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ABSTRACT

The process that limits the rate at which particulate 

matter exits the reticulorumen is believed to be either the 

rate at which large particles are broken down to small part

icles or the rate at which small particles exit the reticu

lorumen. Dysprosium was bound to large particles and its 

ruminal concentration was used to predict the rate of large 

particle breakdown. Ytterbium was bound to small particles 

and this ruminal concentration was used to predict exit rate.

Statistical analysis of data indicated that there was no 

significant difference between the percent per hour turnover 

values for ytterbium-and dysprosium-labeled particles. It 

appears that large particles may be broken down to small 

particles at the same rate that small particles exit the 

reticulormen.

Particulate matter turnover rates produced by administer 

ing a pulse dose of erbium and by ruminal manual evacuation 

show statistical correlation.

In order to achieve mathematical correlation between 

predicted particulate matter turnover rates and observed 

particulate matter turnover rates, it is advisable to feed 

the subjects more than once a day, and perhaps to obtain 

better correlation, to feed at frequent intervals through

out a 24-hour period.
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INTRODUCTION

Passage of particulate matter through the rumen of beef 

cattle appears to be affected by a rate-limiting process. It 

has been suggested that this process may be the time it takes 

for large feed particles to be broken down into small particles 
(Grovum, 1983) or the time it takes for small particles to 

exit the rumen via the reticulo-omasal orifice (Ellis et al., 

1983). If it is discovered which process is rate-limiting 

then it may be possible to devise a feeding regimen that would 

facilitate efficient utilization of forage and weight gain.

Our research also investigated feeding schedules and 

their potential for simulation of grazing conditions in con

ducting experimental particle turnover trials.
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LITERATURE REVIEW

Factors Affecting Particulate Matter Rate of Passage

The rate of turnover of reticuloruminal contents is 

determined by both the volume and the outflow rates of its 

digesta. The intake of roughage constituting the volume, and 

the rate of passage of digesta through the reticulorumen, 

are therefore inextricably linked (Grovum, 1983).

Particulate matter escapes the rumen via digestion and 

subsequent absorption of fermentation by-products or by 

passage through the reticulo-omasal orifice to the hind gut 
(Ellis et al., 1983). "Two major schools of thought exist 

regarding the rate-limiting process of particle escape from 

the reticulorumen" (Cochran, 1985). The rate-limiting process 

suggested by Ellis et al. (1983) views small particle exit 

rate from the rumen as the rate-limiting step. Grovum (1983), 

however, proposed that the rate of small particle production 

was the rate-limiting process. Ellis et al. (1983 p.284) 

reported that particles must be reduced in size to less than 

that passing a 1.18 mm sieve in order to escape the rumen.
"The resistance to escape from the rumen decreased progres

sively with reduction in particle size below the critical 
value." However, because of the abundance in the rumen of 

particles smaller than 1.18 mm sieve porosity, it was sug

gested that the rate of breakdown of large particles to small
2



particles was not the rate-limiting step in determining escape 

of small particles from the rumen. Ellis et al. (1983) indicated 

that the rate of small particle production was ten fold greater 

than the rate of small particle escape for particles in the 

1600-800 um range. The variance in rates was interpreted as 

meaning that the rate of small particle escape was the limiting 
process. Poppi et al. (1970, p.107) also reported that if rate 

of digestion shows little difference, then "the longer time that 

feed is retained by cattle can be due only to the slower rate 

of passage of digesta through the reticulo-omasal orifice."

On the contrary, Grovum (1983) proposed evidence which indicated 

that the rate of small particle production was the rate-limiting 

step. Increasing the rate of passage of particulate digesta 

through the reticulorumen can be accomplished by grinding and 

pelleting a roughage diet. This increased rate of passage 
occurs even though there is a decrease in rumination (Grovum, 

1983). In a review of relevant literature Grovum (1983, p.262) 

postulated that the rate of small particle production limits 

the rate at which "the satiating effects of accumulated rough- 

age residues can be removed from the reticulorumen." Further 

experimentation must be conducted to clarify this point (Grovum, 

1983).

• Another factor influencing particulate digesta escape from

the reticulorumen is the specific gravity of particles (Warner, 

1981). Bull et al. (1979) also indicated that factors influenc

ing the liquid phase of digesta would affect small particle 

exit rate. An increase in ruminal liquid turnover results in
3



an increased rate of passage of small particles. Adding

fiber to the dietary ration also causes an increase in small 

particle turnover while large particle turnover may decline 
(Bull et al., 1979).

Other factors which appear to affect particulate rate of 

passage are: physiological and nutritional state of the 

animal, animal species, age of the animal, amount of exercise 

and environmental temperature (Warner, 1981; Ellis et al., 1983).

Methods of Predicting and Evaluating Particulate Digesta Turn
over Rate

Early investigations in particulate digesta turnover rates 

employed the procedure of dividing dry matter contents in the 

reticulorumen by the daily intake of dry matter following 

slaughter of the experimental animal (Paloheimo and Makela,

1952; Makela, 1960). This estimation of turnover rate was 

based on a direct measurement.

Modern methods of investigating particulate digesta turn

over rates employ tracers which may be incorporated in a known 

amount into the diet in order to mimic the food particles' 

rate of passage. The presence of marker in feces indicates the 

length of time required to traverse the gastro-intestinal 

tract. The most desirable tracer would be a structural compon

ent of the tracee, examples of which are: carbon-14, nitrogen-15, 

sulfur-35, and phosphorus-32 (Ellis et al., 1979). When 

analyzing the tracer in residues, a purification procedure must 
be employed to remove nontracee markers (Ellis et al., 1979). 

Purification would remove any tracer incorporated into microbial
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cells or fermentation by-products present in the residue yet 

it should not remove tracer from the residual tracee already 
associated (Ellis et al., 1979; Grovum, 1983). Grovum (1983) 

has devised a method incorporating carbon-14 as the tracer 

used to estimate the rate of small particle production and the 

exit rate. This method employs subsampling the rumen and 

reticulorumen at regular intervals and analysis for the presence 

of carbon-14 labelled feed particles. Particulate digesta 

turnover rates are formulated from mathematical treatment of 

decay curves relating appearance and disappearance of the 

radioactively-labelled isotope in the gastro-intestinal compart

ments .

Substances besides radioactive isotopes can also be used 

to ’’mark" particulate matter and follow its passage through the 

gastro-intestinal tract. Staining feed particles with dyes 

was one of the earliest methods of "marking” particulate matter 

(Ellis et al., 1979). Blaxter et al. (1956) employed a procedure 

of counting stained feed particles in feces to determine the 

length of time necessary to traverse the gastro-intestinal tract. 

However, this procedure has limited value due to extensive 

physical alteration of feed particles caused by staining and 

a questionable method of counting stained residues (Ellis et al., 

1979).

Metals and rare earths have also been employed to mark 

feed particles and produce estimations of particulate matter 

turnover rates. Chromium and cerium can be bound to plant 

materials in such a manner that they are unaffected by normal
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ruminant digestive processes (Ellis et al., 1979). However, 

in the process of irreversible binding, the food particles may 

be altered in such a way as to reduce digestibility and produce 

questionable predictions of turnover rates (Ellis et al., 1979). 

Weiss and Martz (1983) also determined that cerium labeled 

forage has a faster turnover rate than chromium labeled forage 

when both labeled forages were fed in a single meal.

Numerous studies have appraised the potential of rare 

earth elements as particle markers (Hartnell and Satter, 1979; 

Harbers et al., 1981; Goetsch and Galyean, 1983; Teeter et al., 
1984). Particulate matter readily forms complexes with rare 

earths, notably ytterbium, which should mimic flow of parti

culate digesta through the gastro-intestinal tract (Ellis et al. 

1979; Teeter et al., 1984). Goetsch and Galyean (1983) reported 

similar digesta kinetics for dysprosium- and ytterbium-labeled 

hay. The labeling of particulate matter with rare earths is a 

mild process yet the presence of bound earth affects digest
ibility (Teeter et al., 1984). Rare earths may also have a 

tendency to become unbound and may migrate to unlabeled part
icles (Harbers et al., 1981; Teeter et al., 1984). Teeter 

et al. (1984) have proposed methods to minimize both migration 

and digestibility depression.
• Warner (1981) has reviewed many of the procedures used to

estimate particulate matter turnover rates. Noticable differ
ences exist between many of these procedures (Warner, 1981). In 

order to make valid comparisons between particulate turnover 

rates from different laboratories, procedural influences must
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be evaluated. A potential source of bias among particulate 

turnover rate is the manner of applying marker to plant material. 
Geotsch and Galyean (1983) report that a solution of particle 

marker (ruthenium phenanthroline) administered into the reti-
® culorumen may result in non-specific labeling of rumen particles.

This procedure yields passage rate estimates different from 

those obtained using rare earth labeled feed particles placed 

in the reticulorumen (Goetsch and Galyean, 1983). The most 

common methods of applying rare earths to feed stuffs have been 

spraying and sprinkling; however, an immersion-washing procedure 

has been recommended as superior to both of these (Harber et al., 

1981; Ellis et al., 1982; Teeter et al., 1984).

Site of sample collection has been a point of interest in 

determining particulate matter turnover rates when working with 

non-cannulated animals (Grovum and Williams, 1977). Hartnell 

and Satter (1979) reported differences in results when studying 

site of sampling regarding particle turnover rates. On the 

basis of their results fecal grab sampling was chosen over 

rumen grab sampling due to the difficulty of obtaining repre

sentative rumen digesta samples. Cochran (1983) reported that 

rumen sampling was more sensitive to change in intake and that 

representative rumen digesta samples may be obtained by collect-

• ing a greater number of samples at various intraruminal locations
Grovum (1983) observed that predicting particulate matter 

kinetics from concentraiton curves for marker in feces was 

rather difficult and as an alternative proposed a method based 

entirely on rumen sampling to describe particulate matter

7



kinetics (Grovum, 1983).

Many mathematical procedures are used to interpret 

ruminant gastro-intestinal. rate of passage studies (Warner, 
1981). Models exist which view segments of the gastro- 

intestinal tract as mixing compartments with ruminal digesta 

flowing between these compartments (Ellis et al., 1983).

Many different biological systems employ compartmental flow 

models in estimating particulate digesta rate of passage 
(Ellis et al., 1983). Blaxter et al. (1956) presented a 

model based on the length of time required for stained feed 

particles to pass through the gastro-intestinal tract and 

become present in feces. From their data, passage curves 

were formulated which related the passage time and amount of 

stained fecal particles present. Mathematical treatment of 

the passage curves correlated well with a simple kinetic 

equation. Their kinetic equation and model incorporated two 

dominating compartments (rumen and abomasum), two rates, and 

a time delay. Ruminal and abomasal flow rates were assumed 
to be exponential. Grovum and Williams (1973) preferred to 

transform their derived rates to half-times of digesta in 

particular sections of the gastro-intestinal tract.

Considerable attention has focused on biological inter- 
• pretation of rate parameters. Blaxter et al. (1956) viewed

the rumen as the fast-turnover compartment and the hindgut as 

the slow-turnover compartment. Grovum and Williams (1973), 

however, associated the reticulorumen with the slow-turnover 

compartment and the cecum-proximal colon with the fast-turnover
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compartment. Ellis et al. (1979, 1983) viewed the reticulo??- 

rumen as the dominant compartment in the ruminant gastro

intestinal tract and the fast-- and slow-turnover rates with 

intra-ruminal processes. Ellis et al. (1979) suggested that 

the rate at which labeled particles achieved homogeneous 

mixing with existing particles was represented by the fast- 

turnover rate and the rate of large particle breakdown was 

represented by the slow rate. However, in recent work, Ellis 
et al. (1983) proposed that the mixing of newly digested 

particles and their breakdown to a "passable" size was ac

complished in the fast-turnover compartment and the rate at 
which "passable" particles exit the reticulorumen was represent 

ed by the slow-turnover compartment. Another recent suggestion 

was that turnover rates representing a combined mixing, 

rumination, and passage process could be accomplished using 
a one-compartment, time-dependent model (Ellis et al., 1983).
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MATERIALS AND METHODS
•

Eight rumen-fistulated Hereford X Angus steers (avg. 

wt=526 kg) (Fig. 1.) were randomly placed into two groups.

The 16 day experiment consisted of a 13 day adaptation period. 

During the experiment the steers were housed in individual pens 
(3.0 X 7.6 m) with free access to water and trace mineral salt. 

The steers received 2.0 percent of body weight in alfalfa cubes 

per day. One group received this quantity all at once in a 

6 a.m. feeding. The second group received 2.0 percent in 

three equal feedings at 6 a.m., 2 p.m., and 10 p.m. for the 

first 7 days of the experiment. This group then received their 

alfalfa cubes in equal portions eight times a day at 6 a.m.,

9 a.m., 12 noon, 3 p.m., 6 p.m., 9 p.m., 12 midnight, and 3 a.m. 

throughout the rest of the experiment.

All steers were administered a pulse dose of labeled 

forage and a solution of erbium directly through the ruminal 

fistula following a 0 hour grab sampling of rumen contents. 

Following the pulse dose, digesta was subsampled from four 
ruminal sites (dorsal, ventral, midcranial, and midcaudal 

regions) at 4, 8, 12, 16, 24, 32, and 48 hours postdosing.

The experiment concluded with a total rumen evacuation after 
the 48 hour sampling.

The pulse dose of substrate was of two types. Large 

particles were represented by the alfalfa cubes the steers
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Fig. 1. Rumen-fistulated steer.
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received as feed and small particles were represented by 

washed fecal material. The large particles were labelled 

with DyCl3 and the small particles with YbCl3 by immersion 

and subsequent rinsing (Teeter et al., 1984). The pulse dose 

consisted of 210.0 g of each labeled substrate and 100 ml of 

a three percent Erbium solution to label all ruminal contents.

Rumen samples were placed in aluminum tins weighed and 

dried at 50°C in a forced air oven. Samples were reweighed 

and 100 percent dry matter values were calculated. Samples 

were allowed to air equilibrate, reweighed, and partial dry 

matter values calculated. All samples were then ground in a 

Wiley mill containing a 1.0 mm screen. The Erbium, Ytterbium, 

and Dysprosium were then extracted from 0.2 g samples with 

a 0.5 M EDTA solution by the procedure of Hart and Polan (1984) 

The concentrations of Erbium, Ytterbium, and Dysprosium in 

the samples were then determined by atomic absorption spectro

photometry. The standard curves were prepared using common 

matrix standards from the 0 hour samples.

12



RESULTS
•

The parts per million readings of rare earths obtained 

from atomic absorption spectrophotometry were converted to 

micrograms of rare earth per gram of dry matter (see Figs. 2-9) 

When these values are plotted in natural logarithms against 

time the slopes of the lines created are the percent per hour 

turnover rate for the particle to which the rare earth was 

bound. The slopes of the lines were determined from semi- 

logarithmic regressions using natural logarithms performed 

on each set of concentration of micrograms of rare earth per 
gram of dry matter (see Table 1). Manual evacuation percent 

per hour turnover rates were calculated from ruminal volumes 

and particulate matter flow rate (Grovum and Williams, 1977).

CARROLL COLLEGE LIBRARY' 
HELENA, MONTANA13
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Steer *057*

*■ ytterbium 

dysprosium 

erbium

Fig. 2. Micrograms of rare earth per gram dry matter at 4,
• 8, 12, 16, 24, 32, and 48 hours postdosing for steer

#057.

*The data was obtained from atomic absorption spectro 
photometry. Ytterbium is bound to small particles, 
Dysprosium to large particles, and a pulse dose of 
Erbium labeled all ruminal contents (large and small 
particles). Frequency of feeding for this steer was 
once a day.
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Steer *774*

10 r...............................................................................................................................

ug/g
ytterbium 

dysprosium 

■* erbium

1 .... i i i------- > i i
4 8 12 16

hours
24 32 48

•

Fig. 3. Micrograms 
8, 12, 16, 
#774.

of rare 
24, 32

earth 
and 48

per gram dry matter at 4, 
hours postdosing for steer

*The data was obtained from atomic absorption spectro 
photometry. Ytterbium is bound to small particles, 
Dysprosium to large particles, and pulse dose of 
Erbium labeled all ruminal contents (large and small 
particles). Frequency of feeding for this steer was 
once a day.
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Steer *342*

ug/g
♦* ytterbium 

dysprosium

•" erbium

Fig. 4. Micrograms of rare earth per gram dry matter at 4,
8, 12, 16, 24, 32, and 48 hours postdosing for steer 
#342.

*The data was obtained from atomic absorption spectro 
photometry. Ytterbium is bound to small particles, 
Dysprosium to large particles, and a pulse dose of 
Erbium labeled all ruminal contents (large and small 
particles). Frequency of feeding for this steer was 
once a day.
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Steer *815*

** ytterbium 

dysprosium

*■ erbium

Fig. 5. Micrograms of rare earth per gram dry matter at 4,
8, 12, 16, 24, 32, and 48 hours postdosing for steer 
#815.

*The data was obtained from atomic absorption spectro 
photometry. Ytterbium is bound to small particles, 
Dysprosium to large particles, and a pulse dose of 
Erbium labeled all ruminal contents (large and small 
particles). Frequency of feeding for this steer was 
once a day.
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Steer *240-

hours

ytterbium 

dysprosium 

B* erbium

Fig. 6. Micrograms of rare earth per gram dry matter at 4,
8, 12, 16, 24, 32, and 48 hours postdosing for steer 
#240.

*The data was obtained from atomic absorption spectro 
photometry. Ytterbium is bound to small particles, 
Dysprosium to large particles, and a pulse dose of 
Erbium labeled all ruminal contents (large and small 
particles). Frequency of feeding for this steer was 
eight times a day.
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Steer *028»

♦* ytterbium 

dysprosium

*• erbium

Fig. 7. Micrograms of rare earth per gram dry matter at 4,
• 8, 12, 16, 24, 32, and 48 hours postdosing for steer

#028.

*The data was obtained from atomic absorption spectro 
photometry. Ytterbium is bound to small particles, 
Dysprosium to large particles, and a pulse dose of 
Erbium labeled all ruminal contents (large and small 
particles). Frequency of feeding for this steer was 
eight times a day.
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ug/g

Steer *620*

O-
I:

8
+ 4

12 16 24 32 48

ytterbium 

dysprosium 

*■ erbium

hours

Fig. 8. Micrograms of rare earth per gram dry matter at 4,
• 8, 12, 16, 24, 32, and 48 hours postdosing for steer

#620.
*The data was obtained from atomic absorption spectro
photometry. Ytterbium is bound to small particles, 
Dysprosium to large particles, and a pulse dose of 
Erbium labeled all ruminal contents (large and small 
particles). Frequency of feeding for this steer was 
eight times a day.
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Steer *382*

ug/g
ytterbium 

dysprosium 

•" erbium

Fig. 9. Micrograms of rare earth per gram dry matter at 4,
8, 12, 16, 24, 32, and 48 hours postdosing for steer

• #382.
*The data was obtained from atomic absorption spectro 
photometry. Ytterbium is bound to small particles, 
Dysprosium to large particles, and a pulse dose of 
Erbium labeled all ruminal contents (large and small 
particles). Frequency of feeding for this steer was 
eight times a day.
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• Table 1. Percent per hour turnover rates for ytterbium,
dysprosium, erbium, and manual evacuation.

STEER
#

Feeding 
Frequency 
per day

Percent per Hour Turnover Rates'1'

Yb Dy Er Man

057 1 2.08 2.31 3.20 3.47
774 1 1.67 2.18 2.51 3.67
342 1 2.20 2.78 3.97 3.92
815 1 2.83 3.30 3.67 4.50
240 8 3.28 3.47 3.55 3.95
028 8 3.43 3.36 3.60 3.27
620 8 3.28 3.34 4.28 4.22
382 8 3.76 3.68 5.44 4.75

* Ytterbium, dysprosium, and erbium rates were determined 
from the semi-logarithmic regressions of micrograms of 
rare earth per gram of dry matter. Manual evacuation 
rates were determined with a flow rate equation (Grovum and 
Williams, 1977). Yb=Ytterbium, Dy=Dysprosium, Er=Erbium, 
and Man=Manual evacuation.
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DISCUSSION AND CONCLUSION

We found that there was no significant difference between 

the percent per hour turnover values for ytterbium- and dyspro 
sium-labeled particles when employing a Fisher’s (protected) 

least significant difference test (P>0.05). There was also 

no difference between percent per hour turnover values for 

erbium-labeled particles and those determined from ruminal 

manual evacuations. This indicates that the turnover rates 

for both the small and large particles to which ytterbium and 

dysprosium were respectively bound are the same. Relevant 

literature states that these turnover values should show some 

difference. Our lack of any significant difference may be 

attributed to the fact that we labeled and followed digestible 

particles as opposed to indigestible particles. This fact 

would have little effect upon small particle turnover rate 

since small particles are relatively indigestible and are the 

main component of feces, but it might produce a greater value 

for dysprosium-bound large particle turnover rate. This may 

occur because large particle turnover rate incorporates both 

the rate of passage and the rate of digestion. This area of 

testing might be improved upon by following indigestible 

particles in the labeled forage or fecal samples rather than 

trying to follow particles assumed to be digestible.
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The correlation between the erbium and manual evacuation 

turnover rates are explainable as both methods of obtaining 

turnover rates are calculated employing digestion rates and 

passage rates. The manual evacuation turnover rate values 

are obtained by incorporating both intake per day and total 

ruminal contents which are indicative of digestion rate and 

rate of passage. The erbium method associates digestion rate 

and rate of passage with data obtained by administering a 

pulse dose of rare earth which labels all particles in the 
rumen (large and small), and then follows rate of ruminal 

erbium disappearance.

A significant difference was found between the percent 

per hour turnover rates for our two different feeding frequen
cies using a Fisher's (protected) least significant difference 

test (P<0.05). The percent per hour turnover rates obtained 

from the steers fed eight times a day were higher than those 

for the steers fed only once a day. This elevated value may 

have been partially attributed to the fact that the steers 

fed eight times a day were active every three hours during 

a twenty-four hour period, while the steers fed once a day 

were usually active only during the day. The steers fed eight 

times a day may have also consumed more water due to their 

frequent activity.

Our data also indicated that the semi-logarithmic regres

sions calculated for the steers fed once a day did not correlate 

well with their observed atomic absorption spectrophotometry 

values of micrograms rare earth per gram dry matter per hour

24



postdosage. The correlations between the semi-logarithmic 

regression lines and the concentration per hour for the steers

fed eight times a day were at the very least 80 percent while 

the majority were above 95 percent. The best correlation for 

the steers fed once a day was only 76 percent with the majority 

below 65 percent. In order to simulate grazing conditions in 

a ruminant rate-of-passage experiment and achieve correlation 

between observed values, it is advisable to feed the animals 

more than once a day, and perhaps to obtain better results, 

to feed at frequent intervals throughout the day.

*
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