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  ABSTRACT 

  The objective of this experiment was to evaluate the 
effects of feeding rations of different particle sizes on ru-
men digesta and fecal matter particle size. Four rumen-
cannulated, multiparous, Holstein cows (104 ± 15 d in 
milk) were randomly assigned to treatments in a 4 × 4 
Latin square design. The diets consisted of 29.4% corn 
silage, 22.9% ground corn, 17.6% alfalfa haylage, and 
11.8% dry grass hay [20% of forage dry matter (DM)] 
on a DM basis. Dry grass hay was chopped to 4 different 
lengths to vary the total mixed ration (TMR) particle 
size. Geometric mean particle sizes of the rations were 
4.46, 5.10, 5.32, and 5.84 mm for short, medium, long, 
and extra long diets, respectively. The ration affected 
rumen digesta particle size for particles ≥3.35 mm, and 
had no effect on distribution of particles <3.35 mm. 
All rumen digesta particle size fractions varied by time 
after feeding, with soluble particle fractions increasing 
immediately after feeding and 0.15, 0.6, and 1.18-mm 
particle size fractions decreasing slightly after feeding. 
Particle fractions >1.18 mm had ration by time inter-
actions. Fecal neutral detergent fiber (NDF) and indi-
gestible NDF concentrations decreased with increasing 
TMR particle size. Fecal particle size expressed as total 
geometric mean particle length followed this same ten-
dency. Fecal particle size, expressed as retained geomet-
ric mean particle length, averaged 1.13 mm with more 
than 36% of particles being larger than 1.18 mm. All fe-
cal nutrient concentrations measured were significantly 
affected by time after feeding, with NDF and indigest-
ible NDF increasing after feeding and peaking at about 
12 h later and then decreasing to preprandial levels. 
Starch concentrations were determined to have the op-
posite effect. Additionally, apparent digestibility of diet 
nutrients was analyzed and DM digestibility tended to 
decrease with increasing TMR particle size, whereas 

other nutrient digestibilities were not different among 
rations. These results show that the critical size for 
increased resistance to rumen escape is larger than 1.18 
mm and this critical size is constant throughout the 
day. This study also concludes that, when using average 
quality grass hay to provide the range of particle sizes 
fed, DM digestibility tends to decrease with increasing 
ration particle size. 
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  INTRODUCTION 

  The sieve size 1.18 mm has been widely used as the 
size in which feed particles retained on or above are 
considered physically effective for dairy cows. This 
number originated from research of Evans et al. (1973) 
and Poppi et al. (1980, 1981), where resistance of par-
ticles leaving the rumen of cattle and sheep was mea-
sured. It was determined that 1.18 mm was a threshold 
particle size for both cattle and sheep for greatly in-
creased resistance to particles leaving the rumen and 
<5% of fecal particles are generally retained on a 1.18-
mm sieve (Poppi et al., 1980, 1981). It should be noted 
that a wet-sieving technique was used in these studies 
to measure particle size and this procedure is very dif-
ferent from the dry vertical sieving procedure used by 
Mertens (1997) to develop the physical effectiveness 
factor of feeds (using particles retained on a 1.18-mm 
sieve) that is used by some ration formulation software 
today. Therefore, it should not be assumed that these 
2 different sieving methods will produce similar results. 
Some researchers have suggested that the critical par-
ticle size for rumen escape in dairy cattle may be larger 
than 1.18 mm (Yang et al., 2001; Oshita et al., 2004); 
however, determining this has proven difficult. Also, 
little is known about whether diet particle size or time 
after feeding affects this critical particle size for passage 
from the rumen. 

  Some controversy exists regarding the effect of ration 
particle size on DM digestibility (DMD). Kononoff and 
Heinrichs (2003a) and Yang and Beauchemin (2005) 
reported that increasing ration particle size increased 
DMD; however, Kononoff and Heinrichs (2003b) ob-
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served that increasing ration particle size decreased 
DMD. In addition, several studies reported no effect 
of ration particle size on DMD (Krause et al., 2002; 
Yang and Beauchemin, 2006, 2007). Clearly this effect 
is variable, based on other aspects of the diet or man-
agement. Therefore, the objective of this experiment 
was to study effects of varying TMR particle size on 
rumen digesta and fecal particle size in lactating dairy 
cows to determine the critical size for particles leaving 
the rumen and if rumen and fecal particle size change 
throughout the day and according to diet particle size.

MATERIALS AND METHODS

Diets, Cows, and Experimental Design

Cows used in this research were cared for and 
maintained according to a protocol approved by The 
Pennsylvania State University Institutional Animal 
Care and Use Committee. Four lactating, multiparous, 
rumen-cannulated Holstein cows, averaging 104 ± 15 
DIM, weighing 659 ± 88 kg, and with parity of 2.25 
± 0.50 (mean ± SD) were randomly assigned to treat-
ments in a 4 × 4 Latin square design. Periods were 21 
d in length, with a 13-d adaptation period, followed by 
an 8-d collection period. During each of the 4 periods, 
cows were fed 1 of 4 rations that contained identical feed 
ingredients and proportions but varied in the length of 
dry grass hay included in the ration. Ingredients and 
their percentage of ration DM were corn silage (29.4), 
ground corn (22.9), haylage (17.6), grass hay (11.8), 
roasted soybeans (6.7), canola meal (5.7), heat-treated 
soybean meal (3.2), mineral/vitamin mix (2.4), and salt 
(0.3).

More detailed information regarding diets was re-
ported by Maulfair et al. (2010). Rations were desig-
nated as short (S), medium (M), long (L), and extra 
long (XL). Animals were housed in individual stalls, 
milked 2 times/d at 0700 and 1900 h, and fed 1 time/d 
at approximately 0730 h for ad libitum consumption 
with 12% refusal to allow maximum opportunity to 
sort the ration. Feed was pushed up 3 times/d at 1230, 
1730, and 2400 h. All rations were balanced to meet or 
exceed NRC (2001) requirements, and water was avail-
able ad libitum.

Rumen Sampling

On d 15 of each period, ruminal contents were col-
lected from dorsal, ventral, cranial, caudal, and me-
dial areas of the rumen at 0.0, 1.5, 3.5, 5.5, 8.5, 11.5, 
14.5, 18.0, 21.5, and 24.5 h after feeding (Kononoff et 
al., 2003b). Collected digesta was mixed thoroughly, 
sampled, and filtered through 4 layers of cheesecloth. 

Solid portions of digesta samples retained on cheese-
cloth were stored at −20°C for later determination of 
particle size distribution via the wet-sieving technique 
of Maulfair and Heinrichs (2010). Maulfair and Hein-
richs (2010) determined that squeezing rumen digesta 
through cheesecloth before wet sieving had no effect 
on particle size distribution of particles >0.15 mm but 
decreased the amount of soluble DM contained in the 
sample. Representative samples (approximately 30 g) 
were mixed in 1 L of water and soaked for 10 min. 
Samples were then placed on a series of stacked sieves 
(sizes 0.15, 0.6, 1.18, 3.35, 6.7, 9.5 mm; VWR, Arlington 
Heights, IL) contained in a Retsch AS 200 Control sieve 
shaker (Retsch GmbH, Haan, Germany) and sieved in 
duplicate. Samples were sieved for 10 min at 2.5-mm 
amplitude with the sprayer ring located between 3.35- 
and 1.18-mm screens and cold water flow rate at ap-
proximately 1.5 to 2.0 L/min to ensure particles were 
separated thoroughly. Sieve contents were rinsed into a 
funnel with rumen in situ bags (5 × 10 cm, 53 μm pore 
size; Ankom, Macedon, NY) attached to the stem to 
collect the sample. Bags were then dried in a forced-air 
oven at 55°C for 24 h and weighed to determine DM 
retained on each sieve. A portion of each sample was 
also dried at 55°C for 24 h in a forced-air oven without 
sieving to determine DM content of the original sample. 
The soluble fraction of the sample was calculated as the 
DM lost during sieving and drying. Data were analyzed 
using each particle fraction as a percentage of DM re-
tained on ≥0.15-mm screen (retained) and also as the 
percentage of DM of the entire sample sieved (total).

Fecal Sampling

Fecal sampling occurred at the same time points as 
rumen sampling (d 15 at 0.0, 1.5, 3.5, 5.5, 8.5, 11.5, 14.5, 
18.0, 21.5, and 24.5 h after feeding) via grab samples 
from the rectum. Samples were stored at −20°C until 
later determination of particle size distribution and 
concentration of DM, NDF, indigestible NDF (INDF), 
starch, and ash. The particle size of subsamples was 
determined using the same wet-sieving technique used 
for rumen digesta, with the exception of eliminating 
the top screen (9.5 mm). The geometric mean particle 
length (Xgm) and standard deviation of particle length 
(Sgm) were calculated according to the American Soci-
ety of Agricultural and Biological Engineers (ASABE, 
2007) procedure. The geometric mean particle length 
was calculated using 2 procedures; the first, retained 
Xgm (XgmRet), only considered particles retained on 
the 0.15-mm screen or larger; the second procedure, 
total Xgm (XgmTot), considered all particle fractions, 
including the soluble fraction that passed through the 
bottom screen (0.15 mm). The mean particle length of 
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the soluble fraction was assumed to be 0.106 mm, which 
is half of the diagonal screen diameter (0.212 mm) of 
the bottom screen; this is the assumption that ASABE 
(2007) uses for mean length of particles on the pan. 
Subsamples were also placed in a forced-air oven at 
55°C for 48 h to determine DM content and were then 
ground (1-mm screen; Wiley Mill; Arthur H. Thomas 
Co., Inc., Swedesboro, NJ) to determine NDF content 
using heat-stable α-amylase and Na2SO3 according to 
Van Soest et al. (1991) and ground (0.5-mm screen; 
Wiley Mill; Arthur H. Thomas Co., Inc.) to analyze 
starch, using a modified procedure from Knudsen 
(1997; modification included 150 mg of sample, 45 units 
of amyloglucosidase, and analysis of released glucose 
monomers with procedure no. 1075; Stanbio Labora-
tory, Inc., Boerne, TX). For INDF determination, sub-
samples were enclosed in F57 filter bags (Ankom Tech-
nology) in sextuplicate, then incubated in the rumen of 
2 cows (each cow incubated 3 bags of each sample) for 
12 d. After removal from the rumen, bags were rinsed 
in cold water by hand until water was almost clear. 
Bags were then dried in a forced-air oven at 55°C for 48 
h and later processed using the same procedure as that 
used for NDF determination. Ash was determined by 
combustion at 600°C for 6 h (AOAC, 1990).

Digestibility

Dry matter intakes were recorded daily and feed 
bunk contents were sampled at 0 and 24 h after feeding 
on d 21 and 22 and were analyzed for DM, NDF, INDF, 
and starch, using identical procedures to those of fecal 
samples. Intakes of NDF, INDF, and starch were de-
termined by subtracting the amount of each in refusals 
(refused TMR weight × refused TMR concentration) 
from the amount of each fed (fed TMR weight × fed 
TMR concentration). Fecal output was calculated by 
dividing intake of INDF by INDF concentration (24.5-h 
weighted mean) in feces. Because intake is based on a 
24-h period and fecal output is based on a 24.5-h pe-
riod, it must be assumed that the 30-min difference will 
not significantly affect the results. Apparent digestibili-
ties for all parameters were calculated by the following 
formula: [intake – (24.5-h weighted mean concentration 
in feces × fecal output)] ÷ intake.

Statistical Analyses

Statistical analysis was conducted using the PROC 
MIXED of SAS (SAS Institute, 2006). Dependent vari-
ables were analyzed as a 4 × 4 Latin square design. 
All denominator degrees of freedom for F-tests were 
calculated according to Kenward and Roger (1997) and 
repeated measurements for rumen and fecal samples 

were analyzed using the first-order autoregressive 
covariance structure (Littell et al., 1998), as well as 
terms for time and interaction of treatment by time. 
Because of unequally spaced rumen and fecal sampling, 
weighted mean daily concentrations and proportions 
were determined by calculating the area under the re-
sponse curve according to the trapezoidal rule (Shipley 
and Clark, 1972). Data were analyzed for orthogonal 
contrasts using the fed TMR Xgm that was corrected for 
unequal spacing according to Robson (1959). All data 
are presented as least squares means; treatment effects 
are considered significant when P < 0.05 and a trend 
when P < 0.10.

RESULTS AND DISCUSSION

Chemical Composition and Particle Size Distribution

Chemical composition, particle size distribution, and 
Xgm of forages included in the rations are shown in 
Table 1. The M hay had lower ADF and NDF and 
higher NFC values than other hay lengths; this was 
probably because of individual bale variation. Although 
all bales were from the same field and cutting, each 
length of hay was composed of different bales. These 
differences, however, did not affect TMR chemical com-
position because the 0.86% expected change in TMR 
NDF concentration was probably masked by sampling 
and laboratory error (Table 2). Particle size was de-
termined with the ASABE forage particle separator 
because particle length of some diets was so great that 
the Penn State Particle Separator (PSPS; University 
Park, PA) did not adequately separate samples and 
small particles were improperly retained on the top 
screen. The PSPS particle fractions and their approxi-
mate equivalent ASABE separator screens are top (26.9 
+ 18.0 mm), middle (8.98 mm), lower (5.61 + 1.61 
mm), and pan (pan). Particle size distribution of the 
fed TMR varied greatly among treatments, but chemi-
cal compositions were similar (Table 2). More detailed 
information regarding forages and diets was reported 
by Maulfair et al. (2010).

Rumen Particle Size

No differences existed in study conclusions between 
analysis of particle fractions as percentage of retained 
or total DM; therefore, discussion and graphs of ru-
men digesta will be based on total DM. Particles that 
passed through the 3.35-mm screen were affected by 
time after feeding but not by ration; these particle frac-
tions were 1.18, 0.6, 0.15 mm, and soluble, whereas 
particles retained on 9.5-, 6.7-, and 3.35-mm screens 
were affected by both time and ration. These findings 
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Table 1. Chemical composition and particle size distributions determined with the American Society of Agricultural and Biological Engineers 
(ASABE) particle separator for corn silage, alfalfa haylage, and short (S), medium (M), long (L), or extra long (XL) grass hay 

Item
Corn  
silage

Alfalfa  
haylage

Grass hay

S M L XL SEM P-value

Particle size, as-fed % retained1

 26.9 mm 1.0 3.0 4.2d 34.1c 60.4b 77.6a 4.10 <0.01
 18.0 mm 3.4 6.7 13.1a 12.9a 11.5a 6.8b 1.38 0.04
 8.98 mm 53.0 32.8 17.8a 15.7a 10.4b 5.3c 1.38 <0.01
 5.61 mm 29.1 27.3 20.1a 9.6b 6.2c 3.7d 0.65 <0.01
 1.65 mm 12.1 22.9 22.5a 12.7b 6.5c 4.2c 0.82 <0.01
 Pan 1.4 7.3 22.3a 15.0b 4.9c 2.4c 1.61 <0.01
Xgm,2 mm 9.0 7.0 5.2c 14.6c 38.0b 65.4a 3.67 <0.01
Sgm,3 mm 1.8 2.5 3.5c 4.9a 4.2b 3.4c 0.18 <0.01
Composition, % of DM
 DM, % 34.5 43.5 90.5a 89.8ab 90.1ab 89.4b 0.28 0.14
 CP 7.2 22.6 8.2 10.5 10.5 8.5 — —
 ADF 23.6 29.9 38.6 33.8 38.4 39.9 — —
 NDF 37.0 34.5 66.6 59.7 67.1 67.3 — —
 peNDF8.0

4 21.2 14.7 22.3 37.4 55.3 60.4 — —
 peNDF1.18

5 36.5 32.0 51.7 50.7 63.8 65.7 — —
 Ash 3.0 11.4 5.3 6.2 6.3 6.1 — —
 NFC 50.0 29.1 18.8 22.3 15.2 17.3 — —
NEL,

6 Mcal/kg 1.65 1.52 1.35 1.48 1.35 1.30 — —
a–dMeans within a row with different superscripts differ (P < 0.05).
1Approximate equivalency to Penn State Particle Separator (PSPS; University Park, PA): top sieve (26.9 + 18.0 mm), middle sieve (8.98 mm), 
lower sieve (5.61 + 1.65 mm), and pan (pan).
2Geometric mean particle length determined by ASABE (2007).
3Particle length standard deviation determined by ASABE (2007).
4Physically effective NDF8.0 = % of particles >8.98 mm × NDF of whole sample (similar to top 2 sieves of PSPS; Kononoff et al., 2003a).
5Physically effective NDF1.18 = % of particles >1.65 mm × NDF of whole sample (similar to top 3 sieves in PSPS; Kononoff et al., 2003a).
6As described by NRC (2001).

Table 2. Chemical composition and particle size distributions determined with the American Society of Agricultural and Biological Engineers 
(ASABE) particle separator for TMR containing short (S), medium (M), long (L), or extra long (XL) grass hay 

Item S M L XL SEM Linear Quadratic

Particle size, as-fed % retained1  
 26.9 mm 1.5 6.5 8.6 11.7 0.52 <0.01 0.31
 18.0 mm 4.8 4.5 3.8 3.2 0.15 <0.01 0.12
 8.98 mm 23.8 22.2 20.3 19.2 0.41 <0.01 0.96
 5.61 mm 22.6 20.9 21.0 20.2 0.29 <0.01 0.22
 1.65 mm 25.1 23.6 23.7 23.4 0.34 <0.01 0.15
 Pan 22.3 22.2 22.6 22.3 0.48 0.92 0.91
Xgm,2 mm 4.46 5.10 5.32 5.84 0.13 <0.01 1.00
Sgm,3 mm 3.02 3.56 3.92 4.39 0.06 <0.01 0.65
Composition, % of DM
 DM, % 55.1 56.4 56.3 57.0 0.56 0.02 0.67
 CP 15.8 15.9 16.0 16.1 0.24 0.31 0.94
 ADF 22.3 22.5 21.7 23.0 0.30 0.26 0.12
 NDF 33.7 34.2 34.0 34.3 0.40 0.41 0.83
 Forage NDF 24.8 24.0 24.8 24.9 — — —
 peNDF8.0

4 10.2 11.4 11.1 11.7 0.39 0.03 0.43
 peNDF1.18

5 26.2 26.6 26.3 26.6 0.39 0.55 0.86
 Ash 6.9 7.2 7.2 7.3 0.21 0.26 0.73
 Starch 27.6 27.4 27.0 26.8 0.83 0.43 0.96
NEL, Mcal/kg6 1.65 1.65 1.65 1.65 0.01 0.59 0.32
1Approximate equivalency to Penn State Particle Separator (PSPS; University Park, PA): top sieve (26.9 + 18.0 mm), middle sieve (8.98 mm), 
lower sieve (5.61 + 1.65 mm), and pan (pan).
2Geometric mean particle length determined by ASABE (2007).
3Particle length standard deviation determined by ASABE (2007).
4Physically effective NDF8.0 = % of particles >8.98 mm × NDF of whole sample (similar to top 2 sieves of PSPS) (Kononoff et al., 2003a).
5Physically effective NDF1.18 = % of particles >1.65 mm × NDF of whole sample (similar to top 3 sieves in PSPS) (Kononoff et al., 2003a).
6As described by NRC (2001).
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are similar to those of Kononoff and Heinrichs (2003a), 
who found that rumen digesta particles retained on 
13.2- and 6.7-mm sieves increased with increasing ra-
tion particle size, whereas particles retained on 0.6- and 
0.15-mm sieves were not affected by ration particle size. 
However, Kononoff and Heinrichs (2003a) determined 
that particles retained on the 1.18-mm sieve decreased 
with increasing ration particle size, in contrast to the 
present study. This contradiction may be caused by dif-
ferences in forages used in these studies; the present 
study used corn silage, alfalfa haylage, and dry grass 
hay, whereas Kononoff and Heinrichs (2003a) used only 
corn silage. Evans et al. (1973) also determined that 
coarse particles retained on the largest screen (2.4 mm) 
responded to effects of time and feeding and smaller 
particles had less response. These particle fractions, 
and additionally the soluble DM-to-retained DM ratio, 
are shown in Figure 1 and expressed as the mean of the 
4 treatments. Particles in the soluble fraction and the 
soluble DM-to-retained DM ratio markedly increased 
after feeding, remained elevated, and began to decrease 
slowly at 11.5 h after feeding, eventually returning to 
pre-prandial levels just before the next feeding. Par-
ticles retained on the 0.15-mm screen exhibited the 
opposite effect: they decreased after feeding, remained 
lowered, and began to slowly increase at about 11.5 h 
after feeding to pre-prandial levels. Particles retained 
on 1.18- and 0.6-mm screens had less substantial 
changes compared with the other particle fractions. 
These fractions followed a similar pattern as the 0.15-
mm fraction, as they decreased after feeding and began 
to slowly increase at about 11.5 h after feeding. Figure 
2 shows that the 6.7-mm particle fraction was least 
abundant for all rations. The most abundant fraction 
for S was 3.35 mm, for L and XL was 9.5 mm, and for 
M alternated between 3.35 and 9.5 mm. The M diet 
started with 3.35 mm being most abundant; by 8.5 h 
after feeding, 9.5 mm became most abundant; finally, 
at 24.5 h after feeding, 3.35 mm was again the most 
abundant particle fraction. Ration by time interactions 
existed, as the 9.5-mm fraction increased after feeding 
in S and L diets, whereas it decreased in M and XL 
diets. The 3.35-mm particle fraction increased in XL 
diets, decreased in S and L diets, and maintained its 
level in M diets. It seems that the 9.5-mm and 3.35-
mm particle fractions acted inversely of each other after 
feeding. The 6.7-mm particle fraction did not have sub-
stantial changes over time after feeding.

Fecal Particle Size and Composition

The weighted means for fecal concentrations of NDF, 
INDF, starch, ash, and DM are shown in Table 3. The 
weighted mean represents the average value over the 

course of the day even though sampling time points 
were not equally spaced. A significant linear contrast 
was observed for fecal NDF concentrations to decrease 
(from 50.7 to 47.2%) with increasing TMR particle 
size (from S to XL), even though NDF intake was not 
different across treatments (Maulfair et al., 2010). Fe-
cal INDF concentration also followed this tendency, 
decreasing from 30.0 to 27.4% with increasing TMR 
particle size. No differences in weighted means for 
starch, ash, and DM concentrations were found. When 
determining fecal particle size distribution, no particles 
were retained on the 6.7-mm screen. Fecal particle 
size was expressed as Xgm using 2 different procedures. 
The XgmRet procedure (using only particles retained 
on ≥0.15-mm screens) did not result in any differences 
among rations for weighted means, and Xgm of all rations 
averaged 1.13 mm. These values agree with the results 
of Kononoff and Heinrichs (2003a,b), who reported 
that fecal Xgm averaged 1.13 and 1.03 mm, respectively, 
and did not change based on ration particle size. These 
fecal particle size data are lower than those reported 
by Yang et al. (2001), which averaged 1.86 mm and 
also did not differ in response to ration particle size. 
The XgmTot procedure (using all particle fractions) had 
much lower values than XgmRet and had a significant 
linear contrast for fecal Xgm to decrease with increasing 
TMR particle size, decreasing from 0.33 to 0.31 mm 
for S to XL, respectively. This effect was caused by the 
increasing proportion of the soluble DM fraction with 
increasing ration particle size, whereas all other particle 
fractions exhibited no effect of ration (Table 4). One 
possible explanation for increased soluble DM in feces 
is that chewing minutes per kilogram of DMI increased 

Figure 1. Mean rumen digesta particles of all treatments retained 
on 1.18-, 0.6-, 0.15-mm screens, soluble fraction (Sol), and soluble DM-
to-retained DM ratio (Sol/Ret) throughout the day.
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with TMR of larger particle size (Maulfair et al., 2010), 
possibly increasing saliva secretion, therefore increasing 
liquid passing out of the rumen and causing a greater 
proportion of particles <0.15 mm to leave the rumen 
(Owens and Isaacson, 1977). Another possible cause of 
increased soluble DM in feces is increased hind-gut fer-
mentation, leading to higher numbers of bacteria, which 
would be included in the soluble fraction. The fecal 
particle distribution resulted in approximately 16% of 
particles >3.35 mm and 37% >1.18 mm as a proportion 
of DM retained on the 0.15-mm sieve. The distribution 
had approximately 7% of particles >3.35 mm and 17% 
>1.18 mm as a proportion of total sample DM. These 
results are similar to those of Kononoff and Heinrichs 
(2003a,b), who reported that 48 and 46%, respectively, 
of fecal particles were >1.18 mm as a proportion of DM 

retained on a 0.15-mm sieve; however, they are much 
higher than those observed by Poppi et al. (1981, 1985), 
where <5% of particles were >1.18 mm as a proportion 
of total sample DM in mature steers fed exclusively 
forage. The reasons for the 3- to 4-fold increase in 
particles >1.18 mm escaping the rumen are probably 
because of large differences in DMI and passage rate 
of high-producing dairy cows compared with steers be-
ing fed a maintenance diet. When fecal nutrients were 
analyzed over time it was determined that NDF, INDF, 
starch, ash, and DM concentrations were all affected by 
time after feeding (Figure 3). In all rations, both NDF 
and INDF concentrations increased after feeding to a 
peak at about 11.5 h after feeding, and then decreased 
to pre-prandial levels. Fecal starch concentrations, 
however, exhibited the opposite tendency, with starch 

Figure 2. Effect of feeding short (A), medium (B), long (C), and extra long (D) TMR on rumen digesta particles retained on 9.5-, 6.7-, and 
3.35-mm screens throughout the day.
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concentrations decreasing in all rations after feeding 
to a low at about 11.5 h and then increasing to pre-
prandial levels. In all rations, fecal ash concentrations 
followed a pattern over time similar to NDF and INDF 
concentrations, and fecal DM concentrations followed 
a pattern over time similar to starch concentrations. 
Neither XgmRet nor XgmTot (Figure 4) was affected by 
time after feeding; however, several individual particle 
size fractions did change significantly over time. The 
fractions that were affected by time after feeding were 
0.6 and 0.15 mm, using the retained procedure, and 
0.15 mm and soluble, using the total procedure (data 
not shown). Figure 4 also shows that generally, XgmTot 
decreased with increasing TMR particle size.

Intakes, Fecal Output, and Digestibility

Dry matter intakes ranged from 23.6 to 27.1 kg/d 
and were not affected by treatment (Table 5). This ef-

fect was also present for INDF intake and fecal output. 
Dry matter digestibility averaged 61.6% and decreased 
linearly (P = 0.08) as ration particle size increased. 
This effect was also seen by Kononoff and Heinrichs 
(2003b), who found that DMD decreased from 66.5 to 
63.1% with increasing ration particle size. However, 
this effect is in contrast to observations of Kononoff 
and Heinrichs (2003a) and Yang and Beauchemin 
(2005), who found that DMD increased with increas-
ing ration particle size. Digestibility of NDF and starch 
averaged 45.6 and 94.8%, respectively, and neither was 
different among rations in the current study. Many con-
flicting results exist comparing changes in DMD with 
NDF digestibility (NDFD) and starch digestibility 
(StarchD) when ration particle size is increased. Some 
studies reported no differences in DMD, NDFD, or 
StarchD (Yang and Beauchemin, 2006, 2007), whereas 
another study reported no differences in DMD and 
NDFD, but StarchD decreased (Krause et al., 2002) 

Table 3. Effect of feeding TMR containing short (S), medium (M), long (L), or extra long (XL) grass hay on 
daily weighted means of fecal NDF, indigestible NDF (INDF), starch, ash, DM, and geometric mean particle 
length (Xgm) 

Item,1  
% of DM S M L XL SEM Linear Quadratic

NDF 50.7 48.2 47.2 47.2 0.98 0.03 0.28
INDF 30.0 29.6 28.6 27.4 0.99 0.01 0.40
Starch 3.8 2.9 4.0 3.9 0.57 0.69 0.39
Ash 9.3 9.3 9.3 9.0 0.28 0.47 0.56
DM, % 15.3 15.5 15.8 15.9 0.39 0.19 0.97
XgmRet2 1.13 1.16 1.11 1.10 0.05 0.41 0.42
SgmRet3 1.28 1.29 1.27 1.28 0.01 0.50 0.43
XgmTot4 0.33 0.32 0.30 0.31 0.01 0.03 0.64
SgmTot5 1.52 1.53 1.49 1.50 0.02 0.13 0.79
1Weighted means determined by calculating area under the response curve according to the trapezoidal rule 
(Shipley and Clark, 1972).
2Geometric mean particle length determined by ASABE (2007) using data from screens ≥1.15 mm.
3Particle length standard deviation determined by ASABE (2007) using data from screens ≥1.15 mm.
4Geometric mean particle length determined by ASABE (2007) using data from all particle fractions and as-
suming a mean particle length of 0.106 mm for particles passing through bottom screen.
5Particle length standard deviation determined by ASABE (2007) using data from all particle fractions and 
assuming a mean particle length of 0.106 mm for particles passing through the bottom screen.

Table 4. Effect of feeding TMR containing short (S), medium (M), long (L), or extra long (XL) grass hay on 
daily weighted mean fecal particle size distribution 

Screen,1 mm S M L XL SE Linear Quadratic

Retained, % of DM
 3.35 15.7 17.0 14.9 15.0 1.55 0.32 0.53
 1.18 21.0 21.1 21.1 20.9 0.75 0.89 0.85
 0.6 13.5 13.1 13.3 13.5 0.26 0.71 0.24
 0.15 49.8 48.9 50.1 50.6 1.49 0.38 0.43
Total, % of DM
 3.35 7.6 7.8 6.7 6.8 0.71 0.12 0.86
 1.18 10.2 9.9 9.5 9.5 0.41 0.18 0.74
 0.6 6.5 6.0 6.0 6.1 0.18 0.20 0.16
 0.15 24.0 22.8 22.5 22.9 0.84 0.14 0.12
 Soluble 51.8 53.5 55.3 54.7 0.91 0.02 0.17
1Weighted means determined by calculating area under the response curve according to the trapezoidal rule 
(Shipley and Clark, 1972).
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with increasing ration particle size. In addition, Yang 
and Beauchemin (2005) reported an increase in DMD 
and NDFD with no change in StarchD, but Kononoff 
and Heinrichs (2003a) did not see a change in NDFD 
with an increase in DMD (StarchD was not determined 
in this study) when ration particle size was increased. 
These differing results are likely caused by interactions 
between forage type, forage-to-concentrate ratio, and 
starch fermentability with forage particle size. None 
of the experiments with steam-rolled barley grain as 
the main starch source had any effect of ration particle 
size on StarchD when fed with multiple forage types 
(alfalfa, barley, and corn silage; Yang and Beauchemin, 
2005, 2006, 2007). Only one of these studies using corn 
grain as the main starch source measured StarchD and 
it was determined that StarchD decreased with increas-
ing ration particle size when feeding high-moisture 
shelled corn and dry, cracked, shell corn with alfalfa 
silage (Krause et al., 2002). Therefore, it seems that 
barley grain digestibility is independent of forage par-
ticle size, whereas corn grain digestibility may not be. 
Forage source did not produce consistent results for 
NDFD with differing ration particle size. Studies feed-
ing an alfalfa silage-based ration had both no effect of 
ration particle size on NDFD (Krause et al., 2002; Yang 
and Beauchemin, 2007) and a decrease in NDFD with 
increasing ration particle size (Kononoff and Heinrichs, 
2003b). Corn silage-based rations were also inconsis-
tent, with one study having an increase in NDFD with 
increasing ration particle size (Yang and Beauchemin, 
2005) and one study having no effect of ration particle 
size on NDFD (Kononoff and Heinrichs, 2003a). Many 
factors probably are influencing these differences in 
NDFD within each forage source.

Figure 3. Effect of feeding TMR of increasing particle size on fecal 
NDF (A), indigestible NDF (INDF; B), and starch (C) concentration 
throughout the day.

Figure 4. Effect of feeding TMR of increasing particle size on fecal 
geometric mean particle length (calculated using data from all particle 
fractions) throughout the day.
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CONCLUSIONS

In this experiment, 4 diets that varied in particle size 
were fed to lactating dairy cows. It was determined that 
rumen digesta particle size increased with increasing 
ration particle size for sieves ≥3.35 mm and remained 
the same for sieves <3.35 mm. Fecal particle size was 
not different among rations and averaged 1.13 mm 
with more than 36% of particles being retained on an 
1.18-mm sieve or larger. Therefore, it can be concluded 
that the critical size threshold for increased resistance 
to rumen escape is larger than 1.18 mm in modern 
high-producing dairy cows. In addition, this critical size 
is constant throughout the day as fecal particle size 
fractions >1.18 mm were not affected by time after 
feeding. From this study we also concluded that for the 
range of TMR particle sizes fed, which was achieved 
using various lengths of dry grass hay, DMD tends to 
decrease with increasing ration particle size.
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