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ABSTRACT 

DETERMINING THE IDEAL FORAGE-TO-CONCENTRATE RATIO FOR FINISHING 

LAMBS 

Katherine Grace Trottier                                                       Advisor:  

University of Guelph, 2020                                                  Dr. Katharine M. Wood 

This project was designed to determine the ideal forage:concentrate ratio for 

market lambs by looking at indicators of growth performance and rumen health. Forty-

three Rideau-Arcott/Dorset ram lambs (~30 kg) were randomly assigned to one of six 

dietary treatments (100%, 80%, 60%, 40%, 20%, and 0% chopped hay, with the 

remainder of the diet concentrate [primarily ground corn (64.7% DM basis) and DDGS 

(31.8% DM basis)]. Continuous reticular-rumen pH measurements were recorded from 

d1 to d14 and from d35 to d49.  At slaughter, rumen health and liver abscess scores 

were recorded for each lamb. Results included time spent in sub-acute and acute 

acidosis, papillae morphology, average daily gain, average daily intake, feed:gain ratio, 

and final weights across diets. Understanding how dietary fibre requirements impact 

rumen pH can result in more cost-efficient diets, while maintaining animal health and 

growth performance.  
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1 Literature Review 

1.1  Introduction 

Energy-dense high-concentrate diets are commonly fed to ruminants to improve 

growth performance (average daily gain, feed intake, feed conversion) and meat quality 

characteristics. This also allows producers flexibility to finish animals across different 

time points in the year, capturing seasonal or religious markets that may not be 

available when using a pasture-based feeding system. In Ontario, yearly lambing 

schedules typically yield lambs born in May and finished lambs enter the market 

between October to February (Ontario Sheep Farmers, 2012). Due to this seasonality, 

profits for sheep producers decrease as the market becomes saturated when more 

lamb becomes available for consumers to purchase. During other time points of the 

year, such as March or April, there is moderate demand for finished lamb in Ontario that 

also coincides with religious events where lamb is consumed such as Easter (Ontario 

Sheep Farmers, 2019). A premium may be captured for Ontario lamb that can be 

supplied to meet the demands of this market, although it means raising lambs outside of 

the grazing season. This review will investigate the importance of including effective 

fibre in finishing lamb diets, and the health and economic consequences that arise when 

effective fibre is insufficiently supplied. 

There is currently consumer demand in the Canadian lamb market that is not 

being filled by domestic supply. A 2013 survey by the Canadian Sheep Federation 

(CSF, 2015) reported that only 40% of lamb sold in Canada is domestic. The survey 

also reported that Canadian consumers are more interested in purchasing domestic 
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lamb than imported lamb, but seasonal availability and higher cost of domestic lamb are 

contributing factors to reduced consumption (CSF, 2015). Canadian lamb is often more 

available seasonally, and it is often more expensive than its imported counterparts 

(CSF, 2015). One factor impacting lamb prices is feed cost. Nearly 80% of the cost of 

raising sheep in Ontario is costs associated with feed (Ontario Sheep Farmers, 2014); it 

is therefore imperative for efficient feed utilization to ensure production costs are 

minimized. Therefore, including high energy grains in the diets may help decrease feed 

costs by reducing the time required for finishing lambs to reach market weight while 

achieving a more efficient rate of gain and feed conversion, along with lowering 

production costs for sheep producers. 

Most commercial finishing lamb operations supply a ration that is high in 

concentrates to meet the high demands for fast growth (Ontario Sheep Farmers, 2014). 

Concentrate diets are grain-based and are much denser in energy than forage-based 

diets, and improve growth rates, therefore decreasing finishing times and improving 

feed conversion (Moran et al., 2013). Ates et al. (2018) reported that lambs fed a 

concentrate-based diet had greater DMI (dry matter intake) and weight gain compared 

to lambs fed forage-based diets. Concentrates may rapidly be fermented by rumen 

microbes with production of volatile fatty acids, allowing for rapid rumen disappearance 

of feed. This can increase average daily feed intake compared to forage-based diets, as 

feed which is fermented much more slowly in the rumen results in lower feed intakes 

(Moran et al., 2013).  
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Rumen microbes ferment carbohydrates and produce several end products, 

notably volatile fatty acids (VFAs) and lactic acid. Lactic acid has a lower pH than VFAs 

and is produced by microbial species such as Streptococcus bovis at pH levels lower 

than 5.5 (Chen et al., 2016). Volatile fatty acids, including acetate, butyrate and 

propionate, are the primary source of energy for the ruminant and provide up to 75% of 

the ruminant’s energetic requirements (Deiho et al., 2016). These volatile fatty acids are 

primarily absorbed through the epithelial lining of the rumen and are transported via the 

portal vein to the liver to be used throughout the body for energy (Owens & Goetsch, 

1988). Absorbing VFAs is one mechanism to prevent acidity from building up in the 

rumen and causing a decrease in rumen pH (Common et al., 2009).  

Increasing concentrate fractions in diets generally increases the net energy of the 

diet, increasing energy available for growth. However, some level of effective fibre is 

required in rations to stimulate rumination and maintain a healthy rumen environment, 

especially when feeding high concentrate levels to prevent ruminal acidosis 

development. Ruminal acidosis occurs when acid production from fermentation in the 

rumen outpaces the ability of the animal to absorb or to buffer lactate or VFAs. Current 

recommendations for feeding lambs concentrate-based diets are largely based off beef 

cattle research, which has more extensively investigated the role of feeding effective 

fibre in high grain diets. This review will examine the importance of effective fibre, what 

is currently known about effective fibre in finishing beef and sheep rations, and why 

more research on effective fibre is needed specifically for market lamb diets. Health and 
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economic consequences will also be investigated with a focus on the ruminal 

epithelium. 

 

1.2 Acute acidosis and sub-acute acidosis 

A consequence of feeding high-grain diets to ruminants is the potential 

development of ruminal acidosis through a build-up of acids produced through 

fermentation. Several processes maintain the rumen pH at levels that are required for 

maintenance of the rumen environment. Many lactate-using bacteria species cannot 

survive in an acidic environment, so it is essential that a stable rumen environment can 

be maintained (Navarre et al., 2012). A healthy rumen has a pH of 6 to 7; this is 

primarily achieved through buffering and absorption of volatile fatty acids in the rumen 

(Common et al., 2009). A significant issue in feedlot ruminants is the development of 

ruminal acidosis, a metabolic disease frequently caused by feeding large amounts of 

concentrates without sufficient fibre, leading to rapid fermentation and production of 

volatile fatty acids that exceed the ability of the animal’s system to buffer them or to 

absorb them through the epithelium (Castillo-Lopez et al., 2014).  

Feedlot cattle are thought to be particularly susceptible to acidosis during the 

transition period onto a high-grain diet (Castillo-Lopez et al., 2014). Streptococcus 

bovis, an amylolytic bacteria species is able to double its population every 13 minutes in 

the rumen (Chen et al., 2016). A major by-product of S. bovis metabolism is lactic acid, 

which can very quickly cause a decrease in rumen pH since it has a lower pH than 
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VFAs. While other bacteria species, such as Megasphaera elsdenii, are able to break 

down lactic acid for energy, they replicate at a much slower rate (Chen et al., 2016). M. 

elsdenii is also negatively impacted by low pH. Low pH can reduce bacterial division 

and growth rates, and the prevalence of lactic-acid utilizing bacteria in the rumen can 

decline. Low pH can also increase the number of amylolytic bacteria species. Slow 

transitions onto high-grain diets are necessary to allow bacteria that break down lactic 

acid sufficient time to reproduce to prevent lactic acid from accumulating and causing 

depressed rumen pH.  However, if an animal’s digestive system becomes well-adapted 

to high-starch diets, there may be difficulty digesting fibre due to reduced numbers of 

fibrolytic microbes (Owens & Goetsch, 1988). 

Subacute ruminal acidosis (SARA) is a metabolic disease that is not easily 

observable by clinical symptoms but can negatively impact production measures over 

time. Subacute acidosis can have negative impacts on the rumen bacterial populations, 

feed intake, VFA absorption and metabolism, and gut barrier function, all of which will 

lead to decreases in growth in sheep (Steele et al., 2011). It has been estimated that 

during SARA, digestibility of fibre can be reduced by up to 25% because of a decrease 

in ruminal cellulolytic bacteria (Oetzel, 2017). A reduction in energy availability from 

fibre will also result in a substantial decrease in microbial protein yield (Parish & 

Rhinehart, 2008), further impacting growth. Additionally, bacterial death can release 

endotoxins which can cause ruminal and systemic inflammation (Oetzel, 2017). Type of 

endotoxins released depends on bacterial species present in the rumen (Oetzel, 2017). 

Lipopolysaccharides can also pass through the rumen epithelial lining and enter the 
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blood system, creating a systemic inflammatory response (Oetzel, 2017). This may 

reduce immune function in affected animals, and thus compromise herd health (Oetzel, 

2017). 

Subacute acidosis can also cause thiamine (Vitamin B1) deficiency in sheep 

(Karapinar et al., 2008). Thiamine is a water-soluble vitamin and must be synthesized 

by rumen microbes, but changes in rumen populations due to lowered acidity can 

prevent this from occurring. Lower rumen pH increases populations of thiaminase-

producing bacteria, which results in increased thiamine degradation (Karapinar et al., 

2008). Thiamine is involved in several important body functions, as it is a required co-

enzyme in carbohydrate metabolism (Edwin & Jackman, 1981). Deficiencies can result 

in polioencephalomalacia and death. 

Acute ruminal acidosis in sheep is often classified as a rumen with a pH of under 

5.0, and sub-acute ruminal acidosis between 5.0 and 5.5 (Fanning, 2016). These values 

are most widely reported in the literature, although no definitive values exist for sheep. 

These thresholds are lower than for beef cattle, which may suggest that sheep are 

better able to manage with lower rumen pH than cattle; this is another potential 

physiological difference between cattle and sheep. Acidosis for cattle is generally 

classified under three brackets based on rumen pH: mild (pH below 5.8), severe (pH 

below 5.5), and acute (pH below 5.2) (Penner et al., 2007). Acute acidosis is typically 

associated with lactic acid production, rather than high VFA production in the case of 

sub-acute acidosis (Karapinar et al., 2008). However, there are no consistent definitions 

of the conditions aside from the presence of qualitative observations (Fanning, 2016).    
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Acute acidosis can lead to death, decreased feed intake, and/or illness, 

depending on the severity (Karapinar et al., 2008). Ruminal acidosis can cause 

metabolic acidosis, which occurs when blood pH is lowered due to H+ ions being 

absorbed into the bloodstream from the rumen (Moran et al., 2013). Cattle may stop 

eating when rumen pH falls below the threshold of 5.6 (Parish & Rhinehart, 2008), 

which is when they are considered to be in a sub-acute acidotic state. However, sheep 

are generally not classified as being in a state of acidosis until rumen pH drops below 

5.5 (Fanning, 2016). When rumen pH is depressed below 5 in cattle, excessive 

amounts of lactic acid draws water into the rumen via osmosis which can cause 

damaging dehydration, rumen swelling, shock, kidney failure, and/or death (Karapinar et 

al., 2008). The same process may occur in sheep, but these pH thresholds are 

unknown. 

Lambs have a delayed recovery from acute acidosis up to six months after an 

isolated incident; butyrate, propionate and acetate absorption was reduced in lambs 

more than six months after experiencing acute acidosis when compared to VFA 

absorption rates in control lambs with no previous acidosis (Krehbiel et al., 1995). 

Researchers speculated that the total decrease in VFA absorption in lambs who had 

experienced acidosis may be between 23%-32% less than lambs who had never been 

in an acidotic state (Krehbiel et al., 1995). Therefore, it may be possible that short-term 

acidotic incidences may result in decreased average daily gain (ADG) and efficiency for 

the lifetime of a market lamb. Therefore, even a single acidosis challenge may be 

impacting performance of lambs over the long term. 
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 In cattle, papillae grow larger as they absorb more VFAs from the rumen until 

the threshold of pH of 5.5 (Owens & Goetsch, 1988). At pH levels lower than this, the 

epithelial cells may become severely damaged and slough, reducing VFA absorption 

and further preventing acid buffering. Sheep likely experience this at a pH lower than 

5.0 since they have lower thresholds for acidosis development than cattle (Fanning 

2016). As the papillae are damaged and epithelial layers begin to slough away, this 

allows for ruminal bacteria to enter the circulatory system and can cause abscess 

formation or sepsis as bacteria are transported to the liver portal vein and filtered by the 

liver (Owens & Goetsch, 1988). Strong evidence suggests that liver abscesses 

decrease feed efficiency and DMI significantly (Jorgensen et al., 2007). Low rumen pH 

can thus cause substantial problems and requires proper dietary management to avoid, 

which includes supplying adequate fibre in rations. 

 

1.3  What is effective fibre and why is it needed in high grain diets? 

Effective fibre is defined as fibre that stimulates rumination and is usually 

quantified as effective neutral detergent fibre (eNDF; Krause et al., 2003). The term 

originally was used in dairy cattle production to describe the fibre necessary to maintain 

4% milk fat production (National Research Council, 2016). Effective neutral detergent 

fibre is defined as the fraction of a ration that remains on a 1.18 mm screen (when a 

forage source is dry sieved using a shaker box) that mimics the forage particle size that 

would pass through the rumen into omasum of cattle (NRC, 2016). Effective neutral 
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detergent fibre is related to physically effective NDF (peNDF), which is entirely based on 

physical particle size and its ability to stimulate rumination, while eNDF takes additional 

factors into account including moisture content and feed processing (NRC, 2016). The 

two terms are frequently and incorrectly interchanged in the literature (NRC, 2016). 

Effective neutral detergent fibre is an essential component of ruminant diets for various 

functions related to regulation of rumen health, including ruminal pH buffering and 

rumen mat formation. This mat provides an ideal environment for microbes to grow and 

function normally, and a healthy rumen mat will help to increase VFA production by 

supporting microbe growth (Parish & Rhinehart, 2008).  

Effective fibre slows down digestion as it requires time to be regurgitated and 

chewed until it is small enough to pass through the reticular orifice, which allows 

microbes adequate time to break down feed, increasing fibre digestibility and allowing 

the animal to utilize the fibrous component of feed more efficiently (Ishler et al., 1996). 

Insufficient fibre or reduced chop length can result in a rapid passage rate that 

decreases fibre digestibility per kg of feed (Parish & Rhinehart, 2008). Effective fibre 

also prevents rapid fermentation of carbohydrates which would result in a decrease in 

rumen pH, as carbohydrates are fermented into VFAs (Parish & Rhinehart, 2008). 

Some minor fluctuations in pH are normal to a degree, but large changes in rumen pH 

can be minimized with adequate fibre in their rations (Ishler et al., 1996). Minimizing 

these pH fluctuations are important for preventing large changes to the rumen microbial 

populations (Parish & Rhinehart, 2008). 
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Effective fibre may also trigger reverse peristalsis when it scratches the cardia 

region of the rumen wall. Particle size, or peNDF, has been shown to be a reliable 

predictor of chewing activity in cattle; increasing peNDF is correlated with increased 

chewing and eating time (Beauchemin & Yang, 2005). It is not known how peNDF 

relates to chewing activity in sheep. Since sheep are more selective eaters than cattle, it 

is likely difficult to predict chewing time based on diet, since sheep will sort out highly 

digestible fractions of diets that may not stimulate chewing behaviour (Soto-Navarro et 

al., 2014).  

Feeds that require more chewing, such as long-strand hay, will stimulate 

increased rumination and saliva production than feeds that require less chewing, such 

as chopped hay or grain (Ishler et al., 1996). Saliva production is important for rumen 

buffering as saliva contains high concentrations of sodium bicarbonate and phosphates 

which neutralizes rumen acids (Counotte et al., 1979). Bernard et al. (2000) reported 

there was a linear decrease in time spent ruminating when sheep were offered 

decreasing levels of chopped forage in their diets. However, Beauchemin & Yang 

(2005) did not find that peNDF was a reliable predictor of rumen pH in dairy cattle, even 

though it increases chewing activity. This finding is consistent with several other 

published papers (Kononoff & Heinrichs, 2003; Yang et al., 2001) but contradicts 

Krause et al. (2003). This may be because although it is generally accepted that peNDF 

is a good indicator of rumen health, it cannot predict effects of dietary starch on rumen 

pH (Heinrichs & Kmicikewycz, 2016). Similarly, Yang et al. (2001) reported that forage 

to concentrate ratio and eNDF intake were not correlated with rumen pH, but rather the 
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starch fraction in the diet was a better predictor of pH in dairy cattle. However, this 

relationship is not as well established in the literature in sheep specifically. 

Common et al. (2009) also found that rumination time did not significantly differ 

between fixed ratios of hay to grain or diets offering hay and grain ad libitum, but was 

affected most by dry matter intake in sheep. The researchers suggest that ruminal pH is 

affected more by total DM intake, instead of dietary forage to concentrate ratios. 

Increasing DMI would result in a greater VFA production as feeds are fermented, but it 

would not necessarily result in greater rumination to buffer acidity. However, this study 

did not examine indicators of growth or carcass traits to indicate if there were practical 

implications for sheep producers.  

Fibre type can also be an important pH regulator by itself, as forage surfaces can 

have a high buffering and cation exchange capacity (Van Soest et al., 1991). Cation 

exchange is the ability of metal ions to bind to the surface of the fibre. When pH levels 

drop in the rumen, ions such as potassium (K+), calcium (Ca++) and sodium (Na+) can be 

exchanged for H+ to raise the pH in rumen fluid (Van Soest et al., 1991). This process 

can be reversed when saliva and new feed enter the rumen, and ions attach to coarse 

fibre (Van Soest et al., 1991).  

 However, since fibre is slow to digest and is low in energy, it will reduce feed 

intake rates (Van Soest et al., 1991).  Fibre (especially from mature grasses, which also 

have a low cation exchange capacity) can play a role in the development of acidosis if 

they are fed in conjunction with carbohydrates (Van Soest et al., 1991). Starch from 
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grains will quickly ferment and there will be less buffering due to the presence of mature 

grasses as the forage source, creating a scenario where fibre may not be as effective 

and may contribute to lowering rumen pH levels (Van Soest et al., 1991).  

Adding alfalfa hay to a grain-based diets has been shown to increase ruminal 

papillae numbers (Blanco et al., 2015). The innermost layer of the rumen is covered in 

small papillae which dramatically increases the surface area of the epithelium. The 

epithelium also helps to maintain homeostasis in the rumen environment by absorbing 

VFAs for use by the animal as energy (van Houtert, 1993). Volatile fatty acids are 

absorbed by diffusion across the epithelial lining of the rumen, where they enter blood 

vessels which transport them to the portal vein and eventually the liver. Butyrate is 

metabolized to beta-hydroxybutyric acid as it passes through the rumen epithelium, 

which is a type of ketone used for energy production in body tissues (van Houtert, 

1993). Acetate and propionate pass through the rumen epithelium largely 

unmetabolized (van Houtert, 1993). Acetate is not metabolized by the liver, but used for 

ATP generation throughout the body, and as a precursor for acetyl CoA to synthesize 

lipids. It accounts for 50%-60% of VFAs produced and thus is a major energy source for 

the ruminant (van Houtert, 1993). Propionate is used in the liver for gluconeogenesis; 

this process can account for up to 90% of the glucose produced by sheep (van Houtert, 

1993). 

 Increasing papillae numbers helps to improve rumen health and growth rates as 

more VFAs can be absorbed through an increased surface area (Mentschel et al., 

2001). Up to 85% of VFAs may be absorbed across the rumen wall in sheep 
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(Aschenbach et al., 2011). This happens through a VFA/HCO3 exchange; as VFAs are 

absorbed across the rumen wall, their anions exchange with HCO3 which is secreted 

into the rumen and provides another important buffering mechanism (Aschenbach et al., 

2011). Since grain-based diets promote papillae proliferation, there may be an ideal 

fibre inclusion level to stimulate ruminal papillae growth.  

Despite the importance of fibre for promoting rumen health, sheep do not appear 

to have an innate drive to consume sufficient forage to prevent ruminal illness. This may 

be relevant to sheep farmers who provide their animals with large amounts of grain, but 

also supplement some amount of forage in the diet so their sheep will eat enough 

forage to remain productive and healthy. A study by Common et al. (2009) found that 

when sheep were offered wheat and hay ad libitum, the sheep tended to eat about a 1:1 

ratio. They also found that increasing hay intake increased the ability of the sheep to eat 

more grain; however, sheep were significantly more likely to enter subacute ruminal 

acidosis (SARA) when allowed free choice of feed than when fed fixed diets of 60% 

wheat and 40% hay (Common et al., 2009). The findings suggest that sheep are 

unlikely to have an innate ability to eat enough forage to maintain optimal rumen health 

when diets are fed ad libitum. Timing of feeding may also influence rumen pH in sheep. 

While once a day feeding resulted in less time with rumen pH below 5.6 than multiple 

feedings, sheep were able to recover from acidotic conditions associated with a single 

feeding whereas multiple feeding times continued to depress pH (Common et al., 2009; 

Blanco et al., 2015).  
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Although different feed sources affect the rumen environment differently, there is 

still merit for conducting studies to examine rumen health while only focusing on one 

forage type in the diet. One study in beef cattle found that the forage to concentrate 

ratio had a greater impact on rumination than the forage source (Swanson et al., 2017). 

Across different forage sources (alfalfa hay, corn stover, corn silage, and wheat straw), 

there was no impact on hot carcass weights or dressing percentage, but there were 

significant differences found across different forage to concentrate ratios that ranged 

between 5-20% forage. Hot carcass weights and dressing percentage both decreased 

linearly as forage inclusion increased (Swanson et al., 2017). Despite evidence that 

different forage sources will impact rumen fermentation, in most instances, it is 

appropriate to recommend fibre based on inclusion percentages regardless of forage 

type. However, this data is from cattle and may not reflect the impacts on sheep. 

Overall, dietary fibre is an essential dietary component for ruminants as it helps 

the rumen buffer acids and maintain general health of the animal. Too much fibre will 

inhibit growth potential, so it should be limited in the diet when raising market animals to 

increase feed intake and improve feed conversion.  

 

1.4 Recommendations for finishing rations for beef cattle 

Finishing lambs and finishing beef cattle are fed very similarly; current fibre 

recommendations for lambs is based on beef cattle research as there is comparatively 

limited research done on ruminal acidosis in sheep. There are several things that can 
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impact eNDF inclusion in finishing rations, including chop length, forage quality, 

ionophore usage, and adaptation to concentrates. Finishing rations for feedlot cattle 

contain large fractions of concentrates with minimal forage to increase net energy intake 

and decrease feed-to-gain ratios. (Swanson et al., 2017). Current recommendations 

suggest including between 7% and 10% peNDF in beef feedlot rations (NRC, 2016). It 

is noted that even this target is not met on most North American feedlots; 5% peNDF is 

likely the average amount of forage supplied in today’s beef feedlot feeding systems 

(NRC, 2016). As a result, prevalence of acidosis in beef feedlots is likely very 

underreported (NRC, 2016). 

Swanson et al. (2017) reported that 10% fibre inclusion was the optimal fibre 

level to include in finishing diets for steers, and that higher fractions resulted in lighter 

hot-carcass weights and lower dressing percentages. Particle length was not recorded, 

although the study used chopped hay as their forage source. They noted that 20% 

forage inclusion significant decreased dry matter intakes. However, Parish & Rhinehart 

(2008) reported that as little as 5% eNDF dietary inclusion was possible for maintaining 

rumen health if excellent bunk management was practiced and cattle were appropriately 

transitioned to a high-concentrate diet. Bunk management practices that may be helpful 

include use of ionophores and multiple, timed feeding periods in a day to prevent rapid 

rumen pH changes (Schwartzkopf-Genswein et al., 2003). This recommendation is 

different from findings from Common et al. (2009) who found that sheep spent less time 

in ruminal acidosis when fed once daily. 
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Generally, for beef cattle, forage-based fibre should be at least 1.25 cm in length 

if it comprises less than 25% of the total ration (Parish & Rhinehart, 2008). In a very well 

managed operation with a higher forage inclusion rate, 6.5 mm chop length would be 

sufficient (Parish & Rhinehart, 2008). Similarly, a study found that 5% long-particle fibre 

inclusion had the same effect as 10% short-particle fibre inclusion in finishing steer 

diets, whereas 5% short-particle fibre inclusion produced the best feed:gain ratio, but 

also decreased rumination time most significantly (Gentry et al., 2016). No numerical 

values were provided to distinguish long-particle or short-particle definitions. The 

researchers suggest that feeding high quality forage low in NDF may not have the 

intended effect on rumen health, as it may stimulate rumination less often than feeding 

low quality forages (Gentry et al., 2016).  

The use of ionophores in high-concentrate diets is another widely-used tool to 

allow producers to reduce the amount of forage needed in finishing diets. Ionophores 

are used to improve feed efficiency by altering fermentation patterns in the rumen; they 

decrease the prevalence of bacteria species such as Streptococcus bovis and 

Lactobacillus that produce lactic acid and have been shown to decrease risk of acidosis 

when feeding high-concentrate diets (Safaei et al., 2014). This would be especially 

helpful in a low forage diet, such as 5% forage inclusion to minimize health risks.  

There are several important factors that need to be considered when formulating 

diets, but species should also be considered. Sheep are often regarded as “mini cows” 

in terms of diet recommendations, but as a different species they have unique needs 

that should be addressed for health and economic reasons. 
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1.5 Why independent research is needed for lambs 

There is a need for independent research to determine the ideal forage to 

concentrate ratio for market lambs, as several studies have confirmed there are 

significant differences in feeding and digestive behavior between sheep and cattle and 

are neither species are an appropriate model for each other in regards to rumen 

function (Colucci et al., 1989; Soto-Navarro et al., 2014). Sheep are more selective 

grazers than cattle (Soto-Navarro et al., 2014) and are known to digest concentrates 

better (Colucci et al., 1989), so there may be an economical advantage for providing a 

different level of concentrates than the current practices that suggest at least 80% 

concentrates for market lamb diets (Wand, 2014). However, the literature surrounding 

market lamb fibre requirements is very limited. The National Research Council (2007) 

does not provide any information on eNDF requirements for market lambs. We currently 

do not know how much fibre finishing market lambs require in their diets for optimum 

rumen health, so cattle are frequently used as a model. 

 A comparative study by Colucci et al. (1989) investigated differences in 

digestibility for three different forage:concentrate ratios at different levels of intake by 

cannulated cattle and cannulated wethers. The researchers found there were several 

significant differences between the two species; for example, at high intake levels, cattle 

have a reduced ability to digest cell wall fractions and starch, whereas starch digestion 

was not affected in sheep. They concluded that the two species were too different to 

use interchangeably for formulating diets (Colucci et al., 1989). This conclusion was 

supported by a more recent study which compared total tract digestibility of forages 
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between sheep and cattle; the goal of Soto-Navarro et al. (2014) was also to determine 

whether sheep were an appropriate model for cattle studies. The researchers found 

digestibility was similar between the two species when feeding medium quality (7.3% 

CP and 74.7% NDF) and high quality forages (17.5% CP and 34.1% NDF) at 100% 

inclusion rates. However, sheep were significantly less able to digest poor quality 

forages (2.5% CP and 81.9% NDF) than cattle, and the researchers also concluded that 

sheep were a poor model for cattle when discussing lower forage quality particularly in 

terms for rumen digestion.   

In sheep, it has been noted that rumen mats tend to include more high-density 

material than rumen mats in cattle (Clauss et al., 2011). This difference may occur due 

to entrapment by forages, but it is unclear why there is less separation of feedstuffs by 

density in sheep than in cattle. Concentrates that become trapped in the rumen mat 

may be subject to more microbial degradation than passage through the reticular orifice 

(Clauss et al., 2011). Diets with large amounts of grain will yield a floating rumen mat 

that is much smaller and denser than a diet composed largely of long-strand fibre (Ishler 

et al., 1996). 

As previously stated, high quality forage that is easily digestible may not 

stimulate sufficient rumination to maintain optimal health in cattle (Gentry et al., 2016). 

Because sheep are less able to digest poor quality forage than cattle, there may be 

species differences in how forage quality acts as eNDF to stimulate rumination between 

sheep and cattle. Soto-Navarro et al. (2014) also found that species differences existed 

in rumen pH when feeding high-quality forages, where sheep had a higher rumen pH 
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than cattle when fed diets comprised of 100% alfalfa hay offered ad libitum. They also 

suggested that cattle may have a greater ability to recycle nutrients, such as sulphur, in 

the rumen, indicating differences in rumen microbial activity thus allowing cattle to 

digest lower quality forages than sheep (Soto-Navarro et al., 2014); (Playne, 1978).  

Based on these findings, it may be inaccurate and inefficient to assume that 

effective fibre requirements for finishing cattle is sufficient for finishing lambs. 

 

1.6 Morphology of the rumen epithelium 

One function of the rumen epithelium is to act as a barrier to protect the rest of 

the body from the rumen environment, which could cause metabolic acidotic conditions, 

bacterial colonization, or systemic inflammation if the barrier function is compromised 

(Steele et al., 2012; Sun et al., 2018). The epithelium is comprised of four distinct strata: 

the corneum, the granulosum, the spinosum and the basale (Figure 1). The stratum 

corneum is the outermost layer and is characterized by flattened, keratinized cells and a 

lack of nuclei and cytoplasm (Junqueira & Carneiro, 2005). This layer serves as 

protection against the rumen environment (Steele et al., 2012). The stratum granulosum 

is directly beneath the corneum layer. These cells eventually become corneum cells and 

also appear elongated. Nuclei are present but are in various stages of disintegration 

(Junqueira & Carneiro, 2005). Cells in the spinosum strata have nuclei and organelles 

present and are characterized by their spiky appearance due to tonofilaments 

(Junqueira & Carneiro, 2005). This layer is beneath the stratum granulosum. The lowest 
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stratum is the basale layer. Cells are arranged in a columnar fashion and nuclei and 

organelles are present (Junqueira & Carneiro, 2005). The lamina propria is the layer 

that lies beneath the epithelium and is connected to the circulatory system (Junqueira & 

Carneiro, 2005). It is comprised of connective tissue, blood vessels and muscle cells 

(Junqueira & Carneiro, 2005). Damage to epithelium can allow for bacteria to enter the 

bloodstream and colonize, leading to liver abscessing or illness. 

The rumen bacterial environment is highly adaptive to diet; in sheep it takes 

between 1 to 2 weeks for microbial populations to stabilize (Warner, 1962). The rumen 

epithelium will adapt in response to these different rumen environments, requiring at 

least 2 weeks of feeding a high concentrate diet for the surface area of the papillae to 

significantly increase (Xu et al., 2018). Increased VFA production (butyrate in particular) 

stimulates papillae growth, both in size and quantity, which increases the surface area 

inside the rumen and allows for increased VFA absorption and therefore increased 

ability to maintain rumen pH homeostasis (Mentschel et al., 2001). Papillae which form 

branching offshoots have been associated with diets that are high in concentrates, 

which indicates a greater surface area for increased absorption (Mentschel et al., 2001).  

There may be an effect of forage and concentrate ratios on papillae growth. 

Previous research has also found that papillae growth was denser when calves were 

fed grass and grain, instead of grain only (Brownlee, 1956). Xu et al. (2018) did not find 

a significant difference in papillae density across lambs fed increasing levels of 

concentrates, although they did report that papillae length significantly increased with 

increasing concentrates levels, thus increasing the surface area significantly as well. 
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Additionally, surface area significantly increased after 14 days when lambs were fed a 

diet containing 60% concentrates (Xu et al., 2018).  

 The rumen epithelium can become keratinized if several incidences of SARA 

occur (Oetzel, 2017). Steele et al. (2012) found that high-grain diets (containing 79% 

grain) fed to lambs were associated with the development of hyperkeratosis within 12 

days of consuming test diets. Hyperkeratosis occurs when stratum corneum cells 

proliferate excessively and abnormally in response to irritation, including increased 

rumen acidity (Steele et al., 2012). Ruminal hyperkeratosis decreases the proportion of 

metabolically active papillae tissues able to absorb and utilize VFAs, and therefore may 

limit growth (Weigand et al., 1975). Other studies have documented the development of 

hyperkeratosis.  However, a unique form of hyperkeratosis in lambs was found by 

Steele et al. (2012) to be translucent and loosely attached; this finding is unlike 

previously reported findings and has been described as evidence of a “translucent 

corneum hyperkeratosis”. Diets low in effective fibre have been linked to an increase in 

keratinization of the corneum, as the effective “scratch factor” of coarser diets removes 

this outer layer (Norouzian & Valizadeh, 2014). It is also possible that hyperkeratosis 

develops to counteract the increasing acidity in the rumen by increasing the barrier 

thickness (Metzler-Zebeli et al., 2013).  

It is currently unknown what affects the development of this type of 

hyperkeratosis in sheep. However, Neiva et al. (2006) described this type of 

hyperkeratosis when lambs were fed different varieties of forage (forage palm, Opuntia 

ficus indica, and Napier grass, Pennisetum purpureum), which may suggest there is a 
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dietary component which may affect its development. They hypothesized that the silica 

content in their forages resulted in a highly abrasive diet that damaged the stratum 

corneum (Neiva et al., 2006). The exact silica content was not reported. Another study 

reported that a ground starter diet with no forage inclusion fed to lambs resulted in the 

greatest stratum corneum layer thickness, compared to diets that included both long-

strand and short-strand fibre at 15% DM inclusion. This led researchers to suggest that 

fibre may have an abrasive effect on the corneum (Norouzian & Valizadeh, 2014). Xu et 

al. (2018) also reported a cubical increase in stratum corneum thickness and cell 

numbers within the layer in high grain diets, and also over time. Goats also develop 

thickening of the corneum in response to increasing concentrate inclusion, likely as a 

way to protect the epithelium from increasing acidity (Metzler-Zebeli et al., 2013). 

Since forage inclusion alone does not explain the development of hyperkeratosis, 

it is likely there are other dietary factors affecting the development of corneum 

hyperkeratosis. For example: grind size of grains affects thickness of the strata corneum 

in lambs. Feeding pelleted grain (2 mm) results in a thicker corneum than 6-mm pelleted 

grain when the rest of the diet was held constant (Andres et al., 2018). There may also 

be a species effect as this type of hyperkeratosis response is rarely seen in cattle 

(Steele et al., 2012). 

Development of acidosis endangers the normal functioning of the rumen papillae 

(Steele et al., 2012). Papillae may become damaged as vacuoles in epithelial cells 

become enlarged and may rupture, resulting in cell death (Ahrens, 1967). This may 

ultimately lead to loss of integrity of the epithelium and result in tissue sloughing. 
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Damage to the epithelium can cause liver abscesses as endotoxins are transported to 

the liver via the portal vein (Steele et al., 2012). However, liver abscesses are less 

commonly reported in sheep than in cattle (Navarre et al., 2012). This may be indicative 

of a greater tolerance of high grain diets by sheep or they may simply be less 

susceptible to liver abscess formation.  

Acidosis is often a risk factor in the development of other health issues in 

ruminants including poor body condition, laminitis, and polioencephalomalacia (Safaei 

et al., 2014). However, since most market lambs achieve slaughter weight before one 

year of age, long-term effects noted in dairy cattle such as laminitis may be of little 

consequence to lamb producers (CSF, 2015). This may be more applicable when 

discussing replacement lamb or ewe nutrition. Despite this, several implications (such 

as increased days to market and smaller carcass weights due to reduced daily intake or 

more significant and acute health problems) are of greater concern to sheep producers. 

Supplying adequate fibre may protect the rumen epithelium and the rest of the animal’s 

internal systems from the rumen environment. 

 

1.7 Conclusion and objectives 

Based on the review of the current literature, knowing more about appropriate 

fibre levels for finishing lambs is a crucial factor in optimizing lamb growth and efficiency 

and maintaining rumen health. Current recommendations based on beef cattle research 

are likely inadequate for sheep and as a result may not be addressing health concerns 
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with ruminal acidosis, which may result in decreased performance and profitability for 

producers. Acidosis in both acute and sub-acute forms, can cause significant health and 

welfare implications by damaging rumen papillae, as well as reducing feed efficiency 

and depressing growth rates. This project was designed to determine the ideal 

forage:concentrate ratio for market lambs by examining indicators of growth 

performance and rumen health. Understanding how dietary fibre inclusion rates impact 

rumen pH can result in more cost-efficient diets, while maintaining animal health and 

growth performance. 

 

1.8 Hypothesis and Objectives:  

In order to balance energy density of the diet and rumen health for optimum 

performance, we hypothesize a diet containing 20% forage and 80% concentrates will 

yield the greatest growth in market lambs due to high amounts of readily fermentable, 

non-fibrous carbohydrates. This diet will also provide sufficient fibre to maintain rumen 

health and prevent acidosis development.  

Therefore, the objectives of this study are to determine the optimum ratio of forage to 

concentrates for Rideau Arcott x Dorset market ram lambs. The optimum dietary forage 

to concentrate ratio will be determined by evaluating lamb growth performance and 

rumen health as determined by measured feed intake, weekly weighings, post-mortem 

rumen examination, rumen morphology scoring and histology measurements sampling 

and rumen acidosis risk as determined by continuous monitoring of rumen pH. 
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2 Materials and Methods 

2.1 Introduction 

 Feedlot ruminants, including market lambs, are typically fed high-concentrate 

diets to maximize growth rates and improve feed efficiency. However, some level of 

fibre is required to promote rumination and saliva production which buffers rumen pH. 

Increasing concentrate fractions in diets promotes rapid ruminal fermentation and acid 

production in the rumen, which can modify bacterial populations and cause ruminal 

acidosis. Ruminal acidosis, in both the subacute and acute form, can cause decreased 

production and may also represent an animal welfare concern. Beef cattle are often 

recommended to consume between 7-10% of eNDF, and feedlot lambs are 

recommended similar levels (NRC, 2016). However, there are no studies in the current 

literature that determine the ideal forage:concentrate ratio for market lambs. Therefore, 

the objectives of this study were to determine the effect of forage to concentrate ratios 

on lamb performance and rumen health, by looking at animal performance measures, 

continuous recording of rumen pH, and impact on rumen morphology. 

 

2.2 Animals and experimental design 

This trial was approved by the University of Guelph Animal Care Committee 

(AUP # 3599) and followed guidelines set by the Canadian Council on Animal Care 

(1993). The trial was completed at the Sheep Teaching and Research Barn at 
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University of Guelph Ridgetown Campus, in Ridgetown, Ontario, in an open-sided barn 

equipped with Calan gates (American Calan Inc, New Hampshire, USA).  

Forty-three Dorset x Rideau Arcott crossbred ram lambs (average initial weight 

30.3 kg ± 1.6 kg) were used to meet the objectives of this study. Dorset x Rideau Arcott 

lambs were chosen as they represent a significant portion of commercial lambs across 

Ontario.  The study was designed as a randomized complete block design where block 

served as a replicate. The first replicate (rep) occurred between March 10th-May 16th, 

2017, the second rep occurred June 12th-August 18th, 2017, the third & four ran 

concurrently from January 29th-April 9th, 2018, the fifth & sixth ran concurrently from 

May 7th-July 16th, 2018, and the seventh & eighth ran concurrently from September 

10th-November 19th, 2018.  

Prior to the start of each trial, lambs were vaccinated with Tasvax 8 (Schering-

Plough Animal Health Limited, Upper Hutt, New Zealand) and weighed. Calan gate 

feeders (American Calan, New Hampshire, USA) were used to allow each lamb to 

exclusively eat its assigned diet and for individual feed intake data to be recorded. 

Lambs were randomly assigned to both feeders and diets. Dietary treatments were 

either 0% (0F; n= 8), 20% (20F; n= 8), 40% (40F; n= 8), 60% (60F; n= 8) , 80% (80F; n= 

5), or 100% (100F; n= 6) chopped alfalfa hay, with the remainder of the diet 

concentrates [ground corn (64.7% DM), dried distillers’ grains and solubles (31.8% DM), 

and a commercially available vitamin and mineral premix containing lasalocid (B-W 

Feed & Seed, New Hamburg, ON), respectively (Table 1). Hay was finely chopped 
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(average particle size: 5.33 mm) and concentrates were ground to purposely create a 

higher risk acidosis challenge diet for the lambs. 

Lambs were kept in a single pen that was bedded with wood shavings to prevent 

lambs from ingesting fibre outside of their test diets. A maximum of twelve lambs were 

kept in the pen at one time. Lambs were sourced from three farms across Southern 

Ontario; lambs from each rep came from the same source to minimize variation within 

replicates.  

One week before the start of each rep, all lambs received a diet of 100% 

chopped second-cut alfalfa hay to train lambs to the feeders and pen, and to normalize 

starting diet across lambs. Each lamb was fitted with a Calan key collar to allow the 

lamb access to its own individual feeder and had at least one week prior to the 

commencement of each block. Collars were regularly monitored for proper fit as the 

lambs grew. Lambs were fed for ad libitum consumption once a day around 0900 h, 

based on calculations from the previous day’s consumption, allowing for 5% refusal 

rate. Briefly, the amount offered was determined by subtracting the weight of the orts 

from the weight of the feed offered previous day and multiplied by 1.05. The total feed to 

be offered was then proportioned according to the F:C of the respective treatments. Hay 

and concentrates were fed separately in the feeder tray which contained a divider. 

Separated orts were weighed each morning prior to feeding by separating hay and grain 

and weighing them for each lamb. Water was available ad libitum.  
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Lambs were weighed weekly. The feeding trial lasted for 70 days and then lambs 

were slaughtered at either a provincially or federally inspected slaughter plant.  

 

2.3 Diet formulation and feed analysis 

Diets were formulated to meet requirements for finishing market lambs (NRC, 

2007; Table 1). Second-cut hay (legume-grass mix) was sourced from various farms 

around Ridgetown, Ontario and was sampled for protein content prior to use. Hay was 

blended to get a predicted 16% CP DM. Hay was chopped and resulted in a mean 

particle size of 5.33 mm. The custom concentrate mix [ground corn (64.7% DM), dried 

distillers’ grains and solubles (31.8% DM), and commercially available vitamin and 

mineral premix containing lasalocid (B-W Feed & Seed, New Hamburg, Ontario), at a 

rate of 0.036 kg/tonne, was also formulated to meet 16% CP requirements. Grain and 

hay were hand-fed in separate tray compartments of feeders to allow for precisely 

measured intake measurements.  

Diets were sampled twice a month and frozen until analysis. Analyses were done 

at SGS Canada Inc., in Guelph, Ontario. Dry matter for grain samples was analyzed by 

drying for 2 hours at 135˚ C. Crude protein was analyzed using combustion and 

multiplying N by a factor of 6.25 (AOAC method 990.03). Acid detergent fibre was 

calculated using the ANKOM Technology Method 12 (filter bag technique). Neutral 

detergent fibre was also calculated using a filter bag technique (ANKOM Method 13). 

Ash content was calculated by subjecting the feed sample to 600˚C for 2 hours. (AOAC 
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942.05). Nonfibrous carbohydrate content was determined through use of an assay 

(Megazyme: Amyloglucosidase/∞-Amylase method; Megazyme International Ireland 

Ltd; AOAC method 996.11). Fat content was extracted from the sample using petroleum 

ether (AOCS Official Procedure Am 5-04).  

The Penn State Particle Separator is a tool developed by the Pennsylvania State 

Extension for on-farm use to measure particle size and to estimate the amount of 

peNDF in a feed ration (Heinrichs & Jones, 2016). While its primary use is for dairy 

rations, it may be used in other species (Whitney et al., 2011). A series of stacked 

screens allows for sorting of particle sizes to allow for quantitative analysis. This project 

used the Penn State shaker (2002 version) to determine what dietary components could 

be determined at an on-farm level that is practical for farmers. The original system is 

based on a 1.18 mm minimum particle size which has been determined to be the 

minimum particle size to stimulate rumination in sheep at maintenance level (Heinrichs 

& Jones 2016).  

The PSPS was arranged with the largest sieve on top in a descending fashion. 

Approximately 1000 grams of the feed sample were placed on top. The box was shaken 

5 times horizontally away from the operator in a firm fashion, and then rotated one 

quarter turn. This process was repeated 7 more times for a total of 40 shakes. The 

sieves were then separated and the remainder of the feed on each screen was 

collected and weighed.  
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Average particle size was determined with a spreadsheet to be used in 

conjunction with the 2002 PSPS system (Jones & Heinrichs, 2002). The spreadsheet 

determines percentage of the feed sample remaining on each screen and averages it 

accordingly.  

peNDF was calculated by multiplying the percent of the feed sample larger than 

1.18mm by the NDF of the forage or concentrate sample. Total particle size for the 

ration was then calculated based on F:C allotment. 

 peNDF = %NDF * %pef > 1.18 mm    (eq. 1) 

2.4 Animal performance measures 

 Lambs were weighed once per week to measure weight gain. Animal 

performance was measured by calculating ADG, feed:gain ratios, total BW gain, 

Average DMI and total intake. 

 𝐴𝐷𝐺 ( 𝑘𝑔/𝑑𝑎𝑦 ) = 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)−𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑥 𝑑𝑎𝑦𝑠 (𝑘𝑔)

𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
 (eq. 2) 

 F:G = 
𝑓𝑒𝑒𝑑 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑖𝑛 𝑥 𝑑𝑎𝑦𝑠

𝑤𝑒𝑖𝑔ℎ𝑡 𝑔𝑎𝑖𝑛𝑒𝑑 𝑖𝑛 𝑥 𝑑𝑎𝑦𝑠
 (eq. 3) 

Diet component intake was calculated on a dry matter intake basis, and then used 

to determine grams/day intake. 
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𝐼𝑛𝑡𝑎𝑘𝑒, 𝑔 𝑝𝑒𝑟 𝑑𝑎𝑦 =

𝑑𝑖𝑒𝑡 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡, % 𝐷𝑀

𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠
∗ 1000 

(eq. 4) 

2.5 Rumen pH data 

Continuous reticuloruminal pH was recorded using in-dwelling small ruminant T9 

rumen pH loggers (Dascor, Escondido, California; Penner et al., 2011). Loggers had a 

diameter of 20.7 mm, a length of 140 mm and a weight of 230 grams. Loggers were 

programmed to record pH measurements every 5 minutes and lambs were orally 

administered a logger on the 1st and 35th day of the trial. Previous studies have shown 

that electronic boluses do not impact the performance of sheep and lambs (Caja et al., 

1999). They were administered using a bolus gun to guide the logger to the back of the 

lamb’s throat to be swallowed. At slaughter, pH loggers were removed from the 

reticulum or rumen, the location noted and were kept in electrode storage solution of 

potassium hydrogen phthalate and potassium chloride until data could be downloaded.  

Due to a high amount of drift that occurred from some the pH sensors on the 

data loggers, two periods of data collection were used rather than one continuous 

period spanning the entire experiment. Data from the first 14 days after administering 

each of the probes were analyzed. The first sampling period occurred during the dietary 

transition period (days 1-14) and the second sampling period occurred when the lambs 

had adapted to their test diets (days 35-49).  Due to the length of time some probes 

resided in the rumen, some loggers were unable to be post-calibrated to correct for 
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sensor drift. Therefore for all loggers, only data from the first 14d after insertion was 

used, where sensor drift was minimal.  

Data collected from loggers were analyzed for minimum, maximum, and average 

pH, average daily time spent in acute and subacute acidosis, and area under the curve 

for both thresholds for both data collection periods. Subacute acidosis was reported as 

a pH between 5.5 and 5.0, and acute as being defined under a pH under 5.0, based on 

the most widely reported values in the current literature (Fanning, 2016). The equation 

used to report average daily time in (sub)acute acidosis is:  

 Duration (hours/day) = 
(# 𝑝𝐻 𝑒𝑣𝑒𝑛𝑡𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑∗5 𝑚𝑖𝑛𝑢𝑡𝑒𝑠)

60 𝑚𝑖𝑛𝑢𝑡𝑒𝑠
 (eq.5) 

 

The equation used to report area under the curve is: 

 𝐴𝑟𝑒𝑎 (𝑝𝐻 ∗ min) = 𝜀(𝑝𝐻 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 − max 

𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑝𝐻) ∗ 5 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 

(eq.6) 

The higher the area, generally the more severe the acidosis episodes were 

(Penner et al., 2007). 
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2.6 Slaughter  

 On day 70 of the trial, lambs were transported to a slaughter plant where they 

stunned using a captive bolt gun, were immediately hung upside down and were 

exsanguinated from the jugular vein and carotid arteries. The head, hide, cannon bones 

and visceral organs were removed. Livers were removed and were evaluated for 

abscesses, using a scoring system of 1 to 3. A score of 1 indicated no abscesses, a 

score of 2 indicated 1-2 abscesses, and a score of 3 indicated multiple abscesses.  

The stomach complex and intestines were placed in individual plastic bins for 

further examination. The reticulorumen was cut open; data loggers were removed from 

the animal, digesta rinsed in water, and logger placed in a large beaker containing 

electrode storage solution. Location of the data logger (rumen vs. reticulum) upon 

removal was noted, along with any other relevant findings that may have included any 

evidence of wool-eating, any scarring, or any discolouration. 

 

2.7 Rumen Morphology 

The rumen wall was assigned a health score and was photographed for later 

reference (Table 2). Health scores ranged from 1 to 3. A score of 1 indicated no 

discolouration or inflammation of papillae and zero lesions. A score of 2 indicated minor 

discolouration or inflammation, or a single lesion if no discolouration was present. A 

score of 3 was assigned if there was severe inflammation or discolouration of papillae, 

or multiple active lesions. 
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A small tissue sample measuring roughly 1 cm x 1 cm was collected from the 

caudal ventral blind sac; the muscular layer was peeled off and discarded. Since 

individual papillae were too small to trim by hand, whole rumen epithelium was 

collected. The remaining tissue was triple rinsed with ice chilled saline solution (0.9% 

NaCl), then placed in a labelled cassette and stored in 10% formalin for later 

processing. 

Tissue samples were processed at the University of Guelph Animal Health 

Laboratory, where preserved rumen tissue mounted in paraffin wax, stained with 

hematoxylin-eosin, sectioned and affixed to a microscope slide (Steele et al., 2012). 

Five papillae from each animal were imaged at 40x magnification at the base, middle, 

and tip, using a light microscope (Leica ICC50 W) that was programmed with AirLab 

software version 3.4 (Leica Microsystems GmnH, Wetzlar, Germany). ImageJ software 

[version 1.52] was used to measure the length of the corneum, granulosum, spinosum 

and basale layers at each papilla location (Figure 1). Each strata layer was measured 

three times and averaged for each layer per animal. In total, 45 measurements were 

taken per animal, resulting in a total of 1935 measurements taken throughout the study. 

 Slough scores were assigned to each papilla at the time of image capturing and 

averaged for the animal, as described by Steele et al. (2015; Figure 2). A score of 1 

indicated an undamaged corneum layer and no sloughing, a score of 3 indicated minor 

corneal damage and sloughing, and a score of 5 indicated severe damage and 

sloughing. One sloughing score was recorded per papillae. The microscopist was 

blinded to dietary treatments. 
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2.8 Data and Statistical Analysis  

Analyses of pH measurements, performance measurements and histological 

sampling were performed using the PROC GLIMMIX procedure using Statistical 

Analysis Software [Version 3.8] (SAS Institute Inc, Cary, NC). The model included the 

fixed effects of treatment and block and the random effect of lamb. Means separation 

was conducted using the Tukey-Kramer adjustment. Linear and quadratic relationships 

were also tested. In order to predict factors which contribute to risk of acidosis (as 

measured by the total time below pH 5.5), various dietary factors were analyzed using 

PROC REG in SAS to determine whether they could be used to predict total time 

experiencing acidosis, including NDF, ADF, peNDF, particle size, and starch (NFC) 

content. Significance was declared when P ≤ 0.05.  

To determine the economic impact of dietary forage rations, partial feed costs 

relative to lamb market price was evaluated. Costs of different diets were expressed as 

feed cost per kg of lamb weight gain. Current feed costs for different diet ingredients 

(hay: $220 CAD/tonne; concentrates: $340 CAD/tonne) were calculated on a kilogram 

basis and adjusted to represent the ratio of the ingredient in the treatment, in order to 

determine the cost of feeding one kg of a treatment diet. This price was then multiplied 

by the number of kg of feed required for one kg of growth, from the F:G ratio (eq. 3). 
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3 Results  

3.1 Lamb performance 

Lambs’ actual consumption of diets were in ratios that were very similar to 

assigned F:C treatment diets: On a dry matter basis, 100F:0C lambs ate an average of 

100% (± 0.0%) forage and 0% (± 0.0%) concentrates; 80F:20C lambs ate an average of 

79.5% (± 1.5%) forage and 20.5% (± 1.5%) concentrates; 60F:40C lambs ate an 

average of 59.3% (± 1.6%) forage and 40.7% (± 1.6%) concentrates; 40F:60C lambs 

ate an average of 39.7% (± 1.5%) forage and 60.3% (1.5%) ± concentrates; 20F:80C 

lambs ate an average of 24.1% (± 4.5%) forage and 75.9% (± 4.5%) concentrates, and 

0F:100C lambs ate an average of 0% (± 0.0%)  forage and 100% (± 0.0%) concentrates 

(data not shown). 

There were no significant differences in initial bodyweight across dietary 

treatments at the beginning of the trial (Table 4; P = 0.77). Final bodyweight was 

affected by dietary treatment (P <0.001). Lambs fed 100F (32.0 kg ± 3.1) were lighter (P 

≤ 0.02) in  final bodyweight than lambs fed 0F (48.0 kg ± 2.7), 20F (45.9 kg ± 2.7), 40F 

(47.4 kg ± 2.7), and 60F (49.8 kg ± 2.7) diets, but there were no differences in final body 

weights between lambs fed 100F and 80F (44.6 kg ± 3.4) diets. There were linear and 

quadratic relationships (P ≤ 0.004) based on amount of dietary forage for bodyweight 

across treatments.  

Total overall weight gains for lambs fed 100F (2.5 kg ± 2.5) were lower (P ≤ 

0.002) than weight gains for lambs fed 60F (18.6 kg ± 2.1), 40F (16.8 kg ± 2.1), 20F 
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(16.1 kg ± 2.1) and 0F (18.9 kg ± 2.1) diets and tended (P = 0.06) to be lower than 

weight gains for lambs fed 80F (13.2 ± 2.7; Table 4). When investigating the linear and 

quadratic relationships between dietary treatments, total weight gain was also had a 

quadratic relationship across treatments (P ≤ 0.004). 

Similarly, there were differences (P < 0.001) in average daily gain across dietary 

treatments a quadratic relationship (P = 0.004) based on amounts of dietary forage. 

Across treatments, ADG for 100F (0.04 kg ± 0.04) was lower (P ≤ 0.002) than 0F (0.27 

kg ± 0.03), 20F (0.23 kg ± 0.03), 40F (0.24 kg ± 0.03) and 60F (0.27 ± 0.03; Table 4).  

The main effect of total feed consumption was significantly affected by dietary 

treatment (P = 0.02) and displayed a quadratic relationship (P = 0.003) based on 

amounts of dietary forage. However, most individual differences across treatments were 

insignificant (P ≥ 0.05). Only diets 60F and 100F were different (P = 0.01), where 60F 

lambs consumed an average of 101.0 kg of feed compared to 100F lambs which 

consumed an average of 60.1 kg feed. Similarly, ADI had a similar result across diets (P 

= 0.02), with a similar quadratic relationship across diets (P = 0.003). Although ADG 

was different across dietary treatments, the main effect of feed-to-gain ratios across 

diets only tended to be different (P = 0.06). However, there was a linear relationship (P 

= 0.01) across treatments for feed-to-gain ratios, where feed-to-gain decreased with 

decreasing forage inclusion. 
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3.2 Ruminal pH 

Of the 85 probes inserted, 79% of probes were located in the rumen (n = 67) and 

21% were located in the reticulum (n = 18) upon recovery. There were no liver 

abscesses found in any animals. There was one instance of a high degree of wool-

eating in one of the 0F lambs. 

Due to a high degree of drift on pH measurements that occurred over time, data 

was only used from the first 14 days after each data logger was placed into the rumen 

(Table 6). In addition, there were also problems with probe failure and downloading data 

from 14 of the loggers used during the transition period (i.e., probes present for the 

entire duration of the trial), so these probes were also removed from the data set to 

preserve the integrity of the data. Therefore, the number of animals from each treatment 

with rumen data was as follows: 0F (n=5), 20F (n=5), 40F (n=5), 60F (n=4), 80F (n=4) 

and 100F (n=6). 

 Dietary treatment affected the minimum ruminal pH values during the transition 

period, where pH values for 100F (pH 6.0 ± 0.16) significantly differed (P = 0.03) from 

20F (pH 5.2 ± 0.18). There was also a linear relationship (P = 0.001) based on amounts 

of dietary forage across dietary treatments affecting minimum pH during the transition 

period. Maximum pH (P = 0.71) values were unaffected by treatment during the 

transition period, although mean pH values tended (P = 0.07) to differ amongst 

treatments. Mean pH also displayed a linear relationship across treatments (P = 0.01; 

Table 6), where pH decreased with decreasing forage inclusion.  
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Thirty-seven probes had sufficient data to collect for the finishing period (day 36 

to 49), resulting in data (Table 7) collected from 0F (n=7), 20F (n=7), 40F (n=7), 60F 

(n=5), 80F (n=5) and 100F (n=6) lambs. Dietary treatment affected the minimal pH (P < 

0.001) values during the finishing phase; 100F lambs (pH 6.21 ± 0.17) had higher 

minimum pH values (P < 0.001) than 60F (pH 5.38 ± 0.19), 40F (pH 5.20 ± 0.16), 20F 

(pH 4.76 ± 0.16) and 0F (pH 4.45 ± 0.16) lambs. The 80F (pH 5.76 ± 0.19), 60F and 

40F lambs also had significantly higher minimum pH values (P ≤ 0.03) than 0F (Table 

7). Similar to the transition period, there were linear relationships among treatments 

affecting minimum pH (P < 0.001), where pH decreased with decreasing forage 

inclusion. 

Mean ruminal pH values in the finishing phase were also affected (P < 0.001) by 

forage inclusion, where 0F (pH 5.59 ± 0.14) and 20F (pH 5.83 ± 0.14) both were 

significantly more acidic than 80F (pH 6.60 ± 0.17) and 100F (pH 6.77 ± 0.15) diets. A 

linear relationship was present based on amounts of dietary forage across dietary 

treatments for mean pH during the finishing phase (P < 0.001), where pH decreased 

with decreasing amounts of dietary forage. Maximum pH values were unaffected by 

treatment (P = 0.78; Table 7).  

During the transition period, there was a trend (P = 0.07) across dietary treatment 

for the amount of time spent in subacute rumen acidosis (SARA; pH between 5.5-5.0) 

and displayed a quadratic relationship across treatments (P ≤ 0.05; Table 6). Dietary 

treatment did not affect the time spent in acute RA (ARA) (pH below 5.0; P = 0.13) or 

total time in ruminal acidosis (pH below 5.5; P = 0.18) across dietary treatments during 
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the transition period. Area under the curve was also unaffected (P = 0.16) by dietary 

treatment when examining SARA, ARA (P = 0.36) or area under the curve for pH under 

5.5 (i.e., both subacute and acute acidosis; P = 0.26).  

Lambs consuming 100F and 80F diets did not experience ruminal acidosis to any 

degree (i.e., did not have a ruminal pH that dropped below 5.5) during the finishing 

phase (Table 7). Only pH values for 20F and 0F lambs entered the acute acidosis 

threshold, where rumen pH fell below 5.0.  

Dietary treatment during the finishing period affected (P < 0.001) rumen pH 

values for time spent between pH 5.5 and 5.0, as an indicator for SARA. While 0F (9.9 h 

± 0.9) and 20F (6.4 h ± 0.9) diets tended to be different (P = 0.08) from each other, they 

had greater time in SARA (P ≤ 0.04) than 40F (2.4 h ± 0.9), 60F (1.7 h ± 1.1), 80F (0.5 h 

± 1.1) and 100F (0.0 h ± 0.0) treatments. There were linear and quadratic relationships 

(P ≤ 0.003) among dietary treatments affecting hours experiencing subacute acidosis 

during the finishing period. Hours in acute acidosis, or hours spent with a rumen pH 

below 5.0, were also affected by dietary treatment (P = 0.01) during the finishing period, 

with the presence of quadratic relationships (P ≤ 0.01) based on the amounts of dietary 

forage. The 100F, 80F, and 60F lambs did not experience any time in acute acidosis, 

while 0F (5.7 h ± 1.2) and 20F (4.6 h ± 1.2) lambs spent a greater amount of time in 

acidosis than lambs fed the other treatments (P ≤ 0.05).  

Area under the curve (AUC) for SARA was affected (P <0.01) by treatments 

during the finishing period. There was a quadratic relationship among treatments which 
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indicates that AUC rapidly decreased once 40% forage was included in diets (P = 0.01). 

The 0F treatment (39048.0 ± 2280.0), 20F (29211.0 ± 2280.0) and 40F (9370.8 ± 

2280.0) diets had larger (P < 0.01) AUC than 60F (2161.4 ± 2280.0), 80F (639.9 ± 

2280.0) and 100F (0.0 ± 2280.0) diets. Area under the curve for ARA was also affected 

(P < 0.001) by diet during the finishing period and exhibited a quadratic relationship 

based on the amounts of dietary forage (P ≤ 0.004). The 0F diet (17011.0 ± 2680.5), 

and 20F (7165.2 ± 2680.5) diets had larger (P < 0.01) AUCs than 40F (657.8 ± 2680.5), 

60F (0.0 ± 2680.5), 80F (0.0 ± 2680.5) and 100F (0.0 ± 2680.5) diets. 

 

3.3 Rumen epithelial health results 

Dietary treatment did not affect thickness of the corneum (P = 0.21), granulosum 

(P = 0.79), spinosum (P = 0.89), or the total thickness (P = 0.21; Table 8) of the rumen 

epithelium. However, the thickness of the stratum basale tended to differ (P = 0.051) 

with dietary treatment. There was a linear relationship (P = 0.04) among dietary 

treatments for the stratum corneum and a linear relationship (P = 0.03) among dietary 

treatments for the total strata thickness. There were no linear (P ≥ 0.42) or quadratic (P 

≥ 0.13) relationships among treatments for any other strata thickness. 

 Average papillae slough scores across diets were 1.6 ± 0.38 (0F), 1.8 ± 

0.34 (20F), 1.5 ± 0.34 (40F), 1.6 ± 0.34 (60F), 2.0 ± 1.13 (80F) and 1.6 ± 0.69 (100F). 
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3.4 Predicting Time in Ruminal Acidosis  

Based on the various dietary factors (particle size and NDF, ADF, peNDF, and 

starch contents) evaluated using PROC REG to predict total time experiencing acidosis, 

the greatest r2 value of 0.69 (P < 0.001) was found using starch content to predict total 

time in RA as compared to using NDF content (r2 = 0.66, P < 0.001), ADF content (r2 = 

0.66, P < 0.001), particle size (r2 = 0.63, P < 0.001), or CP (r2 = 0.33, P ≤0.001). There 

was a trend in which physically effective NDF content (r2 = 0.08, P = 0.08) predicted 

total time in RA.  The resultant equation to predict time experiencing RA can be 

predicted from starch concentration was as follows: 

 Predicted total time in ruminal acidosis =  

-15.57 + 0.50 * (% starch, DM basis x 100) 

(eq. 6) 

  

4 Discussion 

 There is currently a knowledge gap regarding the appropriate forage-to-

concentrate ratio for sheep during the finishing period to both maximize performance 

and maintain rumen health. The objective of this study was to evaluate the effects of 

differing forage-to-concentrate ratios fed to market lambs during the finishing phase, by 

examining animal performance measures (ADG, feed-to-gain ratios, total gain, ADI and 

total intake), reticular-rumen pH (referred to as rumen pH) and impact on rumen 

morphology. Increasing concentrate levels generally increased risk of acidosis if 

sufficient fibre was not supplied.  
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4.1 Animal Performance 

Based on the results of this study, average daily gain significantly decreases with 

increasing forage levels added to the diet, but plateaus once levels of 60% forage or 

lower are fed. In the present study, a quadratic relationship among treatments for ADG 

was established. Based on the results of this study, producers should be able to 

achieve similar growth regardless of feeding 0%-60% forage in the finishing diet. This is 

somewhat contradictory to current recommendations which suggests feeding no more 

than 20% forage to feedlot lambs (Wand, 2014). Our results likely differ from current 

recommendations because our concentrates were finely ground, as opposed to 

recommendations which suggest feeding unprocessed grains to sheep over 27 kg 

(Wand, 2014). Feeding whole corn to older lambs is recommended over processed corn 

because it reduces processing costs to the producer and it provides a “scratch factor” to 

stimulate rumination, thus likely decreasing the need for additional forage (Wand, 2014).  

Roughage inclusion has also been noted to possibly cause a reduction in ruminal starch 

digestion in some instances, and this is more prevalent in diets containing whole or 

rolled corn (Owens & Soderlund, 2007). Therefore, feeding less fibre in a system 

utilizing whole corn may help increase starch fermentation, while also reducing the risk 

of acidosis development.  

A study by Flores Mar et al. (2017) determined that alfalfa hay providing 6% NDF 

to market lambs improved ADG and gain-to-feed ratio compared to 9% NDF (Flores 

Mar et al., 2017). Another study suggested while 30% kleingrass (Panicum coloratum) 

hay increased DMI (compared to feeding 0%, 10%, or 20% forage), it did not 
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significantly improve ADG (Fimbres et al., 2002). This study did not report NDF levels 

across diets which makes it difficult to compare to similar studies, but did report that 

crude fibre concentrations ranged from 2.9 to 13.1% (Fimbres et al., 2002). However, 

other studies are in agreement with our findings. Papi et al. (2011) found that greatest 

ADG and weight gain are achieved through feeding 30%-50% NDF in the diet to market 

weights. Similarly, Alhidary et al. (2017) reported that 30% NDF inclusion was 

associated with the greatest feed intake and weight gain in lambs. These discrepancies 

may exist due to dietary differences including starch inclusion, fermentability of feeds, or 

chop length of forages. 

Some limitations in the current literature surrounding NDF level and performance 

is simply due to the limited number of studies, as well as a narrow range of NDF levels 

evaluated in the literature for sheep. For example, Flores Mar et al. (2017) only 

examined 6% or 9% dietary NDF, Fimbres et al. (2002) examined 0%-30% dietary NDF, 

and Alhidary et al. (2017) examined 25.7%-55.9% dietary NDF; (Alhidary et al. 2017). In 

comparison, the present study evaluated between 21.1% to 55.7% dietary NDF which 

was most comparable to the study by Alhidary et al. (2017). With a limited range of 

dietary NDF reported in the literature for lambs, practical significance of findings may 

difficult to compare across studies as there is a much larger variation across treatments 

in our study, especially considering we had a limited number of animals, which may 

have decreased our overall power. 

Weight gain in this trial was not consistently as high as previous trials conducted 

by Luimes and often did not meet the predicted ~0.30 kg ADG targets outlined by 
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OMAFRA (Luimes, 2015; Kennedy, 2019). This may in part be due to protein levels in 

this trial being lower than expected. While the diets were formulated to include 16% CP 

for both hay and concentrates, laboratory testing revealed that the mean CP across all 

diets was between 13.2% to 14.5%. This likely decreased growth beyond potential 

growth rates and resulted in insignificant feed to gain ratios across diets. Average daily 

intake of 100% concentrate diets from this trial (1.18 kg/day ± 0.13) was similar to daily 

feed intake values from a previous trial done by Luimes (2015) when lambs were fed 

61% corn and 37% DDGS (1.34 kg/day ± 0.10), so it is unlikely that the data loggers 

affected feed intake and weight gain. 

Based on these findings, producers would not necessarily benefit significantly 

from feeding more than 40% grain to feedlot lambs. Lambs eating 60F, 40F, 20F and 0F 

diets had comparable weight gain and should have similar market value. However, 

current feed prices will dictate profitability.  

Producers should account for current feed costs to determine an ideal forage 

level between 40-60% to minimize input costs. For this trial, feed costs approximated 

$340 CAD/tonne for the concentrate mix and $220 CAD/tonne for hay. The least 

expensive diet was 60F, with an average feed price per kg of gain of $1.61 CAD. The 

next most profitable diet was 0F at an average of $1.70 CAD /kg of gain; a nine-cent 

price difference. Feed costs averaged $29.94 CAD to raise 60F lambs and $32.13 CAD 

to raise 0F lambs for the 70-day duration for our study, which amounts to an average 

difference of $2.20 CAD savings per lamb between the two diets. If a producer 

marketed 1000 lambs a year, this may result in at least $2200 in savings compared to 
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the next most profitable diet. Current feed costs will dictate most profitable diet ratios for 

individual producers. 

 

4.2 Ruminal pH 

Ruminants are generally thought to be most at risk of acidosis during the 

transition period from a forage-based diet to a concentrate-based diet as the rumen 

fermentation and bacterial populations shift (Castillo-Lopez et al., 2014). However, 

some research has suggested that the second day relative to the diet change has the 

highest risk for acidosis over a 40-day transition period for feedlot cattle (Wiese et al., 

2016).  

Interestingly, there was no significant increase in instances of acidosis across 

test diets during the transition period during our study. This may be due to the 14-day 

diet transition onto high-grain diets that may have allowed lactic acid-producing bacterial 

populations, such as S. bovis, to increase at a rate that did not outpace lactic acid-using 

bacteria. Inclusion of lasalocid in the vitamin-mineral premix likely prevented dramatic 

drops in pH as well (Weise et al., 2017). It may be possible that fibre remaining in diets 

assisted the ability of lambs to buffer rumen pH. Fibre may have also remained in the 

rumen prior to total degradation after the diet transition was complete. These results 

from our study suggest that two weeks was an adequate amount of time to safely 

transition sheep between diets even when ground corn is fed. However, the greatest 

risk of feeding high grain diets may not occur during the transition period. While the 
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minimum pH across treatments differed and displayed a linear relationship between 

dietary treatment and rumen pH, the pH was not low enough to fall under the pH 5.5 

threshold to indicate acidosis development in the transition period. 

However, by day 35, the risk of acidosis dramatically increased for 0F and 20F 

diets. Unfortunately, the indwelling rumen loggers were unable to accurately record 

rumen pH data after d 14 due to significant sensor drift and sensor failure upon post-

calibration, so we were unable to determine when the acidosis risk begins to increase 

between d 14 and 35. From day 36-49, sheep had significantly higher instances of RA 

when they were fed 20F or 0F diets than any other diet during the finishing period. The 

average time of 20F sheep and 0F sheep experiencing acidosis was 11.0 and 15.6 h, 

respectively. There was a quadratic relationship between diet treatments and time in 

acidosis, which indicates that time in acidosis may increase as fibre levels decline, and 

then the duration that rumen pH is less than 5.5 (experiencing acidosis) may greatly 

increase once 20-40% fibre is offered. Other studies in cattle have also found that the 

late finishing period had the highest prevalence of RA when compared to 

backgrounding and diet transitioning, which agrees with the current study (Castillo-

Lopez et al., 2014).  

Castillo-Lopez et al. (2014) suggested that as cattle grow and their DMI 

increases, the amount of concentrates eaten increases as well and constantly 

challenges the rumen environment to buffer increasing acid production. Grain intake 

increased over the 70 days of our study. This may explain why no instances of RA were 

seen during the transition period when concentrates were offered gradually and in a 
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fixed amount, but instances of RA became very significant as lambs grew and were able 

to eat greater amounts of grain, especially for lambs fed 20F and 0F diets. It may also 

be possible that any hay remaining from the baseline diet would have become entirely 

degraded by the late finishing period, which may have been a contributing factor to 

instances of RA later in the trial. Based on these results, producers should be cautious 

of rumen acidosis when offering more than 60% concentrates to finishing lambs. The 

prevalence of RA was much greater after the lambs had been safely transitioned to 

high-grain diets, suggesting that the late finishing period carries the greatest risk for 

acidosis development for market lambs.  

 

4.3 Rumen Morphology 

The present study found no dietary treatment effects on thickness of any 

epithelial layers or the total thickness of the epithelium. This is inconsistent from 

previous findings in the literature. Several studies (Steele et al., 2012) have found 

significant differences in the thickness of corneum layers between control-fed lambs 

(30% grain) and high-grain-fed lambs (up to 79% grain). However, the presence of 

rumen-dwelling probes in this experiment is a unique factor that may have affected the 

results.     

Most papillae showed some degree of hyperkeratosis in the corneum layer 

(described as ‘translucent corneum hyperkeratosis’ by Steele et al. [2012]). For our 

study, corneum layer thickness ranged from 8.5 um to 60.1 um with an average 
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thickness of 30.0 um. It is currently not well understood what influences the 

development of this form of hyperkeratosis in lambs. Several studies have suggested 

that hyperkeratosis reduces absorption of VFAs although there are no correlations 

between hyperkeratosis and performance in our study (Weigand et al., 1975; Nocek & 

Kesler, 1980). It is likely that a high degree of individual variation may explain the 

development of hyperkeratosis, possibly including genetic variation. 

A major limitation of our study is the possibility that the boluses may have also 

impacted the epithelial layers. There was a greater proportion of probes recovered from 

the reticulum in sheep who had a corneum thickness less than 30.0 μm. Nine sheep 

with a corneum thickness under 30.0 had one or more probes found in the reticulum 

instead of the rumen where the sample of rumen tissue was obtained, compared to only 

4 sheep with a corneum thickness greater than 30.0 μm, who had 1 or more probes 

found in the reticulum. Although not conclusive, this may suggest that the probe 

presence in the rumen near the sampling site, may have been a factor in corneum 

thickening, but it cannot explain it entirely. It is also unknown at what point probes 

moved from rumen into the reticulum (as at administration of probes, placement was 

confirmed to be in the rumen using digital x-ray) and how long they remained in the 

rumen prior to slaughter. Three sheep from the trial had both probes recovered from the 

reticulum and the thickness of the corneum wall were 18.0, 21.9, and 42.3 μm. A follow-

up analysis was run after removing data from sheep with loggers found in the reticulum; 

this can be found in the Appendix.  
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 It is difficult to quantify how much impact this has on the results of this study and 

applied production situations. Small boluses used for identification purposes in lambs 

(measuring 37.4 x 9.3 mm and 39.1 x 15.0 mm, with respective weights of 5.2 g and 

20.0 g) decreased the amount of keratinization present on reticulum papillae than 

control lambs (Garin et al., 2005), and these boluses are much smaller than the T9 

boluses used in the current study which had dimensions of 140 mm x 20.7 mm and a 

weight of 230 g. It is possible the effect of the bolus being present in the reticulorumen 

had a significant effect on the epithelium, perhaps greater than forage, and thus 

resulted in no detectable differences in strata thickness. Garin et al. (2005) 

hypothesized that the mini identification boluses stimulated rumen contractions which 

led to increased friction on the rumen wall. This may be a specific concern for small 

ruminants, where the probe occupies a larger proportion of space in the rumen, when 

compared to cattle. 

It is unknown whether the T9 probes used in the present study may have caused 

a similar effect since they are much greater in size and weight. Similar sized data 

loggers have been used in small ruminants in the past and determined to be suitable, 

although the effect on rumen epithelium was not explored (Penner et al., 2009). 

However, this theory does not explain why some lambs did not have any thickening of 

the corneum beyond individual variation. 

 For future studies, bolus location could be re-confirmed by X-raying lambs 

immediately prior to slaughter. Since carcasses are hung by the hind legs, it is also 

possible that boluses were dislodged from the rumen during the butchering process and 
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spent only minutes in the reticulum. Additional sampling sites in the rumen may also 

indicate if interaction with an indwelling probe impacted corneum thickness. 

 

5 Overall Conclusions 

5.1 Summary of findings 

There were no significant differences in performance in lambs between diets 

containing 0F, 20F, 40F or 60F. Diet had no effect on ruminal pH during the transition 

period other than minimum pH differences between diets. Diets containing 0F and 20F 

had significantly higher incidences of subacute and acute ruminal acidosis than the 

other test diets during the finishing period, meaning that these diets increase risk of 

illness as finishing diets. The presence of boluses in the rumen may have caused 

significant corneum thickening as well. Despite the diet effects on corneum thickening, 

there was no effect on lamb performance. 

 

5.2 Implications 

 Based on these findings, it appears that offering between 40-60% forage to 

market lambs yields comparable growth rates to higher grain inclusion in diets along 

with lower incidence of RA. Lambs appeared to be at a greater risk of RA during the late 

finishing phase which could indicate a welfare concern. Animals should be free from 

discomfort or illness, so ruminants should have sufficient forage to maintain ruminal 

health and minimize acidosis.  
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5.3 Limitations and further research 

Some limitations to our study included a small number of trial animals and probe 

failure. Data loggers may also have affected the rumen epithelium and subsequently, 

our results. Further research should investigate whether there is an effect of the data 

loggers on the rumen epithelium. This can help explain the findings of our histology 

analysis and help determine how applicable our findings are for sheep operations. X-

rays should be taken at various time points throughout the study to confirm if loggers 

remain in the rumen. Rumen tissue could also be examined at various points throughout 

the study to determine if there are durational effects of long-term logger use, and to 

determine if there is a point when data from treated lambs does not accurately 

represent data from control lambs.      

Further research on fibre requirements specifically would be to quantify forage 

requirements more narrowly. Based on this trial, it appears that the ideal forage 

inclusion level is between 40-60%. However, the nature of the trial design does not 

allow for precise recommendations, so that may be looked at in greater depth in a 

follow-up experiment. A similar trial could be conducted to limit the range of forage 

inclusion. Further research could also include eNDF requirements of other common 

feed ingredients and how that might affect the rumen environment.  

Other aspects that may be researched in greater detail is the effect of 

concentrate particle size on RA development. While the current study was designed to 
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induce acidosis, many lamb farmers in Ontario offer whole corn as opposed to ground 

corn. Successfully feeding whole corn to ruminants is fairly unique to smaller ruminants. 

In cattle, whole corn is dense and small enough to exit the digestive system without 

being readily degraded (Owens & Soderlund, 2007). In sheep, whole corn is much more 

likely to be chewed and ruminated (Oliviera et al., 2015). This process introduces saliva 

into the rumen, buffering the rumen and helps promote rumen health as well as reduces 

feed processing costs for producers (Wand, 2015). While this study suggests a 

minimum fibre amount to maintain a healthy and productive animal during a challenge, it 

is likely that less fibre could be fed when the animals are receiving whole corn. Further 

studies should examine the effects of different forage sources, different grain sources 

and grind size, different forage particle sizes and possible interactions between forages 

and grains within diets. 
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6 Tables 

Table 1. Diet composition. 

 

 

Z F – forage (2nd cut alfalfa-based hay, finely chopped); C – concentrate (64.7% DM ground corn, 31.8% DM dried distillers’ grains and solubles) 
and vitamin/mineral premix    
yPer Kg: 15.6% calcium, 0.22% phosphorus total, 4.8% sodium, 7.4% chloride, 12.0% salt, 59.2% ash, 2.5% magnesium, 1.3% potassium, 0.7% 
sulphur, 32.0 mg cobalt, 10.0 mg fluoride, 70.0 mg iodine, 1200.0 mg iron, 2502.0 mg manganese, 30.0 mg selenium, 3998.0 zinc, 500 000 IU 
vitamin A, 50 000 IU vitamin D3, 5000 IU vitamin E.  
xCalculated chemical composition 
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Table 2. Rumen health scoring system. 

Score Description Image 

 

1 

 

-No pink inflammation of the papillae 
-No discolouration or lightening of the 
papillae 
-No lesions or abnormalities 

 

 

 

 

2 -Minor pink inflammation of the papillae 
-Minor discolouration or lightening of 
the papillae 
-1 lesion or abnormality if no other 
inflammation or discolouration present 

 
 

 

3 -Severe inflammation of the papillae 
-Minor discolouration or lightening of 
the papillae 
-More than 1 active lesion or 
abnormality 
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Table 3. Liver abscess scoring system. 

Score Description 

1 Normal. No abscesses. 

2 Moderate abscessing. 1-4 small active abscesses or abscess 
scars. 

3 Severe abscessing. Any amount of large (4 cm+) active 
abscesses or more than 4 small (2-4 cm) abscesses. 

 Adapted from Reindhart & Hubbert (2015).
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Table 4. The impact of forage to concentrate ratio on lamb performance. 

 

Z F – forage (2nd cut alfalfa-based hay, finely chopped); C – concentrate (64.7% DM ground corn, 31.8% DM dried distillers’ grains and solubles) 
and vitamin/mineral premix    
y Treatments means within row with differing superscripts differ significantly (P  0.05).  
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Table 5. The impact of forage to concentrate ratio on dry matter and total nutrient intake. 

 

 

ZF – forage (2nd cut alfalfa-based hay, finely chopped); C – concentrate (64.7% DM ground corn, 31.8% 
DM dried distillers’ grains and solubles) and vitamin/mineral premix    
Y Treatments means within row with differing superscripts differ significantly (P  0.05). 
x Net energy gain values are based on cattle. 
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Table 6. Dietary treatment effect on rumen pH during the 14-day transition period from 100% forage-based diets to test 
diets. 

 

Z F – forage (2nd cut alfalfa-based hay, finely chopped); C – concentrate (64.7% DM ground corn, 31.8% DM dried distillers’ grains and solubles) 
and vitamin/mineral premix    
y Treatments means within row with differing superscripts differ significantly (P  0.05) 
x pH between 5.5 – 5.0; Subacute acidosis is associated with increased VFA production.  
w pH < 5.0; Acute acidosis is associated with increased lactic acid production. 
v pH ≤ 5.5; total acidosis refers to both subacute and acute acidosis 
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Table 7. Dietary treatment effect on rumen pH during d35-49 of trial, after transitioning onto test diets. 

 

 
Z F – forage (2nd cut alfalfa-based hay, finely chopped); C – concentrate (64.7% DM ground corn, 31.8% DM dried distillers’ grains and solubles) 
and vitamin/mineral premix    
y Treatments means within row with differing superscripts differ significantly (P  0.05) 
x pH between 5.5 – 5.0; Subacute acidosis is associated with increased VFA production.  
w pH < 5.0; Acute acidosis is associated with increased lactic acid production. 
v pH ≤ 5.5; total acidosis refers to both subacute and acute acidosis 
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Table 8. Dietary treatment effect on epithelial layer thickness and sloughing. 

 

 

Z F – forage (2nd cut alfalfa-based hay, finely chopped); C – concentrate (64.7% DM ground corn, 31.8% DM dried distillers’ grains and solubles) 
and vitamin/mineral premix 
y Treatments means within row with differing superscripts differ significantly (P  0.05). 
1 Slough scoring was measured on a scale from 1-5. A score of 1 indicated an undamaged corneum layer and no sloughing, a score of 3 indicated 
minor corneal damage and sloughing, and a score of 5 indicated severe damage and sloughing. Due to limited sample size, and little differences 
between treatments, no statistics were run on this variable 
2 Rumen scoring was measured on a scale from 1-3. A score of 1 indicated no discolouration or lesions, a score of 2 indicated minor discolouration 
or 1 lesion, and a score of 3 indicated major discolouration and/or multiple lesions. Due to limited sample size, and little differences between 
treatments, no statistics were run on this variable 
3There were no incidences of liver abscesses in any animals. 
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7 Figures 

 

Figure 1: Image of rumen papillae epithelial layers, taken at 40x magnification. Black line represents 25 μm.  
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Figure 2: Rumen papillae slough scoring images, taken at 10x magnification. Images left to right represents a score of 1, 3 
and 5. Black line represents 100 μm. Adapted from Steele et al. (2015). 
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APPENDIX 

A one-way analysis of variance was performed to determine whether there was a 

significant difference in corneum thickness between animals with one or more boluses 

in the reticulum and animals with both boluses in the rumen. There was a significant 

reduction in corneum thickness in lambs who had at least one bolus in their reticulum 

compared to lambs who had both boluses recovered from their rumen (P = 0.04). 

Animals who had both boluses in their rumen had an average thickening of 8.5209 um 

greater than animals who had at least one bolus in their reticulum. This provides 

evidence that the presence of probes in the rumen contributed to a significant 

development of corneal hyperkeratosis. The same analysis was performed using total 

epithelial thickness and there was no significant thickening of the total epithelium. 

The animals with boluses in their reticulum were removed from the data set and 

the analysis was rerun. There were still no changes in thickness of the granulosum (P = 

0.84), spinosum (P = 0.93), or basale (P = 0.29) strata or the total thickness (P = 0.08). 

However, there was a significant difference in the thickness of the corneum layers (P = 

0.03) across diet treatments. Diets containing 40% forage had significantly thicker 

corneum layers with an average thickness of 46.3 μm than diets containing 0% with an 

average thickness of 14.02 μm (P = 0.01). The other diets did not differ from each other 

(P > 0.05). This indicates that the presence of the bolus in the rumen could have a 

greater influence on epithelial thickness than dietary effects, but dietary effects are also 

interacting and affecting the development of corneum thickening.  
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Table 9. Dietary treatment effect on rumen epithelial layer thickness and health (data from loggers removed from rumen). 

 

 

Z F – forage (2nd cut alfalfa-based hay, finely chopped); C – concentrate (64.7% DM ground corn, 31.8% DM dried distillers’ grains and solubles) 
and vitamin/mineral premix    
y Treatments means within row with differing superscripts differ significantly (P  0.05) 

 


