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ABSTRACT 

Abomasally fistulated steers fed a diet containing 82% sorghum 

grain were used to measure ruminal and post-ruminal starch digestion as 

affected by: (1) level of intake (95 vs. 75% ad libitum) of steam 

processed flaked sorghum grain (trials 1 and 2); (2) steam processed 

flaked versus dry rolled sorghum grain fed at 95% of ad libitum (trials 

3 and 4); and (3) length of collection period (6-day vs. 2-day; trials 

4 and 5). Chromium oxide (impregnated in paper) was incorporated into 

the diet and used as an indicator. Samples of feed, abomasal contents 

and fecal grab collections were taken at 12 hr intervals for a 6-day 

collection period in trials 1 through 4. Total fecal collection and 

feed refusal were measured at 24 hr intervals during the collection 

period (trials 1-4). During the 2-day collection period (trial 5), 

samples of feed, abomasal contents and feces were taken at 4 hr inter

vals to provide the same number of samples obtained in trial 4. 

Starch content of feed, abomasal content^ and feces were deter

mined by acid hydrolysis in all trials. A comparison of enzymatic starch 

hydrolysis with acid hydrolysis in trials 3 and 4 showed that starch 

concentrations and digestibility coefficients were not different with 

the two procedures. Digestibility coefficients of starch and organic 

matter were calculated using data corrected to 100% indicator recovery 

in trials 1 through 4. Digestibility comparisons concerned with length 

of collection period (trial 4 vs. 5) were based on actual indicator 

xi 



xii 

recovery. Chromium oxide recovery for trials 1 through 4, respectively, 

was 78, 86, 84 and 86%. Treatment effects were evaluated by analyses of 

variance adjusted for unequal animals per treatment or by t-tests. 

Steers fed at 95% of ad libitum consumed 29% more starch (P<.01) 

than steers fed at 75% ad libitum (3.9 vs. 2.8 kg/day). No differences 

(P>.05) were observed in ruminal (88 vs. 86%), post-ruminal (94 vs. 97%) 

or total (99 vs. 100%) starch digestibility attributable to level of 

starch intake. Digestibility coefficients for organic matter were 

approximately 85% and were not altered (P>.05) by level of starch intake. 

Ruminal (81 vs. 39%) and total (99 vs. 92%) starch digestibili

ties were higher (P>.05) for steers fed steam processed flaked than for 

steers fed dry rolled sorghum grain. Post-ruminal starch digestibility 

coefficients were not altered (P>.05) by processing method, although 

starch digestibility coefficients tended to be lower in intestines for 

dry rolled grain. About 90% of the starch presented to the small intes

tine was digested post-ruminally although the amounts of starch reaching 

the small intestine varied from 0.8 to 2.7 kg/day. 

Ruminal and total organic matter digestibility coefficients were 

higher (P<.05) for steam processed flaked compared with dry rolled 

sorghum grain. Post-ruminal organic matter digestibility coefficients 

were not altered by grain processing methods. 

Digestibility coefficients and magnitude of standard deviations 

were not influenced by length of collection period (6- vs. 2-day collec

tion) . 

The data indicate that level of feed intake is not a principal 

factor limiting starch digestion of steam processed flaked sorghum grain 
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by steers. The results also indicate that the rumen is the principal 

site of starch digestion in steers fed steam processed flaked sorghum 

grain (81% of ingested starch), while the intestines are more important 

in the digestion of starch from dry rolled sorghum grain (61% of 

ingested starch). A 2-day collection period, in which 12 samples were 

obtained, was adequate to obtain representative digesta samples for 

partitioning starch and organic matter digestibility with abomasally 

fistulated steers. 



CHAPTER 1 

INTRODUCTION 

Sorghum grain is one of the most important grain sources for 

feeding cattle and sheep in the southwestern United States. Total pro

duction of sorghum grain has been increasing rapidly in many developing 

countries, principally those located in arid regions (Wall and Ross, 

1970). The nutritive value of sorghum grain for ruminants is relatively 

low in comparison with other cereal grains (Hale et al., 1962; Trei, 

Hale and Theurer, 1970; Keating et al., 1965; Brown, Tillman and Totusek, 

1968). 

Pressure to increase ruminant efficiency has been met largely by 

feeding high levels of cereal grains to ruminants. These diets are rich 

in starch, which is subjected: (1) to microbial fermentation in the rumen 

with subsequent production of volatile fatty acids (VFA) and incorpora

tion of some starch into protozoan cells, and (2) to enzymatic digestion 

that takes place in the small intestine with production of glucose. 

The extent of starch fermentation in the rumen greatly influ

ences efficiency of transforming feed into animal products, since it 

will affect: (1) the amount of VFA formed and absorbed from the 

reticulo-rumen, (2) the amount of starch escaping rumen fermentation and 

the amount of glucose absorbed in the small intestine, (3) the magnitude 

of fixation of non-protein nitrogen into microbial protein and (4) the 

1 
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amount of energy expended by rumen microorganisms in carbohydrate fer

mentation. Theoretically VFA are used less efficiently in cellular 

metabolism to yield energy than glucose (Sutton, 1971b). Ruminants are 

less energetically efficient than monogastric animals due primarily to 

fermentation losses and to the relatively less efficient utilization of 

absorbed VFA as compared to absorbed glucose. In order to evaluate the 

extent of losses in rumen fermentation, which represents the energy cost 

for the synthesis of many desirable microbial products, it is necessary 

to know the location and the extent of starch utilization in ruminants 

(Tucker, Mitchell and Little, 1968). 

The extent of starch digestion in the reticulo-rumen and post-

ruminally is not well quantitated. Several researchers have reported 

that increasing the proportion of concentrate in diets leads to an in

crease in the amount of digestible carbohydrate escaping rumen 

fermentation (Tucker, Mitchell and Little, 1963; Karr, Little and 

Mitchell, 1966; Wright, Grainger and Marco, 1966; and Orskov and Foot, 

1969). On the other hand, according to several studies, very little 

starch passes to the abomasum and intestine (Topps et al., 1968b; Orskov, 

Fraser and Kay, 1969; Nicholson and Sutton, 1969; and Weller and Gray, 

1954). Post-ruminal starch digestion requires an adequate secretion of 

pancreatic amylase. This secretion increases with an increase in starch 

intake, however, this secretion may be inadequate if large amounts of 

starch reach the abomasum (Clary, Mitchell and Little, 1967). 

The effect of intestinal starch digestion is not clear. Several 

workers have reported rather complete post-ruminal digestion (McNeill, 

Potter and Riggs, 1971; Wright, Grainger and Marco, 1966; Kartchner, 
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1972). The data of other researchers indicates that starch digestion in 

the small intestines of ruminants is quite limited (Karr, Little and 

Mitchell, 1966; Huber et al., 1961; Tucker, Mitchell and Little, 1968). 

Hinman and Johnson (1974a,-b) found low (<68%) post-ruminal starch 

digestion in steers fed dry rolled sorghum grain, while steers fed steam 

flaked, ground or micronized sorghum grain exhibited high (>90%) post-

ruminal starch digestibilities. 

The reasons for the disagreement in the above studies are not 

well understood. Several factors may be involved in the difficulties in 

quantitation of ruminal and post-ruminal starch digestion such as: 

(1) type of indicator used, (2) type of grain, (3) level of feed intake, 

(4) method of processing and (5) methods of sampling used in the collec

tion process. According to Topps and Kay (1969) the different analytical 

procedures used for determining starch may be, in part, one explanation 

for the problem. The research reported in this manuscript is concerned 

with the last three factors as they affect utilization of sorghum grain 

starch. 

In digestion studies, feed intake is sometimes abnormally low as 

compared to that at typical performance levels. In the studies cited 

above, starch intake for cattle varied from 8 to 39 g/Wj^g5 while intake 

per day varied from 0.6 to 3.1 kg. Most of these studies were conducted 

with low levels of starch intake (<3 kg/day or <30 g/W£^). Only a few 

studies (Holmes et al., 1970; Kartchner, 1972; Hinman and Johnson, 

1974a,-b) have been reported with steers where starch intake approaches 

levels corresponding to consumption of high grain finishing diets in 

typical feedlots (4-6 kg/day or 50-70 g/w£g5)• 
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The effect of level of feed intake on site and extent of starch 

utilization of sorghum grain seems to be greatly influenced by grain 

processing methods. Kartchner (1972) reported an interaction between 

level of feed intake and feed processing method. 

The need for physical preparation of sorghum grains to improve 

their utilization by ruminants has been recognized for a long time. 

During the past 40 years, grinding, dry rolling, steam rolling and steam 

flaking have been used. Present evidence indicates that various methods 

of processing sorghum grain increases its utilization for ruminants such 

as: grinding (Buchanan-Smith, Totusek and Tillman, 1968), dry rolling 

(Riggs, 1958), popping (Riggs et al., 1970), high moisture harvesting 

and reconstituting (Neuhaus and Totusek, 1971; Riggs and McGinty, 1970) 

and micronizing (Croka and Wagner, 1975). 

As technological development has improved, processing methods 

have changed and several moist-heat methods improved sorghum grain 

utilization over earlier methods such as grinding and dry rolling. 

Recent research in this area is extensive and trials conducted by Trei, 

Hale and Theurer (1970); Osman et al. (1970), Kartchner (1972) and 

Husted et al. (1968) have shown that steam processing and flaking 

improves the digestibility of sorghum grain for ruminants. Processing 

of sorghum grain also appears to alter the extent of ruminal, post-

ruminal and total starch digestion (Kartchner, 1972; McNeill, Potter and 

Riggs, 1971; Hinman and Johnson, 1974a,-b). 

The use of indwelling cannulas to determine the site and 

efficiency of nutrient utilization requires the collection of repre

sentative samples of digesta from various segments of the digestive 



5 

tract. Thus, steady-state conditions are needed in digestion trials, 

particularly where indwelling cannulas are used. 

Short term collections are advantageous because of difficulties 

in maintaining steady-state conditions over prolonged collection periods. 

However, an increase in the frequency of collections during the day may 

depress digesta flow along the gastro-intestinal tract (MacRae and 

Armstrong, 1969a; MacRae et al., 1972; Nicholson and Sutton, 1969). 

Thus, an increase or decrease in the frequency of digesta collections 

from indwelling cannulas may affect starch utilization. 

The objectives of this study were: (1) to determine the effect 

of high levels of starch intake, (2) to compare two methods of grain 

processing and (3) to determine the length of collection period on site 

and efficiency of utilization of starch on abomasally fistulated steers 

fed sorghum grain in high concentrate diets. 



CHAPTER 2 

LITERATURE REVIEW 

Starch in Ruminant Nutrition 

From 1959 to 1969 the total tonnage of grain used by ruminants 

increased 73%, while sorghum grain consumption rose about 155%. The 

number of beef cattle on feed increased about 90% and the use of cereal 

grain for cattle increased about 171% (Waldo, 1973). Starch is the 

largest nutrient constituent of cereal grains and usually represents 

most of the nitrogen-free extract. Tabulated data (N.R.C., 1971) gives 

the following for nitrogen-free extract concentration in cereal grains: 

corn, 81%; barley, 74%; and sorghum grain, 80%. Thus, most of the 

energy derived from cereal grains comes from starches. 

The general outline of biochemical degradation of starch and its 

utilization by animals are well understood in principle, however, many 

problems remain to be solved in maximizing its utilization by ruminants. 

Evidence indicates that the main chains of starch are composed of D-

glucose units linked by a-1, 4 bonds. Amylose consists of o-l, 4 linked 

glucose units. Most cereal starches contain about 25% of amylose and 

about 75% of araylopectin (French, 1973). It is well known that in 

amylopectin a-1, 6 linkages contribute to the major branching of starch. 

Alteration of starch solubility is in general a problem to 

researchers. Starches, oligosaccharides and maltose are very soluble in 

6 
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hot water, however, according to French and Youngquist (1960), starting 

with maltomannose, the physical form of starch chains undergoes a trans

formation such that it becomes non-hygroscopic and is capable of 

crystalizing. French (1973) points out that as starch chains are 

elongated further, in the ranges of 70 to 150 glucose units, the material 

becomes insoluble in water at room temperature and it is difficult to 

dissolve without addition of chemical agents. In the range of 500 

glucose units (or more), amylose will be dissolved in water only by 

heating. 

In industrial modification of starch, the following are used to 

increase its solubility and stability (French, 1973): introduction of a 

few branch points (as in amylopectin or glycogen), chemical modification 

(substitution of OH groups), heat dextrinization (which introduces a 

certain amount of branching points and reduces molecular size) and oxi

dation (which converts some of the OH groups to carboxyl, aldehyde or 

ketone groups thus reducing molecular size). 

Enhancement of amylose solubility will occur by mixing it with 

a short chain or branched material. While a solution of soluble starch 

undergoes spontaneous retrogradation more rapidly than unmodified starch, 

the retrograded soluble starch can readily be redissolved simply by 

heating. Retrograded unmodified starch is very difficult to convert to 

soluble form (Whelan, 1971). 

A large variety of bacteria contain debranching enzymes, which 

cleave the a-1, 6 bonds in amylopectin or branched dextrins. The 

resulting, short linear chains are readily converted by amylases to 
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linear oligosaccharides thus avoiding the formation of small branched 

oligosaccharides, which are more difficult to hydrolyze by maltases 

(Whelan, 1971). 

In the rumen a major part of the starch is first solubilized 

by an extracellular a-amylase secreted by rumen microorganisms. Soluble 

dextrin and oligosaccharides are converted to glucose by maltase, which 

may either be extracellular or located at or near the surface of the 

cell wall (French, 1973). Starch reaching the duodenum is first degraded 

by a-amylase, an endo-enzyme secreted by the pancreas, which can attack 

at any point in the interior of a linear starch chain. Such action 

rapidly fragments the polysaccharides and eventually completely degrades 

amylose to glucose, maltose and maltotriose (Robyt and French, 1967). 

Maltase, lactase and dextrinase are secreted by the mucosa of the small 

intestines. Sucrase is practically absent in the ruminant (Sutton, 

1971a). Thus, soluble starch and associated polysaccharides that reach 

the duodenum of the ruminant should be rather completely hydrolyzed and 

absorbed as glucose. 

Starch digestion in ruminants is influenced to some extent by 

adaptation of rumen micororganisms (McAllan and Smith, 1974) and the 

small intestine to the diet given to the animal (Clary, Mitchell and 

Little, 1967). Post-ruminal starch digestion requires an adequate secre

tion of pancreatic amylase or a suitable microbial population in the 

cecum. Pancreatic amylase secretion apparently increases with an 

increase in the amount of starch reaching the small intestine (Clary, 

Mitchell and Little, 1967). Armstrong and Beever (1969) reported that 

secretion of pancreatic amylase increased with increasing levels of 
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corn in the diet. Blood glucose levels rose as pancreatic amylase 

activity increased. 

The ruminant utilizes a wider range of carbohydrates than most 

animals. Most digestion is by fermentation to short chain fatty acids 

by the microbial population of the rumen and to a lesser extent by 

microorganisms in the large intestine. From the carbohydrates that 

normally reach the duodenum, one might expect that starch and oligo

saccharides would be hydrolyzed and absorbed as glucose, while sucrose 

and cellulose would remain undigested. However, the disappearance of 

sucrose and small amounts of cellulose occurs between the abomasum and 

terminal ileum (Sutton, 1971a). This author suggests that microbial 

fermentation in the terminal ileum accounts for part of the intestinal 

digestion of sucrose, cellulose and unknown amounts of starch. In 

addition, he points out that there is no clear evidence that starch 

digestion in the small intestine results in increased absorption of 

glucose. If only small amounts of starch are degraded in the small 

intestine, thus minimizing glucose absorption from the gut, then the 

ruminant must depend heavily on gluconeogenesis from propionic acid and 

protein to meet cellular requirements for glucose. 

Carbohydrates undergo an anaerobic fermentation in the rumen 

and large intestine, thus, hexoses and pentoses are fermented to acetic, 

propionic and butyric acids and methane (Sutton, 1971a). As far as is 

known, all carbohydrates are fermented by the Embden-Meyerhof glycolysis 

system to pyruvate. Thus, differences in products formed are from 

further metabolism of pyruvate (Baldwin, 1965). The wide difference in 

proportion of volatile fatty acids from various dietary carbohydrates 
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may be due to small differences in available substrates such as glucose, 

galactose and xylose (Sutton, 1968). Carbohydrate fermentation releases 

energy in the form of ATP for microbial growth and provides an important 

source of protein for the host animal. Wide variation may occur among 

species of bacteria in the amount of protein synthesized per unit of 

carbohydrate fermented (Weston and Hogan, 1968). The interaction among 

feed, rumen microbial population and rumen pH is very complex and the 

proportion of VFA formed in the rumen is still not well understood, 

particularly when high concentrate diets are fed (Sutton, 1971a). Com

position of the diet can affect the microbial population and VFA 

proportions; however, rumen pH seems to be more important in this 

respect (Sutton and Johnson, 1969). 

A change from a rapid fermentation characterized by a high pro

portion of butyric to propionic acid has been related to the absence of 

protozoa from the rumen. Eadie et al. (1970) found that feeding a high 

concentrate diet to the animal reduced the protozoan population by 

lowering the pH of the rumen. Jouany and Thivend (1972) reported that 

considerable numbers of ciliate protozoa accumulate large amounts of 

polysaccharides. Whitelaw et al. (1970) suggested that a large 

protozoan population in the rumen could reduce the extent of starch 

digestion. Singh and Trei (1970) and Porter and Singleton (1971) con

cluded that the microbial population makes only a small contribution to 

the polysaccharides entering the duodenum of ruminants receiving mainly 

roughage diets. 

Weston and Hogan (1968) showed that when forages are fed alone 

in chopped or long form, about 89% of the total soluble carbohydrate is 
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degraded in the rumen and the relative importance of the rumen as a site 

for fiber digestion tends to decline with roughage quality. Soluble 

sugars pass further down the tract almost immediately and fibrous carbo

hydrates may remain in the rumen for many hours. With diets consisting 

mainly of grains, starch is often the most abundant carbohydrate. Most 

of starch of most cereal grains is digested in the rumen and the 

remainder in the small intestine (Sutton, 1971b). Raw sorghum grain or 

corn may be an exception since a large portion of the starch may escape 

rumen fermentation and if large amounts are given, a portion may reach 

the cecum (Holmes et al., 1970; Orskov, Fraser and Kay, 1969). 

Cereal Grain Starch Digestion by Ruminants 

The susceptibility of cereal starch to enzymatic attack varies 

considerably within and among cereal grain varieties. The findings of 

Goering, Eslick and Dehaas (1970) with 12 barley genotypes suggests that 

it may be possible to create new starch types, by recombinations of 

marker genes, that are much more susceptible to enzymatic digestion. 

Researchers differ concerning the feeding value of barley, 
4 

sorghum grain or other cereal grains. Garrett, Lofgreen and Meyer 

(1964) found that sorghum grain and barley were equal in feeding value 

for cattle. Brown, Tillman and Totusek (1968) did not find differences 

in organic matter and dry matter digestibility in Hereford steers fed 

finely ground sorghum grain or corn at three levels of intake (main

tenance, intermediate and high), however, organic matter digestibility 

was greater (P<.05) with corn than with sorghum grain. Tommervik and 

Waldern (1969) fed cows pelleted grain with hay (about 45% grain, 55% 
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hay). The grain contained 96% of either wheat, corn, barley, milo or 

oats to determine acceptability, digestibility and effect on milk pro

duction. Sorghum grain was the most acceptable of the pelleted grain 

diets and there were no differences among treatments in milk yield. The 

oat diet was lower (P<.05) in nitrogen free extract (NFE) than other 

grain diets. Total NFE digestibility was about 50, 46, 48, 41 and 42 

for wheat, corn, sorghum grain, oats and barley diets, respectively. 

Oltjen et al. (1967) found that dry matter digestibility was 

less (P<.05) for steers fed sorghum grain diets (72%) compared with corn 

(83%), wheat (87%), or barley diets (84%). This data is in agreement 

with the results of several workers who found that the nutritive value 

of sorghum grain is relatively low in comparison with other cereal grains 

(Hale et al., 1962; Trei, Hale and Theurer, 1970; Keating et al., 1965; 

Maxson et al., 1973; Thivend and Vermorel, 1971). 

Although few direct comparisons of starch digestibility with 

sorghum grain and other cereals have been made, it is possible to obtain 

some generalized information by indirect comparisons. Waldo (1973) has 

recently reviewed the literature concerning the extent and partition of 

cereal grain starch digestion in ruminants. Average ruminal starch 

digestibility values were: 94% (23 observations), 78% (30 observations) 

and 76% (8 observations) for processed barley, corn and sorghum grain, 

respectively. Coefficients for total starch digestion were 99.7, 99.0 

and 98.0% for barley, corn and sorghum grain, respectively. For unpro

cessed sorghum grain, ruminal and total starch digestibilities were 42 

and 97% (1 observation), respectively. He concluded that total starch 

digestibility in these trials averaged 99%, although significant amounts 
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of com and sorghum grain starch fed at high levels and in coarse 

particle sizes in cattle did escape digestion. A summary of total and 

ruminal starch digestion values for barley, corn or sorghum grain fed to 

ruminants is presented in Appendix: Tables F-10 through F-16. With 

diets consisting mainly of steam processed flaked grain about 90-96% of 

starch of most cereal grains is digested in the rumen (Holmes et al., 

1970; Orskov et al., 1969; Nicholson and Sutton, 1969). Ruminal starch 

digestibility of cereal grains processed by other methods is often lower 

than 90% and with dry rolled or ground sorghum grain, 40% or more of 

starch may escape rumen fermentation (Kartchner, 1972; Hinman and 

Johnson, 1974b; McNeill, Potter and Riggs, 1971). 

In summary, only limited trials have compared starch utilization 

of sorghum grain by ruminants with barley or corn. Sorghum grain starch 

seems to be the most resistant of the cereal grains to enzymatic attack, 

particularly unprocessed sorghum grain starch. 

Effect of Level of Intake on the Site 
and Extent of Starch Digestion 

Carbohydrate digestion in ruminants is conventionally depicted 

as occurring primarily in the rumen under the influence of microbial 

fermentation with subsequent production, principally of VFA. Very 

little digestible carbohydrate is thought to escape rumen fermentation 

and enter into the small intestines (Topps et al., 1968b; Topps, Kay and 

Goodall, 1968a). Due to fermentation losses in the rumen, starch is used 

less efficiently by ruminants than by monogastrics. In evaluating this 

fermentation loss, which represents the energy cost for synthesis of 

many microbial products, it is necessary to more clearly understand the 
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location and extent of starch utilization by ruminants (Tucker, Mitchell 

and Little, 1968). 

The effect of level of starch intake on the relative importance 

of ruminal and post-ruminal digestion has received inadequate attention, 

especially with sorghum grain. Starch consumed by ruminants may be 

degraded by microbial fermentation in the rumen, ingested by rumen proto

zoa and conveyed to the host animal, or passed directly into the small 

intestine where it undergoes enzymatic digestion as in monogastric 

animals (Phillipson and McAnnally, 1942). If an increase in the level 

or proportion of concentrate in the diet leads to an increase in the 

amount of digestible carbohydrate escaping rumen fermentation, then the 

overall efficiency of energy utilization by ruminants should be improved 

(Karr, Little and Mitchell, 1966; Vidal et al., 1969). This assumes 

that starch which escapes rumen fermentation is digested rather complete

ly in the small intestine. Tucker, Mitchell and Little (1968) suggest 

that at high levels of feed intake, starch digestion in the small 

intestine may become limiting and digestion in the cecum and large 

intestine becomes more important. 

The extent of the starch digestion in the small intestine is not 

well understood. There are some indications that starch escaping rumen 

fermentation is not efficiently hydrolyzed in the small intestine by 

enzymes. Infusion of 200, 400 and 600 grams of purified corn starch 

into the abomasum of steers twice daily revealed that as the level of 

starch infusion increased, more starch was recovered in the posterior 

ileum, indicating reduced intestinal digestibility of starch at higher 

levels of infusion (Little, Mitchell and Reitnour, 1968). Starch was 
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not digested well in young steers (8-9 months of age) when purified 

starch or ground corn was introduced into the omaso-abomasal area 

(Larsen et al., 1956). Dry matter digestibility values of both corn and 

purified starch were about 90%. Omaso-abomasal infusion provoked a high 

incidence of diarrhea. 

Results obtained by Huber et al. (1961) indicated that starch 

was not digested in appreciable amounts in the small intestine as 

measured by an increase in blood glucose concentration in cattle ranging 

in age from 11 days to over 2 years. Absorption and utilization of 

glucose and maltose was decreased with the age of the animal. 

Contrary to the above data, several workers have reported data 

suggesting that considerable starch digestion occurs post-ruminally. 

Whether most of this digestion occurs in the small intestine or cecum 

and large intestine is not clear from the available data. Waldo (1973) 

reviewed this area and reported average ruminal starch digestibility of 

76-94% with total digestibility of 99% suggesting that 6-24% starch 

escaping rumen fermentation was rather common. Wright, Grainger and 

Marco (1966) demonstrated rather complete digestion of starch in the 

small intestine of sheep fed a high concentrate diet. In addition, they 

reported that abomasal administration of large quantities of starch 

(4 g/kg body weight) resulted in a detectable increase in blood glucose 

levels. 

Several trials involving various levels or proportions of barley 

and corn have been reported in relation to starch digestion by ruminants; 

however, trials concerned with levels of sorghum grain are limited. 

Kartchner (1972) conducted two trials with Hereford steers to measure: 



(1) the effect of ad libitum and 80% of ad libitum feed intake and 

(2) the interaction of two grain processing methods and level of feed 

intake on starch digestibility of a 79% sorghum grain diet. Level of 

starch intake did not affect total starch digestibility within processing 

treatments. In the second trial, daily starch intakes were 3142, 4780, 

3288 and 4474 g for steers fed restricted steam processed flaked, ad 

libitum steam processed flaked, restricted dry rolled and ad libitum dry 

rolled sorghum grain treatments, respectively. Ruminal starch digestion 

was not different (P<.05) between levels of intake within the same grain 

processing treatment. Digestibility of starch in the rumen was about 73 

and 51% for steam flaked and dry rolled sorghum grain, respectively. 

Total starch digestibility for steam processed flaked and for dry rolled 

sorghum grain was not significantly affected by level of starch intake 

(99 vs. 96%), however, total starch digestibility of the restricted 

flaked treatment was higher (P<.05) than the full-fed dry rolled sorghum 

grain treatment (99.6 vs. 94.9%). 

Karr, Little and Mitchell (1966) fed steers a ground mixed diet 

with varying levels of com (20, 40, 60, 80%) containing 19 to 63% 

starch. Digestibility of starch in the rumen (64, 73, 67 and 63%) or in 

the small intestine (93, 85, 78 and 64%) varied (P<.05) with the pro

portion of corn in the diet. The quantity of starch reaching the 

abomasum (16 to 38%) increased with an increase in the amount of starch 

intake. Thus, post-ruminal starch digestion assumed a greater role in 

the overall starch utilization as feed intake increased. The data 

suggested that more starch may reach the small intestine than can be 

digested in this section of the digestive tract. 



Topps et al. (1968b) fed 0.9, 1.3, 1.4 and 1.7 kg of starch/ 

steer/day in an 85% crushed barley diet. The percentages of starch that 

reached the abomasum were 53, 66, 76 and 69%, respectively, for the four 

levels of starch intake (measured by the anthrone method for starch 

analysis). Lower percentages of starch reaching the abomasum were found 

when starch was determined enzymatically. The latter percentages were 

50, 62, 65 and 77% for 0.9, 1.3, 1.4 and 1.7 kg of starch intake from 

the concentrate fraction of the diet, respectively. Waldo, Keys and 

Gordon (1971) conducted two trials to measure com starch digestion in 

the rumen and post-ruminally in steers fed diets with different pro

portions of corn. The four diets (20, 40, 60 and 80% of ground corn) 

were not significantly different in apparent digestibility of starch 

in the rumen (72%) or in the total tract (99%). 

More data are available in the literature for sheep than for 

cattle related to starch utilization by ruminants. Whether the process 

of starch digestion is the same for both sheep and cattle receiving the 

same diet is not clear at this time. Anatomical differences such as 

size of reticulo-omasal orifice, can affect retention time in the rumen 

of certain nutrients, thus altering the extent to which they are fer

mented. Some authors have reported that sheep are more efficient 

digesters of cereal grain than cattle. Meyer and Nelson (1962) found 

that on barley diets the total efficiency of feed utilization (measured 

as calories) was greater for sheep than for steers. Hale (1970) 

reported that nitrogen free extract digestibility of sorghum grain was 

higher by sheep than steers (93 vs. 75%). However, Karr, Little and 

Mitchell (1966) reported that the relative importance of different parts 
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of the gastro-intestinal tract for carbohydrate is broadly similar for 

sheep and cattle. 

Nicholson and Sutton (1969) fed sheep a flaked corn diet at 0.9, 

1.7 and 2.3 times of maintenance and found ruminal (94.9%) or total 

(99.7%) starch digestibility was not affected. Orskov, Fraser and Kay 

(1969) found no differences in total tract starch digestibility (96-99%) 

in sheep fed ad libitum or at 70% of ad libitum. There was a significant 

(P<.05) increase in starch passing into the abomasum (4.4 to 6.8%) with 

an increase in feed intake, but abomasal starch was not correlated with 

ileal starch content. Total dry matter digestibility was about 75% for 

both rolled barley restricted and full-fed diets. 

Tucker, Mitchell and Little (1968) conducted two trials to 

measure ruminal and post-ruminal com starch digestion in sheep fed 

diets with different proportions of corn (20, 40, 60 and 80% of ground 

corn). The four diets were not significantly different in apparent 

digestibility in the rumen (73%) or in the total tract (98%). MacRae 

and Armstrong (1969b) reported the results of seven trials with sheep 

fed diets ranging from all hay to all barley and also a diet comprised 

of one part of hay to two parts of flaked corn. With increasing amounts 

of starch given to sheep, the amount of starch reaching the duodenum 

increased (P<.05). However, expressed as a percentage of the amount 

ingested, means values were similar except for the all hay diet: 18.2% 

for hay, 9.3% for two parts of hay to one part barley, 7.5% for one part 

of hay to two parts of barley and 8.1% for barley alone. When rolled or 

whole barley was given alone or was the major feed constituent, the 

amount of a-linked glucose polymers entering the small intestine was 6% 



of that ingested. This value was significantly lower (P<.05) than that 

found for hay and flaked corn (10.4%). The starch which entered the 

small intestine was almost completely digested there. 

Sheep with cannulas into various parts of the digestive tract 

were used by Topps, Kay and Goodall (1968a) to measure the extent of 

starch digestion from a diet containing 85% barley. About 95% of the 

starch ingested was fermented in the rumen. Some 69% of the dry matter 

intake disappeared from the rumen of sheep. About 17 and 14% of dry 

matter was digested in the small intestine and large intestine, 

respectively. Some of the starch that reached the small intestine could 

be from microbial origin and, thus, the degradative process in the rumen 

was very effective. 

In goats, Ridges and Singleton (1962) found that 81% of soluble 

carbohydrate was digested before reaching the duodenum. Sutton and 

Nicholson (1968) found 5.5, 6.8, 19.7 and 34.4 g of starch in the duo

denum of sheep fed 45, 168, 363 and 579 g of starch/day, respectively. 

Only 1.1, 0.4, 0.7 and 2.5 g of starch were recovered in the feces of 

the sheep given the four diets. The results obtained by Weller and Gray 

(1954), in five trials, revealed that sheep fed from 30 to 150 g of 

starch per day showed only small increases (from 1 up to 8 g) in amount 

of starch passing through the abomasum. 

In summary, the various studies presented in this review are not 

in agreement concerning the magnitude of ruminal and post-ruminal starch 

digestion as affected by level of starch intake. Trials with cattle are 

very limited. Studies with sorghum grain are also limited. Digestion 

trials involving levels of intake have generally been conducted using 
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low levels of starch intake. Although daily starch intake levels for 

cattle varied from 0.6 to 5.6 kg/day or 8 to 64 g/kg metabolic body 

weight, most of these studies were conducted with a limited number of 

cattle per treatment and low levels of starch intake (<3 kg/ or <30g/ 

^kg^ * Only a few studies (Holmes et al., 1970; Kartchner, 1972; Hinman 

and Johnson, 1974a,-b) have been reported with steers where starch intake 

approaches the levels corresponding to consumption of high grain finish* 

ing diets in typical feedlots (4 to 6 kg/day or 50 to 70 g/W£g5). 

Attempts should be made to determine starch utilization at intake levels 

and with processing methods more closely approaching those used under 

feedlot conditions. In addition, considerable work needs to be done 

with cattle to determine if starch utilization follows the same pattern 

in cattle as in sheep. If this pattern is similar then data from sheep 

may be used to answer many of the unknown questions remaining concerning 

the starch utilization by ruminants, since sheep are much less expensive 

and easier to work with. 

Effect of Grain Processing Methods on 
Starch Utilization by Ruminants 

French (1973) reviewed relationships between starch utilization 

and chemical and physical properties of starch in feed. When raw starch 

is suspended in water and gradually heated (up to about 55 C), the 

starch granules swell and absorb about 50% or more of their weight of 

water. This swelling is reversible and after cooling and drying, the 

starch seems essentially unaltered. However, if heating is continued in 

the range of 60 to 80 C, most starch granules undergo an irreversible 

swelling or gelatinization in which the starch granules lose their 



crystallinity. If heating is prolonged, especially with mechanical 

agitation, or if the starch suspensions are autoclaved, the granule 

structures are still further broken down so that a quasi-solution or 

colloidal solution is produced. Many factors may alter the swelling 

properties of starch. A light degree of acid hydrolysis breaks the 

macromolecular structure giving a thin-boiling starch, and roasting a 

dry starch gives a dextrin that is soluble in cold water (French, 1973). 

French (1973) points out that when feed starch is heated in the 

presence of small amounts of water the starch granules will suffer a 

disorganization, but the total swelling will be limited by the small 

amount of water. This leads to a gel of a very high starch content 

which retrogrades rapidly and sets to a hard texture. 

Amylases of the animal digestive tract can digest uncooked 

starch, but will act much more rapidly on cooked starch (Walker and 

Hope, 1963). An evaluation made in the laboratory and in animals by 

Liang et al. (1969) with sorghum and corn grain processed by various 

combinations of moisture, heat and pressure revealed that the suscepti

bility of starch to enzymatic attack increased as pressure was increased 

by increments from 1.8 to 6.0 kg/cnr gauge pressure. Lengthening cook

ing time from one to ten min was beneficial when small amounts of water 

were added to the grain, but had no effect or was detrimental at higher 

moisture levels. There was a sharp decrease (P<.05) in corn and sorghum 

grain digestibility when the amount of water added before cooking was 

increased above 16% with a 10 min cooking time. 

The application of moist heat to starch in an in vitro study 

(Salsbury, Hoefer and Luecke, 1961) brought about hydration of the starch. 
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Hydrated starch was digested more rapidly than untreated starch. Auto-

claving corn with 18 parts of water appeared to increase the digestion 

rate, and without addition of water the digestion rate was decreased. 

Results obtained by Lorenz and Johnson (1972) revealed that small 

amounts of glucose and glucose polymers were formed by starch hydrolysis 

at temperatures of 120 and 135 C with pressures of 32 to 80 psi, 

respectively. However, extensive hydrolysis of starch to sugars occurred 

at a temperature of 155 C and a pressure of 140 psi. 

Studies concerned with alteration of cereal grain starch by 

processing methods and its effect on starch utilization can be classi

fied into three categories such as (1) performance and efficiency of feed 

utilization, (2) in vitro studies to measure rate of microbial fermenta

tion or the rate of enzymatic degradation, and (3) digestion trials to 

determine total, ruminal and post-ruminal digestion. 

Steam processing and flaking has been widely accepted by cattle 

feeders. Steam processing and flaking involves steaming the grain before 

the rolling or flaking process. It differs from steam rolling in that 

the grain is steamed for a longer period of time (20 to 30 min versus 

5 to 10 min). Steam processing and flaking results in a deeper pene

tration of the steam and a greater moisture content in the grain than 

steam rolling (Johnson, Matsushima and Knox, 1968). The most pronounced 

effect of this latter method of grain processing has been to increase 

digestibility of the non-protein fraction of the grain. Thus, proces

sing methods like this can improve the availability and/or the 

utilization of the starch portion of the grain. The mechanism by which 

processing methods increase digestibility is not well understood, but is 
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thought to be related to disruption of the protein matrix in the endo

sperm (Wall and Ross, 1970). 

Processed sorghum grain fed to finishing cattle has often 

reduced feed intake, but usually increases the efficiency of feed 

utilization. Results of Riggs et al. (1970) revealed that self feeding 

of 100% popped sorghum grain, partially popped grain, or a mixture of 

the two popped fractions in all-concentrate feed mixtures to finishing 

steers resulted in reduced (P<.05) feed intake as compared with non-

popped dry rolled grain. Reduced feed intake was accompanied by 

increased efficiency of feed utilization and non-significantly reduced 

the rate of gain. Rumen contents showed lower (P<.05) levels of acetic 

and isovaleric acids, but higher levels of propionic acid in steers fed 

dry heat processed grain than those fed non-treated grains. Contrary 

to the above data, Hale et al. (1966) found that steam processing and 

flaking sorghum grain increased gain and feed intake over dry rolled 

sorghum grain by 0.12 and.0.45 kg/day, respectively. Dry matter digesti

bility was higher (P<.05) for steam processed flaked sorghum grain 

(69.7%) than for dry rolled grain (61.6%). Steam processing and flaking 

sorghum grain included in a 77% grain diet, increased (P<.05) N.F.E. 

digestibility. Steam processed sorghum grain was prepared by subjecting 

the sorghum grain to low pressure, high moisture steam for approximately 

25 min before flaking. The chamber temperature averaged 99 C and the 

final moisture content of the flake from the roller was 18%. 

The findings of Trei, Hale and Theurer (1970) revealed that 

either steam processing and flaking or pressure cooking and flaking of 

sorghum grain resulted in similar in vitro gas production by rumen 
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microorganism in vitro as compared with untreated grain. Steam proces

sing and flaking either barley or sorghum grain increased (P<.05) gas 

production when compared to untreated grains. Barley gas production was 

(P<.05) greater than from sorghum grain. Flaking the grains cooked at 

4.2 kg/cm^ increased (P<.05) gas production compared to unflaked grains. 

Osman et al. (1970) conducted a study to determine the influence 

of pressure cooking and flake quality (poor, intermediate and flat 

flake) on the starch availability of barley and sorghum grain to in 

vitro enzymatic degradation. Flaking the grains after steaming or 

pressure cooking markedly increased in vitro digestion of both grains. 

Flat flaking of the steam processed grains more than doubled the per

centage starch digestion compared with untreated barley and sorghum 

grain. The data suggest that the degree of flaking is the most impor

tant factor in the processing methods. Frederick, Theurer and Hale 

(1973) confirmed this observation with in vitro studies and showed that 

moisture and temperature were also critical to improvement of in vitro 

enzymatic degradation of sorghum grain starch. 

The data of Hinman and Johnson (1974a) indicate that in vitro 

dry matter disappearance does not always reflect in vivo starch 

digestibility by the microbial population in the rumen. Micronized 

sorghum grain had a greater (P<.05) dry matter loss than dry rolled 

sorghum grain after a 12 hr in vitro digestion. In vivo, dry rolled or 

micronized sorghum grain fed to steers did not alter the amount of 

starch digested in the rumen. Only 51% of the starch reaching the 

small intestine from dry rolled sorghum grain was digested as compared 

with 95% digestion for starch in micronized sorghum grain. About 81% 
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of the starch from the dry rolled sorghum diet was digested in the total 

tract compared with 98% starch from micronized sorghum grain. In another 

trial, Hinman and Johnson (1974a), fed sorghum grain processed by 

micronizing, dry rolling, grinding or steam flaking to steers fitted 

with rumen and abomasal cannulas and found no difference (P>.05) in the 

quantity of starch fermented in the rumen. Intestinal digestion was re

duced (P<.05) and lower total starch digestion was observed with dry 

rolled sorghum grain, suggesting that the raw starch from dry rolled 

sorghum grain had a reduced susceptibility to enzymatic attack in the 

small intestine. Starch digestion was lower (P<.05) for dry rolled 

sorghum grain than for ground sorghum grain indicating that the particle 

size may be an important factor in the rate and/or extent of starch 

digestion. In addition, the increase in starch digestion noted from 

heat and pressure treatment of sorghum grain could explain the increase 

in performance of fattening steers fed these types of diets. 

McNeill, Potter and Riggs (1971) found significant differences 

(P<.05) in ruminal and post-ruminal starch digestion by steers fed dry 

ground, steam flaked, reconsitituted ground and micronized sorghum 

grain. The percentage of starch digested in the rumen was about 42, 67, 

83 and 43% and posterior to the rumen was about 94, 98, 98 and 95% for 

steers fed dry ground, reconstituted, steam flaked and micronized 

sorghum grain, respectively. 

Husted et al. (1968) conducted an experiment with steers to 

determine the digestibility of steam processed-flaked, steam processed-

cut, dry rolled and water soaked-cut sorghum grain in a 77% sorghum 

grain diet. Digestibility of N.F.E. was 84, 73, 71 and 75% for steam 
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processed flaked, steam processed-cut, dry rolled and water soaked-cut 

sorghum grain, respectively. In a second trial, N.F.E. digestibility of 

sorghum grain diets was higher (P<.05) for steam processed (87%) and 

pressure cooked (87%) than for dry rolled (76%) or fine ground grain 

(79%) in an in vivo study. Neuhaus and Totusek (1971) in an in vitro 

study, found that reconstituting whole sorghum grain markedly increased 

digestibility as compared with untreated sorghum grain. Digestibility 

coefficients were increased (up to 15%) with an increase in the recon-

stitution storage time (from 1 to 32 days). Drying the reconstituted 

grain in whole form resulted in a total loss of the improved digestibil

ity. Reconstitution of ground grain did not increase digestibility. 

Physical properties of carbohydrate from dry ground, steam 

flaked, reconstituted and micronized sorghum grain were investigated 

in vitro by McNeill et al. (1975). Percentage of total carbohydrate and 

ethanol-soluble carbohydrates of reconstituted grain were lower (P<.05) 

than corresponding carbohydrate fractions of grains processed by other 

methods. Digestibility differences were small and may not be biological

ly significant. Starch in steam flaked grain was the most susceptible to 

o-amylase attack suggesting that the degree of gelatinization is not the 

only factor which affects susceptibility of starch to enzyme action. 

Holmes et al. (1970) used abomasal fistulated steers and the 

slaughter technique in sheep to determine starch digestibility of two 

diets containing 80% sorghum grain. The sorghum grain in one diet was 

steamed at atmospheric pressure before rolling and in the other, the 

grain was steamed at a pressure of 3.5 kg/cm before rolling. There was 

no difference (P<.05) in ruminal starch digestion, with coefficients of 
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starch digestibility of 90 and 95% for atmospheric steam and steam 

pressure treated sorghum grain, respectively. Intestinal starch digesti

bility tended to be less for steam pressure processed grain (67 vs. 74%). 

Total dry matter digestibility was not different (P>.05) for the two 

processing treatments. Digestibilities measured by total collection were 

about 81% for both grain processing methods. Dry matter digestibilities 

determined by chromium oxide and lignin ratio were similar to the total 

collection method. 

The findings of Johnson, Matsushima and Knox (1968) revealed 

that steam flaking of corn decreased the specific gravity of starch and 

increased water uptake. The rate of passage through the digestive tract 

of steers was more rapid for steam flaked than cracked corn. The data 

suggested approximately a 6% increase in dry matter digestibility of 

flaked com over cracked corn. 

Larry et al. (1972) measured VFA concentration from rumen 

samples taken by stomach tube from growing finishing steers fed oats, 

ground sorghum grain, processed sorghum grain, corn or wheat. Barley 

increased butyrate (P<.01) and decreased (P<.05) propionate concentra

tions in the rumen. Sorghum grain processing method (ground, rolled and 

steam flaked) altered feed intake, daily gain and feed per gain, but 

failed to affect (P>.05) VFA production. Daily feed intakes were 8.7, 

8.3, 8.3, 8.0 and 9.1 kg for steers fed coarsely ground dry, finely 

ground dry, reconstituted rolled, reconstituted steam rolled and steam 

flaked sorghum grain, respectively. Brown et al. (1970) found that 

steam processing sorghum grain and barley had no effect on milk produc

tion of cows. 



Diets composed of 78% sorghum grain were given to steers and 

sheep by Buchanan-Smith, Totusek and Tillman (1968) to study digesti

bility of dry matter, starch, non-protein organic matter and reducing 

sugars as affected by steam processed and rolled, reconstituted and 

rolled, coarsely or fine ground grain. Digestibilities of dry matter, 

non-protein organic matter and organic matter, by steers, were higher 

(P<.05) for reconstituted-rolled than for coarsely or fine ground 

grains. No differences (P>.05) were found between steam processed and 

reconstituted sorghum grain or between the two ground treatments. 

Digestibility coefficients for starch were 91, 92, 94 and 95% (steers) 

and 93, 93, 94 and 93% (sheep) for coarse ground, fine ground, steam 

processed-rolled and reconstituted-rolled, respectively. Treatment 

values were not significantly different (P>.05). Sheep digested ground 

sorghum grain more efficiently than did steers. In lambs, White et al. 

(1973) found no differences in energy, dry matter, starch or protein 

digestibility of raw, roasted, fatty acid treated, reconstituted or high 

moisture com grain diets. 

Keating et al. (1965) conducted a digestion trial with Hereford 

steers to study the digestibility of sorghum grain and barley in a 50 

and 85% concentrate diet containing rolled barley, dry rolled sorghum 

grain or cooked sorghum grain. Lambs were also used to measure the 

digestibility of all-sorghum grain and all-barley diets. In a 50% con

centrate diet, digestion coefficients of the grain components were 

similar for sorghum grain and barley. In an 85% concentrate diet, 

starch digestibility was higher (P<.05) for dry rolled barley (91%) than 

for dry rolled sorghum grain (70%) and cooked sorghum grain (76%). 



Beever, da Silva and Armstrong (1970) fed sheep similar amounts 

of starch in two diets and found that with ground corn, 22% of the 

starch reached the small intestine, representing a five-fold increase 

over the amount of starch from the flaked diet. Starch reaching the 

small intestine was largely digested in this section of the digestive 

tract. Total alimentary tract digestibility coefficients were 93 and 

98% for ground and flaked corn grain, respectively. 

Orskov, Fraser and Kay (1969) conducted a digestion trial with 

lambs to compare diets based on barley, flaked corn, ground corn or 

cracked corn. The percentage of dietary starch, expressed as a percent 

of intake, escaping rumen fermentation was 6, 5, 12 and 14% for the 

barley, flaked corn, ground corn or cracked corn diets, respectively. 

The extremely low concentration of starch detected in the feces showed 

that most starch passing the lower ileum was fermented in the cecum and 

large intestine. 

In summary, the various studies presented in this review support 

the conclusions of Hale (1973) who reviewed the influence of processing 

grain methods on starch utilization, in vivo and in vitro, by ruminants 

and made the following comments and conclusions: (1) digestibility of 

starch by ruminants is increased by proper methods of processing grain, 

particularly sorghum and corn grain; (2) the rumen is the site where the 

greatest increase in starch utilization occurs; (3) in vitro enzymatic 

starch digestion nylon bag, dry matter disappearance and in vitro VFA 

production are good indicators for predication of in vivo starch utiliza

tion; (4) the difference in starch digestion in the gastro-intestinal 

tract, between processed and non-processed grain, probably is not the 
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only reason for the increase in animal response due to processing 

methods. He suggested that processing methods increase the efficiency 

of starch utilization by rumen microorganisms. It is generally con

sidered that most efficient utilization of starch by the ruminant would 

occur if starch were digested in the small intestine. Data concerned 

with post-ruminal starch utilization are conflicting but suggest that 

processing methods alter post-ruminal starch digestion, particularly 

with sorghum grain. 

Effect of Length of Abomasal Collection Period on 
Starch Utilization by Steers 

The use of indwelling cannulas to determine the site and effi

ciency of nutrient utilization requires the collection of representative 

samples of digesta from various segments of the digestive tract. Thus, 

steady-state conditions are needed in digestion trials, particularly 

where indwelling cannulas are used. 

Long term collection periods (i.e., several days in length) from 

indwelling cannulas generally require an interchange of technicians 

collecting samples and result in increased problems of day to day vari

ations in feed intake and animal management. Steers, as a typical herd 

animal, may become excited if worker interchange occurs, unless the 

animals are completely familiar with all individuals visiting the area. 

Such excitement may influence animal metabolism (Schneider and Flatt, 

1975). 

The use of short term collection periods (i.e., 1 or 2 days) 

largely overcomes these difficulties; however, an increase in the fre

quency of collection during a 24 hr period may lead to a decrease in 
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the rate of digesta flow along the gastro-intestinal tract (MacRae and 

Armstrong, 1969a; Nicholson and Sutton, 1969; Topps et al., 1968b; MacRae 

et al., 1972). Lassiter, Alligood and McGauchey (1966) reported that a 

1-day collection period produced less variation (P<.05) in total dry 

matter digestibility than those for a 3-day collection period. These 

authors suggested that this difference may be due, in part, to an 

increased rate of flow with increased length of collection period. 

Feeding and rumination affect the rate of digesta flow along the 

digestive tract. The flow of digesta along the gastro-intestinal tract 

and rumination tend to increase throughout the night and to reach a peak 

by early morning (Harris and Phillipson, 1962). Thus, an increase or 

decrease in the frequency of collections may affect the coefficients of 

nutrient digestion in the various segments of the gastro-intestinal tract. 

However, Karr, Little and Mitchell (1966) found that changing the length 

of the collection period in steers did not influence ruminal digestibil

ity coefficients. 

In summary, the length of collection period may affect starch 

utilization by ruminants, but only limited studies have been conducted 

in this area. More work is required to study the effect of length of 

collection period and sampling interval on starch digestion. 

The Use of Indicators to Measure Extent and 
Site of Starch Digestion 

The extent of digestion in any part of the digestive tract is a 

function of both, the retention time and the rate of digesta flow 

(Faichney, 1974). The most common procedure used to estimate the flow 

rate of digesta at a given site within the gastro-intestinal tract is 
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the use of cannulas at various sites and the use of non-absorbable 

indicators which are either present in the feed or are given indepen

dently. Indicators can provide an estimate of both the extent of 

digestion and the time of retention in the site. This can be useful in 

partitioning digestive functions within the gastro-intestinal tract. 

Several trials conducted with indicators have been devoted to 

methods of sampling that will result in an accurate sample of the total 

excretion; however, the fact that indicators can pass independently of 

both liquid and solid particles of digesta in the gastro-intestinal 

tract often precludes their use as an accurate index of digesta flow 

rate (Faichney, 1972). Because of the role of the duodenum in the neural 

and endocrine regulation of gastro-intestinal functions and because 

animals fitted with re-entrant cannulae require more care to maintain 

over long periods; cannulation of the duodenum, if possible, should be 

avoided. Consideration of the strengths and weaknesses of both indica

tor and cannula sampling techniques for measuring the partitioning of 

digestibilities within the tract indicates that they are complementary 

rather than competitive techniques (Faichney, 1974). 

A sampling system which maintains the ratio of soluble to 

insoluble indicators identical to that supplied has been suggested as 

an ideal system relative to sampling bias (Welle*, Pilgrim and Gray, 

1971). Results are often corrected to 100% recovery (Topps et al., 

1968b). The validity of correcting flow rates to 100% indicator 

recovery depends on the assumption that (1) the indicators are not ab

sorbed and can be recovered at any site of the gastro-intestinal tract, 

and (2) that the flow rate of indicators and feed constituents is the 



same throughout the tract (Offer, Axford and Evans, 1972). Another 

assumption which has to be made is that the concentration of the 

external indicator and other constituents in samples obtained from the 

cannulas are representative of the digesta passing through the gastro

intestinal tract during that time period. 

It is difficult to collect samples of digesta containing soluble 

and solid substances in the same proportions as exist in the digesta 

leaving the abomasum and flowing through the duodenum (Hogan, 1964). 

Thus, one might expect that any single indicator may not be present in 

a sample in the same concentration as in the digesta passing through the 

digestive tract which would provide a biased estimate of the digesta 

flow rate. This problem has been overcome in part by using two indica

tors, where one remains in solution while the other is associated with 

the solid particles of the digesta, so that corrections can be made for 

sampling bias (Faichney, 1972). 

Chromium oxide, lignin and rare earth elements have most often 

been used in digestion studies. While there are numerous trials which 

use chromium oxide as an indicator to determine total feces output or 

digestibility of certain diets, few trials have been reported in which 

the indicator was uniformly mixed in the entire diet. Chromium oxide 

given as powder has a more rapid rate of passage through the digestive 

tract than does the feed (Johnson, Dinusson and Bolin, 1964). The lack 

of uniformity of excretion has been reported as a limiting factor in the 

use of chromium oxide given as powder to the animal (Langlands et al., 

1963; and Theurer, 1970). However, several workers have used chromium 

oxide powder in digestion trials (Karr, Little and Mitchell, 1966; 
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Tucker, Mitchell and Little, 1968; McNeill, Potter and Riggs, 1971). 

Kartchner (1972) and Drennan, Holmes and Garrett (1970) questioned the 

use of chromium oxide powder to estimate ruminal starch digestibilities, 

since flow rates of indicator and starch appeared to differ. With the 

obvious need to improve the value of chromium oxide as an indicator, 

Corbett, Greenhalgh and MacDonald (1958) devised a method to impregnate 

chromium oxide on paper. This method has been used extensively by 

Topps, Kay and Goodall (1968a) ; Topps et al. (1968b) and Nicholson and 

Sutton (1969) to estimate starch digestion within the tract with 

plausible results. 

Lignin offers the advantage as an indicator of being a natural 

feed constituent. Satisfactory lignin recoveries have been reported by 

Drennan, Holmes and Garrett (1970). These authors also reported that 

the use of lignin as an indicator gave more reasonable ruminal and total 

starch digestibilities as compared to chromium oxide powder as an indica

tor. This is the only research found that compares the precision and 

validity of different insoluble indicators (those associated with solid 

digesta particles) to partition starch utilization in the gastro

intestinal tract. Varying degrees of lignin digestibility have been 

reported (Elam.et al., 1962). 

The rare earth elements, which absorb on organic particles, 

possess a number of properties which suggest their advantageous use as 

indigestible indicators. The property of being essentially indigestible 

by mammals and being tightly bound to the plant material (Garner, Jones 

and Ekman, 1960) should allow for the flow of the rare earth indicator 

through the gastro-intestinal tract in close association with 



indigestible feed residues. Such an associated flow would be desirable 

in reducing variation in digesta and fecal indicator concentration 

attributable to different flow rates of residue and indicator (Corbett, 

Greenhalgh and MacDonald, 1958). The results obtained by Miller and 

Byrne (1970) revealed that neither ^Sc nor *^Ce were detected in the 

blood or urine after oral doses,and recovery in feces was almost complete. 

The findings of Ellis and Huston (1968) suggested that radioactive 

cerium remained in close physical association with indigestible residues 

during the transit through the ruminant gastro-intestinal tract by con

tinued reabsorption onto other particles. Thus, radioactive cerium or 

other rare earth elements at radio-colloidal concentrations can be con

sidered as valid flow indicators. 

Ellis (1968) described a sensitive method (neutron activation) 

for analysis of dysprosium in wet-ashed samples of forages, rumen con

tent and feces. The indigestibility of dysprosium was demonstrated with 

101% recovery in the feces. Young et al. (1975) have devised a pro

cedure for reliable dysprosium analysis by neutron activation using the 

organic sample without the tedious wet-ashing procedure used by Ellis 

(1968). This analytical procedure and the high recovery of dysprosium 

indicated that dysprosium is a potential indicator in partitioning 

digestion along the gastro-intestinal tract. Dysprosium has been 

successfully used as an indicator in cattle digestion studies (Young et 

al., 1976). 

In summary, there exist many problems in evaluating the extent 

and site of starch digestion using indicator methods. Direct compari

sons of the precision and validity of various indicators to estimate 
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starch digestion in various segments of the gastro-intestinal tract 

certainly are needed to identify the best indicator system. Simultaneous 

use of two indicators may improve the accuracy of any sampling indicator 

system. This may be particularly true where one indicator remains in 

solution while the other is associated with the solid particles of 

digesta. 



CHAPTER 3 

RUMINAL AND POST-RUMINAL STARCH UTILIZATION IN STEERS FED TWO 
LEVELS OF STEAM PROCESSED FLAKED SORGHUM GRAIN 

The extent of ruminal versus post-ruminal starch digestion 

in cattle is not well quantified. Many dietary factors may be involved 

such as proportion of concentrate in the diet, feeding frequency, feed 

processing, type of grain and level of feed intake. 

The effect of level of starch intake on extent of ruminal and 

post-ruminal starch digestibility is not clear. Data is particularly 

inadequate with sorghum grain starch. Several researchers have repor

ted that an increase in the percent of grain in the diet leads to an 

increase in the amount of starch escaping rumen fermentation (Tucker, 

Mitchell and Little, 1968; Karr, Little and Mitchell, 1966; Wright, 

Grainger and Marco, 1966; Orskov and Foot, 1969; Thivend and Journet, 

1970; Waldo, Keys and Gordon, 1971). On the other hand, other workers 

have reported that only small amounts of starch escape rumen digestion 

even with varying levels of starch in the diet (Topps et al., 1968b; 

Orskov, Fraser and Kay, 1969; MacRae and Armstrong, 1969b; Nicholson 

and Sutton, 1969; Weller and Gray, 1954). The reasons for the disagree

ment in the above studies are not well understood. According to Topps 

and Kay (1969), different analytical procedures used for determining 

starch may partially explain the discrepancy. Faichney (1972, 1974) 
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indicated that type of indicator and sampling methods are very important 

in partitioning of nutrient digestion in the gut. 

In the studies above, starch intake for cattle varied from 8 to 

39 g/kg metabolic body weight while intake per day varied from 0.6 to 

3.1 kg. Most of these studies were conducted with a limited number of 

cattle per treatment and low levels of starch intake (<3 kg/day or <30 

g/W^75). Only a few studies (Holmes et al., 1970; Kartchner, 1972; 

Hinman and Johnson, 1974a,-b) have been reported with steers where starch 

intake approaches the levels corresponding to consumption of high grain 

finishing diets in typical feedlots (4-6 kg/day or 50-70 g/W;75). 
Kg 

Kartchner (1972) found 88% digestibility of starch in the small 

intestine of steers when as much as 2.9 kg of starch was presented to 

that section of the alimentary tract. Data of other workers suggests 

rather complete post-abomasal digestion of starch (Wright, Grainger and 

Marco, 1966; MacRae and Armstrong, 1969b; Topps, Kay and Goodall, 1968a); 

however, the small intestine may have a limited capacity to hydrolyze 

starch (Larsen et al., 1956; Karr, Little and Mitchell, 1966 and Little, 

Mitchell and Reitnour, 1968). It has also been suggested that secretion 

of pancreatic amylase may be limiting z.f large amounts of starch reach 

the small intestine (Clary, Mitchell and Little, 1967). 

The objective of this study was to determine the effect of two 

levels of starch intake on the extent of ruminal and post-ruminal starch 

digestion by abomasally fistulated steers fed sorghum grain in high con

centrate diets. 
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Methods 

Seven yearling crossbred steers, weighing about 400 kg, 

initially, were fitted with abomasal fistulas and used in two digestion 

trials in a cross-over design. They were confined to individual con

crete floor pens previously described by Mehen (1966). After fistulation, 

during an adaptation period (90 days) to the diet and management regimen, 

the steers were gradually allowed to consume ad libitum an 82% sorghum 

grain diet (Table 1). Sorghum grain was subjected to steam processing 

and flaking as described by Hale and Theurer (1972). Feed was given to 

the steers in two equal meals at 0700 and 1500 hours. Feed refusal was 

recorded once a day at 0700 hours. 

Trial 1 

The trial consisted of a 20 day preliminary period followed by a 

6-day collection period. The steers were allotted to one of two treat

ments: (1) ad libitum - three steers were fed at 95% of their previous 

ad libitum intake of the diet presented in Table 1; and (2) restricted -

four steers were fed the same diet at 75% of previous ad libitum intake. 

At the initiation of the preliminary period, chromium oxide impregnated 

paper* was incorporated into the diet to provide about .2% CrjO^. Twice 

daily during the final 4 days of the preliminary period, actual or sham 

collections of abomasal digesta and feces were made. During the collec

tion, total feces from each steer were obtained daily according to the 

procedure outlined by Mehen (1966). In addition, one abomasal and one 

*Dr. J. F. D. Greenhalgh, Rowett Research Inst., Bucksburn, 
Aberdeen, Scotland. 



Table 1. Percentage composition of experimental diet (Trials 1 and 2). 

Ingredient % 

Sorghum grain, steamed processed flaked 81.5 

Cottonseed hulls 4.1 

Molasses 6.0 

Alfalfa hay 5.0 

Urea 0.9 

Dicalcium phosphate 0.2 

Limestone 0.9 

Salt 0.5 

Chromium oxide impregnated paper 0.9 

Totalb 100.0 

aFurnished 0.2% of C^O^ in the diet. 

^Vitamin A added at rate of 2200 IU/kg diet. 
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fecal grab sample was taken in each 12 hr interval at different times 

each day; thus, providing abomasal or fecal grab samples taken at 2 hr 

intervals representing a 24 hr day. Daily feed samples were taken at 

time of feeding. 

Daily fecal samples (total and grab) were dried in a forced air 

oven at 50 C for 36 to 48 hours. Samples of feed, feed refusal, total 

feces and fecal grab collections were composited over the 6-day collec

tion period on an equal dry weight basis to produce composite samples 

for analysis. These composite samples were ground in a Wiley mill 

through a 1 mm mesh screen. Immediately after collection, abomasal 

samples were placed on dry ice and then kept frozen (-20 C) until 

lyophilized. Dried daily abomasal samples were ground in a laboratory 

Wiley mill through a 20 mesh screen and then mixed on an equal dry 

weight basis to produce a 6-day composite sample for each steer. Com

posite samples of feed, feed refusal, abomasal contents and feces were 

stored in glass containers for chemical analyses. 

Dry matter and ash were determined on these composite samples 

(A.O.A.C., 1970). Chromium oxide analyses were conducted by the acid 

oxidation procedure described by Kimura and Miller (1957). Starch con

tent of the samples were measured by the acid hydrolysis technique of 

Osman et al. (1970) as modified by Kartchner (1972). Preliminary 

studies comparing this acid hydrolysis technique with the enzymatic 

hydrolysis method of MacRae and Armstrong (1968) showed that both 

methods gave similar starch values in feed, digesta and feces (Chapter 

4). This is in agreement with the data of Kartchner (1972), who made 

similar starch analysis comparisons on feed, digesta and feces obtained 



from steers fed sorghum grain diets. Indicator data was corrected to 

give 100% recovery of Cr203 in feces. Pre- and post-abomasal digesti

bilities of organic matter and starch were determined by changes in the 

nutrient to indicator ratios between samples of feed (corrected for feed 

refusal), abomasal contents and feces. Pre-abomasal digestion was con

sidered to primarily represent reticulo-ruminal digestion. Amount of 

starch presented to the small intestine was assumed to be equal to the 

amount of starch found in the pyloric region of the abomasum (site of 

abomasal fistula). 

Trial 2 

At the end of trial 1, the steers were changed from one intake 

level to the other. Steers on the ad libitum treatment in trial 1 were 

immediately switched to the restricted treatment (75% ad libitum) and 

steers on the restricted treatment during trial 1 were gradually in

creased to ad libitum intake and then fed at 95% of ad libitum beginning 

with the preliminary trial. Trial 2 followed the same procedures as 

trial 1, except that the preliminary period was 10 days. Analyses of 

variance were according to Steel and Torrie (1960), adjusted for unequal 

animals per treatment. 

Results and Discussion 

Individual observations and analyses of variance applied to the 

data are presented in Appendices A, B and F. The mean ash content of 

abomasal contents and feces was about three times that of feed (Table 2); 

thus, subsequent data comparisons were made on an organic matter basis. 

Chemical analyses of feces and fecal grab samples were not different 
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Table 2. Mean percentage composition of ash, starch and chromium oxide 
in feed, abomasal contents and feces (Trials 1 and 2)a^ 

Item 
Ad Libitum 
Mean ± SD 

Restricted 
Mean ± SD 

Ash (DM basis) 

Feed 5.0 ± 0.3 5.2 ± 0.2 

Abomasal Contents 15.3 ± 2.9 17.8 ± 4.8 

Total Feces 13.3 ± 1.2 15.4 ± 0.8C 

Fecal Grab Samples 13.3 ± 1.2 15.6 ± 0.9C 

Starch (OM basis) 

Feed 63.9 ± 4.8 59.5 ± 3.7 

Abomasal Contents 15.2 ± 2.6 17.0 ± 3.8 

Total Feces 3.8 ± 1.0 1.8 ± 1.3 

Fecal Grab Samples 1.7 ± 1.8 1.7 ± 0.9 

Chromium Oxide (OM basis) 

Feed 0.21 ± 0.02 0.20 ± 0.03 

Abomasal Contents 0.34 ± 0.06 0.35 ± 0.07 

Total Feces 1.15 ± 0.12 1.18 ± 0.0S 

Fecal Grab Samples 1.21 ± 0.11 1.19 ± 0.14 

aEach value is the mean of seven animal observations/treatment. 

^Individual values are presented in Appendices A and B. 

°Different from comparable value of other treatment (P<.05). 
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(P>.05) suggesting that the grab sampling technique was a valid measure 

of total fecal composition. 

Level of starch intake did not alter percentage of starch 

reaching the abomasum or feces. Percentage of starch in abomasal con

tents was only about one-fourth that in the feed, indicating that more 

starch was fermented in the rumen than was non-starch organic matter. 

The low starch content in feces (<4%) suggests that starch digestion is 

nearly complete. The relatively high standard deviation (SD) for starch 

content of feed, abomasal contents and feces indicates there was consid

erable variation among feed samples and in the capability of the animals 

to digest starch. Variation in starch content of the feed is probably 

due to the cottonseed hull content of the diet. Cottonseed hulls caused 

difficulties in complete grinding and uniform sampling of the diet. 

Recovery of chromium oxide averaged 81% for the two trials 

(Appendix F), which agrees with the value of 78% found by Lassiter, 

Aliigood and McGauchey (1966), but is lower than the recov6ry reported 

by Topps et al. (1968b) and Nicholson and Sutton (1969). These workers 

reported recoveries of approximately 100%. Data are frequently pre

sented correcting recovery of indicators to 100% as in this data; 

however many authors fail to cite actual indicator recovery. The length 

of the preliminary period and careful management of the animals in the 

present study should have minimized C^Oj losses. The low recovery may 

have been due to retention of some of the indicator in the omasum. 

Steers fed ad libitum consumed 25 and 29% more (P<.01) organic 

matter and starch, respectively, than restricted steers. Average starch 

intake of 3.9 kg/animal/day for steers fed ad libitum (43 g/W^g^) was 



lower than the maximum level of starch intake of 5.6 kg/animal/day or 

60 reported by Kartchner (1972), the 53 g/W£g^ (3.8 kg/animal/ 

day) reported by Holmes et al. (1970) and the 64 g/W£g5 (3.8 kg/animal/ 

day) reported by Hinman and Johnson (1974b). Starch intake for restric-

75 
ted steers (2.8 kg or 31 g/Wj^g ) exceeded that of most other starch 

digestion trials, where starch intakes have been within the range of 0.6 

75 
to 3.8 kg or 8 to 39 g/W' (Topps et al.,1968b; Karr, Little and 

Kg 

Mitchell, 1966; Waldo, Keys and Gordon, 1971; McNeill, Potter and Riggs, 

1971; Galyean, Wagner and Johnson, 1976; Thivend and Journet, 1970). 

Increasing starch intake from 2.8 to 3.9 kg/animal/day increased 

the amount of organic matter (631 to 908 g, P<.01) and starch (11 to 24 

g, P<.05) recovered in the feces (Table 3). In spite of the higher 

values for starch output in steers fed ad libitum, total starch diges

tion was not altered, due to the very low content of starch in the feces. 

Level of intake did not influence starch digestion in the rumen 

(88 vs. 86%, Table 3). Kartchner (1972) found no difference in nominal 

starch digestion (71 vs. 76%) in steers fed 4.2 as compared to 5.6 kg of 

starch/animal/day from a steam processed flaked sorghum grain diet. The 

higher ruminal starch digestion determined in the present study may be 

due to the difference in the technique used to collect abomasal contents 

(fistula vs. slaughter) or to the form of Cr 0 indicator used (paper vs. 
2 3 

powder). Values determined for ruminal starch digestibility in this 

study were similar to those (81 to 93%) obtained by other workers with 

75 
steers fed 2.3 to 3.8 kg (27 to 53 g/W^g ) of starch from steam flaked 

sorghum grain diets (Holmes et al., 1970; McNeill, Potter and Riggs, 

1971; Hinman and Johnson, 1974b). In addition, Galyean, Wagner and 
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Table 3. Rumina!, post-rumina! and total 
digestion (Trials 1 and 2)ab. 

starch and organic matter 

Ad Libitum Restricted 
Item Mean ± SD Mean + SD 

Body Weight, kg 413 ± 42 406 ± 51 

Starch Parameters: 
Intake, g 3909 ± 679 2773 ± 35lc 
Intake, g;w· 75 42.7 ± 5.4 30.7 ± 2.0c 
Output, 

kg 
24 ± 8 11 ± 8d g 

Rumina! digestion, g 3427 ± 640 2403 ± 389c 
Rumina! digestion, % 87.7 ± 4.5 86.1 ± 4.0 
Entering small intestine, g 482 ± 203 376 ± 90 
Post-rumina! digestion, g 458 ± 204 362 ± 90 
Post-rumina! digestion, %e 94.3 ± 2.8 96.9 ± 2.1 

Total Digestion= 
Cr2o ratio, %f 99.4 ± 0.2 99.6 ± 0.3 
Totaf collection, % 99.4 ± 0.2 99.6 ± 0.3 

Organic Matter Parameters: 

Intake, g 6102 ± 842 4570 ± 535c 
Intake, g/W·75 66.6 ± 6.3 50.5 ± 2.9c 
Output, kg 908 ± 193 631 ± 52c g 
Rumina! digestion, .g 2950 ± 706 2309 ± 651d 
Rumina! digestion, % 48.7 ± 10.2 50.6 ± 11.4 
Entering small intestine, g 3151 ± 871 2251 ± 562c 
Post-rumina! digestion, g 2243 ± 710 1620 ± 550c 
Post-rumina! digestion, %e 70.7 ± 3.7 70.7 ± 6.7 

Total Digestion: f 
85.2 1.8 86.1 Cr2o ratio, % ± ± 0.6 

Totaf collection, % 85.0 ± 1.8 85.9 ± 0.7 

~ach value is the mean of seven animal observations/treatment. 

bindividual values are presented in Appendices A, B and F. 

cDifferent from comparable value of other treatment (P<.Ol). 

dDifferent from comparable value of other treatment (P<.05). 

eBased on the amount entering the small intestine. 

faased on total fecal collection. 



Johnson (1976) reported that steers fed 3.8 kg of starch from a steam 

flaked corn grain diet digested 83% of the starch in the rumen. The 

data indicate that 80% or more of the starch digested in steam processed 

flaked grain takes place in the rumen. 

Level of starch intake (3.9 vs. 2.8 kg) did not significantly 

affect the amount of starch entering the small intestine (482 vs. 376 g). 

This agrees with Kartchner (1972), who found no significant difference 

in the amount of starch reaching the small intestine (1229 vs. 1341 g) 

of steers fed steam processed flaked sorghum grain when the level of 

starch intake was increased from 4.2 to 5.6 kg per day. The amount of 

starch entering the small intestine daily in this study is the general 

range of 268 to 389 g reported by other workers feeding similar levels 

of starch from steam flaked sorghum grain diets (Holmes et al., 1970; 

McNeill, Potter, Riggs, 1971). Hinman and Johnson (1974b) found that 

710 g of starch entered the small intestine of steers fed 3.8 kg starch 

per day in a steam flaked sorghum grain diet. Galyean, Wagner and 

Johnson (1976) found that 476 g of starch entered the small intestine of 

.75 
steers fed 3.8 kg (30 g/w£g ) of starch from steam flaked corn. 

There was no difference (P>.05) in post-ruminal starch digesti

bility (94 vs. 97%) due to the level of starch intake (Table 3). 

Kartchner (1972) reported no difference in intestinal starch digestibil

ity (95 vs. 94%) by varying the level of starch intake for steers fed 

steam processed flaked sorghum grain. These starch digestibilities are 

in agreement with the values (95-98%) for intestinal starch digestibility 

reported by other workers with steers fed steam flaked sorghum grain 

(McNeill, Potter and Riggs, 1971; Hinman and Johnson, 1974b) and with the 
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94% value found by Galyean, Wagner and Johnson (1976) with steers fed 

steam flaked corn. On the other hand, Holmes et al., (1970) found that 

starch digestibility in the lower digestive tract of steers fed steam 

flaked sorghum grain was only 74%. 

The data cited above indicate that starch digestion is nearly 

complete in the intestines of steers fed steam flaked sorghum grain. 

However, Little, Mitchell and Reitnour (1968) found that starch escaping 

intestinal digestion increased from 6 to 37% when the level of purified 

corn starch infused into the abomasum of steers was increased from 400 

to 1200 g/animal/day. The percentage of starch digested in the small 

intestine decreased (59 to 45%) with an increase in the level of starch 

infused. In addition, Karr, Little and Mitchell (1966) reported that 

starch digested in the small intestine decreased from 93 to 64% as 

starch intake by steers fed a ground corn diet increased from 1.7 to 

2.5 kg/day. These workers interpreted these findings as indicating a 

limited capability of the small intestine to digest high amounts of 

starch. Their conclusion agrees with the data of Huber et al. (1961) 

and Larsen et al. (1956). On the other hand, Kartchner (1972) found no 

difference (P>.05) in digestibility of starch (87 vs. 89%) in the small 

intestine of steers fed dry rolled sorghum grain when the amount of 

starch reaching the small intestine was increased from 1.7 to 2.9 kg, 

which is two to three times the level of starch reaching the small 

intestine in the studies of Karr, Little and Mitchell (1966). 

Total starch digestibility was not affected (P>.05) by level of 

feed intake and was essentially complete (99.5%) in steers fed steam 

processed flaked sorghum grain (Table 3). In two separate trials, 



Kartchner (1972) also found no difference in total starch digestibility 

(about 99%) on ad libitum vs. restricted starch regimens by steers fed 

steam processed flaked sorghum grain. These results are in close agree

ment with total starch digestibility (average 99%) of steam flaked grain 

found by several other workers (Holmes et al., 1970; McNeill, Potter and 

Riggs, 1971; Hinman and Johnson, 1974b; Galyean, Wagner and Johnson, 

1976). These data indicate that steers fed high levels of steam flaked 

grain digest starch very effectively. 

There may be an interaction between level of starch intake and 

grain processing methods on total starch digestion. Kartchner (1972) 

found that dry rolled sorghum grain fed ad libitum was digested to a 

lesser extent by steers than steam processed flaked sorghum grain fed at 

a restricted level. 

There were no differences (P>.05) in ruminal (49 vs. 51%), post-

ruminal (71 vs. 71%) or total (85 vs. 86%) organic matter digestibility 

due to the level of feed intake (Table 3). More organic matter (3.2 vs. 

2.3 kg/day) entered the small intestine on the ad libitum than on the 

restricted regimen (P<,05). As much as 29% of the organic matter 

entering the small intestine escaped digestion, indicating a limited 

capability of the lower digestive tract in digesting non-starch organic 

matter from sorghum grain diets. This may be due, in part, to the low 

digestibility of sorghum grain protein in the intestinal tract of cattle 

(Potter, McNeill and Riggs, 1971). The influx of endogenous protein 

into the abomasum (Nicholson and Sutton, 1969; Potter, McNeill and 

Riggs, 1971) which would bias upward the post-abomasal digestibility of 

organic matter. 
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The amount of organic matter digested in the rumen must be equal 

to or greater than the corresponding amount of starch digested. The 

amount of organic matter digested in the rumen was not different (P>.05) 

from the amount of starch digested in the rumen, although the latter 

values tended to be higher. These data suggest that the Cr203 ratio 

technique may have underestimated pre-abomasal digestibility of organic 

matter in relation to starch digestibility; however, the ruminal and 

post-ruminal starch digestion values appear to be reasonable. 

These studies clearly indicate that starch digestion of steam 

processed flaked sorghum grain is quite efficient even in steers where 

intake approaches that of typical feedlot steers fed high grain diets. 

Ruminal, post-ruminal and total starch digestion were not affected in 

these studies by altering starch intake; however, this may not be true 

for steers fed sorghum grain processed by methods other than steam 

processing and flaking. 

Summary 

Two trials were conducted with seven abomasally fistulated year

ling crossbred steers fed a high concentrate diet containing 82% steam 

processed flaked sorghum grain at two levels of feed intake (95 vs. 75% 

ad libitum) to measure ruminal and post-ruminal starch digestion. 

Chromium oxide,impregnated in paper, and incorporated into the diet, was 

used as an indicator. Samples of feed, abomasal contents and fecal grab 

collections were taken at 12 hr intervals during a 6-day collection 

period. Total fecal collection and feed refusal were measured at 24 hr 

intervals during the collection period. Steers fed ad libitum consumed 



29% more starch (P<.01) than restricted steers (3.9 vs. 2.8 kg/day). 

Ruminal and post-ruminal digestion was estimated from the amount of 

starch entering the rumen and small intestine, respectively. These 

studies did not indicate any difference in ruminal (88 vs. 86%), post-

ruminal (94 vs. 97%) or total (99 vs. 100%) starch digestibility 

attributable to level of starch intake. Total starch digestibility 

determined by the indicator:nutrient ratio was identical to the total 

collection technique; however, may have under-estimated digesti

bility of organic matter in the rumen as compared to ruminal starch 

digestibility,or vice versa. The data suggest that the rumen is 

quantitatively the most important site of starch digestion for steam 

processed flaked sorghum grain. Starch digestibility in the lower 

digestive tract was nearly complete, but 29% of the total organic matter 

reaching the small intestine appeared to escape intestinal digestion. 



CHAPTER 4 

UTILIZATION OF STEAM PROCESSED FLAKED VERSUS DRY ROLLED SORGHUM 
GRAIN BY STEERS FED AT HIGH LEVELS OF CONCENTRATE AND FEED INTAKE 

The nutritive value of sorghum grain for cattle is low when 

compared with other cereals (Hale et al., 1962; Trei, Hale and Theurer, 

1970; Keating et al., 1965). Sorghum grain utilization by cattle has 

been improved by using various processing methods such as grinding 

(Buchanan-Smith, Totusek and Tillman, 1968), dry rolling (Riggs, 1958), 

popping (Riggs et al., 1970), high moisture harvesting or reconstituting 

(Neuhaus and Totusek, 1971; Riggs and McGinty, 1970; and1 McGinty, Brewer 

and Riggs, 1967), micronizing (Hinman and Johnson, 1974a; Croka and 

Wagner, 1975) and steam processing and flaking (Hale et al., 1966). 

In the southwestern United States, steam processing and flaking 

is used extensively to prepare sorghum grain for use in beef cattle diets. 

This method improves feed efficiency over dry rolling sorghum grain 

(Hale et al., 1966). In vitro studies indicate that this increase in 

efficiency is due to improved starch utilization (Trei, Hale and 

Theurer, 1970; Osman et al., 1970; Frederick, Theurer and Hale, 1973). 

Steam processing and flaking increases nitrogen-free extract digestibil

ity by steers as compared to dry rolling (Hale et al., 1966; Husted et 

al., 1968); however, the effect of flaking sorghum grain on the magni

tude and site of improved starch utilization in the gastro-intestinal 

tract of ruminants is not clear. 
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Kartchner (1972) and Hinraan and Johnson (1974b) found that total 

starch digestibility by cattle was higher for steam processed flaked 

than dry rolled sorghum grain, but there were no significant differences 

in ruminal digestibility of starch between processing methods. Hinman 

and Johnson (1974b) reported intestinal digestibility of starch was 

higher with steam processed flaked grain than with dry rolled sorghum 

grain. This is in contrast to the data of Kartchner (1972), who found 

no significant difference in intestinal digestibility for these two 

processing methods. 

The objective of these studies was to determine the extent of 

ruminal and post-ruminal starch digestibility in steers fed steam pro

cessed flaked or dry rolled sorghum grain at high level starch intake. 

Methods 

Two trials (trial 3 and 4) were conducted using the seven 

abomasally fistulated steers and procedures described in Chapter 3 with 

the following exceptions. The 82% sorghum grain diet (Table 1) was 

either dry rolled or steam processed and flaked as described by Hale et 

al. (1966). All steers were fed at 95% of their ad libitum intake 

(measured during the last week of the adjustment period). The diet 

adjustment period prior to collections was 28 days for trial 3 and 55 

days for trial 4. In trial 3, three steers received dry rolled grain 

and four steers were fed steam processed flaked grain. Processing 

treatments were reversed for trial 4. The starch of feed and digesta 

was determined by both acid hydrolysis (used in trials 1 and 2, Chapter 

3) and enzymatic hydrolysis according to MacRae and Armstrong (1968) as 
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modified by Kartchner (1972). Analyses of variance and t-tests (Steel 

and Torrie, 1960) were, used for statistical treatment of the data. 

Results and Discussion 

Individual data and analyses of variance are presented 

in Appendices C, D and F. No significant differences (P>.05) were 

observed in starch content of feed, abomasal contents or fecal samples 

attributable to methods of starch determination (acid vs. enzymatic 

hydrolysis, Table 4). The standard deviations for starch in feed and 

digesta were similar to those observed in trials 1 and 2 (Chapter 3). 

Standard deviations (Table 4) and calculated digestibility coefficients 

were similar for both methods of starch hydrolysis which closely agrees 

with the results found by Kartchner (1972). Because of the similarity 

in values determined with the two analytical methods, all subsequent 

comparisons were made using data from the acid hydrolysis technique. 

Starch values in abomasal contents and feces were considerably 

higher (P<.05) for dry rolled than for steam processed flaked treatments 

(Table 4). As in trials 1 and 2, comparisons were made on an organic 

matter basis due to large differences (P<.01) in ash content of feed, 

abomasal contents and feces (Table 5). Ash and chromium oxide values 

were higher (P<.05) in abomasal contents and feces of steers fed steam 

processed flaked grain than in steers fed dry rolled sorghum grain. 

Recovery of chromium oxide averaged 85% for the two trials 

(Appendix F), which agrees with the value of 78% found by Lassiter, 

Alligood and McGauchey (1966) but is lower than the recovery reported by 

Topps et al. (1968b) and Nicholson and Sutton (1969). These latter 
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Table 4. Mean percentage of starch in feed, abomasal contents and 
feces, determined by acid and enzymatic hydrolysis (Trials 3 
and 4) ab. 

Item 

Steam Processed Flaked 

Feed 

Abomasal contents 

Total feces 

Fecal grab samples 

Dry Rolled 

Feed 

Abomasal contents 

Total feces 

Fecal grab samples 

aOrganic matter basis. 

Acid 
Hydrolysisc 
Mean ± SD 

62.6 ± 3.1 

31.1 ± 5.8d 

4.7 ± 3.0d 

3.6 ± 5.6d 

61.4 ± 3.0 

47.0± 6.6 

22.7 ± 7. 3 

22.6 ± 7. 3 

bMeans for seven animal observations/treatment. 

Enzymatic 
Hydrolysisc 
Mean ± SD 

59.0 ± 2.0 
' 

30.9 ± 6.9d 

1.9± 1. 7d 

1.5± 1.2d 

59.8 ± 2.4 

45.6 ± 6. 0 

20.0 ± 8. 7 

21.0 ± 8.1 

ccorresponding values within processing method are not different 
(P>.OS). 

doifferent from comparable value of other grain processing 
method (P<.Ol). 



Table 5. Mean percentage of ash and chromium gxide in feed, abomasal 
contents and feces (Trials 3 and 4)a • 
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Item 

Steam Processed 
Flaked 

Mean ± SD 

Dry 
Rolled 

Mean ± SD 

Ash 

Feed 5.0 ± 0.2 5.1 ± 

Abomasal contents 15.1 ± 4.1 10.4 ± 

Total feces 13.4 ± 2.1 10.6 ± 

Fecal grab samples 13.6 ± 1.9 10.6 ± 

Chromium Oxide 

Feed 0.19 ± 0.02 

Abomasal contents 0.32 ± 0.09 

Total feces 1.08 ± 0.09 

Fecal grab samples 1.08 ± 0.23 

~ean for seven animal observations/treatment. 

borganic matter basis. 

0.20 ± 

0.21 ± 

0.80 ± 

0.80 ± 

cDifferent from comparable value of other treatment (P<.Ol). 

dDifferent from comparable value of other treatment (P<.OS). 

0.2 

3.9d 

1.2c 

1.4c 

0.03 

0.03d 

0. 21d 

0.19 d 



workers reported recoveries of approximately 100%. Data are frequently 

presented correcting recovery of indicators to 100%, as in this study; 

however, many authors fail to cite actual indicator recovery which makes 

it difficult to compare results of different investigators or to 

ascertain the validity of the data. The length of the preliminary period 

and careful management of the animals in the present study should have 

minimized chromium oxide losses. The low recovery may have been due to 

retention of some of the indicator in the omasum. 

Grain processing treatment did not alter (P<.05) average daily 

intake of starch (4.0 vs. 4.2 kg) or organic matter (6.4 vs. 6.8 kg); 

however, less (P<.01) starch (45 vs. 365 g) and organic matter (1003 vs. 

1475 g) was excreted by steers fed steam processed flaked grain than by 

steers fed dry rolled sorghum grain (Table 6). The greater fecal starch 

output from steers fed dry rolled sorghum grain agrees with the data of 

Kartchner (1972) and Hinman and Johnson (1974b). 

Starch digestibility in the rumen (Table 6) was higher (P<.01) 

for the steam processed flaked than for the dry rolled sorghum grain 

(81 vs. 39%). Kartchner (1972) also found higher ruminal starch diges

tion values for steers fed steam processed flaked (74%) than for steers 

fed dry rolled sorghum grain (52%) although in that study, differences 

were not statistically significant (P>.05). McNeill, Potter and Riggs 

(1971) reported similar differences (P<.05) in ruminal starch digesti

bility (83 vs. 42%) between steers fed steam flaked or dry ground sorghum 

grain. On the other hand, Hinman and Johnson (1974b) found no differ

ence (P>.05) in digestibility of steam flaked or dry rolled sorghum 

grain (81 vs. 77%) by steers, which is in agreement with the values 
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Table 6. Rumina!, post-rumina! and total starch and organic matter 
digestion (Trials 3 and 4)ab. 

Item 

Body Weight, kg 

Starch Parameters: 
Intake, g 
Intake, g/Wk_~5 
Output, g 
Rumina! digestion, g 
Rumina! digestion, % 
Entering small intestine, g 
Post-ruminal digestion, g 
Post-rumina! digestion, %e 

Total Digestion: f 
cr2o3 ratio, % 
Total collection, % 

Organic Matter Parameters: 
Intake, g 
Intake g/W" 75 

' kg 
Output, g 
Ruminal digestion, g 
Ruminal digestion, % 
Entering small intestine, g 
Post-ruminal digestion, g 
Post-ruminal digestion, %e 

Total Digestion: 
cr2o ratio, 9of 
Totaf collection, % 

Steam Processed 
Flaked 

Mean ± SD 

479 ± 55 

± 521 
4.2 

24 ± 

4013 
39.3 ± 
45 

3218 
80.7 ± 

848 

± 356 
7.9 

± 448 
754 
92.7 ± 

± 374 
6.2 

98.7 ± 0.8 
98.8 ± 0.7 

± 870 
5.8 

± 246 

6426 
62.8 ± 

1003 
2962 

46.3 ± 
3464 
2462 

70.6 

± 668 
9.3 

± 833 
± 689 
± 5.0 

84.5 ± 
84.5 ± 

2.4 
2.4 

Dry 
Rolled 

Mean ± SD 

466 ± 46 

4167 ± 614 
41.6 ± 5.2 

365 ± 259d 
1610 ± 512c 

38.9 ± 12..,6c 
2715 ± 665° 
2197 ± 523d 

87.4 ± 6.1 

91.6 ± 4.5d 
91.6 ± 4.5d 

6787 
67.8 

1475 
1366 

20.5 
5422 
3947 

73.1 

± 982 
± 8.4 
± 545d 
± 627c 
± 9 gc 
±1250(1 
± s22d 
± 5.1 

78.7 ± 
78.6 ± 

~ach value is the mean of seven animal observations/treatment. 

bindividual values are presented in Appendices A, B and F. 

cDifferent from comparable value of other treatment (P<.Ol). 

dDifferent from comparable value of other treatment (P<.05). 

esased on the amount entering the small intestine. 

fsased on total fecal collection. 



obtained with corn (83 vs. 78%) by Galyean, Wagner and Johnson (1976). 

Differences in collection techniques or type of indictor may, in part, 

explain the apparent disagreement among studies. Hinman and Johnson 

(1974b) used lignin as an indicator; whereas, other workers cited above 

used chromium oxide. 

High ruminal starch digestion (about 95%) of flaked sorghum 

grain and corn has been reported (Holmes et al., 1970; Orskov, Fraser 

and Kay, 1969; Beever, da Silva and Armstrong, 1970; Nicholson and 

Sutton, 1969). Chemical or physical changes in starch due to steam 

processing and flaking probably result in a greater susceptibility of 

starch to microbial attack as demonstrated in vitro by Trei, Hale and 

Theurer (1966) and confirmed by Harbers (1975). 

Because of treatment differences in ruminal starch digestibility, 

there was a large difference (P<.01) in the amount of starch entering 

the small intestine of steers fed steam processed flaked vs. dry rolled 

sorghum grain (848 vs. 2715 g/animal/day, Table 6). There was, however, 

no difference (P>.05) in the percentage starch digested of that entering 

the intestines (93 vs. 87%). Kartchner (19,72) also found no difference 

(P>.05) in post-ruminal digestion of starch from steam processed flaked 

or dry rolled sorghum grain (96 vs. 92%), when as much as 2.9 kg/day of 

starch reached the small intestine of steers fed dry rolled sorghum 

grain. These data agree with the results obtained with corn by Galyean, 

Wagner and Johnson (1976). On the other hand, Hinman and Johnson (1974b) 

reported increased (P<.05) intestinal starch digestibility (95 vs. 68%) 

by steers fed steam flaked as compared to dry rolled sorghum grain. 

McNeill, Potter and Riggs (1971) reported greater (P<.05) starch 



Digestibility in the intestine of steers fed steam flaked (98%) vs. dry 

ground (94%) sorghum grain. 

The data from these present studies indicate that the intestines 

have a high capacity for digesting starch. As much as 2.2 kg/day of 

starch was digested post-ruminally which is over twice the level pre

sented to the small intestines of steers in the studies of Karr, Little 

and Mitchell (1966). They suggested a limited capacity of starch diges

tion in the small intestine when 982 g of starch/animal/day reached this 

part of the gastro-intestinal tract of steers fed dry rolled ground 

com. This decreased digestion in the small intestine was largely 

compensated by an increase in percentage starch digested in the large 

intestines. In the present study, the extent of starch digestion from 

sorghum grain in the small intestine per se was not measured; however, 

Kartchner (1972) found no difference in digestibility of starch in the 

small intestine of steers fed dry rolled sorghum grain when the amount 

of starch entering the small intestine was increased from 1.7 to 2.9 kg. 

His data also suggested that only small amounts of sorghum grain starch 

(3-11% of starch presented to the small intestine) are digested in the 

cecum and large intestines of cattle. In these studies (trials 3 and 4) 

when 2.7 kg of starch reached the small intestines, more (P<.05) starch 

was recovered in the feces of steers fed dry rolled sorghum grain. 

Whether this is due to the large amounts of starch presented to the small 

intestine from dry rolled grain compared to the amounts of starch pro

vided from steam processed grain, or to the method of grain processing 

is not clear. 
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Total starch digestibility was greater (P<.05) for steam pro

cessed flaked than for dry rolled sorghum grain (99 vs. 92%). Kartchner 

(1972) found that dry rolled sorghum grain fed ad libitum was digested 

to a lesser extent by steers than steam processed flaked sorghum grain 

fed at a restricted level (99.6 vs. 94.9%), suggesting that level of 

starch intake may alter total starch digestibility of dry rolled but not 

steam processed flaked sorghum grain (Chapter 3; Kartchner, 1972). 

Hinman and Johnson (1974b) found a difference (P<.05) in total starch 

digestibility (99.0 vs. 92.4%) between steers fed steam flaked or dry 

rolled sorghum grain which is in agreement with the results of Galyean, 

Wagner and Johnson (1976) with com grain. McNeill, Potter and Riggs 

(1971) found similar differences in total starch digestibility between 

steers fed steam flaked or ground sorghum grain (99.7 vs. 96.8%). 

Although differences between processing methods in the cattle 

studies cited above were not always statistically significant (P<.05), 

there is a definite trend for ruminal and intestinal starch digestibility 

coefficients to be greater for starch from steam processed flaked grain 

as compared to dry rolled grain. Ruminal digestion appears much more im

portant quantitatively in the utilization of steam processed flaked 

sorghum grain than does intestinal digestion. Conversely, intestinal 

digestion plays a greater role in the utilization of starch from dry 

rolled sorghum grain. In these studies, over 80% of the starch from 

steam processed flaked grain was fermented in the rumen and less than 

20% of the total starch ingested was digested in the intestines; whereas, 

over 61% of the dietary starch from dry rolled grain was digested post-

ruminally. The extent of starch fermentation in the rumen has a great 



influence on the efficiency of transforming feed into animal products 

since it will affect: (1) the amount of volatile fatty acids produced 

and absorbed from the reticulo-rumen; (2) the amount of starch escaping 

rumen fermentation and the amount of glucose absorbed in the small 

intestine and (3) the amount of energy expended by rumen microorganisms 

in carbohydrate fermentation. Theoretically volatile fatty acids are 

less efficiently used in cellular metabolism to yield energy than glu

cose (Sutton, 1971b). 

More (P<.01) organic matter was digested in the rumen of steers 

fed steam processed flaked (46%) vs. dry rolled (21%) sorghum grain. 

Although more (P<.01) organic matter reached the small intestine of 

steers fed dry rolled vs. steam processed flaked grain (5.4 vs. 3.5 kg/ 

animal/day), intestinal digestibility coefficients did not differ (73 

vs. 71%). The low coefficients of digestibility suggest that the lower 

tract of steers has a limited capacity to digest non-starch organic 

matter in sorghum grain regardless of processing treatments; however, 

the influx of endogenous protein into the abomasum (Nicholson and Sutton, 

1969; Potter, McNeill and Riggs, 1971) may be a principal reason for the 

low apparent ruminal organic matter digestibility. Total organic 

matter digestibility was different (P<.01) between steers fed steam 

flaked (84%) and steers fed dry rolled (79%) sorghum grain (Table 6). 

The amount of organic matter digested in the rumen must be 

equal to or greater than the corresponding amount of starch digested. 

In these studies, the average amount of starch digested in the rumen was 

not different (P>.05) from the amount of organic matter digested in the 

rumen (Table 6); however, the latter value tended to be lower. The data 
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suggest that the chromium oxide ratio technique may have underestimated 

pre-abomasal digestibility of organic matter in relation to starch diges

tibility, or vice versa. Whether there is an interaction in the abomasum 

between the rate of passage for the two types of processed grains and 

indicator recovery is not known. Such an interaction could bias the 

differences between processing treatments in ruminal and intestinal 

digestibility noted in these studies. 

The data indicate that steam processing and flaking improves 

starch and organic matter utilization by steers as compared to dry 

rolling sorghum grain, principally due to increased ruminal fermentation 

of the flaked grain. 

Summary 

Ruminal and post-ruminal starch and organic matter digestibili

ties were estimated in two trials with seven abomasally fistulated 

steers fed a diet containing 82% steam processed flaked or dry rolled 

sorghum grain. Chromium oxide (impregnated in paper) was used as an 

indicator to determine nutrient digestibility by the ratio technique. 

Samples of feed, abomasal contents and fecal grab samples were 

taken at 12 hr intervals; total fecal output and feed refusal were 

measured at 24 hr intervals during 6-day collection periods. Starch 

content of feed, abomasal contents and feces were similar whether deter

mined by acid or enzymatic hydrolysis. Ruminal starch digestibility was 

higher (P<.01) for steam processed flaked (81%) than for dry rolled 

sorghum grain (39%). More (P<.01) starch (0.8 vs. 2.7 kg/animal/day) 
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reached the small intestine of steers fed dry rolled sorghum grain; 

however, percentage of intestinal starch digestibility (93 vs. 87%) did 

not differ. Total starch digestibility (99 vs. 92%) was higher (P<.05) 

for steers fed steam processed flaked sorghum grain than for dry rolled 

grain. Ruminal (46 vs. 21%) or total organic matter (84 vs. 79%) 

digestibilities were higher (P<.01) for steers fed steam processed 

flaked sorghum grain; however, there was no difference in intestinal 

organic matter digestibility (71 vs. 73%) due to method of grain pro

cessing. The data indicate that the higher starch digestibility by 

cattle of steam processed flaked grains is accompanied by a large 

percentage of dietary starch fermented in the rumen (81%) as compared 

to the high intestinal digestion (61%) of dietary starch from dry rolled 

grain. 



CHAPTER 5 

USE OF 2-DAY VERSUS 6-DAY COLLECTIONS TO DETERMINE RUMINAL AND 
POST-RUMINAL DIGESTION OF STARCH IN STEERS 

Determination of nutritive value of feeds for ruminants, requires 

the collection of representative samples of digesta from various sites 

in the gastro-intestinal tract, as well as collection of total feces. 

Thus, steady-state conditions are needed in digestion trials to mini

mize variation in digesta flow rate and nutrient concentrations, 

particularly where cannulas are used to obtain representative samples. 

Long-term collections from fistulated animals generally require 

an interchange of technicians collecting samples, usually result in 

increased day to day variations in feed intake and may influence animal 

metabolism (Schneider and Flatt, 1975). 

Short-term collections are advantageous because of difficulties 

in maintaining steady-state conditions over prolonged collection 

periods; however, an increase in frequency of collection periods during 

a 24 hr period may depress digesta flow along the gastro-intestinal 

tract (MacRae and Armstrong, 1969a; MacRae et al., 1972; Nicholson and 

Sutton, 1969). 

Feeding and rumination can affect the rate of flow along the 

digestive tract. The flow rate and rumination activity tend to increase 

throughout the night and to reach a peak by early morning (Harris and 

Phillipson, 1962). Thus, an increase or decrease in the intensity of 
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daily collections may affect the nutrient digestibility coefficients in 

the process of partitioning digestion along the gastro-intestinal tract. 

However, Karr, Little and Mitchell (1966) did not find a difference in 

ruminal starch digestion in steers by changing the length of the collec

tion period from 6 days to 1 day. Lassiter, Alligood and McGauchey 

(1966) reported that a 1-day collection period produced less variation 

in total dry matter digestibility than a 3-day collection period using 

the chromium oxide indicator ratio technique. The objective of this 

study was to determine the effect of 2-day versus 6-day collection 

periods on ruminal and post-ruminal starch digestibility in abomasally 

fistulated steers fed steam processed flaked or dry rolled sorghum grain. 

Methods 

Starch, organic matter, concentration and digestibility 

parameters were determined in a 2-day collection trial (trial 5) and 

compared with the corresponding data obtained in a 6-day collection 

trial (trial 4, Chapter 4). Trial 5 was initiated immediately after 

trial 4. Samples were taken at different times each day during both 

the 2-day and 6-day trials to provide abomasal or fecal grab samples 

representing 2 hr intervals in a typical 24 hr day. The seven abomasal

ly fistulated steers and procedures described in Chapter 4 (relative 

to trial 4) were used in this study with the following exceptions: 

Abomasal and fecal grab samples were collected at 4 hr intervals for 

2 days in trial 5 (total of 12 collections) instead of 2 samples/day 

for 6 days as in trial 4; the data were not corrected to 100% recovery 

of as in Chapters 3 and 4, since total fecal collections were not 
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made during the 2-day trial. Comparisons between 6- and 2-day collec

tions and between grab sample and total fecal collections (trial 4) were 

made by using t-tests (Steel and Torrie, 1960). 

Results and Discussion 

Individual observations are presented in Appendices D, E and F. 

Length of collection did not alter (P>.05) mean ash, starch or Cr 0 

content of feed, abomasal contents or feces within grain processing . 

treatment (Table 7). Standard deviations were similar for 6- vs. 2-day 

trials for comparable means within a processing treatment. Chemical 

analyses of total feces and fecal grab samples (6-day collection) were 

not different (P>.05) indicating that the grab sampling technique was a 

valid measure of total fecal composition. 

Intakes of organic matter and starch were similar (P>.05) 

between the 6- and 2-day collections within processing treatments (Table 

8); however, the values tended to be lower for steers fed steam processed 

flaked sorghum grain. Length of collection period did not alter (P>.05) 

ruminal, post-ruminal or total digestibility coefficients for organic 

matter and starch within processing treatments, even though digestion 

coefficients sometimes differed by more than two-fold between grain pro

cessing methods. Standard deviations for comparable means were similar 

for both collections. 

These results agree with the findings of Karr, Little and 

Mitchell (1966) who found no difference due to length of collection 

period (6 vs. 1 day) in ruminal starch digestibility (67 vs. 70%) in 

steers fed ground corn; however, in that study data from the 1-day 



Table 7. Mean percentage of starch, ash and chromium oxide in feed, abomasal contents and feces 
(Trials 4 and 5)a^. 

Steam Processed Flaked Dry Rolled 
6-days 2-days 6-days 2-days 

Item Mean + SD Mean + SD Mean + SD Mean + SD 

Ash 
Feed 5.1 + 0.1 5.1 + 0.2 5.0 + 0.4 4.9 + 0.2 
Abomasal contents 16.6 + 4.1 20.1 + 2.3 7.8 + 2.2 9.3 + 5.3 
Fecal grab samples 13.3 + 2.2 13.1 + 1.0 10.8 + 1.6 9.7 + 2.0 
Total feces 13.2 + 2.4 10.7 + 1.4 

Starch (OM basis) 
Feed 60.3 + 1.3 58.6 + 3.3 61.7 + 4.1 58.6 + 3.0 
Abomasal contents 22.3 + 6.9 21.1 + 7.3 45.1 + 2.7 44.2 + 5.5 
Fecal grab samples 3.9 + 3.3 2.9 + 3.1 25.3 + 9.4 24.7 + 8.3 
Total feces 3.1 + 2.3 23.8 + 9.1 

Chromium Oxide (OM basis) 
Feed 0.20 + 0.03 0.18 + 0.02 0.22 + 0.01 0.19 + 0.05 
Abomasal contents 0.36 + 0.08 0.32 + 0.05 0.22 + 0.05 0.25 + 0.09 
Fecal grab samples 1.25 + 0.09 1.24 ± 0.10 0.88 + 0.27 0.90 + 0.25 
Total feces 1.23 + 0.17 0.90 + 0.29 

aMean of four animal (steam processed flaked) and three animal (dry rolled) observations/ 
treatment. 

^Individual values are presented in Appendices D and E. 
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Table 8. Ruminal, post-ruminal and total digestion parameters for starch and organic matter 
(Trials 4 and 5)abc. 

Steam Processed Flaked Dry Rolled 
6-days 2-days 6-days 2-days 

Item Mean ± SD Mean + SD Mean + SD Mean + SD 

Body Weight, kg 505 ± 50 483 ± 41 

Starch Parameters: 
Intake, g 75 4023 + 375 3904 + 365 4487 + 909 4041 + 521 
Intake, g/WjL 37.8 + 2.5 36.7 + 2. 3 43.4 + 7.3 39.2 + 3.i 
Output, g 30 + 21 440 + 403 
Ruminal digestion, g 3106 + 331 3045 + 354 1056 + 777 1347 + 1243 
Ruminal digestion, % 77.7 + 11.2 78.4 + 10. 1 24.7 + 19.3 35.3 + 31.i 
Entering small intestine, g 917 + 503 859 + 440 3431 + 1373 2694 + 1631 

Post-ruminal digestion:1* 
ratio (grab sample), g 884 + 512 826 + 422 2874 + 899 2226 + 1321 

Cr^j ratio (grab sample), % 94.3 + 5.0 96.5 + 3. 0 84.5 + 8.7 84.5 + 5.! 
ratio (total feces), % 94.6 + 6.1 85.6 + 8.5 

Total Digestion: 
ratio (grab sample), % 99.1 + 0.7 99.2 + 1. 0 88.6 + 9.1 89.8 + 6.! 
ratio (total feces), % 98.9 + 1.0 88.2 + 8.8 — 
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Table 8. (Continued). 

Steam Processed Flaked Dry Rolled 
6-days 2-days 6-days 2-days 

Item Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

6675 + 621 6667 + 623 7276 + 1474 6894 ± 889 
62.7 + 4.1 62.6 + 4.0 70.4 + 12.1 66.7 ± 6.2 
988 + 183 1606 + 898 
2799 + 732 2788 + 577 495 + 857 1639 ± 488 
42.5 + 12.8 42.0 + 8.8 7.3 + 12.6 25.3 ± 22.4 

3875 + 1100 3879 + 577 6781 + 1906 5254 ± 2222 

Organic Matter Parameters: 
Intake, g 
Intake, g/W* 
Output, g 
Ruminal digestion, g 
Ruminal digestion, % 
Entering small intestine, g 

Post-Ruminal Digestion:^ 
Cr20_ ratio (grab sample), g 2794 ± 980 2875 ± 700 4944 ± 1054 3850 ± 1797 
Cr203 ratio (grab sample), % 71.0 ± 5.9 73.7 ± 4.5 73.8 ± 6.3 72.5 ± 4.8 
C^O^ ratio (total feces), % 70.5 ± 5.6 — 74.1 ± 7.1 

Total Digestion: 
Cr203 ratio (grab sample), % 83.5 ± 2.5 85.0 ± 1.2 73.4 ± 10.4 77.5 ± 7.4 
Cr203 ratio (total feces), % 83.9 ± 1.2 73.0 ± 9.7 

aMean of four animal (steam processed flaked) and three animal (dry rolled) observations/ 
treatment. 

^Individual values are presented in Appendices D, E and F. 

CA11 parameters are different (P<.05) between steam processed flaked and dry rolled treatments 
except for intake values and percent of post-ruminal organic matter digestibility. 

^Based on the amount entering the small intestine. 
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collection period gave more realistic digestibility values for the four 

diets studied. Lassiter, Alligood and McGauchey (1966) found no differ

ence (P>.05) in total organic matter digestibility (85.3 vs. 86.0%) due 

to length of collection period (3 vs. 1 day). They found less variation 

in total organic matter digestibility with a 1 day collection compared 

with a 3-day collection. 

There were no differences (P>.05) in organic matter or starch 

digestibility coefficients (using the indicator technique) due to 

method of sampling feces (grab samples vs. total fecal collection), 

suggesting that the grab sampling technique provides reliable coeffi

cients of digestibility. Total fecal collection may be necessary to 

determine indicator recovery and to correct recovery to 100% when the 

indicator is used in the partitioning of digestibility along the gastro

intestinal tract. 

Correction of indicator recovery to 100% alters digestibility 

coefficients and data uniformity. This is one reason why ruminal 

coefficients of digestibility were lower and standard deviations were 

greater in this study as compared with comparable values presented in 

Chapter 4. 

All parameters except for intake values and percent of post-

ruminal organic matter digestibility (Table 8) were different (P<.05) 

between steam processed flaked and dry rolled treatments. These data 

closely agree with the results presented in Chapter 4; however, post-

ruminal starch digestibility in this study was significantly higher 

(P<.05) for steers fed steam processed flaked as compared to dry rolled 

sorghum grain, regardless of length of collection period. It appears 
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that with abomasally fistulated steers, a 2-day collection period is as 

effective as a 6-day collection period in determining ruminal, post-

ruminal or total digestibility coefficients of starch and organic matter 

in either highly digestible grain (steam processed flaked) or poorly 

digestible grain (dry rolled sorghum grain). 

Summary 

The effect of a 2-day, as compared with a 6-day collection period 

on ruminal, post-ruminal or total starch and organic matter digestibility 

coefficients was determined with 7 abomasally fistulated steers. During 

both collection periods, four steers were fed steam processed flaked and 

three steers were fed dry rolled sorghum grain in an 82% grain diet. The 

2-day trial immediately followed the 6-day trial. Chromium oxide impreg

nated paper, to provide about .2% Cr2®3' was incorporated into the diet 

as an indicator. Samples of feed, abomasal contents and fecal grab 

samples were taken at 12 hr intervals for 6 days, or at 4 hr intervals 

for 2 days, to give a total of 12 collections per collection period. 

Length of collection period did not alter (P>.05) ruminal, post-ruminal 

or total digestibility coefficients of starch and organic matter. This 

was true whether digestibility coefficients were high (steam processed 

flaked treatment) or low (dry rolled treatment). Post-ruminal and total 

digestibility coefficients determined by Cr20 : nutrient ratio were 

almost identical for grab sampling and total fecal collection (6 days). 

The data indicate that a 2-day collection period is adequate to deter

mine ruminal, post-ruminal or total starch and organic matter 

digestibility for both methods of grain processing. 



CHAPTER 6 

CONCLUSIONS 

The following conclusions can be made from the results obtained 

in the five trials concerning sorghum grain starch utilization in 

cattle: 

1. Level of starch intake did not alter ruminal, post-ruminal 

or total digestibility coefficients of starch and organic 

matter. 

2. Steam processing and flaking of sorghum grain improved 

(P<.05) ruminal and total digestion of starch and organic 

matter as compared to dry rolling sorghum grain. Less 

starch (P<.05) reached the small intestine of steers fed 

steam processed flaked grain and post-ruminal digestibility 

coefficients tended to be higher for this processing method. 

3. The rumen is the major site of digestion for starch and 

organic matter from steam processed flaked grain; whereas, 

the intestines are the major site of digestion of starch 

and organic matter from dry rolled sorghum grain. 

4. These studies indicate that cattle have a great post-ruminal 

capacity for starch digestion as demonstrated by the intes

tinal digestion of as much as 2.2 kg of starch/animal/day 

from dry rolled sorghum grain. More trials are required to 
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determine if the poor digestion of starch and organic matter 

from dry rolled sorghum grain is due to the large amount of 

starch presented to the small intestine, or if it is due to 

the method of grain processing. 

Mean digestibility coefficients within grain processing 

methods and level of intake were consistent among trials; 

however, there was considerable variation in starch and 

organic matter digestion among animals, particularly in 

partitioning digestion along the gastro-intestinal tract. 

A 2-day collection period is as effective as a 6-day collec

tion period in determining ruminal, post-ruminal or total 

digestibility coefficients of starch and organic matter in 

either highly digestible grain (steam processed flaked) or 

poorly digestible grain (dry rolled sorghum grain). 

Chromium oxide:nutrient ratio technique using fecal grab 

samples was as effective in determining total digestibility 

coefficients of starch and organic matter as was total fecal 

collection. Although ruminal and post-ruminal starch diges

tion values appeared reasonable, the total amount of starch 

digested in the rumen tended to exceed the organic matteT 

digestion in the rumen, which suggests that the ratio 

technique underestimates pre-abomasal digestibility of 

organic matter in relation to starch digestibility or vice 

versa. There is a definite need to determine the relative 

efficiency of various indicators in partitioning digestibil

ity along the gastro-intestinal tract. 
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8. Chromium oxide recovery averaged 84% in these trials. 

Correction to 100% indicator recovery increased ruminal and 

intestinal digestion coefficients, decreased variability 

within treatments and gave more reasonable values than data 

based on actual recovery. 

9. Starch concentration of feed, digesta and feces determined 

by acid hydrolysis was similar to enzymatic hydrolysis. 

Almost identical coefficients of starch digestibility were 

obtained with both analytical techniques. 

10. All seven abomasally fistulated steers appeared as.normal 

during the five digestion trials. No problems in health, 

feed intake or digestive disturbances were encountered with 

the steers which could be attributed to the presence of 

abomasal fistulas. 
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Table A-l. Percentage of dry matter, ash,organic matter and starch of feed, abomasal contents and 
feces per steer by treatment (Trial l)a. 

Item 

Steer No.: 

Treatments 
Item 

Steer No.: 

Restricted (75% intake) Ad Libitum (95% intake) Item 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Dry matter*1 

Feed — 87.50 — 87.50 
Total feces 92.79 91.32 93.90 92.67 94.08 92.92 93.83 93.28 93.53 
Fecal grab samples 92.02 91.53 93.14 92.23 93.27 92.44 93.48 92.02 92.80 
Abomasal contents 91.84 93.00 94.72 93.19 93.91 92.58 95.20 91.01 93.17 

Ash (DM basis)** 
Feed 5.13 5.41 5.30 5.28 4.87 5.06 4.71 5.27 4.98 
Total feces 15.27 16.05 15.52 15.61 13.77 12.76 11.15 12.91 12.65 
Fecal grab samples 15.98 16.78 15.24 16.00 13.73 12.56 11.10 13.43 12.70 
Abomasal contents 15.41 13.67 17.26 15.45 20.08 15.53 11.03 12.47 14.78 

Starch (0M basis) 
Feed 61.66 59.73 64.10 61.83 61.39 71.31 59.82 68.72 65.35 
Total feces 2.55 2.61 1.89 2.35 3.57 3.83 1.20 2.71 2.82 
Fecal grab samples 2.19 1.77 1.43 1.80 1.74 5.37 1.69 1.74 2.63 
Abomasal contents 19.43 15.57 9.83 14.98 15.85 12.41 17.71 15.06 15.28 

aMean feed content per treatment was used in the calculation of the digestibility coeffi
cients. 

^Dry matter values were obtained by vacuum drying at 100 C, previously partially processed 
samples of feces, fecal grab samples and abomasal samples. 



Table A-2. Percentage of chromium oxide content of feed, abomasal contents and feces with and 
without correction to 100% 0^03 recovery per steer by treatment (Trial l)a. 

Treatments 
Item Restricted (75% intake) Ad Libitum (95% intake) 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Chromium Oxide Content (OM basis) 

Feed 0.214 0.243 0.226 0.228 0.239 0 .207 0 .214 0.227 0. 222 

Total feces 1.169 1.292 1.246 1.236 1.298 1 .141 1 .299 1.148 1. 222 

Fecal grab samples 1.369 1.268 1.307 1.315 1.315 1 .182 1 .265 1.320 1. 270 

Abomasal contents 0.332 0.255 0.398 0.329 0.373 0 .442 0 .357 0.371 0. 386 

Chromium Oxide Corrected to 100% Recovery (OM basis) 

Feed 0.214 0.243 0.226 0.228 0.239 0 .207 0 .214 0.227 0. 222 

Total feces 1.505 1.666 1.696 1.622 1.805 1 .547 1 .571 1.318 1. 560 

Abomasal contents 0.433 0.329 0.541 0.435 0.519 0 .599 0 .432 0.426 0. 494 

aMean feed content per treatment was used in the calculation of the digestibility coeffi
cients . 
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Table A-3. Daily intake and output of dry matter, organic matter (OM) and starch per steer by 
treatment (Trial 1). 

Treatments 
Item Restricted (75% intake) Ad Libitum (95% intake) 

Steer No.: 42 48 41 Mean 75 31 52 27 Mean 

Intake, g 

Dry matter3 4025 5075 5425 4842 5425 7102 7248 6938 6678 

Organic matter 3818 4795 5123 4579 5152 6736 6893 6558 6335 

Starch 2354 2864 3284 2834 3163 4803 4123 4507 4149 

Output, g 

Dry matter3 641 768 807 739 790 1028 1055 1299 1043 

Organic matter 543 645 682 623 681 903 937 1131 913 

Starch 14 17 13 15 24 35 11 31 25 

aSee footnotes, Appendix Table A-l. 



Table A-4. Total and indicator ratio (total, post-ruminal and ruminal) digestibility coefficients 
of organic matter and starch per steer by treatment (Trial l)a. 

Treatments 
Item Restricted (75% intake) Ad Libitum (95% intake) 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Organic Matter Digestibility 

Total 85.78 86.55 86.69 86.34 86.78 86.59 86.41 82.75 85.63 

Indicator Ratio 

Total 80.53 82.38 81.73 81.55 85.39 83.20 83.63 80.17 83.10 

Post-ruminala 49.04 71.50 38.93 53.19 39.95 28.58 42.46 42.14 38.29 

Ruminal 31.49 10.88 42.80 28.36 45.44 54.62 41.17 38.03 44.81 

Starch Digestibility (OM basis) 

Total 99.41 99.41 99.61 99.48 99.23 99.28 99,73 99.32 99.39 

Indicator Ratio 

Total 99.19 99.25 99.44 99.29 99.07 98.85 99.69 99.20 99.21 

Post-ruminala 20.78 21.76 8.53 17.02 13.48 8.38 16.51 12.97 12.84 

Ruminal 78.41 77.49 90.91 82.27 85.59 90.47 83.18 86.23 86.37 

aBased on dietary intake. 



Table A-5. Total, post-ruminal and ruminal digestibility coefficients (indicator ratio) of organic 
matter and starch per steer by treatment with correction to 100% 0^03 recovery (Trial 1). 

Treatments 
Item Restricted (75% intake) Ad Libitum (95% intake) 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Organic Matter Digestibility 

Total 84.88 86 .29 86.58 85.92 87. 72 85 .29 85 .51 82. 73 85. 31 

Post-ruminal 37.43 55 .39 28.60 40.47 31. 58 23 .31 38 .20 36. 17 32. 31 

Ruminal 47.45 30 .90 57.98 45.44 56. 14 61 .98 47 .31 46. 56 53. 00 

Starch Digestibility 

Total 99.37 99 .42 99.59 99.46 99. 33 99 .16 99 .74 99. 30 99. 38 

Post-ruminala 16.00 16 .94 6.27 13.07 9. 69 6 .19 13 .65 11. 30 10. 21 

Ruminal 83.37 82 .48 93.32 86.39 89. 64 92 .97 86 .09 88. 00 89. 17 

aBased on dietary intake. 
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Table B-l. Percentage of dry matter, ash, organic matter and starch of feed, abomasal contents and 
feces per steer by treatment (Trial 2)a. 

Item 

Steer No.: 

Treatments 
Item 

Steer No.: 

Ad-Libitum (95% intake) Restricted (75% intake) Item 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Dry Matter^ 
Feed — 87.50 — 87.50 
Total feces 93.56 93.46 92.71 93.24 93.08 93.18 93.00 93.24 93.12 
Fecal grad samples 93.56 94.10 92.93 93.53 93.14 93.18 93.57 93.14 93.26 
Abomasal contents 94.09 93.58 92.02 93.23 91.96 92.51 92.53 91.88 92.22 

Ash (DM basis)*5 

Feed 5.29 4.96 4.57 4.94 5.12 5.03 4.91 5.42 5.12 
Total feces 14.35 13.13 14.95 14.14 14.87 13.96 15.71 16.43 15.24 
Fecal grab samples 14.52 13.14 14.66 14.11 15.66 13.99 15.57 15.89 15.28 
Abomasal contents 16.83 15.88 14.87 15.86 28.20 16.47 16.51 16.88 19.51 

Starch (OM basis) 
Feed 65.99 58.92 60.99 61.96 55.33 62.23 54.05 59.42 59.76 
Total feces 3.75 2.18 2.03 2.65 3.91 0.23 0.38 1.28 1.45 
Fecal grab samples 0.01 0.37 1.25 0.54 2.55 0.01 2.53 1.53 1.64 
Abomasal contents 14.67 18.81 11.62 15.37 19.54 20.70 16.31 17.81 18.56 

a,^See footnotes, Appendix Table A-l. 



Table B-2. Percentage of chromium oxide content of feed, abomasal contents and feces with and with
out correction to 100% Cr£03 recovery per steer by treatment (Trial 2)a. 

Treatments 
Item Ad Libitum (95% intake) Restricted (75% intake) 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Chromium Oxide (OM basis) 

Feed 0.184 0.187 0.195 0.189 0 .168 0 .195 0 .199 0 .179 0.185 

Total feces 1.146 0.964 1.044 1.051 1 .172 1 .123 1 .191 1 .046 1.133 

Fecal grab samples 1.241 0.966 1.048 1.085 1 .190 1 .122 1 .159 1 .106 1.144 

Abomasal contents 0.319 0.239 0.295 0.284 0 .320 0 .478 0 .309 0 .343 0.363 

Chromium Oxide Corrected to 100% Recovery (0M basis) 

Feed 0.184 0.187 0.195 0.189 0 .168 0 .195 0 .199 0 .179 0.185 

Total feces 1.347 1.083 1.285 1.238 1 .256 1 .289 1 .342 1 .397 1.321 

Abomasal contents 0.375 0.268 0.363 0.335 0 .343 0 .532 0 .349 0 .458 0.421 

aMean feed content per treatment was used in the calculation of the digestibility coefficients. 
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Table B-3. Daily intake and output of dry matter, organic matter and starch per steer by treatment 
(Trial 2). 

Treatments 
Item Ad Libitum (95% intake) Restricted (75% intake) 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Intake, g 

Dry matter3 5031 7000 6241 6090 4189 4550 5075 5425 4810 

Organic matter 4765 6653 5956 5789 3974 4321 4826 5131 4564 

Starch 2952 4122 3690 3587 2375 2582 2884 3066 2727 

Output, g 

Dry matter3 780 1336 1029 1048 688 717 790 814 752 

Organic matter 668 1160 875 901 586 617 666 680 637 

Starch 25 25 18 23 23 1 3 9 9 

aSee footnotes, Appendix Table A-l. 
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Table B-4. Total and indicator ratio (total, post-ruminal and ruminal) digestibility coefficients of 
organic matter and starch per steer by treatment (Trial 2). 

Treatments 
Item Ad Libitum (95% intake) Restricted (75% intake) 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Organic Matter Digestibility 

Total 85.98 82.56 85.31 84.62 85.25 85.72 86.20 86.75 85.98 

Indicator Ratio 

Total 83.52 80.42 81.92 81.95 84.20 83.51 84.45 82.29 83.61 

Post-ruminala 42.72 59.48 45.96 49.38 40.02 22.29 44.31 36.27 35.72 

Ruminal 40.80 20.94 35.96 32.57 42.18 61.22 40.14 46.02 47.39 

Starch Digestibility (OM basis) 

Total 99.05 99.39 99.52 99.32 99.04 99.95 59.91 99.72 99.65 

Indicator Ratio 

Total 99.00 99.31 99.41 99.24 98.97 99.94 99.90 99.62 99.61 

Post-ruminala 13.02 23.31 11.42 15.92 17.88 13.37 16.24 15.71 15.80 

Ruminal 85.98 76.00 87.99 83.32 81.09 86.57 83.66 83.91 83.81 

aBased on dietary intake. 
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Table B-5. Total, post-ruminal and ruminal digestibility coefficients (indicator ratio) of organic 
matter and starch per steer by treatment with correction to 100% (^03 recovery (Trial 2). 

Treatments 
Item Ad Libitum (95% intake) Restricted (75% intake) 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Organic Matter Digestibility 

Total 85.98 82.57 85.32 84.62 85.25 85.63 86.20 86.74 85.96 

Post-ruminala 36.35 53.53 35.35 41.74 39.22 20.44 39.33 27.14 31.54 

Ruminal 49.63 29.04 49.97 42.88 46.03 65.19 46.87 59.60 54.42 

Starch Digestibility 

Total 99.15 99.39 99.52 99.35 99.03 99.94 99.91 99.72 99.65 

Post-ruminala 11.08 20.77 9.28 13.71 16.68 12.00 14.41 11.76 13.71 

Ruminal 88.07 78.62 90.24 85.64 82.35 87.94 85.50 87.96 85.94 

aBased on dietary intake. 
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Table C-l. Percentage of dry matter, ash, organic matter and starch of feed, abomasal contents and 
feces per steer by treatment (Trial 3)a. 

Item 
Treatments 

Steam Processed Flaked Dry Rolled 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Dry Matter" 
Feed — — — 87.50 —- — — — 87.50 
Total feces 94.31 94.04 92.79 93.71 93.67 92.77 92.02 93.06 92.88 
Fecal grab samples 94.26 93.33 93.08 93.56 93.87 93.87 93.05 91.93 93.18 
Abomasal contents 95.63 95.35 90.72 93.90 95.30 94.36 95.26 92.67 94.40 

Ash (DM basis)b 

Feed 4.57 4.98 4.91 4.82 5.22 5.00 5.04 5.12 5.10 
Total feces 14.06 12.09 15.94 14.03 10.68 9.74 9.38 12.29 10.52 
Fecal grab samples 13.62 12.21 15.95 13.93 11.35 9.63 8.83 12.14 10.49 
Abomasal contents 10.56 11.27 17.83 13.22 12.96 17.80 9.49 9.32 12.39 

Acid Hydrolysis (0M basis) 
Feed 66.34 63.99 66.58 65.64 63.30 62.67 57.29 61.31 61.14 
Total feces 8.51 3.75 8.33 6.86 20.91 29.98 23.63 12.86 21.85 
Fecal grab samples 1.72 4.89 2.70 3.10 19.94 25.81 24.46 12.63 20.71 
Abomasal contents 16.26 26.47 21.07 21.27 36.51 55.44 54.70 47.12 48.44 

Enzymatic Hydrolysis (0M basis) 
Feed 58.80 62.11 55.88 58.93 59.28 57.02 61.26 59.75 59.33 
Total feces -0.01 0.49 1.15 0.55 16.13 18.64 18.83 11.02 16.16 
Fecal grab samples 0.01 1.58 0.76 0.78 16.35 22.60 22.19 11.56 18.18 
Abomasal contents 12.75 23.17 14.90 16.94 39.73 47.70 52.66 40.58 45.17 

a»^See footnotes, Appendix Table A-l. 



Table C-2. Percentage of chromium oxide in feed, abomasal contents and feces, with and without 
correction to 100% recovery per steer by treatment (Trial 3)a. 

Treatments 
Item Steam Processed Flaked Dry Rolled 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Organic Matter Basis 

Feed 0.181 0.162 0.189 0.177 0. 182 0. 215 0. 146 0.171 0.178 

Total feces 1.000 0.650 0.997 0.882 0. 667 0. 599 0. 775 0.864 0.726 

Fecal grab samples 0.922 0.683 0.998 0.868 0. 740 0. 598 0. 770 0.863 0.743 

Abomasal contents 0.299 0.222 0.237 0.244 0. 180 0. 202 0. 188 0.222 0.198 

Corrected to 100% Recovery (OM basis) 

Feed 0.181 0.162 0.189 0.177 0. 182 0. 215 0. 146 0.171 0.178 

Total feces 1.109 0.886 1.299 1.098 0. 821 0. 711 0. 826 0.985 0.836 

Abomasal contents 0.332 0.303 0.308 0.302 0. 222 0. 240 0. 200 0.260 0.231 

aMean feed contents per treatment was used in the calculation of the digestibility coeffi
cients . 



Table C-3. Daily intake and output of dry matter, organic matter and starch per steer by treatment 
(Trial 3). 

Treatments 
Item Steam Processed Flaked Dry Rolled 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Intake, g 

Dry matter3 5061 7554 6598 6404 6664 6438 7029 6931 6765 

Organic matter 4830 7178 6274 6094 6316 6116 6674 6576 6420 

Starch** 3170 4711 4118 3999 3861 3739 4080 4020 3925 

Starchc 2846 4230 3697 3591 3747 3629 3960 3901 3809 

Output, g 

Dry matter3 898 1633 1019 1183 1536 1701 1590 1318 1536 

Organic matter 772 1436 856 1021 1372 1535 1441 1156 1376 

Starch*1 67 54 71 64 287 460 340 149 309 

Starchc 0 7 9 6 221 286 271 127 226 

aSee footnotes Appendix Table A-l. 

^Acid hydrolysis. 

cEnzymatic hydrolysis. 



Table C-4. Total, post-ruminal and ruminal digestibility coefficients (indicator ratio) of organic 
matter and starch per steer by treatment with correction to 100% Cr2C>3 recovery (Trial 3). 

Item 
Treatments 

Steam Processed Flaked Dry Rolled 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Acid Hydrolysis 
Total 97.79 98.89 98.27 98.32 92.57 87.70 91.67 96.29 92.06 
Indicator ratio 

Total 97.70 98.44 97.74 97.96 90.85 85.39 91.10 93.63 90.24 
Post-ruminal 12.37 30.60 19.76 20.91 50.04 65.55 76.04 55.59 61.80 
Ruminal 85.33 67.84 77.98 77.05 40.81 19.84 15.06 38.04 28.44 

Acid Hydrolysis (Corrected to 100% C^O-^ Recovery) 
Total 97.79 98.89" 98.27 98.32 92.57 87.70 91.67 96.29 92.06 
Indicator ratio 

Total 97.93 98.86 98.27 98.35 92.57 87.70 91.66 96.19 92.03 
Post-ruminal 11.16 22.44 16.72 16.77 40.61 55.22 71.31 48.97 54.03 
Ruminal 86.77 76.42 81.55 81.58 51.96 32.48 20.35 47.22 38.00 

Enzymatic Hydrolysis 
Total 100.00 99.83 99.74 99.86 94.10 92.12 93.16 96.74 94.03 
Indicator ratio 

Total 100.00 99.77 99.65 99.81 92.73 90.64 92.69 96.16 93.05 
Post-ruminal 12.81 31.13 18.57 20.84 59.03 61.72 76.96 51.15 62.21 
Ruminal 87.19 68.64 81.08 78.97 33.70 28.92 15.73 45.01 30.84 

Enzymatic Hydrolysis (Corrected to 100% Cr^O^ Recovery) 
' ' 99774 Total 100.00 
Indicator ratio 

Total 100.00 
Post-ruminal 11.56 
Ruminal 88.44 

99.83 

99.83 
22.82  
77.01 

99.73 
14.26 
85.47 

99.86 

99.85 
16.21 
83.64 

94.10 

94.09 
47.96 
46.14 

92.12 

92.11 
51.97 
40.14 

93.16 

93.15 
64.72 
28.43 

96.77 

96.67 
43.53 
53.14 

94.04 

94.00 
52.04 
41.96 



Table C-5. Total and indicator ratio (total, post-ruminal and ruminal) digestibility coefficients of 
organic matter per steer by treatment with correction to 100% Cr20j recovery (Trial 3). 

Treatments 
Item Steam Processed Flaked Dry Rolled 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Organic Matter Digestibility (DM basis)a 

Total 84.02 79.99 86.36 83.46 78.28 74.90 78.41 82.42 78.50 

Indicator ratio 

Total 82.28 72.72 82.23 79.08 73.26 70.21 76.97 79.36 74.95 

Post-ruminal^ 41.49 52.47 57.06 50.34 72.26 58.62 71.92 59.76 65.64 

Ruminal 40.79 20.25 25.17 28.74 1.00 11.59 5.05 19.60 9.31 

Organic Matter Digestibility (Corrected to 100% Cr20^ Recovery) 

Total 84.02 79.99 86.36 83.46 78.28 74.90 78.41 82.42 78.50 

Indicator ratio 

Total 84.02 79.99 86.36 83.46 78.28 75.07 78.55 82.02 78.48 

Post-ruminal'5 37.33 38.47 43.84 39.88 58.71 49.53 67.57 50.51 56.58 

Ruminal 46.69 41.52 42.52 43.58 19.57 25.54 10.98 31.51 21.90 

aSee footnotes Appendix Table A-l. 

^Based on dietary intake. 
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Table D-l. Percentage of dry matter, ash, organic matter and starch of feed, abomasal contents 
and feces per steer by treatment (Trial 4)a. 

Item 

Steer No.: 

Treatments 
Item 

Steer No.: 

Dry Rolled Steam Processed Flaked Item 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Dry Mattera 

Feed 87.50 — 87.50 
Total feces 93.59 93.11 92.05 92.92 92.38 93.39 92.66 93.34 92.94 
Fecal grab samples 93.34 93.13 92.13 92.87 92.68 93.80 92.65 94.07 93.30 
Abomasal contents 93.66 92.53 90.96 92.38 93.57 93.89 91.82 93.39 93.17 

Ash (DM basis)a 

Feed 4.79 4.81 5.41 5.00 5.20 4.95 5.23 5.05 5.11 
Total feces 10.29 9.46 12.20 10.65 13.68 10.94 11.88 16.45 13.24 
Fecal grab samples 10.38 9.40 12.49 10.76 13.67 11.31 12.09 16.19 13.32 
Abomasal contents 7.13 6.07 10.24 7.81 17.76 11.68 15.01 21.29 16.44 

Acid Hydrolysis (OM basis) 
Feed 59.66 66.39 58.96 61.67 61.24 61.56 58.74 59.58 60.28 
Total feces 17.51 34.28 19.67 23.82 6.39 2.89 1.23 1.80 3.08 
Fecal grab samples 17.57 35.79 22.45 25.27 5.25 8.05 1.59 0.88 3.94 
Abomasal contents 45.87 47.29 42.13 45.10 14.69 27.62 28.45 18.23 22.25 

Enzymatic Hydrolysis (OM basis) 
Feed 64.22 59.67 57.63 60.51 59.19 57.48 60.05 59.71 59.11 
Total feces 17.39 38.79 19.43 25.20 3.26 3.49 4.04 0.62 2.85 
Fecal grab samples 17.70 37.10 19.35 24.72 2.63 2.76 2.33 0.20 1.98 
Abomasal contents 50.81 51.20 36.62 46.21 18.58 27.98 31.50 17.55 23.90 

See footnotes Appendix Table A-] 



Table D-2. Percentage of chromium oxide in feed, abomasal contents and feces with and without 
correction to 100% C^Oj recovery per steer by treatment (Trial 4)a. 

Treatments 
Item Dry Rolled Steam Processed Flaked 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Organic Matter Basis 

Feed 0.229 0.208 0.220 0.219 0 .189 0.218 0.178 0.218 0.201 

Total feces 1.036 0.567 1.090 0.898 1 .254 0.993 1.340 1.349 1.234 

Fecal grab samples 0.982 0.577 1.076 0.874 1 .281 1.121 1.316 1.279 1.249 

Abomasal contents 0.196 0.188 0.281 0.221 0 .416 0.300 0.287 0.447 0.362 

Corrected to 100% Cr?0 ̂ Recovery (OM basis) 

Feed 0.230 0.208 0.220 0.219 0 .189 0.218 0.178 0.218 0.201 

Total feces 1.315 0.741 1.281 1.112 1 .346 1.197 1.393 1.559 1.374 

Abomasal contents 0.249 0.245 0.330 0.275 0 .446 0.361 0.298 0.517 0.406 

aMean feed contents per treatment was used in the calculation of digestibility coefficients. 



Table D-3. Daily intake and output of dry matter, organic matter and starch per steer by treatment 
(Trial 4). 

Treatments 
Item 

Steer No.: 

Dry Rolled Steam Processed Flaked Item 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Intake, g 

Dry matter3 6416 9384 7175 7658 6300 7875 6963 7000 7034 

Organic matter 6109 8932 6787 7276 5972 7485 6598 6646 6675 

Starch** 3767 5508 4185 4487 3599 4512 3977 4006 4023 

Starchc 3697 5405 4107 4403 3530 4424 3900 3928 3945 

Output, R 

Dry matter 1135 2916 1322 1791 1032 1410 1079 1025 1136 

Organic matter 1018 2640 1161 1606 891 1256 951 856 988 

Starch'3 187 904 228 440 57 36 12 15 30 

Starchc 159 927 198 428 25 39 34 4 25 

aSee footnotes, Appendix Table A-l. 

^Acid hydrolysis. 

cEnzymatic hydrolysis. 



Table D-4. Total, post-ruminal and rumiiial digestibility coefficients (indicator ratio) of organic 
matter and starch per steer by treatment with correction to 100% recovery (Trial 4). 

Treatments 
Item Dry Rolled Steam Processed Flaked 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Acid Hydrolysis 
Total 95.04 83.59 94.55 91.06 98.42 99.20 99.70 99.63 99.24 
Indicator ratio 

Total 93.99 78.53 93.59 88.70 98.30 99.03 99.69 99.55 99.14 
Post-ruminal 77.09 68.04 46.95 64.02 10.07 29.74 32.72 13.13 21.41 
Ruminal 16.90 10.49 46.64 24.68 88.23 69.29 66.97 86.42 77.73 

Acid Hydrolysis (Corrected to 100% Cr?0n Recovery) 
Total 95.04 83.59 94.55 91.06 98.42 99.20 99.70 99.63 99.24 
Indicator ratio 

Total 95.27 83.57 94.54 91.13 98.42 99.20 99.71 99.61 99.23 
Post-ruminal 60.75 52.09 39.95 50.93 9.39 24.68 31.47 11.36 19.22 
Ruminal 34.52 31.48 54.59 40.20 89.03 74.52 68.24 88.25 80.01 

Enzymatic Hydrolysis 
Total 95.70 82.85 95.18 91.24 99.28 99.12 99.13 99.90 99.34 
Indicator ratio 

Total 93.92 75.25 93.54 87.57 99.12 98.80 98.97 99.84 99.18 
Post-ruminal 87.74 74.02 40.81 67.52 14.30 30.53 36.27 13.17 23.57 
Ruminal 6.18 1.23 52.73 20.05 84.82 68.27 62.70 86.67 75.61 

Enzymatic Hydrolysis (Corrected to 100% Cr-jO* Recovery) 
Total 95.70 82.85 95.18 91.24 99.28 99.12 99.13 99.90 99.34 
Indicator ratio 

Total 95.21 81.05 94.51 90.26 99.17 99.01 99.01 99.86 99.26 
Post-ruminal 69.13 56.66 34.74 53.51 13.32 25.33 34.87 11.39 21.23 
Ruminal 26.08 24.39 59.77 36.75 85.85 73.68 64.14 88.47 78.03 



Table D-5. Total and indicator ratio (total, post-ruminal and ruminal) digestibility coefficients of 
organic matter per steer by treatment with correction to 100% recovery (Trial 4). 

Treatments 
Item Dry Rolled Steam Processed Flaked 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Organic Matter Digestibility (DM basis) 

Apparent 83. 34 70. 44 82 • 00
 

78. ,89 85 • o
 

00
 

83, .22 85, .59 87, .12 85, .25 

Total 78. 85 61. 38 79 .90 73. .38 83 .99 79, .77 85. .01 85, .11 83, .47 

Post-ruminalb • 

00 

85 61. 38 58 .01 66. ,08 32 .29 46. ,79 55, .00 30. .00 41. .02 

Ruminal -11. 73 -16. 73 21 .89 7. ,30 51 .70 32, .98 30. ,01 55, .11 42. ,45 
(0. 00) (0. 00) 

Organic Matter Digestibility (Corrected to : 100% Cr-,0, Recovery) 

Apparent 83. 34 70. 44 82 

O) 00 • 78. ,89 85 .08 83, .22 85, .59 87, .12 85. .25 

Total 00
 

Ctl
 

• 33 70. 44 82 .89 78. ,89 85 

00 o
 • 83. .22 85. .59 87, .12 85. .25 

Post-ruminal^ 71. 36 59. 80 49 .37 60. 18 30 • o
 

00
 

38. .83 52, .88 25, .97 36. .94 

Ruminal 11. 97 10. 64 33 .52 18. ,71 55 

o
 
o
 • 44. .39 32, .71 61, .15 48. .31 

aSee footnotes, Appendix Table A-l. 

^Based on dietary intake. 

«£> 
to 
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Table E-l. Percentage of dry matter, ash, organic matter, starch and (>203 of feed, abomasal 
contents and feces per steer by treatment (Trial 5)a. 

Treatments 
Item Dry 1 Rolled Steam Processed Flaked 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Dry Mattera 

Feed 
Fecal grab samples 
Abomasal contents 

93.74 
94.12 

93.59 
93.80 

93.16 
91.97 

87.50 
93.50 
93.50 

94.96 
93.59 

93.80 
93.94 

94.73 
95.80 

93.37 
92.64 

87.50 
94.21 
93.99 

Ash (DM basis)a 

Feed 
Fecal grab samples 
Abomasal contents 

5.01 
9.86 
6.95 

4.76 
7.60 
5.54 

5.00 
11.48 
15.30 

4.92 
9.65 
9.26 

4.95 
14.16 
18.41 

5.30 
11.91 
18.70 

5.21 
13.13 
23.34 

5.07 
13.53 
19.97 

5.13 
13.18 
20.10 

Starch (OM basis) 
Feed 
Fecal grab samples 
Abomasal contents 

55.23 
17.90 
48.64 

59.99 
33.89 
45.82 

60.63 
22.44 
38.11 

58.62 
24.73 
44.19 

63.01 
2.33 

16.10 

55.40 
7.38 
26.19 

57.39 
0.92 
28.32 

58.39 
0.87 
13.62 

58.55 
2.88 
21.06 

Chromium Oxide (OM basis) 
Feed 
Fecal grab samples 
Abomasal contents 

0.245 
1.082 
0.273 

0.153 
0.611 
0.149 

0.170 
1.000 
0.330 

0,189 
0.898 
0.251 

0.207 
1.216 
0.325 

0.163 
1.111 
0.295 

0.190 
1.349 
0.276 

0.178 
1.262 
0.399 

0.184 
1.234 
0.324 

aSee Footnotes, Appendix Table A-l. 



Table E-2. Daily intake and digestibility coefficients (indicator ratio) of organic matter and 
starch per steer by treatment (Trial 5). 

Treatments 
Item Dry Rolled Steam Processed Flaked 

Steer No.: 42 48 51 Mean 75 31 52 27 Mean 

Intake, g 

a 
Dry matter 6366 8210 7175 7250 6241 7875 7000 7000 7029 

Organic matter 6047 7819 6816 6894 5932 7457 6635 6645 6667 

Starch 3545 4583 3995 4041 3473 4366 3885 3891 3904 

Digestibility Coefficients: 

Starch 

Total 94. 66 82 .09 92. 76 89. 84 99. 40 97. 91 99. 78 99. 78 99. 21 

Post-ruminala 52. 22 81 .40 30. 07 54. 57 15. 00 25. 88 32. 03 10. 54 20. 86 

Ruminal 42. 44 0 .69 62. 69 35. 27 84. 40 72. 03 67. 75 89. 24 78. 35 

Organic matter 

Total 82. 50 69 .02 81. 07 77. 53 84. 84 83. 41 86. 34 85. 40 85. 00 

Post-ruminala 49. 17 69 .02 38. 45 52. 21 41. 58 45. 82 53. 02 31. 65 43. 02 

Ruminal 33. 33 -27 .00 42. 62 25. 32 43. 26 37. 59 33. 32 53. 75 41. 98 

aBased on dietary intake. 
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Table F-l. Analysis of variance for total organic matter digestibility 
(Trials 1 and 2). 

Period 
I II Animal 

Animal Restricted Ad Libitum Totals Treatment Totals 

42 80.53 83.52 164.05 Ad Libitum = T2 

00 in h 25 

48 82.38 80.42 162.80 Restricted = Tl = 579. 09 

51 81.73 81.92 163.65 

Ad Libitum Restricted 

75 85.39 84.20 169.59 

31 83.20 83.51 166.71 

52 83.63 84.45 168.08 

27 80.17 82.29 162.46 

Period Totals = PI = 577.03 P2 • 580.31 G = 1157.34 

Compute Adjusted Treatment Effects 

Tl « Tl - i [3 PI + 4 P2] = 579.09 - 578.90 = .19 
7 

T2 = T2 - y [4 PI + 3 P2] = 578.25 - 578.44 = -.19 

CF = 115?;34 = 95673.99 
14 

Total SS = (80.53)2 + + (82.29)2 - CF = 33.11 

Animal SS = (164.05)2 • + (162.46)2 - CF = 23.36 

Period SS = (577.03)2 + (580.31)2 - CF = .77 
7 

Treatment SS *JL x [Tl2 + T22] = -2- [.192 + (-.19)2] = .0105 
48 48 L 

Erros SS = Total SS - Animal SS - Period SS - Treatment SS = 8.97 



Table F-2. Mean square for organic matter and starch parameters (Trials 1 and 2). 

Mean Squares 
Parameters: Animal Period Treatment Error 

Degrees of Freedom 6 1 1 5 

Organic Matter: 
Intake, g 
Output, g 
Ruminal digestion, g 
Ruminal digestion, % 
Entering small intestine, g 
Post-ruminal digestion, g 
Post-ruminal digestion, % 
Total digestion, % 

816715* 
27591 
783188 

207 
952899 
774284 

1.0 

849686* 
5207 

389778 
0.3 

77703 
42681 

0.1 

7634351** 
262517** 
1262040 

14.0 
2759685* 
1319892** 

3.0 

160352 
15031 
124477 

33.0 
146857 
73903 

3.0 

Starch: 
Intake, g 
Output, g 
Ruminal digestion, g 
Ruminal digestion, % 
Entering small intestine, g 
Post-ruminal digestion, g 
Post-ruminal digestion, % 
Total digestion, g 

397792 
59 

376916 
27 

36946 
37548 

0.09 

838881* 
118 

927772 
17 

3363 
4149 

0.04 

4059483** 

514** 
3225666** 

5 
43909 
36492 

0.12 

147366 
62 

124257 
8 

13343 
12661 

0.06 

*(P<.05). 

**(P<.01). 



Table F-3. Mean square for organic matter and starch parameters (Trials 3 and 4). 

Mean Squares 
Parameters Animal Period Treatment Error 

Degrees of Freedom 6 1 1 5 

Organic Matter: 
Output, g 
Ruminal digestion, g 
Ruminal digestion, % 
Entering small intestine, g 
Post-ruminal digestion, g 
Post-ruminal digestion, % 
Total digestion, % 

352875 
646743 

137 
1589151 
697403 

32* 
23 

3584 
914946 

69 
117028 
83006 

0.6 
13 

869904** 
8761607 

2254 
14065651** 
8118885 

23.0 
110** 

32795 
168551 

56 
647317 
447944 

22.0 
5 

Starch: 
Output, g 
Ruminal digestion, g 
Ruminal digestion, % 
Entering small intestine 
Post-ruminal digestion, g 
Post-ruminal digestion, % 
Total digestion, % 

2531 
1880510 

187 
551130** 
336969** 

24 
10 

32 
430853 

138 
3168803** 

24528 
6 
4 

364561* 
11352712 

5961** 
11877966** 
7567986** 

96 
178* 

49037 
80344 

40 
10952 
32470 

60 
13 

*(P<.05). 

**(P<.01). 



Table F-4. Weight of steers per trial (kg) (Trials 1, 2, 3, 4.and 5). 

Item 
Steer No.: 42 48 51 

Mean ± SD 
75 31 52 27 

Mean + SD 

Trial 1 336 389 436 378 ± 50 345 424 422 467 414 + 51 

Trial 2 369 422 445 412 ± 39 347 424 431 476 420 + 54 

Trial 3 390 460 475 442 ± 45 381 463 466 505 454 + 52 

Trial 4 437 501 512 483 ± 41 435 525 512 550 505 + 50 

Trial 5 437 501 512 483 ± 41 435 525 512 550 505 + 50 



Table F-5. Metabolic weight of steer per treatment (Trials 1, 2, 3, 4 and 5). 

Steer Number 
Trial 42 48 51 Mean 75 31 52 27 Mean 

Metabolic Weight 

1 78.48 87.59 95.41 87.16a 80.05 93.44 93.11 100.46 91.771 

2 84.19 93.11 96.89 91.40b 80.40 93.44 94.59 101.91 92.59' 

3 87.76 99.33 101.75 93.28c 86.24 99.81 100.30 106.53 98.22 

4 95.58 105.90 107.63 103.04d 95.25 109.68 107.63 113.67 106.56 

5 95.58 105.90 107.63 103.04d 95.25 109.68 107.63 113.67 106.56 

aRestricted. 

^Ad libitum. 

cSteam processed flaked. 

^Dry rolled. 



Table F-6. Intake of organic matter (OM) and starch based on metabolic weight of steer per treat
ment (Trials 1, 2, 3, 4 and 5). 

Steer Number 
Trial Nutrient 42 48 51 Mean 75 31 52 27 Mean 

Nutrient Intake/Metabolic Weight 

1 OM 48.75 54.74 43.69 52.36a 64.36 72.09 74.03 65.28 68.94b 

Starch 29.99 30.76 34.42 31.72a 39.51 51.40 44.28 44.86 45.01b 

2 OM 56.60 71.45 61.47 63.17b 49.43 46.24 51.02 50.35 49.26a 

Starch 35.06 44.27 38.08 39.14b 29.54 27.63 30.49 30.09 29.44a 

3 OM 55.04 72.27 61.66 62.99c 73.24 61.27 66.54 62.04 65.77d 

Starch 36.12 47.43 40.47 41.34c 44.77 37.46 40.68 37.92 40.21d 

4 OM 63.92 84.35 63.06 70.44d 62.70 68.25 61.30 58.52 62.69C 

Starch 39.41 52.01 38.88 43.43d 37.78 41.14 36.95 35.27 37.79° 

5 OM 63.27 73.83 63.33 66.81d 62.28 67.99 61.65 58.46 62.60° 

Starch 37.09 43.28 37.12 39.16d 36.46 39.81 36.10 34.23 36.65C 

Restricted. 

bAd libitum. 

cSteam processed flaked. 

dDry rolled. 



Table F-7. Percentage of chromium oxide recovery per steer by trial (Trials 1, 2, 3 and 4). 

Item 
Steer No.: 42 48 51 

Mean + SD 
75 31 52 27 

Mean + SD 

Trial 1 77.67 77.53 73.47 76.22 + 2.4 71.90 73.78 82.78 87.13 78.95 + 7.3 

Trial 2 85.09 89.06 81.24 85.13 + 3.9 93.32 86.58 88.58 74.85 85.83 + 7.8 

Trial 3 90.20 73.33 76.80 80.11 + 8.9 81.24 84.24 96.76 85.17 86.85 + 6.8 

Trial 4 78.79 76.54 85.10 80.14 + 4.4 93.17 82.96 96.16 86.53 89.71 + 6.0 



Table F-8. Percentage of glucose recovery by acid and enzymatic starch hydrolysis per pair of 
animals and trial (Trials 1, 2, 3, 4 and 5). 

Item Acid Hydrolysis Mean + SD Enzymatic Hydrolysis Mean + SD 
Steer No.: 75 42-31 51-27 48-52 75 42-31 51-27 48-52 

Trial 1 88 99 96 97 95 + 4.8 — — — — 

Trial 2 97 96 94 96 96 + 1.3 — — — — 

Trial 3 96 94 95 96 95 + 1.0 98 98 96 95 97 + 1.5 

Trial 4 96 96 95 94 95 + 1.0 96 96 94 95 95 + 1.0 

Trial 5 95 98 92 97 95 + 2.6 — — 
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Table F-9. Mean starch recoveries from four substrates using either acid or 
enzymatic hydrolysisa. 

Substrates 
Hydrolysis Method 

Acid Enzymatic 

mg starch/g mg starch/g 

Soluble starch 915 936 

Corn starch 873 920 

Red sorghum grain starch 867 877 

Sorghum grain 695 683 

^ean of three observations. 



Table F-10. Sorghum grain:starch utilization by steers (previously published experiments). 

Grain Starch Digestibility, % 
Animal Processing % in % in Diet Intake 

Weight, kg Method Diet (DM) g/day g/W^ Total Ruminal Authors 

225 Steam flaked 84 66 3737 

KE 

64 99.0 81.3 Hinman and 
Micronized 84 65 3382 58 99.6 84.2 Johnson 
Dry rolled 84 65 3722 64 92.4 76.5 (1974b) 
Ground 84 63 2687 46 98.8 86.3 

410 Steam flaked 63 58 3685 43 99.4 Kartchner 
Steam flaked 63 57 4786 52 99.4 (1972) 
Steam flaked 79 66 3142 39 99.6 71.1 
Steam flaked 79 67 4780 54 98.7 76.0 
Dry rolled 79 66 3280 41 97.4 58.5 
Dry rolled 79 67 4474 53 94.9 45.3 

370 Micronized 83 53 2140 25 97.1 43.0 McNeill, 
Steam flaked 83 57 2290 27 99.7 83.7 Potter and 
Reconstituted 83 57 2280 27 99.5 66.7 Riggs (1971) 
Ground 83 52 2070 25 96.8 42.0 

Riggs (1971) 

300 Flaked** 80 63 3850 53 97.6 90.3 Holmes et al. 
Flaked 80 63 3810 53 98.7 95.9 (1970) 
Dry rolled 84 63 3494 - - 81.4 60.1 Hinman and 
Micronized-low 84 63 3778 — 98.0 60.8 Johnson 
Micronized-medium 84 64 3914 — 93.3 64.1 (1974a) 
Micronized-high 84 64 3746 — 97.8 67.9 

(1974a) 

Coarse grind 78 58 2324 91.3 Buchanan-
Fine grind 78 60 2245 - - 91.9 Smith , 
Steam and rolled 78 59 2213 — 94.3 Totusek and 
Reconstituted and Tillman (1968) 

rolled 78 57 2181 — 94.6 

aSteamed 8 min at atmospheric pressure. 

L 2 
°Steamed 1.5 min at 3.5 kg/cm . 



Table F-ll. Sorghum grain:nitrogen-free-extract utilization by steers (previously published 
experiments). 

Grain Nitrogen-Free-Extract Digestibility, % 
Animal Processing % in % in Diet intake 

Weight, kg Method Diet (DM) g/day g/wf£5 Total Ruminal Authors 

290 Steam flaked 77 77 78.5 Hale et al. 
Dry rolled 77 76 69.8 (1966) 

367 Dry rolled 65 73 - _ 70.4 Keating et al 
Cooked 65 70 76.3 (1965) 

206 Steam flaked 85 72.8 5349 98 83.8 Husted, Hale 
Dry rolled 77 71.7 5223 96 70.9 and Theurer 
Steam cut 85 72.3 5614 103 73.3 (1966) 
Water soaked 77 72.7 5042 93 75.4 

343 Original grain 92 78 7519 94 61.3 — Riggs et al. 
Popped grain mix (1970) 

ture 92 77 5213 65 82.7 
Completely popped 92 77 5282 66 88.8 
Partial and non-

popped 92 77 6121 77 83.6 



Table F-12. Sorghum grainrstarch utilization by sheep (previously published experiments). 

Grain Starch Digestibility, % 
Animal 

Weight, kg 
Processing 

Method 
% in 
Diet 

% in Diet 
(DM) 

Intake 
g/day g/W^ Total Ruminal Authors 

65 Flakeda 80 63 1030 45 96.9 89.3 Holmes et al. 
b (1970) 

Flaked 80 63 1032 45 96.4 94.5 

aSteamed 8 min at atmospheric pressure. 

^Steamed 1.5 min at 3.5 kg/cm^. 



Table F-13. Corn grain:starch utilization by steers (previously published experiments). 

Grain Starch 
Animal 

Weight, kg 
Processing 

Method 
% in 
Diet 

% in Diet Intake 
(DM) g/day 

Digestibility, % 

Total Ruminal Authors 

429 

360 

360 

240 

346 

184 
345 

525 

1) Steam flaked 78 
2) Ground H. Moisture 78 
2 + Propionic.Treatment.78 

Dry rolled 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 
Ground 

78 
20 
40 
60 
80 
20 
40 
60 
80 
20 
40 
60 
80 
20 
40 
60 
80 
19 
39 
58 
78 

62 
76 
65 
69 
18 
36 
48 
63 

19 
32 
47 
62 
16 
28 
40 
55 
14 
29 
43 
52 

2803 
3359 
2944 
3034 
1002 
1948 
2438 
2648 
946 
1655 
2520 
3150 
847 
1402 
2020 
2695 
645 
1124 
1610 
2158 
1007 
2008 
2871 
2185 

30 
36 
31 
32 
12 
24 
30 
32 
11 
20 
30 
38 
12 
20 
29 
38 
10 
18 
26 
35 
9 

18 
26 
20 

99.1 
99.1 
95.8 
96.3 
98.8 
99.0 
98.4 
97.7 

99.7 
99.8 
99.7 
99.8 
99.6 
99.5 
99.2 
99.4 

83.0 
89.3 
62.8  
77.8 
64.2 
72.6 
67.2 
63.0 
84.2 
71.5 
63.7 
62.3 
89.6 
84.7 
76.2 
84.2 
58.7 
59.4 
50.0 
73.5 
85.3 
71.3 
66.5 
8 1 . 2  

Galyean, 
Wagner and 
Johnson (1976) 

Karr, Little 
and Mitchell 
(1966) 

Waldo, Keys 
and Gordon 
(1971) 

Thivend and 
Journet(1970) 



Table F-14. Corn grainrstarch utilization by sheep (previously published experiments). 

Grain Starch Digestibility, % 
Animal Processing % in % in Diet Intake 

Weight, kg Method Diet (DM) g/day g/W./:> Total Ruminal Authors 

40 Ground 20 19 172 

Kg 

11 98.3 80.0 Tucker, 
Ground 40 36 326 21 98.9 71.8 Mitchell and 
Ground 60 51 460 29 98.4 68.3 Little (1968) 
Ground 80 64 576 36 99.4 73.3 

46 Raw 80 66 600 34 90.0 White et al. 
Roasted 80 67 600 34 98.8 (1973) 
Fatty acid 80 65 600 34 98.4 

(1973) 

High Moisture 80 62 600 34 99.2 
Reconstituted 80 57 600 34 98.8 

40 Flaked 80 56 805 51 99.3 94.6 Orskov, Fraser 
Ground 80 55 789 50 99.5 87.9 and Kay (1969) 
Craked 80 53 761 48 99.2 85.8 

Flaked 80 42 168 _ — 99.7 96.0 Nicholson and 
Flaked 80 50 363 99.8 94.6 Sutton (1969) 
Flaked 80 53 579 99.6 94.1 

Ground 80 58 551 99.6 77.7 Beever, da 
Flaked 80 59 563 99.9 95.6 Silva and 

Armstrong (197( 
50 Flaked 67 46 361 19 100.0 90.1 MacRae and 

Flaked 67 46 285 15 99.9 89.1 Armstrong 
(1969b) 



Table F-15. Barley grain:starch utilization by steers (previously published experiments). 

Animal 
Weight, kg 

Grain Starch Digestibility, % 

Authors 
Animal 

Weight, kg 
Processing 

Method 
% in 
Diet 

% in Diet 
(DM) 

Intake 
g/day g/W Total Ruminal Authors 

110 Rolled 85 46 920 

"6 

27 99.5 95.9 Topps et al. 
(1968b) 

115 Rolled 85 46 1380 39 99.4 95.3 

144 Rolled 85 49 1320 38 99.5 95.3 

153 Rolled 85 49 1715 39 99.5 95.5 

500 Ground 19 13 845 8 96.7 Thivend and 
Joumet 

Ground 39 24 1725 16 91.6 (1970) 

Ground 58 37 2560 24 93.4 

Ground 78 45 3150 30 98.2 



Table F-16. Barleyistarch utilization by sheep (previously published experiments). 

Grain Starch Digestibility, % 
Animal Processing % in % in Diet Intake 

Weight, kg Method Diet (DM) g/day g/Wf£> Total Ruminal Authors 

38 Pelleted 85 55 304 20 99.6 96.0 Topps, Kay and 
Goodall (1968a) 

Pelleted 85 55 298 20 99.5 92.2 

40 Rolled 80 48 684 43 99.8 93.2 Orskov, Fraser 
and Kay (1969) 

Rolled 80 48 479 30 99.7 95.6 

Rolled 48 30 434 27 99.7 87.2 

Rolled 48 30 304 19 99.7 92.3 

Ground 48 48 692 44 99.8 94.5 

Rolled 58 49 708 45 99.7 93.4 

Rolled 80 48 684 43 99.2 93.8 

50 Rolled 33 23 171 9 100.0 90.7 MacRae and 
Armstrong 

Rolled 67 43 321 17 100.0 92.6 (1969b) 

Rolled 100 64 479 26 100.0 92.0 

Rolled 100 64 312 17 100.0 91.9 

Rolled 100 64 543 29 96.8 

Whole 100 64 553 29 94.8 
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