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Abstract
This study investigated the effects of Total Mixed Ration (TMR) particle size
on feed intake, chewing activity, and production performance of dairy cows,
to explore the appropriate particle size of TMR and suitable mixing times for
alfalfa and Chinese wildrye during processing. Four multiparous Holstein dairy
cows in mid-lactation [days in milk (85±7) d] [body weight (616.8±44.3) kg]
were used in a 4×4 Latin square design. TMR particle size was altered by
changing the mixing times of alfalfa and Chinese wildrye, dividing into four
groups: Fine particle forage (FH) group (alfalfa mixed for 12 min, Chinese
wildrye mixed for 20 min), Medium-fine particle forage (MFH) group (alfalfa
mixed for 9 min, Chinese wildrye mixed for 15 min), Medium-long particle forage
(MLH) group (alfalfa mixed for 6 min, Chinese wildrye mixed for 10 min), and
Long particle forage (LH) group (alfalfa mixed for 3 min, Chinese wildrye mixed
for 5 min). The experiment consisted of 4 periods, each lasting 19 d, including
a 14-d preliminary period and a 5-d sampling period. Milk yield was recorded
and milk samples were collected for milk composition analysis during the first 3
d of the sampling period; chewing activity was recorded by video monitoring on
days 2 and 3 of the sampling period; and fecal samples were collected during the
last 2 d of the sampling period to determine nutrient apparent digestibility. The
results showed that TMR particle size had significant effects on the apparent
digestibility of dry matter, organic matter, neutral detergent fiber, and nitrogen
(P<0.05), with the FH and MFH groups exhibiting higher apparent digestibility
compared to the MLH and LH groups. TMR particle size had no significant
effects on dry matter intake, physically effective neutral detergent fiber intake,
neutral detergent fiber intake, nitrogen intake, milk yield, or milk composition of
dairy cows (P>0.05). No significant effects of TMR particle size on chewing time
or plasma biochemical indices of dairy cows were observed (P>0.05). The results
suggest that the appropriate particle size distribution of TMR is as follows:
the proportions of dry matter for �19.00 mm, 8.00–(<19.00) mm, 1.18–(<8.00)
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mm, and <1.18 mm are 45.20%, 25.50%, 16.55%, and 12.75%, respectively; the
suitable mixing times for alfalfa and Chinese wildrye in TMR are 9 and 15 min,
respectively.
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Abstract: This experiment investigated the effects of total mixed ration (TMR)
particle size on feed intake, chewing activity, and performance in dairy cows to
determine the appropriate particle size of TMR and optimal mixing times for
alfalfa and Leymus chinensis during TMR preparation. Four multiparous Hol-
stein dairy cows in mid-lactation [days in milk (85±7) d] with body weight
(616.8±44.3) kg were used in a 4×4 Latin square design. TMR particle size was
manipulated by varying the mixing time of alfalfa and Leymus chinensis, result-
ing in four treatment groups: fine particle hay (FH) group (alfalfa mixed for 12
min, Leymus chinensis for 20 min), medium-fine particle hay (MFH) group (al-
falfa mixed for 9 min, Leymus chinensis for 15 min), medium-long particle hay
(MLH) group (alfalfa mixed for 6 min, Leymus chinensis for 10 min), and long
particle hay (LH) group (alfalfa mixed for 3 min, Leymus chinensis for 5 min).
The experiment comprised four periods, each lasting 19 days (14-day adaptation
period and 5-day sampling period). Milk yield was recorded and milk samples
were collected during the first three days of each sampling period for milk compo-
sition analysis. Chewing activity was monitored via video surveillance on days
2 and 3 of the sampling period, and fecal samples were collected during the last
two days to determine nutrient apparent digestibility. The results showed that
TMR particle size significantly affected the apparent digestibility of dry matter
(DM), organic matter (OM), neutral detergent fiber (NDF), and nitrogen (N)
(P<0.05), with FH and MFH groups exhibiting higher digestibility compared to
MLH and LH groups. However, TMR particle size had no significant effects on
DM intake, physically effective NDF intake, NDF intake, N intake, milk yield,
or milk composition (P>0.05). No significant effects of TMR particle size were
observed on chewing time (P>0.05) or plasma biochemical indicators (P>0.05).
These findings suggest that the suitable particle size distribution for TMR is as
follows: DM proportions of �19.00 mm, 8.00–<19.00 mm, 1.18–<8.00 mm, and
<1.18 mm should be 45.20%, 25.50%, 16.55%, and 12.75%, respectively. The
optimal mixing times for alfalfa and Leymus chinensis in TMR are 9 min and
15 min, respectively.

Keywords: dairy cow; total mixed ration; mixing time; particle size; feed
intake; chewing activity; performance
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Introduction
Total mixed ration (TMR) feeding technology has been widely adopted in large
and medium-sized dairy farms across China. The mixing time of TMR signif-
icantly affects its particle size. Numerous domestic and international studies
have investigated how TMR particle size, particularly forage particle size, in-
fluences dry matter intake, rumination activity, and nutrient digestibility in
dairy cows, though findings remain inconsistent. Kong et al. [1] proposed that
TMR particle size affects rumen fill, contact area between digesta and rumen
microorganisms, and digesta outflow rate, thereby influencing rumen fermenta-
tion patterns, end products, and shifts in digestion sites (e.g., starch digestion
moving from rumen to small intestine), ultimately affecting nutrient digestibil-
ity and animal performance. He Ming [2] reported that dairy cows fed alfalfa
hay chopped to 2, 4, and 8 cm lengths had DM intakes of 12.61, 11.65, and 9.41
kg/d, respectively. Li et al. [3] suggested that when dairy cows consume exces-
sive forage, DM intake becomes limited by rumen capacity, and smaller feed
particles can accelerate rumen outflow, enabling greater feed intake. Zhang [4]
found that alfalfa hay lengths of 1, 3, and 5 cm had no significant effect on
DM intake but increased physically effective fiber (peNDF) intake, improved
standard milk yield and milk fat percentage, though milk protein percentage
remained unaffected. Several studies [5-8] reported that reducing feed particle
size increased feed intake, while others [9-12] found no effect on intake. Kahyani
et al. [13] observed that reducing TMR particle size did not affect DM intake
when concentrate exceeded a certain proportion. Regarding feed sorting behav-
ior, Leonardi et al. [14] and Alamouti et al. [8] suggested TMR particle size
significantly influences sorting, whereas Bhandari et al. [15] found no effect.
Research on optimal feed particle size for dairy cows has yet to reach consensus.

Previous studies predominantly used choppers to modify TMR particle size.
However, in practical production, mixing time during TMR preparation further
affects forage particle size. While numerous studies have examined TMR particle
size effects on dairy cow intake, chewing activity, and performance, few have
investigated these effects by manipulating mixing time. This experiment altered
TMR particle size through varying mixing time to study its effects on feed
intake, chewing activity, and performance, providing reference for determining
appropriate particle size and mixing time in large-scale dairy farms.

Materials and Methods
1.1 Experimental Animals and Management

Four multiparous Holstein dairy cows in mid-lactation were selected, with av-
erage initial body weight of (616.8±44.3) kg and lactation duration of (85±7)
days. TMR was offered twice daily at 06:00 and 18:00, with refusals maintained
below 10% of offered amount.
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1.2 Total Mixed Ration

All groups received TMR with identical formulation, with composition and nutri-
ent levels shown in . Nutrient levels of individual ingredients were determined
using conventional laboratory methods, and TMR nutrient levels were calcu-
lated based on ingredient nutrient content and proportions. Net energy for
lactation (NEL, MJ/kg) was calculated as: NEL = 0.5501 × digestible energy
(DE, MJ/kg) –0.3905, where DE = gross energy × energy digestibility, and
energy digestibility (%) = 94.2808 –61.5730 × [NDF/OM] [16].

1.3 Experimental Design

TMR preparation generally follows the principle of mixing roughage before con-
centrate, and dry ingredients before wet ingredients. Leymus chinensis and al-
falfa are mixed first, with mixing time controlled between 10–20 min. Due to its
coarser texture and higher fiber content, Leymus chinensis requires longer mix-
ing time than alfalfa. Based on observations from Aoya Ranch, Jiabao Ranch,
and Lubao Ranch, different mixing time gradients were designed to alter TMR
particle size.

The experiment employed a 4×4 Latin square design with four treatments: fine
particle hay (FH) group [alfalfa mixed for 12 min, Leymus chinensis for 20
min], medium-fine particle hay (MFH) group [alfalfa mixed for 9 min, Leymus
chinensis for 15 min], medium-long particle hay (MLH) group [alfalfa mixed for
6 min, Leymus chinensis for 10 min], and long particle hay (LH) group [alfalfa
mixed for 3 min, Leymus chinensis for 5 min]. The experiment comprised four
periods, each lasting 19 days (14-day adaptation and 5-day sampling). TMR
mixing was performed using a 9JSG-10 horizontal mixer manufactured by Tai’
an Yimeite Machinery Co., Ltd.

1.4 Sampling Procedures

1.4.1 Feed Sampling During the sampling period, feed offered and refusals
were recorded daily. TMR and orts samples were collected, dried at 65°C,
ground, and stored at 4°C.

1.4.2 Milk Sampling Milk yield was recorded on days 15, 16, and 17 of each
period. Cows were milked at 07:00 and 19:00, with 500 mL composite samples
collected at a 4:6 morning:evening ratio. Samples were thoroughly mixed before
collection. Two to three drops of 33% H�O� solution were added per 100 mL
milk as preservative, and samples were stored at -20°C for milk composition
analysis.

1.4.3 Blood Sampling On days 16 and 17 of each period, blood samples
were collected from the tail vein before morning feeding and 6 h post-feeding.
Syringes and centrifuge tubes were anticoagulated with 2,500 IU/mL sodium
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heparin solution. Plasma was separated by centrifugation at 503×g for 15 min
and stored at -20°C.

1.4.4 Fecal Sampling Fecal samples were collected on days 18 and 19 of each
period. Samples were collected and weighed every 6 h, mixed thoroughly, and
10% of the total was taken. Twenty percent sulfuric acid (10 mL per 100 g feces)
was added for nitrogen fixation. Samples were dried at 65°C to determine initial
moisture, ground, and stored at -20°C.

1.5 Measurements and Methods

1.5.1 Nutrient Level Determination Crude protein (CP) content in TMR,
orts, and feces was determined by the Kjeldahl method. NDF content was an-
alyzed using the detergent fiber method proposed by Van Soest. DM, OM,
and ash contents were determined according to Feed Analysis and Feed Quality
Detection Technology edited by Zhang Liying. Gross energy was measured us-
ing a PARR 6200 oxygen bomb calorimeter. The peNDF content in orts was
calculated as: peNDF = NDF × physical effectiveness factor (pef) (>1.18 mm).

1.5.2 Particle Size Determination TMR and orts particle size were deter-
mined using a BX-4 portable particle separator for dairy cows, developed by
the Dairy Cattle Research Center of China Agricultural University and Beijing
Dairyland Technology Development Co., Ltd.

1.5.3 Plasma Biochemical Indicators Plasma alanine aminotransferase,
aspartate aminotransferase, and alkaline phosphatase activities, as well as glu-
cose, urea nitrogen, uric acid, and triglyceride concentrations were measured
using kits from Wako Pure Chemical Industries, Ltd. (Japan) on a Hitachi 7020
automatic analyzer according to manufacturer instructions.

1.5.4 Milk Composition Determination Milk fat percentage, milk protein
percentage, and lactose percentage were determined using a milk composition
analyzer (78110, Foss).

1.5.5 Chewing Activity Measurement A video system with eight cameras
was installed according to cow positions to record chewing activity for two con-
secutive days. Based on the obtained videos, eating and ruminating times were
recorded at 5-min intervals over 24 h. Eating was considered terminated if cows
did not resume feeding within 20 min after stopping, and rumination was con-
sidered ended if cows did not start ruminating within 5 min after a rumination
bout. Chewing time was expressed as the sum of eating time and ruminating
time.
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1.6 Data Processing

Raw data were organized in Excel spreadsheets and analyzed using the GLM
procedure of SAS 8.2 software for ANOVA and Duncan’s multiple comparisons.
Differences were considered significant at P<0.05 and trends at 0.05�P<0.10.

Results
2.1 Nutrient Apparent Digestibility

As shown in , different TMR particle sizes had no significant effects on DM, OM,
peNDF, NDF, and N intakes (P>0.05), but significantly affected whole-tract
apparent digestibility of DM, OM, NDF, and N (P<0.05). Compared with MLH
and LH groups, FH and MFH groups showed significantly higher DM apparent
digestibility (P<0.05), with no significant differences between FH and MFH
groups or between MLH and LH groups (P>0.05). OM apparent digestibility in
FH group was significantly higher than in LH group (P<0.05), and MFH group
was significantly higher than MLH and LH groups (P<0.05), with no significant
differences among FH vs. MFH, MLH vs. LH, or FH vs. MLH (P>0.05). FH and
MFH groups exhibited significantly higher NDF apparent digestibility compared
to MLH and LH groups (P<0.05), with no significant differences between FH
and MFH or between MLH and LH (P>0.05). N apparent digestibility in FH
and MFH groups was significantly higher than in LH group (P<0.05), with no
significant differences among FH, MFH, and MLH groups or between MLH and
LH groups (P>0.05).

2.2 Particle Size Distribution of Orts

As shown in , TMR particle size significantly affected the DM proportions of
particles �19.00 mm, 8.00–<19.00 mm, and 1.18–<8.00 mm, as well as NDF
proportions of particles �19.00 mm and 1.18–<8.00 mm in orts (P<0.05). As
TMR particle size increased, the NDF proportion of particles 8.00–<19.00 mm
in orts tended to increase (0.05�P<0.10). The DM proportion of particles �19.00
mm in orts was significantly lower in FH group than in the other three groups
(P<0.05), with no significant differences among MFH, MLH, and LH groups
(P>0.05). The DM proportions of particles 8.00–<19.00 mm and 1.18–<8.00
mm in orts were significantly higher in FH group than in the other three groups
(P<0.05), with no significant differences among MFH, MLH, and LH groups
(P>0.05). The NDF proportion of particles �19.00 mm in orts was significantly
lower in FH group than in the other three groups (P<0.05), with no significant
differences among MFH, MLH, and LH groups (P>0.05). The NDF proportion
of particles 1.18–<8.00 mm in orts was significantly higher in FH group than
in the other three groups (P<0.05), with no significant differences among MFH,
MLH, and LH groups (P>0.05). The NDF proportion of particles 8.00–<19.00
mm in orts tended to be higher in FH group than in the other three groups
(0.05�P<0.10).
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2.3 Chewing Activity

As shown in , TMR particle size had no significant effects on daily eating, ru-
minating, and chewing times, nor on eating, ruminating, and chewing times per
kilogram of DM or NDF (P>0.05).

2.4 Milk Yield and Composition

As shown in , TMR particle size had no significant effects on milk yield, milk fat
percentage and yield, lactose percentage and yield, or milk protein percentage
and yield (P>0.05).

2.5 Plasma Biochemical Indicators

As shown in , TMR particle size had no significant effects on plasma alanine
aminotransferase, aspartate aminotransferase, and alkaline phosphatase activ-
ities, or on glucose, urea nitrogen, uric acid, and triglyceride concentrations
(P>0.05).

Discussion
3.1 Effects of Different TMR Particle Sizes on Nutrient Intake and
Apparent Digestibility in Dairy Cows

This experiment used a Latin square design with TMR particle size as the sole
treatment. As TMR particle size decreased with increased forage mixing time,
DM intake did not significantly increase, consistent with findings by Beauchemin
et al. [9], Yang et al. [17], and Soita et al. [18]. Belyea et al. [19] suggested that
for cows fed forage-only diets, reduced particle size increases intake, whereas
for cows fed mixed forage-concentrate diets, particle size does not affect intake
because rumen fill is no longer the limiting factor for DM intake, and metabolic
factors become the primary limitation. Rode et al. [20] proposed that only long
forage affects intake, while chopped forage or meal does not. However, more
studies [5-7,21,22] have shown that reduced particle size increases intake. Allen
[22] demonstrated that feed intake and nutrient supply are limited by rumen fill
and digesta outflow rate, and reduced particle size decreases forage effects on
rumen fill while increasing outflow rate, enabling greater feed intake.

Shaver et al. [23] and Beauchemin et al. [24] noted that when dairy cows consume
low-quality, high-fiber diets, reduced forage particle size increases DM intake,
whereas with more balanced diets, forage particle size has minimal impact on
DM intake. The lack of significant effect observed in this experiment may be
attributed to two factors: first, the experimental TMR was well-balanced with
diverse ingredients, a concentrate-to-forage ratio of 55.03:44.97 (with cottonseed
as concentrate), and high-quality forage (imported alfalfa and Northeast Leymus
chinensis, corn silage), making the effect of particle size reduction on DM intake
insignificant; second, in experiments showing significantly increased intake with
reduced particle size, such as Yansari et al. [5] (pef >1.18 mm range: 0.46–
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0.71) and Einarson et al. [6] (pef >1.18 mm range: 0.776–0.952), the pef range
in this experiment (0.83–0.90) was relatively narrow due to TMR mixer power
and blade characteristics, possibly contributing to the non-significant effect of
particle size reduction on DM intake.

Mertens [25] found that reduced TMR particle size increases surface area for mi-
crobial attachment, promoting faster rumen fermentation and digestion, while
also increasing outflow rate and reducing digesta retention time, negatively af-
fecting nutrient digestion. Conversely, Yansari et al. [5] and Einarson et al. [6]
reported that reduced particle size decreased rumen pH and microbial digestion
capacity. Thus, particle size effects on digestibility are multifaceted, with final
digestibility representing a combination of multiple factors.

This experiment demonstrated that reduced TMR particle size through in-
creased forage mixing time significantly affected apparent digestibility of DM,
OM, NDF, and N, with the two longest mixing time groups showing signifi-
cantly higher whole-tract apparent digestibility of DM and NDF than the two
shortest mixing time groups. The shortest mixing time group had lower N ap-
parent digestibility than the other three groups, and OM whole-tract apparent
digestibility also differed among groups. Yang et al. [17] found that reduced
particle size did not affect OM digestibility in the rumen or whole tract, de-
creased NDF digestibility in both rumen and intestine, and reduced whole-tract
N apparent digestibility. Yansari et al. [5] reported that reduced particle size
did not affect apparent digestibility of DM, OM, or N but decreased NDF ap-
parent digestibility. Belyea et al. [19], Shaver et al. [23], and Grant et al. [26]
indicated that reduced particle size decreases fiber digestibility due to increased
intake and faster outflow rate. The discrepancy between our results and inter-
national studies may stem from two factors: first, reduced particle size in this
experiment did not affect intakes of DM, OM, NDF, peNDF, or N, preventing
the digestibility decline associated with increased nutrient intake; second, the
relatively narrow pef range (0.83–0.90) in this experiment may have resulted in
less pronounced effects on rumen acidity and outflow rate compared to effects
on microbial digestion.

3.2 Effects of Different TMR Particle Sizes on Chewing Activity in
Dairy Cows

Numerous studies [7,27,28] have demonstrated that dietary NDF content and
particle size are important factors affecting dairy cow chewing activity. Beau-
chemin et al. [9] and Krause et al. [28] found that reduced particle size did not
affect eating time but decreased ruminating time. Yansari et al. [5] reported
that reduced particle size decreased total chewing, ruminating, and eating times.
Notably, in Yansari et al. [5], reduced particle size increased DM intake but de-
creased peNDF intake, whereas in Beauchemin et al. [9], reduced particle size
did not affect DM intake but decreased peNDF intake. peNDF intake may be
an important indicator reflecting ruminating activity. While increased DM and
peNDF intake certainly increases ruminating activity, eating time may not be
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affected.

In this experiment, multiple indicators including daily eating, ruminating, and
chewing times (eating + ruminating), as well as eating, ruminating, and chewing
times per kilogram of DM or NDF, were unaffected by TMR particle size, con-
sistent with Clark et al. [29]. Additionally, reduced TMR particle size through
increased mixing time did not affect DM, NDF, or peNDF intakes, which may
explain the lack of significant differences in chewing activity indicators.

3.3 Effects of Different TMR Particle Sizes on Milk Yield and Com-
position in Dairy Cows

Generally, TMR particle size affects milk yield through its influence on feed
intake and digestibility. Multiple studies [6,7,10,27,30,31] have shown that re-
duced particle size does not significantly affect milk yield, and in these experi-
ments, DM intake increased. The lack of improved milk yield despite increased
intake may be attributed to decreased nutrient digestibility. Beauchemin et
al. [9] found that reduced particle size did not significantly affect DM intake or
milk yield. Notably, Yansari et al. [5] reported that reduced particle size signif-
icantly increased DM intake without affecting DM or N apparent digestibility,
yet milk yield did not significantly improve. In this experiment, reduced TMR
particle size through increased mixing time did not significantly affect nutrient
intake but significantly affected apparent digestibility of DM, OM, NDF, and N,
while milk yield did not differ significantly among groups. In practice, factors af-
fecting milk yield are more complex than those affecting intake and digestibility,
with multiple variables including diet formulation, feeding management, housing
comfort, weather changes, and milking management all influencing milk yield.

Shaver et al. [23], Armentano et al. [32], and Mertens [25] suggested that re-
duced fiber digestibility, decreased rumen pH, reduced ruminating and chewing
times, and decreased acetate-to-propionate ratio associated with reduced parti-
cle size ultimately affect milk fat and protein percentages. Armentano et al. [32]
considered milk fat percentage a good indicator of rumen fermentation status,
rumen pH, and peNDF content for mid-lactation cows. This experiment did
not observe effects of reduced TMR particle size through increased mixing time
on milk composition, consistent with Krause et al. [30], Beauchemin et al. [9],
Calberry et al. [27], and Einarson et al. [6]. However, Yansari et al. [5] found
that reduced particle size significantly decreased NDF and peNDF intake, sig-
nificantly increased DM intake, did not affect DM or N apparent digestibility,
but decreased NDF apparent digestibility, resulting in non-significant effects on
milk yield but decreased milk fat percentage and increased milk protein percent-
age. Despite controversial findings, the conclusion that reduced particle size and
decreased peNDF intake reduce milk fat percentage is widely accepted. Mertens
[25] and Beauchemin et al. [33] suggested that particle size effects on milk fat
percentage are more readily observed when dietary NDF content (19.7%) is
below the minimum requirement of NRC (1989).
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Three factors may explain the lack of milk composition changes in this experi-
ment: first, the relatively short experimental period (19 days per period) and
small number of animals (4 cows); second, the inclusion of alfalfa (18.28%) in
the experimental TMR, which has buffering effects; and third, the presence of
cottonseed in the diet, which directly affects milk fat percentage.

3.4 Effects of Different TMR Particle Sizes on Plasma Biochemical
Indicators in Dairy Cows

Few studies have investigated TMR particle size effects on plasma biochemical
indicators in dairy cows. Bhandari et al. [34] found that reducing alfalfa and
corn silage length did not affect plasma glucose and urea concentrations, and
Bhandari et al. [15] similarly reported no significant differences in plasma glu-
cose and urea concentrations after reducing alfalfa and oat lengths, consistent
with our results. Kahn [35] considered normal plasma glucose and urea concen-
trations in dairy cows to be 2.4–4.2 mmol/L and 2.8–8.8 mmol/L, respectively.
Plaizier [36] found that replacing alfalfa silage with chopped alfalfa to reduce
TMR particle size increased plasma glucose concentration and decreased plasma
urea concentration, but these differences were primarily attributed to feed type
rather than particle size. In this experiment, reduced particle size did not af-
fect intakes of DM, OM, NDF, peNDF, or N, which may explain the lack of
significant differences in plasma indicators.

Conclusion
This study demonstrates that moderately extended forage mixing time signifi-
cantly affects TMR particle size and improves nutrient digestibility. Under the
conditions of this experiment, the suitable TMR particle size distribution is as
follows: DM proportions of �19.00 mm, 8.00–<19.00 mm, 1.18–<8.00 mm, and
<1.18 mm should be 45.20%, 25.50%, 16.55%, and 12.75%, respectively. The
optimal mixing times for alfalfa and Leymus chinensis in TMR are 9 min and
15 min, respectively.
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