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ABSTRACT 

Diets were based on steam-flaked milo and contained chopped 

alfalfa hay in the control diet. At the 65% concentrate level, 

cottonseed hulls or chopped wheat straw replaced half the alfalfa hay. 

At the 90% concentrate level, roughage sources were chopped alfalfa hay, 

cottonseed hulls, or wheat straw. Six growing steers and three mature, 

rumen-cannulated steers per concentrate level were used in separate 

Latin square experiments. Total tract digestion coefficients, 

particulate passage rates, liquid turnover rates, and rumination time 

were measured in the intact steers. In situ digestion, rumen pH, and 

rumen dry matter distribution were evaluated in the cannulated steers. 

Competition between rates of passage and digestion were used to 

calculate apparent extent of ruminal digestion (AED). 

At the 65% concentrate level, total tract digestion coefficients 

for the wheat straw vs alfalfa hay diet were not different, apparently 

due to increased milo and alfalfa hay neutral detergent fiber (NDF) 

digestion in the wheat straw diet. Milo and alfalfa hay AED for NDF 

were higher (P<.05) in the wheat straw as compared to alfalfa hay and 

cottonseed hull diets. Inclusion of wheat straw stimulated rumination 

(P<.10) and tended to increase the proportion of rumen dry matter in the 

raft. Inclusion of cottonseed hulls increased intake (P<.10), tended to 

increase passage rates, and depressed diet digestibility (P<.05). 

x 



xi 

At the 90% concentrate level, total tract dry matter (OM), NOF, 

and cell soluble digestion coefficients were highest (P<.05) for the 

alfalfa hay diet. Wheat straw stimulated rumination (P<.05) and tended 

to increase rumen pH, which may be important to prevent acidosis at this 

high concentrate level. There were no differences between diets for 

cumulative in situ OM, NOF, or cell soluble digestions. Milo 

contributed over two-thirds of potentially digestible fiber (PDF) to the 

diet, and total tract PDF digestion coefficients did not differ (P>.10). 

Dietary AED for OM, NDF, and cell solubles were highest (P<.05) for the 

alfalfa hay diet. Differences between diets were minimal, indicating 

roughage source in 90% concentrate diets does not substantially 

influence milo digestion or passage as it does in 65% concentrate diets. 



CHAPTER 1 

INTRODUCTION 

Roughages are included in mixed diets for feedlot steers and 

dairy cows to manipulate the energy concentration of the feed, and in 

these high producing animals roughages help to maintain rumen epithelial 

integrity and to reduce incidences of acidosis, laminitis (feedlot 

steers), displaced abomasums and low milk fat (dairy cows). 

When formulating high concentrate feedlot diets, roughages are 

usually included at a specified level in the diet, despite differences 

in chemical composition and physical characteristics. In the dairy 

industry, it has been suggested that diets be formulated to a specified 

level of neutral detergent fiber (Mertens, 1982); this reduces effects 

of differences in chemical composition, but does not take into account 

the physical form of the roughage (Briceno, Van Horn and Wilcox, 1987). 

In high concentrate feedlot diets, least cost formulation is the 

major determinant for selection of particular roughages to be fed 

(Owens, 1987), with a restriction on the inclusion of low quality 

roughages to about 15% of diet dry matter in order to al low sufficient 

energy intake to maintain average daily gain. 

When alfalfa hay, a high quality roughage, is replaced by a less 

energy-dense feed such as cottonseed hulls or wheat straw, it would be 

expected that feed intake would increase or that average daily gain 

would be depressed, resulting in reduced feed efficiency. Although 

1 
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this is often the case for cottonseed hulls, surprising results have 

been reported for wheat straw. Swingle (1986) observed no differences 

in feed intake or average daily gain when half the alfalfa hay was 

replaced by wheat straw in isonitrogenous growing (65 or 80% 

concentrate) diets fed to steers for 111 days, or when all the alfalfa 

hay was replaced in isonitrogenous finishing (90%) concentrate diets fed 

for 98 days. Dry matter fill was not different between treatments as 

indicated by the similar dressing percentages. 

One possible explanation for this phenomenon would be increased 

digestibility of the diet as a whole. Since ruminal digestion is a 

function of the competing rates of digestion and passage, increased 

ruminal digestion could occur by decreasing rate of passage (al lowing 

particles to remain in the rumen longer) or by increasing rate of 

digestion (al lowing more to be digested in the same amount of time). 

This would be desirable for the fiber portion of the diet, since the 

rumen is the most efficient site of fiber digestion; fiber cannot be 

digested by mammalian enzymes, and thus any digestible fiber that leaves 

the rumen will not be further digested until it reaches the hindgut, 

with resulting loss of microbial protein in the feces. Starch, on the 

other hand, is more efficiently digested in the small intestine since 

there is no loss of carbon via carbon dioxide or methane, as occurs in 

the rumen. It would therefore appear to be beneficial to have starch 

bypass the rumen, provided the capacity for digestion and absorption in 

the small intestine were not exceeded (Owens, Zinn and Kim, 1986); 



however, ruminal digestion of starch is positively related to total 

tract digestibility of starch (Theurer, 1986). 

3 

The hypothesis for this dissertation was that results of feedlot 

studies (in which steers performed equally when wheat straw replaced 

alfalfa hay) could be explained by differences in diet utilization. 

Roughages may influence digestion or passage of the concentrate portion 

of mixed diets, possibly altering utilization of the diet as a whole. 

The studies presented in this dissertation were initiated to examine the 

influence of roughage source on parameters that might influence diet 

utilization, such as rates of passage and digestion of individual feed 

components in mixed diets. Included were parameters that could 

influence rumen environment and hence rumen fermentation, such as time 

spent ruminating and pH of rumen contents. 



CHAPTER 2 

LITERATURE REVIEW 

When a feed particle enters the ruminant gastrointestinal tract, 

its fate is influenced by many parameters. Mastication, either during 

eating or during rumination, leads to particle size breakdown (which 

results in increased surface area for microbial attack), and chewing 

stimulates saliva production. Saliva may in turn influence digestion in 

the rumen by providing buffering capacity, by contributing nitrogen, or 

by influencing rumen liquid turnover, the latter which has been shown to 

influence efficiency of ruminal fermentation. The percentage of feed 

digested in the rumen depends on the rate of fermentation (rate of 

digestion) and the length of time the particle resides in the rumen 

(measured by calculating rate of passage). 

The fol lowing literature review examines these factors that 

influence diet utilization, and it prepares the reader for material in 

subsequent chapters. 

Mastication 

Mastication, as described by Ulyatt et ale (1986) refe,s to the 

grinding of material between pre-molar and molar teeth to reduce its 

particle size or to indent or damage the material. Mastication occurs 

during eating as well as during ruminating, so factors that influence 

time spent on either activity may have a bearing on particle size 
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reduction or availability for microbial invasion. Ulyatt et al. (1986) 

suggest that chewing during eating is primarily to prepare feed for 

swal lowing, to release soluble constituents, and to damage plant tissues 

for microbial degradation; they state that particle size reduction is 

not considered to be a primary function of mastication during eating. 

Chewing during rumination, however, is suggested to serve to reduce the 

particle size of refractory material so that it can be cleared from the 

rumen; tissue damage to facilitate further microbial attack is 

considered to be a secondary function. El lis et al. (1987) dispute this 

by stating that masticative comminution is of primary importance in 

affecting dry matter digestibility, and that particle size reduction for 

passage out of the rumen is of lesser importance. The latter hypothesis 

is supported by a study (McBride, Milligan and Turner, 1984) which 

showed by endoscopic observation of the reticulo-omasal orifice that 

large particles (10 mm in length) could pass into the omasum, indicating 

the reticulo-omasal orifice was not involved in sorting particles by 

size. In a study of the fragmentation and flow of grazed coastal 

bermudagrass in cattle, Pond et al. (1987a) concluded that mastication 

was essential to expose potentially digestible tissue for microbial 

digestion in the rumen. 

Despite the statement by Ulyatt et al. (1986) that chewing 

during rumination served mainly to reduce particle size for passage, the 

authors concluded their discussion by stating: IIAlthough particle size 

reduction is a prerequisite for passage, the material present in the 

reticulorumen at any time is predominantly less than the threshold size. 
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This suggests that particle size reduction is not the rate-limiting step 

in reticulorumen clearance. The amount of material passed per 

contraction of the reticulum appears to determine passage, and our 

unders tand i ng of th i s proces sis poor." 

Understanding the importance of masticative comminution as it 

relates to passage out of the rumen is clouded by the fact that both 

size and specific gravity of the particles are involved in passage of 

material through the digestive tract. Welch (1986) found that materials 

with specific gravity less than 1.0 were ruminated extensively by cattle 

and were passed slowly. As specific gravity of plastic particles 

increased, rumination of particles decreased and passage increased, with 

particles containing specific gravities between 1.17 and 1.42 passing 

most rapidly. Ehle and stern (1986) fed spheres of specific sizes and 

densities to Holstein heifers and found that both particle size and 

density influenced passage through the alimentary tract, but density 

appeared to be a more important criterion influencing passage. 

Differences in specific gravity of particles in the rumen 

results in stratification of rumen contents, with low specific gravity 

material floating on top. McBride and co-workers (1984) state that 

control of digesta transfer into the omasum may originate from this 

sorting and physical stratification of digesta particles in the rumen. 

Ell is et ale (1987) refer to the upper strata of the rumen as the "raft

rumination pool ," since it has been indicated that the raft, or floating 

mat, is involved in stimulation of rumination (Van Soest, 1982; Welch, 

1982) • 
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Stratification of rumen .contents and hence rumination is 

influenced by type or quality of feed (less dense feeds tend to float 

and form a raft) and by feed processing, since processing (such as 

grinding or chopping) can affect particle size of the diet. Welch and 

Smith (1969) evaluated the influence of forage quality (prebud 

orchardgrass hay, full-bloom mixed grass hay, and oat straw) on 

rumination time in sheep, and found quality to be inversely related to 

chewing time. In a study of feed processing, Sudweeks et al. (1975) 

reported that long hay and coarsely cut wheat silage resulted in more 

chewing time than finely-cut sorghum or corn silage fed to steers. 

Jaster and Murphy (1983) reported that more boli were regurgitated per 

minute of rumination when dairy heifers were fed long as compared to 

coarse- or fine-chopped hay, but no differences were observed in time 

spent ruminating per day. Shaver et al. (1986) observed no differences 

in chewing behavior stimulated by long vs chopped alfalfa hay fed to 

dairy cows, but pel leting drastically reduced rumination and total 

chewing time. 

In 1971, Balch suggested that "fibrousness characteristics" of 

roughages could be evaluated based on time spent chewing during eating 

and ruminating. He suggested the proposed roughage index be expressed 

as minutes spent chewing per kilogram dry matter intake in order to 

eliminate differences resulting from variation in feed intake. His 

ranking of feeds were: oat straw, 145 to 191 min/kg OM; hays and 

silages, 90 to 110 min/kg OM; and <20 min/kg OM for concentrates and 

finely ground herbages. At the time this idea was proposed, monitoring 
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of chewing behavior was a tedious and labor-intensive undertaking since 

few labs were equipped with automatic recording equipment. Welch and 

Smith described such equipment in 1969, and today chewing behavior can 

be easily monitored by interfacing automatic recording equipment to 

microcomputers (Luginbuhl et al., 1987). Coppock (1987) recently 

suggested that chewing time per kilogram dry matter be used as an index 

to evaluate dairy feeds for maintaining milk fat percent. 

It was proposed that chewing time might influence volatile fatty 

acid (VFA) production in cattle (Sudweeks ana Holmes, 1975; Sudweeks, 

1977), but correlations between VFA and chewing time were low. Santini, 

Hardie and Jorgensen (1983) concluded that chewing time affected rumen 

VFA with a tendency for increased acetate and decreased propionate 

production, but interpretation of the data was confounded by comparisons 

being across concentrate levels. 

Stronger evidence exists for a relationship between chewing 

(especially during eating) and rumen motility as measured by frequency 

of reticular spike bursts (Freer, Campling and Balch, 1962; Sissons, 

Thurston and Smith, 1984; Deswysen et al., 1987a,b). The significance 

of this finding is unknown, but Sissons et ale (1984) did find a 

positive relationship between reticular spike bursts and rumen liquid 

turnover; this may be related to stimulation of salivation by chewing. 

Salivation 

Bartley (1976) reported that saliva may supply more than 70% of 

the fluid entering the rumen. Balch (1958) collected boli at the cardia 

to measure salivation and found that 5.5 kg of saliva were produced for 
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every kg dry matter intake of hay or grass, but only 1.3 kg of saliva 

was produced per kg dry matter for concentrate feeds, indicating saliva 

production may be limiting on high concentrate feeds. Van Soest (1987) 

stated that buffering capacity of feedstuffs derives in part from 

physical effects they elicit in the rumen, such as ensalivation and 

rumination. Bartley (1976) reported that an estimated 190 kg of saliva 

produced by a 700 kg cow would contribute 1100g NaHC03, 350 g Na2HP04' 

100 g NaCl, 30 to 80 g nitrogen, and 50 to 130 g urea. Considerable 

buffering of the rumen would be provided by the salivary bicarbonate and 

phosphate. Pond et ale (1987b) point out that saliva is not only 

important as a lubricant, but also serves to recycle minerals and 

nitrogen to the rumen. 

Froetschel et ale (1984) fed slaframine, a compound that 

stimulates salivation, to sheep or steers. Wethers were fed 25, 50, or 

100 grams per day of slaframine contaminated red clover that contained 7 

ug slaframine per gram; control animals were given 50 grams of alfalfa 

pel lets. Salivary flow increased from 2358 ml per 24 hours in the 

control sheep to 3394 ml per 24 hours in those given 700 ug slaframine. 

Nonsignificant increases in acetate-propionate ratio (2.24 vs 3.06) and 

rumen fluid turnover (6.16 vs 7.01% per hour) were also observed. 

Subcutaneous injection of cannulated steers with slaframine (0, 4.4, or 

11.1 ug/kg body weight) nonsignificantly increased salivary production 

by 172% in a hay-fed steer (4.4 ug/kg) or 316% in a concentrate-fed 

steer (11.1 ug/kg). 
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Froetsche1 et al. (1987) injected wethers intramuscularly with 

slaframine (0, 12, 24, or 48 ug/kg body weight) and observed increases 

in rumen 1 iquid vol ume (3.25 vs 4.13 1 iters) and rumina1 outflow (0.56 

vs 0.70 liters per hour) at the 48 ug level. Intramuscular injection of 

cannulated steers at 8-hour intervals with 24 ug slaframine per kg body 

weight increased rumen fluid dilution rate (7.7 vs 9.7% per hour) and 

rumen pH (6.26 vs 6.59) as compared to controls. Saliva was estimated 

to contribute 50% more liquid to the rumen fluid phase in the slaframine 

steers as compared to control steers. 

Liquid Turnover 

As mentioned above, liquid turnover from the rumen may be 

influenced by salivation. Liquid turnover is important since it may 

affect rumina1 digestion by altering the efficiency of rumen 

fermentation, with fast liquid turnover or dilution rate being favorable 

to efficient fermentation (Isaacson et al., 1975), provided dilution 

rate is not so fast as to wash small, undigested substrate particles 

from the rumen (Van Soest, 1982). 

Methods of Determination 

In early studies of liquid dilution (Hyden, 1955), polyethylene 

glycol (PEG), either added to the feed or to the rumen, was used to 

measure liquid dilution rate. The assumption was that PEG flowed 

through the gastrointestinal tract with the 1 iquid phase since it is 

highly water soluble and is not absorbed. Polyethylene glycol lost 

favor as a liquid marker, mostly due to problems with the analysis for 



PEG (El lis et al., 1982) and problems with interference from a water 

soluble substance produced by certain feeds (Teeter and Owens, 1983). 
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In 1964, Downs and McDonald proposed chromium (Cr) ethylene

diaminetetraacetic acid (EDTA) as a fluid phase marker in ruminants. 

Fecal recoveries of Cr-EDTA and PEG were similar (90 to 98%), and a 

later study (Teeter and Owens, 1983) showed 96.6% recovery, indicating 

that Cr-EDTA was not absorbed to any large extent by animals. Teeter 

and Owens (1983) compared chromium-, cobalt-, iron-, and ytterbium-EDTA 

as water soluble markers and found similar fecal recoveries and 

estimates of liquid dilution rate. Uden, Colucci and Van Soest (1980) 

compared Cr-EDTA to cobalt (Co) EDTA in feces and found recoveries were 

the same. El lis, Matis and Lascano (1979) suggested using diethylene

triaminepentaacetate (DTPA) instead of EDTA to chelate metals since it 

would be more resistant to metal displacement by hydrogen ion in the 

abomasum and duodenum. The authors stated that rare-earth metals have 

greater stability constants than do Cr or Co with EDTA or DTPA. 

Analysis of metal chelates by atomic absorption spectophotometry is 

sensitive and rapid (Hart and Polan, 1984), but rare-earth chelates 

require the use of a high-temperature nitrous oxide burner head, whereas 

Co and Cr do not. 

After the marker is chosen for determination of liquid dilution 

rate, the problem of selecting the sampling site still remains. If 

cannulation is an option, samples can be obtained from the rumen, 

abomasum, or duodenum, but fecal sampling is the only option if intact 

animals are used. Goetsch and Owens (1985) compared the effects of 
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sampling site on liquid dilution rate in heifers fed 80% concentrate 

diets and found that fluid passage calculated from rumen samples was 

more rapid than rates calculated from samples taken at the duodenum, 

ileum, or rectum (10.3 vs 6.8, 7.2, or 6.1% per hour, respectively); 

however, a simple correlation of r=.98 between rates measured at the 

rumen and rectum indicated that differences in the direction of dilution 

rate could be estimated from rectal samples. Hartnell and Satter 

(1979b) reported rumen fluid passage was faster in Holstein cows when 

calculated from marker concentrations in the rumen as compared to total 

fecal collection (9.7 vs 7.9 percent per hour), as did Snyder et ale 

(1984), also with Holstein cows. Sampling rumen liquid for marker 

concentration yields a liquid dilution rate that represents the free 

liquid in the rumen; sampling feces gives a turnover rate that includes 

liquid imbibed in the particulate portion of the diet (Teeter and Owens, 

1983), which would produce a slower calculated liquid turnover. It 

would therefore appear that sampling rumen liquid would be the preferred 

method in situations where cannulation is an option. After sampling, 

liquid turnover or dilution rate is estimated by regressing the natural 

log of marker concentration against time, in which case the absolute 

value of the slope is the dilution rate (Grovum and Williams, 1973). 

Relationship to Efficiency of Fermentation 

To study the relationship of liquid turnover to efficiency of 

rumen fermentation, Isaacson et ale (1975) varied the dilution rate for 

mixed rumen bacteria grown in continuous culture. Changing the dilution 

rate from 2 to 6 to 12% per hour resulted in a stepwise increase in 
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grams of microbial cells produced per mole of glucose fermented (42, 60, 

and 84, respectively) as well as in grams of cells per mole of ATP (7.5, 

11.6, and 16.7). Total VFA and acetate production, expressed as moles 

produced per mole of glucose fermented, did not change with dilution 

rate, but propionate tended to be higher and butyrate tended to be lower 

as dilution rate was increased. Methane production also tended to be 

lower at the higher dilution rates. The authors point out that 

approximately 55% of the energy derived from glucose was used for 

maintenance at the low dilution rate, while only 15% of the energy was 

used for bacterial maintenace at the 12% per hour dilution rate. 

Since ruminants receive 40 to 80% of their daily amino acid 

requirements from microbial protein flowing to the small intestine 

(Sniffen and Robinson, 1987), factors which affect microbial protein 

synthesis are important. In a study of roughage level and corn 

processing method on dilution rate and microbial protein synthesis, Cole 

et al. (1976b) estimated rumen dilution rate in beef steers by sampl ing 

for lignin at the abomasum and assuming a constant rumen volume of 50 

liters. Regression of efficiency of microbial protein synthesis (g 

microbial protein per 100 g dry matter fermented) on rumen dilution rate 

yielded a straight line with a correlation coefficient of r=.85, leading 

the authors to conclude that ruminal microbial protein synthesis is 

highly dependent upon rumen dilution rate at the low dilution rates (2.3 

to 5.0 percent per hour) observed in the study. 

Crawford, Hoover and Knowlton (1980) studied the effect of 

changing solid retention time or liquid dilution rate on rumen 
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fermentation as estimated by a dual effluent continuous culture system. 

Increasing liquid dilution rate from 7 to 11 to 15% per hour increased 

fermentor pH and dry matter digestibility with each increase in dilution 

rate. Efficiency of VFA production (mil limoles per gram dry matter 

digested) increased when dilution rate was changed from 7 to 11% per 

hour, but did not further increase from 11 to 15% per ho~r. 

To study the relationship of rumen fluid dilution rate to rumen 

fermentation, Estell and Galyean (1985) compiled data from seven 

cannulated beef steer experiments conducted at New Mexico state 

University. Level of milo-based concentrate in the diets varied from 0 

to 85%, and roughage sources varied from cottonseed hulls to free 

grazing on blue grama rangeland. Not surprisingly, the authors 

experienced difficulty in making generalizations on the effect of 

dilution rate on rumen environment and fermentation. Fluid dilution 

rate and acetate were positively related in the two studies with alfalfa 

hay and steam-flaked milo, but were negatively related in studies with 

cottonseed hulls plus 2.6 kg supplement, grazing, or ad libitum prairie 

hay. Liquid dilution rate was positively related to propionate in three 

of the studies with varying roughage sources and concentrate levels. 

Total VFA concentration was positively related to fluid dilution rate 

only in the study with ad libitum prairie hay. Rumen pH and liquid 

dilution rate were positively related in the milo-alfalfa hay studies, 

but were negatively related in the ad libitum prairie hay diet. These 

results suggest that effects of liquid dilution rate on rumen 

fermentation are influenced by type and level of roughage in the diet. 
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Influence of Level and Source of Roughage 

Cole et ale (1976b) showed that calculated dilution rates were 

faster when cottonseed hulls were increased from 0 to 14% in whole shell 

corn diets for abomasal ly cannulated steers, but dilution rate did not 

further increase when cottonseed hulls were included at 21% of the diet. 

Calculated dilution rates were slow as compared to other studies, being 

2.8, 4.4, 5.0, and 4.3% per hour for 0, 7, 14, and 21% cottonseed hull s, 

respectively. 

Similarly, Goetsch and Galyean (1982) found that liquid dilution 

rate was faster (6.3 vs 4.3% per hour) in rumen cannul ated steers fed 

to the same level of energy intake when roughage (predominantly ground 

alfalfa hay) was increased from 25 to 75 percent of the diet. 

Ledoux et ale (1985) also observed an increase in liquid passage 

rate (6.0 vs 8.1% per hour) when fescue hay was increased from 4 to 24% 

of the diet for cannulated steers. 

Poore, Moore and Swingle (1987) fed cannulated steers diets 

containing 30, 60, or 90% concentrate, with the forage portion being a 

50:50 mix of chopped wheat straw and chopped alfalfa hay. Liquid 

turnover was not different between treatments and was 8.1, 10.0, and 

9.3% per hour for the 10, 40, and 70% roughage diets, respectively. The 

authors speculated that lack of difference in liquid dilution rate may 

have been due to the inclusion of wheat straw in the diet, which has 

been shown to stimulate rumination even in high concentrate diets. 

Evans (1981) accumulated data from published sources to evaluate 

relationships between dietary parameters, including dietary energy 
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concentration and forage percentage, and rumen liquid turnover rates in 

sheep and cattle. Studies with sheep showed that liquid turnover was 

slower at higher levels of digestible energy iiI the diet. Similarly, 

data from cattle indicated that decreasing the forage portion of the 

diet decreased 1 iquid turnover. In both catt 1 e and sheep, 1 iquid 

dilution rate increased as feed intake increased, which could be a 

complicating factor in studies comparing level of roughage in the diet. 

In a summary of 37 studies, Owens and Goetsch (1986) included 

effects of feed intake and concentrate level on rumen fluid dilution 

rate in cattle (table 1). In general, increasing feed intake or 

roughage level increased liquid dilution rate. 

TABLE 1. LIQUID DILUTION RATE AS INFLUENCED BY FEED INTAKE AND ROUGHAGE 
LEVEL IN DIETS FOR CATTLE (Owens and Goetsch, 1986): 

======================================================================== 
Feed intake, 
% body wt. 

<1. 25 

1.25-1.75 

1. 75-2.25 

>2.25 

Rumen fluid 
dilution, %/h 

4.4 

6.2 

7.8 

8.6 

Concentrate level, % 

<20 

20-50 

50-80 

>80 

8.4 

8.0 

6.7 

5.2 

Standard 
error 

0.8 

0.3 

0.6 

0.5 

0.4 

0.5 

0.5 

0.4 

Number of 
observations 

22 

50 

24 

23 

32 

13 

30 

44 
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In a recent study with sheep, Merchen, Firkins and Berger (1986) 

reported no effect of fe~d intake (2.6 vs 1.1% of body weight) on rumen 

1 iquid di 1 ution rate (6.5 vs 5.8% per hour, respectively). Roughage 

level (75 or 25% chopped alfalfa hay) also did not affect liquid 

turnover (6.6 vs 5.6, respectively), but the tendency of increased 

intake or forage level to be positively related to fluid dilution rate 

is in agreement with other publ~shed studies (table 1). 

Very few data are available on the influence of roughage source 

on rumen liquid dilution rate. Indirect evidence was reported by Owens 

(1987) in that bulky or coarse roughages have been demonstrated to 

stimulate chewing, and mastication is related to salivation as discussed 

earlier in this review. 

In a Latin Square experiment with cannulated sheep on all forage 

diets, Varga and Prigge (1982) compared the effect of feeding either 

alfalfa hay or orchard grass on rumen liquid turnover. Roughage source 

did not influence liquid dilution rate (7.1 vs 7.3% per hour with 

alfalfa or orchard grass, respectively) at 90% of ad libitum intake (835 

g alfalfa or 676 g orchardgrass per day). 

Ramirez et al. (1986) observed no difference in liquid dilution 

rate (8.6 to 9.5% per hour) when chopped a 1 fa 1 fa hay was rep 1 aced with 

5% pecan shells or hulls in 50% concentrate diets fed to cannulated 

steers. These studies indicate that minor changes in roughage source do 

not affect liquid dilution rate. 
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Total Tract and In Situ or In Vitro Ruminal Digestion 

Digestion of fiber occurs by microorganisms in the rumen or the 

hindgut; other digestible nutrients can be digested in these two sites 

as well as in the small intestine of ruminants. Total tract digestion 

coefficients reflect overall diet utilization by the animal; however, 

digestion of individual feed ingredients in mixed diets cannot be 

ascertained by total tract measurements. Since the rumen is the 

principal site of digestion (Bines and Davey, 1970; Cole et al., 1976a), 

it is often of interest to study effects of different treatments on 

ruminal digestion of individual feed ingredients. This can be estimated 

by incubating feedstuffs in nylon bags in the rumen of a cannulated 

animal (Mehrez and Orskov, 1977) or by using in vitro incubations with 

inoculum from a cannulated animal (Goering and Van Soest, 1970). Rates 

of digestion can then be calculated by terminating the incubation at 

defined intervals and measuring the amount of material remaining. 

Calculating Rates of Digestion 

Alexander et al. (1969a,b) uniformly labeled alfalfa hay with 

14C by growing it in a plexiglass chamber and infusing 14COZ into the 

atmosphere. The labeled alfalfa was fed to a rumen cannulated Jersey 

cow and rumen samples were removed at specified intervals after 

thoroughly mixing the rumen contents by hand. Rates of removal were 

calculated by regressing the log of 14C remaining against time, which 

produced a straight line. This indicated that removal rate was a 

logarithmic function; however, this rate was not the rate of digestion 



but was a combination of digestion and passage since particles are 

removed via both pathways from the rumen. 
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To avoid the confusion of superimposing rates of digestion and 

passage, Smith et ale (1971) studied the in vitro digestion rates of 

forage cell wall components. Half-gram samples of six different forages 

were incubated with rumen fluid for 6,12,18,24,30,48, or 72 hours. 

Half-gram samples of isolated cell walls from the same forages were 

incubated in separate flasks to determine the effect cell contents would 

have on digestion of the fiber portion of the feed. Since attempts to 

define rates of digestion based on total material remaining had been 

unsuccessful (Blaxter, Graham and Wainman, 1956), the authors proposed 

the use of percent remaining potentially digestible material. Linearity 

of the semi log plots of remaining digestible fiber on time and the 

correlation (r=.98) suggested first order digestion kinetics for the 

potentially digestible fiber in the six forages. This relationship was 

not affected by removing cell solubles prior to incubation, indicating 

that cell solubles did not affect the rate of cell wall digestion in 

vitro. 

Waldo, Smith and Cox (1972) proposed a model of cellulose 

disappearance from the rumen based on the hypothesis (Blaxter et al., 

1956) that feedstuffs contain two definable components, potentially 

digestible and indigestible material, the latter being removed from the 

rumen only by passage while the former disappears by both passage and 

digestion. The authors suggested lignin was the component responsible 

for determining the extent of digestion, but rate of digestion was not 
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influenced by the increasing concentration of lignin at later incubation 

times. Rate of digestion was observed to be first order, i.e. a 

function of the amount of potentially digestible material remaining. No 

explanation was offered as to why digestion should be dependent on the 

amount of cellulose remaining; theoretically, a constant amount of 

cellulose should have been digested per unit time if the concentration 

of microbial enzymes did not diminish with time. First order digestion 

kinetics implies that material becomes less accessible with time. 

The model for fiber digestion proposed by Waldo et al. (1972) 

was modified by Mertens (1977) to include a lag phase, which means a 

period of time in which no digestion occurs. Lag time was defined by 

Mertens as the time at which the first-order kinetic equation equaled 

the actual digestion pool size; in other words, the time in hours along 

the X axis corresponding to the Y value of 100% (figure 1). This period 

of time in which no digestion occurred was interpreted by Mertens to 

represent time necessary for particle hydration or chemical or physical 

alteration of fiber before bacterial attachment and enzymatic action 

could occur. Mertens also discussed the possibility of two overlapping 

rates of digestion being present, since use of a calculated infinite

time potentially digestible residue results in a broken-slope line after 

logarithmic transformation. 

Although calculating rates of digestion can be useful for 

predicting the amount actually digested in the rumen based on passage 

estimates, direct comparison of rates of digestion calculated from the 

first order kinetic model can be misleading. Since the calculated rate 
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[slope]=kd=digestion rate 

6 12 18 24 30 36 42 48 54 60 66 
Time (hours of incubation) 

Figure 1. Calculation of rate of digestion with a discrete lag phase 
included (Mertens, 1977). PDM = potentially digestible 
material; antilog of 4.6 = 100%. 
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is based on the amount of potentially digestible material, comparing 

rates of digestion of two different feedstuffs is only useful if the 

extent of digestion is taken into consideration. For example, Varga and 

Hoover (1983) reported the rates and extents of neutral detergent fiber 

(NDF) digestion of a variety of feedstuffs using the model of Mertens 

and Loften (1980), which bases the rate of digestion on the percent 

potentially digestible material remaining, as do all models currently in 

use (Smith et al., 1971; Waldo et al., 1972; Mertens, 1977; Mertens and 

Ely, 1979; Mertens and Loften, 1980; Nocek and English, 1986; Shaver et 

al., 1986). By evaluating rates alone, it would appear that NDF from 

oats is digested much faster (27% per hour) than NDF from barley (14.5% 

per hour); however, the potentially digestible fiber (PDF) of oats 

(26.4% of the NDF) is much lower than the PDF of barley (58.0%). By 

simple calculation of percent digested per hour multiplied by PDF, after 

one hour there would be 7.1% of oat NDF digested and 8.4% of barley NDF 

digested, giving the two grains the opposite ranking than they would 

receive based on rate constants alone. This serious problem is not 

easily recognized since most authors (as did Varga and Hoover in this 

example) report rates as NDF digestion when in fact they are reporting 

rates of PDF digestion. 

With complicated computer programs becoming increasingly 

accessible to researchers, the question arises as to whether a better 

method for evaluating digestion rates than regression of natural log 

against time should be employed. Nocek and English (1986) compared four 

methods of calculating digestion rates: 1) least-squares regression of 
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logarithmic-transformed residuals without correction for ruminally 

undegradable residue (the original model proposed in the 1950·s); 2) 

method 1, with correction for undegradable residue (the currently 

employed model); 3) curve peeling (extraction of individual linear 

profiles from multiple pool systems); and 4) nonlinear iterative least 

squares regression (in which original estimates close to the final 

solution are needed for the method to converge rapidly and efficiently; 

lag time, potential extent of degradation, and rate of degradation are 

then derived simultaneously). The authors concluded, after comparing 

the four methods to each other and to published values from other 

studies, that rate must be based on potentially digestible material. 

They also concluded that both nonlinear iterative least squares 

regression and logarithmic transformation are suitable for feeds showing 

only one rate of digestion, but that curve peeling is preferable when 

logarithmic transformation of datil reveals two or more pools. 

Influence of Level and Source of Roughage 

In a study of the influence of roughage level on site and extent 

of digestion of whole shel led corn by beef steers, Cole, Johnson and 

Owens (1976c) fed four cannulated steers whole shell corn rations 

containing 0, 7, 14, or 21% cottonseed hulls. Roughage level in the 

diet influenced site and extent of digestion of starch and cellulose, 

but the results were not linear. Intestinal and total tract 

digestibilities of starch and cellulose were lowest in the 14% 

cottonseed hull diet when compared to the other roughage levels. No 

differences were found in total VFA concentrations or in ruminal pH of 
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steers consuming different roughage levels. It is generally accepted 

that increasing concentrate level will decrease rumen pH (Van Soest, 

1982), and the absence of this effect may have been due to the fact that 

steers were fed hourly. 

Miller and Muntifering (1985) conducted a 5x5 Latin Square with 

rumen fistulated Holstein steers to evaluate the effect of level of 

roughage in the diet on in situ digestion kinetics of fescue hay. 

Fescue hay levels in the diet were 20, 40, 60, 80, or 100%. The amount 

of fescue hay NDF digested by 72 hours decreased as dietary grain level 

was increased, indicating a reduced capacity for fiber digestion in the 

higher concentrate diets. 

Urias (1986) also observed a reduced capacity for fiber 

digestion in high concentrate diets. Rumen cannulated steers were given 

steam-flaked milo based diets with 30, 60, or 90% concentrate, and in 

situ digestion was evaluated. The potential extent of digestion of both 

milo and forage NDF was depressed at the 90% concentrate level. 

To evaluate the influence of pH on digestion of 35% hay diets, 

Shriver et al. (1986) employed a continuous culture fermentor and 

manipulated the pH by infusion of NaOH or HC1. The pH's selected for 

e val u at ion we r e 5.8 , 6.2 , 6.6 , and 7.0. Dig est i b il it y 0 f n e u t r a 1 

detergent fiber was dramatically depressed at pH 5.8, being 8.1% as 

compared to 32-33% for the other pH ranges. 

Mould and Orskov (1983) evaluated the influence of pH on fiber 

digestion in sheep by infusing acid or bicarbonate solutions into the 

rumen. Reducing rumen pH below 6.1 for sheep on a hay diet reduced 
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intake, cellulolysis, and numbers of viable cellulolytic bacteria. 

Increasing rumen pH of sheep fed barley did not increase cellulolysis 

with cotton thread or hay as substrates, and no change in viability or 

numbers of cellulolytic bacteria were observed. 

Hoover (1986) reviewed chemical factors involved in ruminal 

fiber digestion to explore possible reasons for depressed fiber 

digestion in high concentrate diets. Conclusions were that a decrease 

in rumen pH to 6.0 or below would depress fiber digestion, either by 

decreasing rate of fiber digestion or by increasing lag time. Varga 

(1987) discussed factors which affect estimation of lag time in the 

rumen, and one possibility as suggested by Cheng et ale (1984) was that 

pH may affect the ability of microbes to attach to the substrate 

particles. other possibilities discussed by Varga included hydration 

capacity of the feedstuff, preferential substrate use (microbes may 

digest other components before digesting fiber), and accessibility of 

microbes to the fiber components. 

Wedekind, Muntifering and Barker (1986) added sodium bicarbonate 

to high concentrate diets to evaluate the effect of manipulating rumen 

pH on forage fiber digestion in sheep. Four wethers with ruminal and 

abomasal cannulae were fed diets containing 95, 76, 57, or 38% fescue 

hay with soybean meal and a semipurified concentrate. Bicarbonate was 

added at 0 or 7.5% of the concentrate mixture, and ruminal digestion was 

estimated by the lignin ratio technique. Addition of bicarbonate 

improved ruminal NDF digestion, but total tract digestion was not 

improved since post-ruminal digestion compensated for depressed ruminal 



digestion in sheep on high concentrate diets not supplemented with 

bicarbonate. 
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It has also been demonstrated that pH 6.0 as compared to 6.7 

can decrease bacterial protein synthesis by 34 to 69% in vitro (Strobel 

and Russell, 1986). In a study of the effect of roughage level on 

microbial protein synthesis, Cole et ale (1976b) showed increasing 

yields of microbial protein per unit digestible dry matter when roughage 

was increased from 0 to 7, 14, or 21% in diets for steers. It therefore 

appears that dietary roughage level can indirectly influence efficiency 

of microbial growth, and hence efficiency of digestion, partially by 

a 1 teri ng rumen pH. 

In addition to level of roughage in the diet influencing 

digestion, the source of roughage can also have an effect. The most 

obvious reason for roughage source influencing total tract digestion is 

a change in the source of digestible material, since different sources 

vary in their rates and extents of digestion. Wheeler, Dinius and 

Coombe (1979) compared orchardgrass hay, barley straw, corn stover, and 

cottonseed hulls incubated in nylon bags in cannulated steers. The 72-

hour digestion of dry matter varied from 31% (cottonseed hulls) to 68% 

(orchardgrass hay), with barley straw (54%) and corn stover (43%) having 

intermediate values. Similarly, Hsu et ale (1987) incubated roughages 

in the rumen of a Holstein cow and found differences in 36-hour extent 

of dry matter disappearance (47% for cottonseed hulls vs 66% for oat 

hulls and 100% for soybean hulls) as well as in rate of digestion (from 

0.8 to 7.7% per hour). 
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Stage of maturity affects forage quality and can influence rate 

and extent of forage digestion in the rumen. Cleale and Bull (1986) 

compared early-cut to late-cut mixed grass/legume silages that were 

harvested from the same field. Silages were incubated in nylon bags in 

the rumen of a steer on a similar silage diet. Both extent (85 vs 61%) 

and rate (5.0 vs 3.2% per hour) of digestion were 1 ess in the 1 ate- as 

compared to the early-cut silage. 

Even within forage species at the same stage of maturity, 

differences can exist in the rate and extent of digestion. Wedig et ale 

(1987) evaluated normal and brown-midrib sorghum x sudangrass hybrid 

silages incubated in dacron bags in rumens of steers. Varieties were 

all approximately 66% NDF on a dry matter basis. Extent of digestion at 

72-hours was lower for normal as compared to brown midrib hybrids, but 

rate of digestion did not differ. 

Low quality roughages can be processed to improve their 

digestibility. Coombe, Dinius and Wheeler (1979) examined in situ 

digestion (steers) of barley straw which had or had not been previously 

treated with sodium hydroxide. Alkali treatment increased extent of dry 

matter digestion at 72-hours (84 vs 49%) and tended to increase rate of 

digestion (5.2 as compared to 4.8% per hour). Similarly, Kerley et ale 

(1986) studied alkaline hydrogen peroxide treated wheat straw fed to 

sheep and found that in 72% wheat straw diets, treatment increased 

ruminal (47 vs 20%) and total tract (75 vs 50%) dry matter 

digestibility. In 37% wheat straw diets, however, apparent dry matter 



digestibility in the rumen did not differ despite total tract 

digestibility differences (83 vs 68%). 
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In high concentrate diets, it would be of more interest to know 

the influence of roughage source on digestibility of the concentrate 

portion of the diet, since the grain would be supplying most of the 

energy to the animal. Unfortunately, very little information has been 

published on this subject. Swingle and Moore (1987) reported data from 

Parrott (1970) on the interactions between rOl.''lhage type and 1 eve 1 on 

apparent digestion of gross energy in mixed diets by steers. While 

energy digestion was considerably less in cottonseed hull vs alfalfa hay 

diets at 40 and 30% roughage in the diet, differences between the two 

roughage sources were less at 20% roughage and nonexistent at 10% 

roughage. This indicates that differences between low and high quality 

roughages may become less apparent in higher concentrate diets. Owens 

(1987) also suggests that roughages should be evaluated differently in 

high concentrate diets than they are in high roughage diets, since the 

nutrient content of roughages does not reflect the effect they may have 

on efficiency of utilization of the grain. There is no system at the 

present time to evaluate roughage source effects on chewing time, which 

may be considered a form of grain processing (Owens, 1987). The current 

system also dos not take into account possible effects roughages may 

have on retention time of grains. 

Roughages may exert effects on rates of passage of dietary 

components in mixed diets fed to ruminants. Retention of fibrous 

components in the rumen for longer periods would al low more time for 
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digestion by the microorganisms. Decreasing ruminal retention time of 

the concentrate portion of the diet might al low for more efficient 

utilization of starch by promoting intestinal digestion, which is more 

efficient than rumen fermentation of starch (Owens et al., 1986). 

Rate of Particulate Passage 

Since rate of passage can influence utilization of the diet, 

studies of particulate passage can provide useful information for 

evaluating feedstuffs. In general, passage is determined by marking 

feed in some way so that sampling at the rumen, abomasum, duodenum, or 

rectum will give an estimate of rumen turnover time, which is defined as 

the average time particles of digesta remain in the rumen (Hungate, 

1966). 

Choice of Marker and Method of Marking 

In early studies (Balch, 1950), feeds were marked by staining, 

and recovery of particles in the feces was accomplished by sieving fecal 

material at defined intervals. The particles were then counted to 

determine the appearance in the feces with time. This was a very 

laborious task, and results were variable since concentration of stained 

particles in the feces was based on subjective evaluation rather than on 

chemical evaluation. El lis and Huston (1967) further criticized the 

stained particle procedure since it was shown that sieve size influenced 

the calculated ruminal mean retention time. 

Uden et al. (1980) proposed the use of chromium-mordanted NDF as 

a particulate phase marker since dichromate forms strong complexes with 
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plant cell walls. The complex was found to be stable in the presence of 

rumen fluid or 0.10 M HC1, indicating that it would remain bound to the 

NOF as it passed through the animal. Ellis et al. (1982) criticized the 

use of Cr-mordanted fiber since mordanting renders the NOF essentially 

indigestible, thus preventing particle size reduction by fermentation in 

the rumen; also, it was pointed out that mordanting dramatically alters 

the density of the feed, which may alter the passage characteristics. 

Another disadvantage of Cr-mordanting as discussed by El lis et al. 

(1982) is that only one feed can be marked at a time, thus precluding 

the study of simultaneous passage of several feed components in mixed 

diets. 

The most popular particulate phase markers in current use are 

the rare-earth metals, introduced by El lis and Huston in 1968. Early 

studies employed radioactive rare-earth metals, and in later studies 

nonradioactive metals were analyzed by neutron activation. Currently it 

is possible to analyze rare-earth metals by atomic absorption 

spectrophotometry (Hart and Polan, 1984). Rare-earth metals, or 

lanthanides, which have been used in passage studies include ytterbium 

(Yb), dysprosium (Oy), cerium (Ce), samarium (Sm), lanthanum (La), 

europium (Eu), erbium (Er), and praseodymium (Pr). 

Rare-earth metals can be applied to feedstuffs by spraying 

directly onto the feed (Hartnell and Satter, 1979a) or by soaking the 

feed in a solution of the rare-earth metal fol lowed by subsequent 

rinsings (Goetsch and Galyean, 1983). Both methods have disadvantages. 

Rare-earths applied by the spraying technique are more likely to migrate 
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from the originally marked particle since they would be bound to both 

high- and low-affinity binding sites (Teeter, Owens and Mader, 1984), 

and some of the rare-earth crystallizes on the surface of the particles 

(Harbers et al., 1982). Soaked feeds have the disadvantage of being 

physically and chemically altered during the immersion process. Mader, 

Teeter and Horn (1984) compared soaking vs spraying and concluded that 

soaking was preferable since it minimized back-migration of marker to 

unmarked feeds. Dixon, Kennelly and Mil ligan (1983) found that 36% of 

the rare-earth marker applied by the spraying technique apparently 

migrated rapidly from large particles to small particles immediately 

after ingestion by steers, and Hartnell and Satter (1979a) found up to 

11% migration of rare-earth markers to unmarked feeds when the rare

earths were appl ied by the spraying method. Teeter et ale (1984) 

evaluated migration of ytterbium applied by the immersion technique and 

observed that only 0.01% of the initial marker had migrated to unmarked 

prairie hay incubated in nylon bags for 96 hours. Similarly, Moore, 

Poore and Swingle (1986) found only 0.5 to 2.4% migration of ytterbium 

or dysprosium from marked feeds to unmarked stems incubated in vitro for 

48 hours. Since migration of rare-earth from the marked feed being 

studied to unmarked feed particles in the rumen would result in 

erroneous passage estimates for the originally marked feed, the marking 

technique that minimizes migration would be preferable; it therefore 

appears that soaking is superior to spraying. 

Solubilization of the rare-earths from the marked feeds would 

also affect the estimate of rate of passage since solubilized marker 
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would pass with the liquid phase instead of with the originally marked 

feed particles. Moore et al. (1986) found up to 23% solubilization of 

ytterbium and dysprosium which had been attached by the immersion 

technique following 24 hours of incubation in vitro. Combs et al. 

(1984) evaluated the effect of lowering the pH in vitro from 6.5 to 2.2, 

which is a pH that could be expected in the abomasum, on solubilization 

of ytterbium or cerium from feeds marked by the immersion procedure; 

lowering the pH resulted in 50 to 80% solubilization of markers from 

brome hay. Similarly, Turnbull and Thomas (1987) found only 1.8% 

solubilization of ytterbium from immersion-marked feeds following in 

vitro incubation, but acid-pepsin treatment resulted in 42% of the rare

earth being solubil ized. The effect of postruminal solubilization on 

passage rates determined by fecal concentration of marker would be 

minimal as long as the rumen is the rate-limiting pool for passage. 

Passage of liquid and solids has been suggested to be similar 

postruminally (Faichney, 1986; Wylie et al., 1986). Goetsch and Owens 

(1985) disagree and state that both liquids and solids appear to have 

postruminal mixing pools as determined by sampling at the rumen, 

duodenum, ileum, and rectum of heifers. Siciliano-Jones and Murphy 

(1986) also found differences in postruminal passage characteristics of 

inert particles, with plastic particles having a specific gravity of 

1.17 passing most quickly. 

In cannulated animals, samples for calculating rates of passage 

can be removed from the rumen, abomasum, duodenum, or rectum; in intact 

animals, fecal sampl ing is the only option. Staples et al. (1984) 



33 

compared rates of passage calculated from either rumen or fecal sampling 

and found results to be similar for mixed feed marked with lanthanum by 

the spraying technique (4.6% per hour from fecal samples vs 4.2% per 

hour from rumen samples). Goetsch and Owens (1985) compared rate of 

particulate passage of ytterbium-marked (immersion technique) chopped 

alfalfa hay or rol led corn when samples were taken from the duodenum, 

ileum, or rectum. The authors did not take particulate samples from the 

rumen since representative sampling of ruminal particulates would have 

disturbed ruminal digesta stratification, which might have influenced 

digesta passage. Estimated rate of passage varied by sampling site and 

also by model used for calculation, and there was a site by method 

interaction. When conducting research, a decision must therefore be 

made as to which is the lesser of two evils: errors due to artifacts 

from cannulation and from sampling at cannulated sites, or errors due to 

collecting feces and assuming calculated rates of passage are 

representative of what is occurring in the rumen. A decision must also 

be made as to which model to use in calculating the passage rates. 

Calculating Rates of Passage 

In early studies of particulate passage from the rumen, no clear 

mathematical interpretation could be made from the way data were 

presented. Balch (1950) described rumen retention time as being the 

period between the excretion of 5% of a marker dose and 80% of its 

excretion, referred to as "5-80% retention time." In 1956, Castle 

defined "mean retention time" as the area under the curve for the 

excretion of 5 to 95% of a marker dose. 
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81axter et a1. (1956) suggested that passage from the rumen 

could be described by a natural log function. They postulated tha~ two 

rate constants existed, k1 being the passage from the rumen to the 

abomasum and k2 being the passage from the abomasum to the duodenum. 

The physiological significance of the rate constants was not tested. 

In 1966 Minson introduced a retention time ana1agous to the 

turnover time of Hungate (1966), since both terms describe the average 

time a particle spends in the rumen. Mathematically, they represent the 

reciprocal of the passage rate determined by regressing the natural log 

of marker concentration against time. The term "turnover time" is 

usually used instead of "retention time" in the current 1 iterature to 

avoid confusion of Minson's retention time with Castle's mean retention 

time. 

Grovum and Williams (1973) described rate of passage of 

particulate matter as fitting a two-compartment model. The authors 

interpreted the downs10ping linear portion of the natural log of fecal 

marker concentration plotted against time post-dosing to represent 

passage of particulate matter from the rumen (k 1), as Blaxter et ale 

(1956) originally suggested. The second portion of the two-compartment 

model was interpreted to represent flow through the cecum and proximal 

colon (k2). The authors also compared two methods for calculating rates 

of passage; one technique was as discussed above (linear regression of 

the natural log of fecal marker concentration plotted against time post

dosing; figure 2), and the other technique was an iterative curve

fitting program. Differences between values calculated by the two 
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Ln Marker 
Concentration [slope]=kp=rate of passage 

Time (hours) 

Figure 2. Calculation of rate of passage (based on the model of 
Grovum and Williams, 1973). 



methods were small, leading the authors to conclude that either 

technique would be satisfactory for calculating rates of passage. 
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The model described above (Grovum and Williams, 1973) is 

referred to as a "time-independent" model. This simply means that no 

correction was made for the fact that very small particles are likely to 

pass out of the rumen whole. Ellis et ale (1979) suggested that passage 

is actually a sequential, time-dependent-time-independent process, and 

their interpretation of the two rate constants differed from Grovum and 

Will iams. Ell is et ale defined kl and k2 opposite to Grovum and 

Williams in that k2 was referred to as the downsloping portion of the 

curve. Their interpretation of the meaning of the rate constant also 

differed; k1 was referred to as the rate at which newly ingested large 

particles became mixed with the existing large particle-rumination pool, 

and k2 was interpreted to be the rate at which large particles underwent 

change permitting their entry into and turnover in the small particle

liquid pool of the lower rumen. 

Although the model of Ell is et ale (1979) is considerably more 

complicated than the model of Grovum and Williams (1973), the rate 

calculated for the downsloping portion of the curve is similar for the 

two mode 1 S. Cochran et a 1. (1986) compared mode 1 s of passage rate 

calculations and showed that choice of model did not influence 

interpretation of treatment effects, leading the authors to conclude 

that the simpler model of Grovum and Williams (1973) would permit wide 

utilization even in the absence of computer facilities. In the 

fol lowing discussion of published studies, the model used to calculate 



rates of passage was Grovum and \~i1l iams (1973) unless otherwise 

indicated. 
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Treatment effects on rate of particulate passage that have been 

studied include effect of intake level, concentrate level, grain 

processing, roughage level, and roughage processing. This discussion 

will be limited to the effects of level and source of roughage, although 

many data that relate ruminal turnover to compositon are confounded by 

intake differences (Bull et al., 1979). 

Influence of Level and Source of Roughage 

Owens and Goetsch (1986) summarized over 30 published studies 

covering effect of concentrate level on passage of grain and roughage 

components in mixed diets, presented here in table 2. 

TABLE 2. EFFECT OF CONCENTRATE LEVEL ON PASSAGE RATES OF CONCENTRATE 
AND ROUGHAGE IN CATTLE (Owens and Goetsch, 1986): 

======================================================================== 
Concentrate Concentrate, Std. Roughage, Std. 

level, % %/hr error %/hr error 

<20 5.0 0.5 3.1 0.2 

20-50 6.9 0.2 3.7 0.3 

50-80 3.4 0.3 3.5 0.3 

>80 3.1 0.2 2.9 

In general, it appears that increasing concentrate level decreases 

passage rate. However, since the values for the different concentrate 

levels are from different experiments with varying intakes and sources 

of feeds, and with calculations sometimes based on different models, 

this interpretation must be made cautiously, especially for the 
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roughages. No standard error is listed for the roughage passage rate at 

>80% concentrate because only one study was used for the mean, 

indicating the lack of data available for roughage passage in high 

concentrate diets. The fol lowing discussion covers papers not included 

in the review presented in table 2. 

Poore et ala (1987) evaluated the influence of feeding 30, 60, 

or 90% concentrate diets on passage of steam-flaked milo and roughage in 

diets for cannulated steers. The roughage portion of the diet was a 

50:50 mixture of chopped alfalfa hay and chopped wheat straw, and 

passage was determined by marking feeds with ytterbium, dysprosium, or 

europium by the immersion technique. Increasing concentrate level from 

30 to 90% decreased passage of wheat straw (3.4 vs 2.1% per hour) and 

alfalfa hay (4.6 vs 4.1% per hour), and there was a tendency for milo 

passage to be slower at the high concentrate level (5.3 vs 4.4% per 

hour). There was no difference in passage rates between the 30 and 60% 

concentrate levels. 

Snyder et a 1. (1984) examined the effects of two ratios of corn 

silage:grain (50:50 or 75:25) marked with samarium or cerium on passage 

in cannulated dairy cows. There was a tendency for corn silage to pass 

faster in the higher roughage diet (4.6 vs 4.2% per hour). Grain also 

appeared to pass faster with the higher level of corn silage in the 

diet, but only when calculated by the model of Ellis et a1. (1979; 5.6 

vs 5.0% per hour) and not when calculated by the model of Grovum and 

Wi 11 iams (1973; 5.8 vs 5.7% per hour). 



In a study on the effect of forage level on ruminal turnover 

rates in sheep, Merchen et ale (1986) fed wethers diets containing 

either 75 or 25% chopped alfalfa hay. Mixed feed was marked with 

ytterbium by the spraying technique, and samples were taken from the 

rumen. Particulate passage was faster (4.6 vs 4.2% per hour) at the 

higher roughage level. 
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Similar results were obtained by Campher, Roux and Meissner 

(1983) in that retention time of a corn meal based diet increased with 

decreasing roughage level in the diet in studies conducted at their 

station with heifers, steers, wethers, or mature cannulated steers. 

Passage and digestion were confounded since retention time of the meals 

was measured by evacuating rumens and comparing ruminal organic matter 

to organic matter intake. 

In contrast, Ehle, Martin and Wheaton (1984) found that forage 

level (55, 65, or 75% of the diet) or forage source (alfalfa-, smooth 

bromegrass-, or mixed-haylage) did not affect passage estimates based on 

chromium-mordanted fiber in diets for lactating dairy cows, but passage 

estimates were confounded by stage of lactation and level of intake. 

Varga and Prigge (1982) compared alfalfa hay and orchardgrass 

hay as roughage sources for rumen-cannulated wethers on all-forage 

diets. Passage was monitored using hays marked with ytterbium by the 

immersion procedure. Roughage source did not influence rates of passage 

(6.6% per hour). 

No studies could be found comparing effects of roughage source 

on passage characteristics of grain and roughage in high concentrate 
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diets, indicating more research is necessary in this area. If rates of 

passage and rates of digestion are determined for individual feedstuffs 

in mixed diets, extent of each component actually digested in the rumen 

can be calculated. 

Calculation of Ruminal Extent of Digestion 

Several models exist for calculating the apparent extent of 

digestion in the rumen. Some are more complex than others, but all 

share a common theme: digestion in the rumen is a function of rate of 

digestion and time spent in the rumen. 

It should be noted at this point that extent of digestion can 

also be calculated by using duodenal 1y cannulated animals. This is 

accomplished by comparing the ratio of the component of interest (dry 

matter, neutral detergent fiber, etc.) to a digestibility marker 

(usually lignin or chromium oxide). After measuring the concentration 

of marker in the feed and in duodenal digesta, extent of ruminal 

digestion can be calculated. The disadvantage of this method is that 

only the whole diet can be analyzed; individual feed ingredients in 

mixed diets cannot be evaluated separately. To evaluate extent of 

ruminal digestion of individual feed ingredients in mixed diets, it is 

necessary to measure passage and digestion rates. These rates are 

incorporated into a model to estimate apparent extent of ruminal 

digestion. 

Waldo et al. (1972) described a model for predicting the amount 

of cellulose digested in the rumen based on the rate of digestion of 

potentially digestible cellulose and the rate of passage out of the 
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rumen. The formula was: Y = a[kd/(kd+kp)]' where Y = cellulose digested 

in the rumen, a = fraction of potentially digestible eel lulose in total 

cellulose, kd = digestion rate, and kp = passage rate. 

Mertens (1977) modified the model of Waldo et ale (1972) to 

include a correction for the initial period where no digestion occurs, 

referred to as the lag time. Mertens also adusted the model to include 

two digestible cell wall fractions, a rapidly digesting pool and a 

slowly digesting pool. The model is a compl icated one and is as 

follows: Y = [C/T][k1/(k1+k3)][e-k3L] + [D/T][k2/(k2+k3)][e-k3L], where 

Y = cell wall digested in the rumen, C = rapidly digesting pool, D = 

slowly digesting pool, T = total cell wall (= C + D + indigestible cell 

wall), k1 = fast digesting rate, k2 = slow digesting rate, k3 = passage 

rate, and L = discrete lag time. Mertens went on to describe a model 

for predicting total dry matter digestion, which is a combination of 

cell wall and cell content digestibil ities. The total tract dry matter 

digestibil ity model incl udes a factor for cell sol ubl e digestibil ity, 

which was assumed to be 98%, and a correction for endogenous dry matter 

loss, which was assumed to be 12.9%. 

Mertens and Ely (1979) further modified the model to include 

particle size reduction as a submodel. Although calculated values 

compared favorably to literature values, the model is too complicated to 

be used on a practical basis. Milne and Mayes (1984) cautioned that 

increasing the number of compartments in a model can lead to serious 

errors in the estimation of parameters, particularly with ill

conditioned data. 
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Miller and Muntifering (1985) simpl ified the model of Mertens 

(1977) so that only one digesting pool was considered, but lag time was 

still incorporated into the model. This model is easier to 

conceptualize; it assumes that digestion in the rumen is the sum of two 

competing processes, digestion and passage, and that during the lag 

phase passage is occurring before digestion begins. The model is as 

fol lows: A = PCkd/(kd+kp)]e-kpL, where A = apparent extent of digestion 

in the rumen, P = potential extent of digestion, kd = digestion rate, 

kp = passage rate, and L = discrete lag phase. 

Once the apparent extent of digestion that occurs in the rumen 

has been estimated, the percent of total tract digestion that is 

accounted for by ruminal digestion can be calculated. 

Relationship to Total Tract Digestion 

With increasing concentrate level, Bines and Davey (1970) 

observed a decrease (except in the all-concentrate diet) in the percent 

total tract cellulose digestion that occurred in the rumen of cows (57, 

57, 28, and 86% of total tract digestion for 40, 60, 80, and 100% 

concentrate, respectively). Cole et ala (1976c) observed a much higher 

proportion of total tract cellulose digestion occurring in the rumen of 

steers (84, 106, 93, and 93% for 79, 86, 93, and 100% concentrate diets, 

respectively). Brink and Steele (1985) evaluated the influence of 

increasing concentrate level on NDF digestion in steers and observed a 

decrease in the percent of total tract digestion that occurred in the 

rumen (97, 90, and 47% for 50, 70, and 90% concentrate diets, 

respectively). With sheep, Wedekind et ala (1986) and Merchen et ala 



(1986) also observed decreases in ruminal digestion as a percent of 

total tract NDF digestion with increasing concentrate level. These 

results indicate the proportion of fiber digested in the rumen varies 

with concentrate level, but interpretation of the data is confounded 

since source of fiber and also dry matter intake vary with changes in 

concentrate level. 
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Two studies were found comparing the effect of increasing 

concentrate level on site of starch digestion in steers. Cole et ale 

(1976c) observed that 76) 78, 71, and 83% of total tract starch 

digestion occurred in the rumen with 79, 86, 93, and 100% concentrate 

diets, respectively. Brink and Steele (1985) found that 53, 65, and 69% 

of total tract starch digestion occurred in the rumen with 50, 70, and 

90% concentrate diets, respectively. These data indicate that the 

majority of starch digestion occurs in the rumen, and it appears the 

rumen accounts for an increasing proportion of starch digestibility as 

concentrate 1 evel is el evated. 

Three studies compared the influence of concentrate level on 

proportion of dry matter digestion occurring in the rumen (Bines and 

Davey, 1970; Cole et al., 1976c; Kerley et al., 1986), and all agree 

that more dry matter digestion is accounted for by ruminal digestion as 

concentrate level increases. 

While no studies were found comparing roughage source on the 

influence of apparent ruminal digestion of fiber, starch, or dry matter, 

one report did evaluate the effect of alkaline hydrogen peroxide 

treatment of wheat straw on site of digestion in sheep (Kerley et al., 
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1986). Treatment had little effect on percent of total tract NDF 

digestion occurring in the rumen at the 28% concentrate level (88 vs 

85%), but ruminal NDF digestion appeared to decrease with treatment at 

the 60% concentrate level (96 vs 80%). Total tract NDF digestion was 

improved from 42% at the low concentrate level and 54% at the high 

concentrate level to 81% for both diets. Effect on proportion of total 

tract dry matter digestion occurring in the rumen was not consistent (40 

vs 63% at 30% concentrate; 75 vs 66% at 60% concentrate), but total 

tract dry matter digestion was improved at both concentrate levels. 

Summary 

The studies covered by this literature review indicate the 

fol lowing: Masticative comminution serves to increase digestion of 

particles by increasing surface area and damaging tissues; it also 

reduces particle size for passage out of the rumen. Chewing stimulates 

salivation, which and provides buffering capacity in the rumen and 

increases liquid turnover. Fast liquid turnover is associated with more 

efficient microbial fermentation, and high forage diets are associated 

with faster liquid dilution rates. Increasing concentrate level 

decreases the extent of fiber digestion in situ or in vitro, apparently 

by increasing lag time or by decreasing rate of digestion. Increasing 

concentrate level also decreases rate of passage out of the rumen, 

decreases calculated ruminal fiber digestion, and increases calculated 

ruminal extent of starch and dry matter digestion. Several models are 
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available for calculating apparent extent of ruminal digestion. While 

literature is available on the influence of concentrate level on the 

parameters mentioned above, there is a paucity of information regarding 

the influence of roughage source, especially in high concentrate diets, 

on these factors that can influence utilization of mixed diets. 



CHAPTER 3 

INFLUENCE OF ROUGHAGE SOURCE ON IN SITU DIGESTION, 
RATES OF PASSAGE, RUMINATION TIME, AND CALCULATED EXTENTS OF 

RUMINAL DIGESTION IN BEEF STEERS: 1. 65% CONCENTRATE DIETS 

Summary 

Diets were based on steam-flaked milo and contained 35% chopped 

alfalfa hay (control diet) or either cottonseed hulls or chopped wheat 

straw in place of half the alfalfa hay. Latin square experiments were 

used to evaluate the influence of roughage source on total tract 

digestion coefficients, particulate passage rates (rare earth metals), 

1 iquid turnover rates (Co-EDTA), and rumination time in six growing 

steers (Exp. 1), and on in situ digestion, rumen pH, and rumen dry 

matter distribut ion in three mature, rumen-cannul ated steers (Exp. 2). 

Competition between rates of passage and digestion were used to 

calculate apparent extent of ruminal digestion (AED). In Exp. 1, total 

tract digestibilities of dry matter and neutral detergent fiber (NDF) 

were depressed (P<.05) when cottonseed hulls, but not wheat straw, were 

incl uded in the diet. Digestibil ity of cell sol ubles was not different 

(P>.10) among diets. Inclusion of wheat straw stimulated rumination 

(P<.10). Incl usion of cottonseed hull s increased intake (P<.10) and 

tended to increase particulate and liquid passage rates. In Exp. 2, 

there tended to be increased stratification of rumen contents and 

increased in situ digestion of milo and alfalfa hay in the wheat straw 

diet. Measures of rumen pH were similar for all diets, and did not 
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appear to be directly related to either rumination time or rumen 

stratification. Milo, alfalfa hay, and total diet AED for NDF, and 

proportion of total tract NDF digestion occurring in the rumen, were 
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highest (P<.05) for the wheat straw diet. Inclusion of a lag phase for 

NDF digestion appeared to underestimate proportion of total tract NDF 

digestion occurring in the rumen, and it affected interpretation of cell 

soluble AEO values. In conclusion, substitution of cottonseed hulls for 

half the alfalfa hay depressed digestibilities, but inclusion of wheat 

straw increased utilization of milo and alfalfa hay NDF, resulting in 

similar total tract diet digestibilities for wheat straw and alfalfa hay 

diets. 

(Key Words: Roughage, Rumen Digestion, Transit Time, Rumination, 
Cattle Fattening, Cattle.) 

Introduction 

Nutrient utilization by ruminants is a complex process that can 

be affected by a number of factors. Associative effects have been 

observed between roughages and concentrates (Mould, Orskov and Mann, 

1983), but studies evaluating effects of different roughages in high 

concentrate diets are scarce. Since roughage sources differ chemically 

and physically, it is possible that roughage source could influence diet 

utilization. This could occur if roughage source affected ruminal 

digestion or passage of other ingredients in mixed diets. Roughage 

source has been shown to influence factors that may indirectly affect 

diet utilization, such as rumination time (Balch, 1971). Rumination may 

increase salivation and thus buffering capacity of the rumen (Bartley, 
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1976), which could improve conditions for fiber digestion (Hoover, 

1986). Stratification of rumen contents may be related to rumination 

time (Van Soest, 1982; Welch, 1982). Passage out of the rumen may 

affect ruminal extent of digestion, since digestion and passage are 

competing processes (Mertens, 1977). Liquid turnover rate has been 

shown to be positively related to efficiency of fermentation (Isaacson 

et al., 1975), and hence all of these factors were evaluated in this 

study. The hypothesis was that roughage source could influence ruminal 

digestion or passage of other ingredients in mixed diets, thus affecting 

site or extent of digestion and overall diet utilization. 

Materials and Methods 

Diets 

Diets were 65% concentrate and were based on steam-flaked milo 

(table 3). The control diet contained chopped alfalfa hay as the 

roughage source, and cottonseed hulls or chopped wheat straw replaced 

half the alfalfa hay in experimental diets. 

Experiment 1: Intact Steers 

Six growing steers (average weight 299 kg) were used in two 

balanced 3x3 Latin square experiments (Cochran and Cox, 1950) to 

evaluate the influence of roughage source on apparent digestion 

coefficients, rates of passage of milo and roughages, rumen liquid 

turnover rates, and rumination time. Each period of the Latin square 

was 30 d in length. Steers were fed ad libitum at 12 h intervals and 

were al lowed a minimum of 21 d to adapt to diet changes. 



TABLE 3. INGREDIENT COMPOSITION AND CHEMICAL ANALYSIS OF 
65% CONCENTRATE DIETS "(DRY MATTER BASIS)a 

Diet Designation 

Cottonseed Alfalfa 
hull s hay 

Item 

Ingredient, % 

Flaked milo 56.02 57.42 

Cottonseed hulls 17.22 

Alfalfa hay, chopped 17.22 34.39 

Wheat straw, chopped 

Molasses 4.79 4.78 

An ima 1 fat 1.77 1.77 

Urea .84 .09 

Limestone, ground .40 

Dicalcium phosphate .40 .22 

Sodium chloride .44 .44 

Monensin premix .89 .88 

Analysis, % 

Neutral detergent fiber 30.3 22.9 

Nitrogen 2.1 2.1 

Wheat 
straw 

56.02 

17.22 

17.22 

4.79 

1.77 

.84 

.40 

.40 

.44 

.89 

24.2 

2.0 

a All diets contained 3300 IU v it am in A and 33 mg monensin/kg. 
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On days 22 and 30 of each period, time spent eating and 

ruminating was measured by recording behavior every 5 min for 24 h. 

Time spent eating did not differ for the diets and is not presented. 
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Total fecal collections on days 25 through 29 were used to 

determine total tract digestion coefficients for dry matter, neutral 

detergent fiber, and cell solubles. Two-percent aliquots of the daily 

feces were dried at 50 C, ground through a 2 mm screen in a Wiley mill, 

and composited by steer prior to analyses. Diets were sampled daily, 

composited by diet, and ground 2 mm prior to analyses. The neutral 

detergent fiber procedure was according to Robertson and Van Soest 

(1977). Neutral detergent fiber val ues (dry matter basis) for 

individual feed ingredients were: milo 11.5%, alfalfa hay 47%, 

cottonseed hulls 91%, and wheat straw 70%. Cell solubles were 

calculated as 100 minus NDF, and nitrogen was determined using a 

Techn icon autoana 1 yzer (AOAC, 1980). 

Fecal samples were collected on days 23 through 27 for 

determination of rates of passage and liquid turnover. Rare earth 

metals were used for particulate passage measurements, and cobalt 

ethylenediaminetetraacetate (Co-EDTA) was used for 1 iquid turnover 

determinations. 

Roughages and flaked milo were marked with ytterbium (Yb), 

dysprosium (Dy), or europium (Eu) rare earth metals by the method of 

Goetsch and Ga 1 yean (1983). Roughages (75 g/l iter) or fl aked mil 0 (260 

g/liter) were soaked 24 h in distil led water containing hydrated rare 

earth ch 1 oride (2.5 g/l iter). Feeds were then rinsed four times at 



hourly intervals with distilled water and were dried at 50 C. 

Concentrations of rare earth metals in marked feeds are listed in 
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table 4. Rare earths were rotated so that each ingredient was marked 

with each rare earth, eliminating differences in passage attributable to 

differences in markers. Marked feeds (approximately 500 mg rare earth 

per ingredient) were mixed with a small portion of unmarked diet and 

were offered prior to the adjusted morning feeding on day 23. Twelve 

grams of Co-EDTA were administered via gelatin capsule for determination 

of 1 iquid passage out of the rumen. Fecal samples were collected at 0-, 

4-,8-,12-,16-,20-,24-,28-,32-,36-,42-,48-,54-, 60-, 72-, 84-, 

96-, and 120-h post-dos ing. 

Fecal samples were dried at 100 C and were ground through a 2 mm 

screen in a Wiley mill prior to analysis for Co and rare earth metals. 

Four grams of dried feces were ashed overnight at 500 C, then were 

extracted by bringing to a boil with 30 ml of 6-normal solution 

containing equal molar proportions of nitric and hydrochloric acids. 

After setting overnight, samples were diluted to 50 ml and were filtered 

through Whatman #4 filter paper. Potassium chloride was added to 

produce a potassium concentration of approximately 1500 ppm. Samples 

were analyzed for rare earth metals and cobalt with common matrix 

standards on a Hitachi 80-70 atomic absorption spectrophotometer. Air 

was used as oxidant for cobalt, and nitrous oxide was used for rare 

earth metal s (Ell is et al., 1982; Hart and Polan, 1984). Samples were 

diluted 1:10 prior to cobalt determinations. 
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TABLE 4. CONCENTRATIONS OF RARE EARTH METALS IN MARKED FEEDS 

ytterbium Dysprosium Europium 
Ingredient 

mg/g OM 

Milo 2.4 2.1 2.0 

Cottonseed hull s 13 .0 14.2 12.5 

Alfalfa hay 12.5 12.9 11. 7 

Wheat straw 7.7 7.4 6.2 
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Rates of passage for liquid and particulates were calculated by 

regressing the natural log of fecal marker concentration against time 

(Grovum and Williams, 1973). Time used for graphing purposes was the 

midpoint between sampling times. Ruminal passage rate was the absolute 

value of the slope, calculated from the linear downsloping portion of 

the curve. 

Experiment 2: Rumen Cannulated steers 

Three mature, rumen-cannulated steers (average weight 628 kg) 

were used in a 3x3 Latin square experiment (Cochran and Cox, 1950) to 

evaluate the influence of roughage source on in situ digestion, rumen 

pH, and rumen dry matter distribution. Intake was restricted to the 

calculated maintenance level of 1.2% of body weight. Each period of the 

Latin square was 31 d in length. All steers were fed at 12 h intervals 

and were al lowed a minimum of 21 d to adapt to diet changes. 

On day 22, rumen pH was determined hourly for the first 4 h, 

then bi-hourly to establish 12 h postfeeding patterns. Liquid samples 

were removed from three rumen sites by vacuum pump, composited, and 

analyzed within 30 s by pH meter. Rumen pH was plotted against time, 

and pH-hours were calculated by measuring the area of the curve below a 

horizontal 1 ine drawn at the indicated pH. 

In situ rumen dry matter and neutral detergent fiber 

disappearances were determined for each feed ingredient by incubation on 

days 25 through 28. Feeds were ground through a 2 mm screen in a Wiley 

mill, and each dacron 1 bag (19x22 cm, average pore size 50 u) contained 

4 g roughage or 6 g milo. Bags were hydrated in warm water for 5- to 

1 aJR Industries, Inc., Kansas City, MO; IGloriosa-60050." 



15-min before being placed in the rumen. Duplicate bags, including 

blanks, were incubated for 6-, 12-, 24-, 36-, 48-, 72-, or 96-h. 
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Bags were securely tied to clips and were attached to a weighted 

chain in the ventral sac of the rumen at specified intervals, prior to 

feeding, so that all except 6 h samples could be removed and rinsed at 

the same time. By this method, the 96 h bags were added first, the 72 h 

bags were added 24 h later, and so on. 

After removal from the rumen, residual dry matter and NDF in the 

bags were determined by the method of Moore et al. (1987). Bags were 

rinsed four times in a washing machine by immersing in hot water~ 

agitating approximately five seconds, then spinning dry. This minimized 

variation and reduced time necessary for rinsing. Bags were untied, 

rinsed once by hand, and dried at 50 C to determine dry matter residue. 

Bags containing dry residues or 1.5 g unincubated feed were re-sealed 

with plastic twist-ties and added to boiling neutral detergent fiber 

solution, which was prepared according to Goering and Van Soest (1970), 

with amylase modification for milo (Robertson and Van Soest, 1977). 

Individual feeds and all residues from the same feedstuff were analyzed 

together in a 40 liter container. After boiling 1 h in NDF solution, 

bags were rinsed four times in a washing machine as described above. 

Milo and milo residues were boiled a second time fol lowing amylase 

treatment. This method eliminated run-to-run variation in NDF 

determinations and greatly reduced time necessary for analysis. Values 

obtained by this method (50 C dry matter basis) were: milo 9.6%, alfalfa 

hay 40.2%, cottonseed hulls 87.0%, and wheat straw 66.5%. 
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Potentially digestible dry matter (POOM) and potentially 

digestible NOF (PDF) were defined as amount digested at 72- or 96-h, 

whichever was greatest. Rates of POOM and PDF digestion were obtained 

by regressing the natural log of percentage remaining POOM or PDF 

against time (Smith et al., 1971). Only the linear portion of the plot 

was used to calculate rates. 

In situ digestion of cell solubles was determined for each 

incubation time by the fol lowing formula: 

CSOn = [OMOn - (NOFO n x NDF%)]/(1 - NOF%), 

where CSOn = cell soluble digestion at time n, OMO n = dry matter 

disappearance at time n, NOFO n = neutral detergent fiber disappearance 

at time n, and NOF% = NOF as a fraction of dry matter in the feed. 

On day 31 of the experimental period, distribution of rumen dry 

matter was determined by total evacuation of rumen contents prior to the 

morning feeding. "Raft" was defined as the floating, relatively dry 

mass which could be removed by hand, and "liquid" was defined as the 

remaining portion which had to be removed with a container. 

Calculated Extents of Ruminal Digestion 

Apparent extents of ruminal digestion (AEO) of dry matter and 

NOF were calculated using individual steer passage rates determined in 

Exp. 1 and rates and extents of digestion determined in Exp. 2. Milo 

and roughage AEO were calculated separately, and total diet AEO was 

obtained by multiplying AEO for each feed ingredient by its pertentage 

in the diet. 
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The model for calculating dry matter AEO was from Erdman et ale 

(1987) : 

A = R + (POOM - R)[kdd/(kdd + kp)], 

where A = apparent extent of ruminal dry matter digestion, POOM = 

potentially digestible dry matter, R = rapidly disappearing fraction, 

kdd = rate of digestion of POOM, and kp = rate of passage. The rapidly 

disappearing fraction, R, was calculated as [POOM - POOM x (antilog of Y 

intercept)] when the natural log of percentage remaining POOM was 

regressed against time. 

Apparent extents of ruminal digestion for neutral detergent 

fiber were calculated according to two popular models. Modell was as 

described by Wa 1 do et a 1. (1972): 

B = POF[kd/(kd + kp)], 

where B = apparent extent of ruminal NOF digestion, PDF = potential 

extent of in situ NOF digestion, kd = rate of digestion of PDF, and kp = 

rate of passage out of the rumen. Model 2 was according to Miller and 

Muntifering (1985) and included a lag phase (Mertens, 1977), described 

as the initial time when passage, but not digestion, is occurring: 

B = POF[kd/(kd + kp)]e-kpL, 

where L = lag time in hours and all other abbreviations are as defined 

for Mode 1 1. 
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Apparent extent of ruminal cell soluble digestion was calculated 

by difference: 

C = [A - {8 x NDF%)J/{l - NDF%) , 

where C = apparent extent of ruminal cell soluble digestion, A = 

apparent extent of ruminal dry matter digestion, 8 = apparent extent of 

ruminal NDF digestion, and NDF% = fraction of NDF in feed ingredient dry 

matter. For calculation of total diet cell sol uble AED, all non

roughage, non-milo ingredients were assumed to be 100% cell soluble, and 

all but animal fat were assumed to be completely digested in the rumen. 

statistical Analysis 

All data, except extents of digestion of feed ingredients within 

the same diet, were analyzed by analysis of variance for Latin square 

designs (Cochran and Cox, 1950). Extents of digestion of feed 

ingredients within the same diet were analyzed by analysis of variance 

blocked by steers. Fol lowing a significant F-test, differences between 

treatment means were located by the least significant difference method 

(Snedecor and Cochran, 1967). 

Results and Discussion 

Experiment 1 

Intake was highest (P<.10) for steers on the cottonseed hull 

diet (table 5). Digestion coefficients for dry matter and NDF were not 

different (P>.05) between wheat straw and alfalfa hay diets, but were 

lowest (P<.05) for the cottonseed hull diet. There were no differences 

in cell soluble digestion coefficients across treatments (P>.10). Since 



TABLE 5. INTAKE, DIGESTION COEFFICIENTS, AND RUMINATION TIME AS 
INFLUENCED BY ROUGHAGE SOURCE IN 65% CONCENTRATE DIETS 
(EXP. 1) 

Diet Designation 

Cottonseed Alfalfa Wheat 
hull s hay straw SEt~a 

Item 

Intake, kg OM/day 6.9 b 5.9c 6.2 bc .3 

Apparent digestion coefficients, % 

Dry matter 74.9d 80.3e 79.4e .6 

Neutral Detergent Fiber 43.9d 56.4e 51.6e 1.6 

Cell solubles 88.2 87.5 88.2 .4 

Rumination 

Minutes/24-h 262 b 239 b 325c 23 

Minutes/kg feed OM 38.4 39.0 52.8 7.1 

a Standard error of diet mean, six steers per treatment. 

b,c Row means with unlike superscripts differ (P<.10) . 

d,e Row means with unlike superscripts differ (P<.05) . 
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straw is less digestible than hay (Wheeler et al., 1979), it would be 

expected that total tract digestion coefficients for dry matter and NDF 

would be lower for the wheat straw than the alfalfa hay diet. 

Rumination times (expressed as min/24 h, but not as min/kg feed) 

were greater (P<.10) for steers fed the wheat straw diet as compared to 

the cottonseed hull and alfalfa hay diets (table 5). These results 

agree with other studies in which forage quality was inversely related 

to chewing time (Welch and Smith, 1969; Balch, 1971). No studies were 

found in which the effects of cottonseed hulls on rumination time were 

determined. 

Passage rates for milo, alfalfa hay~ and liquid were not 

different (P>.10) among diets (table 6), but there was a tendency for 

all three components to pass faster in the cottonseed hull diet and for 

milo to pass more slowly in the wheat straw diet. Intake may have 

contributed to the slightly faster passage in the cottonseed hull diet, 

since intake and passage are positively related (Owens and Goetsch, 

1986). Passage rates for cottonseed hulls and wheat straw were similar, 

and both appeared to pass out of the rumen more slowly than alfalfa 

hay. Passage rates for wheat straw, alfalfa hay, flaked milo, and 

liquid determined in the present study are similar to those reported by 

poore et al. (1987) in 60% concentrate diets for steers (3.0, 4.7, 5.1, 

and 10.0% per hour, respectively). 



TABLE 6. RATES OF PASSAGE OF INDIVIDUAL FEED COMPONENTS AND LIQUID 
AS INFLUENCED BY ROUGHAGE SOURCE IN 65% CONCENTRATE DIETS 
(EXP. 1) 

Item 

Rate of passage, %/hb 

Milo 

Cottonseed hulls 

Alfalfa hay 

Wheat straw 

Liquid 

Diet Designation 

Cottonseed Alfalfa 
hulls hay 

6.2 

2.9 

5.6 

9.2 

5.7 

5.0 

8.7 

Wheat 
straw 

5.4 

4.9 

2.7 

8.8 

a Standard error of diet mean, six steers per treatment. 

.4 

.9 

.4 

.3 

.6 

60 

b Coefficients of determination (r2) for rates of passage averaged .99 
for milo, .97 for cottonseed hulls, .99 for alfalfa hay, .98 for wheat 
straw, and .99 for liquid. 

c,d Row means with unlike superscripts differ (P<.10). 
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Experiment 2 

It was expected that inclusion of wheat straw would produce more 

of a raft in the rumen than either cottonseed hulls or alfalfa hay, 

since stratification of rumen contents has been implicated as being 

related to rumination in cattle (Van Soest, 1982; Welch 1982). There 

were no differences (P>.10) between diets for total kg of dry matter in 

the rumen (table 7), but there was a trend for inclusion of wheat straw 

to produce more of a raft in the rumen. Stratification of rumen 

contents may have contributed to the increased rumination time observed 

for the wheat straw diet in Exp. 1. 

It was expected that increased rumination times for steers fed 

the wheat straw diet in EXp. 1 would be reflected by a stabilization of 

rumen pH in Exp. 2, since rumination has been implicated as increasing 

salivation and therefore buffering capacity of the rumen (Bartley, 

1976). This was not the case, since mean pH and pH-hours less than 6.0 

were virtually identical for steers consuming diets containing either 

cottonseed hulls or wheat straw (table 7), despite differences in 

rumination times observed in EXp. 1. 

Available literature (see review by Hoover, 1986) indicates that 

rumen pH less than 6.0 is associated with depressed fiber digestion. 

Since rumen pH characteristics were similar for steers fed diets 

containing either wheat straw or cottonseed hulls, it is surprising that 

rates of milo and alfalfa hay PDF and POOM digestion appeared to be 

lower for the cottonseed hull than for the wheat straw diet (tables 8 

and 9). Rates of digestion should not be compared without considering 



TABLE 7. RUMEN DRY MATTER FILL AND LIQUID pH AS INFLUENCED BY 
ROUGHAGE SOURCE IN 65% CONCENTRATE DIETS (EXP. 2) 

Diet Designation 

Cottonseed Alfalfa Wheat 
hull s hay straw 

Item 

Rumen dry matter 

Total rumen OM, kg 5.1 5.1 4.8 

Rumen OM in raft, % 53.7 58.6 68.5 

12-h rumen pH 

Mean 6.4 6.0 6.4 

pH-hours <6.0 .6 2.3 .6 

a Standard error of diet mean, three steers per treatment. 
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SEMa 

.4 

5.2 

.2 

.9 
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TABLE 8. RATES AND EXTENTS OF IN SITU NDF DIGESTION AND DIGESTION LAG 
TIME AS INFLUENCED BY ROUGHAGE SOURCE IN 65% CONCENTRATE DIETS (EXP. 2)a 

Diet Designation 
cottonseed Alfalfa Wheat 

Item hull s hay straw SEMb 

Extent of digestion (PDF) , % of NDF 

Milo 75.2e 82.9 83.8e 4.7 

Cottonseed hull s 38.7 f 4.0 

A 1 fa lfa hay 57.9g 58.4 59.7 f .4 

Wheat straw 41.3g 2.3 

Rate of PDF digestion, %/hc 

Milo 3.0 2.8 5.2 .5 

Cottonseed hulls 1.8 .8 

Alfalfa hay 4.8 4.3 7.9 .9 

Wheat straw 3.2 .5 

Digestion lag time, h 

Milo 10.9 10.3 10.1 .7 

Cottonseed hullsd -6.6 8.6 

A 1 fa lfa hayd -2.7 -.6 1.0 .7 

Wheat straw 5.6 1.7 

a Abbreviations: PDF = potentially digestible fiber; NDF = neutral 
detergent fiber; CSH = cottonseed hulls; WS = wheat straw. 

b Standard error of diet mean, three steers per treatment. 

c Coefficients of determination (r2) for rates of PDF digestion averaged 
.97 for milo, .93 for CSH, .96 for alfalfa hay, and .97 for WS. 

d A negative lag time indicates a portion of the NDF was calculated to 
be soluble at zero hour (the intercept of the line was below 100%). 

e,f,g Column means with unlike superscripts differ (P<.05). 



TABLE 9. RATES AND EXTENTS OF DIGESTION AND IN SITU RAPIDLY DEGRADED 
PORTION OF DRY MATTER AS INFLUENCED BY ROUGHAGE SOURCE IN 
65% CONCENTRATE DIETS (EXP. 2)a 

Diet Designation 

Cottonseed Alfalfa 
Item hulls hay 

Extent of digestion (PDDM), % of dry matter 

Milo 

Cottonseed hull s 

Alfalfa hay 

Hheat straw 

Rate of PDDM digestion, %/hc 

Mi 10 

cottonseed hulls 

Alfalfa hay 

Hheat straw 

Rapidly degraded dry matter, % 

Mi 10 

cottonseed hulls 

Alfalfa hay 

Wheat straw 

94.1 d 

41.3e 

79.9 f 

4.7 

1.9 

5.9 

45.4 

9.4 

43.0 

95.1 

80.1 

4.8 

5.6 

46.5 

39.9 

Hheat 
straw 

6.7 

10.0 

3.3 

31.8 

33.7 

23.3 

a Abbreviations: PDDM = potentially digestible dry matter. 

b Standard error of diet mean, three steers per treatment. 

.5 

4.2 

.6 

2.9 

.9 

.9 

1.0 

.3 

9.5 

2.2 

3.3 

.4 
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c Coefficients of determination (r2) for rates of PDDM digestion 
averaged .97 for milo, .96 for cottonseed hulls, .98 for alfalfa hay, 
and .99 for wheat straw. 

d,e,f Column means with unlike superscripts differ (P<.Ol). 
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extents of digestion (since the former is dependent on the latter), but 

cumulative digestion curves (figures 3 and 4) indicate that wheat straw 

did tend to improve milo and alfalfa hay DM digestion. Figures 5 and 6 

indicate there were only slight differences for milo and alfalfa hay 

cell soluble digestion, suggesting the trend for improved dry matter 

digestion in the wheat straw diet was due to an improvement in NDF 

digestion. This does appear to be the case, as indicated by figures 7 

and 8. The apparent difference in fiber digestion without an 

accompanying difference in rumen pH would suggest that a critically low 

rumen pH was not maintained for sufficient time to reduce fiber 

digestion in these diets. Hart (1987) also observed differences in 

digestibility of NDF that could not be attributed to differences in pH 

for steers fed sorghum silage diets with up to 60% added ground sorghum. 

Extents of NDF and dry matter digestion (tables 8 and 9) were 

lower (P<.05) for wheat straw as compared to alfalfa hay, but there were 

no differences for total tract digestion coefficients between the 

alfalfa hay and wheat straw diets. This offers further support for the 

observation that wheat straw was altering digestibility of other 

ingredients in these mixed diets. 

In situ determination of potentially digestible fiber content 

for each ingredient in Exp. 2 enabled calculation of total tract 

digestion coefficients for PDF in Exp. 1. This is important for 

obtaining unbiased comparisons of fiber digestion across treatments 

(Poore et al., 1987), since each diet contained a different source of 

NDF which varied in potential extent of digestion. 
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Complete diet PDF was estimated by multiplying the highest PDF 

value for each ingredient by the percentage of each ingredient in the 

diet. Calculated PDF contents for each diet are listed in table 10. 

Although the wheat straw and cottonseed hull diets appeared to have 

lower PDF as a percentage of NDF, these diets were higher in NDF as a 

percentage of dry matter (table 3). The result was for PDF as a 

percentage of dry matter to be similar for the three diets (table 10). 

Digestion coefficients for PDF were obt~ined by dividing the NDF 

digestion coefficients by PDF as a percentage of NDF for each diet. 

There was a trend for higher PDF digestion in the wheat straw diet, 

which is in agreement with in situ digestion results. Table 10 also 

shows that milo contributed approximately one-third of total diet PDF, 

indicating the importance of evaluating digestion of both roughage and 

grain fiber in high concentrate diets. 

Calculated Extents of Ruminal Digestion 

The model for calculating apparent extent of ruminal dry matter 

digestion includes rapidly degraded portion of dry matter (table 9), 

rates and extents of digestion, and rates of passage for each feed 

ingredient. Calculated AED for milo dry matter (table 11) did not 

differ among diets (P>.10). Calculated milo dry matter AED values in 

this study are similar to the value reported for ground corn (69.1) by 

Erdman et al. (1987) in 50% concentrate diets for lactating cows. 

Apparent extent of ruminal digestion of alfalfa hay dry matter was 

highest (P<.05) in the wheat straw diet as compared to the other two 

diets (table 11). Comparing roughage sources, alfalfa hay appeared to 



TABLE 10. CALCULATED VALUES AND TOTAL TRACT DIGESTION COEFFICIENTS 
FOR POTENTIALLY DIGESTIBLE FIBER IN 65% CONCENTRATE DIETSa 

Diet Designation 

Cottonseed Alfalfa Wheat 
SEMb hull s hay straw 

Item 

Calculated PDF content of diets 

Percent of NDF 53.9 66.7 57.2 

Percent of OM 16.3 15.2 15.2 

PDF digestion coefficient 

Total tract, % 81.5 84.6 90.3 2.9 

Ingredient contribution to total diet PDF, % 

Milo 33.1 36.4 35.5 

Cottonseed hulls 37.2 

Alfalfa hay 29.7 63.6 31.8 

Wheat straw 32.7 

a Abbreviations: PDF = potentially digestible NDF, NDF = neutral 
detergent fiber, OM = dry matter. 

b Standard error of diet mean, six steers per treatment. 
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TABLE 11. APPARENT EXTENT OF RUMINAL DIGESTION (AED) FOR DRY MATTER 
AS INFLUENCED BY ROUGHAGE SOURCE IN 65% CONCENTRATE DIETSa 

Diet Designation 

Cottonseed Alfalfa Wheat 
hull s hay straw SEMb 

Item 

AED, % of dry matter 

Milo 66.S 69.5 67.3 1.0 

Cottonseed hull s 22.4 3.0 

Alfalfa hay 62.1 c 61. 7c 65.9d .S 

Wheat straw 40.4 1.4 

Total diet 59.7 c 67.5d 63.Se .9 

TT digestion coefficient 74.9c SO.3d 79.4d .6 

Ruminal digestion, % of TT 79.9c S4.0d SO.3c .S 

a Abbreviations: TT = total tract. 

b Standard error of diet mean, six steers per treatment. 

c,d,e Row means with unlike superscripts differ (P<.05). 
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have the highest and cottonseed hulls the lowest AED for dry matter. 

Since roughage sources varied in AED, total diet dry matter AED was 

lowest for the cottonseed hull diet, intermediate for the wheat straw 

diet, and highest for the alfalfa hay diet (P<.05). Proportion of total 

tract dry matter digestion occurring in the rumen was highest for the 

alfalfa hay diet (P<.05) and was not different between the cottonseed 

hull and wheat straw diets. 

Apparent extent of ruminal NDF digestion was evaluated by two 

model s. Model 2 incl uded a digestion 1 ag phase, and Modell did not. 

Cottonseed hulls and wheat straw appeared lower as compared to alfalfa 

hay for NDF AED as calculated by either model (table 12). Values are 

s imil ar to those reported by poore et a 1. (1987) for wheat straw (22.1), 

a 1 fa 1 fa hay (24.9), and fl aked mi 1 0 (44.1) in 60% concentrate diets for 

steers. 

The trend for faster digestion of milo and alfalfa hay PDF in 

the wheat straw diet without a reduction in extent of digestion, 

combined with a tendency for slower passage, resulted in a higher AED 

for milo and alfalfa hay NDF in the wheat straw diet (table 12) as 

calculated by either model (P<.05). This resulted in more total diet 

NDF being digested in the rumen for steers on the wheat straw diet 

(P<.05), which is desirable since the rumen is the most efficient site 

of fiber digestion. The AED for total diet NDF was lower in the 

cottonseed hull than in the alfalfa hay diet. However, since total 

tract NDF digestion was depressed for the cottonseed hull diet, ruminal 

digestion expressed as a percentage of total tract digestion was not 



TABLE 12. APPARENT EXTENT OF RUMINAL DIGESTION (AED) FOR NEUTRAL 
DETERGENT FIBER AS INFLUENCED BY ROUGHAGE SOURCE IN 
65% CONCENTRATE DIETSa 

Item 

Model 1 AED, % of NDFc 

Milo 

cottonseed hulls 

Alfalfa hay 

Wheat straw 

Total diet 

Model 2 AED, % of NDFc 

Milo 

Cottonseed hulls 

Alfalfa hay 

Wheat straw 

Total diet 

TT digestion coefficient 

Ruminal digestion, % of TT 

Mode 1 1 c 

Model 2c 

Diet Designation 
Cottonseed Alfalfa Wheat 

hulls hay straw 

25.5d 

15.3 

26.9d 

18.5 

31.2d 

50.1 d 

37.4d 

29.0d 

27.8d 

17.0d 

22.8 

34.1 f 

35.ge 

19.8 

66.2e 

46.1 e 

1.5 

1.2 

1.3 

1.8 

1.2 

1.4 

1.6 

2.0 

2.1 

a Abbreviations: TT = total tract, NDF = neutral detergent fiber. 

b Standard error of diet mean, six steers per treatment. 

c Modell, no lag time in calculations; Model 2, lag phase included. 

d,e,f Row means with unlike superscripts differ (P<.05). 

76 



77 

different between the cottonseed hull and alfalfa hay diets (P>.05). 

Comparing models (table 12), ruminal NDF digestion as a 

percentage of total tract digestion ranged from 50 to 66% when 

calculated without lag time. When a lag phase was included, ruminal 

digestion as a percentage of total digestion ranged from 34 to 46%, 

which would mean that most of the fiber digestion was calculated to 

occur beyond the rumen. When measured by the lignin ratio technique, 

Bines and Davey (1970) found 57% of total tract cellulose digestion 

occurred in the rumens of cannulated cows fed 60% concentrate diets. 

Also by the lignin ratio technique, Cole et al. (1976c) observed even 

higher ruminal cellulose digestion (84% of total tract digestion) in 79% 

concentrate diets for cannulated steers. This was interpreted to 

suggest that inclusion of a lag phase in the model underestimated 

ruminal fiber digestion in this study. 

eell soluble AED values were similar for the two models (table 

13), but relative comparisons of the diets differed slightly depending 

on which model was used for calculating NDF AED. Milo cell soluble AED 

was lower (P<.10) in the wheat straw as compared to the alfalfa hay 

diet. Alfalfa hay cell soluble AED was not affected by diet (P>.10) 

according to Modell, but was higher (P<.05) for the wheat straw as 

compared to alfalfa hay and cottonseed hull diets by Model 2. Since 

source of cell solubles varied when roughage sources were changed, total 

diet cell soluble AED values were highest for the alfalfa hay diet 

(P<.05) and not different for the wheat straw and cottonseed hull diets 

when calculated by Modell. By Model 2, there was no difference (P>.05) 
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TABLE 13. APPARENT EXTENT OF RUMINAL DIGESTION (AED) FOR CELL SOLUBLES 
AS INFLUENCED BY ROUGHAGE SOURCE IN 65% CONCENTRATE DIETSa 

Diet Designation 

Cottonseed Alfalfa 
hulls hay 

Item 

Model 1 AED, % of cell solublesc 

Milo 

Alfalfa hay 

Total diet 

85.7 

74.5d 

Model 2 AED, % of cell solubles c 

Mi 1 0 

Alfalfa hay 

Total diet 

TT digestion coefficient 

Ruminal digestion, % of TT 

Model 1 c 

Model 2c 

72.5g 

82.8d 

71.1 d 

88.2 

a Abbreviations: TT = total tract. 

73.8e 

84.5 

77 .ge 

87.5 

Wheat 
straw 

70.0d 

84.9 

74.5d 

71.8g 

86.0e 

76.7 e 

88.2 

84.4d 

87.0 f 

b Standard error of diet mean, six steers per treatment. 

.9 

.6 

.7 

.9 

.6 

.7 

.4 

.7 

.8 

c Model 1, no lag time in calculations; Model 2, lag phase included. 

d,e,f Row means with unlike superscripts differ (P<.05). 

g,h Row means with unlike superscripts differ (P<.10). 
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between the wheat straw and alfalfa hay diets. Ruminal as a percentage 

of total tract cell soluble digestion was similar when calculated by 

either model and was highest (P<.05) for the alfalfa hay diet. 

In summary, roughage source influenced rumination time, total 

tract PDF digestion, in situ fiber digestion, and calculated apparent 

extents of ruminal digestion. Substitution of cottonseed hulls for 50% 

of the alfalfa hay reduced diet digestibility, but substitution with 

wheat straw did not. Wheat straw improved utilization of milo and 

alfalfa hay, particularly the fiber portion, by decreasing passage or 

increasing rate of digestion. This resulted in the wheat straw diet 

being as digestible as the alfalfa hay diet, even though wheat straw 

itself was less digestible than alfalfa hay. 



CHAPTER 4 

INFLUENCE OF ROUGHAGE SOURCE ON IN SITU DIGESTION, 
RATES OF PASSAGE, RUMINATION TIME, AND CALCULATED EXTENTS OF 

RUMINAL DIGESTION IN BEEF STEERS: 2. 90% CONCENTRATE DIETS 

Summary 

Diets were based on steam-flaked milo and contained either 

chopped alfalfa hay (control diet), chopped wheat straw, or cottonseed 

hulls as the roughage source (10% of diet dry matter). Latin square 

experiments were used to evaluate the influence of roughage source on 

total tract digestion coefficients, particulate passage rates (rare 

earth metals), liquid turnover rates (Co-EDTA), and rumination time in 

six growing steers (Exp. 1), and on in situ digestion, rumen pH, and 

rumen dry matter distribution in three mature, rumen-cannulated steers 

(Exp. 2). Competition between rates of passage and digestion were used 

to calculate apparent extent of ruminal digestion (AED). In Exp. 1, 

total tract dry matter (OM), neutral detergent fiber (NDF), and cell 

soluble digestion coefficients were highest (P<.05), intake tended to be 

lowest, and milo rate of passage was slowest (P<.10) for the alfalfa hay 

diet. Wheat straw stimulated rumination (P<.05). In Exp. 2, wheat 

straw tended to increase rumen pH, but there were no differences between 

diets for cumulative in situ OM, NDF or cell soluble digestions. Milo 

contributed over two-thirds of potentially digestible fiber (PDF) to the 

diet, and total tract PDF digestion coefficients did not differ (P>.10). 

Total diet AED for OM, NDF, and cell solubles were highest (P<.05) for 
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the alfalfa hay diet. Inclusion of a lag phase appeared to under

estimate ruminal NDF digestion as a percentage of total tract digestion. 

The data are interpreted to suggest that cottonseed hulls and wheat 

straw produce slightly less digestible diets by being less digestible 

than alfalfa hay, and by increasing intake and particulate passage 

rates. At this high concentrate level, factors other than 

digestibility, such as intake and rumen pH, may be more important from a 

management point of view. 

(Key Words: Roughage, Rumen Digestion, Transit Time, Rumination, 
Cattle Fattening, Cattle.) 

Introduction 

Nutrient utilization by ruminants is a complex process that can 

be affected by a number of factors. Associative effects have been 

observed between roughages and concentrates (Mould et al., 1983), but 

studies comparing effects of different roughages on passage and 

digestion of the grain portion of high concentrate diets are limited. 

Sin c e r 0 ugh age sou r c e s d iff e r c h em i cally and ph Y sic all y, it i s 

possible that roughage source could influence utilization of the 

concentrate portion of mixed diets. This is the case in 65% concentrate 

diets, as reported in the companion paper. This study was initiated to 

study the influence of three common roughage sources on events that 

might alter utilization of 90% concentrate feedlot diets, such as rates 

of passage and digestion of individual feeds in mixed diets. Factors 

that could affect rumen environment, such as rumination and rumen pH 

patterns, were also evaluated. The hypothesis was that roughage source 



could influence ruminal digestion or passage of other ingredients in 

mixed diets, affecting site or extent of digestion and overall diet 

utilization. 

Materials and Methods 
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Diets were 90% concentrate and were based on steam-flaked milo 

(table 14). Roughage source was chopped alfalfa hay (control diet), 

cottonseed hulls, or chopped wheat straw. Six growing steers (average 

weight 372 kg) were fed ad libitum and used in two balanced 3x3 Latin 

square experiments (Cochran and Cox, 1950) to evaluate the influence of 

roughage source on apparent digestion coefficients, rates of particulate 

passage, rumen liquid turnover rates, and rumination time (Exp. 1). 

Three mature, rumen-cannulated steers (average weight 680 kg) were used 

in a 3x3 Latin square experiment to evaluate influence of roughage 

source on in situ digestion, rumen pH, and rumen dry matter distribution 

(Exp. 2). Steers were not the same animals used for the 65% concentrate 

diets, but all other conditions, measurements, and calculations were as 

described in the companion paper with the exception that cannulated 

steer intakes were restricted to 1.0% of body weight. 

Data were analyzed by analysis of variance for Latin square 

designs (Cochran and Cox, 1950). Fol lowing a significant F-test, 

differences between treatment means were located by the least 

significant difference method (Snedecor and Cochran, 1967). 



TABLE 14. INGREDIENT COMPOSITION AND CHEMICAL ANALYSIS OF 
90% CONCENTRATE DIETS (DRY MATTER BASIS)a 

Roughage Source 

Cottonseed Alfalfa 
hull s hay 

Item 

Ingredient, % 

Flaked milo 81. 77 82.59 

Cottonseed hull s 9.87 

A lfa lfa hay, chopped 9.86 

Wheat straw, chopped 

Molasses 3.03 3.03 

Animal fat 1. 78 1.77 

Urea 1.07 .62 

Limestone, ground .84 .62 

Dicalcium phosphate .31 .18 

Sodium chloride .44 .44 

Monensin premix .89 .89 

Analysis, % 

Neutral detergent fiber 19.8 13.8 

Nitrogen 1.9 2.0 

Wheat 
straw 

81.77 

9.87 

3.03 

1. 78 

1.07 

.84 

.31 

.44 

.89 

16.6 

2.0 

a All diets contained 3300 IU vitamin A and 33 mg monensin/kg. 
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Results and Discussion 

Experiment 1: Intact steers 

Intakes (tabl e 15) were not different (P>.10) across diets, but 

there was a tendency for steers to consume less of the alfalfa hay diet. 

Tota 1 tract digest ion coeffi c i ents for dry matter were lowest (P<.10) 

for the cottonseed hull as compared to the alfalfa hay diet and 

intermediate for the wheat straw diet. These results are expected, 

based on in situ relative dry matter digestibilities for cottonseed 

hulls (31%), straw (54%), and hay (68%) reported by Wheeler et al. 

(1979). Digestion coefficients for neutral detergent fiber were 

comparable for wheat straw and cottonseed hull diets, and both were 

lower than those obtained from the alfalfa hay diet (P<.05). eell 

soluble digestion was lower for the wheat straw as compared to the 

alfalfa hay diet (P<.10), but the biological significance of two 

percentage units is questionable. 

Rumination times were longer (table 15) for steers fed the wheat 

straw diet as compared to the cottonseed hull diet (P<.05), even when 

corrected for dry matter intake. Rumination times for steers fed the 

alfalfa hay diet were intermediate. Other studies (Welch and Smith, 

1969; Balch, 1971) have shown that forage quality is inversely related 

to chewing time, but no studies were found in which effects of 

cottonseed hulls on rumination time were evaluated. 

Passage of milo out of the rumen (table 16) was slower (P<.10) 

in the alfalfa hay diet as compared to the cottonseed hull and wheat 

straw diets. This may be a reflection of intake, since steers tended to 



TABLE 15. INTAKE, DIGESTION COEFFICIENTS, AND RUMINATION TIME AS 
INFLUENCED BY ROUGHAGE SOURCE IN 90% CONCENTRATE DIETS 
(EXP. 1) 

Roughage Source 

cottonseed Alfalfa 
hulls hay 

Item 

Intake, kg DM/day 6.3 5.9 

Wheat 
straw 

6.6 

Apparent digestion coefficients, % 

Dry matter 

Neutral Detergent Fiber 

Cell solubles 

Rumination 

Minutes/24-h 

Minutes/kg feed DM 

81.0d 

43.7 b 

90.2 de 

84.7 e 

58.6c 

90.7 e 

82.2de 

49.0b 

88.8d 

210 bc 308c 

36.1 bc 47.0c 

a Standard error of diet mean, six steers per treatment. 

b,c Row means with unlike superscripts differ (P<.05). 

d,e Row means with unlike superscripts differ (P<.10). 

.4 

1.0 

2.3 

.6 

14 

3.2 
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TABLE 16. RATES OF PASSAGE OF INDIVIDUAL FEED COMPONENTS AND LIQUID 
AS INFLUENCED BY ROUGHAGE SOURCE IN 90% CONCENTRATE DIETS 
(EXP. 1) 

Item 

Rate of passage, %/hb 

Milo 

Cottonseed hulls 

Alfalfa hay 

Wheat straw 

Liquid 

Roughage Source 

Cottonseed Alfalfa 
.hulls hay 

4.6d 

2.0 

5.4 

3.4 

7.0 

Wheat 
straw 

3.1 

7.7 

a Standard error of diet mean, six steers per treatment. 

.3 

.5 

.3 

.2 

.8 

86 

b Coefficients of determination (r2) for rates of passage averaged .99 
for milo, .91 for cottonseed hulls, .99 for alfalfa hay, .98 for wheat 
straw, and .98 for liquid. 

d,e Row means with unlike superscripts differ (P<.10). 
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consume less of the alfalfa hay diet. For the roughages, passage 

appeared to be fastest for alfalfa hay, slowest for cottonseed hulls, 

and intermediate for wheat straw. The passage rate for milo is similar 

to the value reported by Poore et ale (1987) in 90% concentrate diets 

for steers (4.4%/h). In a sunmary of over 30 publ ished studies, Owens 

and Goetsch (1986) could only find one paper that reported passage of 

roughage in diets containing over 80% concentrate. The value, 2.9% per 

hour, is comparable to values reported in this study. 

Liquid turnover rates (table 16) tended to be faster in the 

wheat straw diet. Based on continuous culture fermentations (Isaacson 

et al., 1975), this might be interpreted to suggest that efficiency of 

fermentation was improved. However, liquid passage is expressed as a 

percent of total 1 iquid, and in vivo liquid volume is not necessarily 

constant as it is in continuous cultures. 

Experiment 2: Cannulated steers 

Since wheat straw stimulated rumination in EXp. 1, it was 

expected that this roughage would produce more of a raft in rumens of 

steers in Exp. 2, as stratification of rumen contents has been suggested 

to be related to rumination in cattle (Van Soest, 1982; Welch, 1982). 

There were no differences (P>.10) in total rumen dry matter (table 17), 

but there was a trend for wheat straw to produce more of a raft in the 

rumens of steers on the wheat straw diet. Stratification of rumen 

contents may have contributed to the increased rumination observed in 

Ex p. 1. 
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TABLE 17. RUMEN DRY MATTER FILL AND LIQUID pH AS INFLUENCED 
BY ROUGHAGE SOURCE IN 90% CONCENTRATE DIETS (EXP. 2) 

Roughage Source 

Cottonseed Alfalfa Wheat 
hulls hay straw SEMa 

Item 

Rumen dry matter 

Total rumen DM, kg 4.7 3.7 3.9 .4 

Rumen DM in raft, % 2.4 0.0 19.9 11.6 

12-h rumen pH 

Mean 5.8 5.9 6.2 .2 

pH-hours <6.0 4.9 3.7 1.1 1.4 

a Standard error of diet mean, three steers per treatment. 
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It was expected that increased rumination times for steers fed 

wheat straw diet in Exp. 1 would be reflected by a stabilization of 

rumen pH in Exp. 2, since rumination has been suggested to increase 

salivation and therefore buffering capacity of the rumen (Bartley, 

1976). Although mean pH values were not different (P>.10; table 17), 

there was a trend for pH-hours below 6.0 to be less for the wheat 

straw diet, which may be important to prevent acidosis in these high 

concentrate feedlot diets. 

Available 1 iterature (see review by Hoover, 1986) indicates that 

rumen pH less than 6.0 is associated with depressed fiber digestion. It 

may therefore appear surprising that rate of milo POF digestion was 

fastest (P<.05) in the cottonseed hul j diet (table 18), since. this is 

the diet that produced the lowest rumen pH. However, rate of digestion 

is expressed as a percentage of remaining potentially digestible 

material. Since the extent of milo NOF digestion was depressed (P<.05) 

in the cottonseed hull diet (table 18), these two factors offset each 

other and cumulative in situ digestion of milo NOF was not different for 

the three diets (figure 9). This ill ustrates the need to eval uate 

extents of digestion when comparing rates of digestion, since a simple 

comparison of the rates in this case would lead to the erroneous 

conclusion that cottonseed hulls stimulated milo fiber digestion. 

Cumulative milo dry matter and cell soluble digestions (figures 10 and 

11) substantiate the conclusion that roughage source did not influence 

in situ digestion of milo at the 90% concentrate level. Rates and 

extents of milo POOM digestion (table 19) did not differ between 
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TABLE 18. RATES AND EXTENTS OF IN SITU NDF DIGESTION AND DIGESTION LAG 
TIME AS INFLUENCED BY ROUGHAGE SOURCE IN 90% CONCENTRATE DIETS {EXP. 2)a 

Roughage Source 
cottonseed Alfalfa Wheat 

Item hulls hay straw 

Extent of digestion (PDF), % of NDF 

Milo 58.6d 

cottonseed hull s 

Alfalfa hay 

Wheat straw 

Rate of PDF digestion, %/hc 

Milo 

Cottonseed hu 11 s 

Alfalfa hay 

Wheat straw 

Digestion lag time, h 

Milo 

Cot tonseed hu 11 s 

Alfalfa hay 

Wheat straw 

24.8 

1.6 

12.6 

3.2 

56.1 

23.7 

3.7 

2.3 

10.6 13.2 

-.4 

11.5 

1.7 

5.4 

.7 

2.0 

.1 

.8 

.7 

.1 

3.3 

.3 

4.9 

2.8 

a Abbreviations: PDF = potentially digestible fiber; NDF = neutral 
detergent fiber. 

b Standard error of diet mean, three steers per treatment. 

c Coefficients of determination (r2) for rates of PDF digestion averaged 
.97 for milo, .96 for alfalfa hay, .93 for cottonseed hulls, and .99 
for wheat straw. 

d,e Row means with unlike superscripts differ (P<.05) 
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TABLE 19. RATES AND EXTENTS OF DIGESTION AND IN SITU RAPIDLY DEGRADED 
PORTION OF DRY MATTER AS INFLUENCED BY ROUGHAGE SOURCE 
IN 90% CONCENTRATE DIETS (EXP. 2)a 

cottonseed Alfalfa Wheat 
Item hulls hay straw 

Extent of digestion (PDDM), % of OM 

Mi 1 0 

cottonseed hull s 

Alfalfa hay 

Wheat straw 

Rate of PDDM digestion, %/hc 

Milo 

Cottonseed hu 11 s 

Alfalfa hay 

Wheat straw 

Rapidly degraded dry matter, % 

Milo 

cottonseed hulls 

Alfalfa hay 

Wheat straw 

92.4 

30.1 

3.7 

1.7 

39.9d 

6.6 

93.6 

80.0 

3.7 

4.5 

38.5 

93.7 

44.5 

3.4 

2.3 

22.2 

a Abbreviations: PDDM = potentially digestible dry matter. 

b Standard error of diet mean, three steers per treatment. 

.5 

2.5 

.7 

.8 

.5 

.7 

.8 

.1 

.4 

.8 

4.2 

.2 

c Coefficients of determination (r2) for rates of PDDM digestion 
averaged .98 for milo, .97 for alfalfa hay, .94 for cottonseed hulls, 
and .99 for wheat straw. 

d,e Row means with unlike superscripts differ (P<.05). 
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treatments (P>.10), but it does appear that wheat straw and cottonseed 

hulls are less digestible than alfalfa hay in situ. 

In situ determination of potentially digestible fiber content 

for each ingredient in Exp. 2 enabled calculation of total tract 

digestion coefficients for PDF in Exp. 1. This is important for 

obtaining unbiased comparisons of fiber digestion across treatments 

(Poore et al., 1987), since each diet contained a different source of 

NDF which varied in potential extent of digestion. 

Complete diet PDF was estimated by multiplying the highest PDF 

value for each ingredient from the 65% concentrate diets (reported in 

the companion paper) by the percentage of each ingredient in the diet. 

Values used for PDF were: milo 83.8, alfalfa hay 59.7, cottonseed hulls 

38.7, and wheat straw 41.3% of NDF. Calculated PDF contents for each 

diet are listed in table 20. Although the wheat straw and cottonseed 

hull diets appeared to have lower PDF as a percentage of NDF, these 

diets were higher in NDF as a percentage of dry matter (table 14). The 

result was for PDF as a percentage of dry matter to be similar for the 

three diets (table 20). Digestion coefficients for PDF were obtained by 

dividing the NDF digestion coefficients by PDF as a percentage of NDF 

for each diet. There were no differences (P>.10) across treatments, but 

the alfalfa hay diet tended to produce the highest total tract 

digestibility of PDF. Table 20 also shows that milo contributed over 

two-thirds of PDF to the diet, indicating the importance of evaluating 

digestion of both roughage and grain fiber in high concentrate diets. 



TABLE 20. CALCULATED VALUES AND TOTAL TRACT DIGESTION COEFFICIENTS 
FOR POTENTIALLY DIGESTIBLE FIBER IN 90% CONCENTRATE DIETSa 

Roughage Source 

Cottonseed Alfalfa 

Item 

Calculated PDF content of diets 

Percent of NDF 

Percent of OM 

PDF digestion coefficient 

Total tract, % 

hull s hay 

61.8 

11.4 

70.7 

75.9 

10.7 

77 .3 

Ingredient contribution to total diet PDF, % 

Milo 

cottonseed hull s 

Alfalfa hay 

Wheat straw 

69.4 

30.6 

74.2 

25.8 

Wheat 
straw 

65.8 

10.7 

74.6 

73.4 

26.6 

3.5 

a Abbreviations: PDF = potentially digestible NDF, NDF = neutral 
detergent fiber, and OM = dry matter. 

b Standard error of diet mean, six steers per treatment. 
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Calculated Extents of Ruminal Digestion 

The model for calculating apparent extent of ruminal dry matter 

digestion includes rapidly degraded portion of dry matter (table 19), 

rates and extents of digestion, and rates of passage for each feed 

ingredient. For roughages, it appears that alfalfa hay had the highest, 

cottonseed hulls the lowest, and wheat straw intermediate values for dry 

matter AED (table 21). Calculated AED for milo dry matter was highest 

(P<.05) in the alfalfa hay diet, resulting in a higher (P<.05) total 

diet AED for dry matter, due to the substantial contribution of milo to 

total diet dry matter at this concentrate level. Ruminal digestion as a 

percentage of total tract dry matter digestion was also highest (P<.05) 

in the alfalfa hay diet, despite a higher total tract digestion 

coefficient. There were no differences between the cottonseed hull and 

wheat straw diets for dry matter AED and proportion of total tract 

digestion occurring in the rumen (P>.05). 

Apparent extent of ruminal digestion of NDF (table 22) produced 

similar treatment comparisons whether or not digestion lag times (table 

18) were included in the model. In both cases, milo and total diet NDF 

AED values were highest for the alfalfa hay diet (P<.05), and were 

similar for the cottonseed hull and wheat straw diets. When expressed 

as a percentage of total tract digestion, there were no differences 

(P>.10) between treatments, due to the elevated total tract digestion 

coefficient for the alfalfa hay diet. Roughages differed in NDF AED, 

with cottonseed hulls and wheat straw appearing similar and 

substantially lower than alfalfa hay. 



TABLE 21. APPARENT EXTENT OF RUMINAL DIGESTION (AED) FOR DRY MATTER 
AS INFLUENCED BY ROUGHAGE SOURCE IN 90% CONCENTRATE DIETSa 

Item 

AED, % of dry matter 

Mi 1 0 

Cottonseed hulls 

Alfalfa hay 

Wheat straw 

Total diet 

TT digestion coefficient 

Ruminal digestion, % of TT 

Roughage Source 

Cottonseed Alfalfa 
hull s hay 

63.8c 

18.9 

60.6c 

81.0e 

74.9c 

62.3 

69.1d 

84.7 f 

80.1 d 

a Abbreviations: TT = total tract. 

Wheat 
straw 

32.0 

61.6c 

82.2ef 

75.1 c 

b Standard error of diet mean, six steers per treatment. 

c,d Row means with unlike superscripts differ (P<.05). 

e,f Row means with unlike superscripts differ (P<.10). 

.9 

2.6 

1.3 

.5 

.9 

1.0 

.7 
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TABLE 22. APPARENT EXTENT OF RUMINAL DIGESTION (AED) FOR NEUTRAL 
DETERGENT FIBER AS INFLUENCED BY ROUGHAGE SOURCE IN 
90% CONCENTRATE DIETSa 

Item 

Model 1 AED, % of NDFc 

Milo 

cottonseed hulls 

Alfalfa hay 

Wheat straw 

Total diet 

Model 2 AED, % of NDF c 

Milo 

Cottonseed hulls 

Alfalfa hay 

Wheat straw 

Total diet 

TT digestion coefficient 

Ruminal digestion, % of TT 

Mode 1 1 c 

Model 2c 

Rougha1e Source 
Cottonseed A falfa Wheat 

hulls hay straw 

21.6 

12.6 

12.5d 

12.0 

44.8 

27.3 

24.3 

29.5 

22.ge 

29.9 

39.3 

28.3 

20.9 

10.2 

18.1d 

7.2 

10.0d 

49.1 d 

37.7 

20.9 

1.1 

4.8 

3.2 

1.0 

1.0 

1.2 

5.0 

3.1 

1.1 

1.1 

2.3 

2.7 

2.5 

a Abbreviations: TT = total tract, NDF = neutral detergent fiber. 

b Standard error of diet mean, six steers per treatment. 

c Modell, no lag time in calculations; Model 2, lag phase included. 

d,e Row means with unlike superscripts differ (P<.05). 
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Comparison of models (table 22) indicates that inclusion of 

a lag phase may underestimate ruminal fiber digestion. Approximately 

40% of fiber digestion was calculated to occur in the rumen by Modell, 

but only 25% was calculated to occur in the rumen by Model 2. Modell 

values are similar to those described by Brink and Steele (1985), who 

observed that 47% of total tract NDF digestion occurred in the rumen of 

steers on 90% concentrate diets. For cellulose, Cole et ale (1976c) 

found much higher digestion (93%) of total tract cellulose digestion 

occurred in the rumen of steers fed 93% concentrate diets. Bines and 

Davey (1970) observed ruminal digestion as a percent of total tract 

digestion of cellulose to be 28% on 80% concentrate diets, but the value 

jumped to 86% for 100% concentrate diets fed to cows. 

Cell soluble AED for milo and the total diet were highest 

(P<.05) for the alfalfa hay and not different for the cottonseed hull 

and wheat straw diets (table 23). When expressed as a percentage of 

total tract digestion, ruminal cell soluble AED was lowest (P<.05) for 

the cottonseed hull diet, intermediate for the wheat straw diet, and 

highest for the alfalfa hay diet. 

The data are interpreted to suggest that cottonseed hulls and 

wheat straw produce sl ightly less digestible diets by being less 

digestible than alfalfa hay, and by increasing intake and particulate 

passage rates. At this high concentrate level, factors other than 

digestibil ity, such as intake and rumen pH, may be more important from a 

management point of view. 
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TABLE 23. APPARENT EXTENT OF RUMINAL DIGESTION (AED) FOR CELL SOLUBLES 
AS INFLUENCED BY ROUGHAGE SOURCE IN 90% CONCENTRATE DIETSa 

Roughage Source 

Cottonseed Alfalfa Wheat 
SEMb hull s hay straw 

Item 

Model 1 AED, % of cell solublesc 

Mi 1 0 68.3d 74.0e 68.0d .9 

Total diet 68.4d 75.2e 69.6d .8 

Model 2 AED, % of cell solublesc 

Milo 69.3d 74.ge 69.0d .9 

Total diet 69.6d 75.ge 7I.Od .8 

TT digestion coefficient 90.29h 90.7g 88.8h .6 

Ruminal digestion, % of TT 

Model IC 75.8d 82.ge 78.5 f .5 

Model 2c 77.2d 83.6e 80.I f .5 

a Abbreviations: TT = total tract. 

b Standard error of diet mean, six steers per treatment. 

c Modell, no lag time in calculations; Model 2, lag phase included. 

d,e,f Row means with unlike superscripts differ (P<.05). 

g,h Row means with unlike superscripts differ (P<.IO). 



CHAPTER 5 

SUMMARY 

The hypothesis for this dissertation was that results of feedlot 

studies (in which steers performed equally when wheat straw replaced 

alfalfa hay) could be explained by differences in diet utilization. 

Studies were conducted to evaluate the influence of three common 

roughage sources on parameters that could influence diet utilization, 

such as rates of passage and digestion of individual feed components in 

mixed diets. The control diet contained chopped alfalfa hay as the 

roughage source. At the 65% concentrate level, cottonseed hulls or 

chopped wheat straw replaced half the alfalfa hay in experimental diets. 

At the 90% concentrate level~ roughage sources were either chopped 

alfalfa hay (control diet), chopped wheat straw, or cottonseed hulls. 

At the 65% concentrate level, cottonseed hulls produced results 

that would be expected based on known digestibility of this roughage; in 

other words, the cottonseed hull diet was less digestible than the 

alfalfa hay diet. The wheat straw diet, however, was not less 

digestible than the alfalfa hay diet. Evaluation of in situ digestion 

of wheat straw and alfalfa hay revealed that wheat straw was not as 

digestible as alfalfa hay. The unexpected similar total tract digestion 

coefficients could be explained by the fact that wheat straw improved 

digestion of the milo and alfalfa hay ingredients in the wheat straw 

diet. This was a result of slightly slower passage out of the rumen 
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combined with a slightly faster digestion of these ingredients. 

Evaluation of neutral detergent fiber and cell soluble components 

revealed that most of the improved digestion was due to improved fiber 

digestion. 

At the 90% concentrate level, differences were small between the 

diets, indicating that source of roughage becomes less important at this 

high concentrate level. There were no surprises in total diet 

digestibilities in that alfalfa hay produced a more digestible diet as 

compared to the other two roughage sources. Wheat straw tended to 

improve rumen pH, which may be important for prevention of acidosis at 

this high concentrate level. 

Concentrate levels could not be directly compared in these 

studies since steers were blocked by weight, with heavier steers 

receiving the 90% concentrate diets. Trends were evident, however. 

Total tract potentially digestible fiber digestion, in situ neutral 

detergent fiber digestion, rumen pH, and proportion of rumen dry matter 

in the upper ruminal strata appeared to be lower for the 90 as compared 

to the 65% concentrate level. Rates of passage of liquid and all feed 

ingredients except wheat straw appeared to be slower at the 90% 

concentrate level. The percentage of total tract digestion of dry 

matter, neutral detergent fiber, and cell solubles occurring in the 

rumen appeared to be less in the 90 as compared to the 65% concentrate 

diets. Differences between roughage sources were apparent, but the 

relative ranking (based on digestibilities) differed across concentrate 

levels. 



CHAPTER 6 

APPENDIX: INDIVIDUAL STEER DATA 

These experiments were set up as periods 
intact steers, which were numbered 1 through 12. 
means it was period A, steer number 1. Steer Cl 
period C. 

A, B, and C for the 
Therefore steer Al 

is the same steer in 

For the cannulated steers, the Latin square periods were D, E, 
and F. Steers were numbered 1 through 6, but these are not the same 
steers as in periods A, B, and C. 

The Latin square experimental designs were as follows: 

65% concentrate diets, intact steers: 
Steer # •••• 2 11 7 

Period A ALF WS CSH 
Period B CSH ALF WS 
Period C WS CSH ALF 

90% concentrate diets, intact steers: 
Steer # •••• 5 1 6 

Period A ALF WS CSH 
Period B CSH ALF WS 
Period C WS CSH ALF 

65% concentrate diets, cannulated steers: 
Steer # •••• 5 1 3 

Period D WS CSH ALF 
Period E CSH ALF WS 
Period F ALF WS CSH 

90% concentrate diets, cannulated steers: 
Steer # •••• 6 4 2 

Period 0 CSH ALF WS 
Period E vIS CSH ALF 
Period F ALF WS CSH 

Average body weights for intact steers, kg: 
1=357; 2=309; 3=382; 4=285; 5=394; 6=374; 
7=278; 8=300; 9=347; 10=378; 11=312; 12=308. 

4 
ALF 

WS 
CSH 

9 
ALF 

vIS 
CSH 

Average body weights for cannulated steers, kg: 
1=649; 2=572; 3=608; 4=614; 5=627; 6=854. 
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12 8 
WS CSH 

CSH ALF 
ALF WS 

3 10 
WS CSH 

CSH ALF 
ALF WS 



105 

Rare Earth Dosing Patterns 

65% concentrate diets: 
Steer# 

2 11 7 4 12 8 
======================================================================== 
Period A 

mi 1 0 Eu Yb Dy Eu Yb Dy 
alfalfa Yb Eu Yb Yb Eu Yb 
WS Dy Dy 
CSH Eu Eu 

Period B 
milo Yb Oy Eu Oy Eu Yb 
alfalfa Eu Eu Oy Yb Dy Oy 
WS Yb Eu 
CSH Oy Yb 

Period C 
milo Oy Eu Yb Yb Dy Eu 
alfalfa Yb Oy Oy Eu Eu Dy 
WS Eu Yb 
CSH Yb Oy 

90% concentrate diets: 
Steer# 

5 1 6 9 3 10 
======================================================================== 
Period A 

mi 1 0 Oy Oy Oy Yb Yb Yb 
alfalfa Yb Oy 
WS Yb Oy 
CSH Yb Oy 

Period B 
milo Yb Yb Yb Dy Oy Oy 
alfaHa Oy Yb 
WS Oy Yb 
CSH Dy Yb 

Period C 
milo Oy Oy Oy Yb Yb Yb 
alfalfa Yb Dy 
WS Yb Dy 
CSH Yb Oy 
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TABLE AI. 65% CONCENTRATE COTTONSEED HULL DIET; INTACT STEER DATA 

Period and Steer 

A8 B12 C4 A7 B2 Cll 
Item 

Intake, kg DM/day 6.55 7.67 5.67 6.18 8.33 7.10 

Min. ruminated/24-h 349 350 260 156 208 250 

Digestion coefficients, % 
Dry matter 71.20 74.07 77.90 74.36 75.06 75.98 
NDF 29.07 43.02 55.62 38.51 46.17 51.19 
Cell solubles 89.51 87.57 87.59 89.94 87.62 86.76 

Milo 
Rate of passage .0926 .0457 .0545 .0454 .0673 .0640 
R squared .9857 .9944 .9962 .9822 .9944 .9985 
# of points used 7 9 5 6 9 9 

Alfalfa hay 
Rate of passage .0759 .0434 .0498 .0501 .0618 .0551 
R squared .9927 .9912 .9964 .9954 .9924 .9905 
# of points used 9 9 5 8 8 6 

Cottonseed hulls 
Rate of passage .0710 .0168 .0096 .0111 .0286 .0338 
R squared .9902 .9821 .9152 .9880 .9699 .9948 
# of points used 6 7 6 10 8 6 

Liquid 
Rate of passage .1290 .0793 .0717 .0810 .0974 .0943 
R squared .9957 .9888 .9957 .9932 .9755 .9862 
# of points used 9 10 10 11 10 8 
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TABLE A2. 65% CONCENTRATE ALFALFA HAY DIET; INTACT STEER DATA 

Period and Steer 

A4 B8 C12 A2 Bll C7 
Item 

Intake, kg DM/day 5.72 5.53 7.38 6.54 6.24 3.93 

Min. ruminated/24-h 189 295 301 331 258 60 

Digestion coefficients, % 
Dry matter 77 .96 80.45 79.57 79.35 81.36 83.32 
NDF 52.24 56.74 56.93 53.53 58.75 60.18 
Ce 11 so 1 ub 1 es 85.60 87.49 86.29 87.02 88.08 90.19 

Mi 1 0 

Rate of passage .0686 .0635 .0626 .0599 .0616 .0238 
R squared .9970 .9977 .9968 .9952 .9940 .9986 
# of points used 7 8 8 9 10 5 

Alfalfa hay 
Rate of p...:~sage .0595 .0454 .0577 .0570 .0554 .0228 
R squared .9956 .9667 .9966 .9980 .9927 .9993 
# of points used 7 9 7 9 9 5 

Liquid 
Rate of passage .0945 .0974 .0964 .0944 .1041 .0327 
R squared .9900 .9913 .9990 .9957 .9967 .9986 
# of points used 8 9 8 8 7 6 
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TABLE A3. 65% CONCENTRATE WHEAT STRAW DIET; INTACT STEER DATA 

Period and Steer 

A12 B4 C8 All B7 C2 
Item 

Intake, kg DM/day 7.51 5.59 6.16 6.99 3.11 7.57 

Min. ruminated/24-h 375 210 376 365 271 355 

Digestion coefficients, % 
Dry matter 77 .20 82.69 77 .49 79.66 81.35 77 .84 
NDF 44.09 62.65 46.00 52.42 55.67 48.85 
Cell solubles 87.77 89.09 87.54 88.36 89.55 87.10 

Mi 1 a 
Rate of passage .0579 .0421 .0820 .0551 .0258 .0601 
R squared .9943 .9933 .9972 .9989 .9886 .9961 
# of points used 8 8 5 6 6 6 

Alfalfa hay 
Rate of passage .0538 .0337 .0699 .0532 .0271 .0532 
R squared .9902 .9882 .9921 .9992 .9776 .9949 
# of points used 8 11 5 6 5 6 

Wheat straw 
Rate of passage .0291 .0232 .0328 .0304 .0134 .0306 
R squared .9702 .9845 .9959 .9672 .9304 .9993 
# of points used 8 8 6 6 5 7 

Liquid 
Rate of passage .0866 .0801 .1088 .0949 .0706 .0880 
R squared .9957 .9901 .9951 .9870 .9945 .9965 
# of points used 10 9 7 8 5 8 
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TABLE A4. 90% CONCENTRATE COTTONSEED HULL DIET; INTACT STEER DATA 

Period and Steer 

AID B3 C9 A6 85 C1 
Item 

Intake, kg DM/day 8.42 6.67 5.72 5.66 5.58 5.76 

Min. ruminated/24-h 195 231 167 195 224 65 

Digestion coefficients, % 
Dry matter 80.21 82.65 83.23 78.15 81. 55 80.22 
NDF 44.31 53.84 40.57 39.26 48.62 35.36 
Ce 11 so 1 ub 1 es 89.07 89.76 93.76 87.75 89.68 91.30 

Mi 10 
Rate of passage .0327 .0550 .0445 .0518 .0587 .0328 
R squared .9919 .9994 .9921 .9728 .9918 .9830 
# of points used 7 6 4 6 4 5 

Cottonseed hulls 
Rate of passage .0506 .0346 .0153 .0259 .0297 .0057 
R squared .7008 .9914 .9852 .9791 .9297 .9079 
# of points used 8 5 4 5 4 7 

Liquid 
Rate of passage .0648 .0609 .0634 .0524 .0452 .0340 
R squared .9904 .9814 .9866 .9838 .9536 .9726 
# of points used 11 9 5 11 7 8 
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TABLE A5. 90% CONCENTRATE ALFALFA HAY DIET; INTACT STEER DATA 

Period and Steer 

A9 BI0 C3 A5 Bl C6 
Item 

Intake, kg OM/day 4.87 5.95 5.04 7.21 6.11 6.43 

Min. ruminated/24-h 150 230 263 186 225 210 

Digestion coefficients, % 
Dry matter 87.12 85.77 87.77 82.98 87.45 86.77 
NDF 56.54 56.84 63.69 50.50 64.92 59.34 
Cell solubles 92.02 90.40 91.63 88.18 91.06 91.16 

Milo 
Rate of passage .0426 .0421 .0243 .0378 .0428 .0363 
R squared .9944 .9931 .9935 .9935 .9907 .9906 
# of points used 6 11 7 8 9 6 

Alfalfa hay 
Rate of passage .0334 .0335 .0215 .0373 .0422 .0369 
R squared .9898 .9823 .9923 .9958 .9893 .9882 
/I of points used 6 11 7 8 7 7 

Liquid 
Rate of passage .0632 .1028 .0348 .0780 .0778 .0601 
R squared .9884 .1028 .9923 .9846 .9957 .9961 
/I of points used 7 5 8 11 6 5 
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TABLE A6. 90% CONCENTRATE WHEAT STRAW DIET; INTACT STEER DATA 

Period and Steer 

A3 B9 C10 Al B6 C5 
Item 

Intake, kg OM/day 6.82 6.04 7.36 5.48 6.00 8.06 

Min. ruminated/24-h 269 348 328 188 403 315 

Digestion coefficients, % 
Dry matter 81.23 85.06 78.03 82.13 86.40 80.28 
NDF 44.88 51.12 39.20 54.65 59.71 44.73 
Cell solubles 88.47 91.82 85.76 87.60 91. 71 87.36 

Milo 
Rate of passage .0401 .0585 .0499 .0444 .0486 .0399 
R squared .9947 .9984 .9973 .9944 .9930 .8955 
# of points used 7 6 7 6 4 7 

Wheat straw 
Rate of passage .0314 .0399 .0311 .0253 .0298 .0257 
R squared .9968 .9898 .9949 .9976 .9822 .9298 
# of points used 5 5 5 6 4 6 

Liquid 
Rate of passage .0750 .1178 .0882 .0520 .0447 .0838 
R squared .9967 .9805 .9948 .9894 .9500 .9981 
# of points used 10 5 6 7 8 6 
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TABLE A7. 65% CONCENTRATE COTTONSEED HULL DIET; CANNULATED STEER DATA 

Period and Steer 

Dl E5 F3 D1 E5 F3 
Item 

Rumen pH at hour: 
0 6.81 6.85 6.95 
1 6.45 6.69 6.27 
2 6.13 5.85 5.41 
3 6.08 6.28 5.62 
4 5.86 6.25 5.62 
6 6.21 5.78 6.47 
8 6.43 6.65 6.73 

10 6.68 6.51 6.98 
12 6.85 6.88 7.15 

Dr~ Matter NDF 
Milo digestion (%) at hour: 

6 59.11 53.94 60.09 -6.52 -.57 -4.16 
12 71.31 64.52 71.06 9.07 4.42 2.01 
24 79.52 76.68 76.47 20.10 22.87 20.84 
36 82.19 83.46 83.91 26.24 32.96 33.72 
48 89.37 87.32 89.14 42.78 45.92 55.71 
72 92.26 92.57 93.47 51.56 64.37 74.20 
96 92.42 94.67 95.12 60.61 84.32 80.70 

Alfalfa hay digestion (%) at hour: 
6 48.79 53.91 53.09 8.98 18.59 16.52 

12 57.13 63.94 63.77 20.65 32.06 30.72 
24 65.62 74.17 77 .01 30.22 46.80 51.30 
36 69.33 75.31 77 .64 34.92 47.93 51.34 
48 70.50 75.43 80.19 38.15 49.06 56.49 
72 76.15 78.90 80.93 47.13 56.07 58.06 
96 77.79 80.95 80.18 56.14 59.60 57.27 

Cottonseed hull digestion (%) at hour: 
6 14.02 11.51 12.76 4.76 4.67 3.98 

12 15.45 13 .32 16.21 6.02 6.70 7.90 
24 18.01 20.51 28.79 9.37 15.44 23.53 
36 18.68 22.33 33.76 9.67 16.97 28.84 
48 19.58 19.95 38.54 11.37 14.24 33.51 
72 23.60 30.32 40.86 15.86 26.32 35.89 
96 32.98 46.85 44.03 31. 21 44.91 39.87 
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TABLE A8. 65% CONCENTRATE ALFALFA HAY DIET; CANNULATED STEER DATA 

Period and Steer 

03 E1 F5 03 E1 F5 
Item 

Rumen pH at hour: 
0 6.85 5.73 6.63 
1 6.36 5.38 5.70 
2 6.00 5.38 5.22 
3 6.00 5.43 5.33 
4 5.98 5.86 5.39 
6 6.34 5.82 5.63 
8 6.58 6.13 5.85 

10 6.96 6.40 6.33 
12 6.93 6.58 6.37 

Dri: Matter NDF 
Milo digestion (%) at hour: 

6 59.69 57.84 57.89 -.46 -2.36 -8.64 
12 72.75 68.91 68.71 11.16 7.60 6.55 
24 83.84 74.68 77 .18 29.71 16.73 13 .59 
36 89.51 80.26 84.91 49.07 30.07 32.16 
48 93.72 88.74 89.80 70.27 48.19 48.49 
72 96.08 91.67 92.68 82.05 60.30 60.29 
96 96.09 94.50 94.78 88.81 80.71 79.16 

Alfalfa hay digestion (%) at hour: 
6 53.84 51.08 56.54 15.05 15.94 18.07 

12 60.38 55.30 59.83 22.58 20.84 22.04 
24 74.39 62.26 67.95 43.96 29.69 32.67 
36 77 .47 73.28 74.48 50.38 45.09 44.04 
48 79.98 73.54 77.30 54.79 45.69 50.28 
72 81.08 73.16 79.67 57.27 47.90 56.12 
96 79.29 78.68 80.66 58.89 56.53 59.87 



114 

TABLE A9. 65% CONCENTRATE WHEAT STRAW DIET; CANNULATED STEER DATA 

Period and Steer 

D5 E3 F1 D5 E3 F1 
Item 

Rumen pH at hour: 
0 6.95 6.64 6.87 
1 6.76 6.16 6.51 
2 6.38 5.59 6.15 
3 5.81 5.50 5.98 
4 6.20 5.49 5.97 
6 6.34 6.10 6.80 
8 6.40 6.38 6.87 

10 6.58 6.58 6.97 
12 6.82 6.72 7.11 

Dr~ Matter NDF 
Milo digestion (%) at hour: 

6 60.70 53.87 55.47 -8.05 -.85 .21 
12 72.80 67.80 67.19 7.44 19.59 3.16 
24 82.74 77 .75 81.04 32.01 32.96 34.04 
36 88.51 87.88 89.15 46.32 64.03 53.80 
48 93.01 91.44 93.47 67.70 71.77 75.81 
72 94.88 94.17 94.72 78.64 83.45 76.74 
96 93.80 95.51 94.85 86.98 85.84 78.57 

Alfalfa hay digestion (%) at hour: 
6 56.34 54.25 59.87 21.63 19.68 25.99 

12 66.94 66.76 65.13 33.88 35.37 30.51 
24 75.50 77.38 76.77 46.77 52.18 49.10 
36 79.62 79.46 79.74 54.89 57.20 55.20 
48 80.83 80.39 80.83 58.16 58.85 57.66 
72 81.19 80.47 80.65 57.41 60.34 57.43 
96 78.20 80.97 81.06 60.16 60.51 58.45 

Wheat straw digestion (%) at hour: 
6 29.50 28.13 28.48 1. 57 3.27 2.08 

12 31.89 31.95 34.63 4.79 9.01 8.71 
24 37.42 40.63 40.52 13.43 21.30 18.35 
36 41.62 44.65 46.96 19.01 27.35 24.58 
48 47.06 48.57 49.50 26.77 33.55 32.26 
72 49.19 55.72 52.55 30.51 43.86 37.15 
96 48.27 57.91 55.11 38.42 45.72 39.64 
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TABLE A10. 90% CONCENTRATE COTTONSEED HULL DIET; CANNULATED STEER DATA 

Period and steer 

D6 E4 F2 D6 E4 F2 
Item 

Rumen pH at hour: 
0 6.70 6.18 6.27 
1 6.22 6.16 5.93 
2 5.64 5.51 5.22 
3 5.57 5.32 5.05 
4 5.74 5.38 5.00 
6 5.99 5.61 5.01 
8 6.31 5.74 5.11 

10 6.46 6.07 5.22 
12 6.64 6.33 5.30 

Dr~ Matter NDF 
Milo digestion (%) at hour: 

6 54.59 48.68 49.64 -16.35 -1.82 -13.46 
12 67.40 66.36 53.78 2.30 17.12 -4.44 
24 75.69 76.41 59.59 13.29 26.28 -1.03 
36 77 .31 81.47 65.56 15.40 37.60 13.46 
48 85.38 86.95 74.17 29.56 42.69 26.29 
72 89.62 88.19 86.85 44.70 50.17 41.60 
96 93.54 92.62 91.17 67.81 57.60 50.28 

Cottonseed hull digestion (%) at hour:** 
6 11.30 8.08 11.15 2.85 2.04 3.10 

12 11. 77 9.00 10.39 2.29 2.24 1.61 
24 16.42 12.08 11.77 8.02 5.05 2.75 
36 17.74 14.03 12.68 9.49 6.87 3.39 
48 21.87 17.94 13 .22 13.88 11.65 3.60 
72 28.31 31.87 13.39 20.94 28.60 3.67 
96 18.92 19.70 13.85 13.89 15.04 4.05 

~'c* steer F2 cottonseed hull values were not used in calculations. 
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TABLE All. 90% CONCENTRATE ALFALFA HAY DIET; CANNULATED STEER DATA 

Period and Steer 

D4 E2 F6 D4 E2 F6 
Item 

Rumen pH at hour: 
0 6.85 5.86 6.53 
1 5.98 5.37 5.94 
2 5.74 5.01 5.46 
3 5.80 5.00 5.53 
4 6.02 5.07 5.77 
6 6.43 5.20 6.14 
8 6.53 5.30 6.23 

10 6.68 5.42 6.43 
12 6.79 5.76 6.59 

Dr~ Matter NDF 
Milo digestion (%) at hour: 

6 57.23 54.52 57.68 -6.07 -13.22 1. 93 
12 69.41 59.25 69.96 8.31 -6.65 12.12 
24 77 .26 63.80 78.99 18.15 -2.60 21. 55 
36 75.90 70.77 78.88 19.81 20.25 27.80 
48 86.05 76.89 87.69 35.46 29.62 45.83 
72 90.16 85.37 93.72 48.51 44.89 69.21 
96 93.66 92.29 94.73 74.66 70.01 74.99 

Alfalfa hay digestion (%) at hour: 
6 50.97 44.34 54.06 11.23 8.04 3.48 

12 58.22 54.32 53.75 22.36 21.38 16.06 
24 66.99 62.97 64.75 32.76 31.01 25.88 
36 69.63 71.27 74.92 36.06 41.77 45.37 
48 73.71 73.04 77 .58 42.65 44.77 50.36 
72 80.93 76.51 80.23 57.32 50.99 56.08 
96 77 .21 78.71 79.74 54.84 55.25 
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TABLE A12. 90% CONCENTRATE WHEAT STRAW DIET; CANNULATED STEER DATA 

Period and Steer 

02 E6 F4 02 E6 F4 
Item 

Rumen pH at hour: 
0 6.95 6.56 5.83 
1 6.34 6.56 5.37 
2 6.02 6.41 5.32 
3 6.05 5.97 5.27 
4 6.39 5.94 5.55 
6 6.58 6.12 5.73 
8 6.81 6.39 6.24 

10 6.87 6.47 6.26 
12 7.03 6.54 6.49 

Dr,l Matter NDF 
Milo digestion (%) at hour: 

6 53.09 49.83 53.08 -9.25 -.46 -4.88 
12 65.43 59.69 59.00 -5.20 10.50 -.67 
24 69.02 72.55 68.06 -1.46 19.95 13.67 
36 74.79 78.14 77.55 12.04 26.97 27.44 
48 81.37 84.03 84.59 19.59 39.78 40.80 
72 92.08 88.46 92.42 61.52 53.84 61.33 
96 92.38 93.42 95.20 70.55 82.31 75.52 

Wheat straw digestion (%) at hour: 
6 26.57 25.05 26.04 -1.96 -1. 21 -2.19 

12 27.19 27.49 27.80 -1.40 3.19 -.22 
24 31.26 31.04 31.51 2.87 6.47 4.28 
36 33.99 34.70 34.86 7.16 11.61 9.37 
48 37.60 37.25 37.67 12.35 16.34 13.39 
72 43.02 44.09 43.16 20.00 25.67 21.69 
96 38.50 45.45 45.07 19.88 27.10 23.91 
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