nutritional value of 12 forage barley 

cultivars grown in the Peace Region of Alberta. Based on three years of data, cultivars were 

ranked for forage yield, and nutritive value, specifically high CP and low fiber content, which 

they used to predict increased DMI. Of the top six ranked cultivars, five were two-row barley, 

including CDC Cowboy for high yield. This led Gill et al. (2013) to suggest that two-row 

cultivars were better adapted to the northern Alberta climate than six-row cultivars. Chow et al. 

(2008) predicted that delaying the seeding of barley would decrease the in vitro NDF digestibility 

of barley silage when harvested at late-dough stage because of higher environmental temperatures 

during the growing period. Higher temperatures have been associated with increased lignification 

of plant cell walls, reducing rumen digestibility, which in turn could lower milk production in 

dairy cows (Chow et al. 2008; Fahey and Hussein 1999). Two barley cultivars were planted and 

subsequently harvested one month apart when both were at the late-dough stage. Chow et al. 

(2008) found that there was an improvement in nutrient digestibility of the delayed planted 

barley, with a trend for improved NDF digestibility. Their reasoning for these results was that 

temperatures that year were lower in mid-summer than normally expected so the average weekly 

temperature between heading and harvest for the late seeded barley was lower than that of the 
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early planted crop, reducing the expected temperature difference between the different planting 

dates.  

Despite all the research done with regards to fiber in other forage types, there has been very 

little research carried out on the digestibility characteristics of barley silage, and the research that 

has been done has not examined the impact of barley silage selected for differences in NDFD on 

growth performance. This project is different from past studies in that most animal studies tested 

the silage for NDFD then fed as high and low based on silage available (Dado and Allen 1996), 

or contrasted BMR with non-BMR forages (Oba and Allen 1999a, b, 2000a, b, c). In the present 

study, barley cultivars were selected for NDFD based on previous years’ growth and then grown 

and ensiled, with the possibility that the silage would not maintain the NDFD level that it was 

selected for. Selecting silage barley cultivars based on the NDFD of the silage takes into account 

the effect of the fermentation period on silage quality. However it is anticipated that ensiled 

barley cultivars with different in vitro NDFD would exhibit similar ensiling characteristics. The 

overall objective of the project was to evaluate whether cultivars of barley selected based on their 

NDFD ranking would vary in fermentation parameters following growth and ensiling.  

Digestibility and performance trials were also carried out to assess the effect that the level of 

NDF degradation of the barley silage has on total tract digestibility, forage intake, rumen 

environment characteristics, performance, and carcass characteristics in growing lambs.  
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2.0 LITERATURE REVIEW 

2.1 Introduction to silage and ensiling practices  

Silage making has been around since the times of ancient Egypt almost 3000 years ago 

when hieroglyphs depict whole-crop grass being thrown into a small silo (Wilkinson et al. 2003). 

Ancient writers refer to the ensiling of forages in pits dug into the ground and covered with dung 

or soil across Europe, the Mediterranean, and parts of Africa (McDonald et al. 1991). The word 

silo originates from the Greek word siros, which means a pit or hole dug in the ground for storing 

corn (McDonald et al. 1991). The basic ensiling principles were first described in 1842 by 

Grieswald in the Transactions of the Baltic Association for the Advancement of Agriculture, after 

which ensiling grew in popularity across Europe, spreading to North America by the late 1870s 

(McDonald et al. 1992; Wilkinson et al. 2003). Since the 1960s, the preservation of forages 

through ensiling has dramatically increased in North America and in Europe (Cheli et al. 2011; 

Wilkins, 2005). 

Silage is a desirable method of conserving forages especially in parts of the world where 

the climate is not conducive to drying hay. A good ensiling process can be just as successful in 

retaining nutrients as hay, producing higher quality forages as compared to hay that has been 

rained on (Moran 2005; Wilkinson et al. 2003). An 1889 Kansas State Agricultural College 

publication recommends ensiling corn and sorghum as opposed to the alternative dried fodder, 

which due to the brittle nature of dried plant resulted in greater loss of leaves, although labour and 

transport costs were similar.   

Since the 1800’s, ensiling practices have changed with regards to silo structure, and the 

addition of various fermentation additives such as acids, and bacterial inoculants. However, the 

principles and basic techniques of ensiling have changed little from when they were first 

described in 1842 (McDonald et al. 1991; Wilkinson et al. 2003).  
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2.2 Forages for Ensiling 

Forage crops harvested for silage include: corn, legumes like alfalfa and field peas (Pisum 

sativum), sorghum, grass and small grain cereals, such as barley, oats, and triticale (Duniere et al., 

2013; McCartney and Vaage, 1994). The most important forages for silage worldwide are alfalfa, 

corn and grass (Duniere et al., 2013). In western Canada, whole crop cereals like barley and oats 

are most commonly ensiled, with corn and alfalfa also frequently conserved in this manner 

(Fedko 2015; Saskatchewan Ministry of Agriculture (SK Ag) undated). Corn is less common in 

western than eastern Canada because of cooler summers (Baron et al. 2008), but the selection of 

low heat unit cultivars is leading to the expansion of corn acreage. Corn requires more than 50 cm 

annual rainfall and daytime temperatures greater than 10°C, whereas barley needs as little as 37 

cm of rain and daytime temperatures greater than 5°C. Consequently, barley is a more suitable 

crop for the cool, dry climate of western Canada (Baron et al., 1992; SK Ag, 2015).  

Alfalfa, barley and corn differ in nutrient content, which not only affects feed value but 

also ensiling. Alfalfa has high crude protein (CP) (17-26%DM) with low water soluble 

carbohydrate (WSC), while corn and barley are lower in CP, 8-10% and 12-14% of DM 

respectively, with higher levels of WSC (National Research Council (NRC) 2000; SK Ag 2015). 

Water-soluble carbohydrates are the fermentation substrates used by lactic acid bacteria (LAB) to 

produce lactic acid. Alfalfa having a lower WSC (3.5-4%) compared to corn (9%) and barley 

(24%), in combination with protein acting as a buffer, explains the observed lower pH in corn and 

barley silage (3.8-4.2) as compared to alfalfa silage (4.5-5.1) (Aasen 2014a; Filya et al. 2007; 

Horvey 2003; Lynch et al. 2014; McAllister et al. 1998).  

Maturity at harvest affects the nutrient composition of whole plant forage. Optimal plant 

DM is considered to be 35%, with levels lower than 30% and greater than 40% DM having 

negative effects on fermentation and ensiling. For cereals and corn, as the plant matures and the 

kernels fill out, the starch content increases, while protein and NDF contents decrease (Johnson et 
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al. 1999; Rosser et al. 2013). Corn, sorghum, and cereal silages are harvested at a stage of kernel 

maturity identified as the milk/dough stage, and corn when kernels are between ½ to 2/3 milk 

line, with consideration for the number of days after planting (Baron et al. 1992; Bagg et al. 

2013). Milk line is defined as the level of kernel dry down after the dent stage and is measured as 

the separation between the dry top of the kernel and the bottom that is liquid (Bagg et al. 2013). 

In corn and cereals, starch accumulates as the grain matures, while diurnal factors associated with 

photosynthesis and respiration can cause non-structural carbohydrate levels to fluctuate in 

legumes and grasses, with WSC being higher in the afternoon than early in the morning (Hatfield 

et al. 2007; Brito et al. 2009). For this reason, Owens et al. (1999) evaluated whether it was 

preferable to cut and ensile legumes and grasses later in the day. However, there is little evidence 

to support this notion, as Owens et al. (1999) saw a drop in silage pH, but no other differences in 

ensiling traits when comparing silage cut late as opposed to early in the day (Hatfield et al. 2007; 

Owens et al. 1999). Alfalfa provides the opportunity for multiple cuttings per growing season; 

with plant maturity for cutting generally identified by stage of flower development ranging from 

bud to 10% or full bloom (Filya et al. 2007; Ontario Ministry of Agriculture, Food and Rural 

Affairs (OMAFRA) 2009). Nelson and Satter (1992) compared alfalfa at two different maturities 

(early bud vs early flower) preserved as both hay and silage. They found the CP level was higher 

at the early bud stage, and the NDF and ADF levels increase with increasing lignin contents by 

the early flower stage (Nelson and Satter 1992). 

Plants are composed of structural and non-structural carbohydrates, the non-structural 

CHO are comprised of sugars and starches, while the structural carbohydrates contains insoluble 

fibre that makes up the plant cell wall (Van Soest et al. 1991). Neutral detergent fibre (NDF) is 

composed of cellulose, hemicellulose, and lignin, while acid detergent fibre (ADF) includes only 

cellulose and lignin. Hemicellulose contains a range of polysaccharide linkages to xylose, which 

is in higher concentrations in legumes; glucuronic acid and arabinose are more common in 
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grasses (Hatfield et al. 2007) The alpha bonds present in non-structural carbohydrates are easily 

degraded by mammalian enzymes while, beta linkages in cellulose and hemicellulose fractions 

are only degraded by bacterial enzymes. Lignin is a polyphenolic compound that is undegradable 

in the gastrointestinal tract (Hatfield et al. 2007), with the amount of lignification in a plant 

affecting NDF digestibility, as lignin forms complexes with hemicellulose and protects cellulose 

from fibrolytic enzymes (Hatfield et al. 1993). The fibre fractions of feeds are slower fermenting 

and therefore have a slower passage out of the rumen, while, non-structural carbohydrates are 

quickly fermented and generally have a higher passage rate.  

2.3 The Ensiling Process 

The ensiling process initiates with the cutting of the forage in the field, and continues once 

the ensiled material is packed into the silo until the silo is opened at the end and fed to livestock 

(Figure 2.1).  

2.3.1 Aerobic phase  

The aerobic phase is characterised by the exposure of the forage to oxygen after harvest 

and ends once all O2 has been eliminated from within the silo. Wilting the forage in the field 

prolongs the length of O2 exposure, but may be necessary if the harvested crop is too wet to 

ensile. Wilting increases the concentration of WSC - promoting improved fermentation, reducing 

effluent production, and inhibiting clostridial fermentation (Uchida et al., 1989; Wright et al. 

2000). Some effluent production can be expected from higher moisture forages (<30% DM) 

during the fermentation period, which results in the loss of nutrients and possesses a threat to 

surface and ground waters due to its high biological oxygen demand (Muck et al. 2003). The 

disadvantage of allowing forages to wilt is it can lower protein quality as a result of proteolysis 

(Muck 1991; Hatfield et al. 2007).a 
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Figure 2.1.The ensiling process starting from harvest at d 0 to indefinite time of silo 

opening and feed-out. Changes occurring within the silo are outlined regarding metabolic 

products, temperature, pH, and microbial populations that are actively involved in 

fermentation.  
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Mills and Kung (2002) exposed chopped barley forage to air for 24 h before ensiling which 

resulted in higher final pH, lower DM recovery, increased butyric acid, higher NDF and ADF, 

and lower starch than untreated barley forage. Addition of a buffered propionic acid-based 

additive minimized effects of aerobic exposure prior to ensiling (Mills and Kung 2002).  

Ensuring that the forage is packed to a proper density in the silo will also aide in the more 

rapid exclusion of O2 (Muck and Holmes 2000). Packing density in horizontal silos is dependent 

on the weight of the tractor used for packing, time spent packing, the thickness of the initial 

forage layer before being packed, and the forage DM content; calculated as: 

𝐷𝑀 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑘𝑔

𝑚3
) = (136.3 + 0.042𝑃)(0.818 + 0.0446𝐻) 

P = packing factor, H = silage height 

𝑃 = (
𝑊

𝐿
)√𝑇𝐷 

W = average packing tractor weight (kg), L = initial layer thickness (cm), T = packing time (h/t as 

fed) and D = DM concentration (g/kg) (Muck and Holmes 2000). 

Once the silo has been packed it is important to seal it so as to exclude atmospheric O2, a 

requirement most commonly met by covering the silage a polyethylene plastic cover. When O2 is 

present in the forage, plant cell respiration occurs using sugars to produce CO2, water, and 

releasing energy in the form of heat (Ashbell and Weinberg 2006; Duniere et al. 2013). As well, 

aerobic epiphytic populations of Enterobacteria, yeasts and molds flourish until the O2 is 

exhausted (Duniere et al. 2013). Proteolysis is primarily a result of plant proteases that are 

released as a result of disruption of vacuoles within plant cells (Hatfield et al. 2007; McDonald et 

al. 1991). These proteases, which have an optimum activity at 45-55°C and pH of 5.5, can reduce 

the silage protein content by as much as 50-60% during ensiling. If the pH does not rapidly 

decrease, the temperature of the silage can increase above 40°C, resulting in greater CP losses 

(Hatfield et al. 2007; McDonald et al. 1991). Grass and legume silages typically have 5-25% of 
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their N content in the form of NPN. However, this can increase to 20-50% during wilting or 

during and extended fermentation period at high pH. Poor ensiling techniques are reflected by 

high DM losses, effluent production, high ammonia-N and acid detergent insoluble nitrogen 

(ADIN) content.  

Another side effect of temperatures above 40°C during ensiling is an increase in the 

occurrence of Maillard reactions (Muck et al. 2003). Maillard reactions bind sugars and 

hemicelluloses together with amino acids, forming Maillard products, which are recovered with 

lignin during analysis.  This reaction is reflected by an increase in the ADIN content of silage 

(Muck et al. 2003).  

Typically forages are chopped prior to packing in the silo. Forage particle chop length 

impacts both the ensiling process and digestion and rumen function. Forage that is chopped to a 

longer particle length is more difficult to pack so as to exclude oxygen, while very short particles 

can increase effluent and nutritive losses if the forage is ensiled at low DM (Addah et al., 2014; 

Ashbell and Weinberg 2006). However, producers must also consider harvest costs, as chopping 

to a smaller particle length requires more power and increases fuel consumption (AB Ag 2013a).  

A typical chop length of 10 mm has been adopted for silage within western Canada (Addah et al., 

2014; Lynch et al., 2014). Producers may also use a kernel processor to further decrease particle 

size, processing the forage either before ensiling as it is chopped by the harvester, or after ensiling 

when the silage is fed. However, processing prior to ensiling has been shown to result in a greater 

reduction in particle size (Johnson et al. 1999).  

2.3.1.1 Silo type 

To produce high quality silage, it must be tightly packed into the silo so as to expel as 

much oxygen as possible so as to minimize the length of the aerobic phase. As long as there is 

oxygen in the silage the plants are able to respire and molds and yeasts are able to grow, resulting 
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in DM loss, and lowering silage quality due to proteolysis and heating (Ashbell and Weinberg 

2006).  

The type of silo used depends on the amount of forage to be harvested, the rate at which 

it will be fed, and the amount of capital available to invest in an ensiling structure. Ensiling 

structures all have their strengths and weaknesses. Vertical silos tend to have fewer problems 

with oxygen penetration, especially when oxygen limiting silos are used. Bunker silos are 

comparatively cheap to construct and can store large quantities of silage, but have the negative 

trait of having a large surface area exposed to oxygen (Taylor et al. 2002). When using horizontal 

bunker or pile silos, it is important to cover the silage immediately after storage. Some producers 

may elect to avoid the extra cost and work of covering silos with plastic, but leaving the silo open 

can result in spoilage in at least the top metre of the pile and losses that far exceed the cost of 

covering (Bolsen et al. 1993). Covering horizontal silos with polyethylene plastic weighted down 

on the edges is the most common method of sealing a bunker silo and excluding oxygen (Savoie 

et al. 2003). However, the environmental burden of having to dispose of the plastic sheeting 

either by burning or landfill has led to research into organic coverings including: apple pulp, 

peanut butter, lime, saw dust, and molasses (Savoie et al. 2003). Despite these studies, plastic still 

remains the preferred option, with research looking at improved plastics made of polyamides and 

ethylene-vinyl alcohol, which have lower oxygen permeability than traditional polyethylene film 

(Dolci et al. 2011; Borreani and Tabacco 2014). 

Laboratory silos, or mini-silos, are commonly used for research into fermentation 

characteristics, and quality of ensiling. Size and design varies including: test tubes, glass jars, 

PVC pipe, plastic bags within baskets, and barrels (El Hag et al. 1982; Owens et al. 1999; Danner 

et al. 2003; Weinberg et al. 2010; Addah et al. 2011). Mini silos while being useful in research 

settings, do not always reflect the same results as larger scale silos from a microbial perspective 

(Inglis et al. 1999). However, in terms of chemical composition and fermentation characteristics, 



12 
 

small laboratory silos are a satisfactory method of studying the ensiling process (El Hag et al. 

1982; O’Kiely and Wilson, 1991).  

2.3.2 Anaerobic Fermentation Phase  

Once oxygen has been exhausted, the anaerobic phase begins. Lactic acid is produced 

during the anaerobic phase by lactic acid bacteria (LAB) that utilize water-soluble carbohydrates 

(WSC) (Amanullah et al. 2014; Downing et al. 2008). Once the pH reaches approximately 5, the 

microbial population shifts with Lactobacilli and Pediococci becoming the dominant bacteria as 

the pH drops to 4 as a result of the accumulation of lactic acid (Schaefer et al. 1989). Lactic acid 

producing bacteria continue fermentation until there is no more WSC or until they can no longer 

remain active at such a low pH (Downing et al. 2008). The benefit of the low pH is that growth of 

undesirable organisms such as clostridia species is inhibited (Schaefer et al. 1989) and a rapid 

decline in pH preserves DM and reduces protein degradation.  

A high lactate to acetate ratio is usually indicative of good fermentation (Amanullah et al. 

2014). The homofermentative metabolic pathway utilized by some LAB uses the Embden-

Meyerhof pathway to convert hexoses to lactic acid (Holzer et al. 2003). The heterofermentive 

pathway used by L. buchneri produces acetic acid and lower lactic acid concentrations, and 

results in greater dry matter losses through the release of carbon dioxide (Holzer et al. 2003; 

Kleinschmit and Kung 2006). 

 Greater ammonia-N levels upon opening are evidence of protein breakdown, and usually 

an indicator that the pH did not decline fast enough to inhibit proteolysis (can be a result of too 

low forage DM content) (Wright et al. 2000). However, the type of forage ensiled also has an 

impact on protein metabolism in silage. Due to their naturally higher protein levels, legume 

forages will have higher ammonia-N levels upon opening as a result of more protein breakdown. 

Furthermore, as the protein acts as a buffer, the post-ensiling pH decline is usually slower and 

terminal pH higher than with cereal silages.   
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2.3.3 Stable phase  

The storage stage is when pH stabilizes and the microbial population reaches a steady 

equilibrium (Ashbell and Weinberg 2006). This stage lasts until the silo is opened for feed out, 

except in situations where the silos are poorly sealed and oxygen continues to penetrate into the 

silage mass during storage (Woolford 1990). There is also the possibility of acetic acid 

production by heterofermentive bacteria, like Lactobacillus buchneri and L. brevus that utilize 

lactic acid as a metabolic substrate to produce acetic acid (Holzer et al. 2003; Oude Elferink et al. 

2001). Microbial growth is expected to decline as pH decreases, however the heterofermentative 

LAB like L. buchneri and L. brevus have been shown to be prolific at pH 4.0 (Holzer et al. 2003), 

and 3.8 (Driehuis et al. 1999). As acetic acid has a higher pka than lactic acid, the pH slightly 

increases as lactic acid is metabolized and acetic acid is formed. 

2.3.4 Feed out phase 

Well-ensiled silage should have a pleasant smell at opening in contrast with silage that 

has spoiled (Ashbell and Weinberg 2006). High levels of butyrate give a foul odour like rancid 

butter to silage, while high acetate gives a sour vinegar smell. The feed out or unloading stage 

poses another problem to producers because when the silo is opened the face becomes exposed to 

oxygen and aerobic microorganisms can resume metabolic activities, resulting in spoilage, DM 

loss, and potentially a decrease in palatability and digestibility (Ashbell and Weinberg 2006; 

Inglis et al. 1999). Silages with a high initial yeast population are more prone to aerobic spoilage, 

because some yeast remain viable at low pH and upon exposure to oxygen can metabolize lactic 

acid (Inglis et al. 1999; McDonald et al. 1991). In corn silage, Acetobacter spp. can produce 

acetic acid and reduce aerobic stability as  they oxidize ethanol to acetic acid, and both lactic and 

acetic acid to CO2, increasing pH to a point that spoilage microbes such as mold and bacilli 

become active (Spoelstra et al. 1988; Dolci et al. 2011). The loss of acetic acid also eliminates its 

benefits as an antifungal as it inhibits yeast growth (Spoelstra et al. 1988; Driehuis et al.1999). 
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Aerobic spoilage in grass and legume silages tends to be mediated by proteolytic bacteria that 

lower protein quality in silage (Lindgren et al. 1985). 

Once the initial growth of yeast occurs, lactic acid is metabolized, the pH rises and less 

acid-tolerant molds and bacteria are able to grow (Lindgren et al. 1985). Presence of water-

soluble carbohydrates (WSC) in silage provides a ready source of energy for microorganisms. 

This is desirable when feeding rumen microbes; however aerobic spoilage organisms also 

frequently preferentially utilize WSC (Inglis et al. 1999). 

Face management by the producer is a key aspect of aerobic spoilage as oxygen is able to 

penetrate at least 10 cm into the silage face within a 24 h period (Pitt and Muck 1993).  Weinberg 

and Ashbell (1994) showed that silage within 1-2 m of the face could be exposed to oxygen. 

Producers can minimize aerobic exposure by matching silo size to operation size so that 15 cm or 

more silage is removed from the entire face each day. Temperature at the silo face also affects 

spoilage with temperature greater than 10°C increasing the rate of spoilage (Ashbell et al. 2002). 

An experiment by Ashbell et al. (2002) with corn and wheat, found that silage was more stable 

when exposed to air at 10°C and 40°C, as opposed to 20°C and 30°C.  Growth of yeast and CO2 

production increased with aerobic exposure, while levels of lactate and acetic acid decreased with 

more days of exposure during the experiment (Ashbell et al. 2002). 

Lactobacillus buchneri and L. brevis are examples of LAB that produce acetic acid, 

promoting aerobic stability (AS) by inhibiting the growth of yeasts and molds (Kleinschmit and 

Kung 2006; Muck 2012). Lactic acid bacteria are believed to inhibit growth of spoilage 

organisms through the production of organic acids, bacteriocins, and antifungal agents (Holzer et 

al., 2003). Homofermentative LAB like L. plantarum are less effective at increasing aerobic 

stability, because the rapid decrease in pH mediated by L. plantarum, preserves WSC, which can 

be used by yeasts and molds as a substrate once the silage is exposed to oxygen (Holzer et al., 
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2003). Heterofermative LAB prolong aerobic stability, L. buchneri being the most effective, as it 

produces acetic acid, which decreases the maximum growth rate of spoilage organisms such as 

yeasts and molds (Danner et al., 2003; Holzer et al., 2003). One explanation for the process by 

which short chain fatty acids inhibit fungal growth is that the lipophilic nature of undissociated 

acids allows them to penetrate the plasma membrane of spoilage organisms causing the 

cytoplasmic pH to decline (Adams and Hall, 1988; Perez Chala et al. 1994). Butyric acid is more 

effective than acetic acid at maintaining aerobic stability at lower concentrations; however, 

butyric acid is not desirable in silage as it is associated with clostridial fermentation (Danner et al. 

2003).   

2.4 Feeding quality 

The ensiling process can alter the nutritional quality of the silage as compared to fresh 

forage. Ensiling forages at too high of moisture can result in effluent losses of soluble nutrients 

(Muck et al. 2003). Silage processing has been shown to increase the degradation of ADF, NDF, 

and starch in vivo and in situ, although the results are not always consistent (Cooke and Bernard, 

2005; Johnson et al. 1999). Short-cut as opposed to long-cut barley silage has been shown to 

increase DMI in cattle when barley was harvested at the dough stage (Rustas et al., 2009). 

However, poor ensiling methods can reduce silage protein degradation in the rumen and total 

digestive tract, due to the Maillard reactions that occur when silage heats (Muck et al. 2003). 

Silage quality is dependent on the microbial populations, and the lack of pathogenic 

organisms. While in the field and during filling of the silo, forage can be potentially contaminated 

with pathogenic microbes such as Listeria monocytogenes, some Clostridia species (McDonald et 

al. 1991; Muck et al. 2003), and fungi like Fusarium spp. (Cheli et al. 2011). Growth of L. 

monocytogenes is prevented under anaerobic conditions, when pH is sufficiently low (Woolford 

1990). Limiting aerobic spoilage decreases growth of filamentous fungi, which are responsible 

for decreased palatability in addition to mycotoxin production (Cheli et al. 2011). However, the 
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occurrence of fungal contamination in silage tends to be related more so to pre-harvest weather 

stress or physical damage by insects or hail, while proper ensiling and storage of silage limits 

fungal growth and mycotoxin production (Cheli et al. 2011).  

Listeriosis, a condition caused by L. monocytogenes, is associated with feeding silage and 

shows up in the form of abortions, central nervous system disorders, gastroenteritis and 

encephalitis (McDonald et al. 1991; Czuprynski 2005). Sheep (Ovis aries) are at greater risk of 

listeriosis than cattle, as levels of listeria in silage that have a serious impact on the health of 

sheep have no detrimental effect on cattle (Woolford 1990; McDonald et al. 1991). Listeria also 

infects humans, posing a threat to the livestock workers (Woolford 1990; Czuprynski 2005). 

2.5 Silage additives 

2.5.1 Chemical additives 

Producers can induce a rapid pH drop in silage by adding mineral or organic acids to 

forage at the time of ensiling (Henderson 1993). Organic acids like formic and propionic, aside 

from lowering pH have the additional antibacterial benefit of the dissociated acid (Davidson and 

Stevenson 1973; Henderson 1993). However, formic acid has not been shown to be effective in 

promoting aerobic stability as it can inhibit LAB growth resulting in increased WSC. As yeasts 

tend to be more tolerant of formic acid than LAB, they can flourish on the conserved WSC 

(Henderson 1993; Conaghan et al. 2010). When added alone or in conjunction with LAB, 

buffered propionic acid additives have been shown to improve aerobic stability of high moisture 

corn and whole crop barley by inhibiting yeasts (Kung et al. 2004).  Formaldehyde has also been 

used as an additive because it inhibits bacterial growth and plant protein breakdown (Henderson 

1993). However, it has been used as an additive primarily in conjunction with acids due to its 

negative impacts such as reduced digestibility or increased clostridial fermentation that can occur 

if formaldehyde is used alone (Henderson 1993).  
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The problem with using chemical additives is that acids are corrosive, damage 

equipment, and all can pose a health risk to humans and animals. Acid-salts, like ammonium 

tetraformate, reduce the risk of adding acids (Henderson 1993). Conaghan et al. (2010) inoculated 

grass silage with ammonium tetraformate which releases formic acid and ammonia during 

ensiling. This approach provided the antibacterial and fungicidal effects of formic acid and 

ammonia. The ammonia also has nutritional value as it can serve as a source of nitrogen for 

microbial protein synthesis. 

2.5.2 Microbial Innoculants 

First generation inoculants are homofermentive bacteria and include strains of 

Enterococcus faecium and Lactobacillus plantarum, which produce lactic acid, accelerating pH 

decline and minimizing DM loss (Addah et al., 2012a; Inglis et al. 1999). Second generation 

inoculants improve aerobic stability upon opening as heterofermentative LAB like L. buchneri 

produce acetic acid, in addition to lactic acid (Addah et al. 2012a, Taylor et al. 2002). Adding an 

inoculant that includes both homofermentive and heterofermentive LAB improves silage quality 

by quickly lowering the pH, while at the same time extending the duration of aerobic stability 

(Driehuis et al. 2001). Third generation inoculants are intended to improve fibre degradation 

during ensiling by producing ferulic acid esterases that hydrolyze ferulic acid esters. However, 

only some strains of L. buchneri possess the gene coding for esterases (Addah et el. 2012b).  

The addition of L. buchneri improves fiber digestibility because, ferulic acid is a 

cinnamic acid that forms ester linkages within hemicellulose within the plant cell wall making it 

less degradable by hydrolytic enzymes (Marita et al. 2003; Mechin et al. 2000). This explains in 

part how the forage lignin level accounts for variation in NDF digestibility (NDFD) (Addah et al. 

2012a; Noor Hasyierah et al. 2008). Ferulic acid esterases hydrolyze linkages between lignin and 

cell wall carbohydrates, which can increase NDFD (Lynch et al. 2014). Treating silage with 

ferulic acid esterase producing inoculants may only partially hydrolyze targeted bonds, which 
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while not resulting in a decline in lignin or fibre content will increase degradation of plant cell 

walls and possibly improve the feed efficiency of cattle fed high silage diets (Addah et al. 2014). 

2.5.3 Enzyme Additives 

 Adding fibrolytic enzymes to silage can increase digestibility, but can also result in the 

excessive release of WSC and decrease aerobic stability (Kung and Muck 2015). Researchers 

have added cellulases, xylanases, α-amylase, β-glucanase and ferulic acid esterases to forages, as 

they all have the potential to increase fibre digestibility when fed to livestock (Aboagye et al. 

2015; Lynch et al. 2015). Lynch et al. (2015) added cellulase and xylanase to corn forage prior to 

ensiling alone, and with ferulic acid esterases, and found that both enzyme combinations resulted 

in a lower pH, and higher WSC than the control silage after 70 d of ensiling. The treated silage 

also exhibited decreased DM recovery and higher yeast counts. Nadeau et al., (1996) found that 

treating alfalfa and orchard grass forages with cellulase prior to ensiling caused a decrease in the 

concentration of potentially digestible NDF, cellulose and hemicellulose and an increase in 

soluble DM as assessed by in situ incubations. The addition of cell wall degrading enzymes may 

decrease the cell wall concentration, but it can also decrease the degradable fraction of the cell 

wall contents that remain (Van Vuuren et al. 1989; Nadeau et al. 1996). 

2.5.4 Nutrients 

Other carbohydrate sources, particularly molasses, are added to fresh forage in an effort to 

increase WSC (Henderson 1993). This promotes fermentation when available sugar substrates 

rather than bacterial numbers are the limiting factor for fermentation. Other nutrients that have 

been added include urea or ammonia as a source of non-protein nitrogen, and limestone, which 

has been added to increase the calcium content of corn silage (Henderson 1993).  
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2.6 Implications of silage for the animal 

2.6.1 Intake 

Dry matter intake, energy density of the diet, and subsequent animal productivity are 

negatively associated with NDF content as increased fibre levels generally reduce the energy 

content of the diet (Oba and Allen 1999a; Mertens 1997). Neutral detergent fibre is important for 

normal rumen function because it stimulates rumination and salivation, and forms the rumen mat 

which filters and impedes feed particles from passing from the rumen too quickly to be fully 

digested (Van Soest et al. 1991; Oba and Allen 2000b). Both forage and non-forage feeds can be 

sources of NDF, but as non-forage fibre often has a higher ruminal passage rate it is less effective 

at maintaining proper rumen function through the modulation of pH (Oba and Allen 2000b). 

Increased dietary levels of NDF can increase rumination time, but the rumination time per kg 

NDF intake stays relatively constant (Oba and Allen 2000b).   

In the past, ruminants frequently exhibited decreased voluntary intake of ensiled forages 

as compared to forages that were fed fresh or sun-dried. However, the use of additives to improve 

ensiling has substantially reduced silage mediated intake suppression (Charmley, 2001). When 

observed, intake depression has been attributed to high organic acid content with butyric acid 

being the most common cause. However, research has shown that lactic acid and other VFAs can 

also result in lower silage intake (Charmley, 2001).  

2.6.1.1 Digestibility  

Digestibility of silage is a concern because of the high stem content, which contains 

higher concentrations of fibre as compared to the grain, which is higher in starch. Even barley 

silage which has a higher head to total plant yield ratio than oats and triticale, has a DM 

composition that is still 53% stem and leaves (Khorasani et al. 1997). The stem and leaf portions 

of the plant have a higher lignin content, which increases as the plant matures (Cherney and 

Marten 1982). Indigestible fibre is related to lignin content, which provides physical protection 

against microbial degradation of cell wall polysaccharides and lowers cell wall permeability as 
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the plant grows (Allen and Mertens 1988; Mechin et al. 2000; Marita et al. 2003). Cherney and 

Marten (1982) credited the accumulation of lignin in the stem with the decrease in forage 

digestibility of barley, oats, triticale, and wheat as plants matured. The rate of cellulose 

degradation in the rumen is generally half that of starch and other non-structural carbohydrates 

(Hatfield et al. 2007). The cellulose structure affects the ability of enzymes to attach, with 

amorphous structures broken down more rapidly than crystalline cellulose (Hall et al. 2010). 

Pectin is rapidly degraded, often faster than starch, and because pectin is a component of the non-

lignified fraction, its digestibility does not diminish with increasing plant maturity (Hatfield et al. 

2007). Fibre occupies space in the rumen and as NDF includes all fibre components it is 

positively correlated to the bulk density of feeds, and is negatively related to intake (Mertens 

1987; Baron et al. 2000). When an animal consumes non-structural carbohydrates they are rapidly 

fermented leaving just the fibrous components which have a longer retention time in the rumen.  

This retention also contributes to the inverse relationship between fibre content of the diet and 

voluntary intake (Van Soest 1965). The NDF content of barley silage has been reported to range 

from 42 to 61%, and as a result the range in voluntary intake of barley silage can also equally 

high (Christensen et al. 1977; Mertens and Loften 1980; McCartney and Vaage 1994; McAllister 

et al., 1995; McKenzie et al. 2004; Koenig and Beauchemin 2011; Oba and Swift 2014).  

2.6.1.2 Associative effects 

One of the benefits ruminants have is their ability to digest low quality forages and obtain 

energy from them. Rate of fibre digestion is affected by a number of factors such as level of 

feeding, particle size, and diet composition. When dairy cows were fed ad libitum the apparent 

NDF digestibility of corn silage decreased compared to when cows were restrictively fed (Tine et 

al. 2001; Lopes et al. 2015), this is consistent with increased passage rate at higher DMI as 

compared to cattle consuming less, decreasing the time for digestion occur (Colucci et al. 1982). 

Feeding high starch diets to ruminant livestock has been shown to decrease fibre digestibility 

(Allen and Mertens 1988). This is in part due to the change in the rumen microbial population 
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from fibrolytic organisms to starch-digesting bacteria, or as a result of some fibrolytic organisms 

preferentially degrading starch (Mertens and Loften 1980; Allen and Mertens 1988). Grant (1994) 

showed that a downward shift in pH as well as the addition of starch decreases lag time and the 

potential extent of digestion of alfalfa hay and bromegrass hay in vitro. The rumen fermentable 

carbohydrates in barley silage consists of a higher proportion of starch than in grass and alfalfa 

silages (Soita et al. 2002). This implies that as the starch portion is more rapidly broken down, the 

rumen pH decreases, which is linked to lower activity of fibrolytic bacteria (Gonzalez et al. 

2012).  

The practice of feeding cattle in western Canada is to first background on a barley-silage-

based diet intended for frame growth, then switch to a high energy finishing diet (Vaage et al. 

1998). Silage is typically added to backgrounding cattle diets at levels of 50-60% DM where 

lower energy concentrations are desired, and during the finishing stage silage is reduced to 10% 

or less of diet DM, as the grain and energy content is increased (Coleman et al. 1995). It is 

important for ruminants to have forage in their diets. Without roughage, high levels of grain can 

lead to acidosis as a result of lactic acid production by the starch degrading organisms, and 

decreased rumination resulting in lower production of saliva as a buffer (Allan and Mertens 1988; 

Galyean and Defoor 2003). Lactic acid accumulates in the rumen when production is above the 

rate of absorption and metabolism, lowering ruminal pH (Gonzalez et al. 2012).  

Saliva produced during eating and rumination contains bicarbonate and phosphate 

buffers, which neutralize the acids produced during the fermentation of feed (Allen 1997; Soita et 

al. 2002; Gonzalez et al. 2012). Galyean and Defoor (2003) showed that increasing the dietary 

NDF by inclusion of forage in high grain diets increases chewing time and saliva production. 

Acid production is also slowed as a result of the slower fermentation of silage as compared to 

grain. In theory, when silage is included in the diet the larger particle size requires greater 

rumination to decrease the particle size of the forage to point that it passes from the rumen and 
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increases saliva production. However, there has been mixed results with regard to altering the 

chop length of barley silage as a means of optimizing rumen function. Yang and Beauchemin 

(2006) increased the particle length of silage in a lactating dairy cow diet composed of 46% 

barley silage (DM), and found that while longer particle size increased chewing time and saliva 

production it was not enough to reduce the occurrence of acidosis. Particle size is also important 

because if the particles are too small it can reduce forage digestibility as they pass from the rumen 

before they are digested, while larger particles have longer rumen retention time allowing for 

fibre breakdown (Soita et al. 2002). 

An in situ trial by Krajcarski-Hunt et al. (2002) showed that by modelling subacute 

ruminal acidosis they were able to impair digestion of NDF in corn silage, alfalfa hay, and grass 

hay. This is a reflection of low pH decreasing the fibrolytic activity in the rumen (Gonzalaz et al. 

2012). There is also the problem that replacing high-energy grain with forage reduces the energy 

density of the diet leading to a reduction in growth. However, adding silage to the diets is an 

important strategy in maintaining rumen health, because without forage cattle can experience 

chronic sub-acute acidosis resulting in lower feed intake and growth performance (Owens et al. 

1998). 

2.6.2 Feeding Silage to Sheep 

Sheep fed silage often need concentrates to fully meet their nutrient requirements, 

especially growing lambs, where higher energy and protein intakes are required (Bernes et al. 

2012, Petit and Castonguay 1994). Bernes et al. (2012) observed that weaned lambs fed only 

grass silage gained less weight (P < 0.01) per day than lambs fed increasing levels of concentrates 

as a replacement for silage. Including concentrates in the diets of lambs fed silage consistently 

increases DMI as compared to lambs fed only silage, regardless of silage type (Khan et al. 2011; 

Bernes et al. 2012). Khan et al. (2011) also found improved digestion, N retention, ADG, and 

feed:gain ratio when lambs were fed concentrates along with silage. It has been suggested that 
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ruminants fed high forage diets might have higher energy requirements than those fed 

concentrates, because the gastrointestinal tract tissues require more maintenance energy as a 

result of expansion in ruminal volume due to the bulkiness of forages (Steen et al. 1998). 

Sheep are commonly used in ruminant feeding trials to measure both digestibility and 

performance, often in conjunction with cattle performance experiments (McAllister et al. 1995; 

Garces-Yepez et al. 1997; Sewell et al. 2009; Aboagye et al. 2015). Using sheep for ruminant 

digestion trials in place of cattle is desirable because sheep are smaller making them easier to 

handle and less expensive as far less feed is required for the experiment. When using sheep as 

beef models for feed digestibility, one must remember that some differences do exist in the 

physiology of these species as sheep have a smaller ruminal-omasal orifice size, chew their feed 

more thoroughly and have higher rumen passage rates than cattle (Colucci et al. 1990; Cannas et 

al. 2004).  

2.7 Western Canadian Barley Silage 

There are many different cultivars of barley that are used for making silage in western 

Canada (Table 2.1). As new higher yield - disease resistant cultivars are developed, older 

cultivars are phased out. Different barley cultivars have unique traits that may be useful 

depending on growing and feeding conditions. Semi-dwarf cultivars with shorter stems and 

greater lodging resistance have lower whole plant ADF, NDF, and lignin contents than 

conventional cultivars (Sheaffer et al. 1994). When moisture is not limiting, total plant DM yields 

of semi-dwarf cultivars are also not significantly different from conventional cultivars even 

though they are shorter (Baron et al. 2000). However, conventional cultivars are a better option 

when moisture is limiting (Aasen 2014b; Sheaffer et al. 1994). A study in northern Alberta 

compared six, two-row and six, six-row barley cultivars for forage yield (Gill et al. 2013). Over 

three growing years, two-row cultivars exhibited higher DM yields, with no significant difference 

in CP, ADF, or total digestible nutrients (Gill et al. 2013). Based on yield, and the higher average  
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Table 2.1. Barley cultivars grown for silage in western Canada 

Cultivar 2 or 6 Row Awn Type Notes 

AC Metcalfe 2 Rough  

AC Lacombe 6   

AC Rosser 6 Smooth  

Amisk 6 Semi-smooth  

Bonanza 6 Smooth  

Busby 2 Rough  

Canmore    

CDC Austenson* 2 Rough  

CDC Coalition 2 Rough  

CDC Copeland 2 Rough Malt cultivar 

CDC Cowboy 2 Rough  

CDC Dolly 2 Rough  

CDC Earl 6  Semi Dwarf 

CDC Maverick 2 Smooth  

CDC Meredith    

Champion    

Chigwell 6 Smooth  

Conlon 2 Smooth  

Falcon 6  Hulless, Semi Dwarf 

Gadsby 2 Rough  

Manley 2 Rough  

Muskwa 6 Smooth  

Ponoka 2 Rough  

Ranger 6 Smooth  

Seebe 2 Rough  

Sundre 6   

Trochu 6 Smooth  

Tyto 6 Smooth Hulless, Semi Dwarf 

Virden 6   

Vivar* 6 Rough  

Xena 2 Rough  

*Check cultivar for barley (Agdex 120-32 2016) 

(Agdex 100-32, BC AG 2015; Fedko 2015; SK AG 2015) 
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CP and lower NDF levels, it was concluded that two-row cultivars were more suitable than six-

row cultivars for silage production in northern Alberta (Gill et al. 2013). Producers must also take 

into account rough vs smooth awns, when choosing a barley cultivar, as there are more six row 

cultivars to select smooth awns from than two-row and semi-dwarf cultivars (Agdex 100-32; 

Baron et al. 2000). Awned cultivars tend to be consumed at reduced rates, and irritate and become 

lodged in the mouth and throats of cattle (Christensen et al. 1977; Aasen 2014b; SK Ag 2015). 

The resulting formation of oral abscesses can reduce feed intake.  

When comparing whole plant barley silage, hulless cultivars do not exhibit different in 

vitro fiber digestibility as compared to hulled cultivars; however hulless barley silage had larger 

variation in this trait than standard barley silage (Juskiw et al. 2014). Little research has been 

done on hulless barley as a source of ensiled forage, but provided that yields are similar it should 

have a feed value that is comparable to other barley types. The benefits of lower fibre and higher 

protein in hulless grain would not be observed with silage as the hull of the grain is retained in 

silage. As with any crop, producers look at differences between barley cultivars when selecting 

what cultivar to grow, including resistance towards lodging and disease, as well as other factors 

that impact forage yields (SK Ag 2015). 

2.8 Fibre Digestibility Research 

In order for rumen fermentation to occur, the rumen microbes must be able to access 

fermentable substrates. To date research targeting improved digestibility of fibre has looked at 

stage of harvesting, mechanical processing, genetic selection, chemical pre-treatments, bacterial 

inoculants, and enzymatic additives.  

2.8.1 Maturity 

Deciding when to cut forages is reliant on yield, nutrient content and ultimately the 

weather. Producers want to maximize yield but without compromising the nutritional quality of 

the silage. Harvesting at maximum whole plant DM yield can result in over dry forage reducing 



26 
 

fermentation and silage quality (Baron et al. 1992). As well plant maturity at the time of harvest 

can have a major impact on the digestibility of silage (Figure 2.2), as a result of cellular changes 

in the plant as it matures (Figure 2.3). The plant cell has a primary wall that is comprised of 

polysaccharides, like xylans, cellulose and pectins, as well as proteins and phenolic acids during 

the initial growth stage (Jung and Allen 1995). However, as the plant matures, lignin is deposited 

in the primary cell wall and a secondary cell wall develops inward toward the center of the cell, 

thickening over time (Jung and Allen 1995). Compared to the primary cell wall, the secondary 

cell wall contains more cellulose than pectins or xylans, resulting in a reduction in its digestibility 

(Jung and Allen 1995). With increasing maturity, total dry matter components change with an 

increase in the inflorescence fraction, while the stem and leaf fractions decrease as a percentage 

of the whole plant (Cherney and Marten 1982). While the stem and leaf components may make 

up a lower fraction of the total yield, the digestibility of this fraction is also lower. 

Bergen et al. (1991) ensiled barley, wheat and oats at milk (24.6, 37.0, 27.4% DM 

respectively) and soft dough (35.8, 44.4, 36.5% DM respectively) stages for 64 d in laboratory 

silos. Comparing DM yields between cereals, wheat was the highest with very similar yields at 

both milk and dough stages, while barley and oats had similar yields which were higher at the 

dough than the milk stage. The forages harvested at the dough stage had lower WSC and lower 

buffering capacity than those harvested during milk with there being no differences in ensiling 

quality. As a result, the authors recommended that barley and oats be harvested at the soft dough 

stage so as to take advantage of the higher yields. Khorasani et al. (1997) compared barley, oats 

and triticale cut at one-week intervals starting at boot stage, until harvest at the soft dough stage. 

Barley NDF and ADF concentrations increased the first couple of weeks during the sampling 

period, while oats and triticale increased for another couple of weeks, before the total fibre 

concentration in the plant decreased as the heads filled. Acid detergent lignin of the plants 

steadily increased from boot until harvest in oats and triticale while in barley acid detergent lignin  
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Figure 2.2. Forage dry matter yield, indigestible organic matter, and acid detergent fiber 

content of spring-sown barley at progressive stages of maturity starting at boot stage, at 

10 d intervals until maturity. Adapted from Fisher and Fowler 1975 with permission. 
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Figure 2.3. Schematic representation of a plant cell wall with increasing maturity. 

Thickening of the cell wall proceeds from the primary cell-wall region toward the cell 

lumen. Lignin deposition begins in the primary wall and then progressively moves 

through the secondary wall, always lagging behind polysaccharide deposition. Lignin 

concentration is greatest in the primary wall region. From Jung and Allen 1995 used with 

permission. 
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levels decreased slightly from three weeks after boot until harvest (Khorasani et al. 1997). These 

authors attributed this response to the dilution effect that occurred as the starch was deposited in 

the grain. This also resulted in the crude protein level decreasing as the barley matured from the 

boot stage to soft dough.  

Acosta et al. (1991) ensiled whole plant barley harvested at boot vs soft dough stages, as 

well as compared cutting height. The NDF content for boot stage and high and low cut barley at 

the soft dough stage was 47%, 50% and 47% (DM basis), respectively. The apparent NDF 

digestibility of these silages was 71 %, 45 %, and 43% (DM basis), respectively when they were 

fed to Holstein heifers (Acosta et al., 1991). The general recommendation is to harvest barley at 

the mid to soft dough stage, where yield and nutritional characteristics are both optimized and 

WSC are sufficient for fermentation to occur. 

2.8.2 Growing conditions 

High temperatures during the growing season have been shown to increase lignin content 

of the plant, lowering digestibility (Fahey and Hussein 1999; Chow et al. 2008). Chow et al. 

(2008) proposed that barley be planted early in the spring so it could be harvested earlier in the 

summer so the lower daily temperatures would lead to increased fibre digestibility (Table 2.2). 

The result of their trial supported that temperature during the growing season is important, but 

more important was the temperatures that barley plants were exposed to as they matured from 

heading to harvest (Chow et al. 2008). They found that lower temperatures during the heading to 

harvest stage had more of a positive impact on fiber digestibility than the temperatures prior to 

heading (Chow et al. 2008).  

2.8.3 Enzyme Additives 

Another theory that has been tested is the addition of enzymes to forage. These include 

carboxymethylcellulase, xylanase, α-amylase, and β-glucanase. These preparations have been 

added to forages prior to ensiling or to the diets at time of feeding. Lynch et al. (2015) added  
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Table 2.2. Comparison of two studies analyzing effect of NDFD and NDF content of 

barley silage fed to lactating dairy cows. 

 Chow et al. 2008
z
 Oba and Swift 2014 

 Early planting Late planting   

Barley silage cultivar Vivar Vivar Falcon Tyto 

Chemical composition of silage 

DM (%) 37.6 39.1 40.3 34.5 

CP (% DM) 8.6 12.4 16.1 16.6 

NDF (% DM) 50.4 52.6 45.0 48.5 

30 h NDFD (%NDF)
y
 45.5* 50.3* 61.6 57.2 

Starch (% DM) 25.3 25.2 9.4 4.8 

% silage in diets 58.5 58.5 65.6 60.0 

Chemical composition of total mixed diets 

DM (%) 47.2 49.1 49.5 46.6 

CP (% DM) 19.7 20.0 17.5 17.3 

NDF (% DM) 30.6 28.8 35.2 35.0 

Forage NDF (%DM) 23.0 20.9 29.4 27.6 

Starch (% DM) 28.1 28.2 22.2 25.1 

Ether Extract (% DM) 1.8 1.9 3.1 3.1 

Animal Performance Measurements 

DMI (kg/d) 20.4 19.9 28.2 29.8 

Milk yield (kg/d) 27.2 27.1 38.5 38.1 

Milk Composition (%) 

Fat 3.77 3.72 3.56 3.55 

Protein 3.45 3.48 3.03 3.06 

Lactose 4.58 4.60 4.63 4.62 

Total tract nutrient digestibility
x
 Significance

w 
 

DM (%) 66.1 68.9 **  

CP (%) 69.8 72.0 *  

NDF(%) 42.1 44.1   

Starch (%) 97.5 97.0 *  
z
Chow et al. (2008) used 16 multiparous cows and 14 primiparous cows, Oba and Swift (2014) 

used 8 multiparous cows 
y
Chow et al. (2008) followed methodology of Tilley and Terry (1963), Oba and Swift (2014) 

followed methodology of Goering and Van Soest (1970). 
x
Digestibility not reported by Oba and Swift  

w
Significance of total tract digestibility in Chow et al. (2008). * P < 0.05, ** P < 0.01 
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cellulase and xylanase to corn forage prior to ensiling alone, and with ferulic acid esterases, and 

found that ADF and NDF content was lower for corn silage treated with cellulase and xylanase, 

alone and when combined with ferulic acid esterases. After in vitro incubation for 24 or 48 h, the 

addition of ferulic acid esterases did not change fibre breakdown compared to control silage, but 

after 24 h the addition of cellulase and xylanase lowered NDFD and ADFD with no difference 

observed after 48 h (Lynch et al. 2015). Addah et al. (2016) ensiled barley silage with a second-

generation silage inoculant along with an enzyme mixture containing amylase, amyloglucosidase, 

cellulase and hemicellulase. However, they did not see an effect on NDF concentration or any 

improvement in the performance of cattle fed both backgrounding and finishing diets, rather the 

cattle fed finishing diets containing the treated silage exhibited reduced feed efficiency.  

Sheperd and Kung (1996a, b) ensiled corn with a cellulase and hemicellulase enzyme 

complex, resulting in a decrease in NDF content, and in vitro NDF digestibility in continuous 

rumen fermenters. The authors attributed this to the enzymes degrading the digestible NDF and 

increasing the proportion of indigestible NDF of total NDF, as the indigestible NDF of the treated 

silage was similar to the amount in the control silage. This explained the lack of improvement in 

digestibility in sheep, and how there was no change in intake or milk production of dairy cows 

fed treated as compared to control silage (Sheperd and Kung 1996a). Sheperd and Kung (1996b) 

tested their previous enzyme complex at increasing application levels to corn harvested at milk, 

soft dough, and black line stage, and found that enzyme addition decreased ADF, NDF, and 

hemicellulose levels at all maturities, and although some improvement in in vitro NDF digestion 

was observed, results were inconsistent.  

2.8.4 Genetic Selection/ Selection for varietal differences 

While considerable research has been done to examine the impact of corn BMR cultivars 

on fibre digestibility (Oba and Allen 2000a; Tine et al. 2001; Jung et al. 2012), very little research 

has been done to examine the impact of barley cultivars on fiber digestibility. One recent project 
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looked at measuring in vitro NDFD of whole plant barley silage. Oba and Swift, (2014) evaluated 

the NDFD of barley silage and its effect on intake and milk production in lactating dairy cows. 

Two barley cultivars, Tyto and Falcon were selected based on anecdotal evidence by dairy 

producers that feeding Tyto barley silage resulted in lower milk yields compared to feeding 

Falcon barley silage (Oba and Swift, 2014). Fresh forage samples were collected at mid-dough 

over three years and analyzed for NDF content and 30-h NDFD, with Falcon having lower NDF 

concentration than Tyto at 41.6 and 45.0 (%DM), respectively. Falcon had higher 30-h NDFD 

and CP levels at 56.0 vs. 48.4 (%NDF) and 12.5 vs. 11.7 (%DM), respectively (Oba and Swift, 

2014). The barley silage that was fed was comparable to the fresh forage samples, and DMI did 

not differ between cultivars, although feed efficiency measured as kg milk/kg DMI was higher for 

Falcon than Tyto (Oba and Swift, 2014). This suggests that improved NDFD does not alter DMI, 

but rather increases the energy supply available to the animal through enhanced digestion of fiber 

in the rumen (Table 2.2; Oba and Swift, 2014; Chow et al. 2008). 

2.8.5 Methods of assessing in vitro fibre digestibility 

In vitro fibre digestibility procedures can vary depending on the lab, but they are similar 

in that they use filtered rumen fluid mixed with a buffer solution that is designed to keep the acid 

level of the mixture within the optimum pH range for fibre digestion in the rumen and are 

incubated at 38-39 °C (Tilley and Terry, 1963; Holden 1999). The two-stage procedure developed 

by Tilley and Terry (1963) utilizes a 48 h anaerobic incubation period in rumen fluid, followed by 

another 48 h incubation in pepsin, which digests the remaining protein fraction. Tilley and 

Terry’s (1963) original procedure placed ground forage samples directly into glass tubes for 

digestion, with a centrifugation step required between rumen fluid incubation and pepsin 

digestion. 

The Ankom Daisy
II
 Incubator (ANKOM Technology Corp., Fairport, NY) allows for 

incubation of large quantities of sample at one time. Up to 25 samples can be incubated in a jar, 
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with 4 jars incubated in a machine at once. This also keeps the incubation environment similar 

among all samples.   

Holden (1999) compared the Tilley and Terry (1963) technique to the Daisy
II
 incubator, 

as well as tested the IVDMD of the Daisy using rumen inoculate from cows fed an all forage diet 

versus a TMR diet. They modified the original Tilley and Terry (1963) method so that both 

methods used the same buffer solution comprised of a 5:1 mixture of solution A: KH2PO4, 

MgSO47H20, NaCl, CaCl22H20, urea and solution B: Na2CO3, Na2S9H20. The trial tested 10 

feeds including: alfalfa, grass hay, grass pasture, mixed haylage, corn silage, TMR, a grain 

mixture, high moisture shelled corn, steam flaked corn and dry ground corn. Samples were 

incubated in rumen fluid for 48 h, with the tubes in the traditional method being swirled by hand 

after 0, 2, 4, 20, and 28 h of incubation. The Daisy method accomplished mixing through 

continuous rotation. Following the buffered rumen fluid incubation the solution was acidified 

with 6N HCl and pepsin powder was added to the test tubes and to the Daisy jars in respective 

amounts. They did not find any difference in digestibility of feeds between the Daisy method and 

the traditional method, or between Daisy jars that had the same feeds incubated in them or 

different feeds incubated in a single jar at the same time. 

The length of incubation time varies depending on the protocol and desired outcome. Van 

Soest et al. (2005) recommended a 6 h in situ incubation time, which allows for the average 3-4 h 

lag time in NDFD that most forages exhibit. The recommended length of time necessary to 

evaluate complete in vitro digestibility varies among laboratories, with 24 h (Dado and Allen 

1996), 30 h (Oba and Allen 2000a), and 48 h (Holden 1999) being selected to evaluate the extent 

of NDFD with in the rumen. Van Soest et al. (2005) breaks NDF into fast and slow degrading 

pools, with 36 h incubation as the separating time point where the fast decaying pool has been 

digested and the slow digesting pool is still being  fermented. Oba and Allen (2000b and 2011) 

recommend using the 30 h incubation time point because the average rumen retention time is 
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between 26-32 h and they propose 30 h best represents the time that fiber will undergo microbial 

breakdown in the rumen.  

A survey of western Canadian barley silages in the 2012-2013 growing seasons resulted in 

in vitro NDFD analysis of seven cultivars including: Conlon, CDC Copeland, CDC Cowboy, 

Falcon, Legacy, AC Metcalfe, and Xena. Using 6 h and 30 h incubation periods, results indicated 

that NDFD began within 6 h in vitro with very little differences among barley cultivars, but by 30 

h there were significant variations among the cultivars (Nair et al. 2016). CDC Cowboy had the 

highest NDF levels, while Conlon and Legacy had the lowest. Cowboy also had the highest 

NDFD at 37.0 %NDF, while Legacy and Xena had the lowest at 27.6 and 28.8 %NDF 

respectively.   

2.9 Conclusions 

Ensiling has come to be a mainstay of preserving forages for feedlot cattle in Canada, with 

barley silage being the main forage included in feedlot diets. The process is not without its 

challenges to the producer as silage that is poorly managed can rapidly spoil leading to reduced 

palatability and digestibility. Fortunately the scientific knowledge is available to support practices 

such as maintaining anaerobic conditions during storage to help producers ensile the best forage 

possible. As well the development of new methodologies, such as microbial inoculants, facilitates 

the ensiling process and preserves aerobic stability during feed out. At the plant level there is 

variation in NDF digestibility among barley cultivars, as a result of plant structure and maturity. 

Improving NDFD of barley silage could lead to improvements for livestock production by 

increasing DMI and increasing animal growth and milk production. However, research is limited 

as to the extent of the variation of NDFD in barley silage and whether NDFD can be used to 

select for barley cultivars with superior fiber digestibility.  
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2.10 Hypotheses  

1.) Barley cultivars selected for low, intermediate and high in vitro NDF digestibility will 

exhibit similar ensiling traits. 

2.) Barley cultivars with superior NDF digestibility will result in improved fibre digestibility 

and superior growth performance and carcass traits in lambs. 

2.11 Objectives  

1.) Determine if barley cultivars ranked on the basis of in vitro NDF digestibility will have 

variable fermentation processes when ensiled in subsequent trials. 

2.) Determine whether ensiling in mini- versus large scale bunker-silos alters fermentation 

characteristics of the terminal silage. 

3.)  Determine the effect that ensiled barley cultivars with increased in vitro NDF 

digestibility will have on total tract digestibility, rumen fermentation characteristics, lamb 

performance, intake, and carcass characteristics of lambs. 
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3.0 FERMENTATION CHARACTERISTICS OF BARLEY SILAGE 

CULTIVARS SELECTED FOR VARYING LEVELS OF IN 

VITRO NEUTRAL DETERGENT FIBER DIGESTIBILITY 

3.1 Abstract 

Thirty hour in vitro NDF digestibility (NDFD) was determined from 80 commercial silage 

samples of three barley cultivars, which were ranked in the order of, Cowboy (High, H-NDFD), 

Copeland (Intermediate, I-NDFD), and Xena (Low, L-NDFD). These three cultivars were seeded 

the same day, harvested at mid-dough, and ensiled in mini- or bunker-silos. Mini-silos were 

opened over 60 d and d 60 samples were exposed to air for 21 d. Bunker-silos were sampled after 

60 d. Silage of the three cultivars did not differ in NDFD, while terminal pH was lower (P < 0.01) 

for H-NDFD than other silages. The pH of H-NDFD was higher (P < 0.01), and I- and L-NDFD 

lower (P < 0.01) in bunker- than mini-silos. Lactate and acetate were higher (P < 0.05) for H-

NDFD in mini-silos, with lower (P < 0.01) acetate in mini- than bunker-silos. I-NDFD mini-silos 

were higher (P < 0.01) in ADF and NDF as compared to other silages; these traits which were 

also higher (P < 0.01) for H-NDFD and L-NDFD in bunker- vs mini-silos.  H-NDFD silage was 

less aerobically stable than other silages. Using NDFD of field silage samples to select barley 

silage cultivars for improved NDFD is not a viable strategy.   

3.2 Introduction 

Ensiling is an effective method to store forages as feed for ruminants, particularly in areas 

of the world where the climate does not allow for year-round grazing or the production of sun 

cured hay. Intensive farming operations like dairies and feedlots also require stored forages to 

formulate the total mixed diets fed to cattle. Barley (Hordeum vulgare L.) is commonly grown for 

silage in the cool, dry climate of western Canada as it is less suitable for growing higher heat unit 

requiring forages such as corn and sorghum (Baron et al. 1992; Saskatchewan Ministry of 

Agriculture (SK AG) undated; UNL Extension 2016). Acid detergent fiber (ADF), neutral 
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detergent fiber (NDF) and lignin content of silage can dramatically influence its nutritional value 

for ruminants (Mertens 1997). Total tract NDF digestion varies considerably, ranging from 40-

85% (DM) depending on forage type (Noziere et al. 2010). Total tract NDF digestion of barley 

silage has been reported to range from 45-52% (McCartney and Vaage 1994; McAllister et al. 

1995) 

With advancing maturity, dry matter (DM) and fiber content increase and water-soluble 

carbohydrate (WSC) content of the forage decreases (Johnson et al. 1999; Rosser et al. 2013).  As 

WSC is the principal substrate used by lactic acid bacteria (LAB) to produce lactic acid, maturity 

of the forage can have a significant influence on acid production and the ensiling process 

(McEniry et al. 2013). Khorasani et al. (1997) tested the effect of ensiling on the chemical 

composition of different forage types (i.e., alfalfa, barley, triticale) and found that the time for 

adequate ensiling was inversely related to acid-detergent lignin content, a factor that can also 

influence fiber digestibility. Increased rumen degradability of NDF in corn silage compared to 

fresh corn forage has been linked to breakdown of hemicellulose (Monteils and Jurjanz 2005). 

Thus, selecting for digestibility on the basis of NDFD digestibility of silage as opposed to NDFD 

digestibility of the fresh forage may offer advantages as it would also consider the impact of the 

ensiling process on NDFD.     

 Studies to specifically ensile cereal silages on the basis of their differences in NDFD have 

not been conducted.  Rather, most research targeted at improving fibre digestion in silage has 

investigated the impact of adding fibrolytic enzymes to the forage at the time of harvest (Addah et 

al. 2012; 2014; Lynch et al. 2014). This project is unique in that the silage cultivars selected arose 

from a survey of the in vitro NDFD of silage samples collected from commercial farms (Nair et 

al. 2016). However, it is not known if varietal differences in NDFD of field samples of barley 

silage reflect the NDFD of silage cultivars grown at a single site. The objective of this study was 

to characterize the ensiling traits and in vitro NDFD of three barley silage cultivars previously 
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ranked based on NDFD of field silage samples, and to compare ensiling in mini- versus large 

scale bunker-silos on ensiling traits. Cultivars were seeded and grown at a single geographical 

location and harvested on the same day.   

3.3 Materials and Methods 

3.3.1 Barley Selection  

Barley silage was analyzed for in vitro NDFD by collecting silage samples from livestock 

producers across Alberta and Saskatchewan in 2012 and 2013. A total of 79 (16 cultivars) and 56 

samples (12 cultivars) were collected in 2012 and 2013, respectively (Nair et al. 2016). Seven 

barley cultivars (AC Metcalfe, CDC Copeland, CDC Cowboy, Conlon, Falcon, Legacy, and 

Xena) with a minimum of 3 separate samples collected for each cultivar per year (n=80) were 

analyzed for in vitro NDF degradability after 30 h of incubation using an ANKOM Daisy
II
 

incubator (Ankom Technology Corporation, Fairport, NY) as described by Nair et al. (2016). 

Samples were analyzed for residual NDF using an Ankom
200

 Fiber Analyzer (Ankom Technology 

Corporation, Fairport, NY) with sodium sulphite and heat-stable α-amylase. The cultivars with 

the highest, lowest and intermediate NDF degradation (NDFD) after 30 h of incubation were 

selected for this experiment. All cultivars were of the two-row type with an NDFD ranking of 

CDC Cowboy (37.0%, H-NDFD; Ardell Seeds, Vanscoy, SK), CDC Copeland (28.3% I-NDFD; 

Wylie Farms Ltd., Biggar, SK) and Xena (26.2%; L-NDFD; Xena, Crop Production Services, 

Bow Island, AB).   

The three selected barley cultivars were grown in dark brown soil at the Lethbridge 

Research Centre (49.42°N, 112.45°W, 911 m elevation) in a non-irrigated field divided into three 

0.67 ha plots. Plots were seeded on 2014 May 26, using a John Deere 1560 no-till disc drill (John 

Deere Co., Moline. Ill.) at a seeding rate of 133 kg ha
-1

. Fields were fertilized with 51.72 kg N/ha 

pre-seeding, and 5.54 kg N/ha and 23.40 kg P2O5 /ha during seeding. The plots were sprayed for 
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broadleaf weeds on July 4 with Axial Extreme (1.24 L ha
-1

) (Syngenta Canada Inc., Guelph, ON) 

and Refine SG (0.27g/L ha
-1

) (DuPont Canada Inc., Mississauga, ON).  

3.3.2 Harvesting and Ensiling  

All three barley cultivars were harvested on August 5 at mid-dough, using a John Deere 

6810 forage harvester (John Deere Co., Moline. Ill.) chopped to a theoretical chop length of 10 

mm. Fresh forage was randomly harvested from each plot, in four separate loads (n=4). Mini-

silos were filled from three of these loads (n=3) from each cultivar while half of each load was 

used to fill duplicate bunker-silos for each of the barley cultivars. Forage was randomly selected 

from each truck and packed into pre-weighed mini silos to a density of ≈240 kg/m
3
 using a 

hydraulic press. For each cultivar, a total of three mini-silos were filled for each day that silos 

were opened and sampled (d 3, 7, 14 and 22), excepting d 60 in which 6 silos per cultivar were 

prepared. Silos were weighed during filling and prior to opening on designated days for 

estimation of DM loss. 

3.3.3 Aerobic stability 

Aerobic stability of silage was tested following day 60. Silage from duplicate mini-silos 

was mixed and placed into insulated containers (n=3), covered with two layers of cheese cloth 

and stored at 21°C. Two Thermochron iButtons (Embedded Data Systems, Lawrenceburg, KY) 

were inserted in separate locations to record temperature every hour. Silage samples were 

removed after 3, 7, 14, and 21 d of aerobic exposure and analyzed for pH, VFA, ammonia, lactic 

acid, water soluble carbohydrate (WSC), and microbial populations as described below.   

3.3.4 Bunker-silos 

Barley cultivars were packed into replicate 2.5m x 2.5 m x 2.5m bunker-silos (n=2) after 

lining the concrete floor and walls with an impermeable polythene film (AT Films Inc., 

Edmonton AB). Forage was manually packed during loading of the silos and two Thermochron 

iButtons (Embedded Data Systems, Lawrenceburg, KY) were placed in the centre of each bin to 
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continuously record temperature during ensiling. Once silos were filled, they were sealed with 

plastic and tires were placed on top of each silo to hold the plastic in place. 

Silage from each cultivar was fed sequentially from first one silo then the next, with 

samples collected from the first silo 65 and 135 d after ensiling and from the second silo 177 and 

209 d after ensiling. Duplicate samples were collected from five locations along the freshly 

exposed face after at least 25 cm of silage had been removed. The five locations on the face were 

combined for a representative sample and analysed for chemical composition and fermentation 

characteristics. 

3.3.5 Chemical Analysis and in vitro NDFD   

Freshly harvested forage and silage DM was determined by drying 20 g of forage in a 

forced air oven at 55⁰C for 48 h. Fresh forage and silage samples (15 g) were blended using a 

Waring commercial blender (Torrington, CT) with 135 mL double distilled water for 30 sec, 

strained through a double layer of cheesecloth and the supernatant collected. The pH of the 

supernatant was measured, and a 10 mL subsample was boiled for 15 min and stored at -20⁰C 

until analyzed for WSC. A second aliquot (45 mL) was centrifuged at 4⁰C for 15 min at 10,000 x 

g and 1.5 mL was mixed with 0.3 mL of 25% metaphosphoric acid for analysis of VFA and lactic 

acid. A second aliquot (1.6 mL) was mixed with 0.15 mL of 65% trichloroacetic acid and stored 

at -20⁰C until analyzed for ammonia. 

Volatile fatty acids and lactic acid were determined following the procedure of Kudo et 

al. (1987) using a Hewlett Packard model 5890A series Plus II gas-liquid chromatograph 

(Hewlett-Packard Co., Palo Alto, CA) equipped with a Zebron FFAP fused silica capillary, 30 m, 

0.32 mm i.d. and 1.0 μm film thickness column (Phenomenex, Torrence, CA). Crotonic acid was 

used as an internal standard for VFA analysis. Malonic acid served as the internal standard for 

analysis of lactic acid, which was first methylated with boron triflouride methanol. Ammonia-

nitrogen was measured using the phenol-hypochlorite method of Broderick and Kang (1980) with 
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a Technicon autoanalyzer (Tarrytown, NY) and color detection with an Astoria Pacific 305D 

Digital Detector with FASPac software (Astoria Pacific, Clackamas, OR).  

Buffering capacity of fresh forage samples was measured by blending 15 g fresh forage 

with 200 ml deionized water for 45 s, followed by placement on a magnetic stir plate for 2 min to 

reach equilibrium. The solution was titrated with 0.2 N HCl to a pH of 4, then back titrated using 

0.2 N NaOH to a pH of 7.  Buffering capacity was expressed as milliequivalents of NaOH 

required to raise the pH of 1 kg of forage from 4 to 6. The fermentation coefficient (FC) of 

forages was estimated using the equation of Weissbach and Honig (1996)  

𝐹𝐶 = 𝐷𝑀% + 8𝑊𝑆𝐶/𝐵𝐶. 

Forage samples and silage from d 60 were freeze-dried and ground through a 1 mm 

screen using a Retsch 2100 grinder (Verder Scientific Inc., Newton, PA). Analytical DM was 

measured by drying 1 g samples at 105°C overnight, followed by ashing in a muffle furnace at 

550°C for 5 h to estimate organic matter.  The procedure of Van Soest et al. (1991) was used to 

determine NDF and ADF with sodium sulfite and heat stable alpha-amylase included in the NDF 

solution. Neutral detergent (NDF) and acid detergent fibre (ADF) were analyzed sequentially 

using the Ankom 200 fiber analyzer (Ankom Technology Corporation, Fairport, NY).  The ADF 

residues were then ball ground on a Retsch MM400 (Verder Scientific Inc., Newton, PA) for 

estimation of acid detergent insoluble nitrogen (ADIN). Total N content of the forage, silage and 

ADF fraction was determined using ball ground samples that were subject to elemental 

combustion in a NA1500 Nitrogen/Carbon analyzer (Carlos Erba Instruments, Milan, Italy). 

Crude protein of the samples was estimated as N x 6.25. Starch content of ball ground samples 

was estimated by the enzymatic hydrolysis of alpha-linked glucose as described by Bach 

Knudsen (1997) after samples were gelatinized for 1 h at 90°C.  Water-soluble carbohydrates 

(WSC) were measured using the Nelson-Somogyi method and expressed as glucose equivalents 
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by reducing the cupric form of Cu to cuprous and reading absorbance at 620 nm on a microplate 

reader (Thermo Scientific, Hudson, NH).  

Day 60 silage samples were analyzed for NDFD using the procedure used to rank and 

select field silage samples as described above.   

3.3.6 Microbial Analysis 

Forage samples were enumerated for lactobacilli, yeasts and molds by agitating forage or 

silage samples (10 g) in a Stomacher 400 laboratory blender (Seward Medical Limited, London, 

UK) with 90 mL of sterile 70 M potassium phosphate buffer (pH 7) for 1 min. An aliquot was 

then serially diluted (10
-2

 to 10
-6

) and 100 µl of three consecutive dilutions were plated in 

triplicate onto MRS (de Mann, Rogosa, and Sharpe) agar (Oxoid Ltd., Basingstoke, Hampshire, 

UK) or Sabouraud’s dextrose agar (SDA) containing 100 µg/mL each of tetratcycline and 

chloramphenicol (Difco Laboratories Inc., Detroit, MI) for enumeration of lactobacilli (LAB), or 

yeasts and molds, respectively. The MRS plates were incubated at 37°C and the SDA plates were 

incubated at 25°C for 72 h. Plates containing between 30 and 300 colonies were counted and the 

number of colony forming units (CFU) were expressed per g of fresh forage (Zahiroddini et al. 

2004). 

3.3.7 Statistical Analysis 

Data were analyzed using the MIXED procedure of SAS (SAS Institute Inc., 2008). Fresh forage 

was analyzed as a nested design using the model: 

 𝑦𝑖 = 𝜇 + 𝑡𝑖 + 𝑠𝑗(𝑡𝑖 ) + 𝑒𝑖𝑗 

where 𝑦𝑖was the observation, 𝜇 was the population mean, 𝑡𝑖 was the fixed effect of 

cultivar, 𝑠𝑗(𝑡𝑖 ) was the random effect of replicate within cultivar, and 𝑒𝑖𝑗 was the residual error. 

Microbial counts (cfu/g of forage DM) were log10 transformed before statistical analysis. 

Fermentation factors throughout ensiling were analyzed using the ante-dependence covariance 
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structure with day as the repeated measure and replicate within cultivar as the subject. The model 

for in vitro NDFD analysis was: 

 𝑦𝑖 = 𝜇 + 𝑡𝑖 + 𝑠𝑗 + 𝑟𝑘 + 𝑒𝑖𝑗𝑘   

where 𝑦𝑖 was the observation, 𝜇 was the population mean, 𝑡𝑖 was the fixed effect of cultivar, 𝑠𝑗 

was the random effect of silo and 𝑟𝑘 was the random effects of run. The effect of Daisy
II
 machine 

was originally included in the model, but was removed as it proved insignificant.  

Day 60 mini silo silage and bunker silo silage were used to assess the impact of ensiling 

method on fermentation characteristics and chemical composition using the model: 

𝑦𝑖 = 𝜇 + 𝑡𝑖 + 𝑠𝑗 + 𝑡𝑠𝑖𝑗 + 𝑒𝑖𝑗 

where 𝑦𝑖 was the observation, 𝜇 was the population mean, 𝑡𝑖 was the fixed effect of cultivar, 𝑠𝑗 

was the random effect of silo, 𝑡𝑠𝑖𝑗 was the interaction of cultivar and ensiling method, and 𝑒𝑖𝑗was 

the residual error. 

Aerobic stability, chemical and microbial measurements were analyzed using the model 

𝑦𝑖 = 𝜇 + 𝑡𝑖 +  𝑠𝑗(𝑡𝑖) + 𝑑𝑘 + 𝑡𝑑𝑖𝑘 + 𝑒𝑖𝑗𝑘 

where 𝑦𝑖 was the observation, 𝜇 was the population mean, 𝑡𝑖 was the fixed effect of cultivar, 

𝑠𝑗(𝑡𝑖) was the effect of replicate within cultivar, 𝑑𝑘was the effect of day of aerobic exposure, 

𝑡𝑑𝑖𝑘was the interaction of cultivar and day, and 𝑒𝑖𝑗was the residual error. The effect of days of 

aerobic exposure was tested using day as a repeated measure and selection of the optimal 

heterogeneous compound symmetry covariance structure. Temperature during aerobic exposure 

was averaged by day and analyzed as a repeated measure analysis adjusted for ambient 

temperature using Dunnett`s adjustment of LSMEANS. The PDIFF option of LSMEANS was 

used to identify differences among barley silages that differed in in vitro NDFD, with means 



44 
 

separated using pdmix800 (Saxton 1998). Results were declared significant when P < 0.05, and 

trends discussed when P < 0.1. 

3.4 Results 

3.4.1 Fresh Forage 

Average daily temperature through the growing period was 16.4°C and the monthly 

precipitation for June and July was 193.8 mm and 21.2 mm, respectively. The temperature was 

consistent with the long term average, while June precipitation was higher than the average 

78.4 mm, and July was drier than the average of 41.6 mm. At harvest the DM yield of H-

NDFD, I-NDFD, and L-NDFD was 6446 kg/ha, 5385 kg/ha, and 5558 kg/ha, respectively (Table 

3.1). At the time of ensiling, DM content of fresh forages was 41.68%, 45.75%, and 43.55% for 

H-NDFD, I-NDFD, and L-NDFD, respectively (Table 3.1) suggesting that barley was in the late-

dough stage (Rosser et al. 2013). There was a trend (P < 0.1) for L-NDFD to exhibit a lower pH 

(6.39) than I-NDFD (6.53) at ensiling with the buffering capacity for L-NDFD being lower (P = 

0.016) than the other two cultivars.  

At the time of harvest, lactic acid bacteria (LAB) ranged from 6.5-6.8 log10 cfu g
-1

; 

whereas yeast and molds ranged from 6-6.5 log10 cfu g
-1

 and 5.5-6 log10 cfu g
-1

 forage (DM), 

respectively. The only difference in microbial populations associated with fresh forages was that 

yeasts were lower (P < 0.004) for H-NDFD as compared to I-NDFD and L-NDFD.  

At harvest, crude protein was higher (P = 0.001) in H-NDFD forage than the other two 

cultivars, while L-NDFD was higher in starch (P = 0.016) than either H-NDFD or I-NDFD. The 

three cultivars did not differ in either NDF or ADF content, but L-NDFD had higher (P = 0.031) 

WSC than H-NDFD.  

3.4.2 Silage In Vitro Degradation 

The in vitro NDFD ranking of the silage cultivars after 60 d of ensiling did not align with 

the NDFD ranking derived from on-farm samples (Table 3.2) as reported by Nair et al. (2016). 
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No difference was observed amongst cultivars with only a 1.5% difference in in vitro NDFD 

between I-NDFD and H-NDFD and no impact (P > 0.1) of ensiling method on NDFD ranking. 

 
Table 3.1. Composition of fresh barley forage (n=4) selected on the basis of differences 

in in vitro NDFD of silage samples collected on farm.
z 

 
Barley Cultivar 

SEM
y
 P - value 

H-NDFD I-NDFD L-NDFD 

DM yield (kg ha
-1

) 6446 5385 5558   

Dry matter (%) 41.68 45.75 43.55 1.135 0.088 

Buffering capacity
x
 257.33a 250.10a 226.95b 5.606 0.016 

Fermentation 

coefficient
w
 

42.41 46.75 44.47 1.151 0.078 

pH 6.42 6.53 6.39 0.039 0.066 

Chemical analysis (g kg
-1

DM basis) 
   

Organic matter 930.3c 939.5a 935.2b 0.88 <0.001 

Crude protein 83.6a 68.0b 70.9b 2.03 0.001 

Starch 185.9b 189.7b 230.1a 9.37 0.016 

NDF 501.6 516.3 490.7 7.03 0.082 

ADF 264.7 270.8 252.3 4.89 0.084 

WSC
v
 23.6b 31.2a 26.1b 1.71 0.004 

Microbial Counts (log10 CFU g
-1

 forage DM)    

LAB
t
 6.54 6.68 6.78 0.136 0.394 

Yeasts 6.01b 6.29a 6.52a 0.077 0.004 

Molds 5.60 6.04 6.02 0.130 0.069 
z
Barley cultivars were: CDC Cowboy (H-NDFD), CDC Copeland (I-NDFD), and Xena (L-

NDFD). All three were grown in Lethbridge, AB and were harvested on the same day at similar 

stages of maturity.  
y
Standard error of means 

x
Buffering capacity expressed as mEq of 0.1 M NaOH required to raise pH of 1 kg (DM) of 

forage from 4 to 6 
w
Fermentation coefficient = DM% + 8WSC/BC 

v
Water soluble carbohydrates (WSC) expressed as g of glucose equivalent kg

-1
 silage on a DM 

basis 
t
Lactic acid bacteria, expressed as colony forming units (CFU

) 
g

-1
 forage DM 

a,b,c
Rows with different letters indicate significant difference (P < 0.05) between cultivars 
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Table 3.2. Composition of barley silage cultivars (n=3) previously ranked on the basis of 

on-farm in vitro NDFD of silage samples
z
. 

 Barley Cultivar  P-value 

Item H-NDFD I-NDFD L-NDFD SEM
y
 Cultivar 

Ensiling 

Method
x
 

Cultivar*

Ensiling 

method 

Mini-silos        

DM (%) 39.86 42.01 41.53 0.900 0.112 0.021 0.899 

DM loss (% 

initial DM wt) 
2.26 2.85 3.01 0.255 0.096  

 

pH 4.35b 4.79a 4.79a 0.068 0.006 <0.001 <0.001 

On-farm 

NDFD 

(%NDF)
w
 

37.0a 31.1b 28.8c 2.55 <0.01  

 

NDFD 

(%NDF) 
32.39 35.09 34.36 1.642 0.223 0.236 

0.209 

Chemical Analysis (g kg
-1

DM basis)      

Organic 

matter 
922.0 913.0 927.0 4.54 0.170 0.467 

0.012 

Crude protein 84.9 76.7 76.3 2.18 0.053 0.001 0.139 

Starch 162.7b 139.5b 195.7a 7.11 0.004 0.029 0.119 

NDF 515.4b 561.2a 496.9b 6.74 0.001 <0.001 0.004 

ADF 288.0b 324.9a 278.8b 3.54 <0.001 <0.001 0.010 

ADIN (g kg
-1

 

TN) 
40.7 49.6 45.9 2.39 0.100 <0.001 

0.429 

WSC
v
 69.27 86.18 80.05 5.121 0.139 0.416 0.114 

Microbial Counts (log10 CFU g
-1

 silage DM)     

LAB
t
 8.19b 8.63a 8.18b 0.107 0.027 0.009 0.919 

Yeasts 3.49 3.40 3.55 0.252 0.923 0.095 0.933 

Molds 2.85 2.48 2.61 0.156 0.325 0.067 0.814 

Fermentation Products (g kg
-1

 silage DM)      

Lactate 24.54a 18.68ab 14.17b 2.802 0.038 0.111 0.807 

Acetate 5.15a 2.31b 2.56b 0.392 0.004 <0.001 0.295 

Propionate 0.18 0.39 0.29 0.074 0.218 <0.001 0.008 

Butyrate 1.23 5.61 8.04 1.566 0.056 0.035 0.201 

Total VFA 6.69 8.47 11.05 1.497 0.198 <0.001 0.880 

Ammonia-N 1.87 1.82 1.68 0.063 0.175 <0.001 0.427 

Bunker-silos        

DM (%) 38.49 40.18 40.32 0.638 0.158 - - 

pH 4.53 4.50 4.39 0.046 0.146 - - 

NDFD (%NDF) 34.50 35.33 33.44 1.666 0.124 - - 

Chemical Analysis (g kg
-1

DM basis)      

Organic matter 916.6b 926.5a 924.3a 1.32 0.004 - - 

Crude protein 86.7 86.8 85.2 1.65 0.761 - - 

Starch 191.7 220.9 195.9 16.08 0.440 - - 

NDF 586.7a 566.5a 545.6b 5.89 0.008 - - 

ADF 339.6 327.5 311.1 6.77 0.065 - - 

ADIN 65.3 61.3 69.1 5.46 0.620 - - 

WSC 54.65 131.21 78.28 18.86 0.069 - - 
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Table 3.2 continued. Composition of barley silage cultivars (n=3) previously ranked on the 

basis of on-farm in vitro NDF digestibility of silage samples
z
. 

 

 Barley Cultivar  P-value  

Item H-NDFD I-NDFD L-NDFD SEM Cultivar 
Ensiling 

Method
y
 

Cultivar*

Ensiling 

method 

Microbial Counts (log10 CFU g
-1

 silage DM)    

LAB 7.32 7.44 7.25 0.331 0.919 - - 

Yeasts 4.84 4.75 4.37 0.967 0.937 - - 

Molds 3.88 4.14 3.40 0.845 0.882 - - 

Fermentation Products (g kg
-1

 silage DM)      

Lactate 30.76 28.17 22.62 5.125 0.551 - - 

Acetate 8.08 7.70 5.74 1.651 0.728 - - 

Propionate 2.37a 1.64b 1.26b 0.156 0.007 - - 

Butyrate 7.38 7.13 8.95 1.256 0.569 - - 

Total VFA 18.49 17.67 22.48 3.518 0.611 - - 

Ammonia-N 2.11a 1.96b 1.92b 0.023 0.003 - - 
z
Barley cultivars were: CDC Cowboy (H-NDFD), CDC Copeland (I-NDFD), and Xena (L-NDFD). 

All three were grown in Lethbridge, AB and were harvested on the same day at similar stages of 

maturity, and ensiled in mini laboratory silos or bunker silos for a feeding trial. 
y
Standard error of means 

x
Impact of ensiling method ie. Bunker-silo vs mini-silo.  

w
Basis for cultivar selection as H-, I-, L-NDFD (Nair et al. submitted for publication). 

v
Water-soluble carbohydrates (g of glucose equivalent kg

-1
 silage DM basis) 

t
Lactic acid bacteria, expressed as colony forming units (CFU

) 
g

-1
 forage DM 

a,b,c
Rows with different letters indicate significant difference (P < 0.05) between cultivars
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3.4.3 Mini-silo Fermentation 

The decrease in pH was similar between H-NDFD and L-NDFD silages during the first 7 

d of ensiling, while the pH of I-NDFD was higher (P < 0.01) (Figure 3.1). After 14 d of ensiling, 

the pH of H-NDFD was lower (P < 0.01) than either I-NDFD or L-NDFD silage. Water-soluble 

carbohydrate concentration increased throughout ensiling, with no differences among silages. In 

the first 14 d of ensiling, lactate concentrations were highest (P < 0.01) in H-NDFD silage with 

L-NDFD having the lowest (P < 0.01) concentrations after 21 d.  

Temperature profiles of the bunker-silos of all three cultivars were similar throughout 

ensiling with temperatures staying below 40°C. 

3.4.4 Silage Composition 

After 60 d of ensiling, the DM of the mini-silos declined to 39.9, 42.0 and 42.5% for H-

NDFD, I-NDFD and L-NDFD, respectively (Table 3.2). The DM of silage within bunker-silos 

was lower (P = 0.021) than in mini-silos, with no difference among cultivars regardless of 

ensiling method. The DM loss in mini-silos ranged from 2-3%, with terminal pH in mini-silos 

being the lowest (P = 0.006) for H-NDFD.  The terminal pH was higher (P < 0.001) in bunker-

silos as compared to mini-silos for H-NDFD silage, but lower for I- and L-NDFD silages. Crude 

protein tended to be higher (P = 0.053) for H-NDFD than I-NDFD and L-NDFD when forage 

was ensiled in mini-silos, with CP levels being generally higher (P = 0.001) when forage was 

ensiled in bunker-silos. Starch in mini-silos was higher (P = 0.004) in L-NDFD silage than the 

other silages, while starch levels of all silages were higher (P = 0.029) in bunker- than mini-silos. 

 Ensiling method also had an effect on the NDF, ADF and ADIN content of silages, with 

these fractions generally being lower (P < 0.001) in mini- than bunker-silos. In mini-silos, levels 

of NDF (56.12%) and ADF (32.49%) were highest (P ≤ 0.001) in I-NDFD silage and similar 

between H-NDFD and L-NDFD silage (Table 3.2). In bunker-silos, the NDF content of L-NDFD 

silage was lower (P = 0.008) than other silages. Acid detergent insoluble N (ADIN) and WSC did  



 
 

 

4
9
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Figure 3.1. Effect of barley cultivar selected for NDF digestibility of samples collected on farm 

on fermentation factors during 60 d ensiling. Bars indicate standard error of LSmeans where 

visible. 

A. pH decline. * indicates I-NDFD pH is higher (P < 0.01) than the other two cultivars. ** 

indicates H-NDFD is lower (P < 0.01) than the other two cultivars. *** indicates I-NDFD is 

higher than L-NDFD (P < 0.05).  

B. Fluctuation in water-soluble carbohydrates, expressed as g of glucose equivalent kg
-1

 silage on 

a DM basis. * indicates I-NDFD is higher (P < 0.05) than the other two cultivars.  

C. Lactate fluctuation. * indicates H-NDFD is greater than L-NDFD (P < 0.01). ** indicates H-

NDFD is greater than I-NDFD (P < 0.01). *** indicates L-NDFD is lower than the other two 

cultivars (P < 0.01).  

D. Change in lactic acid bacteria (LAB) populations, expressed as log10 cfu kg-1 silage (DM 

basis). * indicates H-NDFD is greater than L-NDFD. ** indicates I-NDFD is greater than the 

other two cultivars. 
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not vary among silages silages in mini-silos, but WSC tended to be higher (P = 0.069) in I-NDFD 

silage ensiled in bunker-silos.  

Populations of LAB increased from fresh forage levels to 8.2 log10 cfu g
-1

 silage DM for 

H-NDFD and L-NDFD, and 8.6 log10 cfu g
-1

for I-NDFD after 60 d of ensiling in the mini-silos, 

whereas levels of LAB in silage ensiled in bunker-silos were almost 1 log10 cfu g
-1

 lower (P = 

0.009; Table 3.2). In mini-silos, yeast averaged 3.5 log10 cfu g
-1 

forage DM, with molds being 

detected intermittently at up to log 2.5-2.9 log10 cfu g
-1

 forage DM. Both yeast and mold 

populations tended (P < 0.1) to be higher in silage ensiled in bunker as compared to mini-silos. 

Lactate levels were higher (P = 0.038) for H-NDFD than L-NDFD silage in mini-silos, with no 

differences among silages ensiled in bunker-silos. In mini-silos, acetate levels were higher in H-

NDFD (P = 0.004) silage than other silages, with acetate concentration being higher (P < 0.001) 

in forage ensiled in bunker- as compared to mini-silos. Concentrations of total VFA in bunker-

silos were substantially higher (P < 0.001) than in mini-silos, with propionate and ammonia-N 

concentration in H-NDFD silage being higher (P < 0.01) than other silages in bunker-silos. 

3.4.5 Aerobic Exposure 

Upon aerobic exposure, H-NDFD was the only silage to exhibit a substantial increase (P 

< 0.01) in temperature (Figure 3.2a) and pH (Figure 3.2b) (P < 0.05). These responses coincided 

with a decrease (P < 0.05) in the lactic acid concentration (Figure 3.2c) in H-NDFD during 

aerobic exposure. The WSC concentration in H-NDFD declined (P < 0.01) with no change in the 

other silages during 21 d of exposure (Table 3.3). Levels of ammonia increased (P < 0.001) in L-

NDFD silage during aerobic exposure, while in H-NDFD silage it decreased. There was no 

difference (P > 0.05) in LAB or yeast populations among silages after 3 d of aerobic exposure. 

However, after 7 d of aerobic exposure, yeasts were consistently higher (P = 0.009) in H-NDFD 

silage than other silages and by d 14 LAB were also higher (P = 0.004) in this silage. By d 21, 

molds were also substantially higher (P = 0.003) in H-NDFD silage than other silages.
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Figure 3.2. Effect of barley cultivar selected for NDF digestibility on aerobic stability of silage 

during 21 d aerobic exposure. Bars indicate standard error of LSmeans where visible. 

A. Temperature change. * indicates significant difference (P < 0.01) between H-NDFD average 

daily temperature and ambient temperature.  

B. pH change. * indicates difference (P < 0.05) between H-NDFD and the other cultivars.  

C. Lactate concentration. * indicates difference (P < 0.05) between H-NDFD and L-NDFD on 

day of sampling. ** indicated difference (P < 0.05) between all cultivars.  
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Table 3.3. Changes in d 60 mini-silo barley silages previously ranked on the basis of on-

farm in vitro NDFD of silage samples during 21 d aerobic exposure
z
. 

 Barley  cultivar  P - Value
x 

 

Fermentation 

Parameters 
H-NDFD I-NDFD L-NDFD SEM

y
 Cultivar Day 

Cultivar

* Day 

Day 0        

Dry matter (%) 39.86 42.01 41.53 0.900 0.112 <0.001 0.234 

WSC
z
 (g kg

-1
) 69.27 86.18 80.05 5.121 0.139 0.001 <0.001 

NH3-H (g kg
-1

) 1.87 1.82 1.68 0.063 0.175 <0.001 <0.001 

Microbiology (log10 CFU g
-1 

silage DM)     

LAB 8.19b 8.63a 8.18b 0.107 0.027 0.011 <0.001 

Yeasts 3.49 3.40 3.55 0.252 0.923 <0.001 <0.001 

Molds 2.85 2.48 2.61 0.156 0.325 0.045 0.028 

Day 3 
     

  

Dry matter 40.09 42.42 41.88 1.014 0.110 - - 

WSC
y
 (g kg

-1
) 79.23 85.10 89.42 4.837 0.167 - - 

NH3-H (g kg
-1

) 1.98a 1.89a 1.72b 0.048 0.020 - - 

Microbiology (log10 CFU g
-1 

silage DM) 
  

  

LAB 7.82 8.20 7.97 0.180 0.137 - - 

Yeasts 4.49 2.77 2.53 0.894 0.430 - - 

Molds NF
x
 NF NF 

  
- - 

Day 7 
     

  

Dry matter 42.21 45.54 44.48 1.168 0.071 - - 

WSC 63.11 87.10 86.58 11.119 0.293 - - 

NH3-N 1.65 1.93 1.79 0.188 0.614 - - 

Microbiology (log10 CFU g
-1 

silage DM) 
  

  

LAB 8.07 7.84 8.03 0.282 0.832 - - 

Yeasts 7.25a 3.07b 2.76b 0.578 0.009 - - 

Molds NF NF NF 
  

- - 

Day 14 
     

  

Dry matter 41.74 46.70 46.23 0.989 0.022 - - 

WSC 24.26b 91.01a 81.31a 7.456 0.002 - - 

NH3-N 0.98b 1.98a 1.78a 0.124 0.006 - - 

Microbiology (log10 CFU g
-1 

silage DM) 
  

  

LAB 9.44a 8.07b 7.66b 0.235 0.004 - - 

Yeasts 9.40a 3.20b 3.20b 0.274 <0.001 - - 

Molds NF NF NF 
  

- - 

Day 21 
     

  

Dry matter 45.15 49.69 49.63 1.312 0.081 - - 

WSC 9.99b 90.06a 79.26a 6.092 <0.001 - - 

NH3-N 0.46b 1.92a 1.82a 0.078 <0.001 - - 
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Table 3.3 continued. Changes in d 60 mini-silo barley silages previously ranked on 

the basis of on-farm in vitro NDF digestibility of silage samples during 21 d aerobic 

exposure
z
. 

 
 Barley Cultivar     

Fermentation 

Parameters 
H-NDFD I-NDFD L-NDFD SEM Cultivar Day 

Cultivar

*Day 

Microbiology (log10 CFU g
-1 

silage DM)     

LAB  9.46a 7.63c 8.52b 0.146 0.001 - - 

Yeasts  9.42a 4.11b 3.35b 0.249 <0.001 - - 

Molds  6.16a 2.67b 2.44b 0.433 0.003 - - 
z
Barley cultivars were: CDC Cowboy (H-NDFD), CDC Copeland (I-NDFD), and Xena (L-

NDFD). All three were grown in Lethbridge, AB and were harvested on the same day at 

similar stages of maturity, and ensiled in mini laboratory. 
y
Standard error of pooled means. 

x
Water soluble carbohydrates (g glucose kg

-1
 silage DM) 

y
Not found 

a,b,c
Rows with different letters indicate significant difference (P < 0.05) between cultivars 
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3.5 Discussion 

3.5.1 In vitro NDFD Digestibility 

Our results indicate that prior selection of barley cultivars based on NDFD of field silage 

samples collected over two years did not result in a similar ranking of NDFD of silage produced 

from these cultivars at a single site in Lethbridge, Alberta. There is a paucity of research 

regarding approaches for selecting for improved fiber digestion in barley silage (Oba and Swift 

2014). Past research focused on improving NDFD in silage has largely focused on breeding 

strategies to introduce the brown midrib-3 trait (bm3) into corn and sorghum (Grant et al. 1995; 

Oba and Allen 2000a). Oba and Allen (2000a) compared bm3 corn to nearly isogenic non-bm3 

cultivars and noted that the NDFD of the bm3 cultivar was higher without any difference in NDF 

content. Oba and Swift (2014) compared the in vitro NDF digestibility of Tyto vs Falcon barley 

cultivars based on anecdotal on-farm evidence that cows fed Tyto silage had reduced milk yield 

as compared to those fed Falcon silage. It was found that the Falcon silage had lower NDF and 

greater NDFD than Tyto, and although no difference was seen in milk production or composition, 

the cows fed Falcon silage exhibited greater feed efficiency. This response was attributed to the 

greater NDFD of the silage (Oba and Swift 2014).  

Similar to this experiment other researchers have selected forages based on the NDFD of 

the silage as opposed to the fresh forage (Dado and Allen 1996). These researchers selected 

alfalfa silages with the same NDF content but differing NDFD based on the time that the forage 

was harvested. Barley cultivars grown in this experiment were ranked as having high, 

intermediate or low in vitro NDFD based on the analysis of farm samples of barley silage 

collected over a two-year period (Nair et al. 2016). In an effort to reduce the impact of maturity at 

harvest on the NDFD of barley silage, only barley silages harvested at mid dough were included 

in the selection.  Field silage samples exhibited an 11% difference in in vitro NDFD between the 

L-NDFD and H-NDFD cultivar (Nair et al. 2016). 
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In the present experiment, all three cultivars were grown under identical conditions, while 

the field samples that were used to rank cultivars on the basis of NDFD were collected over two 

growing seasons at differing locations and growing conditions across two Prairie Provinces. 

Chow et al. (2008) compared barley grown one month apart with one planting date in May and 

the other in June. The harvest date was also staggered by one month to test the theory that 

exposure of the June seeded barley to higher temperature would increase lignin deposition in 

plant cell walls and decrease the NDFD of barley silage. They found that due to unseasonable 

weather, temperatures in June were actually lower and the barley planted at this time had a higher 

NDFD than that planted in May. The warmer temperatures early in the growing season caused the 

June-planted barley to spend more time in the vegetative stage than the May-planted barley. 

Subsequently the grain development from heading to harvest took longer for the June-planted 

barley as the temperatures were cooler than during the same development stage for the May-

planted barley (Chow et al. 2008). By planting and harvesting on the same schedule in the same 

location, the current trial removed effects of environment that could induce differences in the 

silages that are unrelated to cultivar. 

As part of this research program, the same three barley cultivars were grown in the 

parkland region near Saskatoon, SK and harvested at mid-dough and ensiled in covered silage 

piles. While the statistical analysis of these samples could not be conducted, the standard 

deviation of the NDFD of barley silage overlapped among cultivars, further supporting the 

observation that differences in NDFD were not apparent when the silage cultivars were grown at 

the same location, harvested at the same stage and ensiled under similar conditions. The present 

study accounted for growing days and differences in weather by planting and harvesting all three 

cultivars on the same day. However, H-NDFD (CDC Cowboy) is considered to be a late maturing 

cultivar, whereas I-NDFD (CDC Copeland) and L-NDFD (Xena) are ranked as medium maturing 

(Fedko 2015). Any differences in rate of maturation that existed among cultivars did not seem to 
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be sufficient to alter the NDFD or chemical composition of the silages. This is probably due to 

the variation in growing climates experienced within western Canada making it difficult to 

establish maturity differences, where a couple days difference in southern Alberta is closer to a 

week-long difference in time to maturity in northern Alberta (Fedko 2015).  

This trial harvested at mid-dough maturity, although the DM was higher than what is 

typical of barley silage harvested at mid-dough (35%). This suggests that while the kernels were 

still soft the leaves and stems had started to dry down. Mid-dough, also referred to as soft dough, 

is the recommended harvest maturity for whole-crop barley intended for silage (Khorasani et al. 

1997). At this stage DM yields are higher than at earlier maturities, with sufficient WSC to ensure 

easy ensiling (Bergen et al. 1991). The NDF and ADF levels are higher at mid-dough than earlier 

maturities, but the increased DM yield makes up for any reduction in digestibility. As barley 

reaches full maturity, digestibility of whole plant silage can decline as the increased deposition of 

starch is insufficient to offset the decline in plant cell wall digestibility that occurs as a result of 

lignification (Fisher and Fowler 1975).  

Silage produced in this trial had higher NDF as compared to the commercial silage 

samples (Nair et al. 2016), especially I-NDFD, where NDF was 12% higher. This could be 

partially due to the higher DM content. The ADF content of the farm silage samples was similar 

to that of silage ensiled in the mini- and bunker-silos in our study. Nair et al. (2016) did not find 

any difference in lignin levels of the three cultivars collected on farm. This observation combined 

with the fact that we observed no differences in NDFD among silages suggests that differences in 

lignin content did not play a role in the digestibility of these silages. 

Past research has shown that changes in growing conditions from year-to-year, and from 

location-to-location can effect plant development and chemical composition. Baron and Kibite 

(1987) grew eight barley cultivars in the same location over two years with weekly harvestings 
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starting at 50% head emergence. They found that on average, plants were 28 cm taller two weeks 

post heading in one year as compared to the next, and although in vitro OM degradability among 

cultivars varied over the two years,  these differences were not consistently correlated to maximal 

whole plant dry matter yield or height  (Baron and Kibite 1987). Gill et al. (2013) did not evaluate 

in vitro NDFD; however they found that when comparing 12 barley cultivars across three years, 

the level of crude protein was affected more by year of cultivation than by cultivar. Therefore, it 

is conceivable that the differences in NDFD of field silage samples may have arose from 

differences in growing conditions across years, however blocking by year during the initial 

selection could have been an approach to account for these differences.  

Digestion of NDF varies with plant structure with amorphous cellulose being more 

readily digested than crystalline cellulose, as hydrolytic enzymes can more readily access and 

attach to amorphous cellulose (Hall et al. 2010).  These differences could account for differences 

in the NDFD among barley cultivars. The breakdown of cellulose can also be inhibited by the 

presence of lignin and hemicellulose impeding the activity of cellulases (Hall et al. 2010). The 

lignified outer wall of the plant cell protects the interior cell contents, with lignin content 

increasing with maturity.  It is not until the plant cell is ruptured that the bacterial enzymes can 

digest cell contents leaving lignified cell walls largely undigested (Jung and Allen 1995; Jung et 

al. 2012). Methods to improve NDF digestibility of barley silage may involve harvesting the 

forage at the optimal maturity, or selecting for cultivars that exhibit improved in vitro NDFD.  

3.5.2 Effect of NDFD on Fermentation  

A terminal pH of 4.2-4.5 (Aasen 2014a) preserved barley silage until feeding, but 

frequently the terminal pH of barley silage is below 4.0 (Zahiroddini et al. 2006). Barley ensiled 

in bunker-silos had a pH that was on the high end of Aasen’s range (2014a) with the pH being 

even higher (4.7) for I- and L-NDFD cultivars ensiled in mini-silos. This value is similar to that 

reported by Khorasani and Kennelly (1997) for three barley cultivars ensiled in bag silos. All 
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three cultivars were ensiled above the targeted optimal DM of 35%, and the terminal pH was 

similar to other studies that ensiled barley at similar DM (Addah et al. 2011; Baah et al. 2011). 

Despite the higher DM at ensiling, DM losses were low (2-4 %) and consistent with high quality 

silage (McDonald et al. 1991). High-NDFD had the lowest pH and highest lactate levels after 60 

d ensiling in mini-silos, despite the fact that it had the highest buffering capacity and the lowest 

WSC levels of the barley cultivars. The H-NDFD forage had the lowest DM content at harvest, a 

characteristic that is often associated with a more extensive fermentation (McDonald et al. 1991).  

Lactate concentration in H-NDFD mini silos increased the most during ensiling 

explaining the lower pH. Lactic acid bacteria counts were lower and total VFA levels higher in 

bunker- vs. mini-silos. Enumerated LAB populations in both silo types were comparable to those 

in the literature (Zahiroddini et al. 2006; Baah et al. 2011; Jin et al. 2015). Butyrate 

concentrations, particularly in I-NDFD and H-NDFD, were higher than that typically reported for 

barley silage in bunker- and mini-silos (Baah et al. 2011; Amanullah et al. 2014), but were not at 

levels associated with a clostridial fermentation (McDonald et al. 1991). Furthermore, the low 

DM loss in mini-silos also suggests that clostridial fermentation was not a factor in these high 

DM silages (Charmley and Veira 1991; McDonald et al. 1991).  

 High-NDFD silage had the greatest increase in ADIN from fresh forage levels to end of 

ensiling in both bunker-silos and mini-silos. Levels of ADIN were comparable to other studies 

with barley silage (Zahiroddini et al. 2004, 2006; Jin et al. 2015). The other two cultivars saw 

minimal change in ADIN, indicating that while pH did not drop below 4.5, heating of the silage 

did not occur and Maillard products were not formed.  

3.5.3 Ensiling Method 

The similar pH of the silage in bunker- and mini-silos suggests that both ensiling methods 

produced silage of similar quality. Levels of ADIN were higher in silage from bunker- than mini-

silos, a result that may reflect the slower decline in pH within bunker-silos. Maximum 
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temperature recorded in the bunker-silos during ensiling was 39°C. Temperatures above 40°C are 

the point at which Maillard reactions are generally thought to start to form so as to increase the 

ADIN content of silage (McDonald et al. 1991). The ADIN content of both mini- and bunker-

silos were within ranges seen in other trials (Zahiroddini et al. 2004; Baah et al. 2011), further 

supporting that there were minimal differences in fermentation between ensiling methods.  

The composition of silages was not completely consistent between ensiling methods with 

CP, ADF, NDF and starch levels being different. Differences comparing mini-silos to other 

ensiling methods such as ensiling in bag silos have been previously noted. Zahiroddini et al. 

(2004) compared barley silage ensiled in mini- vs large bag silos and found the fiber composition 

was different. The bags appeared to experience a more gradual fermentation with a slower drop in 

pH, enabling cellulases to remain active longer and lower the ADF content of bagged silage as 

compared to that ensiled in mini-silos (Zahiroddini et al. 2004). A slower decline in pH in 

bunker-silos may also account for the higher ammonia levels in barley ensiled in this manner as 

compared to mini-silos. A slower decline in pH can lead to more proteolysis and deamination 

during the ensiling process (McDonald et al. 1991). Levels of ammonia-N in our study ranged 

from 1.68 g kg
-1

 DM in mini-silos up to 2.11 g kg
-1

 DM in bunker-silos. Ammonia-N levels in 

barley silage in other trials have been reported to be as low as 0.23 g kg
-1

 DM (Addah et al. 2011; 

Baah et al. 2011). However, others have had higher ammonia levels: 1.7 g kg
-1

 DM (Mills and 

Kung 2002) and 2.48 g kg
-1

 DM (Jin et al. 2015), suggesting that levels of ammonia in barley 

silage in our study were not excessive with either ensiling method. High ammonia concentrations 

can be negatively correlated with DMI (Charmley 2001) if they exceed 15% of total N, a level 

indicative of excessive proteolysis (Bagg 2016). In our study, ammonia did not exceed 15% of 

total N in any of the silages.   

Exposing forage to air before ensiling can also increase ammonia concentrations (Mills 

and Kung 2002). This is another factor that may account for differences in ammonia levels 
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between mini- and bunker-silos. Mini-silos were filled, packed and sealed immediately upon 

delivery of the forage, while bunker-silos were gradually filled over a 2 h period. Xiccato et al. 

(1994) compared three sizes of experimental silos (2 L, 100 L, 500 L) to bunker-silos using corn 

silage, and found lower starch and higher glucose in 2 L mini- than in bunker-silos, results similar 

to our experiment. The pH of bunker-silos was lower than that of mini silos a result that was 

surprising as concentrations of lactic acid and all VFAs were lower in bunker- than mini-silos.  

Cherney et al. (2004) also observed higher lactic acid levels in mini- than bunker silos, a result 

they attributed to the escape of effluent from bunker- but not from mini-silos.   

Neutral detergent fiber fractions of both mini-silos and bunker-silos were both higher 

than fresh forage. Acid detergent fiber also increased from fresh forage to terminal ensiling 

regardless of ensiling method. More often fibre levels in barley silage decrease (Zahiroddini et al. 

2004) or remain similar to the fresh forage (Baah et al. 2011). Charmley and Veira (1991) 

observed a slight increase in NDF and ADF content in alfalfa silage as compared to the fresh 

forage. The observed decline in starch during ensiling could account for the higher levels of fiber 

in terminal silage. 

Numerically higher yeast and mold counts in bunker- as compared to the mini-silos could 

reflect the greater aerobic exposure that occurs during the feed out of bunker-silos (Ashbell et al. 

2012). However, lactic acid concentrations in barley silage did not differ between ensiling 

methods. This observation suggests that the face management of the bunker-silos did not 

contribute to aerobic deterioration as reflected by the lack of assimilation of lactic acid by 

spoilage yeasts.   

3.5.4 Nutrient Composition 

The CP in barley silage is often 12-14% of DM (McCartney and Vaage 1994; Hristov 

and McAllister 2002; Baah et al. 2011). All three barley cultivars in this trial had low CP content 

7.5-8.5%; but others have also reported similar CP levels in barley (Burgess et al. 1973; 
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McKenzie et al. 2004). The same barley cultivars grown in Saskatoon had CP levels ranging from 

11-13% of DM (Nair, unpublished data). This suggests that the low CP was a result of the 

growing conditions at Lethbridge, possibly high temperatures which have been shown to lower 

CP levels in barley silage (Chow et al. 2008). McKenzie et al. (2004) tested the fertilizer response 

of barley silage and found CP levels of silage grown on non-irrigated land in southern AB ranged 

between 8-10% when barley was fertilized with 120 kg N ha
-1

. These CP levels are only slightly 

higher than those of the current study, despite N application rates being half those of McKenzie et 

al (2004). Buffering capacity of the barley silages was low compared to those measured by Addah 

et al. (2011), an observation that reflects the lower CP levels of the barley silage in the present 

experiment.  

Water-soluble carbohydrates in silage were higher than those in fresh forage (23-31 g/kg 

forage DM), which nearly doubled to 69-86 g kg
-1

 silage DM in terminal silage. Fresh forage 

WSC levels were similar to those reported in the literature (Baah et al. 2011; Jin et al. 2015). 

Increases in WSC during ensiling have been observed in both barley and wheat silage (Weinberg 

et al. 1993; Addah et al. 2011; Baah et al. 2011) as well as in grass silage where WSC nearly 

doubled after 70 d of ensiling (Charmley and Veira 1991). Baah et al. (2011) observed an 

increase in starch throughout ensiling from 23% to 26%, with an increase in WSC levels from 5.4 

% to 6.3%. Increases in WSC during this trial were observed for both ensiling methods. 

Intermediate-NDFD had similar WSC levels in the first bunker-silo that was fed out as compared 

to the d 60 mini-silos. However, the second I-NDFD bunker had much higher WSC levels 

increasing the variation in this parameter. The increase in NDF content during ensiling suggests 

that plant cell walls were not degraded to WSC.  

A more likely explanation for the increase in WSC between fresh and ensiled forage 

would be that starch was broken down into WSC, as there was a decrease in starch content 

between d 0 and d 60. Other researchers (Mills and Kung 2002; Zahiroddini et al. 2004) have 
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observed a decrease in starch during ensiling, but this observation was also accompanied by a 

decrease in WSC. One possibility is that the fresh barley forage in these other trials (Mills and 

Kung 2002; Zahiroddini et al. 2004) had limited WSC so as the starch was hydrolyzed by plant 

enzymes, the released WSC were utilized by LAB. While none of the cultivars exhibited a 

sufficient enough decrease in starch to account for the increased WSC, a decline in starch was 

observed in all silages, except I-NDFD stored in bunker-silos. Kung and Muck (2015) observed 

an increasing availability of starch for digestion throughout the ensiling period, an observation 

they attributed to continual proteolysis during ensiling (Hoffman et al. 2011). We also observed a 

continuous decrease in the concentration of starch in barley ensiled in mini silos, a factor that 

could account for the increase in WSC.  

3.5.5 Aerobic Stability 

The temperature profiles of I-NDFD and L-NDFD silage did not deviate from ambient 

temperature over 21 d of aerobic exposure. However, both the temperature and pH of H-NDFD 

silage increased substantially while lactic acid concentration decreased after 3 d, corresponding 

with an increase in the numbers of yeast. Yeasts have the ability to metabolize lactic acid and 

accelerate the process of aerobic spoilage (Ashbell et al. 2002), and as the yeast population 

increases, so does the rate of respiration, increasing the temperature. Aerobic stability is typically 

defined as the length of time silage temperature remains stable before it increases a defined 

number of degrees above ambient temperature (Driehuis et al. 1999; Kung and Ranjit 2001). 

Using the procedure of Kung and Ranjit (2001) of 2°C above ambient temperature, one replicate 

of H-NDFD became unstable after 105 h, whereas the other two replicates did not become 

unstable until after 229±2 h of aerobic exposure. This observation may reflect the uneven 

distribution of spoilage organisms within barley silage. Baah et al. (2011) and Addah et al. (2011) 

recorded temperature change over 7 d of aerobic exposure, and did not observe any increase in 

barley silage temperature, a result similar to our observations for I- and L-NDFD silages. 
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Prolonged aerobic stability has come to be associated with acetic acid produced by 

heterofermentative LAB (Addah et al. 2012a; Jin et al. 2015) with acetic acid levels as high as 50 

g kg
-1

. High-NDFD had the highest acetic acid concentration at opening, but it was far below the 

levels associated with improved aerobic stability. Although I-NDFD and L-NDFD silages had 

higher levels of WSC, which can provide a readily available source of energy for spoilage 

microorganisms (Holzer et al., 2003) all three silages had WSC contents higher than anticipated 

for terminal silage. As opposed to acetate, butyrate levels tended to be numerically higher in I-

NDFD and L-NDFD a factor that could have extended the aerobic stability of these silages. 

Danner et al. (2003) showed that addition of butyric acid to silage was more effective at 

preventing silage spoilage than acetic acid. All three cultivars when ensiled in bunker-silos had 

similar butyrate levels throughout the feeding period, so the aerobic stability of silages ensiled in 

this manner may have been more consistent. 

3.6 Conclusion 

Selecting barley cultivars for high, intermediate and low in vitro NDFD based on collection 

of field silage samples did not result in identifying differences in NDFD among cultivars grown 

at the same location and harvested at same stage of maturity. Therefore, we can infer that growing 

and ensiling conditions have a greater impact than barley cultivar on NDFD. Chemical 

composition differences such as lower NDF in L-NDFD (Xena) did not elicit a response by 

altering the extent of 30 h in vitro NDFD compared to the other two cultivars. Differences 

observed in fermentation products among cultivars, such as higher butyrate or acetate could alter 

aerobic stability as H-NDFD (CDC Cowboy) was observed to have lower aerobic stability than 

the other cultivars. A continuation of research in this field would need to take into account the 

differences in growing seasons. As well, barley breeders should look at selecting for increased 

hemicellulose content as opposed to cellulose and lignin, in attempts to increase NDFD through 

increasing the digestible portion of NDF. However, first and foremost, producers must ensure 
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they have the best ensiling practices possible, attempting to improve silage digestibility is wasted 

if the technique is not conducive to quality fermentation. 
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4.0 DIGESTIBILITY AND PERFORMANCE OF FEEDER LAMBS 

FED SILAGE OF CULTIVARS OF BARLEY SELECTED ON 

THE BASIS OF IN VITRO NEUTRAL DETERGENT FIBER 

DEGRADABILITY 

 

4.1 Abstract 

Barley silage cultivars analyzed for in vitro NDF digestibility (NDFD) of commercial 

silage samples were selected for high (H-NDFD, CDC Cowboy), intermediate (I-NDFD, CDC 

Copeland), and low NDFD (L-NDFD, Xena). Digestibility, performance and carcass traits were 

measured in lambs fed diets containing the different ensiled cultivars. A replicated 3 x 3 Latin 

square total collection digestibility experiment fed 50:50 silage:concentrate diets (DM basis) to 

nine rumen fistulated wethers, with rumen pH continuously measured over 48 h. A growth study 

used 42 lambs (n=14) fed 40:60 silage:concentrate diets (DM basis) with carcass quality 

measured on ram lambs. In vitro NDFD of fed silages did not correlate with the values obtained 

with field silage samples, as cultivars did not continue to exhibit the same NDFD. Intake and 

digestibility in wethers did not differ (P > 0.05) among cultivars. Mean rumen pH was lower (P > 

0.05) for lambs fed L-NDFD than H-NDFD, with rumen pH of L-NDFD fed lambs spending 

more (P < 0.01) time at pH lower than 6.2, 6.0, and 5.8. Growing lambs fed L-NDFD had lower 

(P < 0.01) DMI than lambs fed I-NDFD. Dressing percentage was higher (P < 0.05) for lambs fed 

L-NDFD than I-NDFD. Selecting barley silage cultivars based on improved in vitro NDFD to 

improve digestibility and lamb performance may not be effective due to yearly differences in 

forage growing conditions and ensiling dynamics. 

4.2 Introduction 

In western Canada, small grain silage is commonly used by both the dairy and feedlot 

industries, where optimizing animal performance in terms of milk production, growth and feed 

efficiency is the goal (McAllister et al. 1995; Baron et al. 2000). Of the small grain silages, barley 
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has been shown to have superior nutritional qualities as compared to oat and triticale silage 

including higher DM, and organic matter digestibility with a lower ADF content (McCartney and 

Vaage 1994). Researchers have shown that increasing the digestibility of corn and grass silage 

increases dry matter intake (DMI) of ruminants, thereby increasing growth performance (Oba and 

Allen 1999a; Keady et al. 2013).  

It has been proposed that the NDF content of forages is a good predictor of their 

contribution to gut fill and reflection of their nutritional value (Nocek and Russell 1988). 

Consequently, selection of forages for increased ruminal NDF digestibility (NDFD) could result 

in reduced gut fill, higher passage rate of particulate digesta and increased forage DM intake (Oba 

and Allen 1999a; 2000a; Huhtanen et al. 2006). Previous research found that the in vivo NDFD of 

barley silage ranged from 46-52% (DM) (McCartney and Vaage 1994; McAllister et al. 1995) 

suggesting that selection for improved NDFD may be possible. 

Previous researchers have selected alfalfa on the basis of in vitro NDFD after 10, 24, 120 

h of incubation (Dado and Allen 1996) and corn after 30 h (Oba and Allen 1999a,b; 2000a,b,c). 

When fed to dairy cows, Dado and Allen (1996) found that alfalfa silage selected for a higher 

NDFD increased DMI and milk production. Likewise, selection for brown midrib (BMR) 3 corn 

with low lignin content enhanced NDFD, and increased DMI, milk yield and total milk protein 

and lactose yields (Oba and Allen 2000a). Similar to corn, Grant et al. (1995) showed that BMR 

sorghum silage improved milk yield and levels of fat, protein, and lactose in milk. 

Oba and Swift (2014) evaluated two semi-dwarf hulless barley silage cultivars based on 

anecdotal evidence that Falcon barley silage increased milk production when fed to dairy cows as 

compared to Tyto barley silage. They found Falcon to have a higher in vitro NDFD, but when the 

two cultivars were fed to dairy cows in mixed diets formulated for equal N and NDF 

composition, there were no significant differences in DMI, milk production or milk composition. 
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However, Falcon silage increased feed efficiency as the total diet contained more silage due to 

higher NDF and N content of the silage, which resulted in a numerically lower DMI. Despite the 

numerically lower DMI and lower starch content of the diet, the cows did not exhibit decreased 

milk production with Falcon barley silage, supporting the theory that greater NDFD increased 

energy intake and possibly the efficiency of rumen microbial protein synthesis as milk urea 

nitrogen levels were also lower.   

The overall objective of this project was to evaluate whether commercial barley silage 

cultivars that were analyzed and ranked for their in vitro NDFD from samples collected on-farm 

over two years would maintain their in vitro NDFD ranking when grown and ensiled at a single 

location (Nair et al. 2016; Preston et al. 2016, submitted). The resulting silage was then assessed 

in a metabolism study using rumen-cannulated wethers to determine effects of these cultivars on 

ruminal fermentation, total tract digestibility and effects on DMI, ADG, feed efficiency and the 

carcass traits of lambs.  

4.3 Materials and Methods 

4.3.1 Selection of Barley Cultivars   

Barley silage samples were collected from livestock producers across Alberta and 

Saskatchewan in the 2012 and 2013 growing seasons. The targeted sample size was a minimum 

of five barley cultivars from up to 20 producers. Sample processing, treatment, and selection are 

described in Nair et al. (2016) and Preston et al. (2016, submitted). Seven barley cultivars were 

selected for analysis of in vitro NDFD using the ANKOM Daisy incubator at 6 and 30 h 

incubation periods (ANKOM Technology Corporation, Fairport, NY), and then analyzed for 

residual NDF with heat-stable α-amylase and sodium sulphite included. Ranking from the highest 

to lowest (P < 0.05) NDFD after 30 h of incubations resulted in the selection of CDC Cowboy 

(H-NDFD, 34.19%, Ardell Seeds, Vanscoy, SK), CDC Copeland (I-NDFD, 28.29%, Wylie`s, 
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Biggar, SK Wylie`s, Biggar, SK) and Xena (L-NDFD, 26.16%, Crop Production Services, Bow 

Island, AB). 

4.3.2 Barley growth, ensiling, and feed out   

The three barley cultivars were grown at the Lethbridge Research Centre (49.42°N, 

112.45°W, 911 m elevation) on non-irrigated land in three 0.67 ha plots. Plots were seeded on 

2014 May 26, using a John Deere 1560 no-till disc drill (John Deere Co., Moline. Ill.) at a 

seeding rate of 133 kg ha
-1

. Fertilizer was applied at 51.7 kg N ha
-1

 prior to seeding, and 5.5 kg N 

ha
-1

 and 23.4 kg P2O5 ha
-1

 during seeding. Plots were sprayed for broadleaf weeds on July 4 with 

Axial Extreme (1.24 L ha
-1

) (Syngenta Canada Inc., Guelph, ON) and Refine SG (0.27g L
-1

 ha
-1

) 

(DuPont Canada Inc., Mississauga, ON). 

Barley was harvested on 2014 August 5 at mid-dough stage using a John Deere 6810 

forage harvester (John Deere Co., Moline. Ill.). No inoculant was added at ensiling with H-

NDFD, I-NDFD and L-NDFD being harvested at 41.7, 45.7, and 43.6% DM, respectively 

(Preston et al. 2016, submitted). Each barley cultivar was packed into replicate 2.5m x 2.5 m x 

2.5m wooden bunker-silos after lining the concrete floor and walls with an impermeable 

polythene film (AT Films Inc., Edmonton AB). Forage was manually packed as silos were loaded 

with two Thermochron iButtons (Embedded Data Systems, Lawrenceburg, KY) placed in the 

centre of each silo to continuously record the temperature in each silo throughout ensiling.  Once 

silos were filled, they were covered with plastic held in place by tires. 

During the experiments, each cultivar was fed first from one silo, followed by the second 

silo once the first was emptied. Silage samples were collected throughout the feeding period for 

analysis of chemical and fermentation characteristics. Samples were collected from the first silo 

after 65 and 135 d and from the second silo after 177 and 209 d of ensiling. Samples were 

collected from five locations on the face of the silo after at least 25 cm of silage had been 

removed from the face. The five samples were combined to generate a representative sample that 
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was subsequently analysed for chemical and fermentation traits as described by Preston et al. 

(2016, submitted).  

4.3.3 In vitro NDFD  

Silage samples collected throughout the feeding period were ground through a 1 mm 

screen using a laboratory grinder (Christy & Norris, Chelmsford, England). The same protocol 

was used as for the selection of barley cultivars (Nair et al. 2016; Preston et al. submitted for 

publication), with samples being incubated for 30 h in an ANKOM Daisy Incubator (Ankom 

Technology Corporation, Fairport, NY) in a mixture of rumen fluid and buffer solution. Samples 

were analyzed for residual NDF using an Ankom
200

 fiber analyzer (Ankom Technology 

Corporation, Fairport, NY) with sodium sulphite and heat-stable α-amylase included in the 

procedure (Van Soest et al. 1991).  

4.3.4 Sheep Digestibility and Growth Performance Experiments 

Rideau Arcott x Canadian Arcott sheep were cared for in accordance with the Canadian 

Council of Animal Care (CCAC) guidelines (CCAC, 1997). Silos were opened after 65 d of 

ensiling, and the barley silage was fed to nine rumen fistulated wethers in a 3 x 3 Latin square 

experiment replicated three times and to 42 lambs in a growth performance experiment.  

4.3.5 Digestibility Study 

Wethers (53.2 ± 2.6 kg) were fitted with 3.75 cm rumen cannulas (Kehl PolÍmeros Ltda, 

São Carlos, São Paulo, Brazil) and randomly assigned to H-NDFD, I-NDFD or L-NDFD barley 

silage diets.  For the digestibility experiment, diets consisted of a 50:50 (DM basis) mixture of 

barley silage to pelleted concentrate (Table 4.1). Silage samples (100 g) were collected daily and 

frozen at -20ºC with DM content of the silage estimated weekly so the silage: concentrate ratio 

could be adjusted for any change in silage DM. Wethers had free access to water and were fed at 

0800 for 18 d with a 12 d adaption period where feed intake was measured daily with each lamb 

receiving sufficient feed to generate 5% orts. Rumen pH was recorded using indwelling rumen 
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pH loggers (LRCpH Dascor Inc. 2010, Escondido, CA) on d 12 to 14 at which point lambs were 

restricted to 95% of voluntary intake to reduce sorting of silage and pellets. On day 18-21, 

wethers were moved to metabolic crates for a 4 d collection period during which lambs were fed 

at 90% of voluntary intake. 

4.3.6 Growth Performance Study 

The growth performance experiment used equal numbers of ram and ewe lambs, sorted 

by sex into treatment groups (n=42, 21 males, 21 females). Prior to the start of the experiment, 

they were vaccinated against Clostriadial infection with Tasvax 8 (Schering-Plough Animal 

Health, New Zealand), and allowed 3 wks to adapt to increasing levels of barley silage in the diet.  

Once adapted, lambs were weighed on two consecutive days at the start of the trial, and randomly 

assigned to individual pens where they were fed either H-, I- or L-NDFD silage, as part of a 40:60 

silage to pelleted concentrate diet (DM basis; NEg ≈1.1 Mcal kg
-1

; Table 4.1).  

  Lambs were fed a barley silage – pelleted concentrate total mixed diet at 0930 hr daily. 

Silage and pellets were mixed using a Data Ranger feed mixer/delivery unit (American Calan, 

Northwood, NH) and fed to ensure at least 5% orts. Orts were removed and weighed daily for 

estimation of DMI and subsamples were saved for chemical analysis. Lambs were weighed 

weekly, fed for 70 d, and weighed on two consecutive days just prior to slaughter. Rams were fed 

to a targeted finish weight of 50.0 kg and slaughtered at a commercial abattoir (SunGold 

Specialty Meats Ltd., Innisfail, AB). Ewes were removed from the experiment at the same time as 

the rams, but only used for estimation of DMI, average daily gain (ADG), and feed efficiency. 

Carcass data on the ram lambs included grid rule which was the total thickness of the tissue 

across the 12-13
th
 rib measured 11 cm from the backbone after the carcass had cooled for at least 

30 min after slaughter. Yield grades were assigned on this basis with YG1 at 5-11 mm, YG2A at 

12-15 mm, YG2B at 16-18 mm, YG3 at 19-23 mm, YG4 at 24+ mm, and C at 0-4 mm. Hot   
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Table 4.1. Ingredient composition (%DM) of diets used in digestibility and growth 

studies with sheep. 
 

Ingredients 
Diets 

Digestibility Study Growth Study  

Barley silage
z
 50.00 40.00 

Barley grain 35.16 42.19 

Canola Meal 4.22 5.06 

Alfalfa (ground) 8.04 9.64 

Ammonium chloride 0.25 0.30 

Sheep mineral
y
 0.50 0.60 

Dical
x
 0.30 0.36 

Calcium carbonate 0.25 0.30 

Dried molasses 1.26 1.51 

Deccox
v
 premix 0.01 0.01 

Vitamin ADE
u
 0.01 0.02 

z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%).  
y
Sheep mineral includes: 93% salt, 5% dynamate, 0.92% zinc sulfate, 0.83% manganese 

sulfate, 1400 mg kg
-1

 selenium premix, 140 mg kg
-1

 E.D.D.I. (80%), 36 mg kg
-1

 cobalt 

carbonate, 3900 mg kg
-1

 canola oil 
x
Dical: 15% Ca, 21% P, 940 mg kg

-1
 Fe, 2100 mg kg

-1
 F 

v
Zoetis Canada Inc., Kirkland, QC. 

u
Vitamin ADE: 10000000 UI kg

-1
 vitamin A, 1000000 UI kg

-1
 vitamin D, and 10000 UI kg

-

1
 vitamin E 
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carcass weight (HCW) was also recorded and dressing percentage was calculated based on the 

lamb weights taken the day before shipping. 

4.3.7 Digestibility Study Sample Collection 

Rumen pH loggers (LRCpH Dascor Inc. 2010, Escondido, CA) were inserted into the 

rumen to record pH over 48 h between 0800 on d 12 and 0800 on d 14. The electrodes were 

calibrated at 39°C in pH 4 and then pH 7 buffers before insertion and set to record pH every min. 

Following removal of the pH loggers from the rumen, data were downloaded and electrodes were 

recalibrated to estimate drift in pH estimates. The pH data was standardized for each lamb and 

summarized by day as average pH, maximum and minimum values. Duration below and area 

under the curve (AUC) was also estimated for pH threshold values of 6.2, 6.0, and 5.8. Area 

under the curve was the sum of the absolute value of pH below the threshold multiplied by the 

duration below and reported in pH x min (Hunerberg et al. 2013). Area under the curve was 

corrected for intake by dividing AUC by DMI.   

On d 18, wethers were fitted with fecal collection bags and placed into metabolic crates 

for collection of total feces and urine. Urine was collected in 5 L containers with 100 mL of 2 M 

sulfuric acid added to maintain the pH below 3.0 so as to prevent the volatilization of ammonia. 

Samples of diets (250 g) and orts were collected daily for analysis with orts collected just prior to 

feeding. At the end of the each period, the DM content of pooled orts for each wether was 

measured and subtracted from the daily feed allocated to estimate DMI.  Urine was filtered 

through 2 layers of cheesecloth, the total volume was measured and 10% of the daily output was 

pooled for each week. At the end of the week two subsamples of the pooled urine were stored at -

20°C until analyzed. Daily fecal output was weighed and 15% was sampled and dried at 55°C 

with samples being pooled for the entire period. 

Rumen fluid samples (250 mL) were collected on d 21, at 0, 3, 6, and 12 h after feeding. 

Samples were obtained from the ventral, cranial and caudal sacs, and mixed with fibrous material 
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from the rumen mat. Rumen contents were strained through two layers of PECAP nylon (Sefar 

Canada Inc., Ville St. Laurent, Canada) and subsamples (5 mL) of rumen liquid were mixed with 

1 mL of 25% metaphosphoric acid and 1 mL sulfuric acid for analysis of VFA and NH3-N, 

respectively.  All samples were stored at -20°C until analyzed. For enumeration of protozoa, 

rumen fluid (5 mL) was also collected at 0, 3, and 12 h after feeding, mixed with 5 mL methyl 

green formalin salt solution (MFS) and stored in the dark until counted. 

4.3.8 Chemical Analysis 

The three silages were sampled (100 g) every morning before feeding and stored at -20°C 

with each cultivar pooled by week and dried in a forced air oven for 72 h at 55°C to determine 

silage DM.  Estimated DM was used to adjust the silage to concentrate DM ratio to ensure that it 

remained constant. Samples of the diets were collected daily during the total collection period for 

nutrient analysis. At the end of the collection week, total pooled feces were thawed and dried at 

55°C for 1 wk and then ground through a 1 mm screen for chemical analysis. 

The performance trial diets and the orts from each lamb were sampled daily and pooled 

weekly, while concentrate samples were taken with each lot of pelleted concentrate. These 

samples were then dried in a forced air oven for 72 h at 55°C to determine weekly DM content. 

Silages and diets for each treatment were pooled for the first four and the last six weeks, 

generating two replicate samples over the feeding period. Samples were ground through a 1 mm 

screen using a Retsch 2100 grinder (Verder Scientific Inc., Newton, PA). Weekly orts from each 

lamb were dried at 55°C, and then pooled for the first four wks and last 6 wks, for analysis of 

NDF and ADF. 

Analytical DM of the TMR, silage, pelleted concentrate, orts and feces was measured by 

drying at 105°C for 24 h, and OM by ashing at 550°C for 5 h. Neutral detergent fibre and ADF 

where determined sequentially following the procedure of Van Soest et al. (1991) using the 

Ankom 200 fiber analyzer (Ankom Technology Corporation, Fairport, NY) with sodium sulfite 
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and heat stable alpha-amylase included in the determination of NDF. Samples were further ball 

ground using a Retsch MM400 (Verder Scientific Inc., Newton, PA) for determination of starch 

and CP. Crude protein was estimated as total N x 6.25, with total N analyzed by elemental 

combustion on a NA1500 Nitrogen/Carbon analyzer (Carlos Erba Instruments, Milan, Italy). 

Starch content was estimated by the enzymatic hydrolysis of alpha-linked glucose as described by 

Bach Knudsen (1997) after samples were gelatinized for 1 h at 90ºC. Urine samples were thawed 

then diluted 1:5 with distilled water with 50 μL of each sample dried at 55ºC overnight for 

determination of total N by elemental combustion.  

 Volatile fatty acid concentrations in rumen fluid were measured using crotonic acid as an 

internal standard using a Hewlett Packard model 5890A series Plus II gas-liquid chromatograph 

(Hewlett-Packard Co., Palo Alto, CA) equipped with a Zebron FFAP fused silica capillary 

column (30 m, 0.32 mm i.d. and 1.0 μm film thickness, Phenomenex, Torrence, CA). Lactic acid 

was measured using the same gas chromatograph and column after methylation with BF3-

methanol, using malonic acid as an internal standard as described by Kudo et al. (1987). 

Ammonia-nitrogen was measured using the phenol-hypochlorite method of Broderick and Kang 

(1980) with an autoanalyzer (Technicon Instruments Corp., Tarrytown, NY) and chromophore 

detection by an Astoria Pacific 305D Digital Detector with FASPac software (Astoria Pacific, 

Clackamas, OR). The rumen protozoa populations were counted using a bright-light compound 

microscope (Primo Star, Carl Zeiss Canada Inc., Toronto, ON) counting five of the nine large 

squares (1.0mm
2
) of a Neubauer Improved bright line cell counting chamber (0.100mm depth) 

(Hausser Scientific, Horsham, PA). 

4.3.9 Statistical Analysis 

In vitro NDFD was analyzed as a randomized complete block design (RCBD) with fixed 

effect of cultivar, and random effects of silo and run in the model (Preston et al. submitted for 
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publication). Dry matter intake and nutrient digestibilities were analyzed as a replicated 3 x 3 

Latin square using the model: 

𝑦𝑖 = 𝜇 + 𝑡𝑖 + 𝑠𝑗 + 𝑝𝑘(𝑠𝑗) + 𝐴𝑙(𝑠𝑗) + 𝑒𝑖𝑗𝑘𝑙 

where 𝑦𝑖 was the observation, 𝜇 was the population mean, 𝑡𝑖 was the fixed effect of barley 

cultivar, 𝑠𝑗 was the effect of square,  𝑝𝑘(𝑠𝑗) was the effect of period within square, and 𝐴𝑙(𝑠𝑗) 

was the effect of lamb within square in the model using the PROC MIXED procedure of SAS 

(SAS Institute Inc., 2008). All pH logger data were analyzed using the Toeplitz covariance 

structure for equally spaced repeated measures of day. The unequally spaced collection time 

points for rumen fluid and protozoa used the unstructured covariance structure for repeated 

measures at sampling time points. Protozoa counts were log transformed prior to analysis. The 

nutritional value of the metabolic diets was analyzed as a CRD with fixed effect of treatment and 

replication of period. 

The performance feeding trial was analyzed using the model: 

𝑦𝑖 = 𝜇 + 𝑡𝑖 + 𝑠𝑗 + 𝑡𝑖𝑠𝑗 + 𝑒𝑖𝑗 

where 𝑦𝑖 was the observation, 𝜇 was the population mean, 𝑡𝑖 was the fixed effect of barley 

cultivar, 𝑠𝑗 was the effect of sex, and 𝑡𝑖𝑠𝑗 was the interaction of cultivar and sex, and 𝑒𝑖𝑗was the 

residual error. The carcass data from rams were analyzed as a complete randomized design with 

the model 

𝑦𝑖 = 𝜇 + 𝑡𝑖 + 𝑒𝑖 

 where 𝑦𝑖 was the observation, 𝜇 was the population mean, 𝑡𝑖 was the fixed effect of barley 

cultivar, and 𝑒𝑖was the residual error. The YG scores were analyzed using the GLIMMIX 
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procedure of SAS with poisson distribution. Means were separated using pdmix800 (Saxton 

1998) and differences declared significant when P ≤ 0.05. 

4.4 RESULTS 

4.4.1 NDFD and chemical composition of silages 

Analysis of the in vitro NDFD of the barley silages (Table 4.2) fed during the feeding trials 

showed no difference (P > 0.05) among cultivars. The H-NDFD silage had lower (P = 0.003) DM 

and OM (P = 0.001) than the other silages. Crude protein was low in all silages ranging from 8.5-

8.7% (DM basis), but did not differ (P > 0.05) among cultivars. The NDF content was the highest 

(P = 0.001) for H-NDFD and lowest in L-NDFD, with ADF content of H-NDFD being higher (P 

= 0.003) than other silages. Starch levels did not differ among cultivars, even though I-NDFD 

was 3% higher in starch than the other two cultivars. 

4.4.2 Digestibility trial 

The nutritional value of the diets varied with the cultivar of barley silage (Table 4.3). Dry 

matter and crude protein levels did not differ (P > 0.1), however OM was lower (P = 0.005) in the 

H-NDFD diet than the other two. Neutral detergent fibre was higher (P = 0.017) in H-NDFD than 

the other diets, while L-NDFD was lower (P = 0.004) in ADF. Starch content of the diets was 

higher (P = 0.03) in L-NDFD than the H-NDFD diet. Daily nutrient intake of the lambs was the 

same (P > 0.1), except that starch intake was lower (P < 0.001) in the H-NDFD diet than the 

other diets (Table 4.4). Total tract digestibility of nutrients did not vary (P > 0.1) among diets. 

There was no difference (P > 0.05) in the levels of individual or total VFAs (Table 4.5), 

however the acetate: propionate level was lower (P = 0.004) for lambs fed the L-NDFD diet as 

compared to lambs fed the other silages. There were a higher (P = 0.047) number of protozoa in 

the rumen of lambs fed H-NDFD at 6.23 log10 protozoa mL
-1

 rumen fluid as compared to those 

fed I-NDFD and L-NDFD which had 6.14 and 5.91 log10 protozoa mL
-1

 rumen fluid, respectively.  
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Table 4.2. Nutrient composition of pelleted concentrate and barley silage used in the 

digestibility and growth studies with sheep. 

Item Pellet 
Barley Silage

z 

SEM  P-value
y
 

H-NDFD   I-NDFD L-NDFD 

Dry Matter (%) 91.81 38.49b 40.18a 40.33a 0.366 0.003 

    NDFD (%NDF)
x
 34.50 35.33 33.44 1.666 0.124 

Chemical Analysis (%DM)      

Organic Matter  93.29 91.66b 92.65a 92.43a 0.189 0.001 

Crude Protein  17.54 8.67 8.68 8.52 0.150 0.706 

Starch 36.29 19.17 22.09 19.59 2.346 0.201 

NDF  16.40 58.67a 56.65b 54.56c 0.889 0.001 

ADF  8.70 33.96a 32.75a 31.11b 0.836 0.003 
z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%).  
y
Comparison of barley silage cultivar. 

x
In vitro 30 h NDFD (Preston et al. unpublished). 

a,b,c
Letters in the same row indicate significant difference of LSmeans (P < 0.05) for silage 

cultivars. 
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Table 4.3. Nutrient composition of total 50:50 barley silage to pelleted concentrate (DM 

basis) diets fed during digestibility study. 

Item 
Barley silage

z
 

SEM  P-value 
H-NDFD  I-NDFD L-NDFD 

Dry Matter (%) 52.05 54.36 55.37 1.305 0.260 

Chemical Analysis (%DM)    

Organic Matter  92.76b 93.46a 93.44a 0.105 0.005 

Crude Protein  13.53 13.14 12.93 0.367 0.540 

Starch 24.29b 29.68ab 32.51a 1.631 0.030 

NDF  42.35a 39.48b 37.76b 0.782 0.017 

ADF  21.92a 20.92a 17.97b 0.516 0.004 

z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%).  
a,b,c

Rows with different letters indicate significant difference (P < 0.05) among silage 

cultivars. 
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Table 4.4. The effect of in vitro NDF digestibility for selection of ensiled barley cultivars 

on intake and digestibility of 50:50 barley silage to pelleted concentrate diets (DM basis) 

in wethers. 

 

Barley silage
z
   

  H-NDFD I-NDFD L-NDFD SEM P-value 

Intake (g/day)           

Dry Matter 682.4 730.6 778.3 49.10 0.225 

Organic matter 633.0 682.8 727.7 45.82 0.193 

Crude protein 92.6 96.2 100.6 6.64 0.555 

Starch 167.5b 217.8a 247.9a 16.32 <0.001 

NDF 289.3 287.0 292.3 19.08 0.961 

ADF 149.2 152.1 141.1 9.87 0.582 

Digestibility (%) 

    Dry matter 66.3 68.5 69.2 1.03 0.148 

Organic matter 67.6 69.9 70.8 1.04 0.106 

Crude protein 61.4 60.5 61.0 2.22 0.914 

NDF 47.7 47.5 47.1 2.29 0.982 

ADF 37.5 39.7 34.6 2.87 0.500 
z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%).  
a,b,c

Rows with different letters indicate significant difference (P < 0.05) between silage 

cultivars. 
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Table 4.5. Effect of selecting ensiled barley cultivars based on in vitro NDF digestibility 

of on-farm silage samples and the effect on rumen environment parameters. 

Item 

Barley silage
z
 

SEM 

 

P-value H-NDFD I-NDFD L-NDFD 

Volatile fatty acids  

(mmol L
-1

) 

     Acetic 37.13 37.14 36.46 3.946 0.976 

Propionic 6.20 7.05 9.95 1.631 0.101 

Butyric 4.58 5.39 5.76 0.652 0.357 

Total VFA  56.20 56.72 62.48 7.258 0.643 

A:P ratio
y
 3.27a 3.121a 2.51b 0.280 0.004 

Ammonia-N (mmol L
-1

) 40.88 32.02 42.13 6.167 0.193 

Protozoa  

(log
10

 mL
-1

 rumen fluid) 6.23a 6.14ab 5.91b 0.212 0.047 
z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%).  
y
Acetate: proprionate ratio 

a,b
Rows with different letters indicate significant difference (P < 0.05) between barley 

cultivars 
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The average daily rumen pH recorded by the data loggers (Table 4.6) was higher (P = 

0.043) in lambs fed the H-NDFD diet as compared to the L-NDFD diet. When daily duration that 

rumen pH was below 6.2, 6.0 and 5.8 was determined, lambs fed the L-NDFD diet consistently 

spent more time (P ≤ 0.005) below 6.0 and 5.8 than lambs fed H-NDFD or I-NDFD diets. Lambs 

fed the L-NDFD diet spent an extra 100-150 min d
-1

 below pH 5.8 as compared to the other diets, 

and the time that the rumen pH remained between 5.8-6.0 was more than 100 min longer for 

lambs fed the L-NDFD diet. 

4.4.3 Performance trial  

The performance trial diets were formulated to have equivalent DM ratios of silage to 

pellet, with there being no difference (P > 0.05) in the nutritional composition of the complete 

diets among treatments (Table 4.7). Although performance parameters always differed (P < 

0.001) between sexes, no (P > 0.1) sex by silage cultivar interaction was observed. There was no 

difference (P > 0.1) in start or end weights, or ADG of lambs fed different cultivars (Table 4.8). 

The only significant difference seen among treatments was for DMI, which was higher (P < 0.01) 

for lambs fed L-NDFD and H-NDFD than for I-NDFD.  

Carcass traits did not differ (P > 0.05) among silages for HCW or grade rule (Table 4.9). 

Average dressing percentage was higher (P < 0.05) for ram lambs fed L-NDFD at 48.1%, than 

ram lambs fed I-NDFD that had a dressing percentage of 45.3%.  

4.5 DISCUSSION 

4.5.1 In vitro vs in vivo NDFD 

The in vitro NDFD of the barley cultivars fed during the digestibility and performance 

trials did not differ, despite the fact that these three cultivars were previously selected on the basis 

of in vitro NDFD of field silage samples (Nair et al. 2016). Plant and agronomic factors that may 

have led to the differences between NDFD at selection and the resulting NDFD of the silages 

produced during this trial could have included differences in cell wall crystallinity, cell wall 
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Table 4.6. The effect of in vitro NDF degradability of on-farm silage samples for 

selection of ensiled barley cultivars on rumen pH when fed as part of a 50:50 silage to 

pelleted concentrate (DM basis) diets. 

 

Item 

Barley silage
z
 

SEM P-value 
H-NDFD I-NDFD L-NDFD 

DMI (kg/day) 0.86 1.00 1.00 0.0767 0.315 

Rumen pH           

minimum 5.36 5.29 5.19 0.148 0.536 

mean 6.49a 6.42ab 6.34b 0.051 0.043 

maximum 7.06 7.10 7.04 0.029 0.148 

Standard deviation 0.43 0.45 0.49 0.045 0.263 

pH < 6.2           

duration (min) 316.24b 424.27a 512.20a 53.335 0.004 

area (pHxmin) 141.6b 183.1b 265.8a 38.62 0.013 

Intake corrected AUC
y
 169.25 183.14 268.70 46.903 0.088 

pH < 6.0           

duration (min) 214.03b 299.04b 496.77a 58.003 0.002 

area (pHxmin) 88.9b 110.5b 200.4a 30.13 0.015 

Intake corrected AUC 106.63 111.93 241.60 50.188 0.138 

pH < 5.8           

duration (min) 142.24b 210.73b 309.84a 46.090 0.005 

area (pHxmin) 54.0 59.8 94.3 22.98 0.171 

Intake corrected AUC 64.47 54.94 92.25 26.431 0.335 
z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%)
 

y
Area under the curve corrected for kg of dry matter intake (pH x min kg

-1
 DMI) 

a,b,c
rows with different subscripts indicate significant difference (P < 0.05) between 

barley cultivars 
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Table 4.7. Nutrient composition of performance diets consisting of 40% silage (DM 

basis) with treatments differing in silage barley cultivar selected for in vitro NDF 

digestibility of on-farm silage samples. 

Content 

(%DM) 

 Barley Silage
z
  

SEM P - value 
H-NDFD I-NDFD L-NDFD 

Dry matter 61.57 61.01 60.14 0.578 0.346 

Organic matter 92.93 92.94 93.08 0.171 0.781 

Crude protein 13.93 13.84 13.75 0.419 0.959 

Starch 31.84 32.99 33.34 2.748 0.924 

NDF 36.35 37.04 35.92 0.517 0.418 

ADF 18.44 18.40 17.99 0.840 0.919 
z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%) 

 

 

 

 

Table 4.8. The effect of in vitro NDF digestibility from on-farm silage samples for 

selection of fed barley silage on finishing lamb feed intake and performance when barley 

silage is fed in a 40:60 silage to pelleted concentrate (DM basis) diet. 

  Barley Silage
z 

SEM P-value 
  H-NDFD I-NDFD L-NDFD 

Start weight
y
 (kg) 34.4 34.0 34.5 0.88 0.903 

End weight
x
 (kg) 47.1 45.2 47.5 1.29 0.406 

DMI (g d
-1

) 973.7a 852.1b 997.5a 28.30 0.002 

ADG (g) 173 153 178 10.1 0.199 

F:G
w
 6.0 6.1 5.9 0.25 0.851 

z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%).
 

y
Start of trial weight average of two days 

x
End of trial weight average of two days

  

w
Feed to gain ratio 

a,b,c
rows with different subscripts indicate significant difference (P < 0.05) between 

barley cultivars  
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Table 4.9. The effect of in vitro NDF digestibility from on-farm silage samples for 

selection of ensiled barley cultivars on finishing ram lamb performance when fed a 40:60 

silage to pelleted concentrate (DM basis) diet. 

Item 

Barley Silage
z
 

SEM P - value H-NDFD I-NDFD L-NDFD 

HCW
y 
(kg) 23.8 23.3 23.9 1.08 0.920 

Grid Rule
x
 (mm) 13.0 12.1 13.4 0.86 0.568 

Yield grade
w 

 

(no. of carcasses) 
 

YG1 

YG2A 

YG2B 

1 

6 

- 

3 

4 

- 

2 

4 

1 

0.197 

0.307 

0.048 

0.636 

0.758 

0.999 

Dressing percentage
y
 46.8ab 45.3b 48.1a 0.73 0.045 

Liver Abcesses 0 0 0   
z
Barley silage cultivars were selected for in vitro 30 h NDFD ranking of on-farm silage 

samples according to Nair et al. (2016) with high (H-NDFD,CDC Cowboy, 37.0%), 

intermediate (I-NDFD, CDC Copeland, 31.1%), and low (L-NDFD, Xena, 28.8%). 
y
Hot carcass weight (kg). 

x
Average flesh thickness measure between the 12th and 13th rib, 11cm from the 

backbone after cooling at least 30 min 
w
Yield grade based on grid rule measurements at least 30 min after cooling. YG1 = 5-11 

mm, YG2A = 12-15 mm, YG2B = 16-18 mm, YG3 = 19-23 mm, YG4 = 24+ mm, C = 0-

4 mm. YG1 is optimal and declining to C 
v
Dressing percentage based on lamb weight taken the previous morning before feeding 

a,b
Letters in the same row indicate significant difference between barley cultivars (P < 

0.05) 
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content, lignin content and structure (Jung and Allen 1995). All of these factors are heavily 

influenced by the maturity of the plant at the time of harvest. If plants get too mature the lignin 

content increases, lowering the digestibility of NDF (Moore and Jung 2001). The chemical 

composition of the fresh forages did not indicate that barley cultivars differed in maturity during 

this trial (Preston et al. 2016, in press). However differences in stage of maturity between the 

silage cultivars during the selection process and the silage produced in this trial would account for 

differences in NDFD. Based on these results it appears that it is not effective to select for barley 

silage cultivars with improved NDFD based on analysis of field samples as this selection process 

did not result in improved total tract digestibility of NDF or improved growth performance of 

lambs.  

Dado and Allen (1996) found similar results with selection criteria failing to remain the 

same between an in vivo trial as compared to when two alfalfa silages were selected with similar 

NDF contents, but differing in in vitro NDFD after 10, 24, and 120 h of incubation. The 

difference in in vitro NDFD of the two selected silages was higher at time of selection than what 

was reflected by in vitro NDFD of the silage fed during the feeding trial 4.5 months later. This 

was accompanied by a decrease in the NDF content of the higher digestible silage, which led the 

authors to attribute the differences to either a decrease in cellulose between the time of selection 

and assessment of in vitro NDFD, or biased sampling procedures during selection which might 

have resulted in an inaccurate leaf to stem ratio in the samples analyzed, where higher leaf 

content would increase the NDFD. Although there was a 5.2% variation in in vitro NDFD, this 

variation was only 1.6% during the lactation trial, but even with this reduced difference the 

authors observed an increase in DMI and milk production in cows fed the silage with a higher 

NDFD (Dado and Allen 1996). 

Our digestibility trial did not show any varietal differences in terms of nutrient 

digestibility or DMI, a result that is consistent with the uniform in vitro NDFD among the three 
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silages. Increased in vitro NDFD is not a guarantee of improved total tract digestibility as Oba 

and Allen (2000c) saw no increase in digestibility of BMR corn in dairy cows despite a 9.4% 

increase in 30 h in vitro NDFD over a nearly isogenic non-BMR cultivar. However, these authors 

did observe an increase in DMI with the BMR silage. Sousa et al. (2014) planted four sugarcane 

genotypes (Saccharum officinarum L.) that had been selected from a previous survey of nine 

fresh sugarcane genotypes and selected for high (2 genotypes) and low (2 genotypes) NDFD 

based on in vitro NDFD after 48 h. The four genotypes were sampled monthly to monitor in vitro 

NDFD to select the two with the greatest difference, and used apparent sucrose as an indicator of 

maturity throughout the growth stage. When the genotype selected for high NDFD (38.4%) and 

low NDFD (30.6%) had both reached 18% apparent sucrose they were chopped and ensiled. 

When silage was included in a corn-soybean meal diet at 40% (DM), Sousa et al. (2014) found 

that cannulated Nellore steers (Bos indicus) fed the high NDFD sugarcane had higher DMI than 

cattle fed the low NDFD cultivar. Oba and Swift (2014) fed two barley silage cultivars that 

differed by 4.4% in 30 h NDFD and while they failed to see a significant effect on DMI, there 

was an improvement in feed efficiency in the cows fed the silage with higher digestibility.  

4.5.2 Nutrient value of silages 

The CP content of all three silages was less than expected for barley silages which are 

normally in the range of 10-12% DM (Baah et al. 2011; Nair et al. 2016). This caused some 

concern when formulating rations for the lambs as it was important to ensure that the pelleted 

concentrate had enough CP to meet the nutritional requirements of the lambs. The National 

Research Council (NRC, 1985) CP requirement of lambs is based on weight, with finishing lambs 

at 30 kg requiring 14.7% CP in their diets. Our diet was slightly under this recommended 

concentration at 13% CP. McAllister et al. (1999b) fed a 15% CP diet to lambs with an average 

start weight of 21 kg, when the requirement for lambs that size is 16.9% CP. The low dietary CP 

had no adverse effects on lamb performance as ADG was 350 g d
-1

. However McAllister et al. 

(1999b) fed a pelleted ration that was 75% barley grain, allowing for higher DMI so lambs were 
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able to consume 230 g d
-1 

CP. In the present study the high silage content restricted lamb CP 

intake to only 130 g d
-1

. The slower growth observed in lambs in our growth trial is probably a 

reflection of the lower dietary CP. Mir and Mir (1993) fed diets containing as low as 11.1% CP 

(DM basis) to finishing lambs at a starting weight of 19.5 kg, and while the lambs did grow their 

growth was slower than lambs fed higher protein diets. 

During the digestibility study, wethers fed L-NDFD diets had numerically higher DMI 

consuming almost 100 g DM d
-1 

more than when fed H-NDFD. Increased dietary DM content has 

been shown to increase DMI in sheep (Worley et al. 1986), feedlot steers and dairy cows (Lahr et 

al. 1983). However NDF concentration has also been shown to affect DMI, as observed by Oba 

and Allen (2000c) where dairy cows fed low NDF diets consumed more in a day regardless of 

silage type compared to those fed high NDF diets, when the NDF content of the diets differed by 

9% (DM basis). The ADF and NDF content of L-NDFD silage were lower than that of both H- 

and I-NDFD silages. The numeric difference in DMI evened out the ADF and NDF intakes of 

lambs between treatments, as well as resulted in the higher intake of starch by lambs in L- and I-

NDFD diets. The slightly lower ADF and NDF digestibility observed in L-NDFD could be due to 

the longer duration that the rumen pH was below 5.8 and 6.0, potentially lowering the activity of 

the cellulolytic bacteria (Russell and Wilson 1996). 

Nutrient digestibility in this trial was within the range of what has been reported in other 

experiments using barley silage (McCartney and Vaage 1994; McAllister et al. 1995; 1999a). In 

these studies, NDF digestibility exhibited the greatest variation, ranging from 44.5-52% 

suggesting that there may be merit in selecting for this trait if a suitable laboratory model could 

be identified for screening of cultivars. Not much work has been done to select barley cultivars 

for increasing digestibility; rather the use of enzyme additives has been investigated. McAllister 

et al. (1999a) attempted to improve the digestibility of barley silage by the addition of enzymes 

either mixed with the silage just prior to feeding or intraruminal administration at feeding. 
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Introduction of the enzyme mixture directly into the rumen did not improve fiber digestibility, but 

mixing of the enzyme with silage did result in marginal increases in DM and NDF digestibility. 

During an in situ trial, Addah et al. (2012a) found that inoculating barley silage with a ferulic acid 

esterase producing strain of Lactobacillus buchneri, as well as L. plantarum, and L. casei 

increased NDF disappearance compared to control silage at both 24 and 48 h incubation. The 

increase in ruminal degradation was seen in the slowly degradable NDF fraction, as opposed to 

the rapid disappearing (soluble) fraction, which was lower than the uninoculated silage. 

Improving fiber digestibility through silage inoculants has proven to be difficult, but by 

identifying plant characteristics in combination with additives or inoculants one might be able to 

develop more consistent results. 

Lambs fed the L-NDFD diet spent the most time at a low pH, and had the lowest mean 

pH. Low rumen pH has been tied to decreased fiber digestion because of the decreased activity of 

fibrolytic bacteria as rumen pH decreases (Russell and Wilson 1996). The L-NDFD diets had the 

lowest NDF and ADF content and the highest level of starch intake, factors that could have 

contributed to the lower pH observed and numerically the lowest level of NDF digestibility. 

Rumen pH becomes an issue when the pH drops below 5.6, the threshold for sub-acute rumen 

acidosis, while acute acidosis is diagnosed as a pH less than 5.0 (Gonzalez et al. 2012). The 

minimum rumen pH recorded in lambs was within the threshold of sub-acute acidosis, but the 

mean rumen pH for all three silages was well above this threshold. Fiber content of the diet is 

important to stabilize the rumen environment as its slower rate of degradation modulates the 

release of VFAs and stimulates rumination and saliva production, buffering the rumen 

environment (Gonzalez et al. 2012). A lack of liver abscesses at slaughter suggests that acidosis 

was not a significant problem with any of the diets.  

The total VFA concentrations were inversely related to mean rumen pH with wethers fed 

the L-NDFD having the lowest pH and highest concentration of VFAs. The acetate to propionate 
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ratio was lowest in wethers fed L-NDFD reflecting the higher starch intake, which favours the 

more efficient production of propionate rather than acetate (Hook et al. 2010). Protozoa are 

credited with contributing to fibre breakdown in the rumen and their principle VFA products are 

acetate and butyrate, a response that correlates with the lower number of protozoa in wethers fed 

the L-NDFD diet as they also exhibited the lowest A:P ratio. 

4.5.3 Lamb performance 

Steen et al. (1998) fed grass silage at varying levels of concentrates to finishing lambs. 

Two diets had silage: concentrate ratios similar to the present performance trial, 39:61 and 45:55, 

with ADG of 64 g d
-1

 and 91 g d
-1

, much lower than what we observed. Mir and Mir (1993) fed 

100% forage diets composed of varying ratios of crested wheatgrass and alfalfa hay compared to 

a 90:10 barley grain:barley straw diet to finishing lambs, with ADG of 202 g d
-1

 on 90% barley, 

and ADG ranging from 162-201 g d
-1

 on the 100% forage diets, gains comparable to this 

experiment.  

The DMI of I-NDFD was lower than the other two diets explaining why the ADG and final 

weight was slightly lower for lambs fed the I-NDFD as compared to the other diets. This response 

may reflect the slightly higher NDF content of this diet. The lighter weights resulted in three I-

NDFD lambs grading YG1 as they were not as over finished. Final weights and hot carcass 

weights were similar to those of Borton et al. (2005), when lambs were finished on pasture to a 

target weight of 50 kg. The dressing percentages of the I-NDFD fed lambs were lower than 

desirable as the average dressing percent for lambs is generally 48 to 50% (Sungold Specialty 

Meats Ltd. 2013). The silage in the diet probably led to this as forage fed lambs tend to have 

lighter dressing weights than concentrate fed lambs due to an increase in the contribution of the 

digestive tract to total live weight (Borton et al. 2005).  

Few experiments have attempted to examine the impact of selecting for improved NDFD 

on weight gain, with most looking at the impact of this parameter on milk production (Dado and 
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Allen 1996; Oba and Swift 2014). McAllister et al. (1999a) attempted to improve the digestion of 

an 80% barley silage diet fed to beef cattle through treatment with increasing concentrations of 

fibrolytic enzymes. They found that enzyme treatment improved feed intake resulting in a slight 

increase in gain. Addah et al. (2012b) ensiled barley silage with a ferulic acid esterase producing 

strain of Lactobacillus buchneri intended to improve fiber digestion, as well as L. plantarum, and 

L. casei to evaluate the effect on growth performance of feedlot steers. The inoculant-treated 

silage lowered DMI, improving feed efficiency, as ADG of the steers was not different from 

steers fed the diets containing uninoculated silage. However when the same inoculant was applied 

to barley silage in an experiment that evaluated the interaction of the inoculant with different 

chop length (1 cm vs 2 cm) barley silage, the inoculant failed to improve steer DMI or ADG 

(Addah et al. 2014). 

4.6 Conclusion 

Silage cultivars grown at the same site did not maintain the same ranking of in vitro NDFD 

based on analysis of field samples. The lack of variation in NDFD was likely due to differences in 

stage of maturity, even though all efforts were made to harvest at identical maturity, as maturity is 

inversely related to digestibility. The experiment did not support the hypothesis that selection for 

in vitro NDFD of field samples of barley silage would result in improvements in the total tract 

digestibility or growth performance of lambs. However it was difficult to fully evaluate whether 

barley silage with higher in vitro NDFD was more digestible as there was no difference observed 

in terms of digestibility of the three barley silage cultivars selected based on in vitro NDFD of 

field silage samples, just as there was no difference in vitro. Differences were seen in the rumen 

fermentation parameters of lambs on L-NDFD (Xena) diets, such as lower A:P ratio, lower rumen 

protozoa populations, and lower rumen pH due to lower fiber and higher starch levels. The 

performance differences observed in the feeding trial with L-NDFD (Xena) fed lambs having 

higher DMI and dressing percentages than the other lambs could also be a result of the lower 

fiber and higher starch content in the diet. Optimizing animal performance by feeding barley 
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forage cultivars selected for improved NDFD based on analysis of silage could prove difficult 

owing to the myriad of factors that can influence the nutrient composition and digestibility of 

silage.    
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5.0 GENERAL DISCUSSION 
 

The overall objective of these two studies and related work (Nair et al. 2016; Nair et al. 

unpublished) was to identify a barley cultivar for silage production that would have increased 

NDF digestibility and contribute to improved production efficiency in ruminants. This possibility 

was investigated by assessing the 30 h in vitro NDFD of seven cultivars of ensiled barley forage 

ensiled on farm over two growing seasons. From these seven cultivars, three with low, 

intermediate and high NDFD were selected for the studies within this thesis.  

CDC Cowboy (H-NDFD), had the highest NDFD of the cultivars tested, (37.0 %) and 

Xena (L-NDFD) the lowest (28.8%). A cultivar that exhibited intermediate NDFD (31.1%), CDC 

Copeland (I-NDFD) was also included. All three barley cultivars selected were conventional, 

two-row, rough-awned cultivars, with CDC Cowboy and Xena being common feed type cultivars, 

while CDC Copeland is more commonly intended as a malting cultivar (Agdex 100-32 2015). 

Selection for barley cultivars based on NDFD of silage samples proved to be unsuccessful when 

the barley cultivars were planted and ensiled in a single location at Lethbridge as there was no 

difference in the NDFD among cultivars. Likewise, the same observation occurred when these 

three cultivars were planted at Saskatoon. At both locations, even the numerical differences were 

inconsistent with the rankings that were established based on 30 h in vitro digestion of field 

samples of the cultivars.  

The first study of this thesis attempted to determine if varying levels of NDFD among 

barley cultivars would alter the fermentation process during ensiling or the aerobic stability of the 

silage produced. The second study had the objective of determining the extent to which barley 

silage of differing NDFD would affect the rumen environment, silage digestibility, intake and the 

growth performance and carcass characteristics of lambs. This objective was accomplished by 

conducting a digestibility trial using rumen cannulated wethers and a lamb growth performance 



94 
 

experiment. The same three cultivars that were assessed during the ensiling experiment were used 

in the digestibility and growth performance experiments. Although the three cultivars did not 

differ in in vitro NDFD there were differences in the fermentation, chemical composition and 

aerobic stability.  

The final pH of the silages was not as low as is typically achieved with barley silage in 

either the mini- or bunker-silos. This observation did not appear to arise from a lack of WSC for 

fermentation as WSC levels increased throughout ensiling, presumably as a result of the release 

of glucose from starch. These WSC were conserved and not converted into lactate or VFA. The 

pH of H-NDFD declined more than the other cultivars, corresponding with the higher lactate and 

acetic acid levels in this silage than other cultivars (Chapter 3). This suggests that while effort 

was made to harvest all three cultivars at mid-dough stage of maturity there was some difference 

with H-NDFD being slightly more immature. The aerobic stability of the H-NDFD silage was 

lower than the other cultivars, probably due to the lower butyrate level than other silages, a VFA 

credited with increasing aerobic stability of silage (Danner et al. 2003). There is no clear 

explanation as to the cause of the lower aerobic stability of the H-NDFD, as yeast and mold 

populations were not different between the three cultivars. These differences in ensiling 

characteristics are likely a reflection of the variation in the epiphytic microbial populations 

present on different barley cultivars prior to ensiling.    

The next course of action would be to determine differences in the epiphytic populations 

through genomic analysis using PCR allowing speciation of the microbes.  Jin et al. (2016) used 

PCR to quantify Lactobacillus buchneri and L. plantarum, which would allow insight into 

whether the higher than expected pH was the result of heterofermentation in H-NDFD, and if 

clostridia species in I- and L-NDFD silages were the source of higher butyrate levels. Spadaro et 

al. (2015) used PCR to identify fungal species present in corn silage during aerobic exposure, this 
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would show whether the more rapid aerobic spoilage of H-NDFD compared to the other silages 

was the result of fungal species unique to H-NDFD.  

The effect that growing conditions has on NDF development within the plant leads to the 

understanding that potentially one might select certain cultivars for specific growing conditions. 

The three silages in this study exhibited differences in NDF and ADF content while grown under 

the same conditions (Chapter 3). Further growth trials in different locations and under different 

conditions are required to demonstrate if these differences among cultivars are consistently 

expressed. The challenge with this approach will continue to be harvesting of the cultivars at 

identical maturities to separate the impact of stage of harvest from responses in cell wall 

deposition and composition to environmental conditions. However, these factors are likely 

confounded and would be almost impossible to differentiate. As plants mature the fiber content 

increases with the thickening of the plant cell walls, resulting in a reduction in the digestibility of 

the plant cell walls as lignification of the primary cell wall occurs (Jung and Allen 1995). The 

lignification and thickening of the plant cell wall provides support to the plant to maintain it in an 

upright positon as inflorescence occurs and grain is deposited. Lodging of the plant is already a 

significant problem for barley grain producers as the barley ripens and the stems are not able to 

support the weight of the grain. Further, reducing the lignin content to increase fiber digestibility 

could increase the susceptibility of barley cultivars to lodging (Cherney et al. 1991).  

There was no difference in in vivo total tract digestion, an observation that supports the 

lack of in vitro differences. Small differences were noted in rumen fermentation, but these did not 

affect digestibility. The combination of a lower NDF and higher starch in the L-NDFD diets, 

resulted in rumen pH being lower for longer periods of time (Chapter 4), and the lower A:P ratio 

when this cultivar was fed. The only difference in lamb performance based on feeding of different 

barley silage cultivars was the lower DMI of I-NDFD fed lambs compared to the other cultivars. 

This may explain why L-NDFD lambs had a higher dressing percentage than I-NDFD fed lambs.  
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The effect of nutritional differences between silage cultivars such as the L-NDFD cultivar having 

lower NDF content compared to the other two cultivars may have been less likely to alter 

digestibility as barley silage only accounted for 50% and 40% of the diet in the digestibility and 

performance study, respectively. For this reason extent of digestion, ADG, and feed efficiency of 

lambs did not differ among barley silage cultivars despite the difference in DMI (Chapter 4).  

The low aerobic stability of the H-NDFD observed from the mini-silos could potentially 

lower the intake of those lambs. However, aerobic spoilage was not detected in the H-NDFD 

mini-silos until after 7 d exposure to oxygen. Proper face management minimized the time the 

silage in the bunker-silos were exposed to oxygen before feeding, so the silage fed during this 

study was exposed to oxygen for less than 7 d, not long enough for spoilage to occur.  

There is the possibility that breeding for changes in NDF components, such as lower 

lignin and higher hemicellulose, may lead to the development of a barley cultivar with a 

consistently high NDFD. However, breeding plants for changes in the structural makeup of the 

plant does not always produce beneficial results. Breeding for a reduction in NDF content has 

lowered forage yields in bromegrass (Bromus inermis L.) and reed canary grass (Phalaris 

arundinacea), and increased the susceptibility of maize to attack by insects (Casler and Vogel 

1999). One of the few success stories is the brown midrib (BMR) mutation in some corn cultivars 

that results in increased fiber digestibility. The bm3 corn cultivar contains a mutation that codes 

for a down-regulated COMT gene that lowers lignin concentration and increases digestible NDF 

content (Jung et al. 2012; Mechin et al. 2000; Oba and Allen 2000a). However, despite the 

potential for increasing fibre digestion, not all traits within BMR cultivars are considered 

desirable. Brown-midrib cultivars have poor agronomic fitness, are less drought tolerant and more 

susceptible to disease and insect attack and lodging (Cherney et al. 1991; Bean et al. 2013). As a 

result of these factors, the yield of BMR cultivars is often lower than conventional cultivars, 

resulting in their poor adoption.  
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The BMR trait in corn was selected from what started as a spontaneous mutation which 

has been found to be recessive (Cherney et al. 1991). The BMR trait has been induced in sorghum 

and pearl millet through chemical mutagenesis and further selection. However, this same 

selection process has proven unsuccessful for cereal grains (Cherney et al. 1991). Consequently, 

development of a BMR line of barley is likely not a realistic approach to improving NDFD in 

barley silage. One possibility is the orange lemma mutation, which codes for a reduction in the 

expression of the cinnamyl alcohol dehydrogenase gene, which reduces the lignin content similar 

to the BMR mutation (Bennett et al. 2015). However, this trait also appears to be associated with 

a reduction in yield. Increasing selection within orange lemma barley to increase yield could lead 

to development of a barley cultivar with increased NDFD and adequate DM yields to satisfy 

producers. 

There has been success in improving the feed value of other forages by selecting for 

desirable traits. Selection for bloat-resistant alfalfa produced a cultivar with a slow initial 

digestion rate (Coulman et al. 2000). The bloat-resistant cultivar AC Grazeland that was 

developed from the program did decrease the occurrence of bloat to some extent as compared to 

conventional alfalfa cultivars. However, this selection pressure also increased the rate of maturity 

of forage, thereby reducing bloat by slowing the rate of fiber digestion in the rumen (Berg et al. 

2000). Although this approach reduced the risk of bloat, it also reduced the feed value of the 

alfalfa. Time of harvest relative to the stage of maturity may have a much greater impact on 

NDFD than the cell wall characteristics of a cultivar. It is known that harvesting barley silage past 

mid-dough maturity decreases DMD and NDFD, and harvesting before mid-dough maturity 

increases digestibility but at the cost of a reduction in DM yield (Acosta et al. 1991; Bergen et al. 

1991; Khorasani et al. 1997). Therefore, a cultivar that is selected to possess a high level of 

NDFD will not be guaranteed to have the same benefit if harvested at a maturity that is later than 

what was originally used in the forage breeding process.   
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Another consideration relates to if there is sufficient demand for seed companies to invest in 

the development of a highly digestible cultivar of barley silage. Europe produces over half the 

world’s barley grain (FAOSTAT 2016), so companies would want to develop a cultivar that was 

suitable for both the European and North American market. Western Canada grows the most 

barley silage in North America, but corn silage is by far the more popular forage from a 

continental perspective. In 2011, Alberta produced 2.5 million tonnes of barley silage (AB Ag 

2013), which subsequently declined to 1.4 million tonnes in 2015 (AB Ag 2016). In 2015, 7.75 

million tonnes of Canadian barley grain was produced, representing only 6% of world barley 

grain production (FAOSTAT 2016).  Deriving profits and protecting the intellectual property 

value of cereal grains is also far more challenging as compared to controlling access to hybrid 

grains such as corn.
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6.0 GENERAL CONCLUSIONS 
 

In the way this study was conducted selection of a barley silage cultivar with the highest 

in vitro NDFD from on farm samples did not result in this ensiled cultivar exhibiting the highest 

NDFD when it was grown at a single site in Lethbridge, Alberta in the following year. Although 

there were differences in the ensiling traits and nutrients of the three barley silage cultivars 

studied, there was no difference in the digestibility of the three silages when they were fed to 

wethers fed a 50:50 silage to concentrate diet. Growing lambs fed a 40:60 silage to concentrate 

diet exhibited some differences in growth performance, but they did not arise as a result of 

differences in NDFD, rather the lower fiber content of the L-NDFD silage compared to the I-

NDFD silage was enough to increase the DMI of the L-NDFD fed lambs above that of the I-

NDFD lambs and have the same effect on the dressing percentage of the lambs.    

Being able to maximize the digestible yield of barley silage is important to livestock 

producers, when land and cost of production are expensive. Increasing digestible yield may be 

accomplished by selecting for improved NDFD of the barley cultivar, but given the results of this 

thesis will presumably be difficult to accomplish. As well, producers will not see results if they 

harvest at the wrong maturity or if they employ poor ensiling techniques. Improvements in silage 

quality from harvesting at the optimal stage of maturity and employing proper ensiling techniques 

are likely to far outweigh the gains that could be achieved by growing a cultivar with high NDFD. 

Producers are recommended to harvest at mid-dough maturity, as plant maturity has a huge 

impact on digestibility, as well as fermentation. Silage that has been ensiled properly will store 

well and provide a palatable fodder for ruminant livestock.    



100 
 

7.0 LITERATURE CITED 

 

Aasen, A. 2014a. Nutrition and management: How to make barley silage. Alberta Agriculture 

[online] Available: http://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/beef11668 [2015 

April 10] 

Aasen, A. 2014b. Nutrition and management: Selecting crops and cultivars for silage. Alberta 

Agriculture. [online] Available: 

http://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/beef11669 [2015 April 10] 

Alberta Agriculture and Forestry (AB Ag). 2016. Alberta 2015 greenfeed and silage production 

survey results. [online] Available: www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/sdd15874. 

[2016 June 30]. 

Alberta Agriculture and Forestry (AB Ag). 2013a. Forage harvester operation. [Online] 

Available: http://www.1.agric.gov.ab.ca/$department/deptdocs.nsf/all/eng7916 [2016 January 4] 

Alberta Agriculture and Forestry (AB Ag). 2013b. Alberta 2011 greenfeed and silage production 

survey results. [online] Available: www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/sdd14009. 

[2015 November 20]. 

Aboagye, I.A., Lynch, J.P., Church, J.S., Baah, J., and Beauchemin, K.A. 2015. Digestibility and 

growth performance of sheep fed alfalfa hay treated with fibrolytic enzymes and a ferulic acid 

esterase producing bacterial additive. Anim. Feed. Sci. Tech. 203: 53-66. 

Acosta, Y.M., Stalllings, C.C., Polan, C.E., and Miller, C.N. 1991. Evaluation of barley silage 

harvested at boot and soft dough stages. J. Dairy Sci. 74: 167-176. 

Adams, M.R., and Hall, C.J. 1988. Growth inhibition of food-borne pathogens by lactic and 

acetic acids and their mixtures. Int. J. Food Sci. Tech. 23: 287-292. 

Addah, W., Baah, J., Groenewegen, P., Okine, E.K., and McAllister, T.A. 2011. Comparison of 

the fermentation characteristics, aerobic stability and nutritive value of barley and corn silages 

ensiled with or without a mixed bacterial inoculant. Can. J. Anim. Sci. 91: 133-146. 

Addah, W., Baah, J., Okine, E.K., and McAllister, T.A. 2012a. A third-generation inoculant alters 

fermentation pattern and improves aerobic stability of barley silage and the efficiency of body 

weight gain of growing feedlot cattle. J. Anim. Sci. 90: 1541-1552. doi:10.2527/jas.2011-4085. 

Addah, W., Baah, J., Okine, E.K., and McAllister, T.A., 2012b. Use of thermal imaging and the 

in situ technique to assess the impact of an inocilant with feruloyl esterase activity on the aerobic 

stability and digestibility of barley silage. Can. J. Anim. Sci. 92: 381-394. 

Addah, W., Baah, J., Okine, E.K., Owens, F.N., and McAllister, T.A. 2014. Effects of chop-

length and a ferulic acid esterase-producing inoculant on fermentation and aerobic stability of 

http://www.1.agric.gov.ab.ca/$department/deptdocs.nsf/all/eng7916


101 
 

barley silage, and growth performance of finishing feedlot steers. Anim. Feed Sci. Technol. 197: 

34–46. 

Addah, W., Baah, J., and McAllister, T.A. 2016. Effects of an exogenous enzyme-containing 

inoculant on fermentation characteristics of barley silage and on growth performance of feedlot 

steers. Can. J. Anim. Sci. 96: 1-10. doi: 10.1139/cjas-2015-0079. 

Agdex 100-32. 2015. Cultivars of cereal and oilseed crops for Alberta. Agri-Facts: Practical 

information for Alberta's agriculture industry. Alberta Government. Published February 2015. 

[Online] Available: 

www.agric.gov.ab.ca/$department/deptdoc/nsf/all/agdex4069/$file/100_32_2015.pdf [2015 

December 1].  

Allen, M.S. 1997. Relationship between fermentation acid production in the rumen and the 

requirement in the rumen and the requirement for physically effective fiber. J. Dairy Sci. 80: 

1447-1462. 

Allen, M.S., Mertens, D.R., 1988. Evaluating constraints on fiber digestion by rumen microbes. J. 

Nutr. 118: 261–270. 

Amanullah, S.M., Kim, D.H., Lee, H.J., Joo, Y.H., Kim, S.B., and Kim, S.C. 2014. Effects of 

microbial additives on chemical composition and fermentation characteristics of barley silage. 

Asian-Aust. J. Anim. Sci. 27: 511-517. 

Ashbell, G. and Weinberg, Z.G. 2006. Silage production and utilization. [Online] Available: 

www.fas.org/ag/agp/AGPC/doc/silage/silage_israel/silage_israel.htm. [13 June 2014] 

Ashbell, G., Weinberg, Z.G., Hen, Y., and Filya, I. 2002. The effects of temperature on the 

aerobic stability of wheat and corn silages. J. Industrial Microbiol. Biotech. 28: 261-263. 

Baah, J., Addah, W., Okine, E.K., and McAllister, T.A. 2011. Effects of homolactic bacterial 

inoculant alone or combined with an anionic surfactant on fermentation, aerobic stability and in 

situ ruminal degradability of barley silage. Asian-Aust. J. Anim. Sci. 24: 369-378. 

Bach Knudsen, K.E. 1997. Carbohydrate and lignin contents of plant materials used in animal 

feeding. Anim. Feed Sci. Technol. 67:319-338. 

Bagg, J. 2016. Silage fermentation problems. Ontario Ministry of Agriculture, Food, and Rural 

Affairs (OMFRA). [Online] Available: www.omfra.gov.on.ca/english/crops/field/forages/silage-

ferm-prob.htm [2016 April 2] 

Baron, V.S., Dick, A.C., and Wolynetz, M.S. 1992. Characterization of barley silage – maturity 

relationship for Central Alberta. Can. J. Plant Sci. 72: 1009-1020.  

Baron, V.S. and Kibite, S. 1987. Relationships of maturity, height, and morphological traits with 

whole-plant yield and digestibility of barley cultivars. Can. J. Plant Sci. 67: 1009-1017. 

http://www.omfra.gov.on.ca/english/crops/field/forages/silage-ferm-prob.htm
http://www.omfra.gov.on.ca/english/crops/field/forages/silage-ferm-prob.htm


102 
 

Baron, V.S., Oba, M., and Aasen, A. 2008. Challenges for growing corn silage suitable for the 

dairy industry in a northern climate. Advances Dairy Tech. 20: 181-192. 

Baron, V.S., Okine, E., and Dick, A.C. 2000. Optimizing yield and quality of cereal silage. 

Advances Dairy Tech. 12: 351-367. 

Bennett, A.E., Grussu, D., Kam, J., Caul, S., and Halpin, C. 2015. Plant lignin content altered by 

soil microbial community. New Phytologist. 206: 166-174. Doi: 10.1111/nph.13171  

Berg, B.P. Majak, W., McAllister, T. A., Hall, J.W.,  McCartney, D., Coulman, B.E., Goplen, 

B.P., Acharya, S.N., Tait, R.M., and Cheng, K.-J. 2000. Bloast in cattle grazing alfalfa cultivars 

selected for a low initial rate of digestion: a review. Can. J. Plant Sci. 80: 493-502. 

Bergen, W.G., Byrem, T.M., and Grant, A.L. 1991. Ensiling characteristics of whole-crop small 

grains harvested at milk and dough stages. J. Anim. Sci. 69: 1766-1774. 

Bernes, G., Turner, T., and Pickova, J., 2012. Sheep fed only silage or silage supplemented with 

concentrates 2. Effects on lamb performance and fatty acid profile of ewe milk and lamb meat. 

Small Rumin. Res. 102: 114–124. 

Bolsen, K.K., Dickerson, J.T., Brent, B.E., Sonon Jr., R.N., Dalke, B.S., Lin, C., and Boyer Jr., 

J.E. 1993. Rate and extent of top spoilage losses in horizontal silos. J. Dairy Sci. 76: 2940-2962. 

Borreani, G., and Tabacco, E. 2014. Improving corn silage quality in the top layer of farm bunker 

silos through the use of a next-generation barrier film with high impermeability to oxygen. 

J.Dairy Sci. 97: 2415-2426. 

Borton, R.J., Loerch, S.C., McCLure, K.E., and Wulf, D.M. 2005. Comparison of characteristics 

of lambs fed concentrate or grazed on ryegrass to traditional or heavy slaughter weights. I. 

Prodution, carcass, and organoleptic characteristics. J. Anim. Sci. 83:679-685. 

British Columbia Ministry of Agriculture. 2015. Barley cultivar descriptions and central BC 

recommendations. [Online] Available: http://www.al.gov.bc.ca/forage/publications/barley.htm.  

[2015 September 3].   

Brito, A.F., Tremblay, G.F., Lapierre, H., Bertrand, A., Castonguay, Y., Belanger, G., Michaud, 

R., Benchaar, C., Ouellet, D.R., and Berthiaume, R. 2009. Alfalfa cut at sundown and harvested 

as baleage increases bacterial protein synthesis in late-lactation dairy cows. J. Dairy. Sci. 92: 

1092-1107. 

Broderick G.A., and Kang, J.H. 1980. Automated simultaneous determination and total amino 

acids in ruminal fluid and in vitro media. J. Dairy Sci. 63: 64-75. 

Burgess, P.L., Nicholson, J.W.G., and Grant, E.A. 1973. Yield and nutritive value of corn, barley, 

wheat and forage oats as silage for lactating dairy cows. Can. J. Anim. Sci. 53: 245-250. 

http://www.al.gov.bc.ca/forage/publications/barley.htm


103 
 

Canada Council of Animal Care (CCAC), 1997. CCAC guidelines on animal use protocol review. 

Ottawa, ON. [Online] Available: 

http://www.ccac.ca/Documents/Standards/Guidelines/Protocol_Review.pdf. [2015 Oct. 1]. 

Cannas, A., Tedeschi, L.O., Fox, D.G., Pell, A.N. and Van Soest, P.J. 2004. A mechanistic model 

for predicting the nutrient requirements and feed biological values for sheep. J. Anim. Sci. 82: 

149-169. 

Charmley, E. 2001. Towards improved silage quality – a review. Can. J. Anim. Sci. 81: 157-168. 

Charmley, E. and Veira, D.M. 1991. The effect of heat-treatment and gamma radiation on the 

composition of unwilted and wilted lucerne silages. Grass Forage Sci. 46: 381-390. 

Cheli, F., Campagnoli, A., and Dell'Orto, V. 2011. Fungal populations and mycotoxins in silages: 

from occurrence to analysis. Anim. Feed Sci. Tech. 183: 1-16. doi: 

10.1016/j.anifeedsci.2013.01.013 

Cherney, J.H., Cherney, D.J.R., Akin, D.E., and Axtell, J.D. 1991. Potential of brown-midrib, 

low-lignin mutants for improving forage quality. Advances in Agron. 46: 157-198. 

Cherney, D.J.R., Cherney, J.H., and Cox, W.J. 2004. Fermentation characteristics of corn forage 

ensiled in mini-silos. J. Dairy Sci. 87: 4238-4246.  

Cherney,, J.H., and Marten, G.C. 1982. Small grain crop forage potential: II. interrelationships 

among biological, chemical, morphological and anatomical determinants of quality. Crop. Sci. 

22: 240-245. 

Chow, L.O., Baron, V.S., Corbett, R., and Oba, M., 2008. Effects of planting date on fiber 

digestibility of whole-crop barley and productivity of lactating dairy cows. J. Dairy Sci. 91, 

1534–1543. 

Christensen, D.A., Owen, B.D., Crowle, W.I., and Mtimuni, J.P. 1977. Nutritive value of whole 

crop silage made from seven cereal cultivars. Can. J. Anim. Sci. 57: 537-542. 

Coleman, S.W., Gallavan, R.H., Williams, C.B., Phillips, W.A., Volesky, J.D., Rodriguez, S., and 

Bennett, G.L. 1995. Silage of limit-fed grain growing diets for steers: 1. Growth and carcass 

quality. J. Anim. Sci. 73: 2609-2620. 

Colucci, P.E., Chase, L.E., and Van Soest, P.J. 1982. Feed intake, apparent diet digestibility, and 

rate of particulate passage in dairy cattle. J Dairy Sci. 65: 1445-1456. 

Colucci, P.E., MacLeod, G.K., Grovum, W.L., McMillan, I., and Barney, D.J. 1990. Digesta 

kinetics in sheep and cattle fed diets with different forage to concentrate ratios at high and low 

intakes. J. Dairy Sci. 73: 2143-2156. 

Conaghan, P., O'Kiely, P. O., and O'Mara, F. P. 2010. Conservation characteristics of wilted 

perennial ryegrass silage made using biological or chemical additives. J. Dairy Sci. 93: 628-643. 

doi:10.3168/jds.2008-1815. 



104 
 

Cooke, K.M., and Bernard, J.K. 2005. Effect of length of cut and kernel processig on use of corn 

silage by lactating dairy cows. J. Dairy Sci. 88: 310-316. 

Cox, W.J., Cherney, J.H., Cherney, D.J.R., and Pardee, W.D. 1994. Forage quality and harvest 

index of corn hybrids under different growing conditions. Agron. J. 86: 277-282. 

Czuprynski, C.J. 2005. Listeria monocytogenes: silage, sandwiches and science. Animal Health 

Research Reviews 6: 211-217. doi: 10.1079/AHR2005111. 

Dado, R.G., and Allen, M.S. 1996. Enhanced intake and production of cows offered ensiled 

alfalfa with higher neutral detergent fiber digestibility. J. Dairy Sci. 79: 418-428. 

Danner, H. Holzer, M., Mayrhuber, E., and Braun, R. 2003. Acetic acid increases stability of 

silage under aerobic conditions. Appl. Envir. Microbiol. 69: 562-567. Doi: 

10.1128/AEM.69.1.562-567.2003 

Davidson,T.R., and Stevenson, K.R. 1973. Influence of formic acid and formalin on quality of 

direct cut alfalfa silage. Can. J. Plant Sci. 53: 75-79. 

Dolci, P., Tabacco, E., Coclin, L., and Borreani, G. 2011. Microbial dynamics during aerobic 

exposure of corn silage stored under oxygen barrier or polyethylene films. Appl. Envir. 

Microbiol. 77: 7499-7507. doi: 10.1128/AEM.05050-11. 

Downing, T.W., Buyserie, A., Gamroth, M., and French, P. 2008. Effect of water soluble 

carbohydrates on fermentation characteristics of ensiled perennial ryegrass. Prof. Anim. Sci. 24: 

35-39. 

Driehuis, F. Oude Elfrink, S.J.W.H., and Spoelstra, S.F. 1999. Anaerobic lactic acid degradation 

during ensilage of whole crop maize inoculated with Lactobacillus buchneri inhibits yeast growth 

and improves aerobic stability. J. App. Microbiol. 87: 583-594. 

Driehuis, F. Oude Elfrink, S.J.W.H., and Van Wikselaar, P.G. 2001. Fermentation characteristics 

and aerobic stability of grass silage inoculated with Lactobacillus buchneri, with or without 

homofermentative lactic acid bacteria. Grass Forage Sci. 56: 330-343. 

Duniere, L., Sindou, J., Chaucheyras-Durand, F., Chevallier, I., and Thevenot-Sergentet, D., 

2013. Silage processing and strategies to prevent persistence of undesirable microorganisms. 

Anim. Feed Sci. Technol. 183, 1–15. 

El Hag, M.G., Vetter, R.L., Kenealy, R.M., and Smith, R.J. 1982. Evaluation of a model 

laboratory silo. J. Dairy Sci. 65: 250-258. 

Fahey, G.C Jr., and Hussein, H.S. 1999. Forty years of forages quality research: 

Accomplishments and impact from an animal nutrition perspective. Crop Sci. 39: 4-12. 

FAOSTAT. 2015. Food and Agriculture Organization of the United Nations (FAO) Statistics 

Division. [Online] Available: http://faostat3.fao.org. [2016 June 30].  

http://faostat3.fao.org/


105 
 

Fedko, A. 2015. Cultivars of cereal and oilseed crops for Alberta. Alberta Agriculture and Rural 

Development. Agdex 100/32-1. [Online] Accessed: 

http://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex14708 [2015August 19] 

Fisher, L.J., and Fowler, D.B. 1975. Predicted forage value of whole plant cereals. Can. J. Plant 

Sci. 55: 975-986. 

Galyean, M.L. and Defoor, P.J. 2003. Effects of roughage source and level on intake by feedlot 

cattle. J. Anim.Sci. 81: E8-E16. 

Garces-Yepez, P., Kunkle, W.E., Bates, D.B., Moore, J.E., Thatcher, W.W., and Sollenberger, 

L.E. 1997. Effects of supplementel energy source and amount on forage intake and performance 

by steers and intake and diet digestibility by sheep. J. Anim. Sci. 75: 1918-1925. 

Gill, K.S., Omokanye, A.T., Pettyjohn, J.P., and Elsen, M., 2013. Evaluation of forage type 

barley cultivars for forage yield and nutritive value in the peace region of Alberta. J. Agric. Sci. 5. 

doi:10.5539/jas.v5n2p24 

Goering, H.K., and Van Soest, P.J. 1970. Forage fiber analyses (apparatus, reagents, procedures, 

and some applications). Agric. Handbook 379. ARS, USDA, Washington, DC. 

Gonzalez, L.A., Manteca, X., Calsamiglia, S., Schwartzkopf-Genswein, K.S., and Ferret, A. 

2012. Ruminal acidosis in feedlot cattle: interplay between feed ingredients, rumen functions and 

feeding behaviour (a review). Anim. Fee Sci. Tech. 172: 66-79. 

Grant, R.J. 1994. Influence of corn and sorghum starch on the in vitro kinetics of forage fiber 

digestion. J. Dairy Sci. 77: 1563-1569. 

Grant, R.J., Haddad, S.G., Moore, K.J., and Pedersen, J.F. 1995. Brown midrib sorghum silage 

for midlactation dairy cows. J. Dairy Sci. 78: 1970-1980. 

Hall, M., Bansal, P., Lee, J.H., Realff, M.J., and Bommarius, A. S. 2010. Celluloase crystallinity 

– a key predictor of the enzymatic hydrolysis rate. FEBS J. 277: 1571-1582. 

Hatfield, R.D. 1993. Cell wall polysaccharide interactions and degradability. in Forage Cell Wall 

Structure and Digestibility. ASA-CSSA-SSSA. Madison, WI. USA.  

Hatfield, R.D., Jung, H.-J. G., Broderick, G., Jenkins, T.C. 2007. Nutritional chemistry of 

forages. Pp.467-485. In R.F. Barnes et al. (ed.), Forages: The Sciences of grassland agriculture. 

Vol. 2. 6
th
 ed. Blackwell publishing, Ames, Iowa. 

Henderson, N.1993. Silage additives. Anim. Feed Sci. Tech. 45: 35-56. 

Holden, L.A. 1999. Comparison of methods of in vitro dry matter digestibility for ten feeds. J. 

Dairy Sci. 82: 1791-1794. 

Holzer, M., Mayrhuber, E., Danner, H., and Braun, R. 2003. The role of Lactobacillus buchneri 

in forage preservation. TRENDS in Biotechnology. 21:282-288. Doi: 10.1016/S0167-

7799(03)00106-9 

http://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex14708


106 
 

Hook, S.E., A.-D.G. Wright, and B.W. McBride. 2010. Methanogens: Methane producers of the 

rumen and mitigation strategies. Archaea. Article ID 945785: 1-11. 

Horvey, R. 2003. Making good silage- frequently asked questions. Alberta Agriculture and 

Forestry. [Online] Accessed: www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/faq7051. 2016 

February 8. 

Hristov, A.N. and McAllister, T.A. 2002. Effect of inoculants on whole-crop barley silage 

fermentation and dry matter disappearance in situ. J. Anim. Sci. 80: 510-516. 

Huhtanen, P., Ahvenjarvi, S., Weisbjerg, M.R., Norgaard, P. 2006. Digestion and passage of fibre 

in ruminants. In: Sejrsen, K., Hvelplund, T., and Nielsen, M.O. (eds.) Ruminant physiology: 

Digestion, metabolism, and impact of nutrition in gene impression, immunology, and stress. 

Wageningen Academic Publishers, Wageningen, the Netherlands, p. 87-135. 

Hunerberg, M., McGinn, S.M., Beauchemin, K.A., Okine, E.K., Harstad, O.M., McAllister, T.A. 

2013. Effect of dried distillers’ grains with solubles on enteric methane emissions and nitrogen 

excretion from finishing beef cattle. Can. J. Anim. Sci. 93: 373-385.  doi 10.4141/cjas2012-151. 

Inglis, G.D., Yanke, L.J., Kawchuk, L.M., McAllister, T.M. 1999. The influence of bacterial 

inoculants of the microbial ecology of aerobic spoilage of barley silage. Can. J. Micobiol. 45: 77-

87.  

Jin, L., Duniere, L., Lynch, J.P., McAllister, T.A., Baah, J., and Wang, Y. 2015. Impact of ferulic 

acid esterase producing lactobacilli and fibrolytic enzymes on conservation characteristics, 

aerobic stability and fiber degradability of barley silage. Anim. Feed Sci. Tech. 207: 62-74. 

Jin, L., Duniere, L., Lynch, J.P., Zaheer, R., Turkington, K., Blackshaw, R.E., Lupwayi, N.Z., 

O`Donovan, J.T., Harker, K.N., McAllister, T.A., Baah, J., and Wang, Y. 2016. Impact of ferulic 

acid esterase-producing lactobacilli and fibrolytic enzymes on ensiling and digestion kinetics of 

mixed small-grain silage. Grass Forage Sci. (In press). Doi: 10.1111/gfs.12217. 

Johnson, L., Harrison, J.H., Hunt, C., Shinners, K., Doggett, C.G., and Sapienza, D. 1999. 

Nutritive value of corn silage as affected by maturity and mechanical processing: a contemporary 

review. J. Dairy Sci. 82: 2813-2825. 

Jung, H.G., and Allen, M.S. 1995. Characteristics of plant cell walls affecting intake and 

digestibility of forages by ruminants. J. Anim. Sci. 73: 2774-2790. 

Jung, H.J., Samac, D.A., and Sarath, G. 2012. Modifying crops to increase cell wall digestibility. 

Plant Science. 185: 65-77. 

Juskiw, P., Swwift, M.L., Helm, J., Nyachiro, J., Salmon, D., Alijarrah, M., Oba, M., and Pitz, W. 

2014. Increasing silage yield and quality. Alberta Beef Producers, Research Facts. Project code: 

0007-054.  

Kansas State Agricultural College (KSAC). 1889. Silos and silage. Bulletin No. 6. Kansas 

Publishing House: Clifford C. Baker, State printer. Topeka, KS. 



107 
 

Keady, T.W.J., Hanrahan, J.P., Marley, C.L. and Scollan, N.D. 2013. Production and utilization 

of ensiled forages by beef cattle, dairy cows, pregnant ewes and finishing lambs – A review. 

Agric. Food Sci. 22: 70-92. 

Khan, S.H., Shahzad, M.A., Nisa, M., and Sarwar, M. 2011. Nutrients intake, digestibility, 

nitrogen balance andgrowth performance of sheep fed different silages with or without 

concentrate. Trop. Anim. Health Prod. 43: 795-801. 

Khorasani, G.R., and Kennelly, J.J. 1997. Optimizing cereal silage quality. Proc. of the 1997 

Western Canadian Dairy Seminar. 9: 249. 

Kleinschmit, D.H., and Kung, L. Jr. 2006. A meta-analysis of the effects of Lactobacillus 

buchneri on the fermentation and aerobic stability of corn and grass and small-grain silages. J. 

Dairy Sci. 89: 4005-4013. 

Koenig K.M., and Beauchemin, K.A. 2011. Optimum extent of barley grain processing and 

barley silage proportion in feedlot cattle diets: growth, feed efficiency, and fecal characteristics. 

Can. J. Anim. Sci. 91: 411-422.  

Krajcarski-Hunt, H., Plaizier, J.C., Walton, J.-P., Spratt, R., and McBride, B.W. 2002. Short 

communications: Effect of subacute ruminal acidosis on in situ digestion in lactating dairy cows. 

J. Dairy Sci. 85: 570-573. 

Kudo, H., Cheng, K.-J., and Costerton, J.W. 1987. Interactions between Treponema bryantii and 

cellulolytic bacteria in the in vitro degradation of straw cellulose. Can. J. Microbiol. 33: 244-248. 

Kung, Jr., L., and Muck, R.E. 2015. Silage additives: where are we going? Proceedings of the 

XVII International Silage Conference. Brazil.  

Kung, Jr. L. and Ranjit, N.K. 2001. The effect of Lactobacillus buchneri and other additives on 

the fermentation and aerobic stability of barley silage. J. Dairy Sci. 84: 1149-1155. 

Lahr, D.A., Otterby, D.E., Johnson, D.G., Linn, J.G., and Lundquist, R.G. 1983. Effects of 

moisture content of complete diets on feed intake and milk production by cows. J. Dairy Sci. 

66:1892-1900. 

Lindgren, S., Pettersson, K., Kaspersson, A., Jonsson, A.,and  Lingvall, P. 1985. Microbial 

dynamics during aerobic deterioration of silages. J. Sci. Food Agric. 36: 765-774. 

Lopes, F., Cook, D.E., and Combs, D.K. 2015. Validation of an in vitro model for predicting 

rumen and total-tract fiber digestibility in dairy cows fed corn silages with different in vitro 

neutral detergent fiber digestibilities at two levels of dry matter intake. J.Dairy Sci. 98: 574-585. 

doi: 10.3168/jds.2014-8661. 

Lynch, J.P., Lin, J., Lara, E.C., Baah, J., and Beauchemin, K.A. 2014. The effect of exogenous 

fibrolytic enzymes and a ferulic acid esterase-producing inoculant on the fibre degradability, 

chemical composition and conservation characteristics of alfalfa silage. Anim. Feed Sci. Tehc. 

193: 21-31. doi 10.1016/j.anifeedsci.2014.03.013  



108 
 

Lynch, J.P., Baah, J., and Beauchemin, K.A. 2015. Conservation, fiber digestibility, and nutritive 

value of corn harvested at 2 cutting heights and ensiled with fibrolytic enzymes, either alone or 

with a ferulic acid esterase-producing inoculant. J. Dairy Sci. 98: 1214-1224. 

Marita, J.M., Vermerris, W., Ralph, J., and Hatfield, R.D., 2003. Variations in the cell wall 

composition of maize brown midrib mutants. J. Agric. Food Chem. 51, 1313–1321. 

doi:10.1021/jf0260592 

McAllister, T.A., Feniuk, R., Mir, Z., Mir, P., Selinger, L.B., and Cheng, K.-J. 1998. Inoculants 

for alfalfa silage: effects on aerobic stability, digestibility, and the growth performance of feedlot 

steers. Livest. Prod. Sci. 53: 171-181. 

McAllister, T.A., Oosting, S.J., Popp, J.D., Mir, Z., Yanke, L.J., Hristov, A.N., Treacher, R.J., 

and Cheng, K.-J. 1999a. Effect of exogenous enzymes on digestibility of barley silage and growth 

performance of feedlot cattle. Can J. Anim. Sci. 79: 353-360. 

McAllister, T.A. Selinger, L.B., McMahon, L.R., Bae, H.D., Lysyk, T.J., Oosting, S.J., and 

Cheng, K.J. 1995. Intake, digestibility, and aerobic stability of barley silage inoculated with 

mixtures of Lactobacillus plantarum and enterococcus faecium. Can. J Anim. Sci. 75: 425-432. 

McAllister, T.A., Stanford, K., Wallins, G.L., Reaney, M.J.T., and Cheng, K.-J. 1999b. Feeding 

value for lambs of rapeseed meal arising from biodiesel production. Anim. Sci. 68: 183-194. 

McCartney D.H., and Vaage, A.S. 1994. Comparative yield and feeding value of barley, oat and 

triticale silages. Can. J. Anim. Sci. 74: 91-96. 

McDonald, P.  Henderson, A.R., and Heron, S.J.E. 1991. The Biochemistry of Silage. 2nd ed. 

Chalcombe Publications. Marlow, Bucks, UK. 

McEniry, J., King, C., and O’Kiely, P. 2013. Silage fermentation characteristics of three common 

grassland species in response to advancing stage of maturity and additive application. Grass and 

Forage Science. 69: 393-404. doi 10.1111/gfs.12038. 

McKenzie, R.H., Middleton, A.B., DeMulder, J., and Bremer, E. 2004. Fertilizer response of 

barley silage in southern and central Alberta. Can. J. Soil Sci. 84: 133-147. 

Mechin, V., Argillier, O., Menanteau, V., Barriere, Y., Mila, I., Pollet, B., and  Lapierre, C., 

2000. Relationship of cell wall composition to in vitro cell wall digestibility of maize inbred line 

stems. J. Sci. Food Agric. 80, 574–580. 

Mertens, D.R. 1997. Creating a system for meeting the fiber requirements of dairy cows. J. Dairy 

Sci. 80: 1463-1481. 

Mertens, D.R., 1987. Predicting intake and digestibility using mathematical models of ruminal 

function. J. Anim. Sci. 64: 1548–1558.  

Mertens, D.R., and Loften, J.R. 1980. The effect of starch on forage fiber digestion kinetics in 

vitro. J. Dairy Sci. 63: 1437-1446. 



109 
 

Mills, J.A., and Kung Jr., L. 2002. The effect of delayed ensiling and application of a propionic 

acid-based additive on the fermentation of barley silage. J. Dairy Sci. 85: 1969-1975.   

Mir, P.S., and Mir, Z. 1993. Growth of and digestibility by sheep fed diets comprising mixtures 

of grass and legume hay compared with those fed high-grain diets. Can. J. Anim. Sci. 73: 101-

107. 

Monteils, V. and Jurjanz, S. 2005. Ruminal degradability of corn forages depending on the 

processing method employed. Anim. Res. 54: 3-15. 

Moore, K. J., and Jung, H.G. 2001. Lignin and fiber digestion. J. Range Manage. 54: 420-430.  

Moran, J. 2005. Making quality silage. In Tropical dairy farming: feeding management for small 

holder dairy farmers in the humid tropics. Landlinks Press. pp. 312-327. 

Muck, R.E., and Holmes, B.J. 2000. Factors affecting bunker silo densities. Appl. Eng. Agric. 16: 

613-619. 

Muck, R.E., Moser, L.E., Pitt, R.E. 2003. Postharvest factors affecting ensiling. p. 251-304. In 

Silage science and technology. Agron. Monogr. 42. ASA, CSSA, and SSSA Madison, WI 

Nadeau, E.M.G., Buxton, D.R., Lindgren, E., and  Lingvall, P. 1996. Kinetics of cell-wall 

digestion of orchardgrass alfalfa silages treated with cellulase and formic acid. J. Dairy Sci. 79: 

2207-2216. 

Nair, J., Christensen, D., Yu, P., Beattie, A., McAllister, T., Damiran, D., Preston, N., Fuhr, L., 

and McKinnon, J.J. 2016. A nutritional evaluation of common barley cultivars grown for silage 

by beef and dairy producers in western Canada. Can. J. Anim. Sci. (in press) 

National Research Council (NRC). 1985. Nutrient Requirements of Sheep. 6
th
 ed. National 

Academy Press, Washington, DC. 

National Research Council (NRC). 2000. Nutrient Requirements of Beef Cattle. 7
th
 ed. National 

Academy Press, Washington, DC. 

Nelson, W.F. and Satter, L.D. 1992. Impact of stage of maturity and method of preservation of 

alfalfa on digestion in lactating dairy cows. J. Dairy Sci. 75: 1571-1580. 

Nocek, J.E. and Russell, J.B. 1988. Protein and energy as an integrated system. Relationship of 

ruminal protein and carbohydrate availability to microbial synthesis and milk production. J. Dairy 

Sci. 71: 2070-2107. 

Noor Hasyierah, M.S., Zulkali, M.M.D., and  Ku Syahidah, K.I., 2008. Ferulic acid from 

lignocellulosic biomass: review. Presented at the Malaysian Universities Conferences on 

Engineering and Technology, Putra Brasmana, Perlis, Malaysia. 

Noziere, P., Ortigues-Marty, I., Loncke, C., and Sauvant, D. 2010. Carbohydrate quantitative 

digestion and absorption in ruminants: from feed starch and fibre to nutrients available for tissues. 

Animal. 4: 1057-1074. Doi:10.1017/S1751731110000844. 



110 
 

Oba, M., and Allen, M.S. 2011. The impact of improving NDF digestibility of corn silage on 

dairy cow performance. Proc. 22
nd

 annual Florida Ruminant Nutrition Symposium. Gainesville, 

FL. 

Oba, M., and  Allen, M.S. 1999a. Effects of brown midrib 3 mutation in corn silage on dry matter 

intake and productivity of high yielding dairy cows. J. Dairy Sci. 82, 135–142.  

Oba, M. and Allen, M.S. 1999b. Evaluation of the importance of the digestibility of neutral 

detergent fiber from forage: Effects on dry matter intake and milk yield of dairy cows. J Dairy 

Sci. 82: 589-596.  

Oba, M., and  Allen, M.S. 2000a. Effects of brown midrib 3 mutation in corn silage on 

productivity of dairy cows fed two concentrations of dietary neutral detergent fiber: 1. feeding 

behavior and nutrient utilization. J. Dairy Sci. 83, 1333–1341. 

Oba, M., and  Allen, M.S. 2000b. Effects of brown midrib 3 mutation in corn silage on 

productivity of dairy cows fed two concentrations of dietary neutral detergent fibre: 2. Chewing 

activities. J. Dairy Sci. 83, 1342–1349. 

Oba, M., and  Allen, M.S. 2000c. Effects of brown midrib 3 mutations in corn silage on 

productivity of dairy cows fed two concentrations of dietary neutral detergent fiber: 3. 

Digestibility and Microbial Efficiency. J. Dairy Sci. 83, 1350–1358. 

Oba, M., and Swift, M.L. 2014. Short communication: Effects of feeding Falcon or Tyto whole 

plant barley silage on milk production and feed efficiency. Can. J. Anim. Sci. 94: 151-153. 

O'Kiely, P., and Wilson, R.K. 1991. Comparison of three silo types used to study in-silo 

processes. Irish J. Agr. Res. 30: 53-60. 

Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA). 2009. Forages: harvest and 

storage. Ontario Ministry of Agriculture, Food, and Rural Affairs. [Online] Available: 

http://www.omfra.gov.on.ca/english/crops. [2016 February 18]. 

Oude Elferink, S.J.W.H., Krooneman, J., Gottschal, J.C., Spoelstra, S.F., Faber, F., and Driehuis, 

F. 2001. Anaerobic conversion of lactic acid to acetic acid and 1,2-propandiol by Lactobacillus 

buchneri. Appl. Envir. Microbiol. 67: 125-132. 

Owens, F.N., Secrist, D.S., Hill, W.J., and Gill, D.R. 1998. Acidosis in cattle: a review. J. Anim. 

Sci. 76: 275-286. 

Owens, V.N, Albrecht, K.A., Muck, R.E., and Duke, S.H. 1999. Protein degradation and 

fermentation characteristics of red clover and alfalfa silage harvested with varying levels of total 

nonstructural carbohydrates. Crop Sci. 39: 1873-1880. 

Perez Chala, A., de Saad, A.M.S., Pesce de Rulz Holgado, A., and Oliver, G. 1994. Influence of 

propionate on growth and fermentative activity of lactobacilli. J. Appl. Bacteriology. 77: 134-

139. 



111 
 

Pitt, R.E., and  Muck, R.E. 1993. A diffusion model of aerobic deterioration at the exposed face 

of bunker silos. J. Agric. Engng. Res. 55: 11-26. 

Preston, N.G., Nair, J., Yu, P., Christensen, D, McKinnon, J.J., and McAllister, T. 2015. 

Selection of forage barley (Hordeum vulgare L.) for improved NDF degradability. ADSA-ASAS 

Joint Annual Meeting. July 12-16. Orlando, FL. Poster. 

Preston, N.G., Nair, J., Yu, P., Christensen, D.A., McKinnon, J.J., and McAllister, T.A. 2016. 

Ensiling barley cultivars selected for varied levels of in vitro neutral detergent fiber degradability. 

Can. J. Anim. Sci. (In press)  

Rosser, C.L., Gorka, P., Beattie, A.D., Block, H.C., McKinnon, J.J., Lardner, H.A., and Penner, 

G.B. 2013. Effect of maturity at harvest on yield, chemical composition, and in situ degradability 

for annual cereals used for swath grazing. J. Anim. Sci. 2013. 91: 3815-3826. doi: 

10.2527/jas2012-5677. 

Russell, J.B., and Wilson, D.B. 1996. Why are ruminal cellulolytic bacteria unable to digest 

cellulose at low pH? J. Dairy Sci. 79: 1503-1509. 

Rustas, B.-O., Norgaard, P., Jalali, A.R., and Nadeau, E. 2009. Effects of physical form and stage 

of maturity at harvest of whole-crop barley silage on intake, chewing activity, diet, selection and 

faecal particle size of dairy steers. Animal. 4: 67-75.doi: 10.1017/S1751731109990887. 

SAS Institute Inc. 2009. SAS/STAT® 9.2 User`s Guide, 2
nd

 Ed. Cary, NC. 

Saskatchewan Ministry of Agriculture. Undated. Crops for silage production (Factsheet). [April 

9, 2015] 

Savoie, P., and Jofiet, J.C. 2003. Silage storage. pp 405-468. In Silage science and technology. 

Agron. Monogr. 42. ASA, CSSA, and SSSA Madison, WI. 

Saxton, A.M. 1998. A macro for converting mean separation output to letter groupings in Proc 

Mixed. In Proc. 23
rd

 SAS Users Group Intl., SAS Institute, Cary, NC, p1243-1246. 

Schaeffer, D.M., Brotz, P.G., Arp, S.C., and Cook, D.K. 1989. Inoculation of corn silage and 

high-moisture corn with lactic acid bacteria and its effect on the subsequent fermentations and on 

feedlot performance of beef steers. Anim. Feed Sci. Tech. 25: 23-38. 

Sewell, J.R., Berger, L.L., Nash, T.G., Cecava, M.J., Coane, P.H., Dunn, J.L., Dyer, M.K., and 

Pyatt, N.A. 2009. Nutrient digestion and performance by lambs and steers fed thermochemically 

treated crop residues. 87: 1024-1033. doi:10.2527/jas.2008-0974.  

Sheaffer, C.C., Rasmusson, D.C., and Simmons, S.R. 1994. Forage yield and quality of 

semidwarf barley. Crop Sci. 34: 1662-1665. 

Sheepbytes Ration Balancer. 2013. Alberta Lamb Producers. [Online] Available: 

www.sheepbytes.ca 

http://www.sheepbytes.ca/


112 
 

Sheperd, A.C., and Kung, L. Jr. 1996a. An enzyme additive for corn silage: effects on silage 

composition and animal performance. J. Dairy. Sci. 79: 1760-1766.  

Sheperd, A.C., and Kung, L. Jr. 1996b. Effects of an enzyme additive on composition of corn 

silage ensiled at various stages of maturity. J. Dairy Sci. 79: 1767-1773. 

Soita, H.W., Christensen, D.A., McKinnon, J.J., and Mustafa, A.F. 2002. Effects of barley silage 

of different theoretical cut length on digestion kinetics in ruminants. Can. J. Anim. Sci. 82: 207-

213. 

Sousa, D.O., Mesquita, B.S., Diniz-Magalhaes, J., Bueno, I.C.S., Mesquita, L.G., and Silva, 

L.F.P. 2014. Effect of fiber digestibility and conservation method on feed intake and the ruminal 

ecosystem of growing steers. J. Anim. Sci. 92: 5622-5634. Doi: 10.2527/jas2014-8016. 

Spadaro, D., Bustos-Lopez, M.P., Gullino, M.L., Piano, S., Tabacco, E., and Borreani, G. 2015. 

Evolution of fungal populations in corn silage conserved under polyethylene or biodegradable 

films. J. Appl. Microbiol. 119: 510-520. Dio: 10.1111/jam.12852. 

Spoelstra, S. F., Courtin, M. G., and van Beers, J. A. C. 1988. Acetic acid bacteria can initiate 

aerobic deterioration of whole crop maize silage. J. Agric. Sci. Camb. 111: 127-132. 

Steen, R.J.W., Johnston, S.D., Kilpatrick, D.J., and Chestnutt, D.M.B. 1998. Responses in the 

growth of body components of finishing lambs to additional metabolizable energy supplied from 

either grass silage or concentrates. Anim. Sci. 67: 503-512. doi: 10.1017/S1357729800032938. 

Sungold Specialty Meats Ltd. Undated. [Online] Available: 

http://www.sungoldmeats.com/producers/faqs/ [2013 November 1] 

Taylor, C.C., Ranjit, N.J., Mills, J.A., Neylon, J.M., and Kung Jr., L. 2002. The effect of treating 

whole-plant barley with Lactobacillus buchneri 40788 on silage fermentation, aerobic stability, 

and nutritive value for dairy cows. J. Dairy Sci. 85: 1793-1800. 

Tilley, J.M.A., and Terry, R.A. 1963. A two stage technique for the in vitro digestion of forage 

crops. J. Br. Grassl. Soc. 18: 104-111. 

Tine, M.A., Mcleod, K.R., Erdman, R.A., and Baldwin, R.L. 2001. Effects of brown midrib corn 

silage on the energy balance of dairy cattle. J. Dairy Sci. 84: 885-895. 

Uchida, S., Kim, K.H., and Yun, I.S. 1989. The effect of wilting on silage making from the 

viewpoint in connection with monsoon Asia (a review). Asian-Australas J. Anim. Sci. 2: 43-49. 

University of Nebraska Lincoln (UNL) Extension. 2016. [2016 February 9] 

Vaage, A.S., McCartney, D.H., McKinnon, J.J., and Bergen, R.D. 1998. Effect of prolonged 

backgrounding on growth performance and carcass composition of crossbred steers. Can. J. 

Anim. Sci. 78: 359-367. 

http://www.sungoldmeats.com/producers/faqs/


113 
 

Van Soest, P.J. 1965. Symposium on factors influencing the voluntary intake of herbage by 

ruminants: voluntary intake in relation to chemical composition and digestibility. J. Anim. Sci. 

24: 832-843. 

Van Soest, P.J., Robertson, J.B., and Lewis, B.A. 1991. Methods for dietary fiber, neutral 

detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J. Dairy. Sci. 74: 

3583-3597. 

Weinberg, Z.G., and Ashbell, G. 1994. Changes in gas composition in corn silages in bunker silos 

during storage and feedout. Can. Agric. Engin. 36: 155-159. 

Weinberg, Z.G., Ashbell, G., Hen, Y., and Azriele, A. 1993. The effect of applying acid bacteria 

at ensiling on the aerobic stability of silages. J. Applied. Bacteriol. 75: 512-518. 

Weinberg, Z.G., Khanal, P., Yildiz, C., Chen, Y., and Arieli, A. 2010. Effects of stage of maturity 

at harvest, wilting and LAB inoculant on aerobic stability of wheat silages. Anim. Feed Sci. Tech. 

158: 29-35. 

Weissbach, F. and Honig, H. 1996. On anticipation and control of the run of fermentation in 

silage making from extensively grown forages. Landbauforschung Volkenrode. 1: 10-17 [in 

German, English summary]. 

Wilkins, R.J. 2005. Silage: a global perspective. In: Reynolds, S.G., Frame, J. (eds.), Grasslands, 

developments, opportunities, perspectives. Science Publisher Inc, New Hampshire, pp. 111-132. 

Wilkinson, J.M., Bolsen, K.K., and Lin, C.J. 2003. History of silage. p. 1-30. In Silage science 

and technology. Agron. Monogr. 42. ASA, CSSA, and SSSA, Madison, WI. 

Woolford, M.K. 1990. A review: the detrimental effects of air on silage. J. App. Bacteriology 68: 

101-116. 

Worley, R.R., Paterson, J.A., Coffey, K.P., Bowman, D.K., and Williams, J.E. 1986. The effects 

of corn silage dry matter content and sodium bicarbonate addition on nutrient digestion and 

growth by lambs and calves. J. Anim. Sci. 63: 1728-1736. 

Wright, D.A., Gordon, F.J., Steen, R.W.J., and Patterson, D.C. 2000. Factors influencing the 

response in intake of silage and animal performance after wilting of grass before ensiling: a 

review. Grass Forage Sci. 55: 1-13. 

Xiccato, G., Cinetto, M., Carazzolo, A., and Cossu, M.E. 1994. The effect of silo type and dry 

matter content on the maize silage fermentation process and ensiling loss. Anim. Feed Sci. Tech. 

49: 311-323. 

Yang, W.Z., and Beauchemin, K.A. 2006. Effects of physically effective fiber on chewing 

activity and ruminal pH of dairy cows fed diets based on barley silage. J. Dairy Sci. 89: 217-228. 



114 
 

Zahiroddini, H., Baah, J., Absalom, W., and McAllister, T.A. 2004. Effect of an inoculant and 

hydrolytic enzymes on fermentation and nutritive value of whole crop barley silage. Anim. Feed 

Sci. Tech. 117: 317-330.  

Zahiroddini, H., Baah, J., and McAllister, T.A. 2006. Effects of microbial inoculants on the 

fermentation, nutrient retention, and aerobic stability of barley silage. Asian-Aust. J. Anim. Sci. 

19: 1429-1436. 

 

 

 

 


