Title

Evaluation of n-alkanes as markers to estimate dry matter intake, diet
selection and solid digesta passage rates in ruminants

Author

Magadlela, Andrew Mtutuzeli.

Qualification

PhD

Year

2001

Thesis scanned from best copy available: may
contain faint or blurred text, and/or cropped or
missing pages.
Digitisation Notes:
• Page 43 missing from original

Scanned as part of the PhD Thesis Digitisation project
http://libraryblogs.is.ed.ac.uk/phddigitisation

AN EVALUATION OF n-ALKANES AS MARKERS TO ESTIMATE
DRY MATTER INTAKE, DIET SELECTION AND SOLID
DIGESTA PASSAGE RATES IN RUMINANTS

T hesis subm itted to The U niversity o f Edinburgh
for the degree o f D octor o f Philosophy

by
A ndrew M tutuzeli M agadlela
(B Sc B erea College, K entucky, USA)
(M Sc W est V irginia U niversity, W est V irginia, U SA )

The U niversity o f Edinburgh
Institute o f Ecology and R esource M anagem ent
School o f A griculture
K ing’s B uildings, W est M ains Road
Edinburgh EE19 3JG
U nited K ingdom

M ay 2001
f". ui up v

TABLE OF CONTENTS
Page
D ECLA R ATIO N

IV

A C K N O W LED G E M EN TS

V

A B ST R A C T

VI

C H A PTER 1 - GENERAL IN TRODUCTION

1

C H A PTER 2 - LITERA TU RE REVIEW
Intake and particulate rates o f passage
D igesta particle size
Particle size discrimination
Particle com m inution
Specific gravity
Rum en stratification
Rum ination
D ietary factors
Passage rate and digestibility
Intake
Processing
Plant structure
Physiological factors
Pregnancy and lactation
Clim ate
Use o f markers
Internal markers
External markers
Estim ation o f digestibility

6
8
10
11
13
14
16
17
17
18
21
22
23
23
25
25
26
27
29

C H A PTER 3 - INTAKE AND DIET SELECTION BY SHEEP
Introduction

30

M aterials and methods
Experim ent 1 - observed vs estimated quantities
Experim ent 2 - diurnal variation
Experim ent 3 - once-daily vs twice-daily dosing

33
36
37

Results
Experim ent 1 - observed vs estimated quantities
Experim ent 2 - diurnal variation
Experim ent 3 - once-daily vs twice-daily dosing

39
54
55

Discussion
Experim ent 1 - observed vs estimated quantities
Experim ent 2 - diurnal variation

56
62

Experim ent 3 - once-daily vs twice-daily dosing
Conclusion

63
64

C H A PTER 4 - GRASS DM INTAKE BY TROPICAL CATTLE
Introduction

67

M aterials and methods

68

Results

71

D iscussion

74

Conclusion

78

C H A PTER 5 - GAS PRODUCTION AND PASSA G E RATES IN SHEEP
Introduction

80

M aterials and methods
Gas production
Rates o f passage

83
84

Results
Gas production
Rates o f passage

94
95

Discussion
Gas production
Rates o f passage

102
103

Conclusion

116

C H A PTER 6 - PASSA GE RATES IN CATTLE
Introduction

119

M aterials and methods

120

Results

128

Discussion

137

Conclusion

148

II

C H A P T E R 7 - GENERAL DISCUSSION
Intake

151

Rates o f passage

157

REFERENCES

162

A P P E N D IX - Faecal concentrations o f alkanes used to mark particle pools
dosed to the bulls (data to which G1G2 model was fitted)

175

III

DECLARATION

I declare that the thesis presented here has been com posed by me. The experim ental
w ork and analyses w ere carried out by myself, with the assistance o f other people as
indicated in the acknowledgements. The w ork in this thesis has not been subm itted for
any other degree or qualification.

Andrev^M . M agadlela

IV

ACK NO W LEDG EM ENTS
The w ork leading to the writing and com pletion o f this thesis was made possible by
the generous support o f several institutions and the dedicated guidance o f many
individuals. The Association o f Commonwealth Universities, the British Council and
the Royal Society generously funded various aspects o f this research. D espite
financial problem s, the University o f Fort Hare selflessly granted me a study leave to
pursue research in Edinburgh. The M acaulay Land Use Research Institute honed my
laboratory analytical skills. The Sheep Breeding Section o f the Scottish A gricultural
College contributed in no small way to some o f my research. CIAT, Santa Cruz,
Bolivia kindly allowed me to use their facilities for a major part o f my research. I am
very grateful to all those institutions and their representatives with whom I interacted
for the support I received.
I wish to express my sincere gratitude to my first supervisor, Dr Neil S. Jessop for his
patience and the skilful guidance he gave me during the various phases o f this
initiative. M any thanks are also due to my second supervisor, Professor A ndrew W.
Illius for easing my frustration with non-linear curve fitting and for supporting me in
various ways w hile I was in Edinburgh. I am also indebted to D r Ron L. Lew is and
M r Gerry Em m ans for their valuable input in the various stages o f the sheep intake
and diet selection study. M r Graeme Allan fine-tuned my laboratory analytical skills,
heightened my safety awareness and mopped up after me - thanks a million, Boss. Dr
M ario Herrero and M r N elson Joaquim organised the logistics for the w ork carried
out in B olivia - this is greatly appreciated. M r Tony H unter gave invaluable statistical
advice w hich made life easier.
M any individuals, including those I have already mentioned, made my stay in
Edinburgh a m emorable one. I should like to mention a few names: Sam eer Nagadi,
John Binnie, D r Evelyn Telfer, Fiona M cCafferey, Tim R oughsedge, A ntonio
H inojosa, Graham W alker, John Swanny, Sheila Smith, Linda Patterson, M atthew
Bell, Lindsay, Kenny and Jamie M acDonald. There are probably a few nam es I have
left out, but their friendships are not forgotten.
Lastly, my dear wife, Bomkazi who sacrificed her own career to be next to me, and
our twins, Songezo and Sinazo bore the brunt o f my many frustrations and being
away from home due to my study commitments. My heartfelt appreciations are
extended to them.
This w ork is dedicated to Songezo and Sinazo.

V

ABSTRACT

Study I (exp 1, 2, and 3) assessed the use o f alkanes for estim ating diet com position
and intake in lambs. In exp 1, 36 lambs at 30% and 45% o f projected m ature sizes
w ere used in a factorial design with 2 breeds (Suffolk and Scottish Blackface), two
sexes (m ale and female) and three feed treatm ents [pelleted lucerne (M edicago
sativa) or pelleted ryegrass (Lolium spp) alone or both as a choice] to com pare
alkane-derived estim ates o f dry m atter intake (DM I) and selected diet w ith direct
measurements. In exp 2, to assess diurnal variation in n-alkane concentration in the
gut,

6

restricted and

6

a d libitum fed lambs at 45% mature size w ere used in a split-

plot design to compare the ratios o f the am ount o f dotriacontane (C 3 2 ) to
tritriacontane (C 33 ) in the faeces collected at 4 hourly intervals over a 24 hour period.
In exp 3, to evaluate the efficacy o f dosing once-daily (cf. tw ice-daily) w ith C 3 2 ,
once-daily and

6

6

twice-daily dosed lambs were used in a split-plot design to com pare

faecal alkane ratios o f C 33 to C 32 - Exp 1 suggested general agreem ent between
m easured quantities and those estimated using the alkane technique H owever, at 30%
m ature size, for the lambs fed on grass only, dry m atter intake w as slightly
overestim ated and for those fed on lucerne and grass as a choice, dry m atter intake o f
lucerne was underestimated. Exp 2 indicated that the ratio o f the concentration o f
C 3 3 :C 32 in the faeces was not affected by sampling time and thus no diurnal variation
irrespective o f w hether the lambs were restricted or a d libitum fed. Experim ent 3
suggested no difference in the ratios o f the concentrations o f C 3 3 :C 3 2 betw een the two
dosing strategies until the fifth day o f dosing. Study II used the alkane pair o f C 36 and
C 35 to compare the voluntary dry matter intake o f Brachiaria decum bens by

8

dry

VI

cows, averaging 301 kg liveweight and

8

livew eight during the wet season and

lactating cows averaging 300 kg liveweight

8

lactating Criollo cows, averaging 320 kg

and 7dry cows, averaging 289 kg liveweight during the dry season o f Bolivia.
Results suggested that this alkane pair can be used to estimate the dry m atter o f
intake o f tropical forages, but if the concentrations o f C35 are very low the accuracy
o f the estim ate may be compromised. Studies III and IV sought to validate a
conceptual model which proposed the involvement o f buoyancy and size in the rate
o f passage o f particulate digesta from the rumen. Study III used 4 ruminally
cannulated Scotttish Blackface wethers, fed on pelleted grass a d libitum and on
bailed hay a d libitum , in a cross-over design to investigate the rates o f passage
[expressed as mean retention time in the rumination turnover pool (M R Ti), in rumen
escape pool (M RT 2 ) and in the whole digestive tract (M R T t)] o f n-alkane-coated
fibre particles o f tw o sizes (large and small) and tw o densities (dense and buoyant),
in a factorial fashion, in the gastrointestinal tract. The small particle pool had a
shorter (¿><0.001) M RTi and M RTt than the large particle pool. In addition, there
was a diet and particle size interaction (p<0.005) for M RTi, suggesting that the
difference in M RTi between the tw o particle pools was more pronounced w hen the
sheep w ere fed on hay. There was no difference in M RT 2 between the large and small
particle pools. There was a diet and particle size interaction (¿><0.001) in M R T 2- large
particles w ere held 5 h longer than small particles when the sheep w ere fed on hay,
com pared to 2 h when they were fed on pelleted grass. There was no difference in
M RTi between the buoyant and non-buoyant particle pools and no dietary influence
on the M RTi o f the particles. There was a particle size and buoyancy interaction
(¿><0.05) such that large particles o f the dense fraction had a 5 h longer M RTi than

VII

smaller ones whereas large particles o f the buoyant pool were retained 1.5 h longer
than small ones. The non-buoyant pool remained in the tract 4.7 h longer (p<0.001)
than the buoyant pool. Study IV used four sizes o f a tropical cattle breed, Criollo and
one size o f a mature Criollo X Holstein cross in a split-plot design to com pare the
rates o f passage o f the same fibre particles used in Study III in the digestive tracts o f
cattle. A cross all cattle groups the large particles had longer M RTj than small
particles. For all but one group M RT 2 for small particles w ere shorter than those for
large particles. For M RTt , the large particles were retained for over 8.5 h longer
(p<0.001) than the small particles. There was no effect o f buoyancy on M RTi and
M RT 2 , but non-buoyant particles displayed a 2 h longer (p<0.05) M R Tt than the
buoyant ones. There was no apparent effect o f animal size or genotype. The 4 studies
showed that n-alkanes could be successfully used to estimate DM I, diet selection and
solid digesta passage rates in sheep and cattle. Studies III and IV suggested the
involvem ent o f buoyancy and size in particulate digesta retention in or passage out o f
the rumen, but full support for the proposed model could not be justifiably claimed.

VIII

C H A PTER 1

Introduction
Grazing animals can vary the com position and thus the quality o f their diet by
selecting certain plant parts and plant species that may differ substantially in
nutritional value, m aking the com position o f selected herbage as im portant as the
am ount consum ed when quantitatively evaluating the nutritional status o f grazing
animals. H owever, both dry m atter intake and diet selection are difficult to m easure
for animals at pasture. The cuticular w ax o f plants contain m any com pounds
including various alcohols, diketones and hydrocarbons, which in recent years with
the im provem ent o f chrom atographic separation techniques, have been finding more
use in taxonom ic studies (Dove and M ayes, 1991). O f particular im portance,
especially in nutritional studies, have been the saturated hydrocarbons, alkanes
because o f their w idespread nature among plants and their relative ease to analyse by
gas chrom atography. In m ost plant species long chain alkanes, ranging from
pentacosane (C 25 ) to pentatriacontane (C 35 ), are present with the odd-chain ones
predominating. The alkane profiles o f plants usually vary from species to species and
even from one plant part to another. There may also be within species differences in
alkane content that are due to stage o f m aturity, cultivar, environm ent, seed origin
and plant individuality, but these differences are usually sm aller than betw een
species differences (Dove and M ayes, 1991). The differences in the alkane profiles
o f different species have been exploited to resolve herbage m ixtures into proportions
o f com ponent species (Dove, 1992).

1

The most com m only used m ethod o f estim ating dry matter intake, w hich uses
chromium oxide as a faecal output m arker and in vitro digestibility estim ates does
not take into account animal individuality (Chen et al., 1999; G edir and Hudson,
2000). Digestibility occurring in the animals w hose intake is being estim ated can be
different from the in vitro estimates due to differences in the intake levels o f the test
animals and the animals used to derive the in vitro calibrations (Dove et al., 2000).
Therefore estim ates derived by using this m ethod inherently have a certain degree of
error about them that does not fully address individual differences, w hich can be due
to differences in physiological status o f the animals.

Estim ation o f intake from quantifying ingestive behavioural attributes like bite rate,
bite weight and grazing tim e may provide good herbage intake data at the tim e o f
observation, but it often does not give accurate intake inform ation outside the times
during

w hich

the

behavioural

characteristics

were

observed

(M oore

and

Sollenberger, 1997). O ther m ethods like the estim ation o f intake from herbage mass
disappearance are even more erroneous and labour intensive and are m ore applicable
to intake estim ates o f groups o f animals (M oore and Sollenberger, 1997).

Likewise m ost methods to estimate the com position o f the diet selected by grazing
animals, particularly after chewing, are either laborious or yield unsatisfactory
estimates. For instance using m icroscopy for separating oesophageal fistula extrusa
into com ponent species is tedious and difficult (Dove and M ayes, 1991). Pinitol,
because it is found in legumes and not in grasses, has been used as a chem ical marker
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to estimate the legume content o f herbage consum ed by steers grazing a grass and
legume sward and yielded results which underestim ated the proportion o f legumes in
the diet because some o f it seemed to leach out by saliva (Forwood et al., 1987).

Although alkanes have found uses in other areas o f nutritional studies like intake
estim ation and rates o f passage determ ination, their m ost valuable application is in
the estim ation the botanical com position o f the diet o f individual grazing animals
because o f the inadequacy o f other m ethods (Dove and M ayes, 1991). U nlike the
collection and separation o f oesophageal fistula extrusa, w hich provides botanical
com position data about the fistulated animal (but not necessarily other anim als) over
a short period, the alkane method, gives the botanical com position o f each animal
over a long period o f time. The m ethod determ ines diet com position by m atching the
patterns o f alkane concentrations in the faeces, after correcting for losses in the gut,
w ith those o f individual plant species o f the diet (Dove and M ayes, 1996).

Intake estim ation involves dosing animals w ith a known am ount o f an even-chain
alkane that is sim ilar in recovery rate to another odd-chain alkane naturally found in
the forage (M cM enim an, 1997; Dove and M ayes, 1996). If dry m atter intake and diet
selection are both investigated in the same study, intake determ ination requires no
additional analyses to that done for diet selection, except the dosing o f the evenchain alkane and establishm ent o f the am ount o f the even-chain that is delivered
daily. However, cyclic variations o f dosed even-chain n-alkanes, w hich could
com prom ise the accuracy o f the technique have been reported (D ove and M ayes.,
1991,

Dillon

and

Stakelum,

1990).

Also,

the

com m only

used

m ethod

of

3

adm inistering alkanes to animals is by dosing twice daily w ith either paper pellets or
gelatin capsules, yet dosing once daily would have the advantage o f reduced animal
handling, but can cause variation w ith time in the concentration o f the dosed alkane
(Dove and M ayes, 1991).

A lkanes can also be used as markers to investigate the passage o f solid digesta down
the gastrointestinal tract o f rum inants (Dove and M ayes, 1991). It w ould appear as if
the natural alkanes because o f their association w ith solid digesta w ould be the most
appropriate, but the m eans o f dosing and m onitoring w ould be difficult because they
are naturally part o f the herbage (Dove and M ayes, 1991). Radioactive labelling is an
option (Dove and M ayes, 1991), but health risks and access to analytical equipm ent
would be disadvantageous. Even-chain alkanes can be easily attached to forages and
their affinity for solid digesta shows a potential for their use as m arkers for
investigating the rate o f passage o f solid material through the gut (M ayes et al.
unpublished data). A nother advantage o f using alkanes as m arkers is that several
types are available and therefore several particle pools can be m arked, dosed and
their passage rates m onitored at the same time. However, it is not know n w hether
addition o f n-alkanes to forage particles w ould interfere with the degradation o f the
forage to w hich they were attached when used in m oderate amounts.

The broad objective o f this research was to evaluate the use o f alkanes as m arkers in
intake, diet selection and solid digesta passage rates. The research was divided into
two intake research initiatives, studies I and II and two rates o f passage research
initiatives, studies III and IV. The objectives o f study I, w hich com prise three

4

experiments, were to evaluate the feasibility o f alkanes as m arkers for estim ating dry
matter intake and diet selection by rum inants given diet m ixtures (experim ent

1 ),

to

assess the consequences o f diurnal variation in alkane concentration in the gut on the
accuracy o f the n-alkane technique in estim ating dry m atter intake (experim ent

2

)

and to test the efficacy o f dosing once daily, as opposed to twice daily, w ith an evenchain alkane (experim ent 3). Study II used the alkane pair o f C 36 and C 35 to com pare
the voluntary dry matter intake o f Brachiaria decum bens by dry and lactating cows
during the w et season and dry and lactating cows during the dry season o f Bolivia.

Studies III and IV sought to validate a conceptual model w hich proposed the
involvem ent o f buoyancy and size in the rate o f passage o f particulate digesta from
the rumen. To that end study III was conducted to investigate (i) the effects o f
addition o f n-alkanes on ferm entation characteristics o f forage particles, and (ii) the
rates o f passage o f n-alkane-coated fibre particles o f two sizes and two densities in
the gastrointestinal tract o f sheep. Study IV was conducted to com pare 1) the passage
rates o f fibre particles o f two sizes and two densities in the gastrointestinal tracts o f
four sizes o f a tropical cattle breed, Criollo and the rates o f passage o f the sam e fibre
particles in the mature tropical breed against a similarly sized Criollo X H olstein
cross and 2 ) the voluntary dry m atter intake and gutfill in the afore-m entioned cattle
sizes and genotypes.

5

C H A PTER 2

Literature review

Intake and particulate rates o f passage
The am ount o f feed consum ed by an animal is one o f the m ost im portant variables
which influence its performance. Consequently, much research effort has been
devoted to improving understanding o f the m echanism s o f intake m odulation in order
to more accurately predict it. Accurate determ ination and prediction o f intake are
useful for the form ulation o f rations to achieve specific animal responses (B um s et
al., 1994). Determ ination o f dry m atter intake integrates factors such as plant
chemical and physical properties and animal physiological processes. H owever, the
mechanisms by which these plant and animal factors inter-relate to regulate intake
are com plex and have not been clearly delineated (Forbes,

1995).

Several

physiological factors have been suggested to control voluntary dry m atter intake and
these include hypothalam ic tem perature, blood glucose concentration, body fat stores
and plasm a am ino acid levels (Forbes, 1995; 1986). Leng et al. (1993) stated the
im portance o f the balance o f volatile fatty acids and am ino acid requirem ents relative
to total volatile fatty acids energy available in intake regulation. Physical distension
in the gastrointestinal tract, especially the reticulorum en, due to fill has also been
postulated to lim it intake, but the physiological status o f the animal may affect its fill
capacity (Allen, 1996; Forbes, 1995).

Under m ost m odem feeding practices the intake o f high quality forages and
concentrate feeds is generally high enough to meet m ost production requirem ents
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(Burns, 1994); in such cases intake is more likely to be lim ited by physiological
factors than by stomach distension (Illius and Jessop, 1996). The am ounts o f poor
quality forages eaten by rum inants even under a d libitum feeding conditions are
often insufficient to support the level o f production o f w hich anim als are capable
(Forbes, 1993). This low intake may be a result o f restricted flow o f forage digesta
through the gastrointestinal tract, which may cause distension o f one or more
segments o f the gut (Allen, 1996). In such circum stances the am ount o f dry matter
consumed by a rum inant during a meal is influenced by the rate o f clearance from the
rumen o f previously ingested food (Forbes, 1986). Rum en clearance occurs by
solubilization o f soluble material, degradation o f degradable m aterial and passage o f
the less digestible residues from the reticulorum en into the om asum (V an Soest,
1988; K ennedy and Doyle, 1993). The rate o f degradation o f plant cell wall by
rumen m icrobes is influenced by the supply o f nutrients from ingested food or from
endogenous recycling into the rum en (W ilson and Kennedy, 1996). The rate is
depressed if the supply o f nutrients is suboptim al for m icrobial requirem ents.
M icrobial activity is also lowered by a low ratio o f external surface area per volum e
o f feed particles, w hich impedes their access to cell wall carbohydrates before
colonization and subsequent degradation (W ilson and K ennedy, 1996).

The rate o f passage o f particles from the rum en depends on the efficiency o f their
com m inution into small particles, mostly by rum inative chew ing, w hich is influenced
by the physical properties o f the particles (M urphy and K ennedy, 1993). The
physical characteristics o f forage digesta then determ ine not only the efficiency at
which they are digested, but also the speed at which undigested residues pass along
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the gut. Thus a clear elucidation o f the kinetics o f digestion o f forages o f different
physical and chem ical characteristics in the digestive tract, and the physiological
factors that m odulate them will benefit efforts to predict and enhance the intake o f
forages by animals.

Digesta particle size
Several investigations have revealed that digesta particles have to be reduced to a
small size to increase not only their probability o f escape out o f the reticulorum en,
but also their rate o f passage to the post-rum inal tract (King and M oore, 1957; Poppi
et al., 1980). For instance, Ew ing and Smith (1917) investigated passage rates o f
food particles in a steer fed on m ixed rations o f different cottonseed meal, silage and
starch proportions and, after slaughtering the steer, observed that larger or coarser
food particles required longer time for passage through the gut o f the anim al than
finer particles. Also, W elch (1967) found that when indigestible polypropylene fibres
7 cm long were placed in the rum en o f hay-fed sheep they were recovered in the
faeces finely ground whereas 90 % o f 30 cm long fibres rem ained unchanged in the
rum en after 28 days. In a study to com pare digesta particle size distribution in the
reticulorum en, om asum and abom asum o f sheep fed two alfalfa hay varieties and
four grass hays, Troelsen and Cam pbell (1968) found a higher proportion o f coarse
particles in the reticulorum en than in the other compartments.

Such findings suggested that digesta particles have to be broken dow n to some
threshold size o f fineness before passing from the reticulorum en and led to the
concept o f a critical size suggested by Poppi et al. (1980). It divides digesta particles
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in the rum en into small particles w hich can escape from the rum en and large particles
which cannot. This size has been proposed to be approxim ately 1 m m for both sheep
and cattle (Evans et ah, 1973; Poppi et al., 1980), but Kennedy and Poppi (1984)
later suggested a lim iting size o f 3-4 mm for cattle. Van Soest et al. (1988), arguing
against the idea o f a constant limiting size, stated that a higher lim it was observed
when pelleted feeds were given and when intake was increased. In addition, the
proportion o f large particles in the reticulorum en o f cows fed at several levels o f
restricted intake was found to increase with higher levels o f intake (O kine and
M athison, 1991a). However, Faichney (1993), in agreem ent w ith the 1 m m and 3
mm critical size proposals for sheep and cattle respectively, argued that the critical
size o f particles for passage from the rum en is relatively unaffected by grinding and
pelleting feed or by level o f feed intake. The suggestion that the critical size
increases when intake increases was based on observed increase in faecal mean
particle size, an observation w hich offers limited inform ation on critical size
(Faichney, 1993). A lthough there maybe disagreem ent over the constancy o f the
lim iting size, reducing digesta particle size does not only speed their passage rate, but
it also increases their rate o f ferm entation in the digestive tract as a result o f an
increase in surface to mass ratio for m icrobial attack (G erson et al., 1988).
Furtherm ore, in their review o f physical and chem ical variables influencing particle
passage, Ehle and Stem (1984) stated that larger particles prom ote slow er passage
and do not allow as great a nutrient intake as sm aller particles.
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Particle size discrim ination
Because the average size o f digesta particles in the rum en was observed to be larger
than that o f digesta taken from post-rum inal sites (Poppi et ah, 1980), the reticuloomasal orifice w as proposed to be the part responsible for prevention o f passage o f
particles larger than the critical size (W elch, 1982). W elch and Sm ith (1978), not
convinced o f the proposed passage lim iting role o f the reticulo-om asal orifice,
carried out an experim ent, using polypropylene ribbons o f varying lengths, to
determ ine the particle size necessary for passage from the rum en o f sheep and cattle
without additional breakdow n by rumination. They observed that polypropylene
ribbons

2

cm long passed through the reticulo-om asal orifice o f cattle fed

2

kg o f

concentrate per day and hay a d libitum, albeit in sm aller quantities than 1.5, 1.0 and
0.5 cm lengths. Similarly, ribbons 1 cm in length passed through the reticulo-om asal
orifice o f sheep, but in sm aller am ounts than shorter lengths (0.25 and 0.5 cm).
Furtherm ore, in an endoscopic study o f digesta transfer from the reticulorum en to the
omasum o f a cow fed long alfalfa (M edicago sativa) hay, M cBride et al. (1984)
observed particles as large as

10

mm to freely go through the reticulo-om asal orifice,

but were seldom in a rum en location which predisposes them to delivery to the
orifice. They therefore postulated that the screening process o f digesta for passage
out o f the rum en took place somewhere else in the reticulorum en, not at the orifice,
although the om asum may return large particles to the reticulum or reduce their size
before onw ard passage.
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Evans et al. (1973), after observing changes in the physical characteristics o f the
digesta in the reticulorum en o f cows fed pasture hay once daily, reported that small
and dense particles are found in highest concentrations in the cranial and ventral sacs
o f the rumen. Sutherland (1988) used sheep fed chaffed lucerne (.M edicago sativa)
hay to exam ine how the forestomachs o f rum inants achieves preferential retention o f
large particles while small particles pass to the postrum inal tract. He confirm ed the
observation made by Evans et al. (1973) that particles in the ventral region o f the
rumen were generally small and enjoyed preferential passage through the reticuloomasal orifice and proposed that there is a floating raft in the dorsal rum en, which
functions as a discrim inating m echanism with high selectivity for large particles. It
therefore follows that the particulate digesta w hich are presented to the orifice for
passage m ust first be processed into small particles and occupy a ventral location in
the rumen, since it is particles from this region that are pushed through the orifice.
However, there is a possibility o f another sorting m echanism in the om asum where
large particles are selectively retained and returned to the reticulum as was observed
by M cBride et al. (1984) in the cow fed long alfalfa (.M edicago sativa) hay and by
W aghorn et al. (1986) in sheep fed chaffed lucerne (M edicago sativa).

Particle com m inution

Large particle breakdow n involves interactions among feeds, m icrobes and the host
animal, but, according to M cLeod and M inson (1988), it largely occurs by ingestive
and

rum inative

chewing,

with

m icrobial

action

and

detrition

contributing

insignificantly. However, W ilson and Kennedy (1996) in their review o f plant and
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animal characteristics associated with fibre breakdow n argued that, depending on
forage species, prem aceration digestion in the rum en may increase the fragility o f
some plants, with plant parts affected differently. Also, plant characteristics and form
o f presentation exert an influence on the ease, extent and pattern o f breakdow n o f
particles by com m inution processes (W ilson and Kennedy, 1996). The influence o f
forage type on chewing tim e was studied by M inson (1990) who w rote that it took
sheep longer to chew tropical than tem perate grasses. Chewing tim e increases with
forage m aturity (W eston, 1985) and generally leaf fractions are chew ed less than
stem fractions (M cLeod and Smith, 1989), but rum inative chew ing is norm ally about
8

or 9 h per day and increasing the load o f indigestible fibre does not increase

rum ination appreciably beyond that duration (W elch, 1982). C hopping forages to a
short length generally reduces chew ing tim e (W eston, 1985; K ennedy, 1995).
Highlighting the im portance o f plant characteristics in particle kinetics, W eston and
Kennedy (1984) concluded that even though the probability o f passage o f particles
from the reticulo-rum en is inversely proportional to their size, the passage rates o f
particles

o f com parable

size but from

different plants

may

vary.

Particle

com m inution through chewing and rum ination affects passage rates from the rumen
not only by reducing particles to an optim um size for passage, but also by increasing
particulate specific gravity due to increased rate o f hydration (H ooper and W elch,
1985).
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Specific gravity

Although digesta particles have to be reduced in size to be able to flow out o f the
reticulorum en into the post-rum inal tract, particle reduction does not guarantee
passage through the reticulo-om asal orifice. W elch (1982) reported that m ore than
half the dry m atter in the rum en o f experimental cows could pass a 600 m icrom eter
sieve, but could not be cleared from the rum en o f the cows. D ata from several other
experiments (Evans et ah, 1973; Poppi et al., 1981) suggested that m ost o f the
particulate matter in the reticulorum en was sm aller than the reticulo-om asal orifice
and that the reticulo-om asal orifice seemed large enough to accom m odate particles
larger than the ones found in the faeces o f rum inants (Kennedy and Doyle, 1993;
M cBride et al., 1984). Thus, there is another characteristic by w hich particles are
sorted in the reticulorum en for onward flow.

Specific gravity appeared to be another physical characteristic that determ ines the
behaviour o f particles in the digestive tract when King and M oore (1957) observed
that plastic particles o f density

1 .2

g/ml had the m ost rapid passage rate through the

gastrointestinal tracts o f cows fed about

2

kg o f grain daily and m ixed hay ad

libitum. D ata presented by desBordes and W elch (1984) also suggested that plastic
particles o f specific gravity 1.17 passed fastest through the digestive tract o f cows
fed mixed grass hay twice daily. M urphy et al. (1989) used a four-pool model study
incorporating passage o f rum inated and nonrum inated particles from the reticulo
rumen, post-rum inal passage, rate o f chewing and lag times to com pare passage and
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rum ination o f inert particles varying in length and specific gravity. Particles o f
specific gravity o f 1.34 had the fastest passage rates from the reticulorum en o f
swamp buffaloes and cattle given a diet predom inantly o f rice (Oryza sativa) straw
ad libitum. Kaske and Engelhardt (1990) detected that plastic particles w ith densities
1.22-1.44 g/ml had the shortest retention time in the gastrointestinal tract o f sheep
m aintained on a diet o f m edium quality hay given a d libitum. H owever, a recent
study (Kennedy, 1995) could not establish a connection betw een the specific gravity
o f particles, m easured as particle sedim entation rate (Sutherland, 1988), in the
reticulum and their probability o f passage to the post-rum inal tract o f swamp
buffaloes and cattle fed m ainly on rice straw.

Rumen stratification

It has been found that specific gravity o f rum en digesta varies according to rumen
site and time o f sampling after eating; for instance, Evans et al. (1973) found that
soon after feeding the dorsal contained larger and lighter particles than the ventral
rumen o f nonlactating Friesland cows fed pasture hay. Sutherland (1988) observed
no significant difference in particle size or density between the contents o f the
anterior and posterior rumen o f sheep. However, the dorsal rum en w as found to be
occupied by a floating raft o f large and buoyant particles while the ventral rumen
contained small and dense particles. Initially upon ingestion forages, except grain,
are coarse and buoyant because o f air spaces w ithin their tissue structure, but this
buoyancy may be lost with time spent in the rumen owing to hydration and the
buoyancy will again be tem porarily restored after m icrobial colonization and
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digestion because o f the production o f m icrobial ferm entation gases (K ennedy and
Doyle, 1993). These findings lent support to earlier proposals that rum en digesta are
stratified according to particle size and buoyancy (Evans, 1973; Faichney, 1986).
This stratification is m ost pronounced ju st after feeding as new ly-ingested digesta
have not been fully hydrated and com m inuted by rum ination and digestion (W ilson
and Kennedy, 1996), processes which increase particle density (H ooper and W elch,
1985).

The raft in the rum en is kept afloat by ferm entation gases w hich are released as a
result o f m icrobial attack w ithin the plant material (Sutherland, 1988). It may
entangle some large particles, especially those o f rough-surfaced tropical grasses
(W ilson et al., 1989) and some small particles that w ould otherw ise pass freely to the
post-rum inal tract (Faichney, 1986). W elch (1982), having found no evidence o f
particle entrapm ent in ingesta mass lim iting presentation o f small particles to the
reticulo-om asal orifice, investigated other m echanism s that may be involved in
particle discrim ination. He found that 0.5 cm long flat ribbons passed m ore rapidly
and the recovery o f their nonrum inated fraction greater than that o f cylinders o f the
same length, w hich suggested the possible involvem ent o f shape in particle
discrim ination mechanisms.

The raft has been postulated to be actively involved in one o f two m echanism s
sorting rumen particles for onw ard passage to the post-rum inal tract (Sutherland.
1988). Both m echanism s w ork on the difference in buoyancy betw een large and
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small particles. The first, which involves the dorsal raft, supposes that large particles,
because o f their buoyancy, tend to form a floating raft. Small particles, because o f
their tendency to sediment, are propelled into the reticulum with the m ore fluid
ventral rum en contents. The second sorting m echanism , which is said to take place in
the reticulum , selectively filters large buoyant particles (w hich may have escaped
rumen sorting) for retention in the reticulum and delivers small sedim enting particles
to the reticulo-om asal orifice. However, a m ore recent study by Kennedy (1995)
could not detect an obvious dorsal raft o f large and buoyant particulate m atter in the
rumen o f cattle and buffaloes; instead large particles from the dorsal rum en
sedim ented faster than those from the ventral rumen.

Rumination

Specific gravity seems to play a role in the selection o f digesta particles for
rumination. desBordes and W elch (1984) suggested that plastic particles o f specific
gravity 1.17 were not only preferentially rum inated, but were also elim inated fastest
from the rum en o f steers because after rum ination they w ere deposited to a site
which predisposes them to quick passage. M urphy et al. (1989) argued that
m axim um rum ination rates occurred at a lower specific gravity than did m axim um
passage rate o f plastic particles through the digestive tracts o f buffaloes. The average
particle size o f digesta decreases but specific gravity increases w ith tim e, due to
rum ination and digestion (Evans et al., 1973). In some instances, how ever, passage
o f small particles resulting from rum inative and digestive breakdow n may be slower
than that o f the larger particles from which they originated (Van Soest et al., 1988;
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Smith et al., 1983), w hich suggests specific gravity as a passage lim iting factor.
W ilson and Kennedy (1996) argue that, because o f evidence o f entrapm ent o f
particles w ithin the dorsal raft, it is unclear w hether passage rate is lim ited more by
the time it takes to com m inute particles or by the time it takes small particles from
the rumen. Such findings serve as a rem inder that particle com m inution is not the
only physical requirem ent for unhindered passage from the rum en even though
particles have to be reduced to go through the reticulo-om asal orifice.

Dietary factors

Rate o f passage and thus digestibility is affected by dietary factors. D ietary factors
include intake level, type and physical form (Faichney, 1993).

Passage rate and digestibility

Rate o f passage o f food influences the digestibility o f that food; a fast rate lowers
digestibility (W eston and Kennedy, 1984). V arga and H oover (1983) tested in situ
rate and extent o f N D F degradation o f two diets o f sim ilar chem ical com position but
different in fill (low and high). The rate and extent o f NDF degraded in 24 hours was
0.024 per hour and 43% versus 0.074 per hour and 58% for the high and low fill
diets. Shriver et al. (1986) used a continuous culture in vitro digestibility system to
compare neutral detergent fibre and fat-free organic matter digestibility o f a diet o f
35% hay and 65% concentrate held for varying periods (to m im ic different solid
retention times). Their results led them to conclude that the rate o f flow o f digesta
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may exert a significant negative effect on nutrient digestibility in the rum en only at
very short retention times with only a slight effect at very m oderate to long solid
retention times.

Intake

Level o f feeding, m ethod o f preparation and type o f food have an influence on the
rate o f passage o f food through the digestive tract (Leaver et al., 1969). D epressions
in digestibility o f a low forage diet o f 32% forage and

68

% concentrate and a high

forage diet o f 83% forage and 17% concentrate given to dairy cattle fed at
maintenance and ad libitum were m easured by Colucci et al. (1982). A verage dry
matter digestibilities o f the low forage and the high forage diets at m aintenance were
74.73 and 68.59%; these decreased to 68.42 and 65.38% for the cows fed a d libitum.
Retention tim es in the digestive tract for forage and concentrates decreased as level
o f intake increased, but w ithin both diet and intake forage m oved slow er than
concentrate in both the reticulorum en and the lower tract. These results w ere sim ilar
to those earlier obtained by Leaver et al. (1969) who reported a decline in crude fibre
digestibility w ith an increase in intake o f diets containing ratios o f 1:1 and 1:4 hay to
concentrate fed to castrated male sheep. The increase in the level o f feeding caused a
decrease in the mean retention time o f hay particles stained w ith brilliant green.
Although the retention time o f m arkers in the digestive tract o f sheep fed Lucerne
chaff decreased by approxim ately 50% as their allowances increased from 400 to
1300 g per day, the apparent organic m atter digestibility disproportionately decreased
from 0.657 to 0.631 (Grovum and W illiams, 1977).
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Several studies have investigated the effects o f intake on rum en turnover and particle
distribution. For instance Colucci et al. (1984) com pared the relationships among
level o f intake, rate o f passage o f digesta and proportions o f forage to concentrate in
the diet between sheep and cattle. For all diets cows at high levels o f intake digested
less organic m atter and had faster liquid turnover rates than sheep, but the passage
rates o f particulate matter were sim ilar in both species. D oubling intake o f a high
concentrate did not affect rum en volum e in both species but rum en flow rates were
doubled and this caused a doubling in the rate o f passage o f only fluid. D eswysen
and Ellis (1988) evaluated the site and extent o f neutral detergent fibre digestion,
efficiency o f rum inal digesta flux and faecal output as related to variations in
voluntary intake and chewing behaviour in heifers. Their results suggested that
heifers w ith higher voluntary intake had greater efficiency o f chew ing, flux o f NDF
through the reticulo-om asal orifice and less potentially digestible N D F digestion in
their forestom ach w ith com pensatory greater potentially digestible N D F digestion in
their large intestine. In addition, the efficiency o f digesta flow per reticular
contraction increased at high intake levels.

Okine and M athison (1991) further investigated how changes in attributes o f reticular
contractions were related to changes in passage o f digesta from the reticulorum en o f
cattle fed a forage-based diet at m aintenance level and three

levels above

maintenance. Their results suggested that the flow o f neutral detergent fibre from the
reticulorum en w ith increasing dry m atter intake were related prim arily to the
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duration and am plitude, and not frequency, o f reticular contractions. Therefore
changes in duration and am plitude o f reticular contractions were m ore im portant
determ inants o f digesta passage from the reticulorum en than frequency. However,
Dado and Allen (1995) observed an increase in the num ber o f reticular contractions
as the fractional passage rate o f NDF from the rumen increased in dairy cows
receiving a high fibre diet and rumen inert bulk, to com pensate for increased rumen
fill and to m aintain intake.

The effects o f feeding level on faecal particle size and ruminal particle distribution is
variable. Bae et al. (1981) fed hay at four levels o f intake to dairy cows. Their results
suggested that increasing level o f feeding had no effect on the size o f digesta
particles in the reticulorum en and faeces. W aghorn et al. (1986) also reported that
there was no significant change in abom asal particle w eight distribution in sheep
when their allowance o f chopped alfalfa hay was increased from 700 to 1020 g/day.
However, Luginbuhl (1990) found that increasing level o f intake resulted in a linear
increases in rum en upper strata and faecal particle sizes in their investigation o f
changes in rum inal and faecal particle w eight distribution o f steers fed coastal
berm udagrass (Cynodon dactylon) hay at four intake levels. An increase in the size
o f particles in the dorsal sac w ith an increase in intake was suggested by the results
o f Evans et al. (1973) to m onitor changes in some physical characteristics o f the
digesta in the reticulorum en o f cows fed three levels o f pasture hay once daily.

20

Processing

Voluntary intake o f poor quality forages seems to be reduced by the length o f time
the digestive tract takes to clear them, but chopping or grinding and pelleting may
improve their intake (Allen, 1996), provided nutrient deficiencies do not lim it intake
(M inson, 1982). For instance, de V ega et al. (2000) investigated the effects o f the
form o f feeding o f lucerne hay and its feeding frequency on voluntary intake,
digestibility, feeding behaviour and m arker kinetics in ewes. G rinding and pelleting
resulted in higher intake and a reduction in dry m atter digestibility. Processing
forages by chopping or grinding causes an increase in intake and fill o f digesta in the
reticulorum en but the resulting increased energy intakes may not be com pletely
available to the anim al because decreased retention time o f digesta may reduce
energy digestibility (W eston and Kennedy, 1984). Blaxter et al. (1956) com pared the
digestibilities and retention tim es o f dried grass in the long form, the same grass
medium -ground (in a ham m er mill through .25 inch sieve) and cubed and finely
ground (twice through a .00625 inch sieve) and cubed in the digestive tracts o f sheep
fed at different levels o f intake. The results indicated that the cubes o f dried grass
passed through the digestive tract more quickly and had a lower digestibility than the
long material. Increasing feeding level resulted in an increase in the passage o f food
and a fall in its digestibility. These results led them to the conclusion that the m ethod
o f preparation m odified the rate o f passage o f through the gut and that this rate was
the determ inant o f its digestibility. This conclusion was later corroborated by Tetlow
and W ilkins (1974) who observed a faster rate o f passage o f ground com pared to
chopped tall fescue (Festuca arundinacea) and perennial ryegrass (Lolium perenne)
in the digestive tracts o f sheep. By contrast Faichney (1983) found that grinding and
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pelleting o f lucerne (M edicago saliva) hay increased the m ean retention tim es o f
solutes and o f particle associated m arker in the rum en o f sheep.

Plant structure

Plant structural characteristics exert an influence on its behaviour in the gut and
therefore im pact on its passage rate and digestibility (W ilson et al., 1989). Laredo
and M inson (1975) investigated the effect o f grinding and pelleting and chopping on
the voluntary intake and digestibility o f leaf and stem fractions o f three grasses
offered to wethers. Voluntary intake o f chopped leaf was 34% higher than that o f
chopped stem but their digestibilities did not differ significantly. C hopped leaf was
also retained alm ost

6

h shorter than chopped stem. Grinding and pelleting increased

the voluntary intake o f the leaf fraction by

88

% and the stem fraction by 60%. The

conclusions drawn from the study that the higher intake o f the leaf fraction was
attributable to its shorter retention time in the reticulorum en and that it was the
physical more than the chem ical characteristics that determ ined the different rates o f
passage.

However, there is evidence that the rates o f passage and thus digestibilities o f plant
species are influenced by their structural organisation, including their chemical
characteristics (W ilson, 1993). For instance, Baum ont et al. (1990) com pared the
alimentary behaviour o f alfalfa (M edicago sativa) and orchardgrass (D actylis
glomerata) hays in sheep and observed a much higher voluntary intake o f alfalfa than
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orchard grass (1757 versus 1099 g/day). Jung and A llen (1995) attribute the higher
intake for alfalfa to a lower filling effect o f alfalfa neutral detergent fibre because o f
its faster degradation and passage from the rum en than grass. Similarly, Cam pling et
al. (1961), com paring the consum ption o f hay and straw by cows and its residence
time in the alim entary tract, found that the intake o f hay was m ore than tw ice that o f
straw and attributed that to the longer retention time o f straw in the digestive tract.
W ilson et al. (1989) com pared particle size reduction o f the leaves o f a tropical grass,
green panic (Panicum m axim um) and Italian ryegrass (Lolium m ultiflorum ) due to
chewing during eating and to varying times o f digestion by cattle. Results suggested
that ryegrass was more digestible than green panic from within

6

h o f digestion up to

96 h. After 3 w eeks o f the digestibility o f ryegrass was still higher than that o f green
panic but the proportion o f cell wall that was ultim ately undigested was the same for
both grasses.

Physiological factors

The m ovem ent o f digesta in the digestive tract is also m odulated by anim al factors
and these include animal response to lactational, gestational and clim atic changes,
which may increase or decrease their rate o f passage.

Pregnancy and lactation

Voluntary dry m atter intake by ruminants decreases during late pregnancy (Forbes,
1986). Pond et al. (1984) investigated the rate o f passage o f chrom ium m ordanted
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fibre and Co-ED TA in the gastrointestinal tract o f pre- and postpartum ewes fed
Coastal berm udagrass (Cynodon dactylori) pellets ad libitum. They reported mean
residence tim e reductions o f 3.5 h for liquid and

6

h for solid digesta fractions

postpartum com pared to prepartum. Their results suggested that although the
increase in passage rates could be attributed to increased intake postpartum , another
mechanism could have contributed to the difference. The effects o f early and mid
pregnancy o f sheep on the passage o f a m ixture o f chopped lucerne (M edicago
sativa) hay and wheaten ch aff given at four levels o f feeding were determ ined by
Graham and W illiams (1962). Sim ilar to the results o f Pond et al. (1984), the mean
retention time o f solid digesta increased as pregnancy advanced, by 1 to 1.5 h per
100 g increase o f concepta. Intake had a positive relationship w ith digesta flow rate,
but these researchers also entertained the idea o f a possible change o f m etabolism
during pregnancy, w hich could cause an increase in the rate o f flow o f digesta.

W eston (1988) studied passage rates at a constant rate o f intake (1100 g/day) o f a 1:1
mixture o f chopped lucerne {Medicago sativa) and wheaten hays in pregnant sheep
bearing tw in or single foetuses and in ewes suckling a single lamb during early
lactation. Both late pregnancy and early lactation caused an increase in the passage
rates in the gastrointestinal tract w ith a reduction in organic m atter digestion, but the
effects o f late pregnancy were more pronounced. The ewes with tw ins showed
similar passage rates as the ewes with singles. Ehle et al. (1984) observed a quadratic
rumen turnover rate as lactation progressed from dairy cows fed at least 25% grain
and different am ounts o f alfalfa and brom egrass (Bromus inermis) haylage ad
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libitum. They also found a poor correlation between intake levels and rum en turnover
rates, suggesting the involvem ent o f another m echanism for regulation o f rumen
turnover rates in lactating cows, besides level o f feed intake.

Climate

Climatic factors seem to affect intake and thus digesta passage rates and digestibility.
For exam ple, K ennedy et al. (1976) found cold exposure to reduce m ean retention
times and dry m atter digestibility o f pelleted brom egrass (Brom us spp.) in the
reticulorum en o f shorn sheep. W arren et al. (1974) com pared digestibility and
ingesta passage in cows fed alfalfa {Medicago sativa), tall fescue (Festuca
arundinacea) and orchardgrass (Dactylis glomerata) under 18 °C and 32 °C am bient
temperatures. Results suggested that digestible dry m atter intake, w ater intake and
mean retention time increased as tem perature increased. There w as how ever no
relationship betw een voluntary dry forage intake and m ean retention tim e and the
authors concluded that other factors like gut fill may be more lim iting than mean
retention time in relation to forage intake.

Use o f markers

The

most

com m only

used

methods

for

m easuring

passage

rates

involves

adm inistration o f indirect markers (Faichney, 1993). Criteria for the ideal m arker
have been suggested and include inertness, noninterference w ith the digestive or
physiological processes, physical similarity to or intimate association with the
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fraction to be marked, recoverability and easy quantification (Kotb and Luckey,
1972; Faichney, 1993). H owever, none o f the markers in use today meets all the
desirable characteristics (Dove and M ayes, 1991). M arkers m ay be divided into
internal and external indicators (Van Soest, 1982).

Internal markers

Internal m arkers like lignin, chrom ogens and faecal nitrogen may be useful as
digestibility m arkers, but they are not suitable for passage rate studies (Van Soest,
1994). A lthough chrom ogens are relatively inabsorbable and not utilized by rumen
microbes, they are degraded into substances w ith different properties to the original
(Van Soest, 1994). The recovery o f faecal nitrogen is variable because o f the
contribution o f bacterial nitrogen, which can cause m easurem ent errors (Van Soest,
1982). Lignin has been extensively used as a m arker in digestibility studies, but
microbial activities in the rum en and low er gut may degrade it or alter it, making
quantification difficult (Fahey and Jung, 1983). Analytical techniques also differ in
their estim ation o f plant lignin content (Fahey and Jung, 1983). Isotopic labelling o f
plant cell walls can provide a good m ethod o f m easuring passage rates because if
done properly the labelled material has the same characteristics as the diet (Van
Soest, 1994). Their wide use is ham pered by the need to grow the labelled plant in a
light cham ber (U den et al., 1980) and the potential hazards associated w ith exposure
to radioactivity.
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External markers

Feed stained w ith dye may be an ideal m arker in that its physical and chemical
characteristics are not much different from those o f the particulate fraction o f the diet
but their quantification is difficult due to incomplete recovery (Van Soest, 1988;
Uden et al., 1980). Incom plete recovery may be due to digestion and can lead to
inaccurate estim ation o f passage rates. Disintegration o f stained particles as a result
o f rum ination and digestion magnify the problem o f incomplete recovery because
they increase the am ount o f fines w hich may not be identifiable and counted (Uden
et al., 1980). This m ethod may hold promise if quantification can be improved.

Plastic particles have been use to provide inform ation about rum ination (desBordes
and W elch, 1984) and selective retention o f particles o f different characteristics
(Kaske and Engelhardt, 1990). They can be m anufactured to different colour, size,
shape and density requirem ents (W elch, 1990). Their quantification is relatively
simple and does not require sophisticated, expensive equipm ent but it is labour
intensive (W elch, 1990). However, because plastic particles do not undergo the same
changes like hydration and specific gravity increase that occur in feed particles in the
gut, data obtained from their use cannot provide absolute rates about feed particles
(Uden et al., 1980). The same disadvantages are true o f various other sim ilar markers
like rubber pieces, glass beads and ball bearings.

Heavy metal ions such as those o f Cr and rare earth elements have been attached to
fibre particles and used as solid digesta markers (Uden et al, 1980). Cr form s stable
plant cell wall and protein com plexes that are stable in in vitro digestion processes
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(Uden et al., 1980). Because o f the tightness o f its attachm ent, Cr reduces the
digestibility and increases the density o f the material it is intended to label (Ehle,
1984; V an Soest, 1988). Rare earths, although variable in degree o f attachm ent, can
reduce digestibility and estim ates o f passage rates obtained through their use may be
influenced by the method o f attachm ent (M ader, 1984). A nother problem w ith rare
earth metals is that their wide reactivity with proteins and carbohydrates could result
in the form ation o f insoluble com plexes likely to m ove independently o f the feed
particles they were intended to m ark (Van Soest, 1988).

One o f the com m onest m ethods o f estimating intake o f grazing anim als m akes use o f
digestibility and faecal output relationship (M cM enim an, 1997). D igestibility can be
estim ated using several indirect methods, including internal m arkers like chrom ogen,
fibre and m ethoxyl. Faecal output can be determ ined by total faecal collection, but
this m ethod is not com m only used because it is cum bersom e for the collector and
may interfere w ith norm al grazing behaviour. Indigestible m arkers used to estimate
faecal output, instead o f total faecal collection. Although a num ber o f substances
have been used as indigestible markers for faecal output estim ation, the most
com m only used is chrom ic oxide dosed m anually daily in fixed quantities or by
using controlled release devices (Chen et al., 1999; M cM enim an, 1997). However,
intake estim ates derived by using this method have a certain degree o f inaccuracy
because they do not take into account individual differences in digestibility due to
physiological status or even constitutions as they use one digestibility estim ate for all
animals (Dove and M ayes, 1991). The alkane technique does not suffer from this
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problem and seems to be an im provem ent over chromic oxide and digestibility
method.

Estimation o f digestibility

Estimation o f digestibility is difficult because o f the difficulty o f obtaining a
digestibility estim ate that is representative o f the test animals because it is almost
impossible to obtain a representative sample o f what anim als eat. The use o f
oesophageal fistulated animals tries to address the problem o f obtaining feed samples
that are representative o f w hat is consum ed by test animals. H owever, extrusa
samples

represent

only

what

the

fistulated

anim als

consum ed

during

the

observational period and do not necessarily represent the diet selected by the test
animals over a long period o f tim e (M ayes and Dove, 200). The m ost w idely used
m ethod is the tw o-stage m ethod described by Tilley and Terry (1963) or its
derivatives. In addition to not accom m odating digestibility as a function o f intake dry
m atter am ount, this m ethod derives digestibility estim ates that are used for all test
animals and as such does not cater for individuality in digestibility. Also, the
calibration animals may not be in the same physiological status as the test animals.

As an im provem ent over the traditional methods many com ponents o f plants have
been explore for use as internal m arkers for digestibility, including those discussed
above, but m ost have not been satisfactory. Odd-chain alkanes w hich are also
com ponents o f plant cuticular wax are used as internal m arkers for estim ating
digestibility, together with a dosed even-chain alkane that is used as a faecal output
marker to unbiased estim ates o f intake, if the two alkanes have the sam e recovery
rates (M ayes and Dove, 2000).
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C H A PTER 3

Introduction

The nutrient supply to grazing animals is determ ined by the quantity and
com position o f ingested forage. However, these variables are difficult to measure
particularly for anim als grazing mixed species swards. H istorical m ethods for
estimating the species com position o f consum ed herbage are either laborious or
imprecise in distinguishing between species in an herbage m ixture (D ove and M ayes,
1991). Since their first use as markers for estim ating herbage intake by grazing
animals in the mid 1980s, n-alkanes, which are saturated hydrocarbons found in the
cuticular w ax o f m ost plants, have been used to quantify the species com position o f
herbage mixtures.

Dove (1992), N ew m an et al. (1995) and M ayes et al. (1994) have presented nalkane-based m ethods o f estim ating the com position o f a consum ed diet, which are
essentially m athem atical derivations o f the best m atch betw een the n-alkane
concentrations in the diets on offer and the faeces, corrected for losses in the gut
(Hameleers and M ayes, 1998). In addition, if the grazing anim als are dosed with
known quantities o f another n-alkane, usually an even-chain n-alkane, used as an
external marker, the concentrations o f n-alkanes in the herbage and faeces o f the
dosed animals can also be used to estimate dry m atter intake w ithout additional
chemical analyses (Dove and M ayes, 1996). However, cyclic variations o f dosed
even-chain n-alkanes, which could com prom ise the accuracy o f the technique have
been reported (Dove and M ayes, 1991, Dillon and Stakelum, 1990). Also, the most
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widely used m ethod o f adm inistering alkanes to animals is by dosing twice daily
with either paper pellets or gelatin capsules, yet dosing once daily w ould have the
advantage o f reduced animal handling, but it can cause variation with tim e in the
concentration o f the dosed alkane (Dove and M ayes, 1991). These sources o f
variation can affect the accuracy o f the alkane m ethodology in estim ating the diet
com position and am ount o f the herbage consum ed by grazing animals.

This study was thus designed to assess under controlled conditions the consequences
o f possible sources o f error on the accuracy o f the n-alkane technique in estim ating
the com position and dry m atter intake by animals given diet m ixtures. Three
experim ents w ere conducted to investigate the following possible sources o f error:
consequences o f am ount o f food eaten as a function o f animal m ature size, diurnal
variation in n-alkane concentration in the gut and w hether this variation is influenced
by food allow ance {ad libitum or restricted feeding), dosing once daily versus twice
daily.

The experim ents w ere as follows:
Experim ent

lw as designed to com pare the estimates derived from n-alkane

concentrations in herbage and in the faeces o f lambs at 30 and 45% o f projected
mature w eights w ith direct m easurem ents of:
a) grass dry m atter intake when pelleted grass was offered alone.
b) lucerne dry m atter intake when pelleted lucerne was offered alone.
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c) the proportion and dry m atter intake o f lucerne and grass in selected diet
when pelleted grass and pelleted lucerne were offered together as a choice.

Experim ent 2 sought to investigate the diurnal pattern o f excretion o f the faecal nalkane ratios o f tritriacontane (C 33 ) to dotriacontane (C 32 ) over a 24 h period when
lambs are fed ad libitum or a restricted am ount o f feed and dosed tw ice daily with
dotriacontane (C 32 .).

Experim ent 3 sought to com pare faecal alkane ratios o f tritriacontane (C 33 ) to
dotriacontane

(C32)

between lambs dosed once daily and tw ice daily

with

dotriacontane (C32).

M aterials and methods

The study was carried out indoors at the Scottish Agricultural College Research
Farm, Bush Estate, Edinburgh. The three experim ents were carried out betw een early
June and late July 1998.
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Experiment 1
This experim ent was carried out in two phases: the first phase began in early June
when, on average, the lambs had reached 30% o f their estim ated m ature w eight and
the second phase began in late July when, on average, they had reached 45% o f their
estimated mature weight. Follow ing weaning at 20% mature w eight and a tw o-w eek
adjustm ent period, the lambs were individually penned on slatted floors until they
had reached 30% o f their estim ated mature w eight for the start o f phase 1 o f the trial.
In each phase 36 lambs were used in a factorial design with 2 breeds [Suffolk (S) and
Scottish Blackface (B)], two sexes (male and female) and three feed treatm ents
[pelleted lucerne (M edicago sativa) or pelleted ryegrass (Lolium spp) alone or both
as a choice]. Each treatm ent was replicated three times. M ean w eights for the lambs
used in phase one w ere 30kg for S females and 39kg for S males, and 21kg for B
females and 28kg for B females. M ean weights for the lambs used in phase two were
48kg for S females and 59kg for S males, and 37kg for B females and 44kg for B
females.

For direct m easurem ent, a pre-w eighed am ount o f food sufficient to last one week
was prepared for each lamb and placed in a reservoir. A sufficient am ount was
offered from the reservoir twice daily at 08h30 and 15h30 to ensure its a d libitum
availability through the day and night. Refusals were removed from each pen weekly
and weighed. For the n-alkane method, each lamb was dosed over a 12-day period
twice daily at 08:00 and 16:00 with O.lg o f n-dotriacontane (C32) im pregnated into a
small cellulocotton filter. From day eight faecal grab samples were collected twice
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daily at 08:00 and 16:00 for five days from each lamb. The sam ples were oven dried
at 60° C for 48 hours and then ground. For each lamb, the two faecal samples from
each day w ere bulked and an aliquot extracted as described by M ayes et al. (1986),
with the m odifications that duplicate 0.5g samples were directly heated in ethanolic
potassium hydroxide and 7ml o f heptane were used as the solvent.

Duplicate lg sam ples from each o f the two diets were extracted the same way as
faeces except that about 50% more solvent and w ater than in faecal extraction were
used. The final eluates were injected onto a capillary colum n (H P.5 Crosslinked
Phenyl M ethyl Silicone, 50m x 0.32mm x 0.17pm ) in a model HP6890 gas
chrom atograph fitted with a flame ionization detector and linked to a PC run by an
HP Chem station software. The oven tem perature program m e was initially 65°C and
then rose to 300°C at 10°C/min where it was held for 20 min. The tem peratures o f
the injection and detector ports were 325°C and 350°C, respectively. The flow rate o f
the carrier gas (N 2 ) was 33.4ml/min. and that o f the makeup gas (N 2 ) was 24ml/min.
The ratio o f the peak areas o f the analysed n-alkanes to that o f the internal standard
(C34) was used to calculate n-alkane am ounts in the samples. Identification o f the

different n-alkanes was made based on the relative retention tim es o f known
standards.

Several cellulocotton filters from the batch that was used for dosing the lambs were
extracted to determ ine the average am ount that was adsorbed onto each filter. The
m ethod involved slicing three pellets and boiling them for lh under reflux in

1 0 0 ml

o f heptane after adding lOOmg o f internal standard (C34), (M ayes unpublished
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protocol). A fter partial cooling to about 60°C an aliquot was taken and analysed by
gas chrom atography the same way as the faecal and feed samples.

For the lambs fed on grass or lucerne alone, dry m atter intakes w ere estim ated from
the concentrations o f n-alkanes (C 32 and C 33 ) in the faeces and the consum ed feed
according to the m ethod described by M ayes et al. (1986). For the lambs offered
lucerne and grass as a choice, several different estimates o f the proportion o f lucerne
in the selected diet derived by a least-squares m ethod sim ilar to that described in
N ew m an et al. (1995) were com pared against the observed proportion o f lucerne.
The different estim ates were derived by using four (C 27 , C 2 9 , C 31 and C 33 ), and
different com binations o f three or two alkanes, w ith the recovery rates published by
M ayes et al. (1986) and by using four and two alkanes (C 31 and C 33 ) w ith the
recovery rates adopted from Dillon and Stakelum (1990) in the least squares
programm e. (Figure

6

). In all cases the least-squares solutions w ere constrained to

non-negative values. The recovery rates reported by M ayes et al. (1986) were 0.713,
0.745, 0.854 and 0.891 for C 27 , C 29 , C 31 and C 33 , respectively and those o f Dillon
(1993) cited by H am eleers and M ayes (1998) were 0.753, 0.767, 0.826 and 0.838 for
C 2 7 , C 2 9 , C 31 and C 33 , respectively. The com bination o f the two alkanes, C 31 and C 33
used w ith the M ayes et al. (1986) recovery rates gave the closest estim ates to the
observed lucerne proportions and these estimates were therefore adopted and used in
subsequent calculations. The total DMI o f lucerne and grass by the lambs were
calculated by adapting the M ayes et al. (1986) form ula to use diet n-alkanes
weighted according to the diet proportion estimates derived from the least-squares
solutions as follows:
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Total DM I=

(F
{(P

l * L c 33+

c 3 3 * D c 3 2 /T c 32)

Pg*G

c 3 3 ) - [ F c 33 + ( P l * L c 3 2 + P g ’1'

G

c 3 2 ) /F c 3 2 ]}

where Fc 3 3 , Lc 33 and Gc 33 are concentrations (mg/g DM) o f C 33 in the faeces, lucerne
and grass; Fc 32 , Lc 32 and Gc 32 are concentrations o f C 32 in the faeces, lucerne and
grass; Dc 32 is the daily dose o f C 3 2 ;

P

l

and

P

g

are the proportions o f lucerne and

grass derived from the least squares method. The am ount o f lucerne or grass eaten is
then derived by subtracting the relevant proportional am ount (based on the least
squares solution) from the total am ount o f the consum ed diet.

For all the treatm ents the estim ated and the observed mean daily dry m atter intakes
o f lucerne and/or grass for each lamb were com pared by regressing the estim ated on
the observed to test the reliability o f estimates at both stages o f m aturity. Linear
regressions o f the estim ated on the observed proportions o f lucerne in the diet at both
stages o f m aturity w ere also compared. The expectation from the fits o f the linear
regression o f the estim ated on the observed intake (or diet proportion) values was
that the intercept w ould be

0

and the slope

1

if the n-alkane m ethod accurately

estim ated the observed scenarios. All the linear regressions were perform ed using the
M initab statistical package (1993).

Experiment 2
One w eek before dosing, six male Suffolk lambs at 45% mature size were each given
a daily allow ance o f 1030 g o f pelleted grass. One lamb did not consum e all its daily
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allotm ent so that over the experim ental period it consumed on average about 750 g
per day. The aim o f the feeding restriction was to ensure that the daily feed
allowance was eaten in 1-2 hours. These lambs were dosed as described in
experim ent 1. Faecal samples were also collected as described in experim ent 1,
except that on the third day o f the faecal collection period, a faecal sample was
obtained from each lamb at 4 hourly intervals over a 24 hour period. In addition,
faecal sam ples were collected from

6

Suffolk lambs on the a d libitum grass diet also

at 45% mature size (from experim ent 1) at the same intervals and on the sam e day as
for those lambs on restricted feeding. Samples were oven dried and ground as
described in experim ent 1 , but each sample was analysed individually (as opposed to
bulking the daily samples as in experim ent 1). The ratios o f the am ount o f
dotriacontane (C 32 ) to tritriacontane (C 33 ) in the faeces o f the restricted and ad
libitum fed lambs were com pared over the 24 hour when sam pling was done at 4
hourly intervals. The collected data were repeated measures and did not satisfy the
requirem ents for com pound symmetry and were analysed as a split-plot after
applying a G reenhouse-G eisser correction factor (Rao, 1998), w ith anim als as the
main plots and sam pling times as the subplots using Genstat statistical package
(1998).

Experiment 3
At 45% m ature size, six Suffolk male lambs, three offered pelleted grass a d libitum
and three offered pelleted lucerne ad libitum were given 2 x O.lg o f dotriacontane
once in the m orning (08:00) from the beginning to the end o f the dosing period.
Faecal sam ples were collected in the same way as described in experim ent 1, except
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that the two sam ples collected in the morning and afternoon were bulked after drying
and m illing to make a daily com posite sample for each animal. A dditional samples
from six Suffolk lambs that were dosed in the morning and afternoon (experim ent 1)
were also bulked in the same way to make daily com posite samples. The com posite
samples were oven dried and ground as described in experim ent

1,

but each

com posite sam ple was analysed individually. The ratios o f the am ounts o f
dotriacontane (C32) to tritriacontane (C33) in the faeces o f the lam bs that were dosed
once daily and tw ice daily were compared. Because the experim ental data were
repeated m easures and did not satisfy the requirem ents for com pound symmetry,
they were analysed as a split-plot after applying a G reenhouse-G eisser correction
factor (Rao, 1998), with the num ber o f dosings as the main plots and sam pling times
as the subplots using G enstat statistical package (1998).

Table 1. Concentrations (mg/g DM ) o f odd-chain n-alkanes in the diets
Diet

Alkanes
C27

C29

C31

C33

Lucerne

0.0328

0.1289

0.2645

0.0174

Ryegrass

0.0334

0.1729

0.2164

0.0674
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Results
The concentrations o f the odd-chain n-alkanes o f the diets used in this study are
presented in Table 1. The concentrations o f C 2 7 , C 29 and C 31 o f the ryegrass were
about 50 percent higher than those reported by Hameleers and M ayes (1998) but
sim ilar to those reported by N ew m an et al. (1995). The concentration o f C 33 was
much low er than those found by either o f the above studies. The concentrations o f all
the n-alkanes in the lucerne were different to those obtained by Dove (1992). There
were 1.5 tim es more C 27 and C 29 found in this study than in Dove's (1992). C 31 and
C 33 concentrations were more than 2 times higher in this study.

Experiment 1
The means o f the observed and estim ated dry m atter intake am ounts when the lambs
were fed on either lucerne or grass are alone, and the means o f the estim ated and
observed proportion o f lucerne and dry m atter intake am ounts o f grass and lucerne in
the selected diet w hen the lambs were fed both diets as a choice are given in Table 2.
The results suggested that there was a general agreem ent betw een the measured
quantities and those estim ated using the alkane technique across all the three diet
treatm ents and the two m ature sizes. However, at 30% mature size, for the lambs fed
on grass only, dry m atter intake was slightly overestim ated and for those fed on
lucerne and grass as a choice, the dry m atter intake o f lucerne was underestim ated by
the alkane technique. There was also an increase in dry m atter consum ption by the
lambs from 30 to 45% m ature size on all the diet treatments. The observed dry m atter
intake o f grass increased by alm ost 800g, while the estimated quantity increased by
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just over 600g from 30 to 45% mature size. The dry m atter intake o f lucerne
increased by over 800g between the two lamb sizes and the observed and estimated
quantities were similar. The com bined dry m atter intake o f grass and lucerne
increased by ju st over 900g and similar m argins o f increase were reflected in both
m easured and estim ated intake amounts, but as m entioned above, there was a
discrepancy betw een the observed and estimated dry m atter intake am ounts o f
lucerne at 30% mature size.

The results o f regressing the estimated quantities generated by the alkane technique
on the observed quantities for the three diet treatm ents and the two animal mature
sizes are tabulated in Table 3. The slopes o f m ost o f the regression lines relating the
estim ated and the observed am ounts were not significantly different from

1

and most

o f their intercepts were not significantly different from zero, w hich suggests a close
agreem ent betw een the estim ated and m easured amounts.

The relationship betw een the observed dry m atter intake o f grass and the estim ated
dry matter intake o f grass using the n-alkane technique for the lam bs at 30% and
45% m ature sizes is presented graphically in Figure 1. At 30% m ature size there was
a linear relationship (R2=.78, p<0.001) between the observed and estim ated daily dry
matter intake o f grass, albeit with a slope that is significantly different from

1

and an

intercept that is significantly different from zero (Table 3). The regression equation
describing the relationship is:
Y DMi

Y d m i=

450 (SE+156) +

is the estim ated dry m atter intake and

X Dmi

0 .6 8 8

(SE± 0 . 1 10)

X d m i,

where

is the observed dry m atter intake;

the r. s. d. was 116 g/day. Although the technique slightly underestim ated the intake
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o f grass by a few lambs and overestim ated the intake o f one at 30% m ature size, the
average o f the estim ated (1402; SE=65.7) was only 1.3% higher than the average o f
the observed (1384; SE=84.3) dry m atter intake o f grass. At 45% m ature size there
was a linear relationship (R =0.90, p<0.001) between the observed and estimated
daily dry m atter intake o f grass such that:
X d m i,

w here

Ydm i

Y d m i=

175 (SE±189) + 0.850 (SE±0.086)

is the estim ated dry m atter intake and

Xdm i

is the observed dry

matter intake; the r. s. d. was 109 g/day (Table 3).
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Table 2. Comparison of the means of the estimated and observed dry matter intake and lucerne proportion of the diets of the lambs
at 30 and 45% mature sizes
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Figure 1 The relationship between observed and estim ated dry m atter intake for the
lambs fed on grass alone at 30% and 45% mature sizes (n=13). • , 30% m ature size;
▼, 45% m ature size and the solid line indicates the line o f equality.

In Figure 2 the relationship between observed and estim ated dry m atter intake for the
lambs fed on lucerne alone is shown. At 30% mature size there was a linear
relationship (R 2 =0.95; p<0.001) between the observed and the estim ated daily dry
matter intake o f lucerne such that:
where

Y Dmi

Y d m i-

51 (SE±130) + 1.02 (SE±0.071)

is the estim ated dry m atter intake and

Xdm i

X d m i,

is the observed dry m atter
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intake w ith r. s. d. o f 106 g/day. At 45% there was also a linear relationship
(R2=0.90; p<0.001) between the observed and the estim ated daily dry m atter intake
o f lucerne and this relationship is described by the regression equation:
(S E ±31 3 )+ 1.05 (S E ± 0.115)

= -104

where Y d m i is the estim ated dry m atter intake and

is the observed dry m atter intake with r. s. d. o f 262 g/day.

Estimated

(g/d D M )

Xdm i

X d m i,

Ydm i

O b serv ed (g/d D M )

Figure 2 The relationship between observed and estim ated dry m atter intake for the
lambs fed on lucerne alone at 30% and 45% mature sizes (n = ll). • , 30% mature
size; ▼, 45% mature size and the solid line indicates the line o f equality.
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Figure 3 The relationship between estimated and observed proportion o f lucerne in
the diet o f each o f the lambs offered pelleted lucerne and pelleted grass as a choice
(n=12). • , 30% m ature size; H , 45% mature size and the bold line indicates the line
o f equality.

Figure 3 shows the relationship between the observed and the estim ated proportion
o f lucerne in the diet selected by the lambs w hen they were fed on both lucerne and
grass as a choice. At both 30% and 45% mature sizes, there was a linear relationship
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(R2=0.98; p< 0.001 and R2=0.91; p<0.001, respectively) between the observed and
the estim ated proportion o f lucerne in the diet. At 30% mature size the relationship is
described

by the regression equation:

Y Pr o p =

-0.0126

(SE±0.0318) +

1.06

(SE±0.0526) Xprop, w here YpRopand Xprop is the estimated and observed proportion
o f lucerne in the diet, respectively; the r. s. d. was 0.0350 At 45% the relationship is
described by the equation:

Y prop=

0.0581 (SE±0.0616) + 0.919 (SE±0.0925) X PRop,

where Yprop and Xprop is the estim ated and observed proportion o f lucerne in the
diet, respectively w ith r. s. d. of, as a proportion, 0.0419.

Linear relationships between the observed and the estim ated daily dry m atter intake
o f grass were observed at 30% and 45% mature size (R 2 =0.95; p<0.001 and R 2 =0.88;
p<0.001, respectively), w hen the lambs were fed on pelleted lucerne and grass given
as a choice (Figure 4). At 30% mature size the relationship was described by the
regression equation:

Y d m i= 8 8 .8

(SE±41.5) + 0.891 (SE±0.0631)

is the estim ated dry m atter intake and
s. d. o f 57.5 g/day.
equation:

Y d m i=

Xdm i

X d m i,

w here

Ydm i

is the observed dry m atter intake with r.

At 45% mature size the relationship was described by the

84.1 (SE±94.4) + 0.876 (SE± 0 . 1 0 1 )

estim ated dry m atter intake and

Xdm i

X d m i,

w here

Ydm i

is the

is the observed dry matter intake w ith r. s. d. o f

129 g/day.
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Estimated (g/d DM )

O b served (g/d D M )

Figure 4 The relationship between the observed and the estim ated am ount o f grass
in the diet selected by each o f the lambs given pelleted lucerne and pelleted grass as
a choice at 30% and 45% m ature sizes (n=12). • , 30% mature size; i , 45% mature
size and the bold line indicates the line o f equality.

In Figure 5 the relationships between the observed and the estim ated am ount o f daily
dry m atter intake o f lucerne for each o f the lambs at 30% and 45% mature sizes
when fed on pelleted lucerne and pelleted grass as a choice is presented. The
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relationship at 30% mature size was linear (R 2 =0.97,p< 0 .0 0 1 ), such that:
(SE±54.3) + 0.790 (SE+0.0473)

X d m i,

where

Y DMi

and

Xdmi

Y d m i= 1 2 2

is estim ated and

observed dry m atter intake o f lucerne; the r. s. d. was 87.0 g/day. However, at 30%
mature size the n-alkane technique tended to underestim ate the am ount o f lucerne
consumed by a few lambs, particularly at high intake levels. The discrepancy
between the observed and estim ated amounts was also reflected in the significances
o f the slope and the intercept from

1

and zero, respectively, o f the regression line

describing the relationship between the observed and the estim ated quantities (Table
3). At 45% mature size there was also a linear relationship (R 2 =0.97, p< 0.001 )
between the estim ated and the observed am ounts o f lucerne in the selected diet and
this relationship was described by the regression equation that:
(SE±94.4) + 0.911 (SE±0.0521)
o f lucerne and

Xdmi

X d m i,

where

Ydmi

Y q m i=

8 5 .0

is the estim ated dry m atter intake

is the observed dry m atter intake o f lucerne with

r. s. d. o f 117 g/day.

Figure

6

shows the com parison o f the results o f using different alkane com binations

and recovery rates from M ayes et al. (1986) and D illon (1993) cited by Hameleers
and M ayes (1998) in the least squares calculation for predicting the proportion o f
lucerne in the selected diets o f lambs offered pelleted lucerne and pelleted grass as a
choice. The com bination o f alkanes C 31 and C 33 used with the recovery rates from
M ayes et al. (1986) gave the closest predictions o f the proportion o f lucerne in the
diet when com pared with predictions based on other sets o f alkanes and recovery
rates. The same com bination o f alkanes but used with the recovery rates published by
published by Dillon (1993) and cited by M ayes and H am eleers (1998) yielded
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reasonably close diet selection estimates. The com bination o f C 3 3 , C 31 and C 27 and
that o f C 33 and C 27 used w ith the recovery rates o f M ayes et al. (1986) also gave
reasonably close estimates. Using the set o f alkanes C 3 1 , C 29 and C 27 with the
recovery rates o f M ayes et al. (1986) yielded the worst estim ates o f the proportion o f
lucerne in the diet o f the lambs given lucerne and grass as a choice, o f the all the
com binations o f alkanes and recovery rates investigated.

Estimated

(g/d D M )

3200

O b served (g/d D M )

Figure 5

The relationship between the observed and the estim ated am ount o f

lucerne in the diet selected by each o f the lambs given pelleted lucerne and pelleted
grass as a choice at 30% and 45% mature sizes (n=12). • , 30% m ature size;
45% mature size and the bold line indicates the line o f equality.
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Figure 6. Com parison o f the results o f using different alkane com binations and
recovery rates from M ayes et al. (1986) and D illon (1993) cited by Ham eleers and
M ayes (1998) in the least squares calculation for predicting the proportion o f lucerne
in the selected diets o f lambs offered pelleted lucerne and pelleted grass as a choice.
The alkanes used and the source o f recovery rates are indicated in parenthesis.
— , Observed; O , (M ayes C 3 3 ,C 3 i); • , (M ayes C 33 ,C 29 ) ; ® , (M ayes C 3 3 ,C27);
, (Dillon C 3 i,C33); A , (Dillon C 33 ,C 3 i,C 29 ,C27); X (M ayes C 3 3 ,C 3 i,C 2 9 ,C27);
▼ , (M ayes C 3 3 ,C 29 ,C 27 ) ;D , (M ayes C 3 3 ,C 3 i,C 29 ); ♦ , (M ayes C 3 3 ,C 3 i,C27);
X, (M ayes C 3 i,C 29 ,C27).
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Experiment 2

The means o f the ratios o f the concentrations o f € 3 3 : 0 3 2 in the faeces o f the restricted
and a d libitum fed lambs over the 24 h sampling period are listed in Table 4. The
ratio o f the concentration o f € 3 3 : 0 3 2 in the faeces was not significantly affected by
sampling tim e over the 24 h sampling period irrespective o f w hether the lambs were
restricted or ad libitum fed.

Table 4

The means o f the ratio o f the concentration o f € 3 3 : 0 3 2 in the faeces o f

restricted and a d libitum fed lambs (n=6) over a 24 h sampling period.
Feeding

A d libitum

Time

s.e.d . 1

08:00

1 2 :0 0

16:00

2 0 :0 0

24:00

04:00

0.595

0.629

0.631

0.748

0.834

0.763
0.0884

Restricted

0.278

0.247

0.289

0.276

0.186

0.252

's.e.d. for com parison o f the ratios o f the concentration o f € 3 3 : 0 3 2 in the faeces o f the
lambs at different sam pling times within each feeding regime.
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Experiment 3
A com parison o f the ratio o f the concentration o f € 3 3 : 0 3 2 in the faeces o f once and
twice daily dosed lambs over the 5 sampling days are given in Table 5. There was on
average a significantly higher (p<0.05) ratio o f the concentration o f € 3 3 : 0 3 2 in the
faeces o f the lambs dosed tw ice daily than in the faeces o f those dosed once daily
over all the sam pling days. However, the ratios for days 1, 2, 3 and 4 were not
significantly different between the two dosing strategies; only the day 5 ratio was
significantly higher in the faeces o f the lambs that were dosed tw ice daily.

Table 5 The m eans o f the ratio o f the concentration o f € 3 3 : 0 3 2 in the faeces o f once
and twice daily dosed lambs (n=6) over 5 sampling days. M eans w ith different
superscripts w ithin the same row are significantly different (p<0.05).
N um ber o f Daily Dosings
Sampling Day

Once

Twice

First

0.5913

0.721a

Second

0.673a

0.742a

Third

0.469a

0.630a

Fourth

0.5703

0.722a

Fifth

0.457a

0.651b

0.552

0.693

M ean
s.e.d . 1

0.0813
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's.e.d. for com parison o f the means o f the ratios o f the concentration o f € 3 3 : 0 3 2 in the
faeces o f once- and tw ice daily dosed lambs.
Discussion

Experiment 1
The close relationship between the observed and the estim ated grass dry m atter
intake (Table 2 and Table 3) found in this study is consistent w ith the findings o f
sim ilar studies that investigated the reliability o f the n-alkanes m ethod in estimating
herbage dry m atter intake by ruminants. M ayes et al. (1986) assessed the accuracy o f
pairing each o f two dosed n-alkanes, octacosane (C 28 ) and dotriacontane (C 32 ) with
each o f their two m ost adjacent natural n-alkanes to estimate the intake o f perennial
ryegrass by sheep. All the pairing methods used slightly underestim ated actual
intake, except the C 32 dosed-C 33 natural alkane pair, which gave an estimate that
equalled the m easured intake. The experim ent reported here also m ade use o f the C 32
dosed-C 33 natural alkane pair to estimate intake, but the pair gave results which, on
average, slightly overestim ated intake at 30% mature size. The alkane technique
how ever underestim ated by 350g the dry m atter intake o f grass by one o f the lambs
at 30% m ature size. It is difficult to offer an explanation for these discrepancies,
particularly in the light o f the close agreem ent between the rest o f the observed and
estim ated quantities (Table 3), except in terms o f experim ental error, to w hich both
the estim ated and m easured quantities are subject. N ew m an et al. (1998) pointed out
that there is a possibility o f analytical error in the determ ination o f alkane
concentrations in the diet and in the faeces, w hich could have a significant effect on
the estim ates derived by the alkane method. Error can also be introduced by a failure
to obtain a representative sample from the consumed diet (Dove and M ayes, 1991;
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N ew m an et al., 1998). H owever this is not a likely source o f error in this study as the
consum ed diet had been ground and pelleted, which should have resulted in a fairly
hom ogeneous m ixture o f the various com ponents (parts from the sam e plants and
from other plants) m aking up the pellets. The observed intake am ounts, although to a
much lesser degree than the estimated amounts, are also subject to a small degree o f
m easurem ent error, which could influence the agreem ent between the observed and
estim ated values. A t 45% m ature size how ever the technique gave estim ates which
were in close agreem ent with the m easured intake (Figure 1); the fitted regression
line describing the linear relationship was not significantly different from the line o f
equality [i.e. the slope and the intercept were not significantly different from one and
zero, respectively (Table 3)].

As shown in Figure 2 and in Table 3, the dry m atter intake o f lucerne was accurately
estim ated at both levels o f maturity. A t both 30% and 45% m ature sizes there was a
linear relationship between the observed and the estimated lucerne dry m atter intake
and the fitted regression line describing the linear relationship was not significantly
different from the line o f equality (Table 3). The results are consistent w ith those
reported by V ulich et al. (1991). They reported a bias, expressed as estim ated intake
minus observed intake as a percentage o f observed intake, o f 3% w hen using the
same pair o f alkanes (C 32 dosed-C 33 natural) as in this study to estim ate herbage
intake by sheep. The mean biases found in this study were 5.2% and 1.4% for the
30% and 45% m ature size groups, respectively.
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The success o f the n-alkanes m ethod to estimate diet com position depends on the
accuracy o f the procedure used to derive the best m atch between the concentrations
o f certain n-alkanes in the constituents o f the diets on offer and the concentrations o f
the same n-alkanes in the faeces, after correcting for losses in the digestive tract.
Several m athem atical methods have been suggested, the earliest o f w hich made use
o f sim ultaneous equations, as described by Dove and M ayes (1991) and Dove
(1992). In order for the equations to be solvable, the num ber o f n-alkanes whose
concentrations are used in the equation should ideally be equal to the num ber o f the
individual com ponents o f the diet, although a solution can be obtained by using one
alkane less than the num ber o f diet com ponents, as described by Dove and M ayes
(1991). H ow ever when this m ethod is used to resolve a diet w ith only two
com ponents, in w hich case the concentrations o f two n-alkanes should ideally be
chosen and used in the sim ultaneous equations, it is not always obvious w hich two to
chose from several possibilities. The solutions may differ, depending on w hich two
alkane concentrations are used in the two sim ultaneous equations (N ew m an et al.,
1995).

Recently, least squares optim isation and iterative methods, w hich allow the use o f
more alkanes than the num ber o f com ponents m aking up a diet, have em erged as the
most appropriate ones because they yield unique diet proportion estim ates from the
concentrations o f several n-alkanes in the faeces and the diets on offer. Hameleers
and M ayes (1998) com pared the perform ances o f three such m ethods in estim ating
the com position o f the diet selected by dairy cows offered a perennial ryegrass and
white clover m ixture: the iterative optim isation procedure described by M ayes et al.
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(1994), the non-negative least squares iterative method described by Dove and
M oore (1995) and the non-negative least squares m ethod using m atrix algebra
proposed by N ew m an et al. (1995). All the three methods yielded sim ilar estimates
o f the proportion o f white clover in the diet o f the cows, w hich suggested com parable
degrees o f accuracy in predicting diet selection.

The technique used in this study, which is sim ilar to that described by N ew m an et al.
(1995), accurately estim ated the proportion o f lucerne in the diet selected by the
lambs w hen given lucerne and grass as a choice (Figure 3). In addition, the
proportion estim ates derived and used in the M ayes et al. (1986) form ula to estimate
DMI accurately estim ated DMI o f grass at both levels o f m aturity (Figure 4 and
Table 3). The DM I o f lucerne was also adequately estim ated at both stages o f
maturity, particularly at 45% (Figure 5 and Table 3). However, unlike in the results
o f H am eleers and M ayes (1998), w here white clover was slightly overestimated,
lucerne at 30% m ature size was slightly underestim ated in this study. Any one or
more o f several sources o f error could have caused the discrepancies between the
estim ated and the m easured values. For instance, N ew m an et al. (1998) cautioned
that errors in the extraction and quantification procedures may yield incorrect alkane
concentrations o f the diet com ponents, which may in turn affect the diet proportion
estimates derived from the technique. These concerns did not seem to play a major
role in this study because the estim ated quantities were in good agreem ent with the
measured, except for the lucerne underestim ation at 30% m ature size. Even at this
stage o f maturity there was a linear relationship between the observed and the
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estim ated am ount o f lucerne in the selected diet (R 2 =0.97, p< 0 .0 0 1 ), w hich lends
credence to the alkane technique. However, the DMI o f lucerne by one lamb was
underestim ated by alm ost 450 g, and this seems unlikely as none o f the other lambs
had observed lucerne DMI figures o f the order suggested by the m easured intake
am ount for this lamb. As has previously been mentioned, the m easured intake
amount may not be free o f experim ental error.

The close relationship between the estimated and the m easured DMI quantities show
that the technique can be successfully used to estimate the com position and amounts
o f individual com ponents o f the diet selected by animals offered lucerne and ryegrass
as a choice, at least under controlled conditions. These results are also consistent
w ith the findings reported by other researchers who used essentially the same
technique used in this study to estimate herbage intake and selection by rum inants
offered a choice o f diets (Hameleers and M ayes, 1998; Salt et al. 1994).

In this study the concentrations o f C 31 and C 33 (recovery rates from M ayes et al.
(1986)) were used in the least squares calculations because they gave the closest
predictions o f the proportion o f lucerne when com pared w ith predictions based on
other sets o f alkanes (Figure

6

). In instances where there are no observed quantities

for validation, it may not be as obvious which sets o f alkanes to use in order to
establish the best diet proportion estimates. U nder such circum stances the sensible
approach w ould be to opt for a m ethod which derives diet proportion estim ates from
as many o f the available alkanes as possible, unless, as was the case in this study,
there is reason to chose a method that constructs estimates from few er alkanes.
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Regardless o f the m ethod used, the best estimates are established w hen the alkane
concentration patterns are m arkedly different and the total alkane contents are similar
between the diets on offer (Dove and M ayes, 1991).
However, in this study certain alkanes tended to have a greater influence on the
accuracy o f the diet proportion estimates than others. For instance exploring the
consequences o f using another com bination o f two alkanes besides the two, C 31 and
C 33 , used to derive the estim ates used in this study produced unexpected results.
Substituting C29 for C 31 in the equations did not yield diet proportion estim ates that
are sim ilar to those yielded when using C 31 , yet the difference m argins in the
concentrations o f these alkanes between the two diets are com parable. Substituting
C27 for C 31 gave sim ilar estim ates to the ones obtained when C 31 was used, yet the

concentrations o f C 27 in lucerne and ryegrass were similar. This was unexpected
because the sensitivity o f the estimates produced by least squares methods or
sim ultaneous equations is expected to improve as the difference in alkane
concentration betw een the two com ponent diets increased. Leaving out C 33 and using
any other pair yielded estim ates which were different from the observed proportions
o f lucerne in the diet, w hich im plied that o f all the four alkanes w hich could be used
C 33 had the m ost influence on the accuracy o f the estimates produced. Thus the
individual alkanes could be ranked in order o f influence on the estim ates o f lucerne
proportion in the selected diets as C 33 , C 31 , C27 and C29. A possible explanation for
this difference is that the actual recovery rate o f lucerne C29 may be different from
the one assum ed in this experim ent and the recovery rates o f the others were close to
those assum ed here. N ew m an et al. (1998) cautioned that incorrect recoveries may
have a large and significant effect on the estimates derived from least squares
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optim isation techniques. This is also evident when exam ining the difference between
the estim ates generated using the recovery rates use by M ayes et al. (1986) and those
used by D illon (1993) as reported by Hameleers and M ayes (1998) (Figure

6

) The

two sets o f recovery rates were established under different conditions and using
different anim al species. D illon and Stakelum (1990) reported lower recovery rates
than found previously w ith lactating dairy cows. Stakelum and D illon (1990) found a
reduction in the recovery rates o f C 31 and C 32 in dairy cows at higher DM I levels.
M ayes et al. (1986) found no evidence o f the influence o f feeding level on the
recovery o f alkanes in sheep fed mainly on ryegrass and a concentrate supplement.
However, the recovery o f C 27 was lower when the supplem ent was given and when a
daily dose o f C 28 and C 32 was m ixed with palmitic and stearic acids. Therefore the
behaviour o f alkanes in the digestive tract may be influenced by anim al species and
type, the level o f feeding and diet and these could affect faecal recovery rates, which
could in turn affect diet proportion estimates generated by the alkane technique.

Experiment 2
There was no evidence o f w ithin day variation in the ratio o f the concentrations o f
0 3 3 :0 3 2

when the lambs were restricted or ad libitum fed. These results are consistent

with those reported by M ayes et al. (1986), who found no evidence o f diurnal
variation or feeding level effect in the ratios o f concentrations o f natural to dosed
alkanes in the faeces o f lambs. Similarly, M alossini et al. (1994) found low diurnal
variations in the ratio o f the concentrations o f natural to dosed alkanes in the faeces
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o f grazing dairy cows. Thus, for this study, unbiased intake estim ation can be made
using faecal sam ples collected any time o f the day after a steady state had been
established. A lthough Stakelum and Dillon (1990) reported diurnal variation, they
found no evidence o f feeding level effect in the excretion pattern o f the ratios o f
natural to dosed alkanes by dairy cow.

Experiment 3
For accurate DMI estim ation by the alkane m ethod the concentration o f the dosed
alkane in the faeces should be constant. To ensure this constancy it is suggested the
dose is adm inistered tw ice daily (M cM eniman, 1997). However, dosing once daily
would reduce animal handling and would thus be more practical, particularly under
extensive grazing conditions. Dillion and Stakelum (1990) reported a greater within
day variation w ith once daily than twice daily dosing in the ratios o f natural to dosed
in the faeces o f dairy cows. The results o f this experim ent suggested no difference in
the ratios o f the concentrations o f C iy.C n between the two dosing strategies until the
fifth day o f dosing (Table 4). The possible cause o f this variation may have been that
all the six lambs that were dosed tw ice daily were fed on grass and three o f the six
lambs that were dosed once daily were unw ittingly fed on lucerne w hich has a lower
concentration o f C 33 than grass. That there were three lambs fed on lucerne in the
group that was dosed once daily could have reduced the concentration o f C 33 in the
faeces o f these lambs, which could have confounded the difference in the
concentration o f C 33 due to the difference in dosing strategies betw een the two
groups o f lambs. Feeding the same diet to all the lambs in both groups w ould have
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provided a fairer basis for com paring the two dosing strategies. There was however
no evidence o f day to day variation in the ratios o f the concentrations o f

0 3 3 :0 3 2

associated w ith either strategy.
Conclusion
The potential o f the alkane technique in estimating the DMI and diet o f stall-fed or
outdoor rum inants has been dem onstrated (e.g. Hameleers and M ayes, 1998 and Salt
et al., 1994). V ulich et al. (1991) found it not only accurate and precise, but also
repeatable. The close agreem ent between the estimated and observed param eters
investigated shown by the results o f this study also attest to its accuracy The close
agreem ent betw een the m easured and observed param eters at both lamb m ature sizes
dem onstrated that the reliability o f the technique was not affected by how m uch food
the lambs ate. However, improving certain aspects associated w ith the technique
w ould enhance its accuracy. For instance, in this study, if there w ere no direct intake
m easurem ents against w hich to compare estimates, it would not have been obvious
w hich tw o alkanes to use in the least squares optim isation part o f the procedure and
using the w rong ones could have yielded incorrect estimates (Figure

6

). The possible

reason for the difference in generated estimates when different alkanes are used may
be that some or all o f the recovery rates assumed were not quite appropriate for this
study.

Recovery rate errors have far-reaching consequences because they are used in the
prim ary com putation for estim ating the proportions o f individual com ponents o f a
mixed diet, upon w hich the subsequent total DMI and partitioning into am ounts o f
the individual com ponents o f the total diet are based. Therefore if the recovery rates
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are incorrectly determ ined, the estimates o f the DMI o f the individual com ponents o f
a mixed foodstuff will carry these errors in addition to other errors that may creep
into the other steps involved in the procedure. Recovery rates determ ined under
sim ilar experim ental conditions would yield similar results regardless o f the alkanes
used, provided the quantities o f the chosen alkanes were similar, but patterns
different betw een the two diets on offer. It can therefore only im prove the ability o f
the alkane technique to estimate diet selection to have a body o f recovery rates that
have been established with different animals when fed different types o f diets at
different levels

o f feeding.

Alternatively

and more

appropriately,

for each

experiment, recovery rates for each alkane in each diet should be determ ined
experim entally before the diet selection study starts and these recovery rates, rather
than the published ones, should be used in the calculations.

The results o f experim ent 2 did not show evidence o f within day variation in the
ratios o f the concentrations o f C 3 3 :C 32 when the lambs were either restricted or ad
libitum fed once a steady state has been established. A conclusion that can be drawn
from such results is that in order to make unbiased intake estim ation faecal sample
collection should not be limited to specific times o f the day, w hich lends support to
the sim plicity and minimal evasiveness attributes o f the technique.

It would be difficult to draw meaningful conclusions from the results o f experim ent 3
because, while all the lambs that were dosed tw ice daily were fed on lucerne, one
half o f those that were once daily dosed were fed on lucerne and the other h alf were
inadvertently fed on grass. Therefore variation in the ratios o f the concentrations o f
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C 3 3 :C 32 betw een the two dosing strategies will be confounded by the difference in the
concentration o f C32 and C33 between grass and lucerne, which w ould rule out a fair
com parison betw een the two dosing strategies. A fairer investigation into the
difference in the ratios o f

0 3 3 :0 3 2

between the two dosing strategies is thus warranted

in order to establish w hether or not once daily dosing is adequate for accurately
determ ining DMI by animals.
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CHAPTER 4

Introduction

Voluntary intake o f tropical pastures by ruminants is generally low com pared with
that o f tem perate pastures, but varies according to sward type and tim e o f the year.
M ost tropical pasture types grow rapidly during the rainy season, w hich leads to their
maturity and lignification by the time the dry season com es (Preston and Leng,
1987). D uring the dry season the available forage is o f low digestibility and quality
and its intake by animals is not enough to m aintain good anim al perform ance
(Preston and Leng, 1987). The response o f animals to seasonal fluctuations in food
quality varies from animal to animal according to genetic potential. In order to
formulate efficient supplem entary feeding it would be useful to know intake
potentials o f individual animals. M ayes et al. (1986) proposed a double marker
method, w hich uses a synthetic even-chain and a natural odd-chain alkane, for
calculating dry m atter intake o f individual grazing animals. V arious investigations
have com pared the accuracies o f different pairs o f alkanes and the C33 and C32 pair
has been found to give the most accurate estimates o f the dry m atter intake o f
tem perate forages (M ayes et ah, 1986; Vulich et ah, 1991; Ham eleers and M ayes,
1998). H owever, forages have different alkane profiles and the am ount o f C33 they
contain may not be enough to allow its use (Laredo et ah, 1991 and Ham eleers and
Mayes,

1998). Other alkane pairs can also be used, but accuracy may be
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com prom ised if there is a large difference in recovery rates betw een the two alkanes
(Dove and M ayes, 1991). The alkane C 32 (to pair with C 33 ) was not available during
the time this experim ent was conducted and this necessitated the use o f C 36 which
was also cheaper than C 3 2 . Because the recovery rate o f C 36 is closer to that o f C 35
than to that o f C 33 (Dove and M ayes, 1991), C 35 was chosen as the natural alkane to
pair w ith C 3 6 .

The aim o f this experim ent was to use the alkane pair o f C 36 and C 35 to com pare the
voluntary dry m atter intake o f Brachiaria decum bens by dry and lactating cows
between the dry and w et seasons o f Bolivia, South America.

M aterial and methods
The experim ent was conducted during two seasons in 1997, tow ards the end o f the
rainy season in early April and in the middle o f the dry season in mid July. During
the rainy season eight Criollo dry cows averaging 301 kg livew eight and eight
lactating cows in mid lactation, averaging 5 1 o f m ilk per day, and averaging 320 kg
liveweight continuously grazed for five days each o f three 7.5 ha Brachiaria
decum bens paddocks. During the dry season eight lactating averaging 300 kg
livew eight and seven dry cows averaging 289 kg liveweight continuously grazed for
7 days in each o f two 11 ha Brachiaria decum bens paddocks. Each paddock had
herbage mass content o f 7-8 ton o f DM /ha and therefore at no stage was herbage
mass availability lim iting intake. The cows were on the paddocks throughout the day
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and night and were rem oved only for milking twice a day in the m orning and
afternoon and were norm ally returned within an hour o f removal.

Each cow was dosed over a 12-day period twice daily at 06:00 and 15:00 with 400
mg (2x200m g) o f hexatriacontane (C 36 ) impregnated into a cellulocotton fdter. From
day eight faecal grab sam ples were collected from each cow tw ice daily at dosing
time (06:00 and 15:00) for five days. The samples were oven dried at 60° C for 48
hours and then ground. For each cow, the two faecal samples from each day were
bulked into a daily sample and an aliquot extracted as described by M ayes et al.
(1986), w ith the m odifications that duplicate 0.5g samples w ere directly heated in
ethanolic potassium hydroxide and 7ml o f heptane were used as the solvent.

H and-plucked sam ples collected from each o f the paddocks on the first grazing day
during each season were oven dried at 60° C, m illed and pooled to m ake a com posite
sample o f the paddocks grazed in each season. An aliquot (1 g) was extracted in
duplicate the same way as faeces, except that about 50% more solvent and w ater than
in faecal extraction were used. The final eluates were injected onto a capillary
colum n (H P.5 Crosslinked Phenyl M ethyl Silicone, 50m x 0.32m m x 0.17pm ) in a
model H P6890 gas chrom atograph fitted with a flame ionization detector and linked
to a PC run by an HP Chem station software. The oven tem perature program m e was
initially 65°C and then rose at 10°C/min to 300°C where it was held for 20 min. The
tem peratures o f the injection and detector ports were 325°C and 350°C, respectively.
The flow rate o f the carrier gas (N 2 ) was 33.4ml/min. and that o f the m akeup gas
(N 2 ) was 24m l/m in. The ratio o f the peak areas o f the analysed n-alkanes to that o f
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the internal standard (C 34 ) was used to calculate n-alkane am ounts in the samples.
Identification o f the different n-alkanes was made based on the relative retention
times o f know n standards.
Several filters from the batch that was used for dosing the cows were extracted to
determ ine the average am ount that was adsorbed onto each filter. The method
involved slicing three pellets and boiling them for lh under reflux in
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ml o f

heptane after adding lOOmg o f internal standard (C34), (R. W. M ayes unpublished
protocol). A fter partial cooling to about 60°C an aliquot was taken and analysed by
gas chrom atography the same way as the faecal and feed samples.

The am ount o f dry m atter eaten by each cow was estim ated from the concentrations
o f C 35 and C 36 n-alkanes in the faeces and the consumed herbage in each season
according to the m ethod described by M ayes et al. (1986). The intake estim ate data
were analysed as a com pletely random design by Genstat 5 (Lawes Agricultural
Trust, 1998) using a two way ANOVA.

Table 1. The average concentrations o f C 35 and C 36 (mg/g DM) in hand-plucked
herbages in the paddocks grazed in the dry and rainy seasons.
Season

C 35

C 36

Rainy

0.0227

N ot detectable

Dry

0.0638

N ot detectable
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Results
The concentrations o f C 35 and C 36 in the herbage, which was predom inantly
Brachiaria decum bens, grazed by the cows in the dry and the wet seasons are
presented in Table 1. There was alm ost three times as much C 35 in the herbage
during the dry season as there was during the w et season. The concentration o f C 35 in
the wet season w as slightly less than that detected by Dove and M ayes (1991) in
Brachiaria decumbens. During both seasons the concentration o f C 36 was too low to
detect and for the purposes o f the intake estim ation calculations it was assum ed to be
zero.

In Table 2 the com parison o f the dry m atter intake am ounts o f the cows betw een the
dry and the w et seasons and between the lactating and the non-lactating stages o f
production are shown. During the rainy season the lactating and the non-lactating
cows consum ed significantly more (p<0.05) dry matter than during the dry season.
The average dry m atter intake o f the lactating cows was about 1 kg m ore (pO .O O l)
than that o f the non-lactating cows when intake was com bined for both seasons.
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Season

Production Stage

Means

SED

Table 2. The comparison of the voluntary dry matter intake (kg/d) of the cows between the dry and rainy seasons and between the
lactating and nonlactating stages of p r o d u c t i o n .
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Discussion

Voluntary intake o f most tropical pastures by ruminants is estim ated to vary between
1% and 3% o f body w eight per day, depending on sward type and season o f the year
(Preston and Leng, 1987). The average daily dry m atter intake estim ates o f 7.1 kg
during the rainy season and 6.3 kg during the dry season are well w ithin this range
(Table 2). Reported voluntary intake o f Brachiaria decum bens by cattle and sheep
has been variable, but there are no published data obtained by using the alkane
technique. In Brazil the daily intake o f Brachiaria decum bens by steers was found to
0 7S
be 45 and 70 g DM /kg LW ' for mature and immature stands, respectively (Lascano

and Euclides, 1996). These figures are lower than the intake estim ates obtained
during the dry and w et seasons in the study reported here. H owever the seasonal
difference, but not the amount, is in agreement with the higher rainy season and
lower rainy season estim ates obtained in this study. Grieve and O sbourn (1965) cited
by (Lascano and Euclides, 1996) reported an intake o f young Brachiaria decumbens
re-grow th o f 80 g DM /kg LW

a nc

' by Jamaican sheep. In contrast, in Brazil the intake

by sheep was considerably lower when the same grass type was fed as hay from
forage harvested every six w eeks (Lascano and Euclides, 1996)

The higher intake estim ates for the lactating cows in both seasons are in agreement
with the general b elief that lactating cows increase their intake in order to meet the
higher nutrient requirem ents o f lactation (Forbes, 1993; W eston, 1996). Food
availability and quality, however, often prevent intake m eeting these requirem ents
(W eston, 1996). Brachiaria decumbens, like all tropical grasses, decreases in
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digestibility as it m atures from the rainy to the dry seasons, w hich reduces its intake
by livestock (H um phreys, 1991). However, it shows a low er rate o f decline in
nutritive value and digestibility than grasses in other genera, w hich explains lower
intake o f other grasses by rum inants during the dry season and som etim es during the
wet season (H um phreys, 1991). Euclides et al. (1993) com pared the green dry matter
(GDM ) and leaf dry m atter (LDM ) available over the growing season between B.
decumbens and B.brizantha. B. decum bens had a higher leaf dry m atter than B.
brizantha at the end o f the dry season. However, B. brizantha had a higher GDM in
the rainy season. This difference in LDM and GDM between the two species during
the rainy and the dry season was reflected in the average daily gains o f steers grazing
them. Steers grazing B. brizantha showed higher average daily gains during the rainy
season, but lower average daily gains during the dry season than those grazing B.
decumbens. Similarly, Cardoso et al. (1993) found B.decum bens capable o f fattening
N ellore steers during the rainy season in Brazil and also m aintained their livew eight
during the dry season at a stocking rate o f

1

head/ha.

Voluntary intake o f another related species, Brachiaria hum idicola, during the rainy
season in C olom bia was lower at 1.3 per cent o f the bodyw eight o f cattle (Lascano
and Euclides, 1996) than the intake estimates obtained in this study. This species
normally has a low er crude protein content than B. decum bens ( 6 % vs. 14%), hence
its lower intake. At the same stocking rate, this species was also reported to produce
115 kg/ha less annual average daily gains than B. decumbens.
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The alkane technique has been successfully used to estimate the intake o f different
forages by sheep and cattle. For tem perate forages estimates w ith the least bias were
obtained w hen the pair o f the dosed alkane C 32 and the natural alkane C 33 were used.
For instance, Stakelum and Dillon (1990) com pared the herbage intake estim ates o f
dairy cows, generated by using various alkane pairs and C 35 as an internal marker
together w ith faecal output. Their results suggested that the best estim ates were
obtained by using the alkane pair o f C 32 and C 33 , and the poorest estim ators were the
pair o f C 35 and C 36 and the C 35 and internal marker method. M ayes et al. (1986) did
not include the pair o f C 35 and C 36 in an investigation com paring different alkane
pairs and C 35 , used as an internal marker, plus faecal DM output to estim ate the
intake o f perennial ryegrass or ryegrass and a concentrate diet. The pair o f C 33 and
C 32 gave identical intake estim ates to the actual intakes o f the lambs. They concluded
that other alkane pairs, although slightly underestim ated intake, gave reasonably
estimates.

Dove et al. (1990) com pared the intake estim ates o f perennial ryegrass by sheep over
several stages o f lactation, calculated using

in vitro-based digestibility and

digestibility derived from herbage and faecal concentrations o f C 3 5 . From the
consistency o f the C 35 alkane-based results o f the study and in relation to published
intake figures, they concluded that the alkane-based were more accurate than the in
vitro-based estimates. Unal and Garnsworthy (1999) com pared the intake estimates
derived by using the pairs o f C 32 and C 33 and C 36 and C 33 against the observed intake
o f dairy cows fed on a mixture o f silage, concentrates and sugar beet pulp nuts.
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Slightly better intake estimates were obtained when C 32 was used as the dosing
alkane; intake was underestim ated by 0.5 kg when C 36 was used as the dosing alkane.

Laredo et al. (1991) explored the potential for using alkanes in tropical forages,
including Brachiaria decumbens, as markers for the determ ination o f dry m atter by
grazing ruminants. They concluded that where the forage concentrations o f C35 are
higher than 50 m g/kg dry matter the pair o f C35 and C36 could be used to used to
estimate dry m atter intake. However, with forages that contain enough concentration
o f C 33, this alkane could be paired with dosed C32 to obtain low error intake
estimates. For forages that contain insufficient am ounts o f C33 a shorter chain length
alkane could also be used, but with a reduction in the accuracy o f the intake
estimates.

The results o f the present study have not been validated by concurrent direct intake
m easurem ent, but the estimates obtained using the pair o f C35 and C36 should be
reasonably accurate. The two alkanes have com parable recovery rates (Dove and
Mayes, 1991), a requirem ent for accurate intake estimates (M ayes et al., 1986;
Laredo et al., 1991; Dove and M ayes, 1991). Casson et al. (1990) cited by Laredo et
al. (1991) recom m ended that the concentration o f the odd chain alkane used in the
m ethod be more than 50 m g/kg o f herbage DM. However, they added that this
depends on the degree o f accuracy o f which laboratories are capable and also the
am ount o f precision required. The concentration o f C35 in the herbage grazed during
the wet season in this study was less than this suggested threshold (Table 1), but the
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unavailability of C32 (to pair with C33) during the time the experiment was conducted
necessitated the use of C36 for dosing. Since the recovery rate of C36 is closer to that
of C35 than to that of C33 (Dove and Mayes, 1991 ), C35 was chosen as the natural
alkane to pair with C36. That the concentration of C35 in the wet season herbage was
less than the threshold of 50 mg/g DM was probably not a major source of error in the
results of this study. This laboratory used herbage which had a lower alkane
concentration (lucerne C33 = 17.4 mg/kg DM) than this threshold and obtained intake
estimates which closely agreed with the observed intake of sheep (see results of
experiment 1 in Chapter 3 of this manuscript).

In addition, the results o f an experim ent by Dove et al., (1990) showed that C35 in
perennial ryegrass can be used to obtain more accurate digestibility estim ates than an
in vitro procedure. A lthough, these authors did not report the alkane profile o f the
ryegrass used in their study, it normally contains low concentrations o f C35
(Hameleers and M ayes, 1998b; Dove and M ayes, 1991) and the low concentration
did not seem to be a source o f considerable error in the study.

Conclusion

In cases w here C32 is not available C36 could be used as the dosed alkane in
conjunction with a natural alkane to estimate the dry matter o f intake o f tropical
forages. The choice o f which alkane to pair it with should be based on its similarity
to the recovery rate o f C 36 rather than the am ount available, as long as the
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concentrations are detectable. If the closest natural alkanes to C 36 are not detectable,
then lower natural alkanes can be used, but the degree o f accuracy o f the estimate
may be com prom ised. Dove and M ayes (1991) contend that for every percentage
point difference betw een the recovery rates o f the dosed and the natural alkanes, the
intake estim ates derived will be one percentage point inaccurate. As long as the
disparities between the actual and the estim ated intake values are small and similar
during both seasons, the m ethod will have achieved the aim o f this study- to compare
voluntary intake o f Brachiaria decumbens by cows during the w et and the dry
season. The degree o f accuracy may still be better than m ost other available methods
for estim ating the intake o f grazing animals can achieve (Dove et ah, 1990). It would
how ever be useful to carry out more studies using the alkane pair o f C 35 and C 36 to
estimate dry m atter intake o f tropical pastures by cows.

79

CH APTER 5

Introduction
The am ounts o f poor quality forages eaten by rum inants even under a d libitum
feeding conditions are often insufficient to support the level o f production o f which
animals are capable (Forbes, 1993). This low intake may be a result o f restricted flow
o f forage digesta through the gastrointestinal tract, which may cause distension o f
one or m ore segm ents o f the gut (Allen, 1996). In such circum stances the am ount o f
dry m atter consum ed by a rum inant during a meal is influenced by the rate o f
clearance from the rum en o f previously ingested food (Forbes, 1986). Rumen
clearance occurs by solubilization o f soluble material, degradation o f degradable
material and passage o f the less digestible residues from the reticulorum en into the
om asum (Van Soest et ah, 1988; Kennedy and Doyle, 1993)

The rate o f passage o f particles from the rum en depends on the efficiency o f their
com m inution into small particles, mostly by rum inative chewing, w hich is influenced
by the physical properties o f the particles (M urphy and K ennedy, 1993). Reducing
digesta particle size not only speeds their rate o f passage but it also increases their
rate o f ferm entation in the digestive tract as a result o f an increase in surface to mass
ratio for m icrobial attack (Gerson et ah, 1988). In contrast, larger particles promote
slower passage and do not allow as great a nutrient intake as sm aller particles (Ehle
and Stern, 1984). The range o f particle sizes o f forage digesta then determ ines not
only the efficiency at which they are digested, but also the rate at w hich undigested
residues pass along the gut. It has also been proposed that density or buoyancy is
another characteristic by w hich particles are sorted for selective retention in or
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passage out o f the reticulorum en. For instance K ennedy and M urphy (1988) found a
close relationship between reticulorum en retention time and specific gravity o f
feedstuffs o f various lengths. However, Kennedy (1995) could not establish a
connection

between

the

specific

gravity

o f particles,

m easured

as

particle

sedim entation rate (Sutherland, 1988), in the reticulum and their probability o f
passage to the post-rum inal tract o f swamp buffaloes. Thus a clear elucidation o f the
kinetics o f digestion o f forages o f different physical characteristics (e.g. density and
size) in the digestive tract, and the physiological factors that m odulate them will
benefit efforts to predict and enhance the intake o f forages by animals.

Plastic particles have been used to provide inform ation about selective retention o f
particles o f different characteristics (Kaske and Engelhardt, 1990). Inert particles
with densities

1 .2

- 1 .4 g/ml seem to have the m ost rapid rates o f passage in the gut

(Kaske and Engelhardt, 1990; desBordes and W elch 1984; M urphy et ah, 1989).
However, because plastic particles do not undergo the same changes like hydration
and specific gravity increase that occur in feed particles in the gut, data obtained
from their use cannot provide absolute rates o f feed particle m ovem ent (Elden et ah,
1980).

Heavy metal ions such as those o f chrom ium (Cr) and rare earth elem ents have been
attached to fibre particles and used as solid digesta markers (Uden et al, 1980). Cr
forms plant cell wall and protein com plexes that are stable in in vitro digestion
processes (U den et ah, 1980). Because o f the tightness o f its attachm ent, Cr reduces
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the digestibility and increases the density o f the material it is intended to label (Ehle,
1984; Van Soest et al., 1988). Rare earths, although variable in degree o f attachm ent,
can reduce digestibility and estimates o f passage rates obtained through their use
may be influenced by the m ethod o f attachm ent (M ader et ah, 1984). A nother
problem w ith rare earth metals is that their wide reactivity w ith proteins and
carbohydrates could result in the formation o f insoluble com plexes likely to move
independently o f the feed particles they were intended to m ark (Van Soest et al.,
1988).

Long chain n-alkanes have been used successfully to estimate dry m atter intake and
digestibility in animals. Their affinity for solid digesta shows a potential for their use
as markers for investigating the rate o f passage o f solid material through the gut
(M ayes et al., unpublished data). It is not known w hether addition o f n-alkanes to
forage particles would interfere with the degradation o f the forage to w hich they
were attached when used in m oderate amounts. The aims o f this trial were to
investigate (I) the effects o f addition o f n-alkanes on ferm entation characteristics o f
forage particles, and (II) the rates o f passage o f n-alkane-coated fibre particles o f two
sizes and two densities in the gastrointestinal tract o f sheep.
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M aterials and methods

Gas production experiment
A gas production study was conducted to investigate the effect o f coating feed
particles with synthetic rc-alkanes on feed degradation. Hay sam ples ground to pass
through a 1 mm screen in a ham m er mill and coated w ith 0, 12, 24 and 60 mg o f
hexatriacontane (C 36 ) were com pared for in vitro ferm entation dynam ics as described
by Jessop and H errero (1996). M easurem ents o f gas production were taken at 1,2, 3,
4,

6

,

8

h; thereafter every 4 h until 60 h, and at 72, 78, 84, 96, 108, 120 and 144 h.

Cum ulative gas volum es were corrected for ferm entation o f 200 mg and for
ferm entation o f soluble material by subtracting the gas produced in 4 h (Herrero and
Jessop, 1996), and fitted to the model GAS=A+B(l-exp~c(t~lag)), where A is the
asym ptote gas production from the ferm entation o f soluble fraction (gas produced up
to 4 h (cm 3)), B is the asym ptote gas production from the ferm entation o f NDF (cm 3),
c is the fractional rate o f gas production per hour, and lag is the lag phase before the
ferm entation o f N D F begins (h) (Jessop and Herrero, 1996). A n A N O V A using the
M initab statistical package (1993) was perform ed to com pare the degradation
param eters o f the treatm ents. An LSD was used to com pare significant treatm ent
means.
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Rates o f passage experiment

Experimental design

Four rum inally cannulated Scottish Blackface w ethers were used in a cross-over
design. The first period was in early Decem ber 1997 and the second period was in
early January 1998. The sheep were kept indoors and penned individually on a
slatted platform above a concrete floor. Two were fed on pelleted grass a d libitum
and two were fed on baled hay a d libitum for 14 days before pulse dosing and for the
duration o f each period o f the trial.

Dose preparation

Two portions o f hay from the same batch from which the sheep were fed during the
trial w ere taken and ground through a ham m er mill, one to pass through a 6mm
screen and the other to pass through a 1mm screen. The fraction that was ground
through a 1 mm screen, w hich was labelled the small, buoyant pool (SB), was coated
with n-octacosane (C 2 8 ) at a rate o f 25 mg per gram o f hay. The coating was achieved
by dissolving the required am ount o f n-alkane in heptane heated to 80°C and soaking
the hay in the n-alkane solution while continually stirring for about 15 minutes. The
hay was then dried in a fume cupboard for at least 24h and oven-baked at 100°C for
lh to melt the n-alkanes into the hay.
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A bout 1/4 o f the hay ground through a 6mm screen, which was labelled the large,
buoyant pool (LB), was coated with n-hexacosane (C 26 ) using the same procedure
used to coat SB. The rest o f the hay m illed to pass through a 6m m screen was
incubated for 120h in a m ixture o f 1 part strained rum en liquor and 3 parts buffer
solution (M enke et al., 1979) contained in flasks stoppered with ferm entation locks
and kept in a w aterbath at 39°C. The flasks were shaken 4-6 tim es a day. As a
general guide, about 800ml o f the rumen liquor and buffer solution m ixture were
enough to incubate 15 grams o f grass. A t the end o f the incubation period the rumen
liquor was strained out through 2 layers o f muslin and discarded w hile the hay was
collected and oven-dried at 60°C for 48 hours before it was separated into two
roughly equal fractions. One fraction, which was labelled the small, dense pool (SD)
was ground to pass through a 1mm screen in a ham m er mill and then coated with ndotriacontane (C 32 ); the other, w hich was labelled the large, dense pool (LD) was
labelled w ith n-triacontane (C30) w ithout grinding. Both fractions w ere then coated
with n-alkanes following the sam e procedure used for the unferm ented hay.

D osing and sam pling

Five gram s (coated w ith 125 mg o f n-alkane) o f each o f the four particle pools were
weighed into tissue paper and inserted into the rumen o f each o f the four sheep via
the rum en cannula. Faecal samples were collected from the floor: the first one was
collected before or shortly after dosing and thereafter at 3-to 5-hourly intervals until
84h and then at 6 -to 9-hourly intervals until 152h. During each collection period, the
floor area directly underneath each animal pen was swept clean and the first sample
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to be voided by each animal was collected and its time recorded. The tim ing o f the
faecal collection was aimed at obtaining a sample from each animal as close as
possible to 4-hourly intervals in the first 84h and thereafter as close as possible to

8-

hourly intervals for the rem ainder o f the collection period. H ow ever faecal samples
were often voided

1

to 2 h before or after the targeted time.

Extraction and gas chrom atographic analysis
Faecal sam ples were oven dried at 60° C for 48h, ground and then bagged separately
in a resealable plastic bag until extraction. For each w ether an aliquot o f the faecal
sample from each collection period was extracted and purified as described by
M ayes et al. (1986), with the m odifications that duplicate 0.5g sam ples were directly
heated in ethanolic potassium hydroxide and 7ml o f heptane w ere used as the
solvent. To determ ine the am ounts o f n-alkane in the dose, duplicate lg sam ples o f
each o f the two diets and four particle pools were extracted the same way as faeces
except that about 50% m ore solvent and w ater were used than in faecal extraction.

The final eluates were injected onto a capillary column (H ewlett Packard (HP) .5
Crosslinked Phenyl M ethyl Silicone, 50m X 0.32mm X 0.17pm ) in a m odel HP6890
gas chrom atograph fitted with a flame ionization detector and linked to a PC run by
an HP Chem station software. The oven tem perature program m e was initially 65°C
and then rose to 300°C at 10°C/min where it was held for 20 min. The temperatures
o f the injection and detector ports were 325°C and 350°C, respectively. The flow rate
o f the carrier gas (N 2 ) was 33.4ml/min. and that o f the m akeup gas (N 2 ) was
24ml/min.
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Identification o f the different n-alkanes was made based on the relative retention
times o f know n standards. The ratio o f the peak areas o f the analysed n-alkanes to
that o f the internal standard (C34) was used to calculate n-alkane am ounts in the
samples.

Statistical analysis

The tw o-com partm ent model with gamma-2 age dependency and gam m a-1 age
independence, abbreviated G 2—> G l-» 0 or G2G1, described by Ellis et al. (1994) was
fitted to the faecal excretion data using G enstat 5 (Lawes A gricultural Trust, 1998)
statistical package. The generated fast rate param eter (A.), slow rate param eter (K2)
and time delay (Lag) for each o f the four particle pools were used to calculate mean
retention tim es o f the four particle pools in the fast and slow turnover com partm ents
and in the entire gastrointestinal tract. M ean retention time in the fast turnover
com partm ent (M R Ti) was calculated as 2/A.; mean retention tim e in the slow
turnover com partm ent (M RT2) was calculated as 1/K2; m ean retention time in the
total gastrointestinal tract (M RT t) was calculated as M RTi + M R T2 + Lag. M RTi,
M RT2 and M R T t o f the four particle pools were com pared by analysis o f variance
(A NOVA) procedure using the statistical package Genstat 5 (Law es Agricultural
Trust, 1998). The data were analysed as a split-plot design, w ith sheep and period
intersection as the main plots and particle pools w ithin the sheep and period
intersection as the subplots.

87

Model choice

Several m athem atical m odels are available to fit to faecal or duodenal marker
excretion curves and yield estim ates o f digesta retention tim es in the whole or in
various parts o f the rum inant gastrointestinal tract. Some are prem ised on assumption
that the rum inant gastrointestinal tract is essentially a one way flow, two
com partm ent system which can be m athem atically described by a biexponential
expression w ith tim e delay (Blaxter et ah, 1956; Grovum and W illiams, 1973). The
two exponential term s are then used to describe processes

in the mixing

com partm ents and the time delay to describe m ovem ent in the tubular sections o f the
rum inant tract.

Dhanoa et al. (1985) proposed a model that considers digesta flow through the
rum inant gut as a m ulticom partm ental exponential process. This m odel proposes that
digesta flow s from the rum en, abom asum and caecum are likely to be exponential
processes and events w ithin the rumen are exponential-type processes. They further
postulated that although digesta m ovem ent through the tubular sections o f the gut is
probably best described by longitudinal diffusion, several exponential com ponents
could approxim ate it. This model has the advantage o f allow ing for inclusion o f
several com partm ents, which, it could be argued, is more biologically appropriate to
describe the m ultistage processes regulating passage in the rum inal tract. However,
like the m odels proposed by Grovum and W illiams (1973) and Blaxter et al (1956), it
assum es instantaneous m ixing in the mixing com partm ents and equal probability o f
escape for digesta particles o f all ages. However, results o f several investigations
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have suggested otherwise. For instance, Evans et al (1973) observed that, with
passage o f time, digesta in the reticulorum en undergo physical changes w hich enable
them to pass to postrum inal segments o f the gut. This view was later supported by
Sutherland (1988), who observed a ruminal floating raft, w hich, he suggested,
functions as a discrim inating mechanism with high selectivity for large particles.
Furtherm ore, Reid (1986) listed as many as 13 events that he suggested are involved
in the passage o f solid digesta from the reticulorum en to the abomasum.

M odels to fit to faecal or duodenal excretion data are usually chosen on the basis o f
how well they fit the data (Bernard et al., 1998; Dhanoa, 1985; Pond et ah, 1988).
W hilst this is a valid reason, it should be balanced with how closely the description
o f its m athem atical terms relate to the known biological processes associated with
digesta m ovem ent. Once these are met, relative ease to fit should be the next
selection criterion because differences in the curve-fitting process can lead to
conflicting conclusions being made about the same data (Bernard et al., 1998;
Dhanoa, 1985). Bernard et al. (1998) in their model validation study dem onstrated
that different m odelling methods fitted to the same data set could yield similar
estim ates o f m ean retention times o f digesta in the various segm ents o f the gut.
Lindberg (1985) also found no difference in the mean retention tim es o f digesta in
sheep calculated using the methods o f Blaxter et al., (1956) already referred to above
and the algebraic m ethod devised by Thielem ans et al., (1978).
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In this study the tw o-com partm ent model with gam ma-2 age dependency and
gamma-1 age independence proposed by Ellis et al., (1979) and Ellis et al., (1994)
was chosen because it seems consistent with currently held views that w ith time
digesta particles in the rumen undergo physical changes like size reduction and
density increase before their probability o f flow from the rum en increases (Poncet,
1991).

Assignm ent o f physiological processes to m odel components

The assignm ent o f physiological processes or anatomical parts to com ponents o f the
model was based on the hypothesis this study set out to investigate (Figure 1) and on
suggestions from the results o f other studies that made use o f the m odel (Pond et al.,
1988; Bernard et ah, 1998). M ean retention tim e in the fast com partm ent (M RTi)
was assum ed to be largely accounted for by processes like com m inution, hydration
and m icrobial colonisation, w hich feed particles undergo w hen they first enter the
rumen. The rest o f M RTi w ould be accounted for by post-duodenal m ixing segments
o f the gut (Pond et al., 1988). However, it should be noted that there are differences
am ong investigators in the way they envisage this param eter (M RTi) to represent
digestive processes (M ambrini and Peyraud, 1997). For instance, in one study the
model estim ated residence time in post-duodenal m ixing segments has been found to
be o f sim ilar m agnitude to the actual residence time large particles spend in a
rum ination pool o f the rum en (Ellis et al., 1994). That suggests apportioning M RTi
equally betw een the processes like size reduction and hydration, to w hich digesta are
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subjected w hen they first enter the rumen and the digestive processes in postduodenal m ixing segments.

M ean retention tim e in the slow turnover com partm ent (M RT 2 ) w ould be descriptive
o f the residence tim e o f small and dense (owing to rum ination and ferm entation) in
"competition" to leave the reticulorum en (Ellis et ah, 1994). The slow turnover
com partm ent is envisaged as the rumen, but residence tim e in it may include tim e in
the hindgut m ixing com partm ents, depending on the type and am ount o f digesta mass
already in the hindgut (D esw ysen et ah, 1989). For instance, Ellis et ah (1994)
observed a residence time o f between 1.5 to 5 h between the duodenum and rectum
in H olstein steers fed on hay. A ccording to M oore et ah (1992), estim ates for this
com partm ent should be sim ilar among m odels which, like itself, assum e ageindependence for particulate rate o f escape from this com partm ent. M ean retention
time in the whole tract w ould be the sum o f the retention tim es in the fast and slow
turnover com partm ents and time delay (lag), the length o f time it took for the marker
to first appear in the faeces. Lag was envisaged to account for the m ovem ent o f
digesta in the non-m ixing tubular sections o f the digestive tract, as proposed by Pond
et ah (1988).

D igesta entering the rum en is envisaged to be a continuum o f particles from very fine
to very large, w hich are conveniently represented in the flow diagram (Figure 1) by
the small and large buoyant particle pools. W ith passage o f tim e, the large buoyant
particles may undergo hydration and fermentation, w hich will increase their
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buoyancy, but despite this their probability o f escape will still not be very high until
they have also undergone com m inution to a size small enough to prom ote their
passage. A lternatively, they will be com m inuted (via rum inative chew ing) w hilst still
buoyant, w hich will still not guarantee the highest probability o f escape until they
have reached, through hydration, a certain density threshold.

Therefore, according to Figure 1, the large, buoyant particle pool (LB) w ould have
the longest m ean retention time and the small, dense pool (SD) w ould have the
shortest mean retention in the reticulorum en and in the whole tract. The interm ediate
pools, the large, low buoyancy (LD) and small, buoyant (SB), w ould have
interm ediate retention tim es in the reticulorum en and the whole tract. Differences in
the derived m ean retention times o f the 4 particle fractions w ould be used to validate
the hypothesis conceptualised in Figure 1.
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Intake

Figure 1. Schem atic representation o f digesta kinetics in the rum en
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Results

Gas production experiment
The com parison o f feed degradation param eters from in vitro gas production when
various am ounts o f hexatriacontane (C 36 ) were used to coat

1

gram o f ground hay is

presented in Table 1. The asym ptotic gas production from the ferm entation o f soluble
carbohydrates (param eter A), the asymptotic gas production from the ferm entation o f
NDF (param eter B) and the fractional rate o f gas production per hour (param eter C)
were not significantly different for the 4 am ounts o f C 36 used. There was also no
apparent difference betw een the lags (phases before the ferm entation o f NDF begins)
o f the hay fractions coated with 0, 12 or 24 mg o f C 3 6 . However, the lag phase o f the
hay fraction coated w ith 60mg o f C 36 was significantly longer (p<0.005) than those
o f the fractions coated w ith

0

and

12

mg, but not significantly longer than that o f the

fraction coated w ith 24 mg.
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Table 1. Com parison o f degradation param eters o f ground grass hay coated with
various am ounts o f hexatriacontane (C 36 ) per gram o f hay («=3).

Parameters
A lkane am ount

A (cm 3)

B (cm 3)

C (/h )

Lag (h)

13.41 a

41.633

0.0418a

4.27a

mg

12.583

41.533

0.04123

4.27a

24 mg

13.50a

40.673

0.03873

4.77ab

60 mg

12.083

41.833

0.03873

5.23b

1.29

3.98

0.00274

0.30

0

mg

12

SED

For each param eter means with different superscripts w ithin the sam e colum n differ
significantly (P<0.05).

Rates o f passage experiment
The m ean retention tim es o f the four alkane-m arked particle pools, the large buoyant,
small buoyant, large dense and small dense, in the fast turnover com partm ent, in the
slow turnover com partm ent and in the whole gastrointestinal tract o f the sheep are
tabulated in Table 2. The large dense particles were held for the longest time
(16.48h) in the fast turnover com partm ent and their retention tim e was significantly
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longer (p<0.05) than the retention times o f the other particle pools in this
com partm ent. The small dense particle pool was held for the shortest period ( 1 1.69h)
in the fast turnover com partm ent and this retention tim e was significantly shorter
(p<0.05) than that o f the large buoyant pool, but not significantly shorter than that of
the small buoyant pool. The mean retention tim es o f the large and small pools were
not significantly different from each other.

In the slow turnover com partm ent, the mean retention times o f the large buoyant,
small buoyant and small dense particles were not significantly different from one
another (Table 2). However, the retention tim e o f the large dense fraction, w hich was
longest at 20.98h, was significantly longer (p<0.05) than those o f the large buoyant
and small buoyant fractions, but not significantly different from that o f the small
dense fraction.

In the w hole tract, the mean retention time o f the large dense pool was 58.08h and
this was significantly longer (p<0.05) than the mean retention tim es o f the other
labelled particle pools. The small buoyant fraction had the shortest retention time at
46.50h, but this retention time was not significantly longer than that o f the small
dense fraction (49.58h). The retention time o f the small dense was in turn not
significantly different from that o f the large buoyant fraction (57.75h), but the large
buoyant fraction was held for significantly longer than the small buoyant fraction.

In order to facilitate the validation o f the proposed model (Figure 1), the mean
retention tim es o f the particle pools shown in Table 2 were resolved so that they
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could bring to bear the effects o f size and buoyancy on the length o f retention o f the
particle fractions in the two com partm ents (fast turnover and slow turnover) and in
the whole tract, and w hether these were subject to dietary effects. However, the
com bined effects o f both size and buoyancy were addressed in the discussion.

Table 2. M ean retention times (h) o f the large buoyant, small buoyant, large dense
and small dense particles in the slow turnover com partm ent (M R Ti), fast turnover
com partm ent (M R T 2 ) and the whole gastrointestinal tract (MRTx) (n= 8 )
Particle pool

Param eter

Large buoyant

Small buoyant

Large dense

Small dense

SED

M RTi

14.20a

12.70ab

16.48°

11.69b

0.983

m rt2

18.25a

17.63a

2 0.98b

19.07ab

1.038

M RT j

51.75b

46.50“

58.08°

4 9 .5 8 ab

1.215

M ean retention tim es with different superscript letters w ithin a row are significantly
different (p<0.05)

The effect o f particle size on mean retention time

In Table 3 the m eans o f the m ean retention times in the fast turnover com partm ent
(M RTi), slow turnover com partm ent (M RT 2 ) and total tract (M R T t) for the large and
small fibre particle pools are given. The small particle pool had a significantly
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(p< 0 .0 0 1 ) shorter retention time in the fast turnover com partm ent than the large
particle pool. In addition, there was a significant (p<0.005) diet and particle size
interaction for M RTi, which suggested that the difference in M RTi betw een the two
particle pools was m ore pronounced when the sheep were fed on hay. The large and
small particles were held for 12.3 and 11.59 h respectively w hen the sheep were fed
on grassnuts com pared to 18.38 and 12.80 h when they were fed on hay (Table 4).

There was no significant difference in the tim e the large and small particle pools
were held in the slow turnover com partm ent (Table 3). H owever, there was a
significant (p< 0 .0 0 1 ) diet and particle size interaction in M RT 2 such that the large
particles w ere held 5 h longer than the small particles when the sheep were fed on
grassnuts (Table 4). In contrast, the small particles were held 2.5 h longer when the
diet was hay.

There was a significant (p<0.001) difference in retention tim e in the whole
gastrointestinal tract between the large and small particle pools (Table 3). The large
particles were retained alm ost

6

h longer than the small particles in the

gastrointestinal tract. There was however no significant influence o f diet on the
retention time o f the fibre particles in the whole tract
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Table 3. M ean retention tim e (h) in the fast turnover com partm ent (M R Ti), slow
turnover com partm ent (M RT 2 ) and total tract (M R Tt) for large and small particles
(«=16)

M ean retention tim es (h)
Particle size

M RTi

m rt2

M RT t

Large

15.34

19.62

54.91

Small

12.19

18.35

48.04

SED

0.695

0.734

0.859

Table 4. The influence o f diet on M RTi and M RT 2 (h) o f large and small particles
(«= 8 )

Particle size

Large

M RT, (h)

SED

M RT 2 (h)

Hay

Grass

Hay

Grass

18.38

12.30

21.36

17.88

20.983
Small
SED

12.80

11.59
'1.297

SED

21.038
23.99

12.71
'4.519

'F or com paring between diets within each M RT
2For com paring w ithin diet w ithin each M RT
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The effect o f particle buoyancy on mean retention time
M ean retention tim es in the fast turnover com partm ent (M R Ti), slow turnover
com partm ent (M RT 2 ) and total tract

(M R T

t)

for buoyant and non-buoy ant particles

are presented in Table 5. There was no significant difference in the length o f tim e the
buoyant and non-buoyant particle pools were held in the fast turnover compartment.
There was also no apparent dietary influence on the M R T 1 o f the particles. There was
how ever a significant (p<0.05) size and buoyancy interaction (Table

6

). The large

particles o f the dense fraction had a 5h longer M RTi than the sm aller ones o f the
same fraction. In a sim ilar manner, the large particles o f the buoyant pool were
retained 1.5 h longer than the small particles.

The non-buoyant particles were retained in the slow turnover com partm ent 2 h
longer (p<0.05) than their buoyant counterparts (Table 5). There was how ever no
significant interaction between buoyancy and diet in M RT 2

There was a significant (p<0.001) particle buoyancy effect in the w hole tract such
that the non-buoyant pool remained in the tract 4.71 h longer than the buoyant pool
(Table 5). There was no significant diet and buoyancy interaction in M RT t
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Table 5. M ean retention tim e (h) in the fast turnover com partm ent (M R Ti), slow
turnover com partm ent (M RT 2 ) and total tract (M R T j) for buoyant and non-buoyant
particles (n=16)

Param eter
Particle buoyancy

M RTi

m rt2

M RT t

Buoyant

13.45

17.94

49.12

N on-buoyant

14.08

2 0 .0 2

53.83

SED

0.695

0.734

0.859

Table 6. M ean retention time (h) o f buoyant and non-buoyant large and small fibre
particles (n= 8 ) in the fast turnover com partm ent

M ean retention time (h)
Particle size
Large

Buoyant

Non-buoyant

14.20

16.48

SED

0.983
Small

12.70

11.69
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Discussion

Gas production
The in vitro gas production technique has been used to determ ine the kinetics o f
rum inant feedstuff degradability from gas produced by samples o f feedstuffs that are
ferm ented in buffered rum en fluid kept at 39 °C (M enke et al., 1979; Pell and
Schofield,

1993). Based on the pattern o f its ferm entative gas production,

degradability kinetics and apparent in vivo digestibility o f a feed can be predicted
(M enke et al., 1979; Rom ney et al., 1998). Blum m el and 0 rsk o v (1993) found the
total gas produced by their gas production system to be correlated w ith DM intake,
digestible DM intake and animal growth rate. Because o f these attributes and that the
technique is inexpensive and not labour-intensive, it was adopted to investigate the
effects o f coating feed particles with increasing am ounts o f alkanes on in vitro
degradation characteristics.

The results o f this study suggested that up to 24 mg o f alkane could be used to coat 1
gram o f feed w ithout significantly affecting the m easured degradation param eters o f
the feed. Coating 1 gram o f feed with 60 mg did not seem to affect the am ount o f gas
produced in the first 4 h, the total am ount o f gas produced and the rate o f gas
produced. A lthough the lag phase o f the grass hay coated w ith 60 mg o f alkane was
slightly longer than those o f the feeds coated with

12

mg o f alkane or uncoated, it

was not significantly longer than the lag phase o f grass hay coated w ith 24 mg. It was
therefore concluded that using up to 50 mg o f alkane to coat 1 gram o f fibre particles
would not appreciably alter their kinetics in the rum inant gastrointestinal tract,
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particularly for purposes o f com paring passage rates o f different particles, provided
they are all marked w ith the same concentration o f alkane.

Rates o f passage

The effect o f particle size on mean retention time
The longer m ean retention o f the large particles than o f the small particles in the fast
turnover com partm ent (Table 4) found in this experim ent is in agreem ent w ith the
general observations by sim ilar studies that mean retention tim e increases with an
increase in particle length (Poppi et ah, 1980; M urphy and K ennedy, 1993; Welch,
1982; Ellis et ah, 1994). The longer retention time for the large particles could be
attributed to the time it took to reduce them to a size small enough to allow easy
passage through the reticulo-om asal orifice (M ambrini and Peyraud, 1997). Evidence
o f particle reduction during passage was also presented in a study to com pare digesta
particle size distribution in the reticulorum en, om asum and abom asum o f sheep fed
on two alfalfa hay varieties and four grass hay types (Troelson and Cam pbell, 1968).
They found a higher proportion o f coarse particles in the reticulorum en than in the
other com partm ents. Bernard et al. (1998) evaluated 3 curve-fitted models, including
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the one used in this study, against an algebraic method and found longer mean
retention tim es for thulium (Tm )-labelled chopped than ytterbium (Y b)-labelled
ground

(8

mm screen) orchardgrass hay in the stom ach and whole tract o f sheep.

They estim ated com m inution time o f large particles in the rum en to be the difference
between the retention tim e o f the small particles and the retention tim e o f the
chopped hay and found this to be 15.9 h when estim ated from faecal data. I f the same
m ethod is em ployed when the sheep were fed on hay in the present study,
com m inution tim e for the large particles is 5.6 h, w hich is m uch shorter than the 15.9
h reported by Bernard et al. (1998). Chopping, as was done Bernard et al. (1998),
w ould be expected to produce larger particles w hich w ould take longer to com m inute
than m illing through a

6

mm screen, hence the discrepancy in the com m inution time

estim ates o f the two studies.

Particle size reduction due to rum inative chewing is influenced by factors like plant
characteristics, tim e after feeding and level o f intake (Kennedy and Doyle, 1993;
M urphy and Kennedy, 1993). One or more o f these factors could have caused the
difference in the M RTi values o f the two studies. Furtherm ore, that the two particle
fractions were m arked with

2

different rare earth markers, could have conceivably

altered the behaviour o f the particles they were intended to m ark (van Soest et al.,
1988) and influenced mean retention times differently. In contrast, M am brini and
Peyraud (1997) who also used rare earth markers, estim ated that the difference in
mean retention tim es o f long and ground hay in the whole tract o f dairy cows to be 7

104

h and attributed this difference to the time needed to reduce the long forage to the
length o f the ground particles.

In this study the large and small particles were held in the fast turnover com partm ent
for 12.3 and 11.59 h, respectively, when the sheep were fed on grassnuts compared
to 18.38 and 12.80 h (Table 4) when they were fed on hay. A longer m ean retention
tim e for fescue hay com pared with a com m ercial pelleted diet w ere also found by
M oore et al. (1992) who investigated the influence o f different m arkers and models
on digesta passage rates when sheep were fed on either o f the two diets. The longer
retention o f the large particles when the sheep were fed on bailed hay could be due to
their entrapm ent in the floating raft proposed by Sutherland (1988), w hich forms in
the rum en after rum inants have consum ed fibrous feed like hay. In the case o f the
present study, pelleting o f the grass (grassnuts) may have elim inated or reduced the
form ation o f the floating raft and thus allowing a higher rate o f escape for large
particles that w ould otherwise be entangled in the raft (Van Soest et al., 1988;
Kennedy and Doyle, 1993).

A lternatively, pelleting (grassnuts) may have enhanced the intake o f grass by the
sheep and as a consequence the rates o f passage o f all feed residues associated with it
(including the large m arked particles) increased (Okine and M athison, 1991).
A ccording to Luginbuhl et al. (1990), citing earlier work, reducing dry m atter intake
o f Coastal berm udagrass

by

steers to

50%

o f ad

libitum

level

increased

gastrointestinal tract retention tim e o f masticated boli, leaves and stems by 24, 22
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and 25 h, respectively, when com pared with near ad libitum feeding. Further, Blaxter
et al. (1956) com pared the digestibilities and retention tim es o f long dried grass, the
same grass m edium ground and cubed and finely ground and cubed in the digestive
tracts o f sheep fed at different levels o f intake. Results indicated that the cubes o f
dried grass passed along the tract more quickly than the long material and that
increasing intake level also resulted in an increase in the passage rates o f the grasses.
Therefore the small difference between the mean retention tim es o f the large and the
small particles w hen the sheep were fed on grassnuts was not inconsistent w ith lower
retention o f large particles, having escaped rum ination and raft entrapm ent, that is
som etim es shown w ith higher intake (Van Soest et al., 1988).

However, grinding o f feedstuffs may increase their retention tim e in the digestive
tract. For instance, unlike in the present study, Faichney (1983) found that grinding
and pelleting lucerne hay increased the mean retention tim es o f solutes and o f
particle-associated m arker in the rum en o f sheep. Similar findings were also reported
by W eston and Hogan (1967) who observed a reduction in the flow rate o f
particulate m atter and o f w ater from the rum en o f limited-fed sheep when chopped
lucerne was replaced by an equal am ount o f ground lucerne. This reduction in the
flow rate o f particulate m atter from the rumen was attributed to a possible increase in
organic m atter content o f digesta in the reticulum, which slows flow to the omasum
when ground feeds are given.
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Further support for the size reduction theory in the fast turnover com partm ent is lent
by the lack o f significant difference in M RT 2 o f the large and small particles (Table
3), which, in line w ith the proposed model, w ould suggest that the particles in the
slow turnover com partm ent were mostly equal in size (small). H owever, the diet and
particle size interaction in M R T 2 , such that the large particles w ere held 5 h longer
than the small particles when the sheep were fed on grassnuts w hile the large
particles were held only

2

h longer when the sheep were fed on hay is difficult to

explain. Theoretically, in this com partm ent, particles have been reduced to a size
small enough to allow passage and all have an equal probability o f passage through
the reticulo-om asal orifice (Ellis et al., 1994). However, even w ith those particles
considered to be eligible in term s o f size for passage from the reticulorum en, passage
rates can differ substantially (M urphy and Kennedy, 1993). Evidence for possible
existence o f another sorting m echanism beyond the reticulorum en, by w hich large
particles w ere selectively retained and returned to the reticulum , was observed by
M cBride et al. (1984) in a cow fed alfalfa hay and by W aghom et al. (1986) in sheep
fed chaffed lucerne. Therefore some large particles which may have escaped rumen
entrapm ent as a result o f feeding grassnuts could have been selectively returned to
the reticulum or retained in the om asum and hence the longer M RT 2 . The small
particles, on the other hand, passed through relatively unhindered.

The large particles were retained 7 h longer than the small particles in the whole
gastrointestinal tract (Table 3). This result was not unexpected and is consistent with
differential retention for large and small particles reported by Q uiroz et al (1988)
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with goats fed Coastal berm udagrass or orchardgrass hay and by Linberg (1984) with
sheep given hay and a concentrate diet at maintenance feeding level. Differential
mean retention tim es o f the large and small particle fractions in the w hole tract
should be m ainly accounted for differential retention times o f these two fractions in
the fast turnover com partm ent, which, according to the model proposed here, takes
place mainly in the reticulorum en and the caecum-colon. The relative contribution o f
each o f these m ixing segm ents to the MRT] may be alm ost equal (Pond et al., 1988;
Bernard, 1998) or the reticulorum en may account for most o f M RTi (Ellis et al.,
1994). However, because there was no duodenal sampling done in this study,
resolving the estim ated M RTi into retention times in each o f the m ixing segments
w ould be difficult and no attem pt was made to partition M RTi between these
anatomical parts. Therefore the difference o f 3 h between the retention o f the large
and small particles accounts reflects collective particle com m inution in the mixing
com partm ents. If that were the case, and the results o f this study suggested that there
was no significant difference in the M RT 2 o f the large and small particle fractions,
then the 7 h difference in the M R T j o f the large and small fractions suggests a
further 4h delay o f the large particles in the tubular segments o f the tract. Such a
differential delay was unexpected as the influence o f size on particulate flow is less
im portant in the postrum inal segments o f the gut (M urphy and K ennedy, 1993;
Kaske and Engelhardt, 1990), unless there were substantial differential mean
retention tim es for different digesta, as was proposed by Barry et al. (1985).
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The difference could be due to the involvem ent o f a density- and size-related sorting
m echanism s, particularly in the omasum and abom asum , gut segm ents not thought to
contribute m uch to gut retention time. It has been shown that small particles undergo
a higher rate o f density change than large particles (Hooper and W elch, 1985) and
this differential density change could have delayed the first appearance o f the large
particles in the faeces. However, Cam pling and Freer (1962) observed a slower
passage rate postrum inally as density increased. It may also be due to deviations o f
biological system s from the ideal m athem atical assum ptions o f continuous flow and
instant m ixing in the system. For instance, defecation is not always regular and this
can influence retention in the whole tract or first appearance o f m arker in the faeces.
Also, passage o f small particles may be accelerated during eating (K ennedy and
Doyle, 1993; Ellis et al., 1999) and under ad libitum feeding conditions, which can
be a source o f variability

The effect o f buoyancy on mean retention time
The results o f this study did not suggest any discernible overall effect o f buoyancy
on the m ean retention tim e o f the particles in the fast turnover com partm ent (Table
5). Such a result contradicts the postulation made by Kaske and Engelhardt (1990)
that rates o f passage in sheep are influenced more by particle density than by particle
size. By contrast the result supports the findings o f Kennedy (1995) who observed no
obvious effect o f buoyancy on the rate o f passage o f particles out o f the rum en o f
swamp buffaloes and cattle. For this study, however, that result was unexpected as
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the particle fractions labelled non-buoyant were expected to be dense as a result o f
soaking for 7 days in rum en fluid. The density acquired by the particles was not
quantified, but published data suggest that it would have been about 1.3g/ml (Hooper
and W elch, 1985) or 1.5 g/ml (Evans, 1973). This density w ould be at or slightly
higher than the upper lim it o f the density range that has been observed to promote the
m ost rapid particulate passage by many studies (Kaske and Engelhardt, 1990;
desBordes and W elch 1984; M urphy et al., 1989). Thus incubating the feed particles
for as long as they were in the present study may have made them too dense for rapid
flow from the rum en once they had hydrated. As a consequence the tim e it took them
to finally exit the reticulorum en was similar to the tim e it took the unincubated
fraction to undergo the tim e-dependent ruminal processes w hich increase their
density and thus their probability to escape out o f the reticulorum en.

There are other possible reasons to explain the apparently sim ilar rates o f passage for
the buoyant and non-buoyant fractions in the fast turnover com partm ent. MRTj
represent com partm ental mixing flow in the rum en as well as in the postruminal
segm ent as was suggested by the results o f Pond et al. (1988) who reported about 40
% longer M RTi estim ates from duodenal than from faecal excretion curves o f cows
fed m ainly chopped or pelleted straw. W ithout m arker concentration data from other
parts o f the digestive tract it would be difficult to accurately resolve this mean
retention time into the times spent in each com partm ent. Furtherm ore, M RTi is
closely related to time delay such that an overestim ation o f either param eter results in
an underestim ation o f the other (Ellis et al., 1994), which m eans that difference in
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M RTi between large and small particles could have been m asked by inaccuracies in
estim ating time delay. Sim ilar difficulties have been reported by other investigators
(Lalles et al. 1991); Faichney and Griffiths (1978) resolved to com bine the estimates
o f the two param eters. It was difficult to fit models to a few o f the excretion curves
and the curves that fitted gave similar rates o f exit for both slow and fast turnover
com partm ents, a scenario which, according to Pond et al. (1988), violates the
assum ptions o f the G l-» G 2 -» 0 model and casts a doubt on the generated estimates.
M aybe for those curves another model should have been sought as was suggested by
Q uiroz et al. (1988), but that would have made com parison betw een estim ates even
more difficult.

The effect o f buoyancy on particle mean retention tim e was m ore noticeable in the
slow turnover com partm ent and in the whole tract (Table 5). The effect o f buoyancy
also cam e through in the size and buoyancy interaction in the fast turnover
com partm ent (Table

6

), such that for the non-buoyant fraction the large particles had

a much longer retention tim e than the small ones, whereas for the buoyant fraction
the large and small particles had similar retention times. As previously stated, the
purpose o f incubating the non-buoyant pools in rum en liquor was to increase their
specific gravity so as to facilitate their m ovem ent along the digestive tract. It would
appear therefore that the dense particles, on entering the reticulorum en quickly
sedim ented to the bottom. The large particles, ham pered by their large size, could not
easily go through the reticulo-om asal orifice. Their high density w hich m eant that
they sank to the bottom o f the reticulorum en also made them less likely to be
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aspirated to the m outh for rum inative chewing and thus size reduction w hich would
prom ote their chances o f passage through the orifice. The predom inant sizedecreasing m echanism to which they (large dense) were subject was detrition, which
is a slow er process than rum inative chewing. Therefore the onw ard passage o f the
incubated large particles was hindered by both size and density, hence the 5h
difference in M RTi between the large and small particles o f the non-buoyant fraction
(Table

6

). In contrast, the LB fraction, because o f its low density, did not separate

from the m ain floating digesta mass and was aspirated into the m outh for ruminative
chew ing and attained the optim um density, which made it to have a shorter M RT i
than the LD fraction.

If M RTi is assum ed to largely represent processes like size reduction, hydration and
density increase, w hich particles undergo on entering the reticulorum en, then the
small non-buoyant particle (SD) pool would be expected to have a shorter MRTi
than the larger particle (LD and LB). However, the results o f this study suggest that
M RTi for the large and small buoyant pools approxim ated that o f the small nonbuoyant pool, w hich implies that the onward m ovem ent o f the small non-buoyant
particles was also som ew hat hindered by unanticipated processes. A possible cause
o f that delay is that on hydration the SD increased density beyond the optim um range
for easy passage through the reticulo-om asal orifice. Beside the short time required
for their hydration, their M RTi would then be accounted for by the am ount o f time
needed to take them from w here they were deposited to where they sedim ented in the
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rum en and finally to a favourable position in then reticulum for onw ard travel to the
omasum.

The result o f a shorter M RTi for the large buoyant than for the large non-buoyant
pool (Table

6

) was not expected because incubation was m eant to increase density

and consequently rate o f passage, but sim ilar results have been reported with
m ordanted fibre in cattle elsewhere. For instance, Ehle et al. (1984) and Ehle (1984)
reported an increase followed by a decrease in ruminal passage rates o f alfalfa fibre
particle densities in H olstein cows, w hen increased by m ordanting w ith increasing
concentrations o f chromium. Cam pling and Freer (1962) concluded that although
plastic particles o f specific gravity o f 1.40 readily separated from the m ain mass o f
digesta were not as readily transported in the liquid digesta leaving the reticulorumen.

A nother possible explanation for the buoyancy and size interaction in the fast
turnover com partm ent could be that the large and small particle pools o f the buoyant
fraction may not have been as well defined as those o f the non-buoyant fraction. The
non-buoyant fraction, after harvesting from rumen liquor, was strained in two layers
o f m uslin and rinsed repeatedly in cold water, which would have w ashed out most
fine particles in both fractions and left no continuum between the two sizes. The
large buoyant fraction could have had finer particles than were intended, w hich could
have m igrated ahead o f the large buoyant fraction and m asked size effects in this
fraction (Faichney et al. 1989). Also, the rate o f change o f specific gravity in vitro
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was shown to be related to particle size, w ith small particles changing m ore quickly
than large particles (Hooper and Welch, 1985). Therefore in w ell-defined large and
small fractions, as was the case with the ferm ented particles, the difference in the
flow rate o f large and small particles possibly reflects more than in the less welldefined non-ferm ented fraction the differential sedim entation rates betw een large and
small particles.

Suitability o f alkanes as markers fo r rates o fp a ssa g e o f solid digesta

The

m ost

com m only

used

methods

for

measuring

passage

rates

involves

adm inistration o f indirect m arkers (Faichney, 1993). Criteria for the ideal m arker
have been suggested and include inertness, noninterference w ith the digestive or
physiological processes, physical similarity to or intimate association w ith the
fraction to be m arked, recoverability and easy quantification (Kotb and Luckey,
1972; Faichney, 1993). However, none o f the m arkers in use today meets all the
desirable characteristics (Dove and M ayes, 1991). A lthough the results o f the gas
production and passage rate experim ents reported here do not prove that alkanes
m eet all the criteria for the ideal marker, they go along way tow ards proving the
superiority o f alkanes as m arkers for estim ating solid digesta passage rates.

The results o f the in vitro gas production study suggested that attaching up to 24 mg
o f alkane per gram o f forage compared favourably with not treating because the
m easured degradation param eters o f the alkane-coated feed (up to 24 mg) were not
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significantly different from those o f the untreated forage (Table 1). Coating 1 gram
o f feed with 60 mg o f C 36 did not seem to affect the am ount o f gas produced in the
first 4 h, the total am ount o f gas produced and the rate o f gas produced. However, the
lag phase o f the forage coated with 60 mg was longer than those o f the fractions
coated w ith

0

and

12

mg, but not significantly longer than that o f the fraction coated

with 60mg. This w ould seem to suggest that up to 24 mg o f alkanes can be safely
used to m ark

1

gram o f forage without com prom ising the degradation characteristics

o f the feed that are m easurable by the in vitro gas production technique, w hich would
lend credence to the suitability o f alkanes as markers for investigating solid digesta
passage rates.

A nother characteristic that influences the digestion kinetics o f digesta in the digestive
tract is buoyancy or density. The am ount o f alkanes (up to50 mg per gram o f forage)
used here are unlikely to alter appreciably the density and thus the passage rate o f the
forage to w hich they are attached.

The results o f these experiments could not conclusively prove that alkanes stick and
rem ain attached to the particles to w hich they were attached. H owever, after the
forage was coated by soaking in alkane solution, the alkane-coated forage was ovenbaked at 100°C for 1 hour to melt the alkanes into the forage. This oven treatm ent
should have rendered the alkanes intimately attached to the forage particles.
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There was also no obvious evidence o f alkanes dissociating from the particle fraction
to w hich they were originally attached and m igrating to other fractions. Four particle
pools expected to have different kinetics (due to different physical characteristics) in
the gastrointestinal tract were coated with four different alkanes and dosed to the
sheep, and all the four alkanes were detectable in the faeces and the results suggested
differences in the kinetics o f the four particles pools in the digestive tract. Although
not conclusive, these results would seem to suggest that the attached alkanes did not
migrate to particles to which they were initially not attached. This result would also
suggest that the alkanes rem ained associated w ith the particles to w hich they were
originally attached even after com m inution due to rum inative chew ing and detrition.

Several questions regarding the use o f alkanes as m arkers for estim ating solid digesta
rates o f passage have not been answered by the results o f the study reported here. For
instance, how alkanes o f different chain length would behave in the gastrointestinal
tract and how a difference in behaviour would influence passage rates. One way o f
investigating that w ould be com paring the passage rates o f each o f the four particle
pools after coating with alkanes o f different chain length.

Conclusion
A lthough the results o f this experim ent do not fully validate the proposed model o f
solid digesta kinetics in the rum en (Figure 1), they reinforce the model expectation
that small particles w ould pass faster than large particles along the digestive tract.
The role o f diet in influencing digesta m ovem ent was brought out, such that on the
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ground diet (grassnuts) differences between the large and the small particles were not
as pronounced as they were w hen the sheep were fed on hay. There are two probable
reasons for this. On the one hand, is more prolonged entrapm ent o f the larger
particles in the floating digesta mat which forms after rum inants have eaten fibrous
feeds like hay. On the other, is higher dry matter intake resulting from m illing and
pelleting (grassnuts), w hich usually promotes rapid rates o f passage o f digesta and no
fibrous m at formation. This scenario would promote a higher rate o f passage o f
particles w hich w ould otherw ise be held in the raft w hen there is one. Therefore the
findings o f this study are consistent with the expectation that digesta particles have to
be broken dow n to some threshold size o f fineness before passing from the rumen,
but diet type may modify the rate o f passage (Van Soest et al., 1988; W ilson and
K ennedy, 1996).

In agreem ent w ith the proposed model the results o f this study suggested the
involvem ent o f specific gravity in particle passage, but not in the m anner depicted in
the model. Incubating fibre particles in rum en liquor appears to have made them too
dense to readily migrate out o f the reticulorum en ahead o f the non-ferm ented
particles; instead their passage was retarded so much so that the non-ferm ented
particles passed more rapidly out o f the rumen and in the w hole tract. It would be
interesting to m easure the specific gravities o f particles that have been incubated in
rum en liquor for varying lengths o f time.

A nother possibility is that ferm entation in rum en liquor should have depleted the
digestible material in the non-buoyant fractions and therefore the buoyant and non-
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buoyant fractions should have been chem ically dissimilar. The capacity o f forages to
absorb w ater and increase in density is related to their chem ical characteristics
(M artz and Belyea, 1986). Forages with a high content o f structural material like
cellulose and lignin are expected to hydrate slower than high quality forages (M artz
and Belyea, 1986). It is therefore plausible that the ferm ented material used in this
study resisted hydration and thus density increase because lignin, w hich has a low
affinity for water, was the predom inant material left in them after ferm entation in
rum en liquor. Consequently, the non-ferm ented fractions may have rehydrated,
increased in density and passed faster than the ferm ented particles.
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CHAPTER

6

Introduction
V oluntary intake o f roughages by rum inants is m odulated by many interrelated
animal and feed factors, such as the physiological state o f the anim al and the
chem ical and physical nature o f the roughage source. Rum inants are able to vary
rum en capacity and particle outflow rates and thus intake according to physiological
need. For instance, lactating cows increase rum en fill and passage out o f the rumen
o f feed residues in order to meet the higher nutrient and intake dem ands o f lactation
(Ellis et ah, 1999).

Anim als o f different ages w ould be expected to have different physiological needs
and thus food intake requirem ents. Intake-related attributes like bite mass have been
found to be allom etrically related to animal body mass (Illius and Gordon, 1999), but
there are lim ited data w hich relate intake attributes to changes in anim al body mass
w ithin species. There are also m echanistic m odels which integrate animal size and
feed characteristics to predict food intake by rum inants, e.g. Illius and Gordon
(1991), but these have not been validated using a range o f anim al sizes w ithin a
species. It w ould also be beneficial to m odelling to delineate how intake-related
attributes like rum en fill and passage rates o f particles o f various characteristics
change in relation to changes in body mass as animals grow. The objectives o f this
experim ent were thus to com pare

1)

the passage rates o f fibre particles o f two sizes

and two densities in the gastrointestinal tracts o f four sizes o f a tropical cattle breed,
Criollo and the rates o f passage o f the same fibre particles in the m ature tropical
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breed against a similarly sized Criollo X Holstein cross and 2) the voluntary dry
matter intake and gutfdl in the afore-m entioned cattle sizes and genotypes.

M aterials and methods

Animals and fe e d
Passage rates and intake
Sixteen Criollo bulls were arranged by w eight into 4 groups o f 4 animals. The first
group (Group 1) had an average w eight o f 87.5kg, the second (Group 2) had an
average w eight o f 146.25kg, the third (Group 3) had an average w eight o f 3 10kg and
the fourth (Group 4) had an average weight o f 446kg. An additional group o f 4
H olstein X Criollo bulls (Group 5) o f average weight 445kg was used for breed
com parison w ith Group 4. Groups 1 and 2 were m ainly grazing Brachiaria
decum bens in a

2

ha plot away from their mothers, but were allow ed to suckle for

about lh after m ilking in the m orning and in the afternoon. All the other groups were
also grazing Brachiaria decum bens in a separate 7.5 ha plot.

Dose preparation

Passage rates
Two portions o f Brachiaria decum bens from the same plot in w hich Groups 3, 4 and
5 were grazing during the trial were previously harvested and hayed before grinding
through a ham m er mill, one to pass through a
through a

6

1

mm screen and the other to pass

m m screen. The fraction that was ground through a 1 mm screen, which

was labelled the small, buoyant pool (SB), was marked with n-octacosane (C 2 g) at a
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concentration o f 50 mg o f C 28 per gram o f hay. The results o f a gas production study
(Chapter 5) suggested that perhaps up to 50 mg o f alkane could be used to m ark 1 g
o f feed w ithout adversely affecting the in vitro degradation characteristics o f the
feed. The m arking was achieved by dissolving the required am ount o f n-alkane in nheptane heated to 80°C and soaking the hay in the n-alkane solution while
continually stirring for about 15 minutes. The hay was then dried in a fume cupboard
for at least 24h to evaporate the n-heptane and oven-baked at 100°C for lh to melt
the n-alkanes into the hay.

A bout 1/4 o f the hay ground through a 6mm screen, which was labelled the large,
buoyant pool (LB), was m arked with n-hexacosane (C 26 ) using the same procedure
used to m ark SB. The rem ainder was incubated for 120h in a m ixture o f 1 part
strained rum en liquor and 3 parts buffer solution (M enke et al., 1979) contained in
flasks stoppered w ith ferm entation locks and kept in a w ater bath at 39°C. The flasks
were shaken 4-6 tim es a day. As a general guide, about 800ml o f the rum en liquor
and buffer solution mixture were enough to incubate 15 gram s o f grass. A t the end o f
the incubation period the rum en liquor was strained out through 2 layers o f muslin
and discarded while the hay was collected and oven-dried at 60°C for 48 hours
before it was separated into two approxim ately equal fractions. One, which was
labelled the small, dense pool (SD) was ground to pass through a 1mm screen in a
ham m er mill and then marked with n-dotriacontane (C 32); the other, which was
labelled the large, dense pool (LD) was marked with n-triacontane (C30) without
grinding. Both fractions were m arked with n-alkanes following the same procedure
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used for the unferm ented hay and were also m arked at the concentration o f 50 mg o f
alkane per gram o f hay.

Intake
The bulls w ere dosed with n-hexatriacontane (C 36 ) im pregnated into a cotton filter
prepared as described below.

Cotton filters were loosened by gently rolling between finger and thum b and placed
in alum inium foil trays w hich were later placed in oven at 100°C for 30 minutes. A
stock solution o f n-hexatriacontane (C 3 6 ) in n-heptane at a concentration o f lg per
10ml was prepared in a volum etric flask. The flask was placed in a w ater bath at
60°Cand shaken until the all the alkane dissolved. A bout 200m l at a tim e were
transferred into a sm aller flask suspended in the w ater bath by the neck, using a
clamp and a retort stand. A n aliquot o f the alkane solution enough to carry 200mg
(2 ml) o f alkane was carefully dispensed with a positive displacem ent pipette onto
each filter, ensuring that the solution was absorbed into the filter. The filters were
placed in a fum e cupboard overnight to evaporate the solvent and the next day they
were placed in an oven at 100°C for 20 minutes to melt the alkane into the filters.
The same m ethod was used to im pregnate sm aller filters for Group 1 w ith lOOmg
(lm l) o f hexatriacontane per filter.
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Dosing and faecal sample collection

Passage rates
Ten gram s (m arked with 500mg o f n-alkane) o f each o f the four particle pools were
w eighed into tissue paper and dosed once orally to Groups 3, 4, and 5; group 1 and 2
were dosed w ith 5 grams (marked with 250mg o f n-alkane). Faecal grab samples
were collected first before dosing and thereafter at
1 2 -hourly

6

hourly intervals for 106 h and at

intervals until 138 h.

Intake
Each animal in Groups 2, 3, 4 and 5 was dosed orally once a day (at 06:00) over a 12
day period w ith 400m g (2 X 200mg) o f n-hexatriacontane (C 36 ) im pregnated into a
cotton filter. A nim als in Group 1 were dosed in the same m anner but w ith 200mg (2
X lOOmg) o f n-hexatriacontane. From day eight faecal grab sam ples were collected
at

6

hourly intervals for five days from each bull (these were the same samples

collected for passage rates m easurem ent in the same period),

Extraction o f faecal and dose samples
Passage rates
The collected faecal samples were oven dried at 60° C for 48 hours and then ground
in a coffee grinder before extraction and purification. For each bull an aliquot o f the
ground faecal sample from each collection period was extracted and purified as
described by M ayes et al. (1986), with the m odifications that duplicate 0.5g samples
were directly heated in ethanolic potassium hydroxide and 7ml o f heptane were used
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as the solvent. To determ ine the am ounts o f n-alkane in the dose, duplicate lg
subsam ples o f hand-plucked samples from each o f the two grazed plots and samples
from the four particle pools were extracted the same way as faeces except that about
50% m ore solvent and w ater than in faecal extraction were used. The final eluates
were analysed for alkane am ounts by gas chrom atography.

Intake
Faecal and hand plucked sam ples taken from each o f the two grazed plots were
extracted the same w ay as in the passage rates method. Several filters from each o f
the two batches

(100

mg and

200

mg) that were used for dosing the bulls were

extracted to determ ine the average am ount that was adsorbed onto each filter. The
m ethod involved slicing three pellets and boiling them, together w ith lOOmg o f
internal standard (C 34), under reflux in 100ml o f heptane for lh (M ayes unpublished
protocol). A fter partial cooling to about 60°C an aliquot was taken and analysed by
gas chrom atography.

Chromatographic analyses

Passage rates and intake

The sam ples to be analysed were injected onto a capillary colum n (H ew lett Packard
(HP) .5 Crosslinked Phenyl M ethyl Silicone, 50m X 0.32m m X 0.17pm ) in a model
HP6890 gas chrom atograph fitted with a flame ionization detector and linked to a PC
run by an HP C hem station software. The oven tem perature program m e was initially
65°C and then rose to 300°C at 10°C/min where it was held for 20 min. The
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tem peratures o f the injection and detector ports were 325°C and 350°C, respectively.
The flow rate o f the carrier gas (N 2 ) was 33.4ml/min. and that o f the makeup gas
(N 2 ) was 24m l/m in Identification o f the different n-alkanes used as m arkers and
those needed for intake estim ation was made based on the relative retention times o f
known standards. The ratio o f the peak areas o f the analysed n-alkanes to that o f the
internal standard (C 34 ) was used to calculate n-alkane am ounts in the samples.

M odel choice and description
Passage rates
The tw o-com partm ent model with gamma-2 age dependency and gam m a-1 age
independence, abbreviated G 2 -» G 1 —»0 or G2G1, described by Ellis et al. (1994) was
fitted to the data using Genstat 5 (Lawes Agricultural Trust. 1998) statistical
package. This model was chosen because it seems consistent w ith currently held
views that w ith time digesta particles in the rumen undergo physical changes like
size reduction and density increase before their probability o f flow from the rumen
increases (Poncet, 1991).

The assignm ent o f physiological processes or anatomical parts to com ponents o f the
model was as described in the materials and methods section o f Chapter 4 o f this
manuscript. Briefly, mean retention time in the fast com partm ent (M R Ti) was
assumed to be largely accounted for by processes like com m inution, hydration and
microbial colonisation, which feed particles undergo w hen they first enter the rumen,
with the rest o f M R T 1 can be accounted for by post-duodenal m ixing segm ent o f the
gut. M ean retention time in the slow turnover com partm ent (M RT 2 ) would be
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descriptive o f the residence time o f small and dense (ow ing to rum ination and
ferm entation) in "competition" to leave the reticulorum en (Ellis, 1994). Mean
retention tim e in the w hole tract would be the sum o f the retention tim es in the fast
and slow turnover com partm ents and time delay (lag), the length o f tim e it took for
the m arker to first appear in the faeces. Lag was envisaged to account for the
m ovem ent o f digesta in the non-m ixing tubular sections o f the digestive tract, as
proposed by Pond et al. (1988).

D igesta entering the rum en is envisaged to be a continuum o f particles from very fine
to very large, w hich are conveniently represented in the flow diagram by the small
and large buoyant particle pools (Figure 1, Chapter 5). W ith passage o f time, the
large buoyant particles may undergo hydration and ferm entation, w hich will increase
their buoyancy, but despite this their probability o f escape will still not be very high
until they have also undergone com m inution to a size small enough to prom ote their
passage. A lternatively, they will be com m inuted (via rum inative chew ing) w hilst still
buoyant, w hich will still not guarantee the highest probability o f escape until they
have reached, through hydration, a certain density threshold.

Therefore, according to Figure 1 o f Chapter 5, the large, buoyant particle pool (LB)
w ould have the longest m ean retention time and the small, buoyant pool (SD) would
have the shortest m ean retention in the reticulorum en and in the w hole tract. The
interm ediate pools, the large, low buoyancy (LD) and small, buoyant (SB), would
have interm ediate retention times in the reticulorum en and the whole tract.
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Differences in the derived m ean retention tim es for the 4 particle fractions would be
used to validate the hypothesis conceptualised in Figure 1 o f Chapter 5.

Data analyses

Passage rates
The generated fast rate param eter (k), slow rate param eter (K 2 ) and tim e delay (Lag)
for each o f the four particle pools were used to calculate m ean retention tim es o f the
four particle pools in the fast and slow turnover com partm ents and in the entire
gastrointestinal tract. M ean retention time in the fast turnover com partm ent (M RTi)
was calculated as 2 /k; mean retention time in the slow turnover com partm ent
(M RT 2 ) was calculated as I/K 2 ; mean retention time in the total gastrointestinal tract
(M R T j) was calculated as M RTi + M RT 2 + Lag. M RTi, M R T 2 and M RTt o f the
four particle pools were com pared by analysis o f variance (A N O V A ) procedure
using the statistical package G enstat 5 (Lawes A gricultural Trust. 1998). The data
w ere analysed as a split-plot design, with cattle as the main plots and particle pools
w ithin the anim als as the subplots.

Intake
Dry m atter intake for each animal was estim ated from the concentrations o f nalkanes (C 36 and C 35 ) in the faeces and the consum ed feed according to the method
described by M ayes et al. (1986). The derived intake data were analysed as a
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com pletely random design and intake between groups w ere com pared by ANOVA
using G enstat 5 (Lawes Agricultural Trust. 1998).

Results

Influence o f particle size
The mean retention times o f large and small particles in the fast turnover
com partm ent (M RTi) for each o f the five cattle groups are presented in Table 1.
A cross all the groups (sizes and breeds) large particles were held longer (pO .O O l)
than small particles in the fast turnover com partment. There was how ever no
detected influence o f either animal breed or animal size.

Table 1. Com parison o f fast turnover com partm ent mean retention tim e (M RTi, h)
o f large and small particles for each cattle group.
Particle size

‘Animal Group
l1

Large

1 1 .8

2

11

11.50

SED

^TTT

9.75

4lv

51V

12.30

11.48

2.008

Small

8.05

6 .0 2

5.00

7h

7.86

Groups 1-4 are Criollo and Group 5 are Holstein x Criollo. To com pare between
breeds take average o f Groups 1-4 and com pare with group 5 using SED in table and
25 d.f.
NVAnimal size; for com paring means w ithin the same size, take average o f groups 4
and 5 and use SED=1.395 with d.f.=45. Otherwise use SED in table and 25 d.f.
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The mean retention tim e o f the small particles in the slow turnover com partm ent
were on average shorter (p<0.001) than those o f the large particles. H owever, there
was no significant difference in the retention tim es o f the large and small particles in
the slow turnover com partm ent o f size II (Table 2). There were no significant
interactions o f animal size and particle size and o f breed and particle size evident
from the data.

Table 2. C om parison o f slow turnover com partm ent mean retention tim e (M RT 2 , h)
o f large and small particles for each cattle group.
Particle size

‘Animal Group
'

Large

l1

29.71

....

2

"

28.51

SED

3111

41V

51V

27.08

29.10

31.88

4.340

Small

25.11

24.97

22.77

23.57

25.40

Groups 1-4 are Criollo and Group 5 are H olstein x Criollo; to com pare between
breeds take average o f groups 1-4 and com pare w ith group 5 using SED in table and
19 d.f.
''lvAnimal size; for com paring means w ithin the same size, take average o f groups 4
and 5 and use SED=2.081 with d.f. =45. Otherwise use SED in table and 19 d.f.

In Table 3 the com parison o f mean retention times o f the large and small particle
pools in the whole gastrointestinal tract is given. There was a significant (p<0.001)
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particle size effect on MRTx, such that on average the large particles w ere retained
for over 8.5 h longer than the small particles in the whole tract. There was how ever
no detectable influence o f animal breed or animal size on the mean retention time of
the particles in the whole tract.

Table 3. C om parison o f whole tract mean retention time (MRTx, h) o f large and
small particles for each cattle group.
Particle size
l1

Large

SED

'A nim al Group

54.07

2

“

49.99

3“'

41V

51V

50.01

54.10

56.72

4.617

Small

45.91

41.39

42.72

4450

47.08

Groups 1-4 are Criollo and Group 5 are H olstein x Criollo; to com pare between
animal breeds take average o f groups 1-4 and com pare with group 5 using SED in
table and 16 d.f.
’'IVA nim al size; for com paring means within the same size, take average o f groups 4
and 5 and use SED=1.570 w ith d.f. =45. Otherwise use SED in table and 16 d.f.

Particle buoyancy
Table 4 shows the com parison o f the mean retention time o f buoyant and nonbuoyant particles in the fast turnover com partm ent (M RTi) for each cattle group.
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There was no significant difference in the m ean retention tim e o f the buoyant and
non-buoyant particle fractions in the fast turnover com partm ent. The non-significant
animal size and buoyancy and animal breed and buoyancy interactions indicated no
evidence o f breed and size effects in the retention o f buoyant and non-buoyant
particles in the fast turnover com partment.

Table 4. C om parison o f the fast turnover com partm ent m ean retention time (M RTi,
h) o f buoyant and non-buoyant particles for each cattle group.
Particle

'A nim al Group

buoyancy

T

Buoyant

9.61

SED

“

3 '“

4,v

8.42

6.89

7.86

2

-

5iv

10.05

2.008

N on-buoyant

10.33

9.10

7.86

u 54

9.29

Groups 1-4 are Criollo and Group 5 are H olstein x Criollo; to com pare between
animal breeds take average o f groups 1-4 and com pare w ith group 5 using SED in
table and 25 d.f.
wv A nim al size; for com paring means within the same size, take average o f groups 4
and 5 and use SED=1.395 with d.f. =45. Otherwise, use SED in table w ith 25 d.f.

There was no significant effect o f buoyancy on the mean retention tim es o f the
particles in the slow turnover com partm ent (Table 5). Likewise, there were no
noticeable effects o f animal size and breed on the retention o f the buoyant and non-
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buoyant particle pools as shown by the non-significance o f buoyancy w ith animal
size and buoyancy w ith animal breed interactions.

Table 5. Com parison o f the slow turnover com partm ent mean retention tim e (M RT 2 ,
h) o f buoyant and non-buoyant particles for each cattle group.
Particle

‘Animal Group

buoyancy

l1

Buoyant

26.12

2

“

25.24

SED

3111

4iv

24.75

27.68

51V

26.70

4.340

N on-buoyant

28.70

28.24

25.09

24.99

30.58

‘Groups 1-4 are Criollo and Group 5 are H olstein x Criollo; to com pare between
breeds take average o f groups 1-4 and com pare w ith group 5 using SED in table with
19 d.f.
’"lvAnimal size; for com paring means within the same size, take average o f groups 4
and 5 and use SED=2.081 with d.f. =45. Otherwise, use SED in table w ith 19 d.f.

Table

6

lists the m ean retention times o f buoyant and non-buoyant particles in the

whole gastrointestinal tract. The non-buoyant particles were retained on average 2 h
longer (p<0.05) than their buoyant counterparts. However, there w ere no significant
differences in MRTy o f the buoyant and non-buoyant particle pools for anim al sizes
1, 3 and 4. There were how ever no significant buoyancy and animal size or buoyancy
and animal breed interactions detected.
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Table

6

. Com parison o f whole tract mean retention tim e (M R T j, h) o f buoyant and

non-buoyant particles for each cattle group.
Particle

'A nim al Group

buoyancy

" l1

Buoyant

48.65

2

“

43.87

31»

45.89

SED
4

49.48

51V

50.21

4.617

N on-buoyant

51.33

47.52

46.84

49.12

53.59

,

‘Groups 1-4 are Criollo and Group 5 are H olstein x Criollo; to com pare between
breeds take average o f groups 1-4 and com pare with group 5 using SED in table and
16 d.f.
l lvAnim al size; for com paring means within the same size, take average o f groups 4
and 5 and use SED=1.570 with d.f. =45. Otherwise, use SED in table w ith 16 d.f.

Intake and gutfill
Gutfill estim ates (dose/initial m arker concentration), w hich w ere also corrected for
alkane losses in the gastrointestinal tract using the recovery rates o f C 2 6 , C 2 8 , C 30 and
C 32 published by M ayes et al. (1988), [the recovery rate for C 26 and C 30 were
obtained by interpolation] differed when model param eters for each o f the four
particle pools were used (Table 7). This is probably due to the different initial marker
concentration estim ates derived by fitting the G1G2 to the faecal excretion curves.

The results o f the com parison o f dry m atter intake, gutfill and gutfill as a percentage
o f body w eight between the five cattle groups, the four sizes o f Criollo (groups 1 to
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4) and the mature Criollo and Holstein cross (group 5) are presented in Table 7. As
expected dry m atter intake increased with animal size from group 1 to group 4, but
there was no significant difference between the fully grow n pure-bred Criollo and
crossbred bulls, although the crossbred, which w eighed on average m ore than the
pure bred Criollos, consum ed num erically slightly more dry m atter than the their
pure-bred counterparts.

Gutfill, regardless o f particle pool param eters used, follow ed the same pattern as
intake and increased with animal size w ithin the Criollo breed, but there was no
significant difference betw een the crossbred and the pure-bred bulls. The numerical
dry m atter intake advantage o f the crossbred was also reflected in its numerically
higher gutfill content. A lthough the param eters o f the four particle pools yielded
different gutfill estim ates from one another for the same anim al group, they all gave
gutfill estim ates that increased with increasing animals size and reflected no
significant difference betw een the mature Criollo and Criollo and H olstein cross. The
param eters o f the LB pool yielded the highest estimates while those o f the SD pool
gave the lowest estimates, w ith those o f the SB and LD giving estim ates that were
closer together and closer to those yielded by using the param eters o f SD.

Gutfill expressed as a percentage o f animal body w eight was largely not significantly
different across all animal sizes within the Criollo breed and betw een the Criollo and
the Criollo and H olstein cross, regardless o f particle pool param eter used. H owever
for group 1 the SB particle pool param eters yielded gutfill expressed as a percentage
o f animal w eight that was significantly lower (p<0.05) than that for group 2, but not

134

significantly different from the rest o f the other groups, including the crossbred bulls.
Gutfill expressed as a percentage o f body w eight for group 2 was significantly higher
than that for group 1, but was not significantly different from that o f groups 3, 4 and
5.
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Table 7. Com parison o f dry matter intake, gutfilf and gutfilf as a percentage o f body
w eight betw een the five cattle goupsk
SED (d.f.)

Animal group

3

4

5

146b

310°

446d

438d

15.5 (15)

a

2165b

5784c

6877d

6916d

340.3 (15)

LB

993a

1946b

373 8 °

5001d

493 l d

SB

473a

1171 b

2172°

2632d

2823d

1

W eight (kg)

88

Intake (g DM )

2

a

110 2

Gutfill (g DM)

Gutfill as % o f

336.6 (41)
LD

415a

975b

1931 c

244 l d

2841d

SD

359a

871b

1655°

1944d

2108d

LB

1.15a

1.33a

1 .2 1

1 .12

SB

0.54a

0.79b

0

a

.71 ab

a

1.13a

0.59ab

0.65ab
0 .118(31)

body w eight

LD

0.48a

0.67a

0.63a

0.55a

0 .6 6

SD

0.41a

0.59a

0.54a

0.44a

0.49a

a

kgroups 1 to 4 are pure bred Criollo and group 5 are Criollo X H olstein cross
LB, SB, LD and SD are, respectively, large buoyant, small buoyant, large dense and
small dense particle pools
M eans w ith different superscript letters w ithin the same row are significantly
different
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Discussion

Particle size
The results o f the experim ent presented here suggest that the large particles were
retained longer than small particles in the fast turnover com partm ent (Table 1). This
is in agreem ent with the general contention that large particles have a lower
probability o f leaving the reticulorum en than small particles (Kaske and Engelhardt,
1990; W elch, 1982; Kennedy, 1995; Illius and Gordon, 1991). The results are also in
support o f the proposed conceptual model (Chapter 5, Figure 1) that in the rumen
there are tim e-dependent processes to which ingested feed residues are subjected to
progressively obtain the requisite physical properties, including size reduction, for
escape from the rum en through the reticulo-om asal orifice (W ylie et al., 2000).
Therefore the difference in M RTi between the large and small particle pools can be
attributed to m ainly the time it took to com m inute the large particles to the size o f the
small particles.

Lalles et al. (1991) also fitted the G1G2 model used in the present study to faecal
data o f early-w eaned calves dosed with two small particle fractions, ytterbium labelled indigestible residues from hay and cerium -labelled indigestible residues
from a concentrate. They obtained M RTi (which they called M RT 2 ) o f

8 .6

h for the

ytterbium -labelled indigestible residues and 7.5 h for the cerium -labelled indigestible
residues. The M RTi estimates o f both indigestible residues are longer than the
average M RTi o f 6.81 h for the small particles found in this study. However, the
M RTi average o f 6.81 h reflects retention tim es o f both ferm ented and non
ferm ented particles, and when only the ferm ented particles, w hich are com parable to
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the indigestible residues, are taken into account the MRT1 o f small particles is 7.63
h, w hich is com parable to the estimates reported by the above workers.

M ean retention tim e in the fast turnover com partm ent did not seem to be influenced
by anim al size or breed (Table 1). These results can be interpreted to m ean that the
tim e-dependent processes to w hich ingested feed residues are subjected in the rumen
to progressively obtain the requisite physical properties for escape from the rumen
was sim ilar in length for the cattle sizes and genotypes used in this study. It may be
argued the w etting o f feed residues and their colonisation by m icrobes in the rumen,
processes that indirectly contribute to particle size reduction, may take place at
sim ilar speeds irrespective o f animal size. However, chewing efficiency and thus size
reduction efficiency was expected to favour the more m ature anim als, but this
difference in chewing efficiency was probably m asked by the difference in the feed
quantities the animals consumed. In other words, even though the younger bulls may
not have been as efficient as their more mature counterparts in reducing the particle
size o f ingested feed residues, they did not eat as much and therefore did not process
as m uch as the older bulls, which may have not have shown the superior chewing
efficiency o f the older bulls.

The m ean retention times o f the large particles reported here are 7.5 h shorter than
that indicated by Ellis et al. (1994) who used the G1G2 model to estim ate M RTj in a
steer fed berm udagrass hay. The difference between the results o f this study and
those reported by Ellis et al. (1994) could be attributed to the differential passage
rates expected o f diets with different physical and chem ical com positions because the

138

size and duration o f the raft that forms in the rum en are influenced by feed type (Ehle
and Stern, 1984; Faichney, 1993). On the one hand, the sub-tropical berm udagrass
hay prom oted the form ation o f a large digesta raft that could have trapped particle
and thus slowed down their rate o f passage. On the other hand, the cattle used in this
experim ent grazed a B rachiaria decum bens sward and therefore the rafts form ed in
their rum ens were probably not as large as the raft that form ed in the steer fed on
hay, w hich Ellis et al. (1994) found to constitute approxim ately 90% o f the mass o f
digesta in the rumen. By contrast, Pasha et al. (1994) observed a 7 h longer mean
particulate retention tim e for high moisture forage than for hay in sheep.

The mean retention tim e o f the small particles in the slow turnover com partm ent was
on average shorter than that o f the large particles (Table 2). Such results are in
contradiction o f the proposed model assum ption that in this com partm ent all feed
particles have been reduced to a size small enough escape through the reticuloomasal orifice and therefore the mean retention tim e o f the particle fractions labelled
large and small should be similar. In the slow turnover com partm ent the escape o f
particles follows the pattern o f slow turnover dilution and the chances o f escape for
all particles in this com partm ent are equal (Ellis et al., 1994). It should how ever be
taken into consideration that although the slow turnover com partm ent and the fast
turnover com partm ent are modelled as two entities they are physically not separate
but represent two steps to w hich feed residues are subjected in the reticulorum en
during

the

digestion

process.

Also,

the

physical

separation

o f these

two

com partm ents is influenced by diet and interval between m eals (Ellis et al., 1994).
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Sutherland (1988) identified interactions between m ixing actions caused by rumen
motility and unm ixing actions o f forage particles, processes that help to m odulate the
escape from or retention in the rumen o f particles. This highlights the com plexity o f
the rum en and that other factors besides particle size may have been involved in the
sorting mechanisms. For instance, it is possible that the entrapm ent o f the large
particle fraction in the raft that formed within the rum en was so pronounced that by
the tim e the large particles had attained eligibility for escape appreciable am ounts o f
the small fraction (w hich because o f size was trapped to a lesser extent) had escaped
out o f the rumen. K ennedy and Doyle (1993) suggested that there is very little
entrapm ent o f small particles in the rumen raft. Furtherm ore, large particles because
o f greater rate o f production o f fermentation and their shape w hich requires less gas
per unit o f digesta to rem ain buoyant (Sutherland, 1988) may have rem ained much
longer than the small particles in the rum ination pool. In such circum stances size
differences w ithin the first (fast turnover) com partm ent w ould influence the course o f
events and not clearly reveal the reduced or elim inated size difference in the second
com partm ent in term s o f mean retention time. Kennedy and Doyle (1993) postulated
that separation o f particles from the rumen raft would be more difficult if the raft was
formed from the consum ption o f tropical grasses, as was the case in this study,
because o f their relatively rough surfaces. It has also been observed that the rates o f
escape o f eligible particles in term s o f size may vary widely (M urphy and Kennedy,
1993).

H owever the results o f this study are consistent w ith the differential m ean retention
times o f large and small particles experienced in other studies, although m ost did not
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attem pt to resolve the mean retention tim e in the rum en into tim e spent in a particle
reduction pool (not im m ediately associated with escape) and time spent in a small
particle pool eligible for escape. Welch and Smith (1978) showed that polypropylene
ribbons o f 1.5, 1.0. 0.5 cm in length passed through the reticulo-om asal orifice o f
cattle in larger quantities than those o f 2 cm in length. K ennedy (1995) reported an
inverse curvilinear relationship between particle ranging in size from 50 to 4750 pm
and rate o f passage from the reticulorum en o f swamp buffaloes and cattle fed on rice
straw and various energy and protein supplements.

The m ean retention tim es in the slow turnover com partm ent o f 29.25 and 24.37 h for
the large and small particles, respectively, reported here are com parable to the
estim ate o f 27 h for ytterbium -labelled indigestible hay residues found by Lallés et
al. (1991). The MRTb o f the small particle fraction used in this study and in the study
conducted by L allés et al. (1991) are not expected to differ m uch as they were
sim ilar in size. H owever, the different particle preparation processes and the different
diets used in the two experim ents were probably responsible for the discrepancy.

Longer mean retention tim e o f large particles com pared to small in the whole
gastrointestinal o f rum inants has been reported by several investigators with nylon
particles (K aske and Engelhardt, 1990; Kaske et al., 1992)) and hay (B ernard et al.,
1998). M urphy et al. (1989) observed higher rum ination and low er passage rates for
long plastic particles, particularly those longer than 5mm, com pared to short particles
in swamp buffaloes and cattle fed m ainly on a rice straw diet. The results o f this
experim ent that particles ground to pass a

6

mm screen were retained longer than
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those ground through a 1mm support those findings. The difference in the passage
rates and thus mean retention times o f large and small particles is due to the extra
time needed to com m inute large particles to small particles, but the rate at which this
reduction is done can be influenced by particle physical properties (Kennedy and
Doyle, 1993). This view and the result o f a longer mean retention tim e o f the large
particle fraction in the whole tract are in concurrence with the model proposal
outlined in Chapter 4 o f this m anuscript that large particles have to be reduced to a
certain degree o f fineness before they can pass through the gut in relatively large
quantities.

Buoyancy
A lthough there seems to be a general consensus among researchers that digesta
particles have to be reduced in size to be able to flow out o f the reticulorum en into
the post-rum inal tract, size reduction on its ow n does not guarantee passage through
the reticulo-om asal orifice. W elch (1982) reported that more than h alf the dry m atter
in the rum en o f hay-fed steers could pass a 600 pm sieve, but could not be cleared
rapidly from the rumen. D ata from experim ents w ith cattle (Evans et al., 1973) and
sheep and cattle (Poppi et al., 1981) have shown that m ost o f the particulate m atter in
the reticulorum en was sm aller than the reticulo-om asal orifice and that the reticuloomasal orifice seem ed large enough to accom m odate particles larger than the ones
found in the faeces o f rum inants (Kennedy and Doyle, 1993; M cBride et al., 1984).
Thus there seems to be another characteristic or m echanism , in addition to size, by
which particles are sorted in the reticulorum en for onward flow.
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Studies w ith plastic particles have indicated that density is involved in particle
selection and that particles o f density o f about 1.2 g/ml (King and M oore, 1957;
desBordes and W elch, 1984) or 1.34 g/ml (M urphy et al., 1989) have the shortest
mean retention tim e in the rum en and in the gut. The results o f this experim ent
how ever did not indicate a significant effect o f buoyancy in the slow and fast
turnover com partm ents. Such results were unexpected as some particles were
preferm ented in rum en liquor to increase their density and thus their rate o f passage
from the rumen. However, lack o f evidence o f the influence o f density on passage
has been reported by others. For instance, K ennedy (1995) could not establish a
connection

betw een the

specific

gravity

o f particles,

m easured

as

particle

sedim entation rate in the reticulum , and their probability o f passage from the rumen.
N eel et al. (1995) increased the specific gravity o f dried forages by reconstituting
w ith water, but this did not increase the rate o f passage o f their digesta from the
rum en o f crossbred steers; reconstitution decreased the passage rates for tim othy hay
and had no dem onstrable effect on the rates o f passage o f alfalfa.

The effect o f buoyancy was dem onstrated on the particle m ean retention times in the
whole gastrointestinal tract in that the non-buoyant particles were retained longer
than the buoyant particles. However, buoyancy as envisaged in the conceptual model
o f this study was expected to display the opposite o f the effect suggested by the
results o f this study, i.e. the ferm ented particles were expected to have a shorter
MRTy than the non-ferm ented particles. These results are difficult to explain in terms
o f difference in specific gravity between the ferm ented and the non-ferm ented
fractions because the specific gravities o f the two particle fractions were not
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measured. H owever, other experim ental findings would suggest that they may have
reached a m axim um specific gravity o f about 1.4g/ml (Hooper and W elch, 1985) or
1.5 g/ml (Evans et al., 1973) in rum en liquor. The rate at w hich preferm ented and
non-ferm ented particles rehydrated, which would influence their rate o f density
increase, on entering the reticulorum en w ould have determ ined their rate o f passage
from the gut. During preparation o f the particles, the preferm ented particles tended to
be fluffier, w hich suggested a higher bulk dry volume, than their non-ferm ented
counterparts. Ehle and Stem (1984) stated that feedstuffs with a higher volum e per
unit mass have a lower rate o f passage than smaller bulk volum e feedstuffs. This may
at least partly explain the lower retention o f the non-ferm ented com pared with
ferm ented particles in the digestive tract.

Ferm entation in rum en liquor should have depleted the digestible m aterial in the nonbuoyant fractions and therefore the buoyant and non-buoyant fractions should have
been chem ically dissimilar. The capacity o f forages to absorb w ater and increase in
density is related to their chem ical characteristics (M artz and Belyea, 1986). Forages
w ith a high content o f structural material like cellulose and lignin are expected to
hydrate slow er than high quality forages (M artz and Belyea, 1986). It is therefore
plausible that the ferm ented material used in this study resisted hydration and thus
density increase because lignin, which has a low affinity for water, was the
predom inant material left in them after ferm entation in rum en liquor. Consequently,
the non-ferm ented fractions may have rehydrated, increased in density and passed
faster than the ferm ented particles.
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A lternatively and as previously stated, the purpose o f incubating the non-buoyant
pools in rum en liquor was to increase their specific gravity so as to facilitate their
m ovem ent along the digestive tract. If this aim were indeed achieved, it would
appear that the incubation increased their density beyond the optim um density range
for passage such that on entering the reticulorum en they quickly sedim ented to the
reticulorum en floor, w here their movem ent was retarded. Furtherm ore, fermentationbased buoyancy in the rum en was probably not m aintained for long in the
preferm ented

particles

because

they

were

depleted

of

m ost

fermentable

carbohydrates during the preferm entation process, which would have speeded their
sedim entation rate. The results o f H ooper and W elch (1985) and Evans et al. (1973)
suggested that the functional specific gravity o f the ferm ented hay w ould not have
reached much higher than 1.3 and 1.5. If this was the case and their rate o f density
increase was faster than those o f the non-ferm ented pool, they w ould not have
benefited from ferm entative buoyancy, w hich w ould have enabled them to be
selected for rum inative chewing and deposition into a reticulorum en position
favourable for onw ard passage. As previously stated, this effect (reduced ability to
escape) w ould have been more pronounced on the large particle fraction.

There was no evidence o f the effect o f animal size on the mean retention tim es o f the
particles in the fast turnover and slow turnover com partm ent and in the whole
gastrointestinal tract from the collected data. This was unexpected as intake and
digesta passage rates have been shown to be a function o f animal size, at least across
species, in the intake prediction model o f Illius and Gordon (1991), which uses
rumen kinetics integrating animal size and plant characteristics. H owever, the results
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o f this study are consistent with the findings o f Lalles et al. (1991) who m easured
mean retention times o f dietary residues in the stom ach and the w hole tract o f earlyweaned dairy calves. They reported a mean retention time o f 46.5 h, using the G2G1
model used in this study, for hay residues. This figure is slightly lower than, but o f
the same order as the average o f the mean retention tim es o f the buoyant and nonbuoyant fractions (47.62 and 49.68 h, respectively) in the w hole tract o f the cattle
used here. It is also well w ithin the range o f the lowest and highest m ean retention
times o f the particles o f all the cattle groups used here, w hich w ould suggest that
m ean retention tim es w ithin the w eight range used in this study are not influenced by
animal size. This is in contrast to the observation made by Faichney (1993) who
stated that reticulorum en m ean retention tim e tends to be lower in young ruminants.

Intake and gutfill
The dry m atter intake figures for groups 1 and 2, particularly group 1 m ay not reflect
the true dry m atter intake capacity for those bulls because, even though they were
m ainly grazing Brachiaria decum bens in a 2 ha plot away from their mothers, they
were allow ed to suckle for about lh after m ilking in the m orning and in the
afternoon. There are limited data on dry m atter intake by young bulls, but according
to Ensm inger and Olentine (1978) young bulls should get a feed allow ance that is
between 2 and 2.25% o f their liveweight. The dry matter intake estim ates for the
group

1

bulls are lower than this recom m endation, but do not include the am ount o f

m ilk they consum ed in the m orning and afternoon after milking. Also, ruminants as
young as those in groups

1

and

2

cannot consume large am ounts o f grass, particularly

tropical grasses w hich tend to be coarser than their tem perate counterparts. Groups 3,
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4 and 5 consum ed grass dry m atter in excess o f 1.5% o f their w eight, w hich is within
the recom m ended allowance range o f between 1.5 and 3% o f body w eight for mature
bulls, depending on animal condition and individuality (Ensm inger and Olentine,
1978).

Gutfill increased significantly (p<0.05) with animal size, but not between the mature
Criollo and Criollo and Holstein cross (Table 7). This increase was probably due to
the dry m atter intake increase, which also increased proportionately according to
animal size. This trend is in agreem ent with the results o f Pond et al. (1984) who also
reported a 67% postpartum gastrointestinal tract fill increase w ith intake com pared to
prepartum in ew es fed on Coastal berm udagrass pellets ad libitum. Pond et al. (1984)
how ever used C o-ED TA to measure gutfill.

It is difficult to forward a reason for the different estim ates for gutfill and gutfill
expressed as a percentage o f body weight yielded derived by using param eters from
the different particle pools. This is probably due to the different initial marker
concentration estim ates derived by fitting the G 1 G 2 to the faecal excretion curves.
Theoretically, w here there is perfect and instantaneous m ixing o f the introduced
m arker with resident digesta in the rumen, the initial m arker concentration estimates
should be sim ilar regardless o f particle pool param eters used, provided the particle
pool markers w ere introduced into the rumen at the same tim e or w ithin a short space
o f time, as was the case in this study. However, because the four particle pools were
different in physical and chem ical attributes (due to the different treatm ents to which
they were subjected before coating with alkanes) their m ixing capabilities would be
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expected to be different and would display varying degrees o f deviation from the
ideal scenario o f perfect and instantaneous mixing.

W orrel et al. (1986) also reported different gastrointestinal tract fill estim ates for
forage particles differing in size from 850 to more than 1680 microns. The
param eters from the sm allest particle fraction (850 m icrons) yielded the lowest
gastrointestinal tract fill expressed as a percentage o f body w eight estim ate, which
was com parable to the estim ates yielded by using the param eters from SB, SD, LD
particle pools in this study for. The estimates derived from using the param eters o f
the LB are o f the same order o f m agnitude as those o f the particle fraction greater
than 1680 m icrons in the study reported by W orrell et al. (1986).

Conclusion
The large particle fraction had a longer retention time than the small particle fraction
in the fast turnover com partm ent, in the slow turnover com partm ent and in the whole
gastrointestinal tract is in support o f one aspects o f the proposed model that food
particles have to be reduced to a small size in order to increase their rate o f passage
out o f the rumen. However, the differential passage rates o f the small and large
particles out o f the slow turnover com partm ent raises questions about the
assum ptions o f the model that particles in this com partm ent are eligible, in terms o f
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size, for passage out o f the rum en and that their escape can be described by mass
action com petition for escape. If the model assum ptions held true in this experiment
the m ean retention tim es o f the large and small particles w ould have been similar
because after reduction in the slow turnover com partm ent they w ould have had equal
chances o f escape out o f the reticulorum en, unless the rate o f escape o f the small
particles out o f the reticulorum en was slower than the rate o f reduction o f the large
particles. Therefore on the bases o f size the experim ental results did not lend
credence to the assum ptions o f the model in the slow turnover com partm ent, which
points out the existence o f other forces w hich also play a role in the sorting o f
particles for escape out o f or retention in the rumen.

Buoyancy, another physical factor that was proposed in the conceptual model and
w idely thought to be involved in the selective retention in or passage out o f the
rum en could not be dem onstrated by the results o f this experim ent because there was
no evidence o f the involvem ent o f particle buoyancy in both the slow and fast
turnover com partm ents. However, the dense particles were held longer than the
buoyant particles in the whole gastrointestinal tract, w hich points to the possibility o f
buoyancy-em ploying particle sorting mechanism som ew here in the gastrointestinal
tract. Therefore, although the conceptual model was proper in its assum ption o f the
involvem ent o f buoyancy in the passage o f particles through the gastrointestinal
tract, the experim ental results could not dem onstrate it was solely the rumen.

The results o f the retention o f particles in anim als o f the four different sizes and two
genotypes lead to the conclusion that retention tim e in the rum en and the whole tract
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was not influenced by size or genotype. Gutfill expressed as a percentage o f body
w eight also did not change according to animal size or genotype. H owever, amount
o f gutfill and intake increased with animal size, but showed no significant difference
between the purebred Criollo and the Criollo and H olstein cross.
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C H A PTER 7

General discussion

Intake
The m ain thrust o f this research effort was to evaluate the use o f alkanes as markers
for estim ating dry m atter intake (DMI) and diet selection by rum inants in two
studies. The first study, which was carried out indoors, sought to investigate the
feasibility o f using alkanes to estimate DMI and botanical com position o f the
consum ed diet w hen animals are given diet mixtures, to assess the consequences o f
diurnal variation in alkane concentration in the gut on the accuracy o f the n-alkane
technique and to test the efficacy o f dosing once daily, as opposed to tw ice daily,
w ith an even-chain alkane. To that end, three experim ents, 1, 2 and 3, were
conducted. Experim ent 1 used lambs at 30 and 45% o f projected m ature weights to
com pare estim ates derived from the n-alkane m ethod with direct m easurem ents o f a)
grass dry m atter intake when pelleted grass was offered alone, b) lucerne dry m atter
intake when pelleted lucerne was offered alone, and c) the proportion and dry matter
intake o f lucerne and grass in selected diet when pelleted grass and pelleted lucerne
were offered together as a choice. Experim ent 2 was designed to investigate the
diurnal pattern o f excretion o f the faecal n-alkane ratios o f tritriacontane (C33) to
dotriacontane (C32) over a 24-h period when lambs were fed a d libitum or a restricted
am ount o f feed. Experim ent 3 sought to com pare faecal alkane ratios o f C33 to C32
between lambs dosed once daily and twice daily with e C32.
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The results o f experim ent 1 generally indicated a close agreem ent between the
observed and the estim ated dry m atter intake o f both lucerne and grass at 30 and 45%
mature sizes when given singly, as evidenced by the fitted regression lines describing
the

relationships between the

observed

and

estim ated

quantities

not being

significantly different from the lines o f equality [i.e. the slopes and the intercepts
were not significantly different from one and zero, respectively (Table 3)].

However, at 30% m ature size, for the lambs fed on grass only, dry m atter intake was
slightly overestim ated and for those fed on lucerne and grass as a choice, the dry
m atter intake o f lucerne was underestim ated by the alkane technique. The
discrepancy between the observed and estim ated figures at 30% m ature size could be
due to experim ental error in the alkane technique or m easurem ent error in the
com pilation o f the observed quantities. The observed intake am ounts are also subject
to a degree o f m easurem ent error, which can influence the agreem ent between the
observed and estim ated values. Furtherm ore, at 30% mature size the lambs were still
adapting to the experim ental conditions and possibly some o f food recorded as
consum ed may include pellets that spilled through the slats o f the floor. A conclusion
than can be drawn from the general agreem ent between the observed and the
measured quantities is that the alkane technique can be used to estimate the dry
m atter intake o f some forages by ruminants. A nother advantage o f the alkane
technique over other m ethods o f estimating DMI is that it gives DMI estim ates that
reflect animal individuality, as opposed to using digestibility estim ates based on in
vitro digestibility or other animal which may have different digestion ability from
that o f the animal whose intake is estimated. This attribute m akes the method
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suitable for estim ating intake for anim als with different physiological status, like
pregnant or lactating anim als or during cold w eather when the intake o f anim als may
be higher than that o f the animal used to estim ate digestibility (Dove, et al., 2000;
Young, 1983).

The diet com position estim ate upon w hich subsequent estim ates o f the quantities o f
individual com ponents o f a m ixed diet is derived from solving sim ultaneous
equations. For the equations to be solvable, the num ber o f n-alkanes whose
concentrations are used in the equations should ideally be equal to the num ber o f the
individual com ponents o f the diet, although a solution can be obtained by using one
alkane less than the num ber o f diet com ponents (Dove and M ayes, 1991). In most
situations 4 or 5 alkanes can be used because others are found in such small
quantities that it is difficult to detect them using the available chrom atographic
technology. Thus, no more diet com ponents than the num ber o f detectable alkane
concentrations can be resolved from a mixture, w hich m eans four or five diets, until
highly sensitive equipm ent is available. In many situations rum inants utilise grazing
or brow sing material w ith a w ider variety than the technique can resolve into
com ponents, w hich is a handicap o f the technique. Therefore another com pound or
com pounds o f plants w hich can provide finger print identity for each plant species,
w hich can be em ployed using the same principle o f solving sim ultaneous equations
w ould increase the scope o f using simultaneous equations to estim ate diet selection.
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Furtherm ore when the sim ultaneous equations method is used to resolve a diet with
only two com ponents, in which case the concentrations o f two n-alkanes should be
chosen and used in the sim ultaneous equations, it is not always obvious w hich two to
choose from several possibilities (Figure

6

o f chapter 3). D ifferent diet selection

estim ates can be derived from different pairs o f alkane concentrations used.
Theoretically the technique would be unreliable in estim ating diet selection when the
alkane concentration patterns are not markedly different and the total alkane contents
are not sim ilar betw een the diets on offer.

The different estim ates o f diet selection derived from using different recovery rates
highlights the sensitivity o f the technique to changes in recovery rates. It is therefore
im perative that recovery rates be determ ined experim entally for diet selection
experiment, rather than relying on the use o f published figures. There is also a
possibility that the percentage o f recovery o f alkanes is also subject to physiological
status o f the anim al like lactation, pregnancy and cold stress. K now ledge o f the
extent o f individual variability in recovery rates would strengthen the technique.

The study also sought to investigate diurnal variation in the concentrations o f the
dosed and natural alkane, C 32 and C 33 , respectively, used in the form ula for
estim ating dry m atter intake because any significant diurnal variation would mean
that dry m atter intake estimates for the same animal would vary depending on the
collection time o f the faecal samples. To the credit o f the alkane technique the ratio
o f the concentration o f € 3 3 : 0 3 2 in the faeces showed no appreciable diurnal variation
irrespective o f w hether the lambs were restricted or ad libitum fed. Thus unbiased
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intake estim ation can be made using faecal samples collected any tim e o f the day
after a steady state had been established and feeding level w ould not influence the
accuracy o f the estimate.

Dosing once daily, com pared to twice daily, would have the practical advantage o f
reducing animal handling and m inim ising invasion.

That w ould also increase

grazing time and thus intake, especially in extensive grazing systems. H owever
bigger w ithin day variations in the ratios o f natural to dosed alkanes in the faeces
w hen animals are dosed once daily than w hen they are dosed tw ice daily has been
reported. A lthough the results o f this study could not conclusively prove the
feasibility o f dosing once daily, there were no differences in the ratios o f the
concentrations o f € 3 3 : 0 3 2 between the two dosing strategies until the fifth day o f
dosing (Table 4). A possible cause o f this difference may have been that some o f the
lambs were dosed once daily were inadvertently fed on lucerne w hich has a lower
concentration o f C 33 than grass, w hich would affect ratios o f the concentrations o f
C 3 3 :C 3 2 - For any m eaningful conclusion to be draw n from a study com paring the two
dosing strategies, the same diet should have been fed to all the lambs in both groups
and this not having been the case in this study the efficacy o f dosing once daily could
not be fairly evaluated.

M ayes et al (1986) com pared the feasibility o f using different odd (dosed) and even
(natural) alkane pair com binations and found that m ost pairings used slightly
underestim ated actual intake, except the C32 dosed-C 33 natural alkane pair, which
gave an estim ate that equalled the measured intake. The pair o f C32 and C33 works
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w e ll fo r m o st tem p erate g ra ss sp e c ie s b e ca u se th ey h a v e ad eq u ate q u an tities o f C33,
but tro p ical s p e c ie s so m etim es do not con tain en o u gh q u an tities o f C33 to m ak e
p a irin g w ith C32 a fe a s ib le option. In so m e situ ation s C32 m a y b e p ro h ib itiv e ly
e x p e n s iv e or u n a v a ila b le , as w a s the c ase w h e n the seco n d stu d y w a s con d u cted . In
su ch c a s e s th erefo re a n eed e x is ts to e x p lo re oth er alk a n e p air co m b in a tio n s.

T h e seco n d stu d y thus u sed the alk a n e p a ir o f C36 and C35 as the d o se d and natural
a lk a n e s, r e s p e c tiv e ly , to c o m p are the v o lu n ta ry d ry m atter in take o f Brachiarici

decum bens b y d ry and lactatin g C rio llo c o w s d u rin g the w e t se a so n and d ry and
lactatin g c o w s d u rin g the d ry seaso n o f B o liv ia . T h e ch o ice o f this a lk a n e p a ir w a s
b ased on the a ssu m p tio n that th ey are ad ja cen t and th erefo re w o u ld h a v e co m p ara b le
r e c o v e r y rates, a req u irem en t fo r accu rate estim atio n o f D M I b y the alk a n e m ethod.
A c ritic ism fo r c h o o sin g C35 w o u ld be that so m etim es there are not en o u g h q u an tities
o f it in tro p ical g ra ss sp e c ie s and w o u ld th erefo re be d iffic u lt to q u a n tify . C a sso n et
al. ( 1990 ) cited b y L a re d o et al. ( 1991 ) reco m m en d ed that the co n cen tratio n o f the
odd ch a in alk a n e u sed in the m ethod be m ore than 50 m g/k g o f h e rb a g e D M . T h is
d o es not se e m to be a v a lid c ritic ism fo r the stu dy rep orted h ere b e ca u se the
eq u ip m en t u sed had no p ro b lem s w ith q u a n tify in g the co n cen tratio n s o f C35 du ring
the d ry se a so n and d u rin g the w et se a so n w h en th ey d rop p ed b e lo w 50 m g/k g D M .
T h ere is no rea so n to doubt the a c c u ra c y o f the D M I estim ate s on the groun d o f
in ad eq u ate am o u n ts o f C35 b e c au se the sam e eq u ip m en t w a s u se d to ex tra ct and
q u a n tify h e rb ag e alk a n e co n cen tratio n lo w e r (lu cern e C33 = 17.4 m g /k g D M ) than the
su g g e ste d m in im u m th resh o ld o f 50 m g/k g D M and ob tain ed in take estim ate s w h ich

156

c lo s e ly ag re e d w ith the o b se rv e d in take o f sh eep (se e T a b le 1 o f C h a p te r 3 o f this
m an u scrip t).

T h e alk a n e m ethod u sin g the p air o f C35 and C36 h as h elp ed to a c h ie v e the aim o f the
seco n d stu d y- to c o m p are v o lu n ta ry in take o f Brachiaria decum bens b y dry and
lactatin g c o w s d u rin g the w et and the d ry seaso n s.
cro ss

v a lid a tio n

B e c a u s e there w a s no p ara llel

e x p e rim en t o f d irect m ea su rem en ts

co n d u cted

w ith

stu dy

II,

c o n c lu s iv e c la im s o f the a c c u ra c y o f u sin g C36 and C35 can n ot b e m ade. M o re
in v e stig a tio n s

into the a c c u ra c y o f u sin g

C36 and

C35 to estim ate in take are

w arran ted , w h ic h sh o u ld b e v a lid a te d b y direct m easu rem en ts. H o w e v e r , it can be
stated that the alk a n e p a ir co m b in atio n can b e u sed to estim ate D M I o f tro p ical
fo ra g e s b y c o w s w ith at least rea so n ab le a c c u ra c y , p a rtic u la rly w h en the a v a ila b ility
o f other a lk a n e s lik e C32 is a p roblem .

Passage rates
T h e u se o f a lk a n e s as m ark ers in p a ssa g e rates stu d ies h as a n u m b e r o f ad va n ta g e s
o v e r so m e o f the m o st p o p u lar m ark ers. F o r in stan ce, the resu lts o f the g a s
p ro d u ctio n e x p e rim en t carried out at the b e g in n in g o f the third stu d y su g g e ste d that
alk a n e s

c an

be

attached

to

fib re

p a rticle s

w ith o u t

a lte rin g

the

ferm en tatio n

ch a ra c te ristic s o f the fib re to w h ic h th ey are attached. T h e sam e can n o t b e said o f
m o st oth er m ark ers.
g r a v ity

C h ro m iu m

o f the p a rtic le s to w h ic h

red u ces d ig e stib ility and in c re a se the s p e c ific
it is attached.

R a re

earth s can

a lso

red u ce

d ig e s tib ility , d ep en d in g on m ethod o f attachm ent and can react w ith p ro tein s and
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carbohydrates, forming insoluble com plexes which can m ove independently o f the
material to w hich rare earths are attached. A nother advantage about using alkanes as
m arkers is that several types are available and several particle pools can be marked,
dosed and their passage rates m onitored at the same time.

Passage rates experim ents, Studies III and IV, sought to validate a conceptual model
(Figure 1 o f chapter 5) w hich proposed the involvem ent o f buoyancy and size in the
rate o f passage o f particulate digesta from the rumen. The m odel proposed that
eligibility o f digesta particles for passage out o f the rum en is a function o f the length
o f time they have spent in the rum en because particle size reduction and density
increase are tim e-dependent processes.

In study IV, four particle pools o f 2 sizes and 2 densities in a factorial m anner were
labelled with 4 different alkanes, dosed to sheep and their rates o f passage in the
digestive tract were compared. Study IV sought to com pare the rates o f passage o f
the four particle pools as used in study III in the gastrointestinal tracts o f four sizes
and two genotypes o f cattle. The four particle pools were small and dense (SD),
small and buoyant (SB), large and dense (LD) and large and buoyant (LB).
Therefore, according to the proposed model, the sm allest and densest particles (SD)
would have the fastest and the largest and m ost buoyant (LB) the slow est rates o f
passage out o f the rum en in the digestive tract. The large, dense (LD) and the small,
buoyant fractions (SB) would have som ewhat interm ediate rates o f passage.
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The results o f the two studies did not fully validate the proposed model: in support o f
the model, while the small particles had a shorter retention tim e than the large ones
in the rum en and in the whole tract, contrary to model prediction, the particles
labelled dense had a longer retention tim e than the particles thought to be buoyant.
That result brings out the involvem ent o f both particle size and particle buoyancy in
the m echanism for sorting particles for passage out o f or retention in the rumen, but
not in the m anner proposed by the model. Incubating fibre particles in rum en liquor
increases their density, but incubating them for as long as was done in these studies,
may have m ade them too dense to readily migrate out o f the reticulorum en ahead o f
the non-ferm ented particles. Therefore the long incubation made them denser than
the optim um density range for passage out o f the rum en and their passage was
retarded so m uch so that the non-ferm ented particles passed m ore rapidly out o f the
rum en and in the whole tract.

The lesson learnt from the passage rates studies is that the specific gravities o f all
four particle pools should have been m easured before dosing to the animals to
determ ine if ferm enting them for long indeed made them too dense for rapid passage
out o f the rum en and would have made rate o f passage com parisons between the
particle pools more convincing. Further research on particle kinetics in the digestive
tract should include ferm enting particles o f different size for different lengths o f time
and quantifying their densities and extent o f digestion before m easuring their rates o f
passage. That w ould also provide quantitative support for relating digestion (and
ferm entation-based buoyancy), particle size and density to rates o f passage.
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One o f the objectives o f the fourth study was to investigate how intake-related
attributes like rum en fill and passage rates o f particles change in relation to changes
in body mass as anim als grow and to determ ine if these attributes w ould be different
between anim als o f different breeds. The sim ilarity o f the retention time o f each o f
the four particle pools in the cattle o f the four different sizes and two genotypes
(pure-bred Criollo and Criollo/H olstein cross) lead to the conclusion that retention
time in the rum en and the whole tract was not influenced by size or genotype.
However, the two cattle breeds were not genetically distant and therefore it can be
argued that they would have more com mon traits (including rates o f passage) than
anim als that are genotypically dissimilar. M ore convincing evidence o f sim ilarity or
otherw ise o f rates o f passage could be derived from experim ents m aking use o f
distantly related genetic stock like Bos taurus and Bos indicus. It w ould be
interesting to find out if the superiority o f tropical cattle breeds over their tem perate
counterparts in utilising poor quality tropical forages would have a basis o f a
physiological adaptation mechanism o f digesta processing, like slow er rates o f
passage, that tem perate breeds do not have.

Gutfill increased w ith animal size according to DMI, but show ed no significant
difference between the pure-bred Criollo and the Criollo and H olstein cross. Gutfill
expressed as a percentage o f body weight also did not change according to animal
size or genotype, w hich leads to the conclusion that gutfill rem ains a constant
proportion o f body wait throughout the growth and developm ent o f the animal. One
flaw w ith this conclusion is that the gutfill content and gutfill content expressed as a
percentage o f body weight were derived m athem atically from the param eters
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generated after fitting the G1G2 model to the faecal excretion data. Thus any
inaccuracies or experim ental errors in the fitting procedure and interpretation o f the
generated param eters will be passed on to the gutfill estimates. Further research into
changes in gutfill content and gutfill as a percentage o f body w eight using more
direct m easurem ents like physically em ptying the rumen contents is therefore
warranted.
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Appendix
Faecal concentrations (mg o f alkane/g o f faecal DM ) o f each alkane used to mark
particle pools dosed to the bulls. The listed data are for each bull used in the
experim ent and bulls w ere grouped into 5 groups o f 4 bulls according to weight.
Blank spaces indicate that no sample could be obtained at sam pling time. Hours
indicate sam pling times.
Group I
Hours

116-7 (weight 85kg)
c32 (SD) c30(LD )
c28 (SB) c26 (LB)
0 0.007084 0.002276
0
0
8
0
0 0.004614 0.004372
12
19
0.01555 0.007846 0.015185 0.007799
24
0.2066 0.120914 0.187103 0.063462
30 0.347271 0.212923 0.293381 0.129068
36 0.386818 0.252962 0.328399 0.176248
44
0.29005 0.211504 0.226177 0.126133
48 0.253957
0.20412 0.190656 0.136772
54 0.211374 0.202202 0.149123 0.121514
60 0.166444 0.165112 0.114197 0.100837
68 0.167657 0.170571
0.10613 0.102156
72 0.108037 0.113452 0.072665 0.066507
79 0.093537 0.114105 0.059884 0.062735
84 0.079406
0.08869 0.047342 0.053657
92 0.055022 0.074017 0.035114 0.038912
96 0.058732 0.057759 0.032605 0.037501
103 0.045665 0.049275 0.025118 0.032112
108
0.03503
0.04706 0.021207 0.026269
116 0.031598 0.035763 0.017566 0.021817
127 0.025304 0.025039 0.012959 0.017109
140 0.014725 0.012467 0.009349 0.009185

c32

Hours

118-7 (weight 95kg)
c30
c28
c26
0
0
0
0.000821
0.00661
0.00374
0.041867 0.043528 0.007799
0.095597 0.177548 0.059894
0.153321 0.244626 0.122863
0.175261 0.204159 0.138391

0
9
13
20
25
31
37

0
0.003273
0.044944
0.189207
0.268128

45
49
55
61
69
73

0.179963
0.174019
0.135966

0.153529
0.154558
0.159358

0.134235
0.129026
0.103004

0.116944
0.133453
0.113873

0.085539
0.078597

0.094483
0.087303

0.062415
0.058489

0.066594
0.05813

0.241591

175

80
85
93
97
104
109
116
128
141

Hours

0.049313

0.055199

0.03144

0.036204

0.038311
0.041159
0.031295

0.043503
0.045847
0.032721

0.021896
0.019265
0.015213

0.031738
0.024979
0.0157

0.017098
0.007783

0.017313
0.009759

0.009059
0.00634

0.006881
0.004622

c32
0
8.5
13
20
25
31
37
45
49
55
61
69
73
80
85
93
97
103
109
117
127
141

0
0.00047
0.065983
0.450177
0.475058
0.40011
0.341626
0.172651
0.139284
0.091241
0.080763
0.058167
0.047789
0.034462
0.026621
0.016944
0.015373
0.008294
0.006872
0.007268
0.004892

c32

Hours
0
9
13
20
25
31
37
45
49
55
61
69

0
0.000683
0.022782
0.201073
0.280435
0.228566
0.22323
0.17659
0.146853
0.105406
0.106427
0.097964

136-7 (weight 90kg)
c30
c28
c26
0
0
0
0.000755 0.000367
0.0003
0.070721 0.059142 0.044885
0.465739
0.40354 0.240872
0.495619 0.406056
0.27618
0.436783 0.290783 0.214948
0.386344 0.252155 0.204685
0.213412 0.123043 0.114848
0.183676 0.090511 0.108917
0.129879 0.058983 0.071061
0.111212 0.049733 0.059183
0.08199 0.032819 0.051025
0.068242 0.027395 0.037742
0.046559
0.01697 0.023839
0.035321
0.01284 0.015777
0.023864 0.009088 0.012473
0.021015 0.007112 0.010814
0.011046
0.008569
0.007179
0.004325

0.004893
0.004407
0.00224
0.002385

0.005447
0.005328
0.002014
0.000915

94-7 (weight 80kg)
c30
c28
c26
0
0
0
0.000674 0.010655
0.00024
0.023567 0.059347 0.005174
0.258308 0.265074 0.105208
0.332018
0.287673
0.300335
0.236324
0.204907
0.154817
0.15816
0.146716

0.302195
0.229403
0.205599
0.14326
0.11825
0.08768
0.081794
0.067893

0.146943
0.148813
0.164463
0.133262
0.12038
0.090871
0.081843
0.083978

176

73
80
85
93
97
104
109
117
128
141

0.071333
0.062703
0.052957
0.035471
0
0.024339
0.021533
0.014485
0.003996
0.006395

0.114809
0.092532
0.076546
0.058112
0.002124
0.035839
0.031821
0.023462
0.013239
0.011874

0.055956
0.043516
0.034794
0.027893
0.008816
0.018938
0.017411
0.014715
0.010427
0.009694

0.070047
0.055712
0.046108
0.029527
0.004395
0.020071
0.017167
0.014374
0.007269
0.006863

Group II
72-7 (weight 140kg)
c30
c28
c26
0
0
0
0
0
0
0
0
0.016653 0.016432 0.026687
0.01622
0.170052 0.139252 0.182652
0.10934
0.16672 0.132987 0.162222
0.09439
0.121059 0.118026 0.103439 0.088593
0.10327 0.105541 0.083629 0.081888
0.072494 0.086791
0.05756 0.062138
0.059047 0.070941 0.038857
0.0478
0.048827 0.062287
0.03467 0.045206
0.033153 0.042887 0.020005 0.029992
0.012951 0.020337 0.010281 0.015955
0 0.007484 0.004457 0.008633
0.001645 0.007947 0.003869 0.006241
0.004127 0.006116 0.002833 0.003928
0 0.000718 0.001918 0.002861
0 0.001109 0.001197 0.003982
0
0 0.000624 0.000768
0 0.001425 0.001426 0.000877
0 0.001107 0.000357
0
0
0
0
0
0
0 0.000133 0.000327

c32
0
8
12.5
19.5
24.5
30.5
36.5
44.5
48.5
54.5
60.5
68.5
72.5
79.5
84.5
92.5
96.5
103.5
108.5
116.5
127.5
140.5

74-7 (weight 155kg)
c28
c26
c30
0
0
0
0
0.002514 0.010124 0.008068 0.005542
0.056746 0.040273 0.083781 0.034123
0.07244 0.050923 0.076716 0.067063
0.12127
0.0929 0.061796
0.102295
0.10621 0.090268 0.070442
0.100591
0.093258 0.113383 0.083835 0.077271
0.062146 0.079489 0.053585 0.054838
0.042532 0.059217 0.039707 0.040006

c32
0
7.5
12
19
24
30
36
44
48

177

54
60
68
72
79
84
92
96
103
108
116
127
140

Hours
0
8
12.5
19.5
24.5
30.5
36.5
44.5
48.5
54.5
60.5
68.5
72.5
79.5
84.5
92.5
96.5
102.5
108.5
116.5
127.5
140.5

0.044531
0.041411
0.027799
0.025057
0.014852
0.017613
0.011959
0.053338
0.008945
0.010203
0.009106
0.002875
0.009884

0.062139
0.051842
0.041533
0.047318
0.026226
0.024082
0.020099
0.067961
0.015836
0.017819
0.01765
0.01076
0.014825

0.033441
0.028305
0.01909
0.015274
0.011755
0.011821
0.009796
0.025189
0.006507
0.007772
0
0
0

0.03618
0.038072
0.021727
0.01835
0.013882
0.012802
0.012026
0.032946
0.008464
0.007058
0.006516
0.004612
0.004895

90-7 (weight 140kg)
c32
c30
c28
c26
0.001448 0.000992
0 7.35E-05
0
0
0
0
0.020522 0.007084 0.016838 0.002654
0.077136 0.031824 0.073161
0.02237
0.173064 0.086528
0.16609 0.059408
0.178237
0.14643 0.158723 0.117725
0.155358 0.134336 0.130038 0.100879
0.101109 0.107333 0.088357 0.080672
0.063028 0.088327 0.063536 0.065657
0.069078 0.091457
0.05395 0.055111
0.051041
0.041418
0.019804
0.029183
0.019663
0.014709
0.011208
0.011989
0.011229
0.006844
0.00459

0.067276
0.06051
0.036737
0.040268
0.029497
0.02365
0.023024
0.016741
0.015146
0.026077
0.005702

0.037163
0.032347
0.021099
0.021455
0.015847
0.013909
0.012494
0.011169
0.010303
0.008493
0.006761

0.040054
0.033318
0.024314
0.021342
0.017582
0.012775
0.01203
0.007837
0.007325
0.004029
0.002456

92-7 (weight 150kg)
Hours

c32

c30

c28

0

0.0035

0

9

0

13
20
25
31
37
45

0.08778
0.118805
0.122929
0.10742
0.088007
0.052418

c26

0.004229

0
0.005152

0
8.32E-05

0.049247
0.088811
0.100211
0.107807
0.124971
0.070505

0.113924
0.100798
0.096598
0.07052
0.075529
0.035354

0.023118
0.050039
0.053756
0.064377
0.094386
0.046993

178

49
55
61
69
73
80
85
93
97
104
109
117
128
141

s

0.040924
0.069545
0.034438
0.010429
0.009139
0.006621
0.014997
0.00687
0.005452
0.002651
0.006271
0.003669
0.005977
0.003014

c32
0
6
11.5
18.5
23.5
29.5
35.5
41.5
47.5
53.5
59.5
66.5
71.5
77.5
83.5
90.5

95.5
101.5
107.5
115.5
126.5
138.5

0
0.004151
0.016581
0.093832
0.152788
0.124465
0.103142
0.071354
0.073649
0.046738
0.043349
0.027717
0.022123
0.022858
0.01182
0.008897
0.008934
0.008663
0.003678
0.002163
0.010088
0.002206

c32
0
6
11.5
18.5
23.5
29.5

0
7.25E-05
0.000424
0.059399
0.134784
0.126392

0.044876
0.088914
0.057565
0.026291
0.019961
0.016022
0.022008
0.015823
0.011813
0.00829
0.009484
0.004567
0.005844
0.002847

0.026965
0.049241
0.022588
0.008959
0.008292
0.005933
0.007347
0.004261
0.00459
0.002883
0.002992
0.00216
0.003758
0.000974

G ro up III
849 (weight 300kg)
c30
c28
0
0
0.002034 0.004687
0.006042 0.013411
0.056218 0.090795
0.125597 0.161663
0.107244 0.134117
0.120835 0.103818
0.097875
0.07054
0.085152 0.063798
0.064999 0.043472
0.055934
0.03715
0.040297 0.025592
0.033859 0.021521
0.031122 0.018896
0.019498
0.01234
0.014252
0.00961
0.014986 0.013295
0.013875 0.012382
0.00891 0.009976
0.00936 0.008074
0.009311 0.008451
0.005187
0

0.031983
0.055418
0.036604
0.017987
0.016018
0.013277
0.013899
0.011515
0.008081
0.007202
0.005884
0.005765
0.004136
0.002066

c26
0
0.002464
0.008072
0.04547
0.098911
0.084331
0.102068
0.095475
0.072262
0.057978
0.049198
0.037983
0.032335
0.026083
0.017962
0.015174
0.017069
0.013218
0.012784
0.010571
0.009462
0.00852

850 (weight 325kg)
c26
c30
c28
0
0
0.000335
0 5.29E-05 0.000263
0.00077 0.003874 0.001891
0.04704 0.068413 0.030513
0.09459
0.13203 0.070859
0.113971 0.121502 0.101776

179

35.5
41.5
47.5
53.5
59.5
66.5
71.5
77.5
83.5
90.5
95.5
101.5
107.5
115.5
126.5
138.5

Hours
0
6
11.5
18.5
23.5
29.5
35.5
41.5
47.5
53.5
59.5
66.5
71.5
77.5
83.5
90.5
95.5
101.5
107.5
115.5
126.5
138.5

0.093628
0.068079
0.051123
0.053888
0.032714
0.028069
0.02025
0.010081
0.009936
0.006676
0.009639
0.006356
0.004326
0
0.006845
0

0.100965
0.084003
0.062571
0.060946
0.05773
0.040971
0.034144
0.020953
0.017424
0.014224
0.015278
0.01148
0.009923
0.005918
0.008206
0.003072

0.082825
0.064861
0.044359
0.040436
0.027409
0.022371
0.016354
0.011128
0.00812
0.006537
0.006164
0.004528
0.004254
0.001599
0.00245
0.000651

0.07579
0.060284
0.043849
0.042113
0.032977
0.028511
0.023074
0.016537
0.010902
0.012813
0.00912
0.006152
0.005656
0.004134
0.002143
0.001607

844 (weight 335kg)
c32
c30
c28
c26
0.000416
0
0
0
0 0.000905
0
0
0
0.00052 0.014227 0.006184
0.037359 0.022094 0.057046 0.025639
0.123431 0.085502 0.150291 0.074723
0.182492 0.141545 0.171073 0.118268
0.127483 0.129483 0.129804 0.104334
0.110904 0.127311 0.102105 0.087953
0.087585 0.101675 0.088529 0.076305
0.056327 0.078187 0.061246 0.059623
0.035382 0.053337
0.02236 0.041275
0.02494
0.013199
0 0.010031
0 0.004939
0.002121 0.009677
0.00677 0.011616
0.010341 0.011547
0 0.004173
0 0.001356
0 0.000266

0.036914
0.028685
0.021121
0.017497
0.014632
0.013073
0.014156
0.013801
0.011915
0
0

0.040892
0.030121
0.023294
0.015648
0.014231
0.011882
0.01735
0.011024
0.008144
0.006476
0.006252

859 (weight 280kg)
Hours

c32
c30
c28
c26
0 0.002576 0.002056 0.001463 0.000976

6
11
18
23

0

0

0

0

0.012123
0.11543
0.1541

0.005878
0.067901
0.111364

0.008926
0.097908
0.137367

0.006474
0.062827
0.090408

180

29 0.131585
35 0.106015
41 0.084733
47 0.085178
53 0.039307
59 0.049942
66 0.059026
71 0.030497
77 0.017747
83 0.012434
90 0.007874
95 0.005744
101 0.009173
107 0.002827
115
0
126 0.000859
138
0

0.120077
0.113325
0.095555
0.092972
0.05439
0.065088
0.065039
0.042453
0.031198
0.020719
0.016097
0.012035
0.013707
0.009468
0.001325
0.011904
0.000846

0.114264
0.087215
0.067292
0.06407
0.032453
0.036533
0.024014
0.020138
0.01105
0.007794
0.005903
0.003578
0.003396
0.001788
0
0.000568
0

0.074842
0.077789
0.06449
0.072466
0.032266
0.040228
0.024075
0.022886
0.016196
0.010546
0.007683
0.005646
0.005165
0.003318
0
0.001044
0

Group IV
Hours
0
6
11.5
18.5
23.5
29.5
35.5
41.5
47.5
53.5
59.5
66.5
71.5
77.5
83.5
90.5
95.5
101.5
107.5
115.5
126.5
138.5

788 (weight 445kg)
c32
c30
c28
c26
0.003562 0.002256 0.001678 0.000989
0
0
0
0
0.006084 0.001659
0.00505 0.002044
0.042806 0.031621 0.033903 0.014283
0.097044 0.052465
0.08993 0.042316
0.106428 0.087272 0.100099 0.077171
0.083224 0.079309 0.070427 0.052578
0.068419 0.069286 0.053978 0.045623
0.049431 0.058139 0.034327 0.031857
0.031492 0.042234 0.019597 0.020503
0.018269 0.025818 0.008535 0.020339
0.020177 0.025923 0.007556 0.009842
0.013902 0.017048 0.003657 0.006626
0.011976 0.013793 0.000686 0.003466
0
0
0.005558 0.007119
0
0.002566 0.004814
0
0.004229 0.004426
0
0
0
0
0
0
0
0
0.001083 0.000597
0
0
0.003652 0.001671
0
0
0
0.000307
0
0
0
0

810 (weight 455kg)
Hours

c32

0
6.5
12

c30

0

c28

0

0.001553 0.000944
0.04256 0.015887

c26

0

0

0
0
0.041703 0.018565

181

19
24
30
36
42
48
54
60
67
72
78
84
91
96
102
108
116
127
139

Hours
0
5.5
11
18
23
29
35
41
47
53
59
66
71
77
83
90
95
101
107
115
126
138

Hours

0.109458
0.128274
0.095701
0.101372
0.064572
0.060115
0.042943
0.021618
0.021543
0.017406
0.024904
0.017648
0.011872
0.013807
0.015897
0.004562
0.005771
0.001973
0

0.059944
0.085686
0.071269
0.08649
0.062086
0.086945
0.056819
0.043329
0.041427
0.043428
0.032992
0.028231
0.019086
0.016309
0.019683
0.010429
0.010949
0.012291
0.010381

0.128882
0.129005
0.101725
0.098151
0.062738
0.058784
0.049263
0.034438
0.029161
0.026627
0.026886
0.021583
0.017115
0.017639
0.01685
0.01306
0.012637
0
0

0.056526
0.077765
0.060047
0.070236
0.050598
0.052418
0.053113
0.036239
0.040513
0.028666
0.025684
0.023368
0.018423
0.013722
0.01632
0.015186
0.011235
0.008339
0

796 (weight 470kg)
c32
c30
c28
c26
0.000754
0.00079 3.66E-05
0
0
0
0
0
0.008988 0.002026 0.009657
0
0.017574 0.009834 0.015386
0
0.093247 0.050938 0.088398 0.054518
0.102546 0.077249 0.088634 0.053043
0.092123 0.087669 0.081501 0.095095
0.066696 0.079084 0.056467 0.059417
0.074069 0.073511 0.056807 0.055864
0.043719 0.054196 0.037158 0.047684
0.031728 0.050136
0.02861 0.033258
0.009575 0.023176 0.016161 0.021979
0.030154
0.04422 0.021832 0.027182
0.000294 0.014989 0.009901 0.014319
0.015967 0.028837 0.014342 0.020349
0.004913 0.019442 0.006471 0.011843
0.011303 0.021083 0.009711 0.015125
0.005521 0.013533 0.006043 0.009956
0
0.00699 0.003654
0.00709
0.003888
0.00924 0.004197 0.007785
0 0.005742 0.002094 0.005358
0 0.002522 0.001087 0.003743

832 (weight 415kg)
c30
c28
c26
c32
0 0.000664 0.000459
0
0
0
0
6.5

0
0

182

12
19
24
30
36
42
48
54
60
67
72
78
84
91
96
102
108
116
127
139

0.002043
0.039742
0.096416
0.116693
0.121245
0.091586
0.076586
0.048352
0.058717
0.034429
0.0357
0.026423
0.021225
0.002747
0.010857
0.011581
0.006782
0.001427
0
0

0.001964
0.028491
0.056885
0.071915
0.079795
0.071856
0.070508
0.062101
0.057448
0.04809
0.038562
0.03373
0.028896
0.011251
0.015595
0.017151
0.012073
0.007497
0.000989
0.002502

0.012382
0.054133
0.108038
0.119883
0.103212
0.087131
0.072394
0.051307
0.049719
0.035102
0.030921
0.026182
0.024063
0.015868
0.016523
0.016564
0.013001
0.011482
0.009517
0.009097

0
0.02905
0.064838
0.073893
0.076229
0.060778
0.070873
0.044465
0.040648
0.031125
0.030605
0.024362
0.021638
0.013354
0.015038
0.014615
0.017836
0.008782
0.006986
0

Group V
Hours

c32
0
7
12
19
24
30
36
42
48
54
60
67
72
78
84
91
96
102
108
116
127
139

Hours

0
0.000446
0.011941
0.021341
0.082496
0.088928
0.089531
0.087567
0.062519
0.056182
0.047099
0.044685
0.034837
0.025228
0.022229
0.018363
0.018451
0.010307
0.009806
0.008036
0.004137
0.00295

c32

25 (weight 416kg)
c30
c28
c26
0
0 0.000122
0.000122 0.000149
0
0.006381 0.009537 0.004938
0.011417 0.033669
0.01408
0.056213 0.089608 0.052657
0.080814 0.091602 0.073488
0.089404 0.089868 0.073452
0.076403 0.076884
0.06334
0.067233 0.058729 0.046733
0.055647 0.046507 0.043781
0.054473 0.035898 0.034505
0.050663 0.031702 0.030171
0.041367 0.024504
0.02758
0.032752 0.019047
0.02118
0.024166 0.014195 0.015426
0.024083 0.011297
0.01439
0.022902 0.010786 0.011265
0.018622 0.007118 0.010595
0.013681 0.006356 0.012212
0.011707 0.005107 0.006559
0.005897 0.002531 0.003409
0.004296 0.002498 0.004032

M2-6 (weight 403kg)
c30
c28

c26

183

0
6
11
18
23
29
35
41
47
53
59
66
71
77
83
90
95
101
107
115
126
138

Hours

0
0.005174
0.038961
0.110822
0.105907
0.090619
0.076193
0.068904
0.038231
0.032436
0.021299
0.026338
0.024739
0.000726
0.01513
0.008273
0.005429
0.006357
0.001735
0.003136
0.000331

c32

0
0.002576
0.023806
0.069539
0.086802
0.085466
0.076365
0.069824
0.047974
0.045467
0.036596
0.036533
0.036635
0.011475
0.022089
0.016715
0.012466
0.012475
0.009986
0.008274
0.006365

0
0.006364
0.043114
0.114765
0.111735
0.087924
0.06938
0.057007
0.038426
0.032365
0.023525
0.024548
0.020405
0.009832
0.01385
0.00997
0.008109
0.00874
0.007167
0.006143
0.005069

0
0
0.021309
0.061538
0.06709
0.066645
0.075282
0.06086
0.038159
0.039148
0.026589
0.029703
0.026442
0.015719
0.015778
0.013781
0.013153
0.011023
0.008991
0.007715
0.005799

M20-5 (weight 462kg)
c30
c28
c26
0
0
0
0.001127
0.00113 0.000368
0.014338 0.030807 0.023044
0.07564 0.110827 0.046873
0.092472 0.127326 0.069108
0.092534 0.105275 0.065817
0.082767 0.074255
0.05923
0.083322 0.071568 0.061953
0.080642 0.054883 0.051412
0.058986 0.036261 0.036147
0.054376 0.030423 0.027034
0.047246 0.023289 0.025614

0
6
12
19
24
30
36
42
48
54
60
67
72
78
84
91
96
102
108

0
0.002902
0.042709
0.119035
0.139589
0.115907
0.088088
0.078597
0.070042
0.048193
0.037939
0.032387
0.014993
0.020404
0.010436
0.00881
0.01244

0.03525
0.027566
0.021079
0.013374
0.016858

0.010986
0.010066
0.00493
0.00497
0.004222

0.013928
0.00974
0.005465
0.004575
0.004269

116

0.002254
0.005872

0.009197
0.008149

0.001272

0.00408

0.001525
0.002518
0.000154

0.002239
0
0

127
139

M18-5 (weight 472kg)

184

Hours
0
6
11
18
23
29
35
41
47
53
59
66
71
77
83
90
95
101
107
115
126
138

c26
c32
c30
ic28
0
0.000425 0.000153
0
0
0 4.77E-05 5.22E-05
0.004742 0.001987 0.001386 0.000536
0.033889 0.013105 0.037735
0.01736
0.054485 0.038078 0.054706 0.021028
0.093731
0.081468
0.064406
0.050025
0.019516
0.025808
0.023328
0.019036
0.015934
0.009348
0.008359
0.006643
0.003256
0.0033
0.001402
0.004418

0.095914
0.086018
0.076534
0.059519
0.033541
0.038189
0.035831
0.029599
0.024743
0.015749
0.018817
0.012554

0.085469
0.071195
0.055626
0.041112
0.022707
0.02235
0.019389
0.016308
0.010792
0.007236
0.015554
0.012722
0.014405 0.011207
0.010604 0.011692
0.00736 0.010056
0.005108 0.003518

0.0641
0.058302
0.049401
0.044084
0.023753
0.024222
0.022218
0.020887
0.014092
0.008496
0.017036
0.014473
0.012396
0.012508
0.0105
0.004846

185

