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ABSTRACT

The objective of this study was to investigate the
effects of varying dietary forage particle size on chewing
activity, ruminal mat characteristics, passage, and in
situ ruminal and total tract digestion in dairy cows at
a low- and high- concentrate inclusion. The experiment
was designed as a 4 × 4 Latin square with a 2 × 2
factorial arrangement of treatments. Four ruminally
cannulated late-lactating dairy cows were restrictively
fed (17 kg of dry matter/d), in four 23-d periods, 1 of 4
different diets varying in the theoretical particle size
(6 and 30 mm) of hay (56.6% NDF of dry matter) and
in the levels (approximately 20 and 60%, dry matter
basis) of a cereal-based concentrate. Ingredients of the
ration were offered separately to the cows; dietary hay
and low-level concentrate were offered twice daily at
0800 and 1600 h, whereas concentrate of the high-level
treatment was offered in 4 meals a day at 0800, 1200,
1600, and 1900 h. This study showed that altering the
forage particle size from 6 to 30 mm in a low-concentrate
diet significantly increased the rumination time and
ruminal mat consistency without affecting ruminal fer-
mentation and passage. Further, particle breakdown
and proportion of mat in the rumen increased, and in
situ hay dry matter degradability improved, which in
turn indicated a higher capacity of ruminal digesta to
degrade fiber. On the other hand, increasing the forage
particle size in a diet containing a high amount of con-
centrate increased the proportion of dry matter re-
tained on a 1.18-mm screen from 37.5 to 42.0% and
extended the rumination time by 100 min/d, as well
as increasing the ruminal mat consistency. However,
ruminal particle breakdown, short-term ruminal pH,
fibrolytic capacity of the digesta, and proportion of mat
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in the rumen decreased. This was also reflected in a
higher bailable liquid pool, increased fractional passage
rate of solid digesta from the reticulorumen, and in-
creased retention time in the hindgut, which in turn
indicated a shift of fiber digestion from the rumen to
the lower digestive tract. This study showed that the
response of chewing or ruminating activity alone
seemed to be insufficient to assess the dietary physical
effectiveness or fiber adequacy in limit-fed dairy cows
when high-concentrate diets were fed separately. Based
on the results of this study, we concluded that inclusion
of coarsely chopped hay in the high-concentrate diet
did not appear to further improve rumen conditions
and digestion when the rations were formulated to ex-
ceed the fiber requirements in limit-fed dairy cows.
Key words: physical fiber, chewing activity, ruminal
mat, dairy cow

INTRODUCTION

The challenge primarily met in high-yielding dairy
cow feeding is to provide an energetically high-density
ration without compromising the ruminal ecosystem,
animal welfare, production, and reproductive perfor-
mance. Dairy cows need dietary forage having an ade-
quate particle size to enhance digesta stratification in
the reticulorumen, and consequently chewing activity,
ruminal buffering, and fiber degradation, as well as to
prevent digestive disorders (NRC, 2001). Inadequate
fiber levels negatively affect rumen digestion and may
reduce the amount of energy that the ration provides
(Yang and Beauchemin, 2006). Yet fiber adequacy can
be difficult to predict from tables. Results obtained re-
cently (Zebeli et al., 2006) strengthened the argument
that accounting for dietary physically effective fiber is
a more efficient procedure to assess fiber adequacy in
dairy cows than simply taking into account the propor-
tion of dietary fiber or forage fiber. However, because of
a lack of sufficient characterization and a standardized,
validated evaluation system, neither the NRC (2001)
nor the Gesellschaft für Ernährungsphysiologie (GfE,
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2001) include recommendations for physical character-
istics of the fiber in dairy cow diets.

Nevertheless, it should be noted that the current sys-
tems for evaluating the physical effectiveness of rumi-
nant diets do not sufficiently consider the various ef-
fects of physical fiber on ruminal fermentation and ru-
men conditions, especially on the characteristics of
digesta stratification (Mertens, 1997). Sutherland
(1988) described the ruminal mat as a very effective
first-stage separator. Through filtration and mechani-
cal entanglement, the ruminal mat functions to retain
potentially escapable fiber particles, thus increasing
the time allowed for digestion (Welch, 1982; Weidner
and Grant, 1994).

Numerous studies (e.g., Beauchemin et al., 2003; Ko-
nonoff and Heinrichs, 2003; Yang and Beauchemin,
2006) have been carried out over the last several years
to investigate the effect of forage particle size on feed
intake, chewing activity, ruminal digestive processes,
and performance in high-producing dairy cows. How-
ever, the response obtained from these studies has been
inconclusive. For example, dietary particle size was ob-
served in some studies to be closely related to chewing
activity and rumen pH (Beauchemin et al., 2003; Tafaj
et al., 2005b) but in other studies it was poorly related
to chewing time and pH (Yang et al., 2001; Kononoff and
Heinrichs, 2003). The complexity of the interactions
between feed intake, concentrate inclusion, degrada-
tion processes in the rumen, and animal performance
often leads to difficulties in quantitative characteriza-
tion of the effects of forage particle size. The quantita-
tive integration of various factors that affect the efficacy
of particle size to improve the rumen environment for
fiber degradation require models based on the underly-
ing mechanisms, and consequently appropriate data to
advance understanding and improve predictions (Dijks-
tra et al., 2002).

There is evidence that rapidly digested carbohydrate
sources, such as barley grain, increase the need for
effective fiber in dairy cows (Beauchemin and Rode,
1997), indicating an interaction between ruminal fer-
mentability and particle size of the diet. In addition,
this fact suggests that the response to dietary particle
size in dairy cows may be different with a low compared
with a high inclusion of concentrate. However, under
conditions of ad libitum intake, it is often difficult to
quantify the effects of particle size, also because the
increased DMI would still result in an increase in de-
gradable starch intake (Firkins et al., 2001). This in
turn may determine important qualitative changes in
digestive processes, particularly in the rumen, which
confound the effects of particle size.

Therefore, the objective of the present study was to
investigate the effects of varying the dietary particle
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size of hay on chewing activity, fermentation in the
rumen, ruminal mat characteristics, passage, and ex-
tent of digestion in dairy cows under a constant intake
level (semi ad libitum) at a low and high inclusion of con-
centrate.

MATERIALS AND METHODS

Animals, Diets, and Experimental Design

Four multiparous ruminally cannulated (∼100 mm
in diameter, Bar Diamond, Parma, ID) late-lactating
Holstein cows, housed in a tie-stall barn at the experi-
mental unit of the Institute of Animal Nutrition, Uni-
versity of Hohenheim, were included in this research
from January to April 2004. Upon commencement of
the experiment, cows averaged 195 ± 36 DIM (mean ±
SD), produced about 20 kg/d of milk, and had an average
BW of 665 ± 49 kg. Cows were bedded with sawdust
and milked twice daily in their stalls at 0700 and 1500
h. Cows were weighed at approximately 1000 h at the
beginning and the end of each period, and these weights
were used to calculate the mean BW of cows for each
period. Animals were cared for in accordance with a
protocol approved by the Animal Protection Committee,
Federal State of Baden-Württemberg, Germany, and
continuous veterinary supervision was provided.

Animals were assigned in a 4 × 4 Latin square design
with a 2 × 2 factorial arrangement of treatments to 4
different diets. The 4 diets (LF = low concentrate level
and fine hay; LL = low concentrate level and long-
chopped hay; HF = high concentrate level and fine hay;
HL = high concentrate level and long-chopped hay)
were formulated by combining 2 factors, each with 2
levels, namely, 2 different theoretical particle sizes of
hay [long (L = 30 mm) and fine (F = 6 mm)] in 2 different
concentrate inclusions [DM basis; low (L approximately
20%) and high (H approximately 60%)]. The second-
cut, sun-dried hay (56.6% NDF of DM), mown from the
same hayfield, was purchased as big bales (400 kg) from
a private farm in southwestern Germany and was used
as the unique forage source in the present study. The
long-chopped hay was obtained by chopping the hay
with a forage chopper (type 28, Gebrüder Botsch, Bad
Rappenau, Germany) set at a 30-mm chop length,
whereas the fine hay was obtained by grinding the hay
through a 6-mm screen using a Lasco hay mill (Lasco
Heu-Technik GmbH, Lochen, Austria). There was no
important difference in chemical composition between
the fine and long-chopped hay. The low-level concen-
trate treatments were formulated to have more CP and
vitamin-mineral premix than those of the high-level
treatments (Table 1). Wheat and barley grain, as the
main components of the concentrate mixture, were
ground to pass a 3-mm screen (type DM2-2VD, Skiold,
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Table 1. Information on the chemical composition of feeds1 and 4
different treatments tested in the present study

Treatment2

Parameter LF LL HF HL

DM, % 88.4 88.4 88.7 88.7
Crude ash, % of DM 8.3 8.2 6.4 6.4
CP, % of DM 13.0 13.1 14.5 14.6
NDF, % of DM 49.0 48.4 37.6 37.3
NDF from hay, % of DM 44.9 44.0 25.3 24.9
ADF, % of DM 28.5 28.0 18.7 18.4
NFC,3 % of DM 27.9 28.4 39.5 39.7
NEL, MJ/kg of DM 5.84 5.88 6.99 7.01

1Chemical composition of the hay, concentrate for the low-level
treatment, and concentrate for the high-level treatment (DM basis)
were as follows: 8.93, 5.69, and 4.38% for crude ash; 11.3, 19.5, and
17.1% for CP; 56.6, 19.9, and 22.1% for NDF; 21.4, 52.6, and 54.1%
for NFC; 5.25, 8.10, and 8.40 MJ of NEL/kg of DM, respectively.
Concentrate of the low-level treatment contained (DM basis) 44%
wheat, 41% barley, 4% sugar beet pulp, 6% soybean meal, 2% urea,
and 3% vitamin-mineral premix; and concentrate of the high-level
treatment contained (DM basis) 44% wheat, 41% barley, 7.3% sugar
beet pulp, 5% soybean meal, 1% urea, and 1.7% vitamin-mineral
premix. Wheat and barley grain were ground to pass a 3-mm screen.

2Treatments: LF = low concentrate level and fine hay; LL = low
concentrate level and long hay; HF = high concentrate level and fine
hay; HL = high concentrate level and long hay.

3NFC = 100 − (% NDF + % CP + % ether extract + % crude ash).

Sby, Denmark). The diets were formulated to meet
the nutrient requirements of a 650-kg cow producing
20 kg of milk/d with 4% fat (GfE, 2001).

Experimental periods were 23 d in duration (11 d of
treatment adaptation and 12 d of data collection). Feed
intake was fixed at 17 kg of DM/d and animals had free
access to water. Ingredients (concentrate and hay) of
the ration were offered separately to the cows. Dietary
hay and low-level concentrate were offered simultane-
ously to the cows twice daily, at 0800 and 1600 h,
whereas concentrate of the high-level treatment was
offered in 4 meals a day, at 0800, 1200, 1600, and 1900
h. For each cow, the feed trough was divided into 2
adjacent areas, one larger area for hay and another
smaller area for concentrate, and the cows could have
free access to both areas simultaneously. The eventual
orts were collected daily at 0700 h and subsequently
weighed.

Chemical Analyses and Particle Size
Distribution of Feeds

Samples of the feeds and orts were collected on 3
occasions during each data collection period. Dried com-
posite samples were ground to pass a 1-mm screen using
a laboratory Retsch mill. The DM content was analyzed
by oven-drying at 103°C for 4 h. Samples of feeds, orts,
and feces were analyzed for ash at 550°C overnight and
for ether extract and CP using the CuSO4/H2SO4 mixed-
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catalyst Kjeldahl procedure according to the official an-
alytical methods of the Union of German Agricultural
Research Stations (Naumann and Basler, 1997). The
methods described by Van Soest et al. (1991) were used
in analyses of ADF and NDF, with amylase and sodium
sulfite used in the NDF procedure. The particle size
distribution of feeds was measured on 3 occasions each
period by wet sieving using a vertical oscillating sieve
shaker (AS 200 Digit analytical sieve shaker, F. Kurt
Retsch GmbH & Co. KG, Haan, Germany) equipped
with a stack of sieves (200 mm i.d.) arranged in descend-
ing pore size. Sieve pore sizes were 6.0, 4.0, 2.0, 1.18,
0.5, 0.125, and 0.063 mm. Particles escaping the 0.063-
mm screen were considered the soluble fraction. Dupli-
cate samples of approximately 15 g of hay or 40 g of
concentrate were soaked in tap water at room tempera-
ture for 1 h before being placed on the top screen, and
the stack of sieves was shaken for 12 min, with a water
spray of 2.9 L/min on the top sieve. The vibration ampli-
tude was held constant (2 mm and an interval pause
of 2 s every 20 s). The material retained on the sieves
was washed onto preweighed filter paper (No. 595¹⁄₂,
Schleicher and Schuell, Dassel, Germany), dried at
80°C for 24 h, and weighed. The wet-sieving results of
hay and concentrate were used to estimate the particle
size distribution of the diets based on their real propor-
tions in the diet. The sum of dietary DM remaining on
the 6.0-, 4.0-, 2.0-, and 1.18-mm sieves was termed
DM>1.18mm. To estimate the mean particle size (MPS)
of the diets, particle size data, expressed as cumulative
DM percentage oversize, were fitted to the following
exponential equation according to Fisher et al. (1988;
including the soluble fraction, 0 mm = 100%) using the
NLIN procedure (iterative Marquardt method) of SAS
(SAS Institute, 2001):

R = 100 e−k(s−w)

where R is the percentage of weight greater than any
given s; s is the aperture size of sieve-retaining parti-
cles; w is the smallest estimable particle size; and k
is the decay constant of the exponential curve, which
indicates the proportion of particles above any given
screen size that will pass a sieve 1 unit larger.

The MPS was subsequently calculated as MPS = 1/
k + w. The chemical composition of feeds and diets
corrected for orts is given in Table 1.

Chewing Activities

Immediately after an 11-d adaptation period, eating
and ruminating activities were recorded over 24 h for
4 consecutive days in each cow using the technique
described by Tafaj et al. (2005a). This is a computer-
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based recording system that allows one to distinguish
between eating and ruminating activity based on the
regularity of occurrence of the chew patterns in a cer-
tain chewing period. Jaw movements, recorded every 6
s, were designated as ruminating chews if, within a 6-s
time interval, between 4 and 7 chews were recorded,
and when 5 to 12 successive intervals (i.e., the time
assumed to be needed for mastication of a bolus) ap-
peared followed by a pause. Within a chewing period,
a pause was considered when, within 4 s, no jaw move-
ment occurred (i.e., 4 s was assumed to be the time
needed for swallowing the masticated bolus and regur-
gitating the next one). The chewing period was then
considered as a rumination period when at least 3 con-
secutive boli occurred separated by pauses. The jaw
movements that occurred out of a rumination period
were categorized as eating activity. However, fewer
than 4 jaw movements within 6 s was considered to be
associated with drinking, licking, or grooming; these
were not considered as chewing activity and were there-
fore deleted. The total time spent chewing was calcu-
lated as the total time spent eating and ruminating.
To estimate the time spent eating or ruminating per
kilogram of DMI or fiber unit, the average intake for
those 4 d was used.

Fractional Rate of Passage of Solids
and Fluids, and Digestibility

Ytterbium-labeled NDF (Yb-NDF) was used as a
marker for fractional solid passage rates. A fiber-rich
hay ground through a 2-mm screen using a laboratory
Retsch mill was used to prepare Yb-NDF as described
by Mambrini and Peyrand (1997). The fractional pas-
sage rate of fluids was measured using LiCo-EDTA as a
marker, which was prepared according to the procedure
described by Uden et al. (1980). Cows were adminis-
tered a single dose of 146 g of Yb-NDF and 15 g of LiCo-
EDTA via the cannula on d 12 of each period at the
time of morning feeding. The Yb-NDF was placed in
the rumen and no attempt was made to manually mix
the marker with the ruminal contents, followed by the
administration of LiCo-EDTA by means of a flexible
plastic tube directly to the ventral rumen. Fecal grab
samples were taken at 0, 4, 8, 12, 16, 20, 24, 28, 32,
36, 40, 48, 52, 56, 60, 72, 80, 84, 96, 104, 108, 120, 128,
132, and 144 h after dosing to determine the fractional
passage rates of digesta. Samples were dry-ashed and
fecal marker concentrations of Yb and Co were deter-
mined by atomic absorption spectrophotometry (Spec-
tra AA, 220 FS, Varian Australia Pty Ltd., Australia),
using a nitrous oxide flame, against a standard with the
fecal matrix obtained before dosing (Tafaj et al., 2005a).
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Fecal Yb and Co excretion curves were fitted to the
2-compartment model, both as age-independent (G1G1)
and age-dependent (GnG1: n = 2, 3, and 4) models, as
described by Moore et al. (1992). These models estimate
fractional passage rates from 2 compartments [fast (kF)
and slow (kS), with kS representing passage out of the
rumen] and include a time delay. Total mean retention
time in the digestive tract (TMRT) was calculated as
the sum of the mean retention time in the rumen
(RMRT = 1/kS) and in the lower digestive tract (FMRT =
Gn/kF) plus a time delay. Data were analyzed by the
NLIN procedure (iterative Marquardt method) of SAS
(SAS Institute, 2001). Criteria for evaluating which
model best fit the data were the same as outlined by
Moore et al. (1992).

Apparent digestibility of nutrients in the total diges-
tive tract was determined using TiO2 as an external
marker (40 g/animal per day was mixed with 1,000 g
of concentrate and fed for 10 d twice daily, in 2 equal
meals, shortly before normal feeding). During the last
7 d, spot-grab fecal samples were collected every 8 h
from the rectum and were pooled and stored at 4°C.
After mixing, subsamples were dried at 65°C and
ground to pass a 1-mm screen. Procedures for TiO2

analysis and the calculation of apparent nutrient di-
gestibility were described by Tafaj et al. (2005a).

Fermentation in the Rumen

To measure ruminal fermentation, samples of rumi-
nal fluid (∼250 mL) were collected via rumen cannula
(using a vacuum pump) from the ventral rumen at 0100,
0400, 0700, 1000, 1300, 1600, 1900, and 2200 h on the
last 2 d of chewing activity recording. Ruminal pH was
measured immediately after sampling using a portable
pH meter (InLab 412, Mettler-Toledo, Greifensee, Swit-
zerland), which was calibrated before pH measure-
ments using a pH 4.0 and 7.0 buffer solution. Subse-
quently, about 100 mL of ruminal fluid was centrifuged
at 2,010 × g for 20 min. Two replicates of supernatant
(each of 5 mL) were frozen at −30°C for determination
of the VFA concentration by GLC, as described by Tafaj
et al. (2005b).

In situ disappearance of hay and concentrate DM
incubated over 48 h in the rumen was used as an index
of the cellulolytic and amylolytic activity of rumen di-
gesta, respectively. Identical samples of approximately
5 g of hay or concentrate, dried at 60°C for 48 h and
ground to pass through a 2-mm screen, was weighed
into Dacron polyester bags (5 × 10 cm) with a pore size
of 52 ± 5 �m (mean ± SD) and incubated in duplicate
in the rumen of 2 cows each period while the cows
received the 4 different dietary treatments. Before in-
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sertion into the rumen, bags were soaked in warm water
for 10 min to simulate the addition of saliva.

Bags were placed in large mesh retaining sacs before
being incubated ruminally for 0, 4, 8, 12, 24, 32, and
48 h. After removal from the rumen, bags were washed
under cold, running tap water and then machine-
washed according to the procedure described by Cher-
ney et al. (1990). At the 0-h time point, bags were not
placed in the rumen but were subjected to the same
washing procedure. Bags were dried at 60°C for 48 h.
The kinetics of DM disappearance in sacco were esti-
mated using the NLIN procedure of SAS (SAS Institute,
2001) by fitting the following model (McDonald, 1981)
to the percentage of DM disappearance:

y = a + b × (1 − e−kd(t−L)) for t > L,

where a is the soluble fraction (%); b is the insoluble,
degradable fraction (%); kd is the fractional rate of dis-
appearance (%/h); L is the lag time (h); and t is the
time of incubation (h). To calculate effective rumen de-
gradability (ERD), the fractional passage rate of Yb-
NDF (ks) was included as follows:

ERD = a + b kd/(kd + ks).

Digesta Sampling and Determination
of Ruminal Digesta Characteristics

Ruminal digesta characteristics were investigated
using, as main indicators, the particle size distribution
in the dorsal and ventral rumen sacs, the mat-to-non-
mat ratio, and the mat consistency. The differences in
digesta particle size from the dorsal to the ventral ru-
men sac and their dynamics in time were considered
as indications of particle breakdown and stratification
quality of digesta in the reticulorumen (Sutherland,
1988).

To investigate the particle size distribution in the
rumen, particulate digesta samples (∼300 g each) were
collected at 3 or 23 h after the morning feeding in the
dorsal (5 to 10 cm beneath the top of the particle mat)
or ventral (5 to 10 cm above the rumen floor) rumen
sac, according to the technique described by Tafaj et
al. (2005b). Immediately after sampling, particle sub-
samples were used for both DM and NDF determination
(Naumann and Basler, 1997) and were stored at −20°C
for subsequent analysis of particle size distribution.
After thawing, duplicate samples of approximately 40
g of digesta were soaked in tap water at room tempera-
ture for 1 h before sieving. The sieving procedure and
the estimation of MPS of digesta were the same as
described above for the analysis of feed particle size dis-
tribution.
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Consistency of the ruminal mat was measured 4
times, namely, at 0700, 1100, 1700, and 2100 h, re-
peated over 2 consecutive days (on d 17 and 18 of each
period), using a technique adapted from Welch (1982)
with minor modifications regarding the weights used.
An 800-g cylindrical (∼40 mm radius and 100 mm
length), stainless-steel weight was manually placed in
the rumen floor via cannula 30 min prior to measure-
ment (the time needed for reformation of the mat), and
the cylinder was attached by the small end. Upon re-
lease of an exterior 3,200-g weight (adapted to move
freely over a continuously adjustable supporting stand),
the ascension time (min) of the 800-g weight from the
rumen floor through the ruminal mat to the cannula
aperture was recorded. The ascension rate (cm/min)
was calculated by dividing the distance traveled from
the rumen floor to the cannula aperture with the ascen-
sion time of the weight. The ascension rate was consid-
ered to be an indication of ruminal mat consistency:
The lower the ascension rate, the thicker the ruminal
mat and the greater the mat consistency.

On the last day of each period, the total reticulorumi-
nal contents were manually removed 1 h prior to the
morning feeding. All the ruminal content that could
be removed by hand was emptied into a rectangular
insulated tub. This material was referred to as the mat.
Material not removable by hand was bailed into an
insulated plastic barrel. This material was referred to
as bailable liquids (Robinson et al., 1987) or nonmat
material. Both fractions were weighed, subsampled for
subsequent DM and NDF analysis, and then liquids
were returned to the rumen, followed by the mat.

Statistical Analysis

Data were analyzed using the MIXED procedure of
SAS (SAS Institute, 2001). The model included cow,
period, particle size, concentrate level, and the 2-way
interaction between particle size and concentrate level.
Chewing activity was analyzed by considering the mea-
surements on 4 d as longitudinal repeated measures
with a first-order autoregressive covariance structure,
which showed the best fit according to the Akaike infor-
mation criterion (AIC, “smaller is better”).

For the analysis of ruminal mat consistency and ru-
minal fermentation parameters, the effect of measuring
time was also included in the model by considering the
measurements as longitudinal repeated measures with
a spatial power covariance structure [sp(pow) (time)]
according to the AIC. For particle size distribution data,
the model included the effects of sampling site (dorsal
vs. ventral, S) and sampling time (3 vs. 23 h, T), consid-
ering the measurements in the same animal at different
S and T as duplicate repeated measures (spatial and
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Table 2. Effects of dietary hay particle size and concentrate level on BW, feed intake, and particle size distribution of 4 experimental diets
tested in the present study

Treatment1 Effect,2 P-value

Parameter LF LL HF HL SEM C PL C × PL

BW, kg 688 691 684 673 25.4 NS NS NS
Concentrate level, % of DM 20.6 22.2 55.2 56.0 3.06 <0.01 NS NS
DMI, kg/d 16.6 15.5 15.6 15.8 0.65 NS NS NS
Hay intake, kg of DM/d 13.2 12.1 6.8 6.8 0.49 <0.01 NS NS
Concentrate intake, kg of DM/d 3.4 3.4 8.8 9.0 0.75 <0.01 NS NS
Particle size distribution,3 % of DM remaining on the sieve
6.0 mm 18.0 33.1 10.2 18.7 1.66 <0.01 <0.01 0.01
4.0 mm 4.1 1.8 2.5 1.1 0.38 0.05 0.03 NS
2.0 mm 12.1 9.8 11.7 10.4 0.79 NS <0.01 NS
1.18 mm 13.6 11.1 13.2 11.8 0.55 NS <0.01 NS
0.063–1.18 mm 30.2 23.0 33.9 29.8 1.42 <0.01 <0.01 0.02
Soluble (<0.063 mm) 21.9 21.1 28.6 28.2 0.57 <0.01 NS NS
DM>1.18mm

4 48.0 55.9 37.5 42.0 0.93 <0.01 <0.01 0.01
MPS,5 mm 2.10 3.63 1.28 1.76 0.09 <0.01 <0.01 0.01

1Treatments: LF = low concentrate level and fine hay; LL = low concentrate level and long hay; HF = high concentrate level and fine hay;
HL = high concentrate level and long hay.

2Effect of concentrate level (C) and hay particle size (PL) and their 2-way interaction (C × PL); NS = P > 0.15.
3Estimated based on wet-sieving particle distribution of hay and concentrate using a vertical oscillating sieve shaker. Particles retained

on sieves 6.0, 4.0, 2.0, 1.18, 0.063-1.18, and <0.063 mm (% of DM) were, respectively, 22.7, 5.2, 12.4, 13.9, 27.9, and 17.9% for fine hay; 42.6,
2.3, 9.5, 10.7, 18.5, and 16.5% for long hay; 0, 0.3, 11.0, 12.6, 38.8, and 37.4% for concentrates.

4DM>1.18mm = DM of diet retained on sieves 6.0, 4.0, 2.0, and 1.18 mm (determined by the wet-sieving procedure).
5Mean particle size of diets estimated by wet-sieving data according to Fisher et al. (1988, including the soluble fraction); 100 e−k(s−w),

where s is the screen size, and k and w are the fitted parameters.

time repeated measures). The model with the best fit
according to the AIC was a model using an unstructured
covariance structure for S and first-order autoregres-
sive covariance structure for T [UN@AR (1)]. Data on
the particle size distribution of the diets were averaged
per period and analyzed by considering the fixed effects
of particle size and concentrate level, the 2-way interac-
tion between particle size and concentrate level, and
the random effect of replications within treatment. The
degrees of freedom were adjusted with the Kenward-
Roger method. Least squares means were computed
and multiple differences were tested using the PDiff
option of SAS. Significance was declared at P < 0.05
and a tendency was considered up to P < 0.15.

RESULTS

Intake and Particle Size Distribution of Diets

Data on the intake of dietary ingredients and total
DMI are shown in Table 2. Dry matter intake was held
constant in this study (∼120 g/kg of metabolic weight).
Cows fed a low-concentrate diet consumed all the con-
centrate amount offered (3.4 kg of DM), but refused 0.4
and 1.5 kg of DM hay when finely and coarsely chopped
hay was fed, respectively. On the other hand, cows fed
high-concentrate diets consumed all the hay offered (6.8
kg of DM), but refused 1.4 and 1.2 kg of DM concentrate
when a finely and coarsely chopped hay was fed, respec-
tively.
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Data on the particle size distribution of feeds, deter-
mined by wet-sieving, and diets calculated according
to the proportion of feeds in the ration, are shown in
Table 2. The long-chopped hay had significantly more
large particles (i.e., particles retained on the 6-mm
sieve) than fine hay, and this was reflected in an in-
creased portion of large particles and MPS for diets
composed of long hay within the concentrate level treat-
ment. On the other hand, increasing the dietary concen-
trate level decreased the proportion of large particles
and MPS of the diets (P < 0.01). Altering the hay particle
size from 6 to 30 mm in the high-concentrate diets
increased the proportion of large particles by about 8%
and DM>1.18mm by about 4.5%, whereas in the low-con-
centrate diets these fractions were increased by about
15 and 8%, respectively. Although the LF and HL diets
had apparently similar amounts of large particles, the
LF diet had a higher proportion of DM>1.18mm and a
longer MPS (Table 2).

Chewing Activities and Fermentation in the Rumen

Animal responses to dietary treatments concerning
chewing activities are shown in Table 3. Increasing the
dietary concentrate level reduced the eating activity (P
< 0.05), either as the number of eating chews per DM
unit ingested or as the eating time. In contrast, forage
particle size, as offered in this study, did not affect the
eating activity (P > 0.15). The response of eating activity
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Table 3. Effects of dietary hay particle size and concentrate level on chewing activity in dairy cows

Treatment1 Effect,2 P-value

Parameter LF LL HF HL SEM C PL C × PL

Eating activity
Chews/g of DM 1.59 1.66 0.99 0.94 0.07 <0.01 NS NS
Min/d 367 412 283 270 37.9 0.03 NS NS
Min/kg of DM 22.2 25.8 16.9 15.8 2.43 0.03 NS NS
Min/kg of DM>1.18mm

3 48.6 45.5 43.9 37.8 3.07 0.04 0.13 NS
Min/kg of NDF 54.7 52.2 46.6 42.3 3.86 0.07 NS NS

Ruminating activity
Chews/g of DM 1.42 1.69 0.83 1.26 0.11 <0.01 0.01 NS
Min/d 351 405 242 341 25.1 0.02 0.04 NS
Min/kg of DM 21.1 25.1 14.5 20.0 1.34 0.01 0.03 NS
Min/kg of DM>1.18mm 48.4 43.7 35.4 48.2 3.68 NS NS 0.02
Min/kg of NDF 57.6 51.4 40.0 53.4 6.71 NS NS NS

Total chewing activity
Chews/g of DM 3.00 3.36 1.83 2.19 0.15 <0.01 0.03 NS
Min/d 719 816 524 610 37.6 0.03 0.06 NS
Min/kg of DM 43.3 50.9 31.3 35.7 2.40 0.03 0.05 NS
Min/kg of DM>1.18mm 97.0 89.2 79.3 85.9 4.96 0.03 NS 0.14
Min/kg of NDF 112.4 103.6 86.7 95.7 6.70 0.06 NS NS

1Treatments: LF = low concentrate level and fine hay; LL = low concentrate level and long hay; HF =
high concentrate level and fine hay; HL = high concentrate level and long hay.

2Effect of concentrate level (C) and hay particle size (PL) and their 2-way interaction (C × PL); NS = P
> 0.15.

3DM>1.18mm = DM of diet retained on sieves 6.0, 4.0, 2.0, and 1.18 mm (determined by the wet-sieving
procedure).

to dietary particle size and concentrate level was also
reflected by the total chewing activity of the cows. Thus,
cows chewed between 31.3 and 35.7 in total, and be-
tween 43.3 and 50.9 min/kg of DM ingested, when a
high and a low level of concentrate was offered, respec-
tively. On the other hand, rumination intensity (rumi-
nating chews per kilogram of DM ingested) and daily
time spent ruminating were significantly reduced with
decreasing hay particle size (P = 0.04) and increasing
concentrate level (P = 0.02) in the diet. However, as
shown in Table 3, cows spent a significantly longer time
ruminating per kilogram of DM>1.18mm when the fine
hay was fed in a low-concentrate diet (LF diet) or, in
particular, when a high level of concentrate was offered
together with long hay (HL diet). In other words, rumi-
nation time was increased by about 5 and 13 min/kg of
DM>1.18mm for the LF and HL diets, compared with the
LL and HF diets, respectively.

The daily variation in ruminating activity is shown in
Figure 1A. In general, cows increased their ruminating
activity during the night and tended to reduce it prior
to the morning feeding. Ruminating time was lowest
around 0800 and 1600 h, which corresponds to the time
when hay and concentrate were offered. Diurnal varia-
tion of the ruminal VFA concentration and pH is shown
in Figure 1B and 1C.

Results showing the effects of dietary treatments on
the disappearance of hay and concentrate DM samples
incubated over 48 h in the rumen using nylon bags
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are listed in Table 4. Cows fed long hay tended to
increase the proportion of in situ potentially degrad-
able hay DM only on the low-concentrate diet, whereas
on the high-concentrate diet, the opposite effect was
observed, demonstrating an interaction between the
2 dietary factors (P = 0.08). This was also reflected in
a significant improvement in ERD for the LL diet and
a reduction in ERD for the HL diet (P = 0.04). In
general, the dietary concentrate level tended to nega-
tively affect the in situ ERD percentage of hay DM (P =
0.07), whereas the in situ disappearance of concentrate
DM was unaffected by dietary treatments in the pres-
ent study.

Particle Size Distribution and Ruminal
Mat Characteristics

Data on particle size distribution of the rumen di-
gesta are shown in Table 5. As the particle size of
dietary hay increased, the fraction of large particles
(>6 mm) also increased (P < 0.01), which was reflected
by a longer MPS, at both 3 (P = 0.04) and 23 h after
the morning feeding (P = 0.07). Conversely, in either
measurement time, the proportion of small particles
(0.063 to 1.18 mm) significantly decreased with in-
creasing dietary particle size in both the dorsal and
ventral rumen sac. On the other hand, the proportion
of small particles decreased from 47.2 to 42.3% by
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Figure 1. Daily variation of rumination activity (A), ruminal VFA concentration (B), and pH (C) for 4 treatments: LF = low concentrate
level and fine hay; LL = low concentrate level and long hay; HF = high concentrate level and fine hay; HL = high concentrate level and
long hay. Feeding times (↓): dietary hay and low-level concentrate were offered twice daily at 0800 and 1600 h, whereas concentrate of the
high-level treatment was offered in 4 meals a day at 0800, 1200, 1600, and 1900 h.

elevating the dietary concentrate level when measured
3 h after the morning feeding (P = 0.12).

There was a higher DM content in the dorsal rumen
sac than in the ventral rumen sac, and this was higher
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3 h after the morning feeding (results not shown). In
addition, as shown in Table 5, the proportion of small
particles was significantly higher in the ventral rumen
sac measured 3 h after the morning feeding (P = 0.03),
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Table 4. The disappearance of DM for hay and concentrate incubated in situ as diets with 2 different hay
particle size and concentrate levels were fed to dairy cows

Treatment1 Effect,2 P-value

Parameter LF LL HF HL SEM C PL C × PL

Hay DM
Fraction,3 % of DM

a 21.9 23.2 20.1 22.0 0.59 0.09 0.09 NS
b 57.1 68.9 62.3 52.4 3.43 NS NS 0.08
kd, %/h 5.35 6.13 5.03 4.33 0.44 0.10 NS NS

ERD,4 % 57.6 71.3 57.3 49.2 2.39 0.07 NS 0.04
Concentrate DM
Fraction, % of DM

a 52.1 54.0 51.7 52.2 1.96 NS NS NS
b 40.8 38.6 41.7 40.3 2.65 NS NS NS
kd, %/h 26.7 23.5 20.8 25.2 4.14 NS NS NS

ERD, % 88.5 88.0 87.8 88.0 1.75 NS NS NS

1Treatments: LF = low concentrate level and fine hay; LL = low concentrate level and long hay; HF =
high concentrate level and fine hay; HL = high concentrate level and long hay.

2Effect of dietary concentrate level (C), hay particle size (PL), and their 2-way interaction (C × PL); NS =
P > 0.15.

3Fractions: a = soluble fraction; b = insoluble, degradable fraction; kd = fractional rate of disappearance.
4Effective rumen degradability calculated using ruminal fractional rate of passage (ks) of ytterbium-

labeled NDF [ERD = a + b kd/(kd + ks)].

whereas at 23 h after the morning feeding, this differ-
ence was minimized (P = 0.10).

The dynamic changes in particle size from the diets
(shown in Table 2) to ruminal digesta were more evident

Table 5. Effect of treatments1 on particle size distribution2 (DM retained on the sieve, % of total), mean particle size, and NDF content of
ruminal digesta measured at 2 sampling sites3 and times

Dorsal sac Ventral sac Effects,5 P-value

Time4 Item LF LL HF HL LF LL HF HL SEM C PL C × PL S

3 h Screen size, mm
6.0 11.2 21.3 10.7 24.9 10.5 18.4 7.2 19.2 3.01 NS <0.01 NS 0.09
4.0 0.51 0.85 0.67 0.73 0.67 0.69 0.98 1.22 0.31 NS NS NS 0.06
2.0 2.23 2.66 2.96 2.68 5.21 1.90 2.93 3.15 1.52 NS NS NS NS
1.18 7.65 7.43 8.66 5.72 8.85 6.41 9.43 6.22 1.24 NS 0.06 NS NS
0.063–1.18 50.0 40.1 43.5 38.3 55.4 43.5 48.6 39.1 2.59 0.12 <0.01 NS 0.03

<0.063 28.2 27.9 34.0 28.9 20.2 24.4 30.3 29.7 3.59 0.15 NS NS NS
MPS,6 mm 0.64 1.55 0.62 1.69 0.83 1.32 0.56 1.06 0.24 NS 0.04 NS NS
NDF, % of DM 69.2 72.2 68.7 70.3 70.5 68.0 69.3 68.3 1.54 NS NS NS NS

23 h Screen size, mm
6.0 13.3 22.8 11.3 22.7 10.8 18.4 11.1 24.7 3.24 NS <0.01 NS 0.11
4.0 0.32 0.30 0.57 0.40 0.32 0.28 0.44 0.45 0.16 NS NS NS NS
2.0 1.43 1.90 2.43 1.72 1.31 0.92 2.23 1.91 0.61 NS NS NS 0.15
1.18 6.22 5.29 7.13 4.57 6.17 4.47 7.47 5.13 0.99 NS 0.05 NS NS
0.063–1.18 47.5 42.5 49.8 40.2 50.6 43.1 50.4 44.8 2.26 NS 0.05 NS 0.10

<0.063 31.4 27.0 28.9 30.4 30.9 32.8 28.1 22.9 3.42 NS NS NS NS
MPS, mm 0.65 1.39 0.61 1.35 0.58 0.78 0.59 1.43 0.23 NS 0.07 NS NS
NDF, % of DM 69.0 70.3 70.9 72.4 70.2 71.4 71.4 72.4 1.05 NS NS NS 0.08

1Treatments: LF = low concentrate level and fine hay; LL = low concentrate level and long hay; HF = high concentrate level and fine hay;
HL = high concentrate level and long hay.

2Measured by wet-sieving using a vertical oscillating sieve shaker.
3Samples collected from dorsal and ventral rumen sac.
4Samples collected at 3 (1100 h) or 23 h (0700 h) after (or 1 h prior to) the morning feeding.
5Effect of concentrate level (C), hay particle size (PL), their 2-way interaction (C × PL), and sampling site (S); NS = P > 0.15.
6Mean particle size estimated according to Fisher et al. (1988, including the soluble fraction); 100 e−k(s−w), where s is the screen size, and

k and w are fitted parameters.
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for treatments with a low level of concentrate. Yet the
most important reduction of large particles (>6.0 mm)
was observed at an early (3-h) measurement time,
whereas at the later measurement time (23 h) no fur-
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Table 6. Effects of dietary particle size and concentrate level on ruminal mat consistency1 in dairy cows

Treatment2 Effect,3 P-value
Measuring
time, h LF LL HF HL SEM C PL C × PL

0700 30.8 19.9 92.9 34.9 10.7 <0.01 0.02 0.07
1100 11.5 5.2 62.9 12.7 10.2 0.03 0.03 0.07
1700 5.3 3.6 17.5 5.2 2.30 0.02 0.02 0.06
2100 8.7 3.7 53.3 10.6 13.4 0.10 0.13 NS

1Measured as ascension rate (cm/min); a lower number indicates a thicker ruminal digesta mat.
2Treatments: LF = low concentrate level and fine hay; LL = low concentrate level and long hay; HF =

high concentrate level and fine hay; HL = high concentrate level and long hay.
3Effect of concentrate level (C), particle size (PL), and their 2-way interaction (C × PL); NS = P > 0.15.

ther reduction was noticed (Table 5). However, the pro-
portion of particles retained on the 4.0-, 2.0-, and 1.18-
mm sieves significantly reduced from the 3-h to the 23-
h measurement (P < 0.05, results not shown).

As shown in Table 6, both particle size and concen-
trate level affected the ruminal mat consistency, espe-
cially up to 1700 h (P < 0.05), which corresponds to the
time when the second portion of hay and concentrate
(third portion of concentrate for the high-level concen-
trate treatment) was already offered. The ascension
rate was significantly lower when a low level of concen-
trate and coarsely chopped hay were fed, reflecting a
more consistent, hard-packed ruminal mat. Conversely,
the consistency of ruminal digesta was typically lower
in cows consuming the HF diet, especially prior to the
morning feeding. After the morning feeding, the ascen-
sion rate decreased linearly even for diets having a high
concentrate level (P < 0.05) up to the measurement at
1700 h, after which the ascension rate increased again.

Rumen Fill, Passage, and Total Tract Digestibility

As shown in Table 7, increasing the concentrate level
and reducing the hay particle size decreased the total
ruminal contents per kilogram of BW (P < 0.05). The
mat, as a percentage of total fresh digesta in the reticu-
lorumen, was higher on diets with a low concentrate
level (P = 0.03). In addition, as the concentrate level in
the ration increased, even though coarsely chopped hay
was offered (HL diet), the mat proportion decreased
(P = 0.09) and the bailable liquids increased (P = 0.06).
This treatment also had the highest fractional passage
rate of solids and the highest retention time distally to
the reticulorumen (P < 0.10), so that the total mean
retention time was in between that of the other treat-
ments (Table 7). No differences in total tract fiber di-
gestibility were observed among treatments (P > 0.15),
even though the DM digestibility was higher when a
high concentrate level was fed (P < 0.05).
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DISCUSSION

Particle Size Distribution of Diets, Chewing
Activities, and Fermentation in the Rumen

The differences in particle size fractions of the diets,
and particularly differences in DM>1.18mm, were re-
flected in the chewing or rumination activity results
in this study. Mertens (1997) postulated that particles
>1.18 mm would more effectively stimulate chewing
than particles below that size, because the latter readily
pass out of the rumen and provide fewer stimuli for
chewing.

However, in the present study cows spent, in total,
more than 31 min chewing/kg of DM ingested, even
when fine hay and a high concentrate level were fed.
This value is higher than that proposed by Sudweeks
et al. (1981), who quoted values equal to or greater than
30 min/kg of DM as suitable for limiting the risk of
digestive disorders. This is presumably due to the rela-
tively high fiber content of the diets (>37% dietary
NDF), distribution of concentrates over several meals
daily (less than 2.8 kg/meal), and controlled low intake
in the present study.

The lack of an effect of particle size on eating activity
and a positive effect on rumination time agrees with
results previously reported in other studies. Thus, Ko-
nonoff and Heinrichs (2003) and Yang and Beauchemin
(2006) reported that the particle size of alfalfa haylage
or barley silage did not affect the eating time but re-
duced the ruminating time in dairy cows. In the present
study, cows spent more time ruminating per unit of
DM>1.18mm when the concentrate level in the ration in-
creased, especially in combination with coarsely
chopped hay, which indicates a higher ruminating effi-
ciency for each long-fiber unit ingested. This finding
indicates that forage particle size can affect ruminating
activity, either by increasing the marginal ruminating
time (LL diet) or by extending the ruminating rate per
unit of physical fiber ingested (i.e., ruminating chews/
minute per unit of long fiber ingested, in the HL diet).
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Table 7. Effects of dietary hay particle size and concentrate level on rumen fill, fractional passage rate of
digesta, and total tract digestibility in dairy cows

Treatment1 Effect,2 P-value

Parameter LF LL HF HL SEM C PL C × PL

Rumen fill3

Rumen content,4 kg/100 kg of BW 10.7 11.3 8.2 9.4 0.28 <0.01 0.02 NS
Mat, % of total fresh digesta 83.2 91.6 81.2 78.7 2.63 0.03 NS 0.09
Bailable liquids,5 kg 12.5 6.5 10.1 13.1 1.91 NS NS 0.06

Fractional passage rate of digesta6

ks, %/h 3.2 2.7 3.4 4.0 0.37 NS NS 0.08
FMRT, h 14.7 12.4 13.0 20.9 2.52 0.08 NS NS
TMRT, h 56.9 56.5 51.8 54.1 2.21 NS NS 0.06
kl, %/h 14.3 11.7 10.9 11.3 1.06 0.05 0.12 0.02

Total tract digestibility, %
DM 59.2 62.1 72.0 69.8 2.67 0.04 NS 0.08
NDF 48.8 54.9 53.7 49.8 4.68 NS NS NS
ADF 38.6 37.5 39.6 34.1 5.51 NS NS NS

1Treatments: LF = low concentrate level and fine hay; LL = low concentrate level and long hay; HF =
high concentrate level and fine hay; HL = high concentrate level and long hay.

2Effect of concentrate level (C), hay particle size (PL), and their 2-way interaction (C × PL); NS = P >
0.15.

3Rumen fill data were collected after manually emptying the reticulorumen 1 h prior to the morning
feeding.

4Total fresh digesta in the reticulorumen.
5Rumen material not removable by hand during the evacuation (according to Robinson et al., 1987).
6ks = fractional passage rate of ytterbium-labeled NDF (solid digesta) from the reticulorumen; FMRT =

postruminal mean retention time; TMRT = total mean retention time; kl = fractional passage rate of Co-
EDTA (fluid digesta) from the reticulorumen.

However, results from recent studies (Kononoff and
Heinrichs, 2003; Yang and Beauchemin, 2006) in high-
yielding dairy cows fed a TMR ad libitum have high-
lighted that increasing rumination or chewing time
does not necessarily lead to improved rumen conditions.
In agreement with these reports, this study demon-
strated that a longer time spent ruminating or chewing
caused by increasing the particle size of hay in the
ration containing a high level of concentrate was re-
flected neither in increased ruminal pH nor in improved
in situ fiber degradation and particle breakdown in the
rumen. This result suggests that measuring chewing
or rumination activity alone cannot be sufficient to esti-
mate the physical effectiveness or fiber adequacy in
dairy cows, particularly when high-concentrate diets
are fed separately. The reason for this could presumably
be the incapacity of saliva flow alone to neutralize the
increasing quantities of fermentation acids produced
after ingesting high amounts of ruminally degradable
OM. In this context, Allen (1997) stated that neutraliza-
tion by salivary buffers is important in maintaining
ruminal pH, but the relative importance of neutraliza-
tion in hydrogen ion removal from the rumen changes
with the amount of VFA produced. However, it should
be noted that results of the present study are relevant
for cows fed dietary ingredients separately. Therefore,
these results may not necessarily represent the re-
sponse under conditions of TMR feeding, in which a
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better mixing of dietary ingredients may have diverse
effects on intake patterns, chewing activity, passage
rate, and hence presumably contribute to leveling the
peak of acid production in the rumen.

In the present study, cows fed low-concentrate diets,
even with ground hay, showed a higher ruminal pH and
higher in situ hay DM degradability, which indicates a
higher capacity of ruminal digesta to degrade fiber. Yet
feeding a high-concentrate diet with coarsely chopped
hay caused a depression of the in situ fibrolytic capacity
of digesta in the reticulorumen, even though the amylo-
lytic activity and total tract digestibility were not af-
fected.

The lower in situ hay DM degradability for cows fed
the HL diet in this study could also be (partly) attrib-
uted to the decline of ruminal pH of 5.5 at 2200 h, which
may have adversely affected the activity of fibrolytic
microorganisms of the digesta. The pH in the rumen is
a key determinant of ruminal digestion. Hoover (1986)
proposed that a reduction in ruminal pH below 6.2 that
was cyclic and of short duration could cause a moderate,
transient reduction in fiber digestion. Furthermore, de
Veth and Kolver (2001) reported that even a 4-h period
of suboptimal pH (5.4) was critical for fiber digestion
and would reduce the NDF degradability by about 4%
in continuous culture. In the present study, the propor-
tion of ruminal cellulolytic cocci (Ruminococcus albus,
Ruminococcus flavefaciens, and Fibrobacter succino-
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genes), measured 1 h before and 3 h after the morning
feeding, decreased in the fluid and particularly in the
solid phase of the rumen as the dietary concentrate
level increased (Ölschläger et al., 2006). Furthermore,
the lower in situ hay DM degradability was also re-
flected in the low NDF degradation of hay when incu-
bated in vitro with inoculum prepared with ruminal
digesta collected by cows fed the HL diet (Zebeli et
al., 2004).

Particle Comminution, Ruminal Mat
Characteristics, and Passage

A longer time spent in rumination per unit of long
fiber ingested leads to the assumption that the contribu-
tion of rumen microbial degradation to fiber breakdown
was lowered. McLeod and Minson (1988) reported that
mastication contributes about 80% to the particle
breakdown, whereas the rest is generally attributed to
microbial degradation. However, Tafaj et al. (2005a)
discussed that ruminants try to compensate for a low
microbial fiber breakdown in the reticulorumen by in-
creasing the physical breakdown, which in turn extends
the ruminating index. Results of this study support this
hypothesis. A longer time spent ruminating per unit of
DM>1.18mm for cows fed the HL diet was associated with
low in situ hay DM and vitro NDF degradability, as
well as with a higher proportion of large particles of
ruminal digesta, which in turn all indicate lower micro-
bial fiber breakdown in the reticulorumen.

Given that the Yb-NDF was ground, one cannot com-
pletely exclude the idea that this marker may have
better represented the turnover of diets based on fine
hay than those based on coarsely chopped hay. There-
fore, the ruminal passage rates of solids for the HL diet,
and particularly the LL diet, are probably somewhat
overestimated. The retention time in the reticulorumen
of solid digesta was the shortest for the HL diet and
the longest for the LL diet, whereas the retention time
in the lower digestive tract increased for the HL diet.
This result suggests that for this treatment, fiber diges-
tion shifted from the reticulorumen to the hindgut. Bod-
dugari et al. (2001) reported that when the level of a
fiber-rich concentrate (40.3% NDF in DM) was in-
creased from 62 to 70% in the diet of dairy cows, a
significantly reduced digesta consistency in the reticu-
lorumen was associated with a lowered entrapment of
small particles, and hence an increased outflow rate of
solid digesta and depressed ruminal NDF digestibility.
In the present study, the ruminal mat consistency
tended to improve, especially during the daytime, but
the outflow rate of solids from the reticulorumen in-
creased when the HL diet was fed. Similarly, Weidner
and Grant (1994) observed that increasing the ruminal

Journal of Dairy Science Vol. 90 No. 4, 2007

mat consistency by including 20% of coarsely chopped
alfalfa hay in the ration was not sufficient to signifi-
cantly reduce the rate of escape of soybean hulls from
the rumen.

In addition, cows fed high-concentrate diets showed
a lower percentage of small particles in the ruminal
digesta when measured 3 h after the morning feeding,
even though this particle fraction in the diet was higher
compared with the low-concentrate diets; this in turn
suggests less entrapment of small, potentially digest-
ible feed particles. Sutherland (1988) postulated that
the ruminal mat can modulate the retention time of
solid digesta through an increased selective retention
(“filter bed” effect) for undigested small feed particles.
This likely affects more concentrate grains and espe-
cially small hay particles, which, if not integrated into
the ruminal mat, have a greater probability of sedi-
menting because of the higher density, and conse-
quently to flow out undigested from the reticulorumen
(Zebeli et al., 2005). Poppi et al. (2001) concluded that
small particles generated within the mat have difficulty
escaping, but once in the ventral rumen pool, they es-
cape quickly with a low probability of return to the
mat. A lower mat-to-nonmat ratio and a higher bailable
fraction, the latter comprising both liquids and small
hay and grain particles, also support the hypothesis of
a lower integration of small particles into the mat for
the high-concentrate diets in this study. In addition,
this result suggests that not only the consistency of the
ruminal mat, but also the proportion of mat (i.e., mat-to-
nonmat ratio) is important in regulating small particle
retention in the rumen through selective retention.

Tafaj et al. (2005a) concluded that the procedure of
feeding a coarsely chopped, fiber-rich hay (62% NDF)
to balance a high inclusion of concentrate (50%) was
not effective in overcoming the deficiency in physical
fiber of the ration in dairy cows, because it did not
improve rumen conditions for fiber degradation, even
though ruminating indices increased. The attainment
and maintenance of stable digesta stratification de-
pends not only on the amount of dietary structural car-
bohydrates, but also on the degradation characteristics
and extent of degradation of structural carbohydrates
of the rumen mat itself (Welch, 1982). This in turn
stimulates the backflow of potentially degradable parti-
cles from the ventral reticulorumen to the mat (Poppi
et al., 2001), and hence may further enhance cellulolytic
activity and fiber degradation in the rumen. Indeed,
when higher quality hay (47% NDF) was fed at a low
concentrate level (20%), Tafaj et al. (2005a) reported
not only a better stratification of digesta in the reticulor-
umen and higher pH, but also a higher fiber degrada-
tion, increased turnover rate of digesta, and increased
hay intake without compromising effectiveness at stim-
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ulating chewing. The authors also justified the latter
combination of dietary factors with a better dietary
nutrient balance available for microorganisms, espe-
cially in terms of ruminally fermentable fiber and am-
monia, which can stimulate the metabolic activity of
cellulolytic microflora (Thomas and Russell, 2004), and
hence fiber degradation in the rumen. An additional
reason for the lower fibrolytic activity of ruminal di-
gesta in cows fed the HL diet was presumably also the
lack of synchronized nutrient availability, because of a
lower integration of small grain and hay particles into
the ruminal mat. Weimer (1998) noted that the concen-
tration of fiber-degrading bacteria in the rumen is usu-
ally much greater than the concentration required to
digest fiber, suggesting that metabolic activity rather
than total count is pivotal in digesting fiber in the ru-
men. However, further research, both in terms of the
rumen ecosystem and the metabolic activity of cellulo-
lytic microorganisms in the rumen, is needed to eluci-
date the hypothesis that arose in the present study.

CONCLUSIONS

Altering the theoretical particle size of hay from 6 to
30 mm in a diet containing a high amount of concentrate
increased the proportion of DM in the diet retained on
a 1.18-mm screen (wet-sieving) by 4.5%, extended the
rumination time by 100 min/d, and extended the rumi-
nating index by about 13 min/kg of DM>1.18mm ingested,
and also increased the consistency of the ruminal mat.
However, the ruminal particle breakdown, fibrolytic ca-
pacity of the digesta, entrapment of small particles into
the mat, and proportion of mat in the rumen decreased.
This was also reflected in a higher bailable liquid pool,
increased fractional passage rate of solid digesta from
the reticulorumen, and increased retention time in the
hindgut, which in turn indicated a shift of fiber diges-
tion from the rumen to the lower digestive tract. It can
be concluded, based on the results of this study, that
inclusion of coarsely chopped hay in the high-concen-
trate diet does not appear to further improve rumen
conditions and digestion when the rations are formu-
lated to exceed the fiber requirements in limit-fed
dairy cows.
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