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Stellingen

Het wvloeistofvolume in de pens van koeien 1is sterker
gerelateerd aan het lichaamsgewicht van de dieren dan aan
het lactatiestadium of de voersamenstelling.

(Dit proefschrift)

Afname in pensvulling van met grassilage gevoerde koeien
wordt niet in de eerste plaats beperkt door verkleining van
lange voerdeeltjes, maar door de afvoer van deeltjes die
een zeefopening van 1,25 mm wel en één van 0,071 mm niet
kunnen passeren.

(Dit proefschrift)

Wanneer koeien per etmaal 9 uur of langer herkauwen,
resulteert een verhoging van het celwandgehalte van het
rantsoen niet in een verlenging van de herkauwtijd, maar in
een verlaging van de opname.

(Dit proefschrift)

Voor het bepalen van de hoeveelheid microbiéel eiwit in de
pens is DAPA geen goede indicator.
(Dit proefschrift)

De hoeveelheid droge stof in de pens van koeien, uitgedrukt
in g per kg lichaamsgewicht, wordt voor meer 'dan 75%
verklaard door de melkproduktie (g FCM/kg®™).

{Dit proefschrift) ’

De verklaring van Himmelsbach erql. dat een stijging van het
N-gehalte in het residu van grassilages tussen 48 en 336
uur pensincubatie waarschijnlijk wveroorzaakt wordt door
microbiéle contaminatie, berust op een foutieve interpreta-
tie van de resultaten. (Himmelsbach efal., 1988; In: Analytical
Applications of Spectroscopy: C.8. Creaser and A.M.C. Davies [Eds.],
The Royal Society of Chemistry, 410-413).

Het berekenen van de DVE-waarde van een voedermiddel is een
ingewikkelde zaak, het vaststellen ervan vooralsnog on-
mogelijk.

Het begrip ileaal verteerbare aminozuren voor varkens wordt
in de CvB-takel ten onrechte aangeduid met de term darmver-
teerbare aminozuren voor varkens.




9. De uitspraak van de politicoloog R. Andeweg (NOS-laat, 19
maart 1991), dat kamerleden meer geinteresseerd zijn in
onze stem dan in onze mening, geeft te denken over het
functioneren van onze democratie.

10. Het opstellen van een tussenbalans kan een regeringscoali-
tie langdurig uit evenwicht brengen.

11. De termen QIO en AID suggereren ten onrechte dat de eerste
wordt opgeleid tot onderzoeker, de tweede slechts tot
assistent.

12. Positieve discriminatie bij sollicitaties is in strijd met
de wet gelijke behandeling.
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Chapter I

Introduction




A suitable climate, combined with a fertile scil has made the

Netherlands an attractive area for dairy production. At present
dairy production in the Netherlands is partly (50 -~ 55%) based
on homegrown forages (grass, grass silage, corn silage) and
partly on largely imported concentrates. Because of the large
number of dairy cows (2 million) and the limited area available
for grass production, forage production systems are highly
intensified by using high levels of N-fertilisation.
High doses of N-fertilizer result in high ocutputs of dry matter
per acre. To ensure a high quality, the grass is harvested in a
youhg stage of growth, resulting in grass silages with a high
nitrogen content and a relatively low cell wall content. The
digestibility of this cell wall fraction is high, allowing high
ad libitum intakes. A disadvantage of harvesting at this stage
is the low utilization of nitrogen. When the grass is harvested
at a later growth stage, the protein:energy ratio is more
favourable, but digestibility of the cell wall fraction decreases
(Reid etal., 1988).

In 1984 a milk gquota system was introduced in the Netherlands,
The reaction of the farmers was to sell their least productive
animals and produce their smaller amount of milk with less
animalg. A= a result, the number of dairy cows has decreased with
about 25% since 1984. On an increasing number of farms this has
resulted in a surplus of grass and grass silage. Increasing the
proportion of roughage in the diet seems therefore interesting.
However, roughage intake by dairy cows in early lactation is
limited. The mechanisms controlling roughage intake are still not
well understood.

In early lactation, nutrient requirements are high and when the
energy content of the ration is relatively low, rumen capacity
can be the limiting factor (Weston, 1982). Possible factors which
limit roughage intake could be the volume of the feed, the rate
of size reduction, the rate of degradation in the rumen, passage
rate of undigested feed particles to the lower gut and removal
of fermentation end products (Tamminga & van Vuuren, 1988).

If intake is not limited physically, physiological status and
type and amount of digestion products may be controlling feed




intake.

Ruminal degradation rate,

Major components of cell walls are cellulose and hemicellulose,

which may be encrustrated with 1lignin. Lignin is hardly
digestible and acts as a barrier for rumen microbes. Energy
present in cell walls, c¢an only be made available after microbial
degradation of the cellulose and hemicellulose. The rate of
degradation of the potentially digestible fraction of the cell
wall constituents of grass silages is negatively related to the
lignin content (Van Socest, 1982).
Maturing increases the undegradable cell wall fraction and the
lignin content, resulting in a decreased degradation rate.
Bacteria have to attach to the cell walls before they can digest
them. This means that a bigger surface of the particles probably
results in a faster rate of degradation.

Next to energy, protein is an important component of high
quality roughages. Of the protein, the soluble fraction is
believed to have a very high rate of degradation and to be fully
degraded in the rumen. With an increase in cell wall content of
the grass, degradation rate of the potentially digeatible but
non-soluble protein decreases, mainly due to the lower digestion

rate of the surrounding cell walls.

Particle size reduction and passage from the rumen.

Before large feed particles can leave the rumen to the lower
tract, they have to be reduced in size, which is achieved by
chewing and rumination. The probability of passage of particles
is inversely related to their size (Poppi eral., 1980), but even
the finest particles have a lower rate of passage than the fluid
(Faichney, 1986).

Microbial degradation decreases rumen dry matter content, but
it has relatively little effect on particle size and thus on



reduction in rumen fill (Van Soest, 1982; Welch, 1982; Ulyatt ef
al., 1986). According to McLeod & Minson (1988a, 1988b), microbial
digestion plus rumen contractions would be responsible for only
about 20% of particle size reduction. The main factor reducing
particle size is chewing during eating and rumination.
Rumination time per kg dry matter ingested increases with cell
wall content of the diet {(Welch & Smith, 1969a, 1969b; Murphy e
al., 1983; Ulyatt e al., 1986). Because rumination time has a
maximum of 9 to 10 h a day (Bae efal., 1979; Welch, 1982), for
high cell wall silages the time required to reduce particle size
through rumination to a size below the CPS can be the limiting
factor for silage intake.

Particles smaller than the critical particle size (CPS), for
cattle reported to be 1.18 mm (Kennedy & Poppi, 1984), have a
high probability of passing out of the rumen.

More than half of the rumen dry matter is in the small particle
pool, with a size smaller than the CPS (Poppil etal., 1980).

Not only the size of particles, bhut also their functiecnal
specific gravity (FSG) modifies their chance of leaving the rumen
(Welch, 1986; Sutherland, 1987). Fermentation gas, which lowers
the FSG of particles, is removed by rumination and rumen
contractions, resulting in an increase in FSG. As a result, the
FSG of particles which are further degraded is higher, increasing
their probability of passage. Maximal rates of passage were found
for plastic particles with a specific gravity of 1.2-1.4 (Welch,
1986).

Fermentation products.

Microbial degradation of the carbohydrates and the protein
ingested with the feed results in a production of volatile fatty
acids (VFA) and ammonia (NH;}. One of the factors determining
microbial growth rate is the rate of ATP generation from the
degradation of carbohydrates. When energy becomes available for
the microbes spread over the day and other essential nutrients
(VFA, NH;, amino acids, minerals and vitamins) are available as
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well, efficiency of biomass production will be highest.

The concentrations and the ratio of VFA, as well as the NH,
concentration, are the result of microbial activity on one hand
and rate of clearance from the rumen, by absorption through the
rumen wall and by passage to the omasum, on the other (Satter &
Slyter, 1974; Hoover, 1986).

The pH of rumen fluid is negatively related to the concentration
of VFA (van Soest, 1982; Hoover, 1986; Tamminga & Van Vuuren,
1988). When the degradation rate of the carbohydrates is very
high, a rapid increase in VFA concentration will take place,
resulting in a decline in pH. A pH below 6 is less favourable for
cellulolytic microbes (@rskov, 1982) and can result in a decrease
in cell wall digestion.

Ammonia is toxic to animal cells and high concentrations of
ammonia and other non protein nitrogen (NPN)} compounds, which can
be found feeding high-nitrogen silages, can limit intake (Van
Soest, 1982).

Most of the factors influencing rumen capacity discussed above

were studied in iscolation. Not only that for a large number of
questions no unequivocal answer is given, very little attempts
have been made sofar to study the several aspects as an
integrated systemn.
The objective of this study was to guantify in an integrated
approach, the effect of the stage of maturity of grass silages
on intake, digestibility, rumen fermentation pattern, rumination
activity, passage rate from the rumen, digestion rate of the
potentially digestible fractions and composition of rumen
contents. Therefore four experiments were conducted, in which
dairy cows were fed grass silages harvested at different growth
stages ad libitum and a fixed amount of concentrates, 1 or 7 Kg
depending on the stage of lactation.

The influence of maturing on chemical composition of the
silages, their nylon bag degradation rates (Mehrez & @rskov,
1977) and the overall digestibility are described in Chapter II.
Multiple regression analysis was used to analyse the influence




of the different parameters on ad lib silage intake.

The fractional passage rates of the fluid and particulate
phases from the rumen, using CoEDTA and Cr mordanted Neutral
Detergent Fibre (Cr-NDF) as markers (Uden et al., 1980) were
measured (Chapter III). Differences in total rumen contents (kqg),
kg dry matter (DM), organic matter (OM), crude protein (CP) and
cell wall components for the different growth stages of the
silages and stages of Jlactation of the animals are also
described.

Diurnal patterns of pH and NH; concentrations were measured in
the four experiments. The average daily VFA concentrations were
measured in Exps. 1, 2 and 3, and the diurnal pattern of VFA
concentrations in Exp. 4. The results are discussed in
Chapter IV.

Eating and rumination times were also measured and distribution
of rumen and faecal particle sizes was determined. The results
are also discussed in Chapter IV.

The high losses of nitrogen (N) occuring when grass products
are fed to dairy cows can be reduced by lowering the CP content
of the grass (Van Vuuren & Meijs, 1987). With an increase in cell
wall content usually the CP content of the grass decreases.
Changes 1in the rate of protein degradation in the rumen and
microbial protein synthesis were therefore measured for the
different stages of maturity and results are reported and
discussed in Chapter V.

In a separate experiment, the influence of size of particles
mordanted with Cr on the fractional passage rate from the rumen
was determined. The results and the consequences of using Cr-NDF
of different particle sizes and the differences between silages
are reported and discussed in Chapter VI.

In a last experiment, in which dry cows were fed grass silages
of two different growth stages, a simplified rumen model was used
to determine the rate limiting step in reduction in rumen f£ill.
Results are reported and discussed in Chapter VII.

In the General Discussion (Chapter VIII), an attempt is made
to integrate the results of all the experiments reported in the
preceding chapters.
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Abstract.

In four change-over experiments, dairy cows were fed wilted
grass silages (Gl, G2, G3, G4 and G5) ad libitum. In early
lactation, silage was supplemented with 7 kg of concentrates and
in late lactation with 1 kg. The silages were harvested at
different growth stages, resulting in different cell wall
contents (Gl 44.6%, G2 54.7%, G3 54.8%, G4 64.1% and G5 with
67.3% Neutral Detergent Fibre, NDF). With an increase in cell
wall content, crude protein (CP) content decreased (21.3% CP for
Gl to 11.2% CP for G5), and organic matter (OM) digestibility
decreased (P<0.001) (76.2 for Gl to 63.7 for G5).

The degradation rates of dry matter (DM), NDF and acid
detergent fibre (ADF) were measured using nylon bags incubated
in the rumen. The soluble fraction (f;, %) decreased, the
undegradable fraction (f;, %) increased, and the degradaticn rate
of the non-soluble, degradable fraction (k;, %/h) decreased with
an increase in cell wall content of the silages. High correlation
coefficients between the KkK,'s of DM (r=-0.91, P<0.001), NDF (r=-
0.90, P<0.001), ADF (r=-0.93, P<0.001l) and the NDF content of the
silages were found. The in-vivo DM digestibility was positively
related to f; (r=0.88, P<0.01) and k; (r=0.84, P<0.01l) and
negatively to f, (r=-0.97, P<0.001).

Multiple regression analysis showed that the amount of
concentrates consumed, the level of milk production, the nitrogen
(N) /OM ratio of the silages and the f,, could explain almost 70%
of the variation in silage DM intake.

Introduction.

One of the barriers that prevents a substantial increase of the
roughage proportion in dairy diets in early lactation is its
limited ad libitum intake. Changing this situation seems only
possible if our, as yet inadequate, understanding of the
regulation of feed intake, especially the regulation of roughage
intake, is improved.
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It is known, that the volume of the feed and the capacity of
the rumen to hold and turnover feed play an important role. When
the demand for nutrients is high (early lactation), and the
energy content of the feed is low, the capacity of the rumen to
turnover feed can be the limiting factor (Weston, 1982). The
maximum intake of a roughage then not only depends on the volume
of the feed, but is also related to the rate of degradation in
the rumen and the rate of passage of undigested feed particles
to the lower gut. The latter may depend on the rate of particle
gize reduction through chewing during eating and rumination. If
intake is not 1limited physically, the type and amount of
digestion products may be controlling feed intake.

For high fibre silages maximum intake by lactating dairy cows
may be limited by the capacity of the rumen (Mertens, 1987).
Rumen dry matter (DM) content is reduced by passage of particles
to the lower gut and digestion by rumen microbes (Ulyatt eral.,
1986; Kennedy & Murphy, 1988), although the latter has relatively
little effect on reduction in rumen fill (Welch, 1982; Ulyatt e
al., 1986). However, microbial digestion weakens the cell wall
structure, and thus facilitates particle breakdown during
rumination (Chai eral., 1984).

A dynamic model simulating fibre disappearance from the
digestive tract from ruminants was developed by Mertens & Ely
{1979). They concluded that maximum intake of digestible DM is
influenced more by the proportion of fibre that is undegradable
and the rate of particle passage to the lower gut than by the
rate of fibre digestion. A 1% increase in the undegradable
fraction (f;) resulted in a 1% decrease in maximum digestible DM
intake, and a 1% increase in digestion rate (k,) resulted in a
0.6% increase in maximum digestible DM intake. Within species
however, the f, and the k; are negatively correlated.

The objective of this study was to guantify the effect of the
stage of maturity of grass silages on intake, digestibility,
rumen fermentation pattern, degradation rate of the potentially
digestible fractions, rumination activity, size and composition
of rumen contents and passage rate from the rumen.

This paper presents the nylon bag degradation characteristics,
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overall apparent digestibility and ad libitum intake of organic
matter and cell wall components of five grass silages, harvested
at different growth stages.

Materials and methods.

Experimental silages.

Five wilted grass silages (Gl, G2, G3, G4 and G5S) were
harvested at different growth stages, resulting in different
chemical compositions. The silages were fed ad libitum to six
(Exps. 1, 2 and 3) or four (Exp. 4) dairy cows in combination
with either 1 (low, L) or 7 (high, H) kg of concentrates,
depending on the stage of lactation. The chemical composition of
the silages and the concentrates, and the ingredients (g/kg) of
the concentrates are given in Table 1.

Experimental designs.

Four experiments were conducted, whereby in each experiment two
silages were fed ad 1libitum to dairy cows according to a
change—-over design. All cows were fitted with a rumen cannula,
and, except for two animals in Exp. 4, also fitted with a T-
cannula in the proximal duodenum. Each experiment consisted of
two experimental periocds of five weeks, preceded by adaptation
periods of three weeks. An outline of the four experiments is
given in Table 2.

In all four experiments, the silages were fed at 7.00, 15.00
and 23.00 h, in such quantities that approximately 10% of what
was offered was not consumed. When the animals were fed 1 kg of
concentrates, this was offered at 14.45h. In early lactation the
7 kg of concentrates was supplied in two equal portions at 6.45
and at 14.45h. The concentrates were always consumed completely.
Left-overs from the silages were removed before feeding at 7.00
and at 15.00h. Left-overs were weighed, sampled and dried, so dry
matter (DM) intake during the experimental periods was recorded
per day. The left-overs were pooled per week and analysed for ash
content, so that organic matter (OM) intake per cow per week
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could be calculated. Water was available ad 1lib. The animals were

milked twice a day and the milk yield per day was recorded.

The animals were weighed before and after each experimental

period. The intake per kg body weight was calculated, based on

the average live weights during the experimental periocds.

The measurements done in the four experiments are presented in

Tables 3A (Exps. 1, 2 and 3) and 3B (Exp. 4).

Table 1. Chemical composition of the five grass silages and the
concentrate fed (mean of four experiments).

Gl G2 G3 G4 G5 oonoentrates
DM £9.4 54.3 60.8 38.7 55.0 88.1
in DM
OM 86.8 90.8 89.8 92.5 92.6 90.4
CP 21.3 19.6 20.9 11.9 11.2 18.2
NDF 44.6 54.7 54.8 64.1 67.3 28.6
cellulose 23.4 29.3 25.8 33.6 32.9 12.4
hemicellulose 19.1 22.0 26.1 25.9 26.9 14.5
lignin 2.1 3.4 2.9 4.6 7.5 1.7
NH;' 4 6 2 10 5
harvesting 7=2 5-28 8-12 6-23 7-6
date 'as '85 '86 '86 '87
ingredients (g/kg) in the concentrate
corn gluten feed 250
sugarbeet pulp 200
citrus pulp 200
cane molasses 26
soyabean meal solvent extracted 107
linezeed 38
wheat middlings 138
tallow 18
lime 10
NacCl 8
vitamin/mineral premix 5

'NH;-N as a t of total N
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Table 2. Outline of the four experiments.

Exp.1 Exp.2 Exp.3 Exp.4
number of cows 6 6 6 4
concentrates
{kg/day) 1 7 1 7
silage
Gl X X
G2 b 4 b 4
G3 x b 4
G4 b 4
G5 b 4

The degradation rates of the different components of the
silages were measured by means of nyleon bag incubations (Mshrez
& @rskov, 1977). Nylon bags (2 * 18 c¢m) were sewn with nylon
thread, and needle holes were sealed with waterproof glue. Pore
size of the bags was 41 um (Nybolt, Switzerland). Fresh samples
(circa 5 g dry matter) of the silages (chopped at approximately
6 mm) were weighed intoc the bags and the bags were closed and
tied with a nylon string. Up to 23 bags were tied to a stainless
steel ring of approximately 600 g. The ring was tied to the rumen
cannula with a nylon cord of about 70 cm. Baygs were incubated in
the rumen for 0, 3, 5, 8, 16, 24, 48, 72 and 336 hours, the
latter for determination of the undegradable fraction. The number
of bags per incubation periocd and the incubation scheme are given
in Table 4. After incubation the bags were washed twice with cold
water in a domestic washing machine, shortly spinned and dried
at 70 °c. The airdry samples were pooled per incubation time per
cow, ground at 1 mm and stored for further analysis. The ¢ h
incubation samples, as well as the 336 hour incubation samples
were pooled per silage, so one soluble and one undegradable
fraction was determined per silage. The samples were analysed for
dry matter (DM), Neutral Detergent Fibre (NDF) and Acid Detergent
Fibre (ADF).

14




Table 3A. Scheme of measurements done in experiments 1, 2 and 3.

cow number 1, 2, 3

cow nunber 4, 5, 6

week 1

week 2

week 3
week 4

week 5

*

*

%*

rumen fermentation
characteristics
(pH, NHy, VFA)

rumination activity
and rumen motility
rumen turnover rates

degradation rates by
means of nylon bag
incubations (Mehres &

@rskov, 1977}
overall digestibility

as week 1
as week 2

rumen evacuations

*

degradation rates by
means of nylon bag
incubations (Mehres &
@grskov, 1977)

overall digestibility

rumen fermentation
characteristics
(pH, NH,, VFA)
rumination activity
and rumen motility
rumen turnover rates
as week 1
as week 2

rumen evacuations

Table 3B. Scheme of measurements done in experiment 4.

cow number 1, 2

cow humber 3, 4

week 1

week 2

week 3
week 4

week 5

*

rumen turnover rates
rumen fermentation
characteristics

(pH, NH,, VFA)
degradailon rates by
means of nylon bag
incubations (Mehres &
@grskov, 1977)

overall digestibility

rumination activity
and rumen motility

as week 1
as week 2

rumen evacuations

%*

rumen turnover rates
rumen fermentation
characteristics

{(pH, NH;, VFA)
rumlnatlon activity
and rumen motility

overall digestibility
degradation rates by
means of nylon bag
incubations (Mehres &
prskov, 1977)

as week 1
as week 2

runen evacuations
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Table 4. Number of bags per incubation time and incubation
schene.

Incubation number In out
time (h) of bags
3 6 Fri 8.00 h Fri 11.00 h
5 7 Fri 8.00 h Fri 13.00 h
8 8 Tue 16.00 h Tue 24.00 h
16 9 Thu 16.00 h Fri 8.00 h
24 15 Mon 16.00 h Tue 16.00 h
48 15 Tue 16.00 h Thu 16.00 h
h Mon 16.00 h

72 18 Fri 16,00

DM, NDF, ADF and hemicellulose degradation curves were
determined twice for each silage in each cow according to the
model (Robinson eral., 1986):

£, = £, + (L-f—f ) *e

in which:

f, = residue (%) at time t

f, = undegradable fraction (%), as derived from the 336 h
incubation time

f, = soluble fraction (%), as determined by washing after 0 h
incubation

ky = fractional rate of degradation (%/h) of the potentially
degradable, but water insoluble fraction

t' = lag-time (h)

The curves were fitted using the NLIN procedure of the SAS
package (SAS, 1985).

To determine the overall digestibility of the different
components, faeces were collected quantitatively from Monday 8.00
h till Thursday 8.00 h, weighed and sampled per two hours. A
pocled sample per cow was preserved with formaldehyde and kept
at 4% till further analysis,
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Chemical analysis.

The silages were analysed for DM, ash, crude protein (CP),
ammonia fraction, NDF, ADF and Acid Detergent Lignin (ADL). Fresh
faecal samples were analysed for DM and N content. Oven dried (70
% ¢) faecal samples were analysed for DM, ash, NDF, ADF and ADL.
Dry matter was determined by drying to constant weight at 103 ‘¢,
ash in an oven at 550 °C and N by the Kjeldahl method with K,50,
and Hg0O as catalysts. NDF, ADF and ADL were measured according
to Goering & van Socest (1970). Hemicellulose was calculated as
NDF~ADF, and cellulose as ADF-ADL. To determine the ammonia
fraction in the silages, 450 ml water was added to 50 g of
silage. After standing one night at 4%, the ammonia
concentration in the filtrate was determined according to the
method described by Scheiner (1976).

Statistics.

The data were analysed statistically for each experiment using
the manova and anhova procedures of the spsspct+ statistical
package (SPSS Inc, 1988).

Because there was no significant effect of time within the
experimental periods, the mean values of weeks 1 and 3,
respectively weeks 2 and 4 were used in the statistical analysis.
The order in which the silages were fed to the animals was
different for the two groups of cows in each experiment. To check
whether the silage fed in the first experimental period
influenced the results of the second experimental period, first
the manova procedure was used with the animals nested within
order of silages fed. Because no such effect was found for any
of the dependent variables, the anova procedure was used with
cow, experimental period and silage fed as factors, according to
the following model:

Yije = B+ C + P+ 5 + e,

Yiinl = dependent variable

W = overall mean

C, = cow effect (i=1-6)

P, = effect of the experimental pericd (j=1-2)
5, = effect of the silage fed (k=1-2)

e = error

ijkt
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Correlations among DM intake (g/kg Body Weight), silage

composition, k,, £, £,, the amount of concentrates consumed and

5
the level cof milk production were determined by the Pearson
correlation technique using the SPSSPC+ statistical package (SPSS
Inc, 1983).

Subsequently stepwise multiple regression analysis (SPSS Inc,
1988) was used to identify variables by which dry matter intake
from silages was influenced. Variables included in this analysis

were the same as used in the Pearson correlation matrix.

Results.

Composition of the silages.

Silage composition changed with maturity (Table 1),
particularly with regard to the cell wall, crude protein and
lignin contents. Maturing increased cell wall and lignin
contents, but decreased crude protein content. Within cell walls,
lignin content increased with an increased cell wall content
(R?=0.73), but the ratio between cellulose and hemicellulose was
not affected. The ratio cellulose to hemicellulose was 1.22,
1.33, 0.99, 1.30 and 1.22 for respectively Gl1l, G2, G3, G4 and G5.

In silages G2 and G3, with the same NDF content, the lignin
content was lower for G3 than for G2 (2.9 vs 3.4), and the CP
content was slightly higher (20.9 vs 19.6). In silages G4 and G5,
the difference in NDF content was almost completely attributable
to the difference in lignin content.

Degradation characteristics.

The soluble (f,) and undegradable (f;) fractions of the
different components of the five silages are given in Table 5.
With an increase in cell wall content of the silages, the £.-DM
decreased linearly (r=-0.94, P<0.001), whereas the £ -DM
increased linearly (r=0.95, P<0.001) (Fig. 1). The soluble part
of the cell wall fraction was for all silages negligible, and the
f,-NDF increased with cell wall content.
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Table 5. Soluble (f;) and indigestible f ) fractions of the
different components of the five silages as éetermlned by washing
after 0 and 336 h incubations, respectively.

Gl G2 G3 G4 G5
dry matter
fs 35.6 28.6 26.6 25.0 20.6
fR 8.8 14.4 13.9 20.4 27.2
nentral detergent fibre
£, 0.8 5.3 0.0 0.0 1.6
fg 10.6 16.6 16.0 24.4 29,7
acid detergent fibre
£ 1.6 4.6 0.0 0.0 1.7
fn 10.7 16.0 19.4 24.2 30.2
(%) sor
S
0r A
‘ rs
20t L
101 -
NDF (%)

9
40 50 60

Figure 1. The £-DM (a4 ) and the f,-DM (m) as related
to the NDF fraction of the silages.

70

The fractional degradation rates (k,) and the lag-times (t')
are given in Table 6. In general, the degradation rates were
decreasing with an increase in cell wall content. Differences
in k, between silages were comparable for the various components,
and the k;'s of the various fractions were highly correlated with
the cell wall content of the silages (r=-0.91 for DM (P<0.001),
r=-0.90 for NDF (P<0.001) and r=-0.93 for the ADF fraction
(P<0.001)). The k,; was for all silages higher for the ADF
fraction than for the NDF fraction. Hence, for the hemicellulose
fraction the k, was lower than for the ADF fraction (Table §).
The t' hardly showed any significant differences.
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Digestibility.

The overall digestibility coefficients, based on total faecal
excretion are presented in Table 7.

Organic matter digestibility was higher for silages with a
lower cell wall content. Cell wall digestibility decreased with
an increase in cell wall content, except for 63, which had the
same cell wall content as G2 (55% NDF), but a slightly better NDF
digestibility. Cellulose digestibility was in all but silage G3
higher than hemicellulose digestibility. Apparent crude protein
digestibility was in all four experiments highest for the silage
with the lowest cell wall content (P<0.05 in Exps. 1 and 2;
P<0.001 in Exp. 3 and P<0.01 in Exp. 4).

Intake.

The daily OM, N and NDF intake of the silages (kg as well as
g/kg BW}, daily milk yields (kg) and the weight of the cows are
given in Table 8.

The OM intakes of the grass silages with the lower cell wall
contents were significantly higher in Exps. 3 (P<0.001) and 4
(P<0.05), but not in Exps. 1 and 2., The intake of the silages was
lower if supplemented with 7 kg of concentrates as compared to
1 kg of concentrates. For Exps. 1 and 2 the NDF intake (kg/day)
was higher (P<0.05) for the silages with the higher NDF contents.

NDF intake of the silages (g/kg BW) increased and, except for
G3, OM intake (g/kg BW) decreased with an increase in cell wall
content.

Milk yields were only significantly lower for diets containing
the least digestible silages if fed in combination with 1 kg of
concentrates in late lactation (P<0.05 in Exp. 1, and P<0.001 in
Exp. 3).

No significant correlations between silage DM intake (g/kg BW)
and f;,, f; or k; were found (Table 9). Silage DM intake was
negatively correlated with the ADF and ADL content of the
silages, and positively with the N/OM ratio of the silages. The
highest correlation was found between the level of concentrates
consumed (g/kg BW) and silage DM intake (r=-0.52, P<0.001}.

Regression analysis based on the nitrogen content in the organic
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matter of the silages (N/CM), the residu after long term nylon
bag incubation (f;), or the level of concentrates consumed (g/kg
BW) alone, showed that each of these factors explained a
significant part of the variation in silage DM intake (Table 10).
Multiple regression analysis showed that in combination, the N/OM
ratio, the f,, the amount of concentrates consumed (g/kg BW}, and
the level of milk production (FCM/kg MBW), could explain 68% of
the total wvariation in dry matter intake.

Table 10. Stepwise multiple regression analysis on factors
responsible for variation in silage intake (g/kg BW).

Constant  FCM Concentrates N/OM £, R°
(9/kg MBW) (g/kg BW) (%)
21.0 -0.004 NS 0.01
22.2 =0.32 **%* 0.27
16.1 1.30 = 0.12
22.6 -0.15 N8 0.08
17.7 =-0.32 **%% 1.38 *%* 0.40
16.5 0.054 **%* -0.83 **%*% 0.64
4.9 =0.37 kxx 3.75 0.35 NS 0.45
5.3 0.047 **%* -0.81 *#=* 2.44 * 0.28 * 0.68

NS non significant, *%*% P<0,001, ** p<0,01, * P<D.05

Discussion.

For all silages, NH;-N as a fraction of total N was low. The
NH, fraction of silage G4 was highest, but because of the low CP
content, absolute amount of NH, was still low.

The soluble non protein organic matter was 14.8, 12.0, 11.5, 13.2
and 9.0 for silages Gl1, G2, G3, G4 and G5, respectively. This
fraction is likely to be rapidly and fully degraded in the rumen,
and can therefore give a fast decline in pH. No relation between
this fraction and DM content of the silages was found, but this
fraction was negatively correlated (r = -0.73) to the NDF content
of the silages.

The CP, cellulose and lignin content of G3, would suggest a NDF
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content between that of silages Gl and G2. Because of the high
hemicellulose content however, the total cell wall content was
the same as for silage G2, but the ratioc cellulose to
hemicellulose was lower for G3. Jones ¢f gl. (1988) reported a
ratio of 0.58 in Bermuda grass hay and of 1.07 in Orchard grass
hay, indicating that big differences between grasses may occur.
Bailey (1973) also reports big differences in the ratio cellulose
to hemicellulose between grasses, but also within grasses between
growth stages and growing seasons. Differences due toc different
growth stages and/or differences in growing seasons may be due
to changes in leaf to stem ratios. The silages in these
experiments were harvested in different seasons and the weather
conditicons during growth varied as well.

Based on the chemical parameters CP, 1lignin and c¢ellulose,
however, despite the slightly higher NDF content of silage G3,
the silages can be ranked in the order of Gl, G3, G2, G4 and G5.

When the plant matures, cell wall content increases and lignin
content of the cell walls also increases. The lignin is bound to
the cellulose-hemicellulose fraction of the cell wall, and acts
as a barrier for the enzymatic degradation by rumen
microorganisms, because microbes can only ferment the cell walls
if they come into direct contact with them (Engels, 1987).
Therefore, the degradation rate of the cell wall fraction
decreases with maturity,

Negative correlations between the rumen undegradable fraction
and the rate of degradation of the digestible fraction for DM as
well as for NDF were found (r = ~0.87 and -0.84, respectively).
With respect to the composition, contents of cell wall components
(NDF, ADF, lignin) were negatively correlated with f£,-DM and
k,~DM, but positively with f£,-DM. This can be explained as a
result of maturation and lignification. As far as the lignin
content concerns, this relation appears to be restricted to
within species. In comparing grasses, legumes and clover, Nocek
& Grant (1987) as well as Seoane (1982) also report negative
correlations between f, and the NDF and ADF contents, but not
between f; and the lignin content of the feeds.
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The level of concentrates fed had a variable effect on nylon
bag degradation rates of the silages. The increase in degradation
rate with an increase in concentrate level for silages G1 and G2
may have resulted from a better energy supply for the rumen
microorganisms. Robinson efal. (1988), in their experiments, fed
the same basal diet at low and high intake level. They found no
effect of level of intake on degradation rate, but the lag time
was higher (P<0.05) at the low intake level. In our experiments
lag time for DM disappearance was higher for the low intake
level, but lag times for the other components showed no
consistent relation with level of intake.

Cell walls or NDF can be looked upon as a mixture of cellulose,
hemicellulose and lignin, of which particularly hemicellulose is
encrustrated with lignin (Van Soest, 1982). This explains why
ADF, of which the degradable part is mainly cellulose, is
degraded at a faster rate than NDF. The difference in rate of
degradation between cellulose and hemicellulose is also reflected
in the apparent digestibility, except with silage G3.

It is also of interest to note that the undegradable proportien
of hemicellulose relates fairly well to the lignin/hemicellulose
ratio,

OM digestibjlity and NDF digestibility decrease within forages
with stage of growth (Panditharatne, 1988) and with an increase
in cell wall content and lignification (Rebles, 1981; Reid etal.,
1988; Tamninga & Van Vuuren, 1988; Van Soest, 1982). In our
experiments, a linear relationship between NDF content and OM
digestibility (r=-0.99) as well as NDF digestibility (r=—0.96)
was found.

Based on undegradable c¢ell wall contents of different
concentrate ingredients as given by Tamminga efal. (1990), the
fe.pe ©f the concentrates was estimated to be approximately 15%.
Total cell wall intake can be divided in rumen undegradable and
rumen degradable material. The fraction of rumen degradable NDF,
excreted undigested with the faeces was calculated and increased
with an increase in cell wall content and with an increase in
concentrate level (GlL, 12.6; G3L, 12.2; G2L, 15.0; G4L, 17.2;

27




G1H, 15.4; G3H, 15.2; G2H, 20.7 and G5H, 22.7). The fraction of
the digestible c¢ell walls that is digested in the large
intestines increases with a decrease 1in apparent cell wall
digestibility (Ulyatt etal., 1975) and thus with an increase in
cell wall content. This seems, however, not enough to compensate
for the lower rumen degradability due to a lower degradation rate
of the cell wall fraction and a higher rate of passage from the
rumen (Bosch et af.,, submitted). Concentrate particles have a
higher rate of passage from the rumen than roughage particles
(Owens & Goetsch, 1986). The probably higher rate of degradation
(the individual ingredients have a higher k, ..  (Tamminga e al.,
1990) than the silage cell wall fractions), does not seem to
compensate for the shorter rumen retention time, resulting in a
bigger degradable NDF fraction that is excreted undigested for

the high concentrate diets.

The apparent crude protein digestibility decreased with stage
of maturity (P<0.05). Two aspects are important to explain this.
1. The true protein digestibility decreases because of an
increase of protein incorporated in the cell wall fraction with
increasing cell wall content (Krishnamoorthy e al., 1982; Van
Soest, 1982). 2. The dquantity of endogenous protein increases
with increasing cell wall cecntent of the diet as induced by
higher DM passages in the intestines (Van Bruchem et al., 1989),
resulting in a higher faecal excretion.

A linear negative relationship (r=-0.58) between dry matter
intake and dietary NDF concentrations was reported by Hoover
{1986), in a review of studies with lactating dairy cows. In our
experiments a non significant decrease in DM intake (g/kg BW) was
found, with an increase in NDF content, although intake of silage
G3 was higher as would be expected. Intake of G3 was
significantly (P<0.00l1) higher as compared to the other four
silages, resulting in an even higher NDF intake as compared to
silages G4 and G5. For silages G1, G2, G4 and G5 total NDF intake
(g/kg BW) significantly increased (P<0.01) with an increase in
NDF content.
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The difference in intake of the silages in combination with 7
kg of concentrates as compared to 1 kg, was biggest for silage
G3. This is in agreement with the positive relation between
ingestibility of a forage (voluntary dry matter intake as a sole
feed) and substitution rate of forages by concentrates as
reported by Jarrige eral. (1986).

About half of the variation in silage DM intake can be
explained by the amount of concentrates consumed and the level
of milk production. Thus, physiological status of the animal
appears to be one of the main factors controlling feed intake.
After correction for concentrate intake and milk production, the
B/OM ratio in the silages and the f, of the silages, together,
explain almost half of the variation in DM intake.
our results agree with the results of Mertens & Ely (1979%), who
concluded from their simulation model, that the digestible DM
intake is influenced more by the proportion of undegradable fibre
than by the rate of deqradation. In our experiments, it is clear
that ad 1libitum silage DM intake is influenced by silage
characteristics. It is, however, not yet possible to identify a
restricted number of components, which can be determined
accurately, and can be used to predict silage intake at a given

concentrate level and an expected milk production.

According to Forbes (1988), who compared different equations

to predict voluntary intake by dairy cows, most equations found
in literature can only be used under the same circumstances as
under which the data from which they were calculated were
collected. He concluded that the simple equation:
Total DM intake = 0.025(Body Weight, kg) + 0.1(Milk Yield, kg/d),
was not significantly worse than more complex ones. For our
experiments, this equation as well as most other equations given
by Forbes (1988), overestimate DM intake. It seems correct that
equations to predict voluntary intake can only be used under, at
least comparable, circumstances. It is therefore useful to
develop these equations per type of diet and type of animal.
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Abstract.

In four change-over experiments, wilted grass silages,
differing in cell wall content (Neutral Detergent Fiber (NDF)
content ranging from 44.6% to 67.3% of dry matter (DM)), were fed
ad libitum to dairy cows in early and late lactation.

The influence of cell wall content of the grass silages on
rumen contents and on fracticnal passage rates of particulate
(kg $/h) and liquid (k,, %/h} phases, was determined using Cr-
NDF and Tritium (T) labelled hay as particulate markers and Co-
EDTA as a soluble marker.

Rumen contents (total as well as DM, Kkg) increased with an
increasing proportion of concentrates in the diet, but did not
show any significant relation with silage cell wall content.

The kp increased with an increase in NDF content of the diet,
and with an increase in intake level, whereas the k, was not
affected by diet composition.

Introduction.

For lactating dairy cows fed rations with a high roughage
proportion, intake can be limited by the capacity of the rumen
{Mertens, 1987). Intake then depends on rumen fill and its
reduction by microbial digestion of the feed, particle size
reduction through rumination and rate of particle passage to the
lower gut (Ulyatt eral., 1986;: Kennedy & Murphy, 1988).

Since microbial degradation hardly influences particle size,
rate of passage of small particles to the lower gut is the main
factor reducing rumen f£ill, and therefore considered an important
factor in feed intake regulation (Van Soest, 1982),

The effect of roughage characteristics, like chenical
composition and degradation characteristics, on their behaviour
in the rumen is not well documented.

In four experiments, in which the effect of cell wall content
of grass silages on intake and digestion in dairy cattle is
investigated (Bosch et ol., submitted), rumen contents were
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determined. In addition, the rate of passage of the fluid and
particulate phases to the lower gut were measured using soluble

and particulate markers.

Materials and methods.

Five wilted grass silages (Gl to G5), differing in cell wall
content were fed ad libitum to dairy cows, supplemented in early
and late lactation with 7 and 1 kg of concentrates, respectively.
In each of the four change-over experiments, two silages were fed
to six (Exps. 1, 2 and 3) or four (Exp. 4) rumen fistulated dairy
cows. In Exps. 1 and 3 the cows were in late lactation, so 1 kg
of concentrates was included in the diet, whereas in Exps. 2 and
4, when the cows were in early lactation, 7 kg of concentrates
was added to the diet. Each experiment consisted of two
experimental periods of five weeks, preceded by adaptation
periocds of three weeks. Silage was offered three times a day, at
7.00, 15.00 and 23.00 h. The concentrates were fed at 14.45 h (1
kg) or at 6.45 and 14.45 h (two portions of 3.5 kg each). The
experimental designs were as described in more detail by Bosch
et al. (submitted). The composition of the five silages, their
intake and the apparent digestibility of the total diet are given
in Table 1.

Rumen evacuations were done in the fifth week of each
experimental period, at approximately 2 and 4 h after the end of
the morning meal, which is assumed to be 2 h after feeding time,
in Exps. 1, 2 and 3, and at approximately 0, %, 3, 4% and 6 h
after the end of the morning meal in Exp. 4.

Rumen contents were weighed, sampled and returned into the
rumen. This procedure tock about 25-30 minutes per cow. Rumen
samples (1% of rumen contents} were dried at 70°¢C, ground and
stored till further chemical analysis.

Dried rumen samples were analysed for dry matter (DM), ash,
crude protein (CP, N (nitrogen) * 6.25), neutral detergent fibre
(NDF), acid detergent fibre (ADF) and acid detergent 1lignin
(ADL) . DM was determined by drying to constant weight at 103°cC,
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ash in an oven at 550°C and N by the Kjeldahl method with K,SO,
and HgQ as catalysts. NDF, ADF and ADL were measured according
to Goering & Van Scest (1970). Hemicellulose was calculated as
NDF minus ADF and cellulose as ADF minus ADL.

Per cow per diet, fractional outflow rates of the rumen
particulate and fluid phases were measured twice for every diet,
using Cr mordanted Neutral Detergent Fibre (Cr-NDF) and
Co-Ethylene Diamino Tetra Acetate (Co-EDTA) as markers (Uden e
al., 1980). In addition to Cr-NDF, tritium (T) labeled hay was
used as a marker for the particulate phase in Exp. 1 for all six
cows and in Exps. 2 and 3 for three of the cows. The T-labeled
hay was obtained by spraying young growing grass at regular
intervals with tritiated water (THO), as described by Van den
Hoek etal. (1985).

On Monday (6.00 a.m.) 100 g Cr-NDF (ca. 5% Cr, 0.2-1 mm), 30
g Co-EDTA (ca. 15% Co) and 40 g T-labeled hay (10-20 mm, 2000
pCi/g), the latter only in the previously indicated experiments,
were administered into the ventral rumen sac.

Samples of rumen fluid were taken every two hours between
Monday 9.00 a.m. and Tuesday 7.00 a.m.. Faeces were collected
from Monday 10.00 till Tuesday 24.00 h and sampled per 2 hours,
and on Wednesday and Thursday from 6.00 till 22.00 h and sampled
per 4 hours. Co concentrations in the rumen fluid were determined
using the standard addition method, with an atomic absorption
spectrophotometer (Perkin Elmer 360), at a wavelenght of 251.0
nm. Faeces were dried (70°C), ground (1 mm) and analysed for Cr
and Co by atomic absorption using the concentration method after
wet destruction at wavelenghts of 357.9 and 251.0 nnm,
respectively.

Tritium activity in the dried faecal samples was determined by
liquid scintillation counting in a Packard 1900 CA tri-carb
ligquid scintillation analyzer after converting the organically
bound tritium into THO by combustion in a Packard Sample
Oxidizer, Tricarb 306 (vVan den Hoek etal.,, 1983},

Fractional passage rate from the rumen of the liquid phase (k,
$/h) was <c¢alculated from the logarithmic decline in Co
concentration in the rumen fluid. Fractional passage rate of the
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particulate phase from the rumen (kp, %/h) as well as k were
calculated from the logarithmic decline in marker concentration
{(Cr, T and Co) in the faeces.

Total daily rumen clearance rate (k. was calculated from the
ratio DM intake/average rumen DM pool size. From this, the hourly
rate (%/h) was calculated.

Data were analysed statistically using the Anova procedure of
the spsspce+ statistical package (SPSS Inc., 1988) as described
by Bosch et el., (submitted).

Results.

Average total rumen contents, rumen DM, OM and CP pools (kg),
g DM in the rumen per kg body weight (g DM/Kkg BW) and the total
%/h), calculated as DM
intake/rumen DM content/24h, are given in Table 2. Rumen

clearance rate of rumen DM (k_,
contents, total as well as DM, OM and CP pools were higher for
the high concentrate level in early lactation (Exps. 2 and 4)
than for the low concentrate level in late lactation (Exps. 1 and
3). No clear relation between rumen DM, OM or CP content (kg) and
cell wall content of the silages was found. Rumen contents
(g DM/kg BW) were higher for the high concentrate level in early
lactation. DMR/DMI was lower when the silages were supplemented
with 7 kg of concentrates than when supplemented with 1 kg, and
increased with stage of maturity of the silages, up to a maximum
of approximately 0.77. Thus, the Xk, which is the sum of
disappearance due to degradation and disappearance due to passage
to the omasum, decreased with stage of maturity. At the high
concentrate level, k. was higher than at the low concentrate
level.

Average rumen NDF, cellulose, hemicellulose and lignin contents
{kg) are given in Table 3. Rumen cell wall contents increased
with cell wall content of the silages. As for DM, OM and CP,
rumen cell wall contents were higher for the high concentrate
level than for the low concentrate level.

Differences in Kk, between diets, determined directly in the
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rumen as well as determined from the faecal excretion curves were
not significant in all four experiments (P>0.05) (Table 4).
However, the k, values derived from the faecal excretion curves
were significantly lower (P<0.00l, paired Student t) than those
determined directly in the rumen (9.7 vs 13.2%h™'). Rumen liguid
volume (1), calculated from the intercept of the curve describing
logarithmic marker decline in the rumen, was not significantly
(P>0.05) influenced by diet in all four experiments. Though rumen
ligquid volume and Xk, did not differ significantly, the flow of
rumen ligquid to the omasum {1/h) differed significantly (P<0.01})
between diets in experiment 3, giving a higher flow for silage
G3 than for silage G4 (12.5 vs 10.0 1l/h). The rumen veolunme,
measured ky rumen evacuations (V,, 1) was significantly lower
than the rumen volume calculated from the Co-curve in Exp. 1
{(P<0.001), Exp. 3 (P<0.05) and in Exp. 4 (P<0.01}, but not in
Exp. 2.

The kp was, except for the kp in Exp. 3 based on the
T-excretion curves, higher for the silages containing the higher
cell wall content (P<0.05 in Exps. 1 and 2, P<0.01 in Exp. 3,
N.S. in Exp. 4 for the Cr-excretion curves, and P<0.05 in Exp.
1, N.S. in Exps. 2 and 3 for the T-labeled hay).

In Exp. 1, Cr-NDF gave significantly higher (P<0.001) k, values
as compared to the T-labeled hay (4.61 vs 3.46 $h''y. However, in
Exps. 2 and 3, there were no significant differences (P>0.05)
between the Cr and T ruminal passage rates (4.16 vs 4.03 2nh™ in
Exp. 2 and 4.40 vs 4.19 in Exp. 3).

With an increase in intake level (Exp.2 vs Exp.l), k,-Cr
decreased, whereas kﬁ—T increased.

Discussion.

Ad libitum intake of roughages can be limited by the capacity
of the rumen (Van Soest, 1982; Mertens, 1987). Total rumen
contents were higher for the high concentrate level in early
lactation than for the low concentrate level in late lactation.
Higher rumen DM contents whith an increased concentrate level,
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are probably not only due to the higher density of the
concentrate particles, but according to Baile and Forbes ({1974)
also to a higher rumen capacity during lactation.

For the low concentrate level, G3 had the highest rumen DM
content, which may be due to a higher density of this silage. The
lower rumen DM content for silage G1 supplemented with 7 kg,
indicates that, for this diet, intake is not limited by the
capacity of the rumen. As a consequence, DMR/DMI was lowest for
G1H.

Rumen contents (g DM/kg BW) are within the range of approximately
14 for dry cows to 26 in early lactation, reported by Hartnell
& Satter (1979). Although Robinson e al. (1987a, 1987b) fed
concentrate rich diets in early lactation (2/3 concentrates, 1/3
long hay), rumen contents of approximately 20 g DM/kg BW were
comparable to those for the roughage rich diets in these
experiments, both somewhat lower than the early lactation data
reported by Hartnell & Satter (1979).

Mostly, external markers, such as Cr-NDF, are used to determine
the fractional passage rate of the particulate phase from the
rumen. In Exp.1, an average rumen content of 9.3 kg DM for silage
G2 was found. A kp of 5.16 %/h, as determined with Cr-NDF, would
give a rumen outflow of 11.5 kg DM per day. This would mean that
with a DM intake of 12 kg/day, only 0.5 kg DM was degraded in the
rumen, showing that Cr-NDF does not represent total rumen DM
pool. Even if it is assumed that Cr-NDF may be regarded only as
being representative for small particles, it would not correct
this. In these experiments, between 75 and 80% of the total rumen
dry matter was in particles small enough to pass a sieve with a
pore size of 1.25 mm, meaning that Cr-NDF even overestimates
passage rate of small particles.

Small particles, however, can get trapped in the floating
material, and their gas content influences their functional
specific gravity (FSG) (Sutherland, 1987). The specific gravity
of Cr-NDF is higher as compared to most rumen particles (Ehle,
1984). Specific gravity of the Cr-NDF used in these experiments
was about 1.35. This is within the range of densities found by
Welch (1986) and Ehle (1984) with the highest passage rates,
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indicating that Cr-NDF could only be representative for small

particles with an optimal specific gravity for passage.

The T-labeled hay, wused in these experiments, is not
indigestible, one of the criteria markers used for studying
digestion kinetics, have to meet. An advantage of the T-labeled
hay, however, is its participation in the fermentation process,
resulting in a change in FSG of the particles during the period
they are retained in the rumen. Disappearance of T from the rumen
is not restricted to passage to the lower gut only, but microbial
degradation of the organically bound T may contribute as well.
According to Van Bruchem et al. (1990), who used the same type of
T-labeled hay as a marker in sheep, the digestible fraction of
the hay recovered in the faeces, is negligible at the part of the
curve used to calculate k. They simulated marker excretion
curves, assuming rumen degradation rates for the T-labeled hay
of 4 and 6%h' and an undegradable fraction of 15%. For a
degradation rate of 6%h' they only found small differences
between the total excretion curve of T and the excretion curve
of the indigestible organically bound T. They concluded that,
with this type of T-labeled hay, the k, of T is measured, not a
total rumen clearance (passage plus digestion). Compared to the
undegradable fractions of our silages (Bosch e ol., submitted),
however, un undegradable fraction of 15% for this hay seems too
high. It is therefore possible that with the T-labeled hay, the
k, is overestimated.

In Exp. 3, when the silages, as in Exp. 1, were supplemented
with 1 kg of concentrates, the difference between kp-Cr and kP_T
for silage G4 was the same as the differences found in Exp. 1.
For silages G1, G2 and G4, supplemented with 1 kg of
concentrates, a linear relation (r=0.99) bhetween k,=T and the NDF
content of the silages was found, whereas the correlation between
k,-Cr and the NDF content of the silages was much lower (r=0.78).
However, the results for silage G3 in Exp. 2 deviated from the
results found for the other silages. The kp-Cr of silage G3 was
lower than expected from the results on the kp-Cr of G1L, G2L and
G4L, while the k,-T for silage G3L was higher than expected from
the results on the kp-T of G1lL, G2L and G4L.
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Both markers, except for T in Exp. 3, gave the same differences
between diets, namely a higher passage rate for the silage with
the higher cell wall content. Because of the lower
digestibilities of the high cell wall diets, more undegraded feed
particles, even as a fraction of total rumen DM contents, had to
leave the rumen by passage, explaining the higher k, for both
markers for the higher cell wall diets.

Increasing the level of intake in dairy cows fed concentrate
rich diets with a constant roughage to concentrate ratio, was
reported to increase the rate of passage of Cr mordanted NDF
{Robinson et al.,, 1987b). In the present experiments level of
intake was increased by increasing the amount of concentrates
fed, concomitantly resulting in a somewhat reduced intake of
silage. In this case, rate of passage of Cr mordanted NDF
decreased, suggesting that the behaviour of Cr mordanted NDF
varies with ration composition. An explanation could be the
higher dry matter % in the rumen at the higher intake, possibly
increasing the probability of an external marker to get entrapped
and therefore slowing down its rate of passage. It is of interest
in this respect that the increase in rate of passage as reported
by Robinson eraf. (1987b) was not linear; bhetween the one but
highest and the highest level of intake even a decrease was
observed. Average rumen dry matter content at both levels of
intake in the experiments of Robinson eral. (1987b) was 12.0 and
13.8%, respectively. At the high concentrate level, rumen DM% in
our experiments varied between 11.3 and 12.9%, whereas for the
low concentrate level, rumen DM% varied between 10.0 and 11.8%.
The reason for the differences in behaviour between the Cr-NDF
particles and the T-labeled hay particles with an increase in
intake is not clear.

Owens & Goetsch ({1986) reviewed literature on passage of
particles from the rumen and derived regression equations which
related the rate of passage of fluid, forage particles and
concentrate particles to intake of forages and concentrates,
Applying these equations to the experiments reported here,
results in the figures shown in Table 5. It should be realised
however, that most of the results used to derive the regressiocon
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equations were from experiments with intakes below ad libitum.
Besides, the equations of Owens & Goetsch explained only 38 and
61 % of the total variation of passage of forage and concentrate
particles, respectively.

Table 5. Passage rates of concentrates (kp-concentrate, %/h)
and silages (kp-roughage, %/h) in the four experiments,
calculated using the equations of Owens & Goetsch (19386).

Diet kp-concentrate kp-roughage
G1L 6.08 3.87
G2L 6.15 3.65
G3iL 5.74 4.25
G4L 6.15 3.62
G1H 6.72 4.76
G2H 6.70 4,64
G3H 6.68 4.94
GSH 6.66 4.53

Another phenomenon which may interfere, and apparently not taken
into account by Owens & Goetsch (1986} is the difference in
digestibility, as applied in the experiments reported here.

Despite the lower intakes for the high cell wall silages, intakes
of undegradable material, which has to be cleared fom the rumen
by passage, are still higher. According to the equations of Owens
& Goetsch (1986), this decrease in intake would always result in
a decrease in L which does not seem correct. A comparison of
intake levels shows that a higher intake will result in a
considerably higher k. which is in agreement with the T-results
in Exps. 1 and 2. Comparing the levels of the calculated k's
with the levels of kﬁ—Cr and kp-T, however, shows considerably
higher calculated kp's for the higher intake levels. It seems
therefore that the T-labeled hay, though the fraction of rumen
particles represented by the T-labeled hay was not defined, can

reliably be used as a marker toc rank the silages for passage
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rates from the rumen.

An increased cell wall content increases rumen fill, mainly by
an increased % of dry matter. The reduced rate of degradation,
as shown with nylon bag incubation studies (Bosch e al,
submitted), was partly compensated for by an increased rate of
passage. This compensation is however not enough to prevent a
reduction in total clearance rate, resulting in a decreased

intake.
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Abstract.

In four change-over experiments, wilted grass silages,
differing in cell wall content (Neutral Detergent Fiber (NDF)
content ranging from 44.6% to 67.3% of dry matter (DM) were fed
ad libitum to dairy cows in early and late lactation.

When supplemented with 7 kg of concentrates (early lactation)
rumen pH was lower, and VFA concentrations were higher as
conmpared to supplementation with 1 kg (late lactaticn). Diurnal
variations in ammonia concentrations were higher for the high
concentrate level. On average, the ammonia concentrations were
lower in combination with 7 kg of concentrates,

Total chewing time (CT), rumination time (RT) and eating time
(ET) were recorded for six 24 h periods per cow. When the animals
ruminated for more than 9 h a day, an increase in cell wall
content of the diet did not further increase RT, but resulted in
a decreased intake. CT, RT and ET per kg DM tended to increase
with an increase in cell wall content, whereas CT, RT and ET per
kg ingested NDF tended to decrease.

The pool of rumen dry matter (DM) able to flow to the omasum
(passing a 1.25 mm sieve), was not influenced by cell wall
content of the silages. The pool of rumen DM passing a 0,071 mn
sieve, however, decreased with increasing cell wall content. The
mean faecal particle size (MFP) significantly increased with cell
wall content, and was negatively correlated (r = -0.90, P<0.001)

with rumen pool of particles passing a 0.071 mm sieve.

Introduction.

Intake of roughage diets by lactating dairy cows may be limited
by the capacity of the rumen (Mertens, 1987). Dry matter (DM) is
cleared from the rumen by microbial fermentation and by passage
of the undigested material to the omasum. Passage from the rumen
depends on the probability to escape, which increases with
decreasing particle size (Poppi et al., 1980). As a practical
approach it is often assumed that this probability becomes
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sufficiently high when the size of a particle is reduced to a
size smaller than the critical particle size (CPS), by Kennedy
& Poppi (1984) defined as the nominal sieve aperture, which
retains the top 5% of the faecal particulate dry matter. They
reported a CPS for cattle of 1.18 mm.

Microbial digestion decreases rumen dry matter (DM) content,
but has relatively little effect on particle size reduction
(Welch, 1982; Ulyatt eral., 1986). It may however weaken the cell
wall structure, so that particle breakdown during rumination is
facilitated (Chai eral., 1984). According to Ulyatt etal. (1986),
also rumen contractions do hardly contribute to particle size
reduction. Microbial digestion plus rumen contractions would
account for only about 20 % of particle size reduction (MclLeod
& Minson, 1988a and 1988b). That leaves chewing during eating and
rumination as the main factors involved in particle size
reduction. Rumination time (RT) per kg DM ingested differs
between diets, and increases with an increase in cell wall
content (Murphy etal.,, 1983; Ulyatt eral.,, 1986). A high correlation
(r > 0.9) between RT and cell wall content of the diet was found
by Welch & Smith (1969a, 1969b). A grass silage with a higher
cell wall content thus requires a longer rumination time per kg
DM. Because rumination time is limited to a maximum of 9 to 10
h per day (Bae efal., 1979:; Welch, 1982), RT required to reduce
particle zize to a size below the CPS can presumably limit forage
intake.

If intake is not limited physically, the type and amount of
digestion products may control feed intake. The pH of the rumen
fluid is mainly determined by the VFA concentrations. The
concentrations and the ratio of volatile fatty acids (VFA) and
the ammonia (NH;) concentration (Satter & Slyter, 1%74; Hoover,
1986) are the result of microbial activity on one hand and the
rate of clearance from the rumen on the other. The animal's
physiological status largely controls the latter.

In four experiments, the effect of stage of maturity of grass
silages on intake and digestion in dairy cattle is investigated
(Bosch etal., submitted®). The present paper describes fermentation
characteristics, eating and rumination behaviour and rumen
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contractions. In addition, the results of rumen and faecal

particle size distributions are reported.

Materials and Methods.

Five wilted grass silages (Gl to G5) differing in cell wall
content were fed ad libitum to dairy cows, supplemented with 7
or 1 kg of concentrates, in early and 1late lactation,
respectively. In each of the four change-over experiments, two
silages were fed to six (Exps.l, 2 and 3) or four (Exp.4) rumen
fistulated dairy cows. In Exps. 1 and 3 the cows were in late
lactation, so 1 kg of concentrates, and in Exps. 2 and 4, when
the cows were in early lactation, 7 kg of concentrates was
included in the diet. Each experiment consisted of two
experimental periods of five weeks, preceded by adaptation
periods of three weeks. The animals were offered silage three
times a day, at 7.00, 15.00 and 23.00 h. The concentrates were
fed at 14.45 h (1 kg) or at 6.45 and 14.45 h (twe portions of
3.5 kg each). The experimental design was as described in more
detail by Bosch et al. (submitted®). Dry matter (DM), nitrogen (N)
and cell wall (NDF) content, intake and apparent digestibility
of the silages in the four experiments are given in Table 1.

To determine end products of rumen fermentation, samples of
rumen fluid were taken every two hours between Monday 9.00 and
Tuesday 7.00 h. The pH and the ammonia-N concentration (NH;-N)
were measured in each sample, and the average VFA concentrations
were determined in a pooled sample per cow (Exps. 1, 2 and 3),
or in each sample (Exp. 4). The pH was deterimed immediately,
whereas the NH;-N was determined after storage for one night with
Tri Chloro Acetic acid at 4°C, The samples to determine the VFA
concentrations were preserved with 5% phosphoric acid and stored
at -20°C untill analysis.

Per experimental period, eating time, rumination activity and
rumen motility were recorded for six 24-hour periocds per animal.
For recording eating and rumination, the animals were provided
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with a halter with a microswitch. Jaw movements were recorded on
paper and number of chews was recorded by a counter. Rumen
contractions were recorded using an open tip catheter.
Contractions were transformed into electrical signals by a
pressure transducer. Specifications were as follows: frequency
band 0.01-0.10 Hz, duration pressure peak > 2 sec., pressure >
5 mm Hg. The number of rumen contractions was recorded by a
counter.

Faeces were collected quantitatively from Monday 8.00 h till
Thursday 8.00 h, weighed and sampled per two hours. A pooled
sample per cow was preserved with formaldehyde and kept at 4%¢
till the end of the collection period. After the collection
period the faeces were subsampled and stored at -20°C till
further analysis. This was done twice per cow for the silages
fed. Distribution of the faecal particle size was determined in
subsamples by wet sieving.

Rumen evacuations were done in the fifth week of the
experimental periods, at two times after feeding in Exps. 1, 2
and 3, and at five times after feeding in Exp. 4.

Rumen contents were weighed, sampled (1%) and returned into the
runen. This procedure took about 25-30 min. per cow. Rumen
samples were stored at -20'C till further analysis.

Chemical analysis.

The NH;-concentration in the rumen fluid was determined by the
indophenol method as described by Scheiner (1976). The VFA
concentrations in rumen fluid were determined by gas liquid
chromatography (Packard 419, glass column filled with chromosorb
101, carrier gas (N,) saturated with formic acid, 190 °c,
isocapronic acid as internal standard).

Sieve analyses.

Faecal and rumen samples were wet sieved with a Fritsch
Analysette 3. The lid was equiped with a shower, and at the
bottom there was a water outlet.

Faecal samples. Faecal samples of 100.0 g were soaked in water and

stirred till the suspension was free of lumps. The sieves used
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had a mesh aperture of 1.25, 0.63, 0.315, 0.16 and 0.071 mm. The
intermediate water supply ring was placed just above the smallest
sieve, to prevent the 0.071 mm sieve from silting up. The sieving
was done with a continuous maximum vibration amplitude. The water
flow was about 4 l/minute.

The suspension was gquantitatively spread out on the top sieve.
The water was turned on. After 5 min. of sieving, the water
outlet was closed till the water level had risen till 2 cm above
the top sieve. The water outlet was opened to lower the water
level till below the smallest sieve. This procedure was repeated
twice. After the third time the water outlet was opened and
sieving was continued for another five minutes. Then the water
was turned off, and the Analysette switched off. The fractions
retained on the sieves, were quantitatively collected in a dried
and weighed glass filter crucible number 2 (pore size 40-100 pm).
The crucibles were dried at 103 * 2 'C during one night. The dry
matter retained on each sieve, was expressed as a percentage of
total dry matter. The mean faecal particle size (MFP) was
calculated using the log-normal distribution as described by
Waldo etal. (1971).

Rumen samples. Rumen samples of 50.0 g were scaked in water and
stirred till the suspension was free of lumps. For the rumen
samples three sieves were used, with sieve apertures of 5.0, 1.25
and 0.071 mm. After removing the showerheads, the intermediate
water supply ring was placed above the top sieve, just underneath
the main water supply. The samples were sieved for 30 minutes,
with a maximal vibration with minimum intervals, and a water flow
of abeout 10 1l/minute.

The suspension was quantitatively spread on the top sieve. The
water was turned on and the outlet tube was lifted till above the
top sieve. When the water level had risen to 2 cm above the top
sieve, the water was turned off. The water level was slowly
lowered till under the top sieve. The outlet tube was lifted
again and the water turned on till the level had risen till 2 cm
above the top sieve. This was done for 7 times during about 7.5
min. Then the water level was kept 2 cm above the top sieve for
about 7.5 minutes, while the water flow stayed on. After 15

55



minutes sieving time, the whole procedure was repeated once. Then
the water was turned off and the Analysette switched off. The
material retained on the sieves was collected and dried as
described for the faecal sanples. The material retained on the
5.0 and the 1,25 mm sieve was designated as the material not able
to leave the rumen (Large Particles), while the material passing
the 1.25 mn sieve was designated as the material able to flow to
the omasum (Small Particles).

Statistics.

The data were analysed statistically using the anova procedure
of the spsspc+ statistical package (SPSS Inc., 1988) according
to the model as described by Bosch et el. (submitted?).

Results.

Chemical composition (DM, N, NDF), intake and digestibility are
shown in Table 1. Apparent digestibility and, apart from G3,
intake decreased with an increase in cell wall content of the
silages. Only in Exp. 3 silage DM intake was significantly
(P<0.001}) different between silages. The cows were gaining weight
when they were fed silage G3 and loosing weight when they were
fed silage G4.

Fermentation characteristics are given in Table 2. The mean pH
was only significantly related to the cell wall content of the
silages if fed with 1 kg of concentrates (P<0.001 in Exp.1 and
P<0.,05 in Exp.3). Then a higher cell wall content cocincided with
a slightly higher rumen pH. The rumen pH was negatively
influenced by the amount of concentrates in the diet. For the
high concentrate diets the rumen ammonia-N concentrations were
not significantly different between silages (Exps. 2 and 4). The
amount of concentrates in the diet varied in these experiments
from 31 to 41% of the dry matter intake. A higher amount of
concentrates leveled down the differences between silages.
Contradictory to what was found in Exp.3, the NH,-concentration
in Exp.1 was higher for the silage with the lower crude protein
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Fig 1. Patterns of pH values for the silages in combination
with 1 (A) and with 7 (B) kg of concentrates. ( ¢ ¢1, B G2,
4 G3, v G4 and ® G5 , two arrows indicate time of feeding
concentrates plus silage, one arrow time of feeding silage).
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and the higher cell wall content.

Patterns of pH values for the silages fed with 1 or 7 kg of
concentrates are shown in Fig. 1. The decline in pH after feeding
concentrates increased with the amount of concentrates fed. The
variations in NH;-N concentrations over the day are given in Fig.
2, for the silages fed in combination with the low (1 kg) as well
as the high (7 Xxg) level of concentrates. After feeding
concentrates plus silage the NH,~N concentration rose more than
after feeding silage only. With 7 kg of concentrates (twice a day
3.5 kg) ammonia-N concentrations (average as well as minimum
concentrations per day) were lower than with 1 kg of
concentrates.

VFA concentrations were higher for the better digestible
silages, and higher in combination with 7 kg than with 1 kg of
concentrate. The ratio non-glucogenic versus glucogenic fatty
acids (NGR) decreased with an increasing concentrate proportion
in the diet. Though not significantly, the NGR was higher for the
silages with the higher cell wall content and the lower total VFA
concentrations, except for Exp. 3. The daily wvariation in VFA
concentrations in Exp. 4 1is given in Fig. 3. The VFA
concentrations differed between G3H and G5H (P<0.05), but the
patterns were comparable.

Rumination and eating parameters and number of rumen
contractions per day are given in Table 3. Total chewing times
(CT) only differed significantly (P<0.00l1) between silages in
Exp. 1. Rumination times (RT, min/day) and eating times (ET,
min/day) were only slightly different between the silages, both
within and between experiments. RT did not differ significantly
between the concentrate levels. Because of the lower silage
intake with the high concentrate level, RT per kg silage DM
ingested was higher in Exps. 2 and 4 than in Exps. 1 and 3. ET
(min/day) was only in Exp.4 higher for the silage with the higher
cell wall content (P<0.05}. Per kg NDF ingested CT and RT only
differed between silages in Exp.3 (Table 3). Number of rumination
boli per day differed significantly (£<0.01) between silages in
Exp. 3. Number of chews during rumination (RC) differed between
silages in Exp. 1 (P<0.01) and number of chews during eating (EC)
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differed between silages in Exp. 4 (P<0.01). Number of rumen
contractions was not significantly influenced by diet in all four
experiments. Though during eating frequency of rumen contractions
increased , differences in eating times did not result in
different numbers of rumen contractions per day.

The MFP (um) and the particle size distribution of rumen
particles, the latter as kg DM of the different sizes in the
rumen, are given in Table 4. The MFP was lower when the silages
were supplemented with 7 than when supplemented with 1 kg of
concentrates. Within level of concentrates fed, the MFP increased
with stage of maturity of the silages. The fraction of faecal
particles retained on the top sieve (1.25 mm) varied between 2%
and 5%.

In the rumen, the fraction of small particles, able to pass to
the omasum considering their size (<1.25 mm), ranged from 74 to
81% of rumen DM. The pool of particles <1.25 mm was not
significantly different between silages in experiments 1 and 4.
In Exp. 2, the fraction of rumen particles smaller than 1.25 mm
was somewhat higher for silage Gl. The pool of particles <1.25
mm, however, was higher for silage G2, due to the higher rumen
DM content. In Exp. 3, the fractions of rumen particles <1.25 mm
were the same for both silages, resulting in 8.5 kg DM able to
leave the rumen for silage G3 and 6.6 kg DM for silage G4
(P<0.01).

Within the fraction of small particles (<1.25 mm), the amount
of particles <0.071 mm was highest for the silage with the lower
cell wall content in all four experiments. The pool of particles
>5 mm was also highest for the low cell wall silages in all four
experiments. A negative correlation (r = -0.90, P<0.001) between
pool sizes of particles smaller than 0.071 mm and MFP was found.

Discuséion.

In Exps, 2 and 4, ammonia concentrations were not significantly
(P>0.05) influenced by diet, probably because the protein
ingested consisted of 30-50% of concentrate protein.
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When the silages were fed supplemented with 7 kg of
concentrates, NH,~N concentrations were lower for all silages,
whereas VFA concentrations were higher for all silages as
compared to feeding the silages with 1 kg of concentrates. No
significant differences in rumen fluid wvolume, however, were
found between silages or between concentrate levels (Bosch etal.,
submitted®}.

Degradation rate of the concentrate protein is likely to be
lower than degradation rate of the silage protein. Ammonia
concentration in the rumen is determined by the ammonia
production by microorganisms and the ammount of NH; available
from recyecling of urea (saliva and recycling through rumen wall)
on one hand and the utilization by microorganisms, rate of
passage to the omasum and absorption through rumen wall on the
other hand. Higher digestible OM intakes result in higher VFA
productions (Haaland et al., 1982;: Sutton, 1985). For the high
concentrate level, VFA production will be higher, resulting in
a better utilization of ammonia by rumen bacteria.

With 1 kg of concentrates, ammonia-N concentration was lowest
at all times for G4, due to the lower protein intake. Despite the
lower protein intake for G2L as compared to G1L and G3L, the
higher ammonia concentration peak and the slower decline after
feeding silage plus concentrates resulted in significantly higher
(P<0.05) average ammonia-N concentratiens for G2L (Fig. 2).

According to Satter & Slyter (1974) at least an ammonia-N
concentration of 50 ma/l is needed, while Hoover (1986) reports
a minimal concentration of 33 mg/l. Hoover (1986) concludes that
the ammonia-N concentration for maximum microbial growth rate is
not egual to the concentration for an optimal digestion (33 vs
80 mg/l). The lower ammonia concentrations for G4 in Exp. 3, due
to the lower protein intake, with minimum values of ammonia-N of
less than 50 mg/l may result in a lower microbial growth rate as
compared to silage G3. For the high concentrate level, only G2
did not show ammonia-N concentrations below 80 mg/l, indicating
that for the other silages during the hours before feeding times
the ammonia-N concentrations may have been too low for an optimal
degradation.
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Except for silage G1 in Exps. 1 and 2, rumination times
exceeded 9 hours a day for all silages, regardless of being
supplemented with 1 or 7 kg of concentrates. According to Bae e
al. (1979) and Welch (1982) that is about the maximum time the
animals can spent ruminating. Rumination time and cell wall
content of the diet are highly (r = 0.94-0.99) correlated (Welch
& Smith, 1969a, 1969%b). When the animals are ruminating for more
than 9 h a day an increase in cell wall content of the diet will
not result in an increase in rumination time, but in a decrease
in intake. To be able to reduce particle size to a size below the
CPS, high cell wall diets require longer RT per kg DM ingested.
Apart from silage G3, RT (min/kg DM) increased with an increase
in cell wall content of the silage. Although not significantly,
RT and ET per kg NDF tended to decrease. According to Balch
{1971), the total time spent chewing per kg DM is the most
suitable value to use as a roughage index. Apart from G3, total
chewing time (CT) per kg DM ingested increased with an increase
in cell wall content of the silage (r = 0.93 excluding and r =
0.70 including G3). The "structure" of the feed not only depends
on the physical form and the NDF content as such, but also seems
to depend on the composition of the NDF fraction. Of G3, the
ratio cellulose to hemicellulose of the cell wall fraction was
lower as compared to the other silages, resulting in a lower
"roughage index", and a higher ad libitum intake.

After particles have 1left the rumen, hardly any further
reduction in particle size takes place (Poppi eral., 1980). The
mean size of particles leaving the rumen can thus be measured in
faecal samples. The critical particle size (CPS), defined by
Kennedy & Poppi (1984) as the sieve aperture retaining the top
5% of faecal particulate dry matter, is the size above which
particles have a very low probability of leaving the rumen. They
indicated a CPS for cattle of 1.18 mm. The 1.25 mm sieve used in
gur experiments approaches the CPS adequately, shown by the
fraction of faecal dry matter retained on this sieve, varying
between 2 and 5%. Therefore, the MFP will be discussed as being
the mean size of particles flowing from the rumen to the omasum.
The size of particles leaving the rumen decreased when the
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proportion of concentrates in the diet increased, due to a bigger
pool of particles smaller than 0.071 mm, probably caused by a
smaller initial size of the concentrate particles.
There was a positive linear relation between the MFP and the
ratio of particles with a size between 1.25 mm and 0.071 mm to
particles smaller than 0.071 mm (Rl=0.67, P<0.001).

Because the major part (>70%) of the rumen content consists of
particles smaller than the CPS, passage rate can not only be
limited by the size of the particles. Small particles can get
trapped in the floating material, and their gas content
influences their functional specific gravity (FSG) (Sutherland,
1987} .

In experiments 1 and 3, one may assume that the NDF excreted in
the faeces is largely originating from silage. Comparing the
undeqradable NDF fraction with the NDF excreted in the faeces,
shows that approximately 48, 57, 61 and 66% of the NDF excreted
is undegradable for the silages Gl, G2, G3 and G4, respectively
{(Bosch et al., submitted®). The increase in the undegradable
fraction of particles with an increase in cell wall content of
the silages probably results in a higher FSG and therefore, apart
from G3, in an increase in size of particles able to leave the
rumen,

Rumination times per kg DM ingested were lowest for silage G3,
suggesting a lower resistence to comminution by mastication
compared to the other silages. Probably, for silage G3, particles
are small enough to leave the rumen before they have a high
enough FSG, meaning that there is still considerable microbial
activity and thus gas production. These small particles then have
to be ruminated again to remove the fermentation gas and the
necessary decrease in rumen fill is therefore obtained by passage
of, on average, smaller particles.

It seems that the longer CT per kg DM ingested for silages with
higher cell wall contents does not compensate enocugh, resulting
in smaller fractions of the small particle pool passing a 0.071
mm sieve, and as a result higher MFP's.
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Abstract.

In four change-over experiments, wilted grass silages,
differing in cell wall content, were fed ad libitum to dairy cows
in early and late lactation.

Ruminal degradation rate of the crude protein (CP) fraction of
the silages was investigated using nylon bag incubations. No
significant relation between the degradation rate (k,, $h™") and
the cell wall content of the silages was found. The soluble (£,
%) and undegradable (f,, %) fractions of the CP both increased
with an increase in silage cell wall content. The fraction of
dietary protein escaping rumen fermentation (f,, %) increased
with cell wall content.

In duodenal protein, the fraction originating from the diet
decreased with cell wall content.

Introduction.

Feeding grass products to dairy cows usually results in
considerable losses of nitrogen (N). These losses can be reduced
if the N intake is decreased by lowering the crude protein (CP)
content of the grass (Van Vuuren & Meijs, 1987). Ensiling the
grass at a more mature stage, results in lower CP contents, but
normally also reduces its digestibility (Van Soest, 1982).

The protein entering the small intestine of ruminants consists
of microbial protein synthesized in the rumen, dietary protein
which escaped rumen fermentation and endogencus protein. The
digestion of this protein mixture in the small intestine
determines the amount of amino acids coming available for the
runinant.

The degradability of feed protein in the rumen can be estimated
using the nylon-bag technigque (Mehrez & @grskov, 1977). This
technique gives information on the fraction of feed protein
escaping rumen fermentation, though not on the microbial protein
synthegsis in the rumen.

Different metheds to estimate the fraction of ducdenal protein
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originating from the diet are possible e.g. with markers specific
for microbial protein (DAPA, nucleic acids, *s, N), or on the
basis of the amino acid profiles (AAP) of the different protein
sources (Van Bruchem efal.,, 1985).

In four experiments, in which the effect of c¢henical
composition of grass silages on intake and digestion processes
was investigated (Bosch eral., submitted®), CP degradation in the
rumen was determined using the nylon-bag method. In addition, the
fractions of microbial and dietary protein in ruminal and
duodenal protein were estimated.

Materials and Methods.

In four change-over experiments, grass silages were fed ad
libitum to dairy cows, supplemented with 7 (Exps. 2 and 4) or 1
(Exps. 1 and 3) kg of concentrates, in early and late lactation,
respectively. The silages (Gl to G5), were harvested at different
growth stages, resulting in different chemical compositions. The
composition of the silages and the concentrates is given in Table
1.

Table 1. Chemical composition of the five grass silages and the
concentrates fed (mean of four experiments).

Gl G2 G3 G4 G5 concentrates
DM 59.4 54.3 60.8 38.7 55.0 88.1
in DM
oM 86.8 90.8 89.8 92.5 92.6 90.4
CcCp 21.3 192.6 20.9 11.9 11.2 18.2
NDF 44.6 54.7 54.8 64.1 67.3 28.6
cellulose 23.4 29.3 25.8 33.6 32.9 12.4
hemicellulose 19%.1 22.0 26.1 25.9 26.9 14.5
lignin 2.1 3.4 2.9 4.6 7.5 1.7
NH,' 4 6 2 10 5
harvesting 7-2 5-28 8-12 6-23 7=6
date '85 185 'g6 '86 r87

'NH;-N as a % of total N
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The silages were supplied three times a day:; at 7.00, 15.00 and
23.00 h, and the concentrates were fed at 14.45 h (1 kg) or at
6.45 and 14.45 h (two portions of 3.5 kg). The experimental
design is described in detail by Bosch eral. (submitted®). Intake
and overall digestibility figures of dry matter (DM) and crude
protein (CP) are given in Table 2,

The degradation rate (k,, %h™'), the soluble (f;,, %) and the
rumen undegradable (f,, %) fractions of the CP of the silages
were measured by means of nylon bag incubations, according to the
procedure described by Bosch ef al. (submitted®), but without a
lagtime in the degradation model. Bags were incubated in the
rumen for 0, 3, 5, 8, 16, 24, 48, 72 and 336 h, the first and the
last to determine f; and f,, respectively.

During 72 h, duodenal samples (approximately 0.25 1, after
collecting first 1 1 which was returned into the fistula after
sampling) were taken every two hours, pooled per cow per week,
freeze dried, ground through a 1 mm screen and stored till
further analysis.

From rumen liguid samples, taken from the ventral rumen sac
during the first two days of these periods at 7.00, 9.00, 11.00
and 13.00 h, microbes were isolated by differential
centrifugation (550 and 70000 g) with a MSE superspeed 65
centrifuge at 4 'C. The pellet was washed twice with a buffer
solution according to the method described by Meyer eral. (1967),
and then freeze dried, ground and stored till analysis.

Samples of total rumen contents were taken during the last
weeks of the experimental periods as described by Bosch e al
(submitted®) .

The =silages, concentrates, rumen bacteria and ruminal and
duodenal contents were analysed for nitrogen (N) and individual
amino acids, including Diaminopimelic acid (DAPA).

Nitrogen was determined according to the Kjeldahl method
(micro-Kjeldahl for the rumen bacteria) with K;50, and HgO as
catalysts. DAPA and the individual amino acids were determined
using a Biotronic LC 6000 automatic amino acid analyser. Samples
were hydrolysed under reflux for 22 h with HCl1 (6 mol l*) at
110%. After formic acid oxidation (Moore, 1963), the sulphur
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containing amino acids, methionine and cystine, were determined
as methionine sulphone and cysteic acid, respectively. In this
analysis also DAPA was determined. Tryptophan was not determined.

Data were analysed statistically using the Anova procedure of
the spsspc+ statistical package (SPS5S8 Inc., 1988) as described
by Bosch eral. (submitted?).

Results.

The degradation characteristics of the CP fraction of the five
silages are given in Table 3. The socluble (f;) and the
undegradable (f,) fractions both increased with an increase in
cell wall content of the silages, except for the f_ of silage G3.
Silage G3 had a lower soluble protein fraction as compared to the
other silages. The k, was significantly higher {(P<0.05} for the
low cell wall silages in Exps. 1, 2 and 3. There was a negative,
though not significant relation between the k; and the neutral
detergent fibre (NDF} content of the silages (r=-0.68).

Using the nylon bag degradation characteristics, and assuning
a fractional passage rate from the rumen (k. %th''), the fraction
of silage protein escaping rumen fermentation (£} can be

calculated according to the equation:
fr = fp + (100 - £ - £3) * (K/(ky + K})

The thus calculated f 's are given in Table 4. With an increase
in cell wall content, f; seems to increase. For a higher kp (4.5
%h' vs 3 %h'), the differences became smaller.

The fraction of protein entering the duodenum originating from
the diet, was also estimated, based on the DAPA/N ratic in the
microbes isolated from the rumen ligquid relatively to the DAPA/N
ratic in the duodenal samples, and based on the amino acid
profile (AAP) of dietary, microbial and ducdenal proteins. The
AAP of the protein consumed (silage + concentrates), and the
AAP's of ruminal, microbial and duocdenal proteins are given in
Table 5. Dietary and microbial proteins were mixed by a
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computerized iterative procedure in such proportions that the
computed AAP matched best the actual AAP of duodenal protein, on
the basis of minimizing the objective function (Van Bruchem efal.,

1985) :

17
2
% (I_AAconputed/Mactual)
AA = 1

The results of both methods are given in Table 6. In addition,
the fraction of protein in the rumen, consisting of dietary
protein was calculated according to the same methods. No
significant (P>0.05) differences in the fractions of protein in
the duodenum originating from the diet were found, except for
Exp. 3, in which the AAP method gave significantly (P<0.001)
lower figures for silage G4 than for silage G3. Though not
significant, within experiments both methods gave a lower
fraction of dietary protein in the duodenum for the silage with
the highest cell wall content. Compared to the other results, the
figures obtained in Exp. 2 using the DAPA-method were too low.
Except for Exp. 2, the DAPA-method gave higher wvalues than the
AAP-method. The fraction of protein in the rumen consisting of
dietary protein, estimated according to both methods is alsc
given in Table 6. The DAPA-method resulted in most cases in
estimated fractions consisting of microbial protein of over 100%,
and therefore in negative fractions of dietary protein. 1In
experiments 2, 3 and 4, the AAP-method gave lower microbial
protein fractions for the low cell wall silages than for the high
cell wall silages. In Exp. 1, however, the opposite was found.
A higher fraction of protein in the rumen was estimated to
originate from the diet for the low cell wall silage (G1lL).

Discussion.

During incubation in nylon bhags in the rumen the contents of
the bags becomes initially contaminated with microbial N, which,
according to Nocek & Grant (1987), is largely responsible for the
lag time (t') occasionally observed. Microbial contamination is
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proportionally higher for feeds high in cell walls and lower for
higher protein feeds (Varvikko & Lindberg, 198%; vVarvikko, 1986).
After correcting for this microbial protein, the t' decreases and
the degradation pattern of the protein changes. For different
feeds, N-disappearance from the nylen bags as well as
DM-disappearance was in all cases lower if not corrected for
microbial contamination. Because of microbial contamination, a
lag time was particularly observed for the high roughage diets
in these experiments. It may be assumed that in the course of
degradation, not only the feed protein but also microbial protein
dissappears from the nylon bag, resulting in a too fast decline
of protein in the bags. Thus, if the k,~CP is calculated using a
model without a lag-time, the k,; will be less biassed due to
microbial contamination.

Disappearance rate from the nylon bags of DM and cell wall
components was negatively related to the cell wall content of the
silages (Bosch eral., submitted®). A decrease in k,; for the cell
wall fraction makes the protein, which is in the cell content or
associated with the cell walls, less accessible for the bacteria.
As a result, the k,-CP is, though not significantly, decreasing
with cell wall content of the silages.

The f£.~CP seems to increase with cell wall content, except for
silage G3, which had an even lower f,~CP than silage Gl. Tamminga
et al. (1990) showed, that the f.~-CP of grass silages was best
described by a regression equation with DM content of the silage
and number of days elapsed since May 1lst at harvesting. Both
factors had a negative effect on f,-CP. For the silages used in
our experiments, this regression equation predicted the lowest
f,-CP for silage G2, which agrees with our observations.

It is often assumed that the f_ is rapidly and fully degraded
in the rumen. The f; is likely to have a high degradation rate,
but also a higher cutflow rate from the rumen. Therefore it does
not seem correct to assume a 100% degradation of f; in the rumen.
This underestimation is considered to compensate the slight
overestimation which may result from microbial contamination. It
is, however, not possible to give a precise estimate of the
fraction of f; that is escaping rumen fermentation.
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According to Bosch et of. (submitted®), the k, increases with an
increase in cell wall content of the silage. As shown in Table
4, the differences in f, between silages will be bigger when
passage rate is higher for the high cell wall diets than for the
low cell wall diets. The higher f, for the high cell wall diets
mainly c¢onsists of rumen undegradable protein. The rumen
undegradable protein fraction is also undegradable in the small
intestines (Tamminga efal,, 1990}, and therefore not available for
the animal. The fraction of dietary protein escaping rumen
fermentation and digestible in the small intestine is thus higher
for the low cell wall diets.

The DAPA-~N/N ratio in total rumen contents was in most cases

higher than the DAPA-N/N ratio in bacteria isclated from the
rumen fluid. According to McAllan and Smith (1983), the DAPA-N
content of mixed rumen bacteria is rather constant. In our
experiments however, DAPA-N content in bacteria isolated from the
rumen fluid, varies from approximately 16 pmol/g to 23 pmol/g.
In ducdenal samples, the DAPA-N/N ratio was lower than in the
isolated rumen bacteria, resulting in positive fractions of the
protein originating from the feed. A larger fraction of duodenal
microbial protein, in comparison with total rumen microbial
protein, seems to originate from bacteria normally present in
rumen fluid. A smaller fraction then comes from bacteria attached
to the feed particles, which seem to have a higher DAPA-N/N
ratio. Hence, using DAPA as a marker for microbial protein does
not seem to give very reliable results.
The amino acid composition of bacterial cell wall is close to the
amino acid composition of bacterial cell content, with the
exception of DAPA, which is only in the cell wall fraction
(Hoogenraad & Hird, 1970). Probably the bacteria in the rumen
fluid have a lower cell wall fraction than the bacteria attached
to the feed particles.

The amino acid composition of the undegraded feed protein can
differ considerably from the amino acid composition of the
original feed protein (Varvikko, 1986; Susmel et al., 1989). The
AAP of mixed rumen bacteria, however, is very constant and is not
really affected by the dietary amino acid profile (Storm &
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prskov, 1983). Differences between the dietary AAP and the AAP
of undegraded feed protein probably interfere with the AAP-method
to estimate the fraction of duodenal protein consisting of
dietary protein.

According to van Soest (1982), the amount of amino acid
nitrogen absorbed in the intestines exceeds the dietary intake
of nitrogen below about 12.5% CP in the diet. The amount of N
entering the duodenum on cell wall rich diets (G4) can be
considerably higher than the N-intake, whereas on protein rich
diets, great losses of N in the rumen occur. A high fraction of
dietary protein escaping rumen fermentation on diets low in
protein, still results in a low absolute dietary-N flow to the
ducdenum. When the N-flow to the ducdenum exceeds N-intake, the
fraction of duodenal protein originating from the diet will be
lower than f,.

In general, despite the higher f.-values for the high cell wall
silages, the fraction of duodenal protein originating from the
diet is bound to decrease with cell wall content. An increase in
f, with cell wall content, still results in a low dietary protein
content in the duodenum, which consists for a higher proportion
of indigestible protein.
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Abstract.

Fractional rumen passage rates of three particle sizes CrNDF
(<0.3 mm, ©0.6-1.0 mm and 15-25 mm) and of CoEDTA were
estimated in an experiment with three lactating and three non-
lactating rumen fistulated cows, fed grass silage ad 1lib and 7
and 1 kg of concentrates, respectively. Total feed intake was
higher for the lactating cows, but silage intake did not
differ significantly.

Fractional passage rates of CrNDF and CoEDTA were derived
from the descending parts of the faecal excretion curves and
from CoEDT2 measured directly in the rxumen fluid, following a
pulse dose into the rumen. The faecal excretion curves of the
15-25 mm CrNDF particles showed no decline until the 1last
sampling time at 86 h after dosage, so fractional passage
rates of these particles could not he determined. Fractional
passage rates did not differ significantly between lactating
and non-lactating cows and were on average 2.0, 4.1, 8.6 and
14.9 %h' for CrNDF (0.6-1.0 mm), CrNDF (<0.3 mm), CoEDTA-
faeces and CoEDTA-rumen, respectively.

The results of this experiment indicate that particle size of
the CrNDF marker has a great influence on the determined

passage rates.

Introduction.

Nutrient supply in ruminants is for a considerable part
determined by reticulorumen contents and clearance rate of the
ingested feed. '

Reticulorumen contents depend among others on the animal's
physiological demands for energy and the chemical and physical
characteristics of the feed. Values for cattle range from 10
to 20 % of body weight (Owens & Goetsch, 1988; Van Soest,
1982). Reticulorumen contents can be subdivided in a 1liquid
and a particulate phase. The 1liquid phase partly contains
particles and nutrients which behave like ligquid and is partly
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bound to particles. The particulate phase consists of
particles which are able, and of particles which are as yet
not able to leave the reticulorumen (Owens & Goetsch, 1986).
The limits between the different particle pools depend on
particle size, particle shape and functional specific gravity
(Kennedy & Murphy, 1988). When particle size 1is considered,
particles smaller than 0.15 mm are expected to behave like
liquid (Faichney, 1986). Particles passing a sieve with 1.18
mm pore size are believed to have a relatively high
probability to leave the reticulorumen; on the other hand
particles retained on this sieve have a low probability to
leave and hence need further physical size reduction before
they can leave (Poppl et al., 1980; Kennedy & Poppi, 1984).

Clearance rate of the ingested feed from the reticulorumen
is the result of microbial degradation and of passage to the
omasum. The extent of microbial degradation within the
reticulorumen depends, in addition to the chemical and
physical feed characteristics, on the retention time of the
feed in this compartment (Van Soest, 1982). Passage rate is
inversely related to rumen retention time and depends amongst
others on feed intake, chemical composition of the feed,
particle size, functional specific gravity and site of
sampling. Passage rate increases with a higher feed intake
level and decreases with high concentrate levels in the diet
(Colucci et al., 1984; Owens & Goetsch, 1986). Particle size
influences passage rate by the increased probability of
smaller particles to leave the reticulorumen (Kennedy & Poppi,
1984). A higher functional specific gravity results in an
increased probability +to escape from the reticulorumen
(Sutherland, 1987). Welch (1986) observed maximal passage
rates of plastic particles with a specific gravity of 1.17 to
1.42. The site of sampling results in higher estimated passage
rates by ruminal sampling compared with faecal sampling
(Snijder etal., 1984; Bosch & Bruining, submitted).

Passage rates of the particulate (k;) and the ligquid (k)
phases can be estimated with the external markers CrNDF and
CoEDTA, respectively. The objective of this investigation was
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to determine the influence of CrNDF particle size on the
estimated passage rate of particles measured by faecal
sampling. The second objective was to check whether the
smallest particles flow with the 1liquid phase through the
digestive tract.

Material and methods.

Animals. In this experiment, 3 lactating and 3 non-lactating 4
year o©old FH * HF cows Wwere used. At the onset o¢f the
experiment the 3 cows were lactating for 1, 2 and 2 months,
respectively. Two of the non-lactating cows were pregnant,
both 6 months. The cows were provided with a large cannula in
the dorsal rumen sac. Average live weight of the lactating and
non-lactating cows was 606 * 50 kg and 702 * 79 Kg,
respectively.

Diets. The cows were fed ad 1libitum with chopped prewilted
grass silage 3 times daily at 7.00 h, 15.00 h and 23.00 h. The
lactating cows were supplied 2 times daily 3.5 kg mixed
concentrates at 7.00 and 15.00 h, the non-lactating cows were
fed 1 kg mixed concentrates at 15.00 h (Table 1). Drinking
water was freely available through an automatic drinking
device. Dry matter (DM) content of the silage and concentrates
was determined by drying at 103 °C, N content according to
Kjeldahl and cell wall constituents according to Goering & Van
Soest (1970).

Table 1. Chemical composition of the experimental feeds (%).

grass silage concentrates

Dry Matter (DM} 53.6 87.4
in the DM:

Organic Matter (OM) 90.4 91.0
Crude Protein (CP) 18.3 18.6
Neutral Detergent Fibre (NDF) 47.4 32.5
Acid Detergent Fibre (ADF) 26.7 17.7
Lignin (ADL) 2.2 2.5
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Markers. As ligquid and particulate phase markers were used
CoEDTA and CrNDF, respectively (prepared according to Uden e
al., 1980). Three CrNDF particle sizes were prepared: <0.3 mm
(Extra Fine), 0.6-1.0 mm (Fine) and 15-25 mm (Coarse)
containing 5.44, 4.47 and 3.96 % Cr in air dry matter,
respectively.

Table 2. Scheme of administration of the three CrNDF particle

sizes' to the six cows during the three experimental weeks.
Cow Stage of lactation Week 1 Week 2 Week 3
1 non-lactating EF F c
2 " " F Cc EF
3 " " C EF F
4 lactating 1 month c EF F
5 " 2 months F C EF
6 " 2 months EF F c
1 EF = particle size < 0.3 mm (Extra Fine)
F = " "  0,6-1.0 mm (Fine)
c = " " 15-25 mm (Coarse)

Experiments. In a preliminary period of 3 weeks the cows could
adapt to diet, feeding times and stable. Then 3 weeks
experimental period followed in which. feed organic matter
intake was determined per day. A Latin square design was used
to allocate the 3 CrNDF particle sizes over the weeks, to the
lactating and non-lactating cows (Table 2). At the onset of
each experimental week, on Monday at 6.00 a.m., pulse doses of
30 g CoEDTA and 100 g CrNDF of a distinct particle size were
given through the rumen cannula. Subsequently rumen liquid
samples were taken by sucking up a sample with a perforated
tube through the cannula every 2 h, from Monday morning 9.00 h
till Tuesday morning 7.00 h. Faeces were collected over 2-h
collecting pericds, from Monday 10.00 h till Tuesday 24.00 h.
On Wednesday and Thursday, faeces were c¢ollected over 4 h
collecting periods from 6.00 h ¢till 22.00 h. Faecal
collections were weighed and samples were dried and ground to
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pass a 1 mm sieve for analysis. Co in rumen centrifugated
liquid and Co and Cr in dried and wet destructed faeces were
determined by atomic absorption spectrophotometry (Varian,
SpectrAA-300) at wavelengths of 251.0 and 357.9 nm for Co and
Cr, respectively.

Calculations. Passage rate constants of Co in rumen liquid and
of Co and Cr in faeces were derived from the equation:

c, = C, * e
in which: ¢, = marker concentration (ruminal or faecal) at
time t (ppm)

Cy = marker concentration at time 0 (ppm) ,
calculated intercept from descending part of
the curve

k = fractional rate constant (%h')

t = hours after pulse dose of CoEDTA and CrNDF.

Statisties. An analysis of variance was performed to test the
effects of lactation stage, animal within lactation stage,
experimental week and the interaction of lactation stage and
experimental week on ruminal and faecal CoEDTA passage rates,
The Fine and Extra Fine faecal CrNDF passage rates were also
analysed by analysis of variance taking into account the same
effects, but instead of the interaction between lactation
stage and experimental week particle size was included. With
two-sided Student t values significances were tested between
lactating and non-lactating cows for feed intake and CrNDF
passage rates. Comparisons between ruminal and faecal CoEDTA
passage rates and between faecal CoEDTA and Extra Fine CrNDF
passage rates were made by using a paired t-test.

Results and discussion.

The lactating cows had a significantly (P<0.001) higher
average feed intake than the non-lactating cows (Table 3). The
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higher feed intake of the lactating cows was primarely caused
by the higher intake of concentrates, since average grass
silage intake did not Qiffer significantly. Also expressed as
average intake per kg body weight, grass silage intake did not
differ significantly between the lactating and non-lactating

cows.

Table 3. Average total and grass silage DM and OM intake
(kg/day) of the lactating (L) and non-lactating (NL} cows and
average DM intake per bodyweight (g/kg BW; average * standard
deviation).

Total intake Grass silage intake
DM oM DM/BW DM oM DM/ BW

L 18.0%0.8 16.4%0.7 29.9%2.7 11.9%0.8 10.8%0.7 19.8*2.1
NL 13.6x1.6 12.3%1.5 19.3#%1.2 12.7%1.6 11.5%1.5 18.0%x1.2

Daily water consumption of the lactating and non-lactating
cows was 76 * 9 and 47 * 11 kg per day, respectively. The
lactating cows had an average fat corrected milk production of
29.6 + 1.2 kg per day.

Fractional passage rates of Fine and Extra Fine CrNDF
particles and of CoEDTA, derived from the descending parts of
the faecal excretion curves (Hrm and k,..,~faeces,
respectively), and of CoEDTA measured directly in the rumen
(k,.,~rumen), are given in Table 4. The faecal excretion curves
of the Coarse CrNDF particles in some cases showed a decline
in Cr concentration during the last few sampling times, but in
most cases no decline even until 86 h after administration of
the Cr could be observed. Fractional passage rates of the
Coarse CrNDF particles administered in weeks 1 and 2 were
calculated using the part of the curve where a decline in Cr
concentration was found, including a sample taken at 168 h
after adninistration. The latter sample was taken just before
the next administration of the markers on Monday at 6.00 h.
When administration of Extra Fine CrNDF particles was preceded
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by Coarse CrNDF particles, the Cr concentrations were
corrected for the residues originating from the Coarse CrNDF
particles. Average and standard deviation of the Coarse
particles passage rates used for this correction was 1.5 + 0.2
% per hour. Probably the time needed for physical reduction
delays the decline of the faecal excretion curve of the Coarse

particles.

Table 4. Fractional passage rates {average + standard
deviation, %h') of Medium and Small CrNDF particles ( o) and
of CoEDTA (k,.,), derived from the faecal and ruminal marker
decline.

lactating cows non-lactating cows
K, o (0.6-1.0 mm) 2.1 % 0,5° 2.0 + 0.2°
pcr b b
Ko ¢ (<0.3 mm) 4.0 £ 1.0 4.2 + 0.4
k|..,—faeces 8.6 + 0.9° 8.6 = 0.6°
K|.c,-rumen 14.7 + 2.1¢ 15.1 = 1.29

ab.cidpata with different superscripts differ significantly
(P<0.001) .

There were no significant differences between lactating and
non~-lactating cows in passage rates of the particulate and
liguid phase. Particulate and liquid phase passage rates
usually increase with a higher feed intake (Colucci etal., 1984;
Owens & Goetsch, 1986; Tamminga efal., 1989). As the lactating
cows in this experiment had a higher total feed intake, a
faster passage rate for the lactating cows was expected.
However, the lactating cows can be expected toc have a higher
reticulorumen content than the non-lactating cows, as was
found in other experiments (Bosch et o/, (submitted), Bosch &
Bruining (submitted)). Hence, with a higher flow of the
particulate phase, fractional particle passage rates don't
necessarily have to increase.

The higher water consumption of the lactating cows did not
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result in faster particulate or 1liquid passage rates. This
agrees with results of Harrison e al. (1975). They found in
sheep no significant effect of water infusions into the rumen
on the proportion of rumen volume leaving the rumen per unit
of time, In this experiment, rumen 1liguid wvolume was
calculated as the amount of Co administered in the rumen
divided by the Co concentration at time zero established by
regression analysis. Although fractional liquid passage rates
were the same, because the lactating cows had a greater rumen
liguid volume than the non-lactating cows (86 * 11 versus 75 =
17 kg)} the flow of liquid was higher for the lactating cows.
Analysis of variance of the CrNDF and CoEDTA passage rates
showed significant between animal within stage of lactation
effects (P<0.05 for CrNDF and P<0.01 for ruminal and faecal
CoEDTA passage rates). Differences between cows within
lactation stage were considerably greater than average
differences between lactating and non-lactating cows. For the
lactating cows there was no relation between milk production
and CrNDF or CoEDTA passage rates.
The K -rumen was significantly higher (P<0.001) than the
X .cc~faeces. This agrees with other observations (Bosch &
Bruining (subnitted)). The postruminal delay is possibly due
to mixing and flow resistance in omasum, abomasum and gut.
Passage rate of the Extra Fine CrNDF particles was
significantly lower (P<0.001) than passage rate of the liquid
phase as measured in the faeces. This means that CrNDF
particles <0.3 mm flow more slowly than the liquid through the
gastrointestinal tract. This is in line with findings of
Faichney (1986), who observed that particles passing the
finest sieve (0.15 mm) and expected to behave as solutes, had
a larger retention time than the fluid. The longer retention
time of the Extra Fine CrNDF particles is presumably caused by
sieving effects of the reticuloruminal mass (Sutherland,
1987). It 1is not 1likely that the longer retention time was
caused by more flow resistance of the Extra Fine particles
compared to the liquid phase in the digestive tract after the
rumen, because other observations {Bosch & Bruining
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(submitted)) showed a greater proportional decline between
1-co than for k ...

Passage rate of CrNDF particles <0.3 mm was significantly
(P<0.001) higher than passage rate of CrNDF particles 0.6-1.0

ruminal and faecal passage rates for k

mm. According to Kennedy & Poppi (1984), particles which are
able to pass a sieve with a pore size of 1.18 mm, have a high
probability of 1leaving the rumen of cattle, while bigger
particles have a lower probability. So the Fine and Extra Fine
CrNDF particles both have a high probability to pass. However,
size of reticuloruminal particles alone does not regulate rate
of passage (Martz & Belyea, 1986). In the present experiment,
the difference in passage rate is presumably caused by a
variation in interaction with the reticulecruminal filterbed
matrix. The Fine particles might stay longer in this matrix.
However, according to Welch (1982), specific gravity has a
bigger influence on passage rate of small particles than the
sieving effects of the reticuloruminal mass., In general,
passage rate increases with increasing specific gravity
(Sutherland, 1987). This might be of influence in this
experiment because the Extra Fine CrNDF particles contained
relatively more Cr than the Fine CrNDF particles (5.44 and
4.47 % Cr, respectively). Also Ehle (1984) found that rumen
turnover rate was positively related to chromium concentraticn
and density of particles.
In the air dry CrNDF material without gas spaces, a specific
gravity of the Fine and Extra Fine particles can be calculated
(1.35-1.45 and 1.36-1.46, respectively} with the by Lange
(1966) mentioned range of 1.3-1.4 for the specific gravity of
celluleose, which is also 1likely for the henmicelluloses
{Sutherland, 1987) and used here for the specific gravity of
NDF. In the reticulorumen the Extra Fine particles can be
expected to contain less water than the Fine particles,
because the relative enclosed spaces which can be occupied by
liguid, are less for the Extra Fine particles. So, the
specific gravity of the Fine particles is presumably more
decreased by the liguid than of the Extra Fine particles.

These results indicate that, in experiments in which passage
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rates are determined using CrNDF as a marker, the particle
size of the marker has a great influence on the calculated
passage rates. Perhaps CrNDF is only representative for the
fraction of rumen particles with the same size and density as
the marker. Hence care should be taken that particle
distribution of the marker should be comparable to that of the

particles leaving the reticulorumen.
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Abstract.

Four dry, rumen fistulated cows were fed ad libitum qgrass
silages (silages G6 and G7) harvested at different growth stages,
resulting in different crude protein (CP) and neutral detergent
fibre (NDF) contents (G6, 21.0 % CP, 44.2% NDF and G7, 15.2 % CP,
51.5 % NDF).

Voluntary intake and rumen contents, total as well as kg
organic matter (OM) were higher for silage G7. Ruminal passage
rate, calculated from the logarithmic decline in Cr-NDF rumen
pool, was higher for silage G7 (3.95%/h and 4.46%/h for silages
G6 and G7, respectively). When ruminal passage rates were
calculated by dividing the intake of indigestible organic matter
(iOM} by the mean rumen pool of this fraction, the same
differences bhetween silages were found, although the level was
much lower (2.58%/h and 3.00%/h for silages G6é and G7,
respectively).

The results from this experiment suggest that disappearance
rate from the rumen of particles with a size between 1.25mm and

0.071mm is the rate limiting step in reduction in rumen fill.

Introduction.

Nutrient supply and as a result production in dairy cows is
influenced by the capacity of the rumen to clear the ingested
feed, either by microbial degradation or by passage to the lower
gut. Rate of microbial degradation in the rumen has been
investigated widely and was shown to be very variable and to
depend on feed component, type of feedstuff, particle size and
pH in the rumen. Much less is known on passage of undegraded feed
particles to the lower gut and its variation. Aspects which are
considered important in this respect are chewing during eating,
rumination, (rate of) particle size reduction, particle size
distribution and extent of degradation and functional specific
gravity (Sutherland, 1987). The probability of feed particles to
escape from the rumen is inversely related to particle size
(Poppi efal., 1980), but passage rate from the rumen of the finest
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particles is still lower than of the fluid (Faichney, 1986;
Bruining & Bosch, submitted). Particles with a size above the
critical particle size (CPS), defined by Kennedy & Poppi (1984)
as the sieve aperture retaining the top 5% of faecal particulate
dry matter, have a low probability of leaving the rumen. Not only
(rate of) degradation and (rate of) passage are important for the
total rumen capacity, so is rumen fill. Degradation and passage
are usually expressed as fractional rate constants. For the total
capacity the pool sizes from which such fractional rate constants
are derived may be equally important.

Rate of passage of particles from the rumen is often determined
using Cr-Neutral Detergent Fibre (Cr-NDF) as a marker. Robinson
et al. (1987) and Bosch eial. (1988, submitted?) suggest that the
rate of passage (kp, %hq), as calculated from the Cr-NDF faecal
excretion curve, is likely to overestimate ruminal passage as a
fraction of total rumen contents. It is not clear for which part
of rumen contents Cr-NDF can be regarded as representative and
if differences between diets can be measured using Cr-NDF.

An experiment with dry cows, fed grass silages differing in
quality because of different growth stages, was conducted.
Objectives of the experiment were: (1) How rumen content is
influenced by silage quality, (2) How kinetics of rumen particles
are influenced by silage quality, (3) To establish if particle
size reduction can act as a limiting factor for total rumen
capacity and (4) Whether Cr-NDF is a reliable marker for
measuring passage rate from the rumen.

Materials and methods.

Two grass silages, from the same field, were harvested at
different growth stages, resulting in different cell wall and
crude protein (CP, N*6.25) contents. The chemical composition of
the two silages is given in Table 1. The silages were fed ad
libitum to four rumen fistulated non-lactating cows in a
change-over design. The cows were offered feed twice a day, at
7.00 and 19.00 h. Left overs were removed at 9.00 and 7.00 h.
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Table 1. Chemical composition (%) of the two grass silages
and the soluble and indigestible OM fractions (f; and f

r
respectively). g

Silage G6 Silage G7
dry matter (DM) 56 62
in DM:
organic matter (OM) 88.7 20.9
crude protein (CP) 21.0 15.2
neutral detergent fibre (NDF) 44,2 51.5
acid detergent fibre (ADF) 25.0 28.0
lignin (ADL) 2.2 2.8
indigestible ADF (iADF) 4.9 6.5
£, 28.0 22.2
£, 12.4 15.0
harvesting date 1-8-'88 13-6-'88

Feed intake was recorded per day, and was corrected for the ash
content in the refusals.

The experiment consisted of two experimental periods of two
weeks, preceded by adaptation periods of three weeks. The first
week of the experimental periods on Monday at 6.00 h 100 g of
Cr~-NDF (0.2-1 mm, +5% Cr) and 30 g of Co Ethylene Diamino Tetra
Acetate (Co-EDTA, +14.8% Co) were injected into the rumen as
markers for passage rates of the particulate (kp, $h™"y and liquid
(k. th™ ") phases from the rumen, respectively. Both markers were
prepared as described by Uden etal. (1980). Samples of rumen fluid
were taken on Monday every hour from 9.00 till 20.00 h and
analysed for Co. Faeces were collected on Tuesday, Wednesday and
Thursday from 8.00 till 18.00 h and were sampled every two hours.
Faecal samples were dried at 70°C, ground at 1 mm and analysed
for dry matter (DM), Cr and Co. In the second week of the
experimental periods on Monday at 6.00 h 300 g of Cr-NDF was
injected in the rumen. In this week rumen evacuations were done
for five days according to the scheme in Table 2; four days twice
a day with a five hour interval, and the fifth day once early in
the nmorning without feeding the animals the night before.
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Table 2. Scheme of rumen evacuatiocns for the four cows.

time Monday Tuesday Wednesday Thursday
9.30 1 3 4 2
10.30 2 4 1 3
11.30 3 1 2 4
12.30 4 2 3 1
14.30 1 3 4 2
15.30 2 4 1 3
16.30 3 1 2 4
17.30 4 2 3 1

On Friday morning between 7.00 and 8.00 h rumen
evacuations were done for all cows in order 2, 3, 4 and 1.

Rumen evacuations were done according to the procedure
described by Robinson eral. (1987). Rumen contents were weighed
and sampled. A 1% sample was dried at 70%, ground and analysed
for DM, ash and Cr, and two 2% samples were stored at =20 %
until wet sieve analysis.

Particle size distributions of rumen samples of the 9.30,
12.30, 17.30 h and the Friday morning evacuations, were
determined by wet sieving of about 50 g of wet rumen contents in
a 'Fritsch Analysette 3' for 30 minutes, using the method
described by Bosch eral. (submitted®). Three sieve pore sizes were
used; 5, 1.25 and 0.071 mm.

The dry matter fractions retained on the sieves were
determined, and the fraction passing the 0.071 mm sieve was
calculated. Rumen contents were divided in two pools, a large
particle pool (dry matter retained on the 5 and the 1.25 mm
sieve, LP), and a small particle pool (dry matter passing the
1.25 mm sjeve, SP). Of the same evacuations, the acid detergent
fibre (ADF) and the indigestible ADF (iADF) contents of the LP,
of the particles retained on the 0.071 mm sieve and of the total
rumen contents were determined. Rumen pools were corrected for
the Cr-NDF, assuming that all Cr-NDF was in the iADF fraction in
particles with a size between 1.25 mm and 0.071 mm.

Samples of about 70 g of total rumen contents of the 9.30h,
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12.30h, 17.30 h, and of the Friday morning evacuations were
weighed into nylon bags (Nybolt, Switzerland) of 9 * 18 ¢m with
a pore size of 41 micron (8 bags per rumen sample), and washed
in the washing machine, twice with cold water. The OM loss from
the bags was determined as the soluble fraction (f;, %). From the
same samples, and from the LP from the same evacuation times, 8
nylon bags per sample and per fraction, were incubated in the
rumen for 336 h, and washed afterwards in the washing machine
twice with cold water to determine the undegradable OM fraction
(fp, ). According to the same method f, and f, of sanples of the
two silages cut at about 1 cm were determined. The undegradable
fractions of OM were used to calculate intake and rumen pools of
undegradable OM (iOM).

Dry matter was determined by drying to constant weight at 103°
and ash in an oven at 550°. Nitrogen (N) was determined by the
Kjeldahl method with K,S0, and Hgo as catalysts. ADF was measured
according to the method described by Goering & van Soest (1970),
and iADF according to the method described by Penning & Johnsen
{1983). Co—concentration in the rumen fluid was determined using
the standard addition method, with an atomic absorption
spectrophotometer (Varian, SpectrAA-300), at a wavelenght of
251.0 nm. Marker concentrations in dried faeces (Cr and Co), and
dried rumen contents (Cr) were determined by atomic absorption
using the concentration method after wet destruction at
wavelenghts of 357.9 (Cr) and 251.0 nm (Co).

Poppi ef al. (1981) developed a model to describe kinetics of
large and small ruminal particles. At steady state, the amount
of material entering the rumen in a certain time is equal to the
anount cleared dQuring that time. When intake as well as the
average rumen pool are known, the amount of material disappearing
from the rumen by passage plus digestion as a fraction of total
rumen pool can be calculated. Based on a comparable model (Figure
1) various rate constants were calculated.

Assuming passage following first order kinetics, the outflow
rate of rumen fluid (k. -rumen, th'') was calculated from the
logarithmic decline in Co-concentration in the rumen fluid. The
descending parts of the faecal excretion curves of Cr and Co were
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used, under the same assumptions, to calculate the particle
p{r-faeces, th'') and the fluid outflow rate

faeces, %h'), respectively. The total clearance rate of OM

passage rate (k

(kl-co-
from the rumen (k_,,, $h'") as well as the kp_cr-rumen were
estimated directly in the rumen from the logarithmic decline in

the different pool sizes.

RUMEN

D
Tt ! T i k + k
Loe LM o [ 2T
e kg

R
CRp L % pegp
: : ' : k,

Figure 1. Rumen Xinetics. (L, liguid; D, digestible, non-
soluble material; R, rumen undegradable material; LP, long
particle pool; SP, small particle pool; k;, outflow rate of
rumen fluid; k,, rate of physical breakdown of long
particles; kp, rate of passage of small particles; kg, rate
of ruminal "degradation of the degradable, non-soluble
material).

Passage rates of the indigestible OM (K, ;o %h’'} and of the
iADF (Ko inor $h™') from the rumen were calculated by dividing the
intake of iOM or iADF by the mean rumen pocl of these fractions.
A logarithmic decline in pool sizes, using the 0.5, 3.% and 2.5
h after feeding evacuations, was calculated for the iOM and the
iaDF fractions. The mean rumen pool of these fractions was
calculated as:

10

mean rumen pOQl = 1/10 * J‘ VO * e'kctdt
0
calculated rumen volume at t=0

calculated clearance rate from logarithmic
decline in pool sizes

in which Vv,

(4
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The passage rate of small particles was calculated from the
decline in iADF in SP (ky sapr-spr $h'), corrected for the iADF
entering the SP from LP through particle size reduction.

Rate of size reduction of LP (K ., .s 3h'}y was calculated from
the decline in pecol size of iOM in the LP. The decline in total
OM in the LP (from 0.5 till 8.5 h after feeding) was used to
c-owpr 3h'). The rate of
digestion of OM in the LP (Kgouip s %h’') was subsequently

calculate clearance rate of OMLP (k

calculated as the difference between Kk, ., and k_, .-
The clearance rate of digestible, non-scluble OM (Ko om-p,Ng $h™h)
was calculated from the decline in the pool size of this fraction
with time after feeding. The rate of digestion of this fraction
(kwmqmu' $h’'}, was calculated as the difference between k
and the Xk, ;-

Data were analysed statistically using the anova procedure of
the SPSSPC+ statistical package (SPSS Inc., 1988). If applicable,

comparisons were made by using a paired T-test.

¢-OM-D NS

Results.

Intake was higher (P<0.01) for 67, the silage with the highest
cell wall content, than for G6 (10.1 and 9.1 kg OM per day,
respectively).

For silage G6, f was higher (28.0 versus 22.2%) and the £, was

5-0M
lower (12.4 versus 15.0%) than for silage G7.

Runen contents, total as well as kg OM, were at all times
higher for silage G7 (Table 3)}. However, the differences in total
rumen contents were only significant (P<0.05} after more than 6
h after feeding. Significant differences in OM content in the
rumen were found at a few times after feeding, divided over the
day.

The distribution of rumen particle sizes, as well as the ratios
iADF:ADF at different times after feeding are given in Table 4.
The amount (kg DM) of long particles (>1.25 mm}, as well as the
amount of small particles (passing the 1.25 mm sieve), was at all
times higher for G7 than for G&. However, within the small
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particle pool, the amount of DM passing the 0.071 mm sieve was
higher for G6. The amount of rumen DM washable from the nylon
bags (<0.041 mm) was not significantly different between silages.
The iADF:ADF ratio in rumen digesta was considerably higher than
in the silages and increased for all rumen pools with time after
feeding. With a decrease in particle size, the iADF:ADF ratio
increased.

Table 3. Rumen contents (kg and kg OM) at different times after
feeding, for the two grass silages.

Time after kg kg oM
feeding
G6 G7 SEM G6 G7 SEM

0.5 95.7 97.9 1.29 NS 8.3 9.5 0.04 **
1.5 90.2 96.9 2.89 NS 7.8 9.2 0.37 NS
2.5 89.8 94.0 1.63 NS 7.1 8.9 0.09 **
3.5 88.9 94.6 0.74 NS 7.3 8.2 0.19 NS
5.5 82.4 93.2 1.73 NS 6.5 8.1 0.19 NS
6.5 80.2 93.9 1.25 * 6.1 7.5 0.32 NS
7.5 80.1 88.7 0.54 * 5.9 7.2 0.08 *
8.5 76.5 85.4 0.79 * 5.8 6.7 0.01 *%%

22.5 60.2 65.9 0.48 * 3.4 4.1 0.14 NS

NS, not significant; *, P<0.05; %%, P<Q.0l; **%,  P<0.001

Fractional passage rates from the rumen of 1liquid and
particulate phases, derived from the descending parts of the
faecal excretion curves, as well as measured directly in the
rumen are given in Table 5. There were no differences between
silages in passage rate of the liquid phase. The k _  ~rumen was
significantly higher (P<0.001) than the k _.-faeces. The passage
rate of the Cr-NDF was higher (P<0.05) for the high cell wall
silage when measured directly in the rumen, but was not
significantly different between silages when calculated from the
faecal excretion curves. The k., like the k, was higher when
measured directly in the rumen, than when calculated from the
faecal excretion curves (P<0.001). Passage rates of iOM (kpduu
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P=0.02) and of iADF (Kp.ippps P=0.06) were higher for G7 than for
G6. Within silages, both were lower than Ky omrumen (P<0.001),
and kp-iou was lower than kp-iADF (P<0.01). However, there was a
significant correlation between k,.-rumen and K, (r+ = 0.98,
P<0.001). ©On average, the level of kp_cl,-rumen was hnot
significantly different from K, ime.sp¢ but only a very low
correlation between these two fractional passage rates was found
(r=0.20).

Table 5. Fractiocnal passage rates from the rumen of liguid and
particulate phases, measured in the faeces (k, . -faeces and
krm—faeces (%h”), respectively), and measured directly in the
rumen (k,. ,~rumen and k, ..-rumen (%h’'}, respectively), the passage
rate of indigestible organic matter (o iomr $h'!y, of indigestible
acid detergent fibre (Ko-1ap ¢ th''), the fractional passage rate
of small particles (demF¢P' $h’'), the fracticnal clearance rate
of OM from the rumen oM %h''), the rate of physical breakdown,
total clearance rate and digestion rate of the om in the long
particle pool (X, owpr Keowp @D Kggupr ($h’1) respectively) and the
rates of total clearance and digestion of the digestible,

non-soluble OM (k_g, s and Ky g s (%h™'), respectively).

Silage G& Silage G7 SEM
K,.c,~faeces 6.10 6.30 0.13 NS
kp,cl_-faeces 3.03 3.30 0.11 NS
X,.co—Tumen 11.20 12.32 0.65 NS
kp_c._-rumen 3.95 4.46 0.02 *
Ko ion 2.56 2.98 0.03 *
Ko a0 2.82 3.18 0.05 NS
K. iage-sp 3.03 4.88 0.13 *
Xo.om 4.42 4.22 0.11 NS
| 5.49 7.51 0.40 NS
- OMLP 10,33 10.67 0.56 NS
Ky-omp 4.84 3.16 0.23 NS
K om-,ns 9.76 8.90 0.20 NS
0D NS 7.32 6.03 0.18 NS

NS, not significant; *, P<0.05
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Total clearance rate of OM from the rumen did not differ
hetween silages, but was for silage G7 even lower than the k,
calculated from the decline in rumen Cr-pool (Table 5). Though
not significant (P=0.13), the rate of breakdown of large
particles (K, gupr $h’"), calculated from the decline of the iOM
pool in the LP, was highest for G7. The Kk_,,, was not different
for both silages. Although differences were not significant, the
higher X, .. in combination with the same k_,,, resulted in a
somewhat lower (P=0.07) degradation rate of OM in the LP pool
(kg onpr 3h'") of silage G7.

Total clearance rate of digestible, non-soluble OM, the k_,.
ous¢ Was, though not significant (P=0.16), higher for G6,
resulting in a somewhat higher degradation rate of this fraction
for G6 (Kypuse ¥h', Table 5).

Discussion.

Cell wall content and lignin content of the cell walls increase
when the plant matures (Van Soest, 1982}, resulting in a decrease
in digestibility (Reid e al., 1988). The silages in this
experiment were grown at the same field and were harvested at
different growth stages. Lignin content of silage G7 was highest,
and thus this silage was expected to have the lowest
digestibility. '

The capacity of the rumen can be limiting roughage intake in
high producing dairy cows (Mertens, 1987). Because the cows in
this experiment were not in lactation and nutrient requirements
of the animals was relatively low, feed intake was not limited
by the capacity of the rumen, but probably chemostatically by
digestion products. Therefore intake of silage G7 could be
higher.

Rumen content is determined by feed intake on one hand and
clearance rate from the rumen on the other. The higher intake of
silage 67, in combination with the same total clearance rate
(k..) , resulted in a constant higher rumen content for G7.

The rumen DM pool can be divided into two pools: the large
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particle pool (LP, in this experiment defined as the material
retained on a 1.25 mm sieve) and the small particle pool (SP,
here defined as the material passing a 1.25 mm sieve). Both pools
exist of a degradable fraction (dOM) and an undegradable fraction
(i0M) (Figure 1). The dOM in the LP pool can be physically broken
down to small particles (with a fractional rate constant k,, %h’
'y, or can be fermentatively degraded by rumen microbes (Ka.omLp
$h''). The iOM in the LP pool can move over to the SP by particle
size reduction only, mainly through rumination (Ulyatt et al.,
1986). The 4AOM in the 5P can pass to the omasum undegraded or can
be fermented by rumen microbes. The iOM in the SP can pass to the
omasum only. According to Poppi efal. (1981), clearance rate of
small particles from the rumen is the most important factor
influencing DM retention time in the rumen.

In most experiments reported in literature, k, is calculated from
the faecal excretion curve of Cr-NDF. Bosch e al. (1988,
submjtted®) reported a 25-30% lower Kk, ., when derived from the
faeces than when measured directly in the rumen. The same
observation was made in this experiment, except that the
differences here were much larger with 45 to 50% lower values
when measured in the faeces. For the particulate marker, a
similar delay as for the soluble marker is found when measured
in the faeces as compared to measured directly in the rumen.
However, in this case the difference was is only 25%. This
indicates that, after the rumen, there is also another mixing
compartment for the particulate phase. When the decline in rumen
Cr-NDF pool is measured, this results in an even greater
overestimation of the k, than when measured in the faeces. Cr-NDF
can be considered to be representative only for particles able
to leave the rumen (passing a 1.25 mm sieve). Compared to the
clearance of undegradable material from the small particle pool,
which has to be corrected for undegradable material entering the
SP pool from the LP pool, here calculated as the-kpqmF¢P, the
k, c-rumen was not significantly different from the fractional
passage rate of undegradable material in small particles, The
p-ge—TUMEN and kp_m (r=0.98, P<0,001),
suggests that differences between silages in rates of passage

high correlation between k
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from the rumen of total iOM can be demonstrated using Cr-NDF as
a marker.

As with ioM, Cr-NDF particles are not degradable in the rumen
(Robinson etal.,, 1987), so no fermentation gases are trapped in
these particles. Gas reduces the functional specific gravity
(FSG) of particles, and so delays their passage rate (Sutherland,
1987). Tamminga ef ol. (1989) demonstrated in dairy cows that
undegradable material passes from the rumen at a much faster rate
than the potentially degradable material. The faster rate of
passage of smaller particles, even within the SP (Bruining &
Bosch, submitted), and the higher iADF:ADF ratio for smaller
particles in this experiment, agree with this.

kg DM in rumen

[

0.5 3.5 8.5
time after feeding (h)

M smm ©W1.25mm, smm C150.071mm, a.26mm [ «0.071mm

Figure 2. Average rumen contents (G6 + G7) of the different
particle pools for 0.5, 3.5, 8.5 and 22.5h after feeding.

Although the kpdm values thus probably overestimate the passage
rate of total rumen OM, the figures calculated in our simplified
rumen model, suggest that the retention of DM in the rumen is
influenced most by the retention time of small particles, which
agrees with the findings of Poppi eral. (1981). In Figure 2, the




average rumen contents (G6 + G7) of the different particle pools
at different times after feeding are given. This figure shows a
decline for all pocls with time after feeding, except for the
pocl containing particles with a size between 1.25mm and 0,071mm.
The latter fraction seems to be rather constant for at least 8.5h
after feeding, indicating that during this time the amount of
material cleared from this pool is close to the amount entering
this pool. This suggests that clearance rate from this pool is
the rate limiting step in reduction in rumen fill, and that
particle size reduction as such is not the only limiting factor
for rumen capacity. A combination of size reduction and extent
of digestion, the latter influencing the FSG of the particles,
seems more likely.
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Chapter VIII

General discussion
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The mechanisms contreclling feed intake, especially roughage
intake, in dairy cows are still not fully understood. Since the
introduction of a milk quota system in 1984 in the Netherlands,
on an increasing number of farms there's a surplus of grass and
grass silage. Therefore, increasing the roughage proportion in
dairy diets seems interesting. This is, however, only possible
if our knowledge concerning the requlation of roughage intake is
inproved.

It is generally accepted that many factors, such as
digestibility and volume of the feed, demand of the animal for
nutrients, rumen volume and clearance rate of feed from the
rumen, and for good quality forages probably also amount and type
of fermentation end products (Van Socest, 1982), are influencing
ad libitum intake of forages in ruminants.

When energy requirements are high (early lactation), the ad
libitum intake of forages can be limited by the capacity of the
rumen. Capacity of the reticulorumen may be limited by rumen £fill
(Mertens, 1987), or by rates of clearance, determining the
throughput capacity of the rumen (Weston, 1982). Rumen fill (kg
dry matter, DM) can be limited by rumen volume or by a maximum
packing density (DM%). According to Grovum (1987), there is a
large excess capacity to transport bulk in the intestines, but
rumen volume and throughput capacity of the rumen can limit
roughage intake.

1. Rumen fiil

The rumen pool (kg DM) is determined by input (intake) and output
(passage + digestion) (Fig. 1). The rumen pool can be determined
by rumen evacuation of fistulated animals. Rumen pools vary
between animals, feeds, level of feed intake and feeding scheme.
In Table 1, a literature overview of maximum rumen contents (g
DM/kg Body Weight) and rumen clearance, calculated as average
rumen fill times clearance rate (k.. $h! {DM Intake/average rumen
DM content)) of different animals fed different diets is given.
Maximum rumen DM contents (g DM/kg BW) were calculated as
determined rumen contents corrected for the estimated amounts
that had disappeared between the end of the meal (2 hours after
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feeding time)} and the time of rumen evacuation using the

following equation:

maximum rumen DM content =

determined rumen content * -————-—---——me—r—————o
o ((DMI/det. rumen content)/24)* (h after feeding-2)

Rumen capacity is partly determined by rumen £ill which depends
on rumen volume on the one hand and on packing density on the
other. Maximum f£ill appears to vary between 14 and 28 g DM/kg BW.
Clearance rate in the results in Table 1 varies between 5.2 for
a brome grass fed in early lactation and 10.6 %h' for fresh
lucerne fed to dry cows. The relation between maximum fill and
clearance rate was poor (r = -0.22, Table 2); hence the two
phenomena appear to operate independent from one another. As a
result, total capacity (clearance) varied from less than 300 to

over 1000 g/hour.

FEED RUMEN
|
INPUT OUTPUT clearance
l:b |:|'> passage
.
gigestion

Figure 1. Rumen pocl as determined by input of the
feed and output (=clearance) through passage and
digestion.
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In the experiments described in chapters II to V, maximum rumen
contents varied from approximately 19 g DM/kg BW in late
lactation (ad lib grass silage, 1 kg of concentrates) to
approximately 23 g DM/kg BW in early lactation (ad 1lib grass
silage, 7 kg of concentrates). Dry matter percentage in the rumen
increased when the proportion of concentrates in the diet
increased. No effect of roughage composition on the DM% in the
rumen was found. Rumen 1liquid volume (kg/kg BW) in these
experiments varied between 0.14 and 0.16 kg/kg BW and was not
different between diets, cows or stages of lactation. Hence, not
only rumen volume is an important factor for the holding capacity
of the rumen, packing density even seems to be of more
importance.
For dry cows (Chapter VII), maximum rumen DM content was
influenced by silage quality and was 14 g DM/kg BW for the grass
silage containing 44% NDF and 16 g DM/kg BW for the grass silage
containing 52% NDF.
According to Baile & Forbes (1974), the capacity of the rumen is
increased during early lactation. When energy deficit is high,
there is a strong signal to stimulate intake in spite of the
level of fill in the reticulum and cranial sac (Grovum, 1987).
In those parts of the forestomachs the tension receptors are
located, and probably fill in these organs determines whether or
not satiety is signalled. The threshold wvalue might be higher
during lactation. Gill eral. (1988), pointed out the fact that
the receptors for rumen distension respond to stretch or
mechanical stimulation. The weight of the digesta in the rumen
may therefore not be the most appropriate index of distension.
However, measuring the exact volume of the rumen, including the
gas, has not yet been done. As mentioned earlier, in our
experiments with lactating cows, only a higher proportion of
concentrates increased rumen f£ill, indicating that the density
of the feed would be of more influence than the volume of the
rumen.

Regression analysis, using the data presented in Table 1 (of
which the correlation matrix is given in Table 2), based on milk
production (g FCM/kg Metabolic Body Weight, MBW), the proportion
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of concentrates in the diet (C%), the NDF content of the roughage
part of the diet (g/kg DM) and the body weight of the cows (BW,
kg), showed that the first two parameters each explained a
significant part of the variation in maximum rumen content (g
DM/kg BW). Multiple regression analysis showed that in
combination, these parameters could explain 89% of the total
variation in maximum rumen content of mature cows (Table 3). For
growing animals, maximum rumen content per Xg body weight seems
higher, as the results of Spragqg etel. (1986) in heifers weighing
200 kg show (Table 1). Therefore these data were not included in
the regression analysis.

Table 3. Stepwise multiple regression analysis on factors
responsible for the variation in maximal rumen dry matter content
per kg body weight (g DM/kg BW). FCM, g FCM/kg BW®">; NDFR, NDF
content of the roughage (g/kg DM); C%, concentrate proportion in
the diet; BW, body weight (kg).

Constant FCM NDFR cx BW R?
15.74 0.037 **#* _ 0.76
14.28 0.012 NS 0.06
16.26 0,17 %% 0.61
18.17 0.004 NS 0.01
8.48 0.037 *%% 0,014 *** 0.83
15.54 0.029 *k+4 0.05 NS 0.77
19.89 0.038 *k4 ~0.007 NS 0.77
7.35 0.026 *%* 0.016 *** 0,07 * 0.86
13.63 0.024 **% 0.D14 **% . 0,10 ** -0,010 * 0.89

*k%k, P<0.001; **, P<0.01; *, P<0.05, NS, not significant

Also in the experiments reported in this thesis, rumen content
seemed to be more closely related to the amount of concentrates
fed than to silage guality (Chapter III). The concentrate
particles have a higher density and thus a smaller volume. Within
concentrate level, except for silage Gl, which was the only
silage with an apparent DM digestibility of more than 70%, rumen
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contents were not different, despite the lower intakes of the
high cell wall silages. For dry cows, however, intake as well as
rumen contents increased with cell wall content of the silages
(Chapter VII), probably because under these conditions rumen
capacity was not the factor limiting intake, but the energy
requirement of the animals was.

2. Rumen clearance capacity

The average rumen fill (g DM/kg BW) of the data given in Table
1, was estimated according to the following eguation:

T
average rumen fill = 1/T * _[ Vue"“"dt
0

time between the end of the first meal (t=0)
and the start of the next meal, calculated as
(24/number of feedings per day)-2 hour
maximum rumen fill, rumen contents at t=0
fractional rate fo DM clearance

in which T

V
k

C

At steady state situwations, the material entering the rumen per
unit of time is equal to the amount disappearing from the rumen
during that time. A steady state was assumed and rumen clearance
{(gh'!) for the data given in Table 1, was calculated as DM
intake/24 h. The results of this calculation are also given in
Table 1. Regression analysis based on g FCM/kg MBW, concentrate
préportion in the diet (C%), the NDF content of the roughage
(NDFR, g/kg DM) and body weight of the animal (BW, kg), showed
that three of these parameters (FCM/kg MBW, C% and BW) explained
a significant part of the variation in rumen clearance (gh™')
{(Table 4). FCM/Kg MBW alone even explained 83% of this variation.
Multiple regression analysis showed that in combination these
four parameters explained 93% of the variation in rumen clearance
or throughput (gh’').
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Table 4. Stepwise multiple regression analysis on factors
responsible for the variation in maximum rumen dry matter
clearance (=throughput, g %9 {equal to maximum dry matter intake
per h). FCM, g FCM/Kg BW'"’; NDFR, NDF content of the roughage
(g/kg DM); C%, concentrate proportion in the diet; BW, body
weight (kg).

Constant  FCM NDFR C% BW R?
405.5 1.83 &kn 0.83
913.,6 -0.54 NS 0.05
418.0 9.02 *kk 0.76
-55,9 1.19 *%  0.23
630.9 1.82 #%% —0,44 * 0.86
388.8 1.19 *&* 4.01 ** 0.88

20.6 1.70 **% 0.69 *** (.90
92.9 1,37 #%%% 2.24 * 0.54 ** 0,92
265.9 1.39 **%x -0.26 * 2.11 * 0.47 *%  0.93

*%%  P<0,001; **, P<0.01; *, P<0.05; NS, not significant

3. Clearance rate

Fractional rumen c¢learance (clearance as a fraction of average
rumen £ill, k. ) was also calculated (Table 1). For k_, the same
regression analyses as for maximum rumen £ill and rumen clearance
were performed. As shown in Table 5, level of milk production and
concentrate proportion in the diet had no effect on k_. Cell wall
content of the roughage and body weight of the animal both could
explain a significant part of the wvariation in clearance rate.
So, besides rumen volume, which is likely to be related to bhody
weight of the animal, especially roughage characteristics seem
to determine k.. In combination, these two factors (BW and NDFR)
explained 63% of the variation, which was raised to 68% after
addition to the model of the factors level of milk production and
concentrate proportion in the diet.
Dry matter is cleared from the rumen by microbial degradation or
by passage to the lower gut. The feed as well as the rumen
content consists of a soluble fraction (S), a non-soluble but
potentially degradable fraction (D) and a rumen undegradable
fraction (R) (Fig 2). Generally it is assumed that the soluble
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fraction is completely and rapidly degraded in the rumen. The
non-soluble but degradable fraction can be cleared from the rumen
by microbial degradation or by passage to the lower gut. The
rumen undegradable fraction, however, can leave the rumen by
passage only.

FEED RUMEN
Y 5 ——— degradation
INPUT
> > ) =————r> Passage + digestion
R R =———> Passage .

Figure 2. Rumen clearance. The soluble fraction (S8) is
degraded in the rumen, the degradahle, non-soluble
fraction (D) is cleared by passage and digestion and
the rumen undegradable fraction (R) is cleared by
passage only.

Table 5. Stepwise multiple regression analysis on factors
responsible for the variation in rate of clearance of dry matter
from the rumen (k, %/h). (FCM, g fatt corrected milk/kg BWY-73;
NDFR, NDF content of the roughage (g/kg DM): C%, concentrate
proportion in the diet; BW, body weight (kg)).

Constant FCM NDFR c% BW R
6.19 -0.0015 NS 0.02
9.54 -0.006 ** 0.33
6.29 -0.016 NS 0.01
8.75 -0.004 * 0.14

14.17 -0.008 *%% -0.006 **% 0,63
14.40 -0.0018 NS -0.008 *** 0,003 N5 =0.007 **% 0,68

*kk  P<O.001; **, P<0.01; *, P<0.05; NS, not significant
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3.1 Rate of degradation

The degradation rate (%/h) of D can be measured using the nylon
bag technique (Mehrez & @grskov, 1977). When plants mature, cell
wall content increases, lignin content of the cell walls also
increases and crude protein (CP) content decreases. In temperate
grasses, denerally both digestibility and voluntary intake
decrease with stage of maturity (Van Soest, 1982). The soluble
fraction (f.-DM, %) of grass silages, which is assumed to have a
very high degradation rate, decreases with an increase in cell
wall content. The f.~CP is more related to the DM content of the
silages and the date of harvesting than to cell wall content
{Tamminga efal., 1990}, and therefore did not show a consistent
relation with cell wall content (Chapter V). The undegradable
fraction (f,, %) of the different chemical components increases
with stage of maturity, and is according to Mertens & Ely (1979)
the parameter with the most negative effect on (maximum)
digestible organnic matter intake. Lignin, which is not degraded
by rumen microbes, acts as a barrier for cell wall degradation.
As the lignin content in the cell walls increases, the cell wall
fraction bound to the lignin also increases, which explains the
increase in indigestible hemicellulose. Lignin has linkages
mainly with hemicellulose (Van Soest, 1982), so the, even faster
increase in the indigestible cellulose fraction can not bhe
explained by this. Probably the fraction of cellulcse which is
surrounded by the hemicellulose-lignin complex increases as the
plant matures.
More CP is incorporated in the cell wall fraction (Krishnamoorthy
et al., 1982; Van Soest, 1982) and the fraction of non protein
nitrogen (NPN} decreases with maturity (Van Soest, 1982)
explaining the rise in £ ~CP.
Rates of degradation of the non-soluble, degradable fraction,
measured using the nylon bag method (Chapter II), declined for
all components with increasing cell wall content of the silages.
This means that degradation rate as a fraction of tetal rumen
contents declined even faster, due to the decline in 8 and the
increase in R.
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3.2 Rate of passage

The rumen fluid, containing the soluble fraction, flows to the
omasum with a fractional rate constant X {3h''). Of the
particulate phase, not all particles c¢an leave the rumen.
Particles have to be smaller than the critical particle size
(CPS) to have a high probability of leaving the rumen (Kennedy
& Poppi, 1984). The rumen DM pocl can therefore be divided into
two pools: a large particle pool (LP), particles with a low
probability of leaving, in these experiments defined as the
material retained on a 1.25mm sieve, and a small particle pool
(SP), containing particles with a high probability of leaving,
considering their size (Poppi eral, 1981), here defined as
particles passing a 1.25mm sieve, The LP as well as the SP pool
both consist of a potentially degradable and a rumen undegradable
dry matter fraction (dDM and iDM, respectively) (Fig 3).

s — {5 digested

pla EENNEN S ky
: : ; . ky

Figure 3. Rumen kinetics. (S, soluble fraction; D,
digestible, non-soluble fraction; R, rumen
undegradable fraction; LP, long particle pool, sP,
small particle pool; k,, rate of physical breakdown of
long particles; , rate of passage of small partlcles.
ky, rate of ruminal degradation of D).
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The material not degradable in the rumen has to leave by passage,
whereas the potentially degradable fraction can disappear from
the rumen by either microbial fermentation or by passage to the
lower gut. Particles from the LP pool can enter the SP pool after
being reduced in size, mainly through rumination (Ulyatt eral.,
1986) .

The fraction of rumen DM in the SP pool was slightly decreased

{(r = -0.57) by an increase in cell wall content of the silages
{Table 6)}. The distribution of particles within this pool changed
with cell wall content, resulting in a smaller fraction passing
the 0.071lmm sieve with increasing cell wall content (Chapter IV}.
Rumination time per kg DM ingested increased with cell wall
content, but not enough to achieve the same distribution in
particle sizes in the rumen. The probability of passage from the
rumen is inversily related to particle size (Poppi et al., 1980),
resulting in a negative correlation between the mean faecal
particles size (MFP) and the rumen pool passing a 0.071lmm sieve
(Chapter IV, Table 6).
Rate of passage increases with cell wall content because more
undegradable material has to leave the rumen. This does not seem
to agree with the fact that smaller particles have a better
chance of leaving by passage and that for silages low in cell
walls the mean rumen particle size is lower. Hence, not only the
size of particles, but also their functional specific gravity
(F5G) determines their chance of passage (Sutherland, 1987).
Fermentation gas lowers the FSG, but can be removed from the
particles by rumination and ©rumen contractions. Within
concentrate level, high correlations between Cr-NDF passage rate
and rumination time per kg silage DM ingested were found (r=0.97
and 0.96 for the low and high concentrate level, respectively
{Table 6)). When particles have a higher fraction of undegradable
material, the FSG will be higher, raising their chance for
passage (Sutherland, 1987), although their size is likely to
remain larger. The higher fraction of undegradable material, the
slower rate of degradation in the rumen and the longer RT/kg
silage DM for the high cell wall silages can explain the higher
rates of passage from the rumen.

130




131

L'C oy g8 ¢ LA
(A 4 L 4 2°t 9 €
8‘'s ¥°9 6°9 L°L
£°LS 0°%< L gv S°LY
€€ 1% 4 73 4 €S
6L 8L 8L 18
9°ve ¥ E£T 6°tZ g8°0¢
gD (43 €2 9

Se3RIjU20UCD IO BY £

6°¢ 8¢ 9°y 6°S
0°s Z's L g %
T°'9 6'S Z'9 2°9
LA $°0S 6°9¢€ L AR4 4

6¢ ov £y 89

YL ¥l oL 18
9'871 g°'8T g-ce ¥ et
¥o (42 €9 183

sajeIjussucd Jo By 1

JQR-"¥
20-"%
(us/z) °x

WQ sbetrrs by asd
SWTY UOoTIEUTUNY

(%) WuTL0°0> WA usuUMY
(%) MuSz*T> WA usunyg

{mg bx/ma Bb)
ITIT3 uswnI °*xXeuw

‘fea 1

sausuTIadxe Ul painsesw sIsijoumeaed jJo

MBTAIABAC UY 9 °IqR]




More than 70% of rumen DM is in the SP pool (Chapters IV, VII),
and this fraction increases with time after feeding (Chapter
VII). Rate of particle size reduction through rumination can
therefore not be regarded as the rate limiting factor in
reduction in rumen fill.

For lactating dairy cows fed rations high in cell walls, the
capacity of the rumen to contain DM seems to be limiting intake.
Rumen DM content does not increase, while intake decreases when
the cell wall content of the silage further increases. When rumen
DM content has come to a point where a further increase is not
possible, rate of clearance of feed from the rumen determines
feed intake. Because of a higher fraction of undegradable
material for the high cell wall silages, rate of passage of
(undegraded) small feed particles to the lower gut seems to be
of more importance than rate of degradation of the potentially
degradable fraction.

The influence of the NDF content of grass silages on the
parameters determined in the experiments described in this
thesis, are summarized in Table 7.

4. Markers

Generally, rate of particle passage 1is determined using
particulate markers. In literature, a lot of different markers
have been described. Commonly used external markers (added to the
diet or given separately) are among others Chromic oxide (Cr,0,)
and Chromium mordanted Neutral Detergent Fibre (Cr-NDF). As an
internal marker (occurs naturally in the diet) often lignin is
used. In the exXperiments reported here, Cr-NDF with a particle
size of 0.2~1 mm was used, and in some of the experiments also
Tritium (T) labeled hay (particle size 10-20 mm). A single pulse
dose of external markers results in a marker excretion curve in
the faeces. The fractional rate of passage from the rumen (kb'
$h’') of the marker is defined as the slope of the logarithmic
decline of marker concentration in the faeces (Grovum & Williams,
1973). A marker has to be representative for the fraction that
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Table 7. Influence of an increase in the NDF content of grass
silages on the here determined parameters (0, no influence on
parameter: +, the parameter increases; -, the parameter decreases
with an increase in NDF content of grass silages).

Parameter Chapter
Silage composition

CP content - II
lignin content + 11
iADF/ADF + VII

DM degradation characteristics

£, + 1I, VII
£, - 1T, VII
Xy - II
Rumination parameters

RT/kg DM + Iv
RT/kg NDF - v
Passage rate

kp + IIT
Rumen

NDF content + IIT
size reduction of LP + Vit
fraction of DM in SP 0 Iv, VII
mean size SP + Iv, ViI
iADF/ADF total rumen DM o Vil
iADF/ADF in SP ] VvII
Faeces

mean particle size + Iv
indigestible fraction + v
Digestibility - II
Intake lactating cows - II°
Intake dry cows + VII
Milk production - IX

"

depends on nutrient demand and intake capacity of the animal
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has to be measured. Assuming the marker is representative for the
particulate fraction in the rumen, rumen particulate DM pool
times k, should give total passage of DM from the rumen to the
lower gut. Calculations of total DM escaping rumen fermentation
according to this equation (Chapter III), show that the so
determined k, can not be the fraction of rumen particles escaping
per hour. aAs shown in Figure 3, particles have to be reduced to
a size below the CPS to have a high probability of leaving the
rumen by passage. Based on particle size, the Cr-NDF can only be
respresentative for particles smaller than the CPS, meaning that
when this marker is used, also the distribution of particle sizes
in the rumen has to be measured. However, as mentioned earlier,
not just the size of particles, but alse their FSG determines
their change for passage. Because the Cr-NDF is not fermented in
the rumen and thus no fermentation gas is produced within the
particles, their FSG does probably not change. The density as
well as the size of Cr-NDF particles results in a faster outflow
rate of these particles than of the feed particles. In this
respect, T labeled hay should be a better marker than Cr-NDF. The
T labeled hay particles have to be reduced in size through
rumination and have a changing FSG due to microbial fermentation.
However, rate of particle size reduction (k,, Fig. 3) is
influenced by the physical structure of the particles. The latter
differs hetween feeds, and the ideal marker would need the sane
k, as the feed particles.

One of the criteria markers have to meet is indigestibility (Kotb
& Luckey, 1972), which is not accounted for with the T labeled
hay. T not only disappears from the rumen by passage, but also
by degradation. Van Bruchem ¢ al. (1990), after simulation of
faecal excretion curves assuming degradation rates of 4 and 6 %/h
and an undegradable fraction of 15% of the T 1labeled hay,
concluded that the fraction of the T hay used to calculate k, was
almost completely indigestible. Compared to the undegradable
fractions of the grass silages used in the experiments described
in this thesis (Chapter II), however, a f, of 15% seems too high.
This would mean that the ‘degradable fraction of the T labeled hay
was higher at the part of the curve used to calculate k, than
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assumed by Van Bruchem e/ al. (1990), probably resulting in an
overestimation of k.

Despite the differences between Cr-NDF and the T labeled hay,
both markers gave a considerable overestimation of the rate of
passage of particles from the rumen and even the ratio kp-Cr/kp-T
varied between diets and concentrate levels.

Therefore, in the experiment described in Chapter VII, kP was
also calculated from the decline in rumen indigestible material
with time after feeding (Ko ions %h"). Besides this, fractional
rate of passage of Cr-NDF from the rumen was calculated from the
decline in rumen Cr pool as well as measured in the faeces. It
was shown that the clearance rate of Cr even gave a bigger
overestimation of k, than would be expected from the faecal
excretion curves.

Comparing the different values of k, with the total clearance
rate from the rumen (k.), it can be concluded that using the
undegradable fraction of the feed as an internal marker and
calculating the k, from the decline in rumen pool of this
fraction presumably gives the best estimate of ruminal passage
rate.

Referencas.

Baile, C.A. and J.M. Forbes, 1974. Control of feed intake and
regulation of energy balance in ruminants. Physiol.Rev. 54:160-214.

Belyea, R.L., F.A. Martz and G.A. Mbagaya, 1989. Effect of
particle size of alfalfa hay on intake, digestibility, milk
yield and ruminal cell wall of dairy cattle. J.Dairy Sci.
72:958-963,

Gill, M., A.J. Rook and L.R.S. Thiago, 1988, Factors affecting
the voluntary intake of roughages by the dairy cow. In:
Nutrition and lactation in the dairy cow, ( P.C. Garnsworthy, Ed.), Butterworth, London, p.
262-279.

Grovum W.L. and V.J. Williams, 1973. Rate of passage of digesta
in sheep. Br.J.Nutr. 30:313-329.

Grovum, W.L., 1987. A new look at what is controlling feed

intake. In: F.N.Owens(Ed.). Feed intake by beef caitle, Proceedings Symposium:
Feed intake by beef cattle, Nov.20-22 1986, An.Sci.Dept., Okiahoma State Univ. p. I-39.

135




Hartnell G.F. and L.D. Satter, 1979. Determination of rumen
fill, retention time and ruminal turnover rates of ingesta
at different stages of lactation in dalry cows. J.Anim.Sci
48:381-392.

Kennedy, P.M. and D.P. Poppi, 1984. Critical particle size in
sheep and cattle. In: P.M. Kennedy (ed.), Technigues in particle size analysis
of feed and digesta in ruminants. Canadian Society of Animal Science, occasional
publication no. 1, Edmonton,

Kotb, A.R. and T.D. Luckey, 1972, Markers in nutrition. Nwrition
abstracts and reviews 42:813-845.

Krishnamoorthy, U., T.V. Muscate, C.J. Sniffen and P.J. van
Soest, 1982, Nitrogen fractions in selected feedstuffs,
J.DairySci. 65:217-225.

Mehrez, A.Z. and E.R. @rskov, 1977. A study of the artificial
fibre bag technique for determining the digestibilityof
feeds in the rumen. J.Agric.Sci. 88:645-650.

Mertens, D.R. and L.0O. Ely, 1979. A dynamic model of fiber
digestion and passage in the ruminant for evaluating forage
quality. J.Anim.Sci. 49:1085-1095.

Mertens, D.R., 1987. Predicting intake and digestibility using
mathematical models of ruminal function. J.Anim.Sci. 64:1548-1558.

Poppi, D.P., B.W. Norton, D.J. Minscen and R.E. Hendricksen,
1980, The validity of the critical size theory for particles
leaving the rumen. J.Agric.Sci.Camb. 94:275-280.

Poppi, D.P., D.J. Minson and J.H. Ternouth, 1981. Studies of
cattle and sheep eating leaf and stem fractions of grasses.
IIT The retention time in the rumen of large feed particles.
Aust.J Agric.Sci. 32:123-137.

Shaver, R.D., A.J. Nytes, L.D. Satter and N.A. Jorgensen, 1986.
Influence of amount of feed intake and forage physical form
on digestion and passage of prebloom alfalfa hay in dairy
cows. J.Dairy Sci. 69:1545-1559.

Shaver, R.D., L.D. Satter and N.A. Jorgensen, 1988. Impact of
forage fiber content on digestion and digesta passage in
lactating dairy cows. J.Dairy Sci. 71:1556-1565.

Spragg, J.C., R.C. Kellaway and J. Leibholz, 1986. Effects of
supplements on intake, rumen function and nutrient supply
and growth in cattle eating alkali-treated oat straw.
Br.J Nutr. 56:478-495.

Sutherland, T.M., 1987. Particle separation in the forestomachs

of sheep. In: Aspects of digestive physiology in ruminants, pp.43-73 ( A. Dobson,
editor ). Ithacq: Cornell University Press,

136




Tamminga, S., R. Ketelaar and A.M. van Vuuren, 1990. Degradation
of N in conserved forages in the rumen of dairy cows. Grassand
Forage Sci., in press.

Ulyatt, M.J., D.W. Dellow, A. John, C.W.S. Reid and G.C.
Waghorn, 1986. Contribution of chewing during eating and
rumination to the <c¢learance of digesta from the
ruminoreticulum. In: Control of Digestion and Metabolism in Ruminants, Ed. by
L.P. Milligan, W.L. Grovum and A. Dobson.

Van Bruchem, J., F. Kamphuis, I. Janssen, 5.C.W. Lammers, G.A.
Bangma and J. Van den Hoek, 1990. Tritiated hay and Cr
mordanted NDF as particulate markers for digesta kinetics in
the reticulorumen. Neth. J.Agric. Sci. 38:1-8.

Van Soest, P.J., 1982. Nutritional ecology of the ruminant. O&8
Books Inc., Corvallis, OR.

Waghorn, G.C., 1986. Changes in rumen digesta of cows during a
restricted feeding periocd when offered fresh clover,
lucerne, or lucerne hay. New Zealand J Agric.Res. 29:233-24].

Waghorn, G.C., I.D. Shelton and V.J. Thomas, 1989. Particle
breakdown and rumen digestion of fresh ryegrass {Lolium
perenne L,) and lucerne (Medicago sativa L.) fed to cows
during a restricted feeding period. Br.J.Nutr. 61:409-423.

Weston, R.H., 1982. Animal factors affecting intake. In: Nutritional

limits to animal production from pastures. Proceedings of an international symposium held
at St Lucia, Queensiand Australia, 1981. Ed. J.B. Hacker,

137







Because of the introduction of a milk quota system in 1984 and
the subsequent decrease of the number of dairy cows with some
25%, an increasing number of farms in the Netherlands has a
surplus of grass and grass silage, which makes it interesting to
increase the roughage preportion in the diet. However, roughage
intake by dairy cows in early lactation is limited and the
mechanisms controlling roughage intake are still insufficiently
understood. Factors presumably influencing roughage intake are
the volume of the feed, the rate of physical size reduction,
degradation rate in the rumen, passage rate of undigested
particles from the rumen and the removal of fermentation end
products.

In literature, the results of various experiments are reported
in which one or a few of these factors, though not all together
in an integrated system, were studied. Therefore, in the
experiments described in this thesis, the effect of stage of
maturity of grass silages on intake, digestibility, rumen
fermentation pattern, rumination activity, passage rate from the
rumen, degradation rate of the potentially degradable fractions
and composition of the rumen contents was studied in an
integrated approach.

Four experiments with lactating dairy cows fed grass silages
harvested at different growth stages ad libitum and a fixed
amount of concentrates, 1 or 7 kg depending on stage of latation,
were performed.

When grasses matured, the chemical composition changed, the
cell wall content (Neutral Detergent Fibre} of the silages and
the lignin content of the cell wall fraction increased while
crude protein (CP) content decreased. Together with this change
in composition, the degradation characteristices changed. The
soluble fraction (f,,%), which is supposed to be fully and
rapidly degraded in the rumen decreased, the rumen undegradable
fraction (residue after 336 h nylon bag incubation, £,, %)
increased whereas the rate of degradation of the degradable,
non-soluble fraction (kg 3h’') decreased. This resulted in a
decrease in digestibility of the silages (Chapter II). Of the CP
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fraction of the silages, f;, as well as f, increased with an
increase in cell wall content o©of the silages. The soluble
fraction of the CP was more closely related to the DM content
than to the NDF content of the silages. The f,~CP decreased with
an increase in DM content of the silage. Rate of degradation of
the CP decreased, as for the other components, with an increase
in cell wall content. Thus, the fraction of dietary protein
escaping rumen fermentation increased with an increase in cell
wall content, mainly because of the higher undegradable fraction.
The latter fraction, however, is also not digestible in the
intestines. Thus, the fraction of dietary protein escaping rumen
fermentation and digestible in the intestines was presumably
higher for the low cell wall silages (Chapter V).

Milk preoduction (g Fat Corrected Milk/kg Metabolic Body Weight)
and the amount of concentrates consumed (g/kg BW) together
explained 64% of the variation in silage dry matter (DM) intake.
Silage DM intake decreased with an increase in concentrate
intake. A significant contribution to the explanation of
variation in intake was given by the N/OM ratio in the silage and
the f,. The addition of these factors increased the percentage of
the variation in silage DM intake explained to 68% (Chapter II).

The pH in the rumen declined with an increase in concentrate
intake, whereas VFA concentrations increased. Diurnal variations
in ammonia concentrations were higer for the high concentrate
level, but the average ammonia concentrations were lower for the
high concentrate level {(Chapter IV).

Chewing and rumination time were recorded for six 24 h periods
per cow. When rumination time (RT) exceeded 9 h a day, an
increase in cell wall content of the silages did not result in
a further increase in RT, but in a decrease in intake. RT per kg
silage DM ingested increased with an increase in NDF content of
the silages, whereas RT per kg silage NDF tended to decrease.
Average size of particles in the rumen increased with maturity
of the silages, resulting in an increased faecal particle size
(Chapter IV).

Total rumen contents (kg) and rumen DM contents (kg) increased
when the proportion of concentrates in the diet increased, but
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no significant relation with cell wall content of the silages was
found. Passage rate of the fluid from the rumen was not affected
by diet composition. Rate of passage of undigested particles from
the rumen, calculated from the logarithmic decline in faecal
marker excretion, increased with an increase in NDF content of
the silages and with an increase in intake level (Chapter III).
In these experiments, it was concluded that the marker used to
measure particle passage rate, Cr mordanted NDF, was not
representative for total rumen contents. Cr-NDF particles with
a size of 0.2-1mm do not have to be reduced in size, but it was
calculated that not even they could be representative for
particles with a size able to leave the rumen. Therefore an
experiment was conducted in which three different particle sizes
of Cr-NDF (<0.3 mm, 0.6-1.0 mm and 15-25 mm) were used to
determine particle passage rate. In this experiment, 3 lactating
and 2 non-lactating dairy cows were fed grass silage ad libitum,
with 7 or 1 kg of concentrates, respectively. No significant
differences between lactating and non-lactating cows were found,
but rate of passage decreased with an increase in Cr-NDF particle
size. Passage rate of the smallest particles (<0.3 mm) was
considerably lower than passage rate of the fluid phase. The size
of the particulate marker has a great influence on the calculated
passage rates (Chapter IV).

Kinetics of rumen particles are considered to be important in
intake regulation, but the rate limiting step in reduction in
rumen fill was still not identified. In an experiment with four
dry rumen fistulated c¢ows, rumen contents and rates of
disappearance of different ruminal fractions were determined
{(Chapter VII). The cows were fed ad libitum grass silages,
differing in cell wall content. Ruminal passage rates were
calculated from the logarithmic decline in rumen Cr pool, as well
as by dividing the intake of undegradable organic matter (iOM)
or indigestible acid detergent fibre (iADF) by the mean rumen
pocl of these fractions. The thus calculated passage rates using
the pools of 10M or iADF were much lower than using the Cr-NDF
(particle size 0.2-1 mm), but the differences between silages
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were comparable.

Particle size distributions of rumen contents, collected at
different times after feeding were determined. The iADF content
of particles passing a 1.25 mm, but retained on a 0.071 mm sieve
was determined. From the results of this experiment it was
concluded that clearance rate of particles with a size between
1.25 mn and 0.071 mm is the rate limiting step in reduction in
rumen f£ill, which in turn seems to depend on the degree of
digestion.

In the General Discussion (Chapter VIII), the results from

these experiments were combined with literature data on rumen
£ill and clearance rate from the rumen. Multiple regression
analysis showed that milk yield and concentrate proportion of the
diet explained 77% of the variation in rumen fill. Roughage
characteristics did not have a significant influence on rumen DM
£ill. Rate of clearance, however, significantly decreased with
an increase in roughage NDF content. Rumen fill and rate of
clearance were not significantly correlated.
From this study it may be concluded that important factors such
as intake, digestibility and milk production all three were
negatively influenced by an increase in silage cell wall content.
When intake is not limited by the capacity of the rumen, as for
the dry cows in the experiment described in chapter VII, intake
increases with an increase in silage cell wall content.
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Samenvatting
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Vanwege de invoering van de superheffing in 1984 en de, als
gevolg daarvan, afname van het aantal melkkoeien met ongeveer
25%, is in Nederland op een toenemend aantal bedrijven een
overschot aan gras en grassilages ontstaan. Om deze reden is het
interessant om het ruwvoer aandeel in de rantscenen te verhogen.
In het begin van de lactatie is de ruwvoeropname door melkkoeien
echter beperkt, en de mechanismen waardoor de ruwvoeropname
bepaald wordt zijn nog niet geheel bekend. Factoren die mogelijk
een invlced op de ruwvoeropname hebben zijn het volume van het
voer, de snelheid van voerdeeltjes-verkleining, de microbiéle
afbraaksnelheid in de pens, de passage snelheid van onverteerde
voerdeeltjes uit de pens en de snelheid waarmee de eindprodukten
van de fermentatie worden afgevoerd.

In de literatuur worden vele proeven gerapporteerd waarin één
of enkele van deze factoren onderzocht werden, doch niet allen
tezamen in een geintegreerd systeem. Daarom zijn in de proeven
heschreven in dit proefschrift, de effecten van het groeistadium
van grassilages op opname, vertering, pensfermentatie patroon,
herkauwaktiviteit, passage snelheid uit de pens, afbraaksnelheid
van de potentieel verteerbare fractie in de pens en samenstelling
van de pensinhoud onderzocht in een geintegreerd systeem.

Vier proeven met lacterende koeien, ad libitum gevoerd met
grassilages geoogst 1in verschillende groeisatdia, en een
gefixeerde hoeveelheid krachtvoer, 1 of 7 kg, afhankelijk wvan
lactatiestadium, werden uitgevoerd.

Bij het ouder weorden wvan het gras veranderde de chemische
samenstelling. Het celwandgehalte (Neutral Detergent Fibre) en
het lignine gehalte in de celwandfractiename toe, en het ruw
eiwitgehalte (CP) nam af. Met deze verandering in samenstelling
veranderden ook de afbraak krakteristieken. De oplosbare fractie
(fs, %), waarvan aangenomen wordt dat ze volledig en snel in de
pens wordt afgebroken, daalde. De in de pens onverteerbare
fractie (residu na 336 uur incubatie in de pens in nylon zakjes,
f,, %) nam toe en de afbraaksnelheid van de verteerbare, niet
oplosbare fractie (k,, $h’') nam af. Dit resulteerd in een daling
van de verteerbaarheid van de silages (Hoofdstuk II). Van de ruw
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eiwitfractie van de silages, de f, zowel als de f, namen toe met
een toename van het celwand-gehalte van de silages. De oplosbare
fractie van het ruw eiwit was meer gerelateerd aan het droge stof
{DM) gehalte dan aan het NDF gehalte van de silages. De f_-CP nam
af met een toename van het DM gehalte van de silages.
Afbraaksnelheid van ruw eiwit nam, evenals voor de andere
componenten, af met een tocename in het celwandgehalte. De fractie
van het voereiwit die aan fermentatieve afbraak in de pens
ontsnapte, nam toe met een toename van het celwandgehalte, vooral
vanwege de grotere onverteerbare fractie. De in de pens
onverteerbare fractie is echter ook in de dunne darm niet
verteerbaar. Het aandeel van het voereiwit dat aan fermentatie
ontsnapt en verteerbaar is in de darm was dus hoger voor de
silages met de lagere celwandgehalten (Hoofdstuk V).
Melkproduktie (g meetmelk/kg metabool gewicht) en de hoeveelheid
opgencomen krachtvoer (g/kg lichaamsgewicht) samen verklaarden 64%
van de variatie in DM cpname uit silage. De droge stof opname uit
silage nam af met een toename in de krachtvoeropname. De hoeveel-
heid stikstof in de organische stof in de silages en de £,
droegen beide significant bij aan de verklaring van de variatie
in DM opname uit silage. Een toevoeging van deze factoren
verhoogde het percentage van de variatie in DM opname uit silage
dat door het model verklaard werd naar 68% (Hoofdstruk II).

De pH in de pens daalde met een toename in krachtvoeropname,
terwijl de concentratie aan vluchtige vetzuren in de pens toenan.
De dagelijkse variaties in de ammoniak concentraties in de pens
waren hoger, maar de gemiddelde concentraties waren lager voor
het hoge krachtvoer niveau dan voor het lage krachtvoer niveau
(Hoofdstuk IV).

Kauw~ en herkauwtijden werden geregistreerd gedurende 6 x 24
uur per koe. Wanneer er langer dan 9 uur per dag herkauwd werd,
resulteerde een toename in het celwandgehalte van de silages niet
in een verdere stijging van de herkauwtijden, maar in een daling
van de opname. Herkauwtijden per kg opgenomen DM uit silage name
toe met een toename in het celwandgehalte. Per Kg opgenomen
celwanden werd er echter een dalende tendens in herkauwtijden

waargenomern.
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De gemiddelde deeltjesgrootte in de pens nam toe met het ouder
worden van het gras, wat resulteerde in een toename wvan de
deeltjesgrootte in de mest (Hoofdstuk IV).

De totale pensinhoud (kg) en de DM inhoud (kg) namen toe

wanneer het krachtvoeraandeel in het rantsoen toenam, maar er
werd geen significante relatie met het celwandgehalte van de
silages gevonden. Passagesnelheid van de vloeistof uit de pens
werd niet beinvlicedt door de samenstelling wvan het rantsocen.
Passagesnelheid van onverteerde voerdeeltjes, berekend uit de
logaritmische afname van de mestconcentratie wvan de indicator,
steeqg met een toename in celwandgehalte van de silages en met een
toename in opnameniveau (Hoofdstuk III).
In deze proeven werd geconcludeerd dat de indicator, gebruikt om
de passage van de deeltjes te meten (Cr-NDF), niet representatief
was voor de gehele pensinhoud. Cr-NDF deeltjes, met een grootte
van 0.2-1mm behoeven niet verkleind te worden, maar uit
berekeningen bleek dat zij zelfs niet representatief konden zijn
voor deeltjes die gezien hun grootte de pens konden verlaten.
Daarom werd een proef uitgevoerd waarin Cr-NDF met drie
verschillende deeltjesgroottes (<0.3 mm, 0.6-1.0 mm and 15-25 mm)
gebruikt werd om de snelheid van deeltjespassage te bepalen. In
deze proef werden drie lacterende en drie droge koeien ad libitum
gevoerd met grassilage, gesupplementeerd met respectievelijk 7
en 1 kg krachtvoer. Er werd geen verschil gevonden in passage
snelheid van deeltjes tussen lacterende en droge koeien. De
snelheid van passage nam af met een toename van de
deeltjesgrootte van het Cr-NDF. De passage van de kleinste
deeltjes (<0.3 mm) was echter nog aanzienlijk langzamer dan van
de vlceistof. De deeltjesgrootte van de indicator heeft een grote
invloed op de berekende passage snelheid (Hoofdstuk VI).

Het is algemeen aanvaard dat de kinetiek van de deeltjes in de
pens een grote invlced heeft in de opnameregulatie. Wat de
beperkende factor is in de afname van de pensinhoud is echter nog
niet bekend. In een proef met vier droge koeien, werden de
pensinhouden en de verdwijiningssnelheden wvan de verschillende
fracties uit de pens bepaald (Hoofdstuk VII). De dieren werden
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ad libitum gevoerd met grassilages met verschillende celwand-
gehalten. De passagesnelheid uit de pens werd berekend uit de
logaritmische afname in Cr hoeveelheid in de pens. Door de opname
aan onverteerbare organische stof (iCOM) of onverteerbare
celwandbestanddelen (iADF) te delen door de gemiddelde penspool
van deze fracties, werden de passage-snelheden eveneens berekend.
De op deze 1laatste manier berekende passagesnelheden waren
aanzienlijk lager dan de uit de Cr (deeltjesgroctte 0.2-1 mm)
atname berekende waarden, hoewel de verschillen tussen de silages
vergelijkbaar waren.

Van pensinhouden verzameld op verschillende tijden na voeren werd
de deeltjesgrootte verdeling bepaald. Het iADF gehalte van
deeltjes >0.071mm, en <1.25mm, werd bepaald. Uit de resultaten
van deze proef werd geconcludeerd dat verdwijnings-snelheid van
deeltjes met een grootte tussen 0.071 en 1.25 mm de beperkende
factor is in de afname van de pensinhoud. De afname van de
pensinhoud hangt eveneens af van de mate van verteerd zijn van
de deeltjes.

In de General Discussion (Hoofdstuk VIII) worden de gegevens

uit deze proeven gecombineerd met gegevens uit de literatuur
ontrent pensinhoud en verdwijningssnelheid uit de pens. Multipele
regressie analyse toonde aan dat melk preduktie en krachtvoer
aandeel in het rantscen, 77% van de variatie in pensinhoud konden
verklaren. kenmerken van het ruwvoer hadden geen significante
invlioed op pensinhoud. Verdwijningssnelheid echter, nanm
significant af met een toename van het celwandgehalte van het
ruwvoer. Pensinhoud en verdwijningssnelheid waren niet
significant gecorreleerd.
Uit deze studie kan geconcludeerd worden dat belangrijke
factoren, zoals opname, vertering en melkproduktie alle drie
negatief beinloed worden bij een toename in het celwandgehalte
van grassilage. Indien de opname niet beperkt wordt door de
capaciteit van de pens, zoals voor de droge Koelen in de proef
beschreven in Hoofdstuk VII, neemt de opname tce met een toename
van het celwandgehalte van grassilages.
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