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ABSTRACT

Ruminal kinetic parameters of different particle size fractions were estimated using four 
lactating dairy cows in a 4×4 Latin square experiment. Cows received red clover-grass silage alone 
diet. Ruminal contents and faeces were divided into six particle size fractions by wet sieving. 
Indigestible (iNDF) and potentially digestible (pdNDF) neutral detergent fi bre were separated by a 
12d ruminal in situ incubation. Particles >2.5 mm formed the greatest dry matter, iNDF and pdNDF 
pools in the rumen. Passage rates of iNDF and pdNDF increased with decreasing particle size. 
Particle breakdown in the rumen was a relatively slow process (0.041 h-1). Contribution of particle 
breakdown to turnover of different particle size fractions of rumen iNDF decreased with decreasing 
particle size while the contribution of passage increased. Accumulation of iNDF in the rumen was 
greater than generally observed with grass-based diets and pdNDF was rapidly digested.
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INTRODUCTION

Most of the variation in forage digestibility in ruminants results from the con-
centration and digestibility of neutral detergent fi bre (NDF) (Huhtanen et al., 
2006). Digestion of dietary entities is a time-dependent process; therefore the rate 
of digestion in relation to the rate of passage is a critical dynamic characteristic 
affecting digestibility (Mertens, 1993). The rate of cell wall digestion in relation 
to its passage is slow compared to cell solubles (Van Soest, 1994), which indicates 
the importance of passage rate (or mean residence time) in models predicting 
NDF digestibility.

Passage kinetic parameters are generally estimated by labelling feed particles 
with external markers (Owens and Hanson, 1992; Ellis et al., 1994) such as rare 
earths (Combs et al., 1992) and chromium mordanted fi bre (Udén et al., 1980). 
Both rare earths (Combs et al., 1992) and chromium mordanted fi bre (Ramanzin 
et al., 1991) have some limitations in estimating passage rate accurately. Internal 
markers such as ADF-bound 15N may be used as a reference method (Huhtanen 
and Hristov, 2001) although it is too laborious for routine use.

Indigestible NDF (iNDF) has been used as an internal marker to estimate pas-
sage (Tamminga et al., 1989; Huhtanen and Kukkonen, 1995) and breakdown ki-
netics of different particle size fractions (Bruining et al., 1998; Rinne et al., 2002; 
Huhtanen et al., 2007). Since physical breakdown of large particles by mastication 
during ingestion and rumination is an important part of digestion process in ru-
minants (Allen and Mertens, 1988; Huhtanen et al., 2006), one of the advantages 
of using iNDF as a marker along with the rumen evacuation technique is the pos-
sibility to study the passage, breakdown and digestion rates of different particle 
size fractions simultaneously.

Considering the selective retention mechanism of large particles in the re-
ticulo-rumen (Allen and Mertens, 1988), estimating the passage and breakdown 
kinetics of different particle size fractions can be helpful to assess their restrictive 
contribution on feed intake. Rumen evacuation technique combined with iNDF 
determination can be used to estimate the total mean residence time in the rumen. 
However, passage kinetics can not be described by a single compartment model 
and distribution of the ruminal mean residence time between the two compart-
ments has at least some infl uence on the estimated digestibility (Huhtanen et al., 
2006). 

The objective of this study was to estimate the distribution of ruminal mean 
residence time between rumen non-escapable and escapable compartments using 
rumen evacuation technique combined with wet sieving and iNDF determination. 
Kinetic parameters for different particle size fractions of iNDF and potentially 
digestible NDF (pdNDF) were estimated using steady-state rumen model. In the 
present experiment, the cows were fed forage alone diet to avoid confounding 
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effects of particles from different dietary components. Milk production, diges-
tion and marker kinetic parameters have been published by Khalili and Huhtanen 
(2002). 

MATERIAL AND METHODS

Animals, diet, and experimental design

Four Finnish Ayrshire cows in midlactation (164±8 days in milk) with an average 
liveweight of 545±26 kg and milk production of 20.7±0.40 kg during the experiment 
were used. The cows were in their second lactation and each of them was fi tted with a 
ruminal cannula and a simple T-shape cannula in the proximal duodenum. They were 
housed individually, fed at 07.00 and had ad libitum access to silage throughout the 
day. All cows were fed red clover-grass silage in a balanced 4×4 Latin square design 
using 14-d periods. The four treatments consisted of casein infusions as follows: con-
trol (0 g d-1), rumen (300 g d-1), duodenum (300 g d-1) and rumen and duodenum (300 
+ 300 g d-1). The silage used was prepared from a regrowth of red clover-grass (3:1) 
sward and ensiled as direct-cut using a formic acid-based additive (800 g kg-1 formic 
acid, 20 g kg-1 orthophosphoric acid and 180 g kg-1 water) applied at a rate of 5.8 l 
tonne-1 fresh matter. The silage dry matter (DM) concentration was 204 g kg-1, its pH 
was 4.21, and concentrations of ash, nitrogen, NDF and iNDF were 67, 26.9, 457 and 
135 g kg-1 DM, respectively.

Procedures and chemical analyses

The total weight of ruminal contents was estimated by emptying the rumen of 
each cow on two occasions at 06.00 and 09.30 h on d 13 and 14 of each experimen-
tal period according to the procedure described by Khalili and Huhtanen (2002). 
The average weight of ruminal contents of the two evacuations was used as the esti-
mation of the diurnal mean. Total faecal collection was conducted during d 10 to 12 
of each period. Representative faecal samples were taken for further analyses.

The particle size distribution of ruminal digesta (separately for the two sam-
pling times) and faecal samples was determined by the Retsch AS200 Digit wet 
sieving apparatus (Retsch GmbH, Haan, Germany). The samples were divided 
into six particle size fractions by wet sieving using sieves with pore sizes of 2.5, 
1.25, 0.63, 0.315, 0.16 and 0.08 mm. Two replicates (60 g) of fresh rumen con-
tents and faeces were sieved for 10 min using a water fl ow of 3.5 l min-1. After 
sieving, the material from each sieve was quantitatively collected to pre-weighed 
nylon bags (pore size 38 μm), dried at 60°C for 48 h and weighed to determine the 
DM distribution of different particle size fractions. The mean values of particle 



 541BAYAT A.R. ET AL.

size distribution obtained from the two rumen evacuation times were used in fur-
ther calculations. For each rumen evacuation time, one of the replicates was used 
for NDF and the other for iNDF determination. The samples for iNDF determina-
tion (without milling) were incubated for 12 d in the rumen of one cow fed a forage 
based diet. The bags for NDF determination were incubated for 1 h in boiling NDF 
solution containing Na2SO3 (Van Soest et al., 1991), rinsed with cold water for 25 
min using a household washing machine and dried to a constant weight at 60°C. The 
same procedure was used for the nylon bags from iNDF determination after ruminal 
incubation. Ash is included in all NDF and iNDF values.

Calculations and statistical methods

The particle size distribution of silage entering the rumen was assumed to 
be similar to the values measured in another experiment using the same animals 
which were fed four grass silages of varying maturity (Rinne et al., 2002). The 
particle size distribution used for ingested silage was 365, 156, 16, 16, 47, 26 and 
14 g kg-1 DM for fractions retained by 5.0, 2.5, 1.25, 0.63, 0.315, 0.16 and 0.08 
mm sieves, respectively, and 360 g kg-1 DM for the material <0.08 mm. It was as-
sumed that the iNDF concentration of ingesta entering the rumen was the same as 
in the original silage and constant in different particle size fractions, and that there 
was no NDF in the DM not retained on the sieves. Because only a small propor-
tion of ruminal digesta particles remained on the 2.5 mm sieve and a very small 
proportion of faecal particles remained on the 5.0 mm sieve, the data of these two 
sieves were combined for further calculations.

The NDF and iNDF pools of different particle size fractions of ruminal digesta and 
faeces were calculated as DM content of each particle size fraction multiplied by the 
respective NDF and iNDF concentrations. The pdNDF content was calculated as NDF 
minus iNDF content for each pool. The ruminal iNDF and pdNDF particle kinetic 
parameters were estimated by dividing the particulate DM into 6, 3, 2 or 1 fractions 
based on particle size (Figure 1). Changes in ruminal iNDF (and pdNDF) pools were 
described by the differential equations (Huhtanen et al., 2007): 

  diNDFn dt-1 = kin iNDFn – (krn + kpn) iNDFn    (1)
  diNDFn dt-1 = kin iNDFn + kr(n - 1) iNDF(n - 1) – (krn + kpn) iNDFn   (2)
  diNDFn dt-1 = kiniNDFn  + kr(n - 1) iNDF(n - 1)  – kpn iNDFn    (3)

where: kin, kpn and krn are the rate constants for intake, passage and breakdown of iNDF 
for each pool (n). The subscript (n - 1) refers to the larger pool in relation to the specifi c 
pool (n). Equation (1) was used for the fi rst pool, equation (2) for the intermediate pools 
and equation (3) for the fi nal pool. For the two-pool model, only equations (1) and (3) 
were used. As the pool sizes, ki and kp of iNDF were experimentally determined, kr and 
rate of digestion (kd) of particles in the steady-state condition could be estimated by 
assuming similar kr for iNDF and pdNDF (Huhtanen et al., 2007). The ruminal mean 
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residence time (RMRT) of iNDF and mean turnover time of pdNDF in each particle 
size fraction was calculated as: [ruminal content of iNDF or pdNDF pool (g)] [quantity 
of iNDF or pdNDF entering into the pool (g h-1) via intake or breakdown from the other 
pools]-1, based on the formula of Minson (1966). The median retaining aperture of ru-
minal digesta and faecal particles was calculated according to Fisher et al. (1988) using 
Proc NLIN of SAS (2003).

The following model was used to analyse the data of rumen evacuation and 
kinetic parameters using GLM procedure of SAS (2003):

Yijkl = µ + Ci + Pj + Tk + Sl + eijkl

where: µ is the overall mean, and Ci, Pj , Tk and Sl are the cow (i = 1 to 4), period (j 
= 1 to 4), diet (k = 1 to 4) and particle size (l = 1 to 6) effects, respectively, and eijkl 
is the error term. Dietary treatments did not affect different parameters markedly 
and therefore only the mean values of the four treatments are reported and dis-
cussed. All the presented results are LS means and the differences were analysed 
using Duncan’s multiple range test.

RESULTS 

Particle distribution, NDF and iNDF concentrations, and rumen pool sizes
 
Based on the six-pool model, the greatest proportion of particles in the ruminal 

digesta remained on the 2.5 mm sieve and the lowest proportion on the 1.25 mm 
sieve (Table 1). The NDF concentration was similar in all fractions larger than 0.63 
mm, but for the smaller particles it decreased with decreasing particle size.

Sieve size, mm
2.50 1.25 0.63 0.315 0.16 0.08

Six-pool
model

Pool
1

Pool 
2

Pool
3

Pool
4

Pool
5

Pool 
6 DM not retained

Three-pool 
model

Large particles 
(LP3)

  Medium 
particles (MP3)

Small particles 
(SP3)

DM not retained

Two-pool 
model

Large particles 
(LP)

Small particles
(SP) DM not retained

One-pool 
model Particulate DM DM not retained

Figure 1. Division of dry matter (DM) into different fractions based on particle size 
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Table 1. Dry matter (DM) distribution, and neutral detergent fi bre (NDF) and indigestible NDF 
(iNDF) concentrations in different particle size fractions based on the six-pool model

Item
Particle size, mm

SEM1

>2.5 2.5-1.25 1.25-0.63 0.63-0.315 0.315-0.16  0.16-0.08
Ruminal digesta, g kg-1 DM unless otherwise stated

DM distribution2 295   50 135 216 158 145
NDF 912a 909a 916a 897b 844c 682d 2.8
iNDF 520e 631c 700a 654b 555d 348f 6.1
iNDF, g kg-1 NDF 570e 694c 765a 730b 658d 509f 7.6

Faeces, g kg-1 DM unless otherwise stated
DM distribution2   17   53 121 274 270 264
NDF 813c 872ab 911a 902a 844bc 665d 15.9
iNDF 539d 681b 755a 754a 629c 448e 11.2
iNDF, g kg-1 NDF 662b 823a 826a 834a 743ab 673b 33.3

1 SEM - standard error of the means; n=15; 2 as g kg-1 particulate DM
a, b, c, d, e, f means in a row with different superscripts differ statistically (P<0.05)

The concentration of iNDF in NDF showed a quadratic trend being the highest 
in the 1.25-0.63 mm particles. The smallest ruminal particles (0.16-0.08 mm) had 
the lowest NDF and iNDF concentrations.

Based on the six-pool model, the ruminal DM pool >2.5 mm was the largest 
and the DM pool 2.5-1.25 mm was the smallest (Table 2). Also iNDF and pdNDF 
contents in the ruminal digesta showed the same trend. Both iNDF and pdNDF in 
2.5-1.25 and 0.16-0.08 mm particles had the lowest RMRT and the highest rumi-
nal mean turnover time, respectively. Based on the two-pool model, the RMRT of 
iNDF was 23.0 and 41.6 h and mean turnover time of pdNDF was 5.6 and 18.0 h 
in the non-escapable and escapable pools, respectively (data not presented).

In faeces, the smallest proportion of material remained on the 2.5 mm sieve and 
the majority of particles were below 0.63 mm (Table 1). The NDF concentration of 
faecal particles showed a similar trend as in ruminal digesta. However, the largest 
particles (>2.5 mm) had a lower NDF concentration than the other fractions larger 
than 0.315 mm (813 vs 895 g kg-1 on average). The NDF concentration decreased in 
0.315-0.16 mm particles (844 g kg-1) and further in the smallest particles (0.16-0.08 
mm, 665 g kg-1). The iNDF concentration was the lowest in >2.5 and 0.16-0.08 mm 
particles. Ruminal and faecal DM not retained on the sieves comprised 358 and 473 
g kg-1 of total DM, respectively. For all particle size fractions the iNDF concentra-
tion in faecal particles was higher than in ruminal particles. 

Based on the three-pool model, the ruminal particulate DM was fairly equally 
distributed among the three particle size fractions (Table 3). The majority of faecal 
particles was smaller than 0.315 mm and only a small proportion was larger than 
1.25 mm. Based on the two-pool model, the proportion of the small particles (SP, 
1.25-0.08 mm) in the rumen was 1.9 times greater than that of the large particles 
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Table 2. Dry matter (DM), indigestible (iNDF) and potentially digestible (pdNDF) neutral detergent 
fi bre contents of different particle size fractions and their ruminal mean residence time based on the 
six-pool model

Item
Particle size, mm

SEM1

    >2.5 2.5-1.25 1.25-0.63 0.63-0.315 0.315-0.16 0.16-0.08
Ingested, kg d-1 

DM2  8.10a 0.26c  0.26c  0.74b  0.41c  0.23c 0.080
INDF  1.48a 0.05c  0.05c  0.14b  0.08c  0.04c 0.020
pdNDF  4.31a 0.13c  0.13c  0.38b  0.22c  0.12c 0.047

Ruminal digesta, kg
DM  2.34a 0.40e  1.06d  1.70b  1.24c  1.14cd 0.049
INDF  1.21a 0.26e  0.74c  1.11b  0.69c  0.40d 0.028
pdNDF  0.92a 0.11d  0.23c  0.41b  0.36b  0.38b 0.022

Faeces, kg d-1

DM  0.05d 0.16c  0.36b  0.80a  0.80a  0.76a 0.027
INDF  0.03f 0.11e  0.27d  0.60a  0.49b  0.34c 0.016
pdNDF  0.01d 0.04cd  0.06c  0.12b  0.18a  0.16a 0.010

Ruminal mean residence time, h
INDF3 19.7b 4.2d 12.5c 20.4b 21.1b 29.4a 1.09
pdNDF4  5.2e 2.2f  7.4d 13.2c 18.1b 33.3a 0.58

1 SEM - standard error of the means; n=15
2 estimated based on the particle size distribution data adopted from Rinne et al. (2002)
3 calculated as (kp + kr)

-1 for each particle size fraction; kp and kr are from iNDF kinetics (Table 5)
4  calculated as (kp + kr + kd)

 -1 for each particle size fraction; kr is the same as kr of iNDF and kp and 
kd are from pdNDF kinetics (Table 5)

a, b, c, d, e, f means in a row with different superscripts differ statistically (P<0.05)

Table 3. Dry matter (DM) distribution, and neutral detergent fi bre (NDF) and indigestible NDF 
(iNDF) concentrations in different particle size fractions based on the three-pool model

Item Particle size, mm SEM1

>1.25 1.25-0.315 0.315-0.08 
Ruminal digesta, g kg-1 DM unless otherwise stated

DM distribution2 346 351 303
NDF 912a 904b 767c  2.6
iNDF 536b 672a 450c  5.3
iNDF, g kg-1 NDF 588b 744a 587b  6.5

Faeces, g kg-1 DM unless otherwise stated
DM distribution2  71 395 534
NDF 856a 906a 757b 19.2
iNDF 646b 755a 537c  9.3
iNDF, g kg-1 NDF 787ab 829a 707b 40.6

1 SEM - standard error of the means; n=15
2 as g kg-1 particulate DM
a, b, c means in a row with different superscripts differ statistically (P<0.05)
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(LP, >1.25 mm) (Table 4). The median retaining aperture was 1.05 (standard de-
viation 0.228), 0.71 (0.109) and 0.30 (0.015) mm in ruminal digesta at post- and 
pre-feeding and in faeces, respectively.

Table 4. Dry matter (DM) distribution, and neutral detergent fi bre (NDF) and indigestible NDF 
(iNDF) concentrations in different particle size fractions based on the two-pool model

Item
Particle size, mm

SEM1

>1.25 1.25-0.08
Ruminal digesta, g kg-1 DM unless otherwise stated

DM distribution2 346 654
NDF 912a 840b  1.5
iNDF 537b 564a  3.1
iNDF, g kg-1 NDF 588b 671a  3.4

Faeces,g kg-1 DM unless otherwise stated
DM distribution2  71 929
NDF 858 822 23.5
iNDF 647 626 10.2
iNDF, g kg-1 NDF 784 756 49.5

1 SEM - standard error of the means; n=15
2 as g kg-1 particulate DM
a,b means in a row with different superscripts differ statistically (P<0.05)

Rumen digesta kinetics

Based on the six-pool model, most of the ingested iNDF entered the large 
particle pool (>2.5 mm) (Table 5). The kp of iNDF of the particles >2.5 mm
(iNDF2.5) was clearly slower than that of the other particle size fractions. The kp of 
iNDF of the 2.5-1.25 and 1.25-0.63 mm particles was similar and it increased linearly 
with decreasing particle size. The kr of 2.5-1.25 mm particles was clearly faster (0.237 
h-1) than that of any other pool. The contribution of particle breakdown in clearance 
of iNDF from rumen pools, calculated as kr (kr + kp)

-1 of iNDF, decreased linearly 
with decreasing size of particles. The kp of pdNDF in particles >2.5 mm (pdNDF2.5) 
was very slow (0.001 h-1) and it was the fastest in the 0.315-0.16 mm (pdNDF0.16) and 
0.16-0.08 mm (pdNDF0.08) particles. The pdNDF in the 2.5-1.25 mm particles had the 
fastest kd and generally kd decreased with decreasing particle size. The contribution 
of digestion in clearance of pdNDF from rumen pools calculated as kd (kd + kp + kr)

-1 
was the highest for pdNDF2.5 and the lowest for pdNDF0.16 (0.74 and 0.30, respective-
ly). The effi ciency of selective retention [calculated as (kp of iNDF) (kp of pdNDF)-1, 
Huhtanen et al., 2007] was the highest in the 0.63-0.315 and 0.16-0.08 mm pools.

Based on the three-pool model, most of the ingested iNDF entered the large 
pool (LP3, >1.25 mm) (Table 6). The kp of iNDF increased linearly with decreas-
ing particle size. The kr of LP3 was greater than that of the medium particles (MP3, 
1.25-0.315 mm). The contribution of breakdown in clearance of iNDF from ru-
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minal pools was higher for LP3 than for MP3. The kp of pdNDF increased and kd 
decreased linearly with decreasing particle size. The contribution of digestion in 
the clearance of pdNDF from ruminal pools was lower for the small particles (SP3, 
0.315-0.08 mm) than for the other pools. The effi ciency of selective retention for 
LP3 was higher than for the other pools, but the difference was not statistically 
signifi cant.

Table 5. Rates of intake (ki), passage (kp), particle breakdown (kr) and digestion (kd), and the effi -
ciency of selective retention estimated based on the six-pool model 

Item Particle size, mm SEM1

>2.5 2.5-1.25 1.25-0.63 0.63-0.315 0.315-0.16 0.16-0.08 
Indigestible neutral detergent fi bre (iNDF)

ki, h
-1 0.053a 0.008b 0.003c 0.005bc 0.005c 0.005c 0.0010

kp, h
-1 0.001e 0.017d 0.015d 0.023c 0.030b 0.037a 0.0013

kr, h
-1 0.051c 0.239a 0.067b 0.027d 0.018d - 0.0046

kr (kr + kp)
-1 0.98a 0.93b 0.82c 0.54d 0.38e - 0.011

Potentially digestible neutral detergent fi bre (pdNDF)2

ki, h
-1 0.204a 0.052b 0.025c 0.040b 0.026c 0.014c 0.0043

kp, h
-1 0.001c 0.013b 0.010b 0.012b 0.020a 0.018a 0.0013

kd, h
-1 0.151b 0.225a 0.062c 0.039d 0.018e 0.012e 0.0058

kd (kr +kp+kd)
-1 0.74a 0.47b 0.44b 0.48b 0.30c 0.40b 0.022

Effi ciency of selective retention
kp iNDF (kp pdNDF)

-1 1.69bc 1.47c 1.53c 2.00ab 1.64bc 2.30a 0.150
1 SEM - standard error of the means; n=15 

2 the kr of pdNDF is assumed to be equal to that of iNDF
a, b, c, d, e means in a row with different superscripts differ statistically (P<0.05)

Table 6. Rates of intake (ki), passage (kp), particle breakdown (kr) and digestion (kd), and the effi -
ciency of selective retention estimated based on the three-pool model

Item
Particle size, mm

         SEM1

>1.25 1.25-0.315 0.315-0.08 
Indigestible neutral detergent fi bre (iNDF)

ki, h
-1 0.045a 0.004b 0.005b   0.0011

kp, h
-1 0.004c 0.020b 0.032a   0.0007

kr, h
-1 0.041a 0.016b -   0.0012

kr (kr + kp)
-1 0.91a 0.45b -   0.008

Potentially digestible neutral detergent fi bre (pdNDF)2

ki, h
-1 0.019a 0.035b 0.020c   0.0050

kp, h
-1 0.002c 0.011b 0.019a   0.0011

kd, h
-1 0.144a 0.072b 0.014c   0.0047

kd (kr +kp +kd)
-1 0.77a 0.72a 0.42b   0.026

Effi ciency of selective retention
kp iNDF (kp pdNDF)

-1 2.01 1.80 1.89   0.130
1 SEM - standard error of the means; n=15 

2 the kr of pdNDF is assumed to be equal to that of iNDF
a, b, c Means in a row with different superscripts differ statistically (P<0.05)
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Table 7. Rates of intake (ki), passage (kp), particle breakdown (kr) and digestion (kd), and the effi -
ciency of selective retention estimated based on the two-pool model

Item
Particle size, mm

    SEM1

   >1.25 1.25-0.08
Indigestible neutral detergent fi bre (iNDF)

ki, h
-1 0.045a 0.004b 0.0013

kp, h
-1 0.004b 0.024a 0.0005

kr, h
-1 0.041 - -

kr (kr +kp)
-1 0.91 - -

Potentially digestible neutral detergent fi bre (pdNDF)2

ki, h
-1 0.187a 0.027b 0.0059

kp, h
-1 0.002b 0.016a 0.0007

kd, h
-1 0.143a 0.040b 0.0050

kd (kr +kp +kd)
-1 0.77a 0.72b 0.011

Effi ciency of selective retention
kp iNDF (kp pdNDF)

-1 2.02 1.69 0.131
1 SEM - standard error of the means; n=15 

2 the kr of pdNDF is assumed to be equal to that of iNDF
a, b means in a row with different superscripts differ statistically (P<0.05)

Based on the two-pool model, kp of iNDF and pdNDF for SP were higher than 
those of LP (Table 7). The kr of LP was 0.041 h-1, and most of iNDF clearance 
from LP took place through breakdown of particles (0.91). The kd and the contri-
bution of digestion in clearance of pdNDF were higher in LP compared to SP. The 
effi ciency of selective retention was numerically, though not signifi cantly, higher 
in LP than in SP.

Considering total ruminal digesta as one pool, kp of iNDF was 0.017 h-1 and kp 
and kd of pdNDF were 0.010 and 0.083 h-1, respectively. Rumen iNDF and pdNDF 
contents were 4.35 and 2.40 kg, respectively, and 0.89 of total pdNDF disappear-
ance from rumen took place through digestion. The effi ciency of selective reten-
tion was 1.87. 

DISCUSSION

Particle distribution, NDF and iNDF concentrations and rumen pool sizes

Ruminal contents were evacuated 1 h before and 2.5 h after feeding. Huhtanen 
et al. (2007) concluded that these evacuation times in cattle fed twice daily repre-
sent the minimum and maximum rumen contents and are likely to result in accu-
rate estimates of the mean pool size. Particle size distribution of ingested material 
was not measured, but in the studies of Bruining et al. (1998) and Huhtanen et 
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al. (2007) it was similar to the data of Rinne et al. (2002), which was used in the 
present study. Possible errors, especially in the largest particle fraction would not 
markedly infl uence the results. 

In the present study, DM <0.08 mm formed 358 g kg-1 of ruminal digesta, 
which is within the range reported by Bruining et al. (1998) and Rinne et al. 
(2002) in dairy cows but slightly higher than that measured by Huhtanen et al. 
(2007) in growing cattle. This variation can be related to forage species, growth 
stage, diet composition and sieving techniques. Because the large proportion of 
DM is generally not retained on the sieves, it is crucial to note whether the results 
are presented on particulate or total DM basis. 

The highest proportion of the ruminal digesta particles remained on the 2.5 mm 
sieve and the lowest remained on the 1.25 mm sieve consistently with Ahvenjärvi 
et al. (2001). Ahvenjärvi et al. (2001) speculated that during rumination the parti-
cles were comminuted below 1.25 mm, and particles larger than 2.5 mm had not 
yet been subjected to rumination. Also Ulyatt et al. (1986) indicated that in cattle 
proportionally from 0.56 to 0.92 of the particulate DM is reduced in size to smaller 
than 1.0 mm during rumination. Accurate estimation of kr would need a comparison 
of particle size distribution in the regurgitated and the ruminated boluses to measure 
the contribution of rumination to the magnitude of particle breakdown. 

Based on the three-pool model, the proportion of LP3 in ruminal digesta was 
lower and those of MP3 and SP3 were higher than those reported by Rinne et al. 
(2002), respectively. 

Based on the two-pool model, the proportion of LP in ruminal digesta was 
smaller than that of SP. This is in contrast with Bruining et al. (1998) using grass, 
maize and lucerne silages and Huhtanen et al. (2007) using timothy hay. However, 
the present results are consistent with the data reported by Bosch et al. (1992) and 
Bosch and Bruining (1995), who observed that the small particle fraction was 
larger than the large particle fraction with grass silage based diets. 

It should be noted that sieving techniques varied between the studies. In the 
current experiment, more than 750 g kg-1 of ruminal DM content was <1.25 mm. 
Shaver et al. (1988) and Prigge et al. (1993) indicated that more than half of ruminal 
DM was smaller than 1.18 mm. These fi ndings support the concept that other factors 
beside particle size affect the passage of forage particles from the rumen. One of 
those factors is the functional specifi c gravity of particles (Sutherland, 1988). Poppi 
et al. (2001) discussed that a large proportion of particles smaller than the threshold 
for passage are entrapped in rumen raft and are not eligible to immediate passage. 

The proportion of faecal DM that remained on the 2.5 mm sieve was only 0.009 
but this value was 0.037 for the particles >1.25 mm (data not presented). Poppi et 
al. (1980) suggested a critical particle size theory and defi ned the critical particle 
size as the sieve size that retains proportionally 0.05 of faecal DM. According to 
that concept, the critical particle size in this experiment would be slightly below 
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1.25 mm. Bruining et al. (1998) reported a considerable proportion (110-140 g 
kg-1) of large particles (>1.25 mm) in faecal DM. The fi ndings of this study are in 
contrast with those of Shaver et al. (1988) and Oshita et al. (2004), who indicated 
that the critical particle size in dairy cows or steers was greater than reported pre-
viously for sheep and cattle (Poppi et al., 1980). Oshita et al. (2004) found that the 
proportion of faecal DM remained on the 4 mm screen was much higher for maize 
silage than for lucerne hay, lucerne silage and orchard grass hay. 

In this experiment, the proportion of faecal DM below 0.08 mm was 473 g 
kg-1 DM. Rinne et al. (2002) reported values between 529 to 321 g kg-1 which de-
creased with advancing maturity of grass ensiled. The median retaining aperture 
values in the present experiment were lower in ruminal digesta but similar in fae-
ces compared to those of Rinne et al. (2002). This difference may at least partly be 
related to the differences in the cell wall structure between grasses and legumes.

The NDF and iNDF concentrations in ruminal particles showed a curvilinear 
trend with decreasing particle size comparable to the observations of Huhtanen et 
al. (1993) and Ahvenjärvi et al. (2001). Lower NDF concentration in small particles 
can be attributed to the greater attachment of bacteria to small particles compared 
to large particles (Legay-Carmier and Bauchart, 1989), which is supported by high-
er particle-associated enzyme activities in the smallest particles (Huhtanen et al., 
1993). The iNDF concentration in NDF in both ruminal and faecal particles showed 
a quadratic trend being highest in medium size particles. It is likely that the changes 
from large particle fraction to medium particle fraction refl ect mainly the digestion 
and breakdown of stems while the small particle fraction originates mainly from 
leaves, which are from different morphological origin. Increasing iNDF concentra-
tion in NDF with decreasing particle size indicates that the smaller particles had 
been subjected to digestion for a longer period of time than the larger particles. The 
iNDF concentration in NDF in faecal particles was higher than that in the respective 
particle size fractions of ruminal digesta in agreement with Ahvenjärvi et al. (2001) 
and Huhtanen et al. (2007). This can be attributed to the selective retention of feed 
particles in the rumen and post-ruminal fi bre digestion. 

According to the two-pool model, the NDF concentration was higher in LP 
than in SP but the iNDF concentration was higher in SP in agreement with the ob-
servations of Ahvenjärvi et al. (2001). In the present study the NDF concentration 
was 865 g kg-1 DM and the iNDF concentration was 642 g kg-1 NDF in total rumi-
nal particulate matter. Bruining et al. (1998) observed that the rumen indigestible 
DM concentration for grass, maize and lucerne silages was signifi cantly different 
(on average 540, 370 and 840 g kg-1 of ruminal particulate DM, respectively). 

The total pdNDF and iNDF ruminal pools were 2.40 and 4.35 kg, respectively. 
The iNDF pool in this experiment was proportionally much greater than reported 
by Rinne et al. (2002), Ahvenjärvi et al. (2006) and Huhtanen et al. (2007) using 
diets based on grass silage. This discrepancy may be due to the structural dif-
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ferences between legumes and grasses (Tamminga, 1993; Bruining et al., 1998; 
Kuoppala et al., 2005).

Ruminal mean residence time

Based on the six-pool model, RMRT of iNDF and mean turnover time of pd-
NDF in different pools increased with decreasing particle size but the largest par-
ticle size fraction was an exception. The largest particles can not escape from the 
rumen directly and they have to be reduced in size mainly through rumination. 
Therefore the higher mean residence time of these particles may indicate the im-
portant contribution of rumination in their clearance from the rumen. Markedly 
longer RMRT of iNDF2.5 compared to the mean turnover time of pdNDF2.5 is due 
to the fast kd of pdNDF2.5. Increasing RMRT with decreasing particle size except 
for iNDF2.5 in spite of increased kp can be explained by reducing contribution of 
particle breakdown to clearance of iNDF pools. Lund et al. (2007) emphasized 
the important impact of kd and distribution of mean retention time between escap-
able and non-escapable ruminal pools on the mean turnover time of pdNDF. They 
used marker derived kinetic parameters and rumen evacuation technique based on 
the two compartment model. However, in the current experiment, the kd is taken 
into account in estimating mean turnover time of pdNDF using rumen evacuation 
technique, wet sieving and iNDF determination.

The RMRT of iNDF calculated by the steady-state method was longer than the 
value based on Yb kinetics from the same experiment (57.3 and 32.1 h, respec-
tively; Khalili and Huhtanen, 2002). It has been reported that Yb-labelled particles 
underestimate the RMRT (Huhtanen and Kukkonen, 1995; Lund, 2002) and it may 
be related to migration of Yb to rumen fl uid (Beauchemin and Buchanan-Smith, 
1989; Combs et al., 1992) or preferential bounding to small rather than large par-
ticles (Siddons et al., 1985).

Rumen digesta kinetics

The kp increased linearly with decreasing particle size which is generally ob-
served in other studies (Poppi et al., 1980; Rinne et al., 2002; Huhtanen et al., 
2007). The kp of iNDF2.5 was markedly lower than those of the other pools indicat-
ing that these particles are not eligible to escape from the rumen. The kp of pdNDF 
was lower than that of iNDF for all pools. Tamminga et al. (1989) found a higher 
fractional kp for iNDF than for pdNDF and Huhtanen et al. (2007) reported that the 
kp of iNDF was higher than that of pdNDF irrespective of particle size. Harvatine et 
al. (2002) pointed out that both iNDF and pdNDF are within the same particles and 
thus have the same kp. However, the distribution of particles with different concen-
trations of pdNDF relative to iNDF in rumen outfl ow causes the differences in kp 
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of pdNDF and iNDF. The kp of pdNDF0.16 and pdNDF0.08 were faster than those of 
the other particle size fractions and proportionally 0.61 of pdNDF outfl ow from the 
rumen occurred in these particle size fractions. 

Based on the three-pool model, kr of LP3 (0.041 h-1) was similar to the values of 
Bruining et al. (1998) and Huhtanen et al. (2007). These studies using indigestible 
fractions in steady-state rumen models indicate that forage particle breakdown is 
a relatively slow process. The proportion of iNDF clearance through breakdown 
shows that in particles >0.63 mm breakdown was predominant, in 0.63-0.315 mm 
particles, both breakdown and passage had an equal contribution, and in particles 
<0.315 mm passage was predominant. These fi ndings support the concept of the 
rumen raft model (Poppi et al., 2001). 

The effi ciency of selective retention did not show any special trend in different 
ruminal pools. Huhtanen et al. (2007) also observed that the effi ciency of selective 
retention was not related to particle size. The mechanisms such as functional spe-
cifi c gravity (Sutherland, 1988) and entrapment of small particles in the ruminal 
fi brous mat (Poppi et al., 2001) involved in regulating the passage of feed particles 
from the rumen may contribute to it. 

Based on the two-pool model, kp of SP was slower than kr of LP. This observa-
tion is in contrast with Huhtanen et al. (2007) who suggested that the rate of large 
particle breakdown rather than the passage rate of small particles was the rate 
limiting step in rumen clearance. This discrepancy may again be related to the 
differences between grasses and legumes. In the present study kr was on average 
0.041, which is consistent with the values reported by Bruining et al. (1998) and 
Huhtanen et al. (2007). 

The faster kd of LP compared to SP based on the two-pool model is in agree-
ment with the results of Bruining et al. (1998) and Huhtanen et al. (2007). The 
smaller kd of SP compared to LP may be related to depletion of the most rapidly 
digestible cell wall material from the particles with decreasing particle size and 
increasing rumen residence time (Huhtanen et al., 2007). The ruminal kd of total 
pdNDF in this experiment (0.083 h-1) was higher than the value of 0.067 h-1 for 
timothy hay reported by Huhtanen et al. (2007). Bruining et al. (1998) observed 
that kd was markedly faster in lucerne silage compared to grass and maize silages 
supported by the well-documented differences between legumes and grasses in 
cell wall digestion properties (Van Soest, 1994).

CONCLUSIONS 

The present study based on iNDF kinetics and steady-state rumen models de-
monstrated that particle breakdown in the rumen is a relatively slow process. Con-
tribution of particle breakdown to turnover of different particle size fractions of 
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rumen iNDF decreased with decreasing particle size whereas the contribution of 
passage increased. Accumulation of iNDF in the rumen was greater than generally 
observed with grass-based diets and pdNDF was rapidly digested.
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