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  ABSTRACT 

  Ration sorting is thought to allow cows to eat differ-
ent rations throughout the day, causing fluctuations in 
rumen fermentation patterns that can be detrimental 
to production and possibly animal health. The objec-
tive of this experiment was to study the effects of vary-
ing total mixed ration (TMR) particle size on sorting 
behavior of lactating dairy cows and to evaluate effects 
on chewing behavior, milk yield, milk components, 
and rumen fermentation. Eight multiparous, Holstein 
cows (90 ± 32 d in milk; 4 rumen cannulated) were 
randomly assigned to replicated 4 × 4 Latin squares. 
Cows were fed diets that varied in the chop length of 
dry grass hay. The diet consisted of 29.4% corn silage, 
22.9% ground corn, 17.6% alfalfa haylage, and 11.8% 
dry grass hay on a dry matter basis. The percentage of 
hay particles >26.9 mm was 4.2, 34.1, 60.4, and 77.6% 
for the short (S), medium (M), long (L), and extra long 
(XL) hays, respectively. This resulted in the TMR of 
each diet having 1.5 (S), 6.5 (M), 8.6 (L), and 11.7% 
(XL) of particles >26.9 mm. Daily ruminating time 
[19.3, 19.2, 22.4, and 21.3 min/kg of dry matter intake 
(DMI) for S, M, L, and XL] and eating time (13.9, 14.6, 
17.2, and 16.1 min/kg of DMI for S, M, L, and XL) 
increased linearly as TMR particle size increased. Daily 
DMI decreased linearly as TMR particle size increased 
and was 26.9 (S), 27.0 (M), 24.1 (L), and 25.1 (XL) 
kg/d. No differences were found in rumen volatile fatty 
acids and NH3, and only slight changes were found in 
rumen pH. Milk production and milk components were 
also similar among diets. Despite large differences in 
particle size among these diets and certain chewing and 
ruminating differences, no changes in rumen fermenta-
tion, milk production, or milk components were found 
in this study. 
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  INTRODUCTION 

  The NRC (2001) recommends a minimum NDF level 
of 25% of DM and a forage NDF level of 19% of DM 
for lactating dairy cows. However, the NRC states that 
these values are based on cows fed a TMR, alfalfa or 
corn silage as the predominant forage, forage with 
adequate particle size, and dry ground corn as the pre-
dominant starch source. These recommendations are 
therefore limited to rather specific conditions because 
of the limited data available, and they do not define 
adequate particle size in a measurable manner. Fiber 
with adequate length is thought to increase chewing in 
cattle, which increases salivary secretion of NaHCO3
and buffers the rumen digesta (Allen, 1997; Nocek, 1997; 
Krause et al., 2002b). Beauchemin et al. (2008) showed 
that rate (g/min) of salivation stayed constant during 
eating; however, changes in the rate of eating affected 
the amount of saliva secreted per unit of DMI when 
cows were fed barley silage, alfalfa silage, long-stemmed 
alfalfa hay, or barley straw. Particle size, DM, and NDF 
content of forages are factors affecting rate of eating 
and time spent eating (Bailey, 1961; Beauchemin et al., 
2008) and it has been suggested that time spent chew-
ing is a good measure of a feed’s physical effectiveness 
(Balch, 1971; Sudweeks et al., 1981). Physically effec-
tive NDF (peNDF), which combines the physical and 
chemical properties of a feedstuff, is commonly defined 
as the NDF concentration multiplied by the percent-
age of particles retained on a 1.18-mm sieve (1.65-mm 
screen diagonal) and greater. This definition presumes 
that the cows consume the ration as formulated. 

  Dairy cows have been shown to selectively consume 
or sort their rations when fed a TMR. Cows gener-
ally sort against long particles and for finer particles 
(Kononoff et al., 2003b; Leonardi and Armentano, 
2003; DeVries et al., 2007). This is thought to create 
problems because not only are they reducing the par-
ticle size of the diet consumed, they are also reducing 
NDF intake as the longer particles of the TMR contain 
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a higher proportion of NDF than the rest of the ration 
(Leonardi and Armentano, 2003). Feeding longer alfalfa 
hay versus chopped alfalfa hay increased sorting of ra-
tions, but intake of long particles still increased when 
cows were fed the long alfalfa hay because of the higher 
concentration in the diet (Leonardi and Armentano, 
2003). A potential problem for dealing with sorting on 
dairy farms is the fact that variability of sorting among 
cows can be very substantial, especially with the lon-
gest fraction (Leonardi and Armentano, 2003; Leonardi 
et al., 2005a).

Therefore, the objective of this experiment was 
to study the effects of varying TMR particle size on 
sorting behavior and to evaluate its effects on chew-
ing behavior, milk yield, milk components, and rumen 
fermentation in lactating dairy cows.

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. Eight lactating, multiparous, 
Holstein cows averaging 90 ± 32 DIM, weighing 642 ± 
82 kg, and with parity of 2.25 ± 0.46 (mean ± SD) were 
randomly assigned to replicated 4 × 4 Latin squares; 1 
square contained rumen-cannulated cows. The periods 
were 21 d in length, with a 13-d adaptation period fol-
lowed 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 the dry grass 
hay included in the ration. Ingredients and their per-
centage 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 soy-
bean meal (3.2), mineral/vitamin mix (2.4), and salt 
(0.3). The mineral and vitamin mix contained 12.2% 
Ca, 0.41% P, 3.88% Mg, 0.48% K, 0.37% S, 3.54% Na, 
5.46% Cl, 222 mg/kg of Fe, 1,379 mg/kg of Zn, 455 mg/
kg of Cu, 1,363 mg/kg of Mn, 11.2 mg/kg of Se, 7.33 
mg/kg of Co, 18.5 mg/kg of I, 298 kIU/kg of vitamin 
A, 73.9 kIU/kg of vitamin D, 2,853 IU/kg of vitamin 
E. The grass hay inclusion level (20% of forage DM) 
was chosen based on previous research that showed it 
allowed for rations to be properly balanced while still 
creating adequate variations in particle size distribu-
tions between rations. Grass hay lengths of short (S), 
medium (M), long (L), and extra long (XL) were 
produced using several bale choppers. The XL and L 
hay was chopped once and twice, respectively, with a 
Case IH model 8610 bale processor (Case IH, Racine, 

WI). The M and S hays were chopped 1 and 3 times, 
respectively, with a Roto Grind model 760 tub grinder 
(Burrows Enterprises Inc., Greeley, CO); the S hay was 
additionally run once through a New Holland model 
718 forage harvester (New Holland Ag, Racine, WI). 
All diets were mixed separately using an I. H. Rissler 
model 1050 TMR mixer (E. Rissler Mfg. LLC, New 
Enterprise, PA).

Animals were housed in individual stalls, milked 
twice a day at 0700 and 1900 h and fed once a day 
at approximately 0730 h for ad libitum consumption 
and for 10% refusal to allow extensive 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 for ad libitum consumption.

Chewing Activity

Eating and ruminating activity were recorded on d 14 
through 18 of each period using Institute of Grassland 
and Environmental Research Behavior Recorders and 
Graze Jaw Movement Analysis Software (Ultra Sound 
Advice, London, UK) as described by Rutter et al. 
(1997) and Rutter (2000). These recorders analyze jaw 
movements of cattle and the software can determine 
eating or ruminating chews based on the amplitude 
and frequency of jaw movements. This procedure has 
been validated for use with cows housed in tie-stalls by 
Kononoff et al. (2002). Chewing was measured for all 
cows for two 24-h periods including while cows were 
being milked.

Intermeal intervals were separated from intrameal 
intervals by analysis of the 2 d of chewing data (mini-
mum interval ≥4 s) by a modification of the method-
ology reported by Tolkamp et al. (1998) and Yeates 
et al. (2001). Initial analysis of the probability density 
functions (PDF) of all data revealed that inter- and in-
trameal histograms were each skewed toward the point 
that these histograms crossed. Yeates et al. (2001) 
reported that a Weibull distribution fitted to the last 
population of intervals adequately accounted for the 
skewness observed in that data set, whereas skewness in 
the first population was subdivided into 2 populations 
of intervals associated with drinking and nondrinking 
within-meal intervals. To account for the skewness 
present in the current data set, a Weibull distribution 
was fit to both populations to avoid potential overpa-
rameterization and allow for a skewed representation of 
the data. Because the methodology employed is based 
upon the concept of satiety and the treatments admin-
istered in the current experiment were hypothesized to 
affect meal responses, a meal criterion estimate for the 
treatments that could be evaluated for statistical dif-
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ferences would be of value. Frequently, meal criteria are 
estimated from pooled or individual cow data; however, 
a Latin square experimental design with treatments 
applied over periods and cows limits the appropriate-
ness of pooling the data. Because parameter estimates 
resulting from analysis of the individual cow within pe-
riod replicates are not estimated from the data without 
error or correlation, a nonlinear mixed model meth-
odology was employed to estimate parameters while 
explicitly accounting for the design of the experiment 
within the framework of the nonlinear estimation pro-
cedure. The following Weibull mixture model was fit to 
the observed cumulative frequencies (grouped by 0.1 
loge second intervals; CDF) using the nonlinear mixed 
procedure in SAS (SAS Institute, 2006) using adaptive 
Gaussian quadrature with the Laplace approximation 
to the marginal likelihood:
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that is, the residual standard deviation is weighted by 
the squared root of the PDF. Additionally, each coeffi-
cient is the sum of the overall mean parameter estimate 
across period, treatment, and cow; the fixed effects of 
period and treatment; and the random effect of cow:

 Z Z ZP ZT zcjkl j k l= + + + , 

where Zjkl = generic coefficient of the Weibull mixture 
model; Z = estimate of coefficient Z across periods, 
treatments, and cows; ZPj = fixed effect of period j on 
Z (j = 1, 2, 3, 4) subject to the constraint that Σ ZPj = 
0; ZTk = fixed effect of treatment k on Z (k = 1, 2, 3, 4) 
subject to the constraint that Σ ZTk = 0; zcl = random 
effect of cow l on Z (l = 1,…,8) ~N[0, σc

2].
The model used to calculate meal criteria in this ex-

periment was different from that used by Yeates et al. 
(2001) in 3 ways: 1) the CDF was fit with the nonlinear 
mixed procedure based on maximum likelihood estima-
tion of the parameters; 2) the scale parameter of the 
Weibull distribution was replaced by the expected value 
parameter of the mode of the PDF or the time point of 
inflection of the CDF; 3) the parameter estimate of p 
(the proportion of intervals in the first population) was 
replaced by the expected value parameter for the time 
when the PDF of the 2 populations intersected (i.e., 
the meal criterion tc) so that the meal criteria could 
be explicitly estimated concurrently with the remaining 
coefficients of the model. Additionally, the studentized 
residuals were observed to be heteroscedastic across 
time and appeared to vary in association with the PDF. 
Thus, the variance was weighted by the PDF, which 
removed the heteroscedasticity. The parameter γ2 was 
observed to be a far-from-linear parameter according 
to the Hougaard skewness calculation; a substitution of 
Loge γ2 for γ2 was found to make the estimate close-to-
linear and improve the estimates of the parameters. The 
variance-covariance matrix of the random effects was 
initially considered to be unstructured; however, the 
only covariance parameter estimate that significantly 
contributed to model fit (by the Bayesian information 
criterion) was between m1 and γ1; thus, only this covari-
ance parameter was retained in the final fitting of the 
model. An overall test of the significance of a treatment 
effect on each of the parameters of the model was car-
ried out by fitting the full and reduced model and using 
the likelihood ratio test. Predicted values for tc were 
computed using the parameter estimates and empiri-
cal Bayes estimates of the random effects; the number 
of meals was then calculated as the sum of intervals 
exceeding the predicted meal criterion within cow and 
period. Least squares means and standard errors of the 
within-treatment parameter estimates were calculated 
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from the solutions and the variance-covariance matrix 
for the nonlinear mixed model, respectively. Results 
were back-transformed differences between treatments 
evaluated using the 95% confidence intervals of the 
least squares means.

Meal criteria intervals of 5 and 7 min were evaluated 
in addition to the calculated meal criteria. The 5-min 
interval was used for comparison to studies that used 
manual observation (Maekawa et al., 2002; Beauchemin 
et al., 2003; Leonardi et al., 2005b) or video observation 
(Bhandari et al., 2008) at 5-min intervals to determine 
chewing activity. The 7-min meal criterion was used be-
cause it is the default intermeal interval for the Graze 
program (Rutter, 2000), and it is similar to that used 
in research from several studies (Dado and Allen, 1993; 
Mooney and Allen, 2007) that used 7.5 min.

Rumen Sampling

On d 15 of each period, ruminal contents were col-
lected from dorsal, ventral, cranial, caudal, and medial 
areas of the rumen at 0.0, 1.5, 3.5, 5.5, 8.5, 11.5, 14.5, 18, 
21.5, and 24.5 h after feeding (Kononoff et al., 2003b). 
Collected digesta were mixed thoroughly, sampled, and 
filtered through 4 layers of cheesecloth. Rumen liquid 
pH was immediately determined using a handheld pH 
meter (phTestr 10 BNC, Oakton, Vernon Hills, IL). 
Approximately 15 mL of filtered liquid was placed 
into bottles containing 3 mL of 25% metaphosphoric 
acid and 3 mL of 0.6% 2-ethylbutyric acid (internal 
standard) and stored at −20°C. After thawing, samples 
were centrifuged 3 times at 4,000 × g for 30 min at 4°C 
to obtain a clear supernatant and were analyzed for 
NH3 using a phenol-hypochlorite assay (Broderick and 
Kang, 1980) and VFA concentration using gas chroma-
tography (Yang and Varga, 1989).

Feed, Refusal, and Particle Size Analysis

Feed bunk contents for each animal were weighed 
and sampled on d 20 and 21 at 0, 2, 4, 8, 12, 16, and 
24 h after feeding to determine particle size distribution 
and DM of the remaining feed. At 0, 8, 16, and 24 h 
after feeding, refusals were also analyzed for NDF and 
starch content to determine intake of these components 
between each time point. All samples were sieved in 
the American Society of Agriculture and Biological 
Engineers (ASABE) forage particle separator, which 
can determine 6 particle fractions (>26.9, >18.0, 
>8.98, >5.61, >1.65, and <1.65 mm; screen diagonal; 
ASABE., 2007). Because >1% of material was retained 
on the top screen, 3 samples of each diet were randomly 
selected and all particles retained on the top screen were 
measured manually (with a ruler) before drying. Whole 

samples were then placed in a forced air oven at 55°C 
for 48 h to determine DM content. Geometric mean 
particle length (Xgm) and standard deviation of the 
particle length (Sgm) were calculated according to the 
ASABE (2007) procedure. Samples were then ground 
(1-mm screen; Wiley mill, Arthur H. Thomas Co. Inc., 
Swedesboro, NJ) to determine NDF 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). Samples of forages and 
TMR were taken 3 times/wk, composited by period, 
and analyzed by Cumberland Valley Analytical Ser-
vices Inc. (Hagerstown, MD) for CP, ADF, NDF, ash, 
NFC, and NEL. Two procedures were used to calculate 
peNDF; peNDF8.0 = % of particles >8.98 mm × NDF 
of whole sample (similar to top 2 sieves of PSPS) and 
peNDF1.18 = % of particles >1.65 mm × NDF of whole 
sample (similar to top 3 sieves in PSPS) (Kononoff et 
al., 2003a). A sorting index based on the refusals was 
calculated for the particle size fractions at 2, 4, 8, 12, 
16, and 24 h after feeding and for NDF and starch 
at 8, 16, and 24 h after feeding. Sorting activity was 
calculated as the actual intake of each fraction (Y1 to 
pan) expressed as a percentage of the expected intake. 
Expected intake of Yi equals intake multiplied by the 
fraction of Yi in the TMR (Leonardi and Armentano, 
2003). Sorting indices were calculated using both the 
expected intake since time point 0 (cumulative) and the 
expected intake since the previous time point (inter-
val). Additionally, Xgm sorting indices were calculated 
for the same time points by dividing the Xgm of TMR 
consumed up to each time point by Xgm at time 0. 
Values >1 indicate that cows were consuming rations 
with longer particle size and values <1 indicate cows 
were consuming rations with shorter particle size than 
the diets fed.

Milk Production

Milk production was recorded and samples were 
taken on d 20 and 21 at morning and evening milkings. 
Samples were collected and preserved using 2-bromo-2-
nitropropane-1,3 diol. Milk samples were analyzed for 
fat, true protein, lactose, MUN, and SCC by the Dairy 
One milk testing laboratory (State College, PA) us-
ing infrared spectrophotometry (Foss 605B MilkoScan, 
Foss Electric, Hillerød, Denmark).

Statistical Analyses

Statistical analysis was conducted using PROC 
MIXED of SAS (SAS Institute, 2006). Dependent vari-
ables were analyzed as a 4 × 4 Latin square design. All 
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Table 1. Chemical composition and particle size distributions determined with the 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

SEM P-valueS M L XL

Particle size, as-fed % retained1

 26.9 mm 0.96 3.03 4.17d 34.1c 60.4b 77.6a 4.10 <0.01
 18.0 mm 3.39 6.65 13.1a 12.9a 11.5a 6.83b 1.38 0.04
 8.98 mm 53.0 32.8 17.8a 15.7a 10.4b 5.30c 1.38 <0.01
 5.61 mm 29.1 27.3 20.1a 9.64b 6.21c 3.66d 0.65 <0.01
 1.65 mm 12.1 22.9 22.5a 12.7b 6.54c 4.17c 0.82 <0.01
 Pan 1.44 7.28 22.3a 15.0b 4.91c 2.43c 1.61 <0.01
 Xgm,2 mm 9.01 7.01 5.15c 14.6c 38.0b 65.4a 3.67 <0.01
 Sgm,3 mm 1.83 2.54 3.48c 4.93a 4.22b 3.43c 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 7.20 22.6 8.20 10.5 10.5 8.50 — —
 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 3.00 11.4 5.30 6.20 6.30 6.10 — —
 NFC 50.0 29.1 18.8 22.3 15.2 17.3 — —
 NEL, 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): top sieve (26.9 + 18.0 mm), middle sieve (8.98 mm), lower sieve (5.61 + 
1.65 mm), and pan (pan).
2Xgm = geometric mean particle length determined by ASABE (2007).
3Sgm = particle 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).

Table 2. Chemical composition and particle size distributions determined with the 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 1.47 6.52 8.61 11.7 0.52 <0.01 0.31
 18.0 mm 4.75 4.52 3.79 3.22 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 6.90 7.15 7.18 7.25 0.21 0.26 0.73
 Starch 27.6 27.4 27.0 26.8 0.83 0.43 0.96
 NEL, Mcal/kg 1.65 1.65 1.65 1.65 0.01 0.59 0.32

1Approximate equivalency to Penn State Particle Separator (PSPS): top sieve (26.9 + 18.0 mm), middle sieve (8.98 mm), lower sieve (5.61 + 
1.65 mm), and pan (pan).
2Xgm = geometric mean particle length determined by ASABE (2007).
3Sgm = particle 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).



denominator degrees of freedom for F-tests were cal-
culated according to Kenward and Roger (1997), and 
repeated measurements for rumen samples and refusal 
particle size, NDF, and starch 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 
sampling, the weighted mean daily pH, NH3, and VFA 
concentrations were determined by calculating the area 
under the response curve according to the trapezoidal 
rule (Shipley and Clark, 1972). The 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, 
and 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

The chemical composition, particle size distribution, 
and Xgm of forages included in the rations are shown in 
Table 1. Particle size was determined with the ASABE 
forage particle separator because the particle length 
of some diets was so great that the Penn State Par-
ticle Separator (PSPS) did not adequately separate 
samples. The PSPS particle fractions and their ap-
proximate equivalent ASABE separator screens are as 
follows: top (26.9 + 18.0 mm), middle (8.98 mm), lower 
(5.61 + 1.61 mm), and pan (pan). The grass hays had 
large differences in particle size, particularly with the 
particles retained on the 26.9-mm screen although all 
particle fractions had differences among the hays. In 
addition, the Xgm increased greatly from the shortest 
to the longest ration, with a 13-fold difference between 

S grass hay and XL grass hay. The M hay had lower 
ADF and NDF and higher NFC values than other hay 
lengths; this was probably due to individual bale varia-
tion. 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 composition. Particle size distribution of the 
fed TMR also varied greatly (Table 2). The greatest 
differences were in the particle fraction >26.9 mm. 
The only particle fraction that did not show differ-
ences among diets was particles retained on the pan. 
Measured mean particle lengths for the top screen to 
calculate Xgm were 74.8 ± 6.6, 84.5 ± 2.6, 105.7 ± 9.1, 
and 118.8 ± 3.6 (mean ± SD, mm) for S, M, L, and XL 
diets, respectively. Particle lengths (geometric mean ± 
SD, mm; ASABE, 2007) of the fed rations were 4.46 ± 
0.13, 5.10 ± 0.13, 5.32 ± 0.13, and 5.84 ± 0.13 for S, 
M, L, and XL diets, respectively. The Xgm of the rations 
were approximately equally spaced with differences av-
eraging 0.46 mm between each ration from S to XL; Sgm 
increased linearly with increasing ration particle size. 
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Figure 1. Effect of feeding TMR of increasing particle size on re-
fusal geometric mean particle size.

Figure 2. Effect of feeding TMR of increasing particle size on 
refusal particle distribution as a percentage of original diet. Selected 
data shown; 26.9-mm sieve (A) and pan (B).



Chemical compositions were similar among the rations, 
with only slight differences in DM, which linearly in-
creased with increasing particle size. It is interesting to 
note that although there were large differences in mean 
particle length among rations peNDF1.18 remained con-
stant. This occurs because all particles >1.65 mm are 
weighted equally regardless of length, a weakness of 
calculating peNDF this way. There was a linear trend 
for peNDF8.0 to increase with increasing TMR particle 
size but the numerical difference was small.

Ration Sorting

Figure 1 shows that the Xgm of refusals increased in 
all rations throughout the day. The amount of change 
varied by diet; the shortest diet changed very little 
between feeding and removal of orts, whereas the lon-
gest diet had a very drastic change in Xgm during the 
same period. This effect can also be seen in Figure 2, 
where the percentage of particle fractions in refusals 
in relation to their percentage in fed TMR is shown. 
The top screen percentages increased in all diets with 
very large increases in the longest 2 rations (107, 157, 
193, and 283%; S, M, L, and XL). The pan percentages 
decreased in all rations, again with greater changes be-
tween TMR fed and TMR refused as the TMR particle 
size increased. The pan percentages after 24 h were 82, 
74, 61, and 49% of the amount in the fed TMR for the 
S, M, L, and XL rations, respectively. Only graphs of 
the top screen and pan are shown because of space con-
straints, but the 2 largest screens showed very similar 
patterns, the middle 2 screens did not show substantial 
differences among the rations or from the original diet, 
and the bottom 2 fractions showed similar patterns. 
These results are supported by the finding that NDF 
concentration in refusals increased more in the longer 
rations throughout the day than did the shorter rations 
(Figure 3). In addition, the level of starch decreased in 
the 2 longest rations and remained unchanged or even 
increased in the 2 shorter rations. These data could 
lead to the conclusion that animals consumed very dif-
ferent amounts of starch and NDF during the day due 
to sorting activity. However, when the amount of these 
components consumed per day was calculated, rations 
had similar levels of NDF and starch intakes (Table 
3). Cumulative sorting indices for particle size, NDF, 
and starch intake expressed as the actual intake of each 
component divided by the predicted intake of that com-
ponent are shown in Figures 4 and 5. Sorting indices 
of S and M rations for the top screen were higher than 
those for L and XL rations at 8 h and less; after 8 h 
there were no differences among the rations. Pan sort-
ing indices showed that at 2 h, L and XL were highest, 

M was intermediate, and S was lowest. The differences 
diminished after 2 h and eventually disappeared by 12 
h. Only the top screen and pan fractions are shown, but 
the top 3 screens showed similar patterns, the fourth 
screen did not show substantial differences among the 
rations, and the bottom 2 fractions showed similar pat-
terns. The S and M rations had higher NDF sorting 
indices and lower starch sorting indices than the L and 
XL rations at 8 h after feeding. By 24 h after feeding, 
there were no longer differences among the 4 rations 
for NDF or starch sorting indices. Figure 6 shows the 
cumulative Xgm selection index, which combines all 6 
particle fractions to make an easier comparison. The S 
and M rations had much higher selection indices for the 
first 8 h than the L and XL rations; the ration being 
consumed was longer than the ration fed for S and M 
and shorter for L and XL. After 8 h, the rations became 
much closer in values but remained different; at 24 h 
the longest 3 rations remained below 1 and S was equal 
to 1.
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Figure 3. Effect of feeding TMR of increasing particle size on re-
fusal NDF (A) and starch (B) concentration.



Intake of DM, NDF, Starch, and Particle Fractions

There was a linear trend for decreased DMI as 
TMR particle size increased (Table 3); this trend was 
probably due to increased gut fill associated with the 
bulkier diets, as has been noted previously (Kononoff 
and Heinrichs, 2003; Leonardi et al., 2005b). These 
results are contrary to other studies (Krause et al., 
2002a; Beauchemin and Yang, 2005) that showed no 
effect of forage particle size on DMI. The diets had 
NDF and starch intakes that were not different despite 
very different sorting characteristics among the rations 
throughout the day. Analysis of intake of individual 
particle fractions revealed that intake of particles re-
tained on the 26.9-mm sieve increased linearly from 
0.39 to 2.43 kg/d with increasing ration particle size, 
as seen in Table 3. In contrast, intake of particles re-
tained on the 18.0- and 8.98-mm sieves showed a linear 
decrease as the particle size of the ration increased. 
Intake of particles retained on the 5.61-mm sieve was 
similar among rations. Intake of particles retained on 
the 1.65-mm screen and the pan were also not differ-
ent among rations, most likely influenced by the equal 
concentrate fed to all groups. The consumed Xgm was 
much closer among rations than the Xgm fed. Consumed 
Xgm for all rations was between 4.44 and 5.10 mm. This 
probably occurred because cows on the shorter rations 
made up for being offered fewer particles >26.9 mm by 

increasing their intake of particles retained on the 18.0- 
and 8.98-mm sieves. Also, intake of NDF and starch re-
mained similar among rations despite different intakes 
of particle fractions because the particles retained on 
the top 3 sieves that varied in intakes were primarily 
grass hay, and thus had similar composition. Finally, 
refusal percentages met or slightly exceeded the goal of 
10% and were not different among rations.

Chewing Activity

Observed meal criteria (Table 4) were 7.6, 13.8, 10.5, 
and 11.2 min for S, M, L, and XL rations, respectively, 
with S meal criterion being significantly less than the 
other rations. The modes of the intrameal intervals 
were found to be 13.7, 13.5, 14.1, and 12.0 s for S, M, L, 
and XL, respectively, and were not different from each 
other. The modes of the intermeal intervals were 51.8, 
72.1, 58.7, and 68.4 min for S, M, L, and XL, with S 
having a shorter interval than the other diets. The DMI 
per meal was determined to be similar among diets 
and averaged 2.35 kg/meal. There were no differences 
among diets for ruminating, eating, or total chewing 
time per day for all meal criteria and averaged 515, 388, 
and 903 min/d, respectively (Table 5). When chewing 
activity was expressed as time per kilogram of DMI, 
there were significant linear contrasts for increased ru-
minating, eating, and total chewing time per kilogram 
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Table 3. Effect of feeding TMR containing short (S), medium (M), long (L), or extra long (XL) grass hay on DM, NDF, and starch intake at 
various times after feeding and total consumption (measured 24 h after feeding) of various sized particles 

Item S M L XL SEM Linear Quadratic

DMI, kg        
 8 h 14.7 16.4 14.0 15.7 0.96 0.45 0.94
 16 h 23.8 23.9 22.1 23.8 1.01 0.63 0.20
 24 h 26.9 27.0 24.1 25.1 1.08 0.04 0.70
NDF, kg        
 8 h 4.89 5.71 4.33 5.00 0.36 0.81 0.70
 16 h 7.79 8.13 7.13 7.81 0.36 0.71 0.64
 24 h 8.72 9.22 6.71 8.06 0.50 0.13 0.53
Starch, kg        
 8 h 3.06 3.53 2.97 3.38 0.26 0.31 0.82
 16 h 5.55 5.58 5.19 5.59 0.26 0.84 0.24
 24 h 6.22 6.40 4.99 5.78 0.33 0.11 0.42
Particles consumed,1 kg      
 26.9 mm 0.39 1.67 1.69 2.43 0.20 <0.01 0.34
 18.0 mm 1.27 1.21 0.88 0.78 0.08 <0.01 0.61
 8.98 mm 6.19 6.03 4.70 5.00 0.24 <0.01 0.56
 5.61 mm 5.93 5.80 5.16 5.49 0.24 0.11 0.42
 1.65 mm 6.64 6.75 6.10 6.69 0.31 0.86 0.48
 Pan 5.98 6.43 6.00 6.54 0.34 0.32 0.89
 Xgm,2 mm 4.44 4.90 4.82 5.10 0.15 <0.01 0.65
 Sgm,3 mm 3.03 3.54 3.76 4.08 0.09 <0.01 0.60
Refusal, % 12.49 11.98 12.70 12.70 0.01 0.68 0.58

1Approximate equivalency to Penn State Particle Separator: top sieve (26.9 + 18.0 mm), middle sieve (8.98 mm), lower sieve (5.61 + 1.65 mm), 
and pan (pan).
2Xgm = geometric mean particle length determined by ASABE (2007).
3Sgm = particle length standard deviation determined by ASABE (2007).



of DMI as TMR particle size increased and averaged 
20.6, 15.5, and 36.0 min/kg, respectively. Ruminating, 
eating, and total chewing activity values expressed 
as minutes per day were higher than those reported 
in other studies (Beauchemin et al., 2003; Kononoff 
and Heinrichs, 2003; Beauchemin and Yang, 2005). 
However, when these data were expressed as minutes 
per kilogram of DMI they were found to be similar 
to the data reported in these same studies. This may 
be explained by the fact that the DMI in this study 
was, on average, 4.4 kg/d higher than these 3 other 
studies, increasing the total amount of daily chewing 
activity. Chewing activity expressed as minutes per day 
was probably not different among rations because DMI 
decreased linearly while chewing activity (min/kg of 
DMI) increased linearly with increasing TMR particle 
size, effectively nullifying the changes. The mean total 
time that chewing activity was recorded was not differ-
ent among rations and was 23.8 h. Chewing activity was 
also expressed as number of chews per day and chews 
per kilogram of DMI. Again, there were no differences 

among diets for ruminating, eating, and total chew-
ing when calculated on a daily basis. There were no 
changes in number of ruminating chews per kilogram of 
DMI, but there was a linear trend for number of eating 
and total chews per kilogram of DMI to increase as 
TMR particle size increased. There were no differences 
among diets in number of meals eaten per day. Similar 
to chewing time per day, number of boli per day showed 
no differences among diets, but when expressed as boli 
per kilogram of DMI, there was a linear increase with 
increasing TMR particle size.

Chewing data were also analyzed using 5-min and 
7-min meal criteria. Eating and total chewing time 
increased slightly as the length of the meal criteria in-
terval increased. The number of eating and total chews 
increased slightly as length of the meal criteria interval 
increased. Number of meals per day decreased as the 
length of the meal criteria increased. Therefore, these 
data show that exact meal criterion used is not impor-
tant because there are only small changes in values of 
variables and there are no changes to conclusions made 
based on these values.
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Figure 4. Effect of feeding TMR of increasing particle size on cu-
mulative particle size selection index. Selected data shown; 26.9-mm 
sieve (A) and pan (B).

Figure 5. Effect of feeding TMR of increasing particle size on cu-
mulative NDF (A) and starch (B) selection indices.



Rumen Characteristics

The weighted mean rumen pH was similar among 
rations (Table 6) but there was a trend for a quadratic 
contrast for these data. Kononoff and Heinrichs (2003) 
found a similar quadratic contrast when increasing al-
falfa haylage particle size in TMR. The average weighted 
mean for all diets was 5.98. This was similar to results 
from some studies (Krause et al., 2002b; Beauchemin 
et al., 2003), higher than some (Beauchemin and Yang, 
2005), and lower than others (Kononoff et al., 2003b; 
Leonardi et al., 2005b). No differences were found in 
the minimum rumen pH among rations and average 
minimum pH for all rations was 5.42. There was a lin-
ear tendency for decreasing maximum rumen pH with 
increasing ration particle size. Perhaps the intake of 
starch at any one time was not great enough to over-
come the buffering capacity of the rumen with a large 

amount of forage still retained from the previous day. 
This slow digesting fiber allows the cow to create a 
more uniform rumen environment than the actual in-
take of feed would allow otherwise. The weighted mean, 
minimum, and maximum NH3 concentrations were 
found to have no significant contrasts among rations; 
the mean averaged 8.3 mg/dL. These results are similar 
to what was found by Kononoff et al. (2003b). The 
concentrations of acetate, propionate, butyrate, valer-
ate, isovalerate, isobutyrate were also shown to have no 
significant contrasts among diets. Concentrations of all 
VFA measured were similar to those found by Kononoff 
and Heinrichs (2003)

Milk Production and Composition

Milk production averaged 38.7 kg/d and the rations 
had no effect on milk, FCM, fat, protein, or lactose 
yields (Table 7). Milk fat percentage was similar among 
diets, as was milk protein percentage. These results are 
in agreement with some studies that found that changes 
in forage particle size did not affect milk production or 
components (Krause et al., 2002a; Beauchemin et al., 
2003; Bhandari et al., 2008) but are in disagreement with 
others that found that changes in forage particle size 
do influence milk production or components (Kononoff 
et al., 2003b; Leonardi et al., 2005b). There were linear 
trends for lactose and MUN to decrease with increasing 
ration particle size, but there were only slight numerical 
differences. There was a significant quadratic contrast 
for SCC but the reason for the tendency is not appar-
ent. One cow was removed from the milk production 
and composition analysis because of chronically high 
SCC. Removing this cow from the analysis decreased 
the average SCC by 135,350 cells/mL and increased av-
erage percentage fat by 0.09; however, it did not change 
the conclusions for any production parameters.
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Figure 6. Effect of feeding TMR of increasing particle size on cu-
mulative geometric mean length (Xgm) selection index.

Table 4. Observed meal characteristics for diets containing short (S), medium (M), long (L), or extra long 
(XL) grass hay 

Item S M L XL SEM1

Intrameal interval,2 s     
 Mode 13.7 13.5 14.1 12.0 —
 95% CI 16.8–11.2 16.5–11.0 17.2–11.5 14.7–9.8 —
Intermeal interval,3 min    —
 Mode 51.8b 72.1a 58.7a 68.4a —
 95% CI 70.1–38.3 97.6–53.3 79.4–43.4 92.5–50.5 —
Meal criterion, min 7.6b 13.8a 10.5a 11.2a —
 95% CI 10.0–5.7 18.3–10.4 14.0–8.0 14.8–8.4 —
DMI/meal,4 kg 2.34 2.49 2.28 2.30 0.32

a,bMeans within a row with different superscripts differ after transforming (P < 0.05).
1For model output, back-transformed 95% confidence intervals are shown.
2Intrameal interval = bout of no eating within meals.
3Intermeal interval = bout of no eating outside of meals.
4Calculated based on daily DMI.



CONCLUSIONS

In this experiment, 4 diets that varied only in the 
particle size of their grass hay were fed to lactating 
dairy cows to measure differences in sorting activity 
and the effect of these differences on production param-
eters. Great differences were observed among rations 
when sorting activity was determined by the change in 
composition of refusals (particle size, NDF, and starch) 
compared with the ration fed. However, actual intake of 
these components after 24 h was similar for all rations 
and as a result milk production, milk components and 
rumen characteristics were similar among the rations. 
Therefore, cows were essentially receiving different ra-
tions throughout the day, but the final daily outcome 

was the not different. When measuring sorting activity 
in lactating dairy cattle it is important to consider not 
only the composition of the orts (which comprise only 
a small percentage of the daily intake), but also the ac-
tual intakes of various ration components. In addition, 
although the diets fed varied greatly in Xgm, the Xgm of 
what was consumed by cows were very similar. Cows 
on the S ration ate a ration similar in Xgm to what 
was offered, and cows on all other rations ate a shorter 
ration than what was offered. Because the ration the 
cows actually consumed had similar Xgm and the cows 
sorted the ration that was offered, perhaps these cows 
were sorting to achieve a desired Xgm. If this is the case, 
a ration with the proper Xgm may be able to limit or 
eliminate ration sorting by lactating cows.
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Table 5. Effect of feeding TMR containing short (S), medium (M), long (L), or extra long (XL) grass hay on chewing behavior as determined 
by observed meal criteria1 

Item S M L XL SEM Linear Quadratic

Min/d        
 Ruminating 518 525 495 523 15.5 0.95 0.45
 Eating 376 400 383 394 19.9 0.50 0.68
 Total chewing 894 924 878 916 25.2 0.58 0.85
 Total time recorded 1,424 1,434 1,425 1,434 9.45 0.53 0.93
Min/kg        
 Ruminating 19.3 19.2 22.4 21.3 1.21 0.04 0.69
 Eating 13.9 14.6 17.2 16.1 1.11 0.03 0.37
 Total chewing 33.2 33.8 39.6 37.4 2.07 0.01 0.44
Chews/d        
 Ruminating 23,690 23,874 20,711 25,100 2,809 0.76 0.22
 Eating 19,699 20,322 19,462 21,775 1,207 0.21 0.38
 Total chews 43,388 44,196 40,173 46,874 3,409 0.43 0.20
Chews/kg        
 Ruminating 881 872 984 1,042 142 0.12 0.57
 Eating 731 743 874 891 63 0.01 0.78
 Total chews 1,612 1,615 1,857 1,933 187 0.03 0.62
Meals/d 13.4 11.5 13.4 11.9 0.87 0.35 0.83
Boli, number/d 740 766 772 838 73.9 0.13 0.59
Boli, number/kg of DMI 27.3 28.1 34.1 33.6 2.68 0.02 0.94

1Observed meal criteria use intervals predicted from current data set.

Table 6. Effect of feeding TMR containing short (S), medium (M), long (L), or extra long (XL) grass hay on rumen fermentation 

Item S M L XL SEM Linear Quadratic

Rumen pH        
 Weighted average1 5.96 6.05 5.98 5.92 0.05 0.39 0.07
 Minimum 5.36 5.45 5.43 5.44 0.05 0.32 0.41
 Maximum 7.05 6.99 6.99 6.96 0.10 0.04 0.65
NH3, mg/dL        
 Weighted average 7.56 8.02 8.01 9.42 1.03 0.21 0.57
 Minimum 2.10 2.76 3.20 5.04 1.04 0.08 0.51
 Maximum 17.9 19.5 17.2 19.0 2.07 0.81 0.96
VFA weighted average, μM/mL      
 Acetate 84.6 84.6 84.2 85.6 1.71 0.50 0.44
 Propionate 31.8 30.3 31.8 32.7 2.39 0.70 0.54
 Butyrate 15.4 15.7 16.4 15.9 0.70 0.51 0.58
 Valerate 2.72 2.74 2.93 3.11 0.14 0.07 0.62
 Isovalerate 2.45 2.46 2.46 2.55 0.11 0.31 0.55
 Isobutyrate 1.90 1.85 1.86 1.98 0.06 0.29 0.11

1Weighted averages determined by calculating the area under the response curve according to the trapezoidal rule (Shipley and Clark, 1972).
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