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ABSTRACT

Many early studies laid the foundation for our un-
derstanding of the mechanics of chewing, the physi-
ological role of chewing for the cow, and how chewing 
behavior is affected by dietary characteristics. However, 
the dairy cow has changed significantly over the past 
decades, as have the types of diets fed and the produc-
tion systems used. The plethora of literature published 
in recent years provides new insights on eating and 
ruminating activity of dairy cows. Lactating dairy cows 
spend about 4.5 h/d eating (range: 2.4–8.5 h/d) and 
7 h/d ruminating (range: 2.5–10.5 h/d), with a maxi-
mum total chewing time of 16 h/d. Chewing time is 
affected by many factors, most importantly whether 
access to feed is restricted, intake of neutral detergent 
fiber from forages, and mean particle size of the diet. 
Feed restriction and long particles (≥19 mm) have a 
greater effect on eating time, whereas intake of for-
age neutral detergent fiber and medium particles (4–19 
mm) affects rumination time. It is well entrenched in 
the literature that promoting chewing increases salivary 
secretion of dairy cows, which helps reduce the risk of 
acidosis. However, the net effect of a change in chewing 
time on rumen buffing is likely rather small; therefore, 
acidosis prevention strategies need to be broad. Dam-
age to plant tissues during mastication creates sites 
that provide access to fungi, adhesion of bacteria, and 
formation of biofilms that progressively degrade car-
bohydrates. Rumination and eating are the main ways 
in which feed is reduced in particle size. Contractions 
of the rumen increase during eating and ruminating 
activity and help move small particles to the escapable 
pool and into the omasum. Use of recently developed 
low-cost sensors that monitor chewing activity of dairy 
cows in commercial facilities can provide information 
that is helpful in management decisions, especially 

when combined with other criteria. Although accuracy 
and precision can be somewhat variable depending on 
sensor and conditions of use, relative changes in cow 
behavior, such as a marked decrease in rumination time 
of a cow or sustained low rumination time compared 
with a contemporary group of cows, can be used to 
help detect estrus, parturition, and some illnesses. This 
review provides a comprehensive understanding of the 
dietary, animal, and management factors that affect 
eating and ruminating behavior in dairy cows and 
presents an overview of the physiological importance 
of chewing with emphasis on recent developments and 
practical implications for feeding and managing the 
modern housed dairy cow.
Key words: ruminating, behavior, physically effective 
fiber, rumen function, dietary particle size

INTRODUCTION

The process of chewing during eating and ruminating 
plays a vital role in maintaining high levels of feed in-
take and efficient digestive function in high-producing 
dairy cows. Ruminants chew their feed initially during 
eating, and swallowed feed is later regurgitated and re-
masticated through the process of rumination. As feed 
is chewed, particles are reduced in size and saliva is 
secreted to lubricate the bolus and enable swallowing. 
Saliva is an important buffer for the rumen, and thus 
chewing plays a key role in maintaining optimum rumen 
pH for microbial digestion of feed. Furthermore, physi-
cal breakdown of feed during mastication facilitates 
microbial colonization and passage of small particles 
from the rumen through the lower gastrointestinal 
tract. Optimum chewing time is needed to minimize 
the risk of rumen acidosis, enhance fiber digestion, and 
promote high levels of feed intake in dairy cows. Many 
early reviews laid the foundation for our understanding 
of the mechanics of chewing, the physiological role of 
chewing for the cow, and how chewing behavior is af-
fected by changes in chemical composition and physical 
characteristics of the diet (e.g., Church, 1975; Welch, 
1982; De Boever et al., 1990; Beauchemin, 1991a). 
However, the dairy cow has changed significantly over 
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the past decades, as have the types of diets fed and the 
production systems used, and a significant body of work 
related to chewing in dairy cows has been published in 
recent years. The objective of this review is to provide 
an update on chewing behavior and its importance with 
emphasis on recent developments and practical impli-
cations for feeding and managing the modern housed 
dairy cow fed TMR.

THE PROCESS OF EATING AND RUMINATING

The mechanics of eating and ruminating in cattle are 
well understood (Church, 1975; Hofmann, 1988). As no 
significant change in that understanding has occurred 
in recent years, only a brief description of the process 
of eating and ruminating follows. During eating, the 
lips, teeth, and tongue of the cow are used to move 
feed into the mouth, where it is chewed. When cattle 
consume long-stemmed forage, the tongue pulls herb-
age into the mouth, whereas for concentrates or TMR 
from a feed trough, the lips play a more important 
role in conveying food into the mouth. Feed is chewed 
by lateral movements of the mandible, resulting in a 
grinding action that shears, rather than cuts, the feed. 
The feed is chewed by the molar teeth on one side of 
the mouth at a given time (Hofmann, 1988). A large 
amount of saliva is secreted during the eating process 
to enable a bolus to be formed and swallowed (Church, 
1975).

Rumination (known colloquially as cud chewing) is 
a unique defining characteristic of ruminants. During 
rumination, digesta from the rumen is regurgitated, 
remasticated, and reswallowed (Ruckebusch, 1988). 
Mastication is slower and more consistent during rumi-
nation than during eating. During rumination, digesta 
is regurgitated from the reticulum through the cardia, 
into the esophagus, and then into the mouth. The re-
gurgitation occurs as a result of an extra contraction of 
the reticulum that occurs just before the usual double 
contraction of the mixing cycle, combined with nega-
tive pressure within the trachea due to a sharp con-
traction of the diaphragm (Ruckebusch, 1988). Once in 
the mouth, some of the regurgitated liquid and small 
particles are swallowed, the remaining material is re-
masticated for about 30 to 70 s, and the bolus is reswal-
lowed. The next bolus is regurgitated 2 to 4 s later, and 
the entire cycle is repeated. Rumination bouts, which 
consist of series of boluses, last 30 s to 2 h, with up to 
20 rumination bouts each day. Generally, the longer 
the time spent ruminating, the longer the ruminating 
bouts are (r = 0.51; Dado and Allen, 1994). However, 
length of rumination bouts is not a good predictor of 
rumination time because many distractions can cause 
rumination to cease. The physiological maximum ru-

mination time is about 10 to 12 h/d, which may occur 
in cattle fed high-fiber diets (Welch, 1982; De Boever 
et al., 1990). Most lactating dairy cows fed mixed diets 
seldom ruminate this long (Watt et al., 2015).

Rumination is stimulated by activation of tension 
receptors in the luminal surface of the reticulorumen 
(Ash and Kay, 1959; Leek, 1986). The tension receptors 
are excited by mild tactile stimulation and low to mod-
erate distension of the rumen by the ruminal contents. 
However, extreme distension of the rumen (e.g., bloat) 
and various chemical stimuli actually inhibit ruminal 
contractions (Ash and Kay, 1959). For example, elevat-
ed concentrations of VFA and high osmotic pressure 
typically observed in early stages of acute acidosis can 
cause rumen stasis (Leek, 1986).

DIFFERENCES IN CHEWING BEHAVIOR  
AMONG DAIRY BREEDS

Aikman et al. (2008) reported important differences 
in chewing behavior between Holstein and Jersey cows 
of similar intake capacity when expressed relative to 
BW (DMI, % of BW). As expected, Holsteins had 
greater daily DMI (kg/d) than Jerseys; however, eating 
time (min/d) did not differ between breeds. Thus, Jer-
seys spent more time eating per unit of ingested feed, 
which the authors suggest may have been partially due 
to the smaller mouths of Jerseys requiring them to 
have a larger number of mouthfuls to process an equal 
volume of feed. The duration and number of meals con-
sumed were similar for the 2 breeds, but the meals con-
sumed by Jerseys tended to be distributed more evenly 
throughout each 24-h period, providing a more regular 
supply of feed and saliva to the rumen. Holsteins spent 
more time ruminating per day compared with Jerseys, 
but Jerseys spent more time ruminating per unit of in-
gested feed. Dividing the DMI by the number of boluses 
regurgitated during rumination revealed that bolus size 
in Holsteins was greater than that in Jerseys (26.0 and 
17.5 g of DM, respectively). The study also showed that 
passage of feed through the gastrointestinal tract was 
faster in Jerseys compared with Holsteins, which may 
have resulted from the more thorough chewing of feed 
causing more effective particle size reduction. Thus, the 
physiological maximum chewing time of cattle is likely 
to penalize Holsteins more than Jerseys because they 
have a greater volume of feed to process.

FACTORS AFFECTING EATING BEHAVIOR

The eating behavior of dairy cows had been described 
previously (Dulphy et al., 1979; Campling and Morgan, 
1981; Beauchemin, 1991a; Albright, 1993), but recent 
mechanization of feeding equipment and behavior re-
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cording have given rise to further important insights for 
the modern dairy cow. Eating time differs from feeding 
time in that the latter represents meals and includes 
periods of inactivity, whereas eating time refers solely 
to the time spent prehending, chewing, and swallow-
ing feed. Meals comprise eating bouts interspersed 
with periods of noneating (making up 30–50% of meal 
time). In a study of 515 dairy cows in 7 experiments 
with more than 1.2 million cow visits to a feeder, cows 
consumed an average of 7.7 meals per day, with each 
meal separated by at least 29 min (De Mol et al., 2016).

The time dairy cattle spend eating is highly vari-
able when combined across experimental conditions. In 
a recent summary of treatment means for dairy cows 
from peer-reviewed publications, White et al. (2017) 
reported a mean eating time of 284 min/d (n = 182), 
ranging from 141 to 507 min/d (Table 1). Part of the 
variation may be due to the slightly different criteria 
used among studies to define eating time, but eating 
time is also highly affected by feed management, DMI, 
physical and chemical composition of the diet, and in-
herent variability among animals.

Feeding Management

Greatest feeding activity typically occurs after feed 
is delivered (King et al., 2016) or pushed up (Miller-
Cushon and DeVries, 2017) throughout the day. Thus, 
frequent delivery of TMR tends to promote feeding 
activity and a more even distribution of feeding time 
throughout the day, although DMI is not necessarily 
increased (Miller-Cushon and DeVries, 2017). With 
noncompetitive feeding situations and unrestricted ac-
cess to feed, rate of eating during a meal is generally 
rapid at the start and declines toward the end as ap-

petite is satiated (Suzuki et al., 1969) and as salivary 
flow declines (Bailey, 1961), especially for more fibrous 
feeds. Cows will increase their feeding intensity as the 
amount of feed and access to feed decrease (Campling 
and Morgan, 1981). Competitive feeding situations 
increase the eating rate (kg of DM/min) and decrease 
the total time spent eating each day (Proudfoot et al., 
2009). Dry matter intake may also decrease with com-
petition at the feed bunk or limited time to access feed 
if the increase in eating rate does not fully compensate 
for restricted resources (Munksgaard et al., 2005). With 
increased limited access to feed, cows tend to eat fewer 
but longer meals with greater nonfeeding time within 
meals (Crossley et al., 2017). Older cows eat faster than 
younger cows (Dado and Allen, 1994); thus, restricting 
feed bunk access will have a greater effect on younger 
cows that may be less dominant.

Thus, total time spent eating and pattern of eating 
each day depend foremost on whether cows have free 
access to feed. Diet composition affects eating behav-
ior as well, but to a lesser extent. Cows modify their 
feeding behavior to consume feed in a shorter period 
when necessary, which indirectly allows them to better 
compete for feed and maintain DMI (Crossley et al., 
2017). Subordinate cows are particularly affected by 
increased competition (DeVries et al., 2004).

Feed Intake

In the large study of De Mol et al. (2016) described 
above, the correlation between eating time and feed 
intake was 0.53 in a TMR system and 0.56 in a partial 
TMR system. Thus, monitoring eating time on farm, 
especially when combined with other information (milk 
yield, BW, cow size; Connor, 2015), could be useful in 

Table 1. Summary of treatment means for DMI, chewing activity, and mean rumen pH of dairy cows from 
peer-reviewed publications

Item No. Mean SD Minimum Maximum

White et al. (2017)          
  DMI, kg/d 224 22.7 3.3 14.7 31.6
  Milk production, kg/d 197 34.1 7.4 14.2 51.3
  Chewing time, min/d          
    Eating 182 284 77.3 141 507
    Ruminating 179 436 68.4 236 610
    Total 175 717 115 396 973
  Mean rumen pH 181 6.12 0.27 5.44 6.83
Zebeli et al. (2006)          
  DMI, kg/d 131 23.0 1.9 16.9 28.3
  Milk production, kg/d 131 34.9 5.84 23.1 49.3
  Chewing time, min/d          
    Eating NR1 NR NR NR NR
    Ruminating 99 434 82.5 151 632
    Total 99 691 111.4 425 969
  Mean rumen pH 100 6.09 0.20 5.30 6.59
1Not reported.
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estimating individual feed intake. Because of the asso-
ciation between DMI and eating time, the effects of di-
etary components such as NDF content or particle size 
are more highly related to eating time when expressed 
as intake of components rather than concentration.

Chemical and Physical Characteristics of the Diet

Concentrate feeds, when offered alone, are con-
sumed rapidly, whereas forages are consumed slowly 
in frequent meals of small amounts (Beauchemin et al., 
2008). Yet, when concentrates and forages are offered 
as a TMR, increasing forage proportion does not neces-
sarily increase eating time because DMI may decrease 
(Yang and Beauchemin, 2009). Silage is consumed more 
rapidly than long-stemmed hay on an as-fed basis be-
cause of its smaller particle size and greater moisture 
content and the ease of bolus formation (Beauchemin 
et al., 2008). Because hay is chewed slowly, median 
particle size of the swallowed bolus can actually be less 
than that of swallowed silage (Gill et al., 1966). There-
fore, feed particle size does not necessarily reflect the 
particle size of the swallowed feed bolus (Schadt et al., 
2012) or the feces (Maulfair et al., 2011).

The correlation between eating time and dietary 
NDF content or forage NDF (FNDF) content is low 
across studies (r ≤ 0.12; White et al., 2017) because 
fiber content does not account for differences in intake. 
For example, Dann et al. (2015) fed diets containing 
50 and 65% forage (DM basis) and reported that DMI 
tended to be lower for the higher forage diet; hence, 
eating and ruminating times were similar for the 2 
diets. When chewing time was expressed relative to 
intake, eating and ruminating times (min/kg of DMI) 
were greater for the high-forage diet. The relationship 
between eating time (min/d) in dairy cows and dietary 
FNDF intake is shown in Figure 1 and indicates an 
overall positive association but with considerable scat-
ter because numerous other factors affect eating time.

A general association, although also highly variable, 
exists between particle size of the diet and eating time. 
Increasing particle size of silage increased eating time 
(min/d, min/kg of DM) of dairy cows in many studies 
(Soita et al., 2000; Yang et al., 2001b; Kononoff and 
Heinrichs, 2003; Kowsar et al., 2008; Akbari-Afjani et 
al., 2014; Alamouti et al., 2014) but not all (Kononoff 
et al., 2003b; Alamouti et al., 2009). White et al. (2017) 
reported that the correlation between eating time 
(min/d) and dietary content of long particles retained 
on a 19-mm sieve across studies was moderate (r = 
0.45, P < 0.05). The relationship between eating time 
(min/kg of DMI) in dairy cows and mean particle size 
(MPS) of the diet across studies is plotted in Figure 

Figure 1. Eating, rumination, and total chewing time (min/d) and 
forage NDF intake (kg/d) for lactating dairy cows summarized from 
the literature. Points are treatment means and are colored by study 
and sized by weighting used in the meta-regression; connecting lines 
represent the regression lines within study. Figure from R. White, 
Virginia Tech University, unpublished data; used with permission. 
Color version available online.
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2 and indicates an overall positive but highly variable 
association.

Animal Variation

There is inherent variability among animals in time 
spent eating. The coefficient of variation (CV) for eat-
ing time (min/d) among cows is about 17% (Dado and 
Allen, 1994), but the CV is 3- to 4-fold greater for feed-
ing time. Some meal characteristics are highly variable 
among cows. Frequency of meals (no./24 h) and overall 
meal duration are unique for individual cows, whereas 
eating rate and meal size are fairly consistent among 
cows (Vasilatos and Wangsness, 1980).

Complementarity Between Eating  
and Ruminating Time

There can be a compensatory relationship between 
eating and ruminating time. Dado and Allen (1994) 
reported that for dairy cows with unrestricted feed 
access the correlation coefficient between eating time 
and ruminating time was −0.62, indicating that cows 
that spend less time eating tend to ruminate longer. A 
similar inverse relationship was reported for cows with 
decreased eating time due to feed restriction or diet 
composition; rumination time increased to compensate 
for the longer particle size of swallowed feed due to feed 
restriction (Dulphy et al., 1979; Campling and Morgan, 
1981). Thus, total chewing time is less variable than 
eating or ruminating time. However, this compensatory 
effect does not occur if cows are ruminating near their 
physiological maximum, which is sometimes the case 
for high-producing dairy cows. Hence, the correlation 
between eating and ruminating time for dairy cows was 
relatively low when examined across studies (e.g., r = 
0.27, P < 0.05; White et al., 2017). Maximum total 
chewing time for dairy cows is estimated at about 16 
h/d (Zebeli et al., 2006; Jensen et al., 2016; White et 
al., 2017).

FACTORS AFFECTING RUMINATING BEHAVIOR

Most rumination occurs at night when cows are at 
rest, but cattle also ruminate throughout the day when 
not interrupted by management such as feeding and 
milking (Grant et al., 1990; Dado and Allen, 1994; Pau-
dyal et al., 2016). Schirmann et al. (2012) reported that 
rumination time peaked approximately 4 h after feed-
ing and that periods of rumination were also associated 
with time spent lying down. However, as rumination 
time increases, proportionally less rumination occurs 
at night and when cows are lying down (Stone et al., 
2017). Some studies report greater rumination time in 

Figure 2. Eating, rumination, and total chewing time (min/kg 
of DMI) and mean particle size of the diet for lactating dairy cows 
summarized from the literature. Points are treatment means and are 
colored by study and sized by weighting used in the meta-regression; 
connecting lines represent the regression lines within study. Figure 
from R. White, Virginia Tech University, unpublished data; used with 
permission. Color version available online.
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multiparous compared with primiparous cows, but this 
difference appears to be due to differences in DMI as 
rumination time adjusted for intake of primiparous cows 
is usually less than or similar to that of multiparous 
cows (Beauchemin and Rode, 1994, 1997; Dado and 
Allen, 1994; Beauchemin and Rode, 1997; Maekawa et 
al., 2002b; Kowsar et al., 2008).

In summarizing the literature for dairy cows, White 
et al. (2017) reported that mean ruminating time was 
436 min/d (n = 179), ranging from 236 to 610 min/d, 
and Zebeli et al. (2006) reported that mean ruminating 
time was 434 min/d (n = 99), ranging from 151 to 630 
min/d (Table 1). The large variability in ruminating 
time across treatment means occurred for many reasons, 
including measurement technique (see “Rumination 
Monitoring On Farm to Assess Cow Health”), inherent 
variability among animals (De Boever et al., 1990), and 
physical and chemical composition of the diet.

Animal Variability

The CV for rumination time (min/d) among animals 
was reported as 16% in 12 cows monitored in a short-
term study using a pressure transducer placed under 
the cow’s jaw (Dado and Allen, 1994) and as high as 
48% when recorded for 79 cows for 1,254 cow-days 
using an acoustic system (Byskov et al., 2015). The 
greater CV in the latter study may have been partially 
due to the lower accuracy of some sensor measurement 
techniques (see “Rumination Monitoring On Farm to 
Assess Cow Health”).

Milk Yield and DMI

Rumination time is positively associated with milk 
production. Stone et al. (2017) reported a weak rela-

tionship between rumination time and milk yield (n = 
36 cows, r = 0.22, P < 0.01), whereas Kaufman et al. 
(2018) reported that daily milk yield of cows in early 
lactation was moderately correlated with rumination 
time (r = 0.37 to 0.69 depending on parity and DIM). 
The positive association between rumination time and 
milk yield may be indirectly related to DMI. However, 
the relationship between DMI and rumination is also 
weak because of the overriding effects of diet composi-
tion. For example, both Schirmann et al. (2012) and 
Clément et al. (2014) reported that rumination time 
and DMI were not correlated across cows. Thus, the 
main drivers of rumination time are chemical and 
physical characteristics of the diet.

Chemical and Physical Characteristics of the Diet

Rumination time is highly influenced by NDF intake, 
particle size of the diet, fragility (hardness) of feed that 
imparts resistance of feed to chewing (Nørgaard et al., 
2011), and the indigestibility of the fiber. There are 
complex interactions among these factors; thus, the 
correlation between rumination time and individual di-
etary factors is only low to moderate. Rumination time 
is more highly correlated with intake of NDF rather 
than with NDF content. The correlation coefficient 
between rumination time and NDF content of the diet 
is <0.10 (Yang and Beauchemin, 2007, 2009; White et 
al., 2017). Correlations between rumination and FNDF 
percentage are somewhat greater (Zebeli et al., 2006, 
r = 0.46, P < 0.05; Byskov et al., 2015, r = 0.28, P 
< 0.001; White et al., 2017, r = 0.19, P < 0.05), as is 
the case with dietary forage proportion (White et al., 
2017, r = 0.15, P < 0.05) and dietary silage proportion 
(White et al., 2017, r = 0.21, P < 0.05; Table 2). Ac-
counting for intake further improves the relationship; 

Table 2. Correlations between diet, chewing, and rumen pH variables1

Item
Eating time,  

min/d
Ruminating time, 

min/d
Chewing time, 

min/d
Mean 

rumen pH

DMI −0.06 0.19* 0.07 −0.12
Ruminating time, min/d 0.27* 1.00 0.77* −0.12
Eating time, min/d 1.00 0.27* 0.82* −0.03
Total chewing, min/d 0.82* 0.77* 1.00 −0.09
pH −0.03 −0.12 −0.09 1.00
Starch, % of DM −0.22* 0.09 −0.11 0.14†
NDF, % of DM 0.12 −0.15* 0.001 0.19*
CP, % of DM −0.22* 0.14† −0.05 −0.11
Forage NDF, % of DM 0.10 0.19* 0.19* 0.12
Forage, % of DM 0.12 0.15* 0.15* −0.06
TMR particles retained on sieve        
  19 mm, % of DM 0.45* 0.17 0.34* 0.14
  8 mm, % of DM 0.03 0.38* 0.28* 0.007
Silage, % of DM −0.13† 0.21* 0.001 −0.16*
1Data from White et al. (2017); used with permission.
†P ≤ 0.10; *P ≤ 0.05.
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correlation between rumination time and NDF intake 
was 0.35 to 0.54 in studies by Yang and Beauchemin 
(2007, 2009) and Yang et al. (2001b). The relationship 
between ruminating time and dietary FNDF intake 
(kg/d) across studies is shown in Figure 1.

Increasing dietary FNDF intake can be achieved 
through an increase in the forage:​concentrate (F:C) 
ratio, which increases both FNDF intake and particle 
size of the diet. Rumination time relative to FNDF 
intake is highly variable, ranging from 75 (Yang and 
Beauchemin, 2009) to 180 (Byskov et al., 2015) min/
kg of FNDF depending on the forage source. Byskov 
et al. (2015) showed across 27 different diets that each 
additional kilogram of FNDF intake increased rumina-
tion time above the mean by about 22 min/d, which 
is similar to the 17 to 21 min/d reported by Yang and 
Beauchemin (2007, 2009) for diets comprising alfalfa 
silage and 21 min/d reported by Beauchemin and Rode 
(1994) for diets comprising alfalfa hay.

Increasing particle size of the TMR increases rumi-
nation time, with the response diminishing as particle 
size increases. No further increase in rumination time 
occurs after a certain particle size. It is difficult to pre-
cisely define that threshold particle size because MPS 
represents a particle size distribution, the method of 
determining particle size affects MPS, and the effects 
of forage particle size depend on inclusion level in the 
diet (Nasrollahi et al., 2016). However, the most dra-
matic reductions on chewing time occur when MPS is 
very fine (MPS <5 mm). Allen (1997) suggested that 
moderate or no further increase in rumination time oc-
curs when particle size is increased above a threshold 
MPS of 10 mm (Allen, 1997). In a meta-analysis of 86 
studies, Nasrollahi et al. (2016) showed that decreasing 
forage MPS in dairy cow diets from an average of 10.0 
± 4.9 to 6.7 ± 4.11 mm lowered eating, rumination, 
and total chewing time by 19, 28, and 44 min/d, re-
spectively (P < 0.01). The authors also reported that 
the effects of forage particle size were strongly affected 
by level of inclusion of forage in the diet and method of 
preserving forages, with decreasing forage particle size 
having greater influence at high inclusion levels and in 
hay-based diets. Thus, fine grinding and chopping of 
feed usually decreases rumination time (Soita et al., 
2000; Yang et al., 2001b; Krause et al., 2002b), whereas 
coarse chopping may have no effect on rumination time 
(Grant et al., 1990; Alamouti et al., 2009).

Overall, increasing particle size of the diet is more 
effective at promoting rumination in diets containing 
greater F:C ratio because the resulting increase in in-
take of long particles is greater for higher forage diets. 
Similarly, increasing the F:C ratio of the diet is more 
effective at promoting rumination when forages are 

longer in particle size (Yang and Beauchemin, 2007, 
2009).

In general, increasing particle size of the diet seems 
to have less effect on promoting rumination time 
compared with eating time. This is likely because the 
additional mastication during eating can minimize 
differences in particle size of the swallowed bolus and 
hence reduce the need for additional particle size reduc-
tion during rumination. For example, Kahyani et al. 
(2013) fed dairy cows 25% of dietary intake as alfalfa 
hay chopped fine, medium, or coarse, and eating time 
(min/d, min/kg of DM, min/kg of NDF) increased 
linearly but rumination time was not affected by diet. 
Similar effects of forage particle size on eating and ru-
minating time were reported by others (Yang et al., 
2001b; Kowsar et al., 2008; Akbari-Afjani et al., 2014; 
Alamouti et al., 2014). However, increased eating time 
does not always eliminate the need for longer rumina-
tion time per kilogram of DM when intake of long for-
age particles is increased through increased F:C ratio 
(Jiang et al., 2017) or particle size (Zhang et al., 2010; 
Kammes and Allen, 2012). For example, Jiang et al. 
(2017) fed dairy cows 4 diets that ranged from 40 to 
70% forage. Eating time increased (min/d, min/kg of 
DM, min/kg of NDF) with increasing F:C ratio of the 
diet. Rumination time per kilogram of DMI was also 
increased, indicating that longer chewing during eating 
did not fully reduce the need for additional mastication 
during rumination. However, total rumination time was 
not affected in that study because DMI decreased with 
increasing dietary forage content.

Particle size of TMR can be measured in various ways, 
but it is not clear which physical measure provides the 
most useful estimate of physiological response. Mean 
particle size can be reported as the geometric mean 
length (mean diagonal size of screen through which 50% 
cumulative weight of sample passes) and standard de-
viation (ANSI, 1998). Yang et al. (2001b) reported that 
the correlation between MPS and rumination time was 
0.40. Mertens (1997) suggested that particles retained 
on a 1.18-mm sieve using a dry sieving method pro-
moted chewing, which was the basis for developing the 
concept of effective NDF. The effective NDF concept 
later evolved to physically effective NDF (peNDF). 
The Penn State Particle Separator, originally with 3 
sieves (openings of 19.0, 8.0, and 1.18 mm) and a bot-
tom pan and more recently with a 4-mm sieve replacing 
the 1.18-mm sieve, has been widely adopted on farm to 
measure particle length of feeds (Kononoff et al., 2003a; 
Heinrichs, 2013). Physically effective NDF is calculated 
as the NDF content multiplied by the physical effec-
tiveness factor (pef), estimated as the total proportion 
of material retained on both 19- and 8-mm screens (pef 
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≥8) or all 3 sieves (pef ≥1.18 or pef ≥4). Other meth-
ods of determining particle size include the Z-Box tool 
with interchangeable sieves (developed at the William 
H. Miner Agricultural Research Institute, Chazy, NY; 
Cotanch and Grant, 2006), the Ro-Tapp dry sieving 
device that uses a stack of sieves with vertical shaking 
(W. S. Tyler, Mentor, OH; Mertens, 1997), and the 
nonportable Wisconsin separator that is mechanically 
operated and uses a horizontal shaking motion (AS-
ABE, 2007). The Z-Box was designed to correlate with 
the proportion of particles retained above a 1.18-mm 
sieve when separated using the Ro-Tapp dry sieving de-
vice. Cotanch and Grant (2006) suggested that a 3.18-
mm screen should be used for corn silage and TMR and 
a 4.76-mm screen should be used for hay crop silage.

In summarizing the literature, Zebeli et al. (2006) 
reported that the correlations between rumination 
time and dietary proportion of peNDF (peNDF ≥1.18, 
peNDF ≥8) were ≤0.54 (P < 0.05), whereas White et 
al. (2017) reported that correlations between rumina-
tion time and proportion of particles retained on 8- and 
19-mm screens were 0.38 (P < 0.05) and 0.17 (P > 
0.05), respectively.

In addition to NDF and particle size, inherent char-
acteristics of forage fiber affect chewing (Nørgaard et 
al., 2011). Forage fiber that is less digestible will lead 
to increased rumination time per kilogram of ingested 
DM and NDF. This can be seen in a study by Sá Neto 
et al. (2014), who compared diets containing corn 
silage, sugarcane silage, and a mixture of the 2 for-
ages. The FNDF content, pef, and MPS of the diets 
were relatively similar. However, chewing per FNDF 
intake (min/kg) and per peNDF ≥8 intake (min/kg) 
increased with increasing level of sugarcane silage in 
the diet, suggesting that at the same content of FNDF 
and particle size, sugarcane silage had a greater ca-
pacity than corn silage to stimulate chewing. This dif-
ference was ascribed to the greater indigestible NDF 
(iNDF; 288-h ruminal in situ incubation) content of 
sugarcane compared with corn silage (18.9 vs. 30.0% 
DM), which is indicative of low NDF digestibility. The 
iNDF fraction represented almost 50% of NDF in sug-
arcane, compared with approximately 35% of NDF in 
corn silage. Fustini et al. (2017) compared the effects 
of high- and low-digestibility alfalfa hay in the diet of 
dairy cows with soyhulls added to each forage source 
to produce high- and low-iNDF diets (240-h in vitro 
analysis). The DMI increased, as did rumination time 
for diets containing more digestible alfalfa hay, but no 
effect of alfalfa digestibility or iNDF content of diets 
on rumination time was observed after adjusting for 
intake (min/kg of DMI). In the Nordic feed evaluation 
system, the eating index of a feed is proportional to its 
NDF concentration (g/kg of DM) and theoretical chop 

length (mm), whereas ruminating index is proportional 
to these same factors and a linear function of iNDF 
(Nørgaard et al., 2011).

PREDICTING CHEWING TIME

Predicting the time that cows spend chewing or ru-
minating can be a valuable management tool in terms 
of optimizing cow health, but the accuracy can be 
low because of the many interacting factors. Chewing 
time of feeds, or chewing index (CI; min/kg of DM), 
is highly variable. Jensen et al. (2016) reported for 80 
diets that CI of TMR averaged 35.1, ranging from 24.6 
to 62.5, whereas CI of diets with separate ingredient 
feeding averaged 38.2, ranging from 30.2 to 49.4. In 
the meta-analysis of Zebeli et al. (2006), CI ranged 
from 17.9 to 47.1 (n = 99), with a mean of 30.1. A 
CI ≥30 has been considered by some as desirable for 
optimum rumen function, as discussed by Zebeli et al. 
(2006). The variability in chewing time for diets is a 
clear indication that other factors, including diet com-
position, affect chewing time of feeds as previously 
discussed.

Various authors have developed equations to predict 
chewing and ruminating time of dairy cows with rela-
tively low precision and accuracy (Supplementary File 
S1, https://​doi​.org/​10​.3168/​jds​.2017​-13706; Table 3). 
Allen (1997) predicted chewing time (668 ± 126 min/d; 
mean ± SD) from DMI, FNDF content, and MPS [R2 
= 0.69; root mean squared error (RMSE) = 11.6%; n 
= 82 treatment means]. In that equation, MPS has a 
large effect on chewing time, with 160 min more chew-
ing time for forages with MPS ≥0.3 cm and 317 min 
more chewing time for long hay compared with finely 
chopped forage with particle length <0.3 cm. Ruminat-
ing time as a percentage of total chewing time (59.6 ± 
6.4%; mean ± SD) was predicted (R2 = 0.76; RMSE = 
4.2%; n = 82 treatment means) from proportion of long 
hay in the diet, FNDF content, and NDF intake. Bys-
kov et al. (2015) predicted rumination time (470 ± 118 
min/d; mean ± SD; R2 = 0.90; RMSE = 11.9%; n = 
761 cows) from diet composition and DMI but did not 
consider particle size of the diet. Tafaj et al. (2007) pre-
dicted chewing time (694 ± 14.3 min/d, mean ± SE; R2 
= 0.35; RMSE = 17.3%; n = 73 treatment means) and 
ruminating time (433 ± 10.9 min/d; R2 = 0.32; RMSE 
= 89.6 min/d; n = 73 treatment means) from forage 
particle length and FNDF content of the diet. Zebeli et 
al. (2006) predicted chewing (691 ± 11.2 min/d, mean 
± SE; R2 = 0.44; RMSE = 76.4 min/d; 99 treatment 
means) and ruminating time (434 ± 8.29, mean ± SE; 
R2 = 0.36; RMSE = 59.7 min/d; 99 treatment means) 
from peNDF >1.18, digestible OM content of forages in 
the TMR, and NFC content.

https://doi.org/10.3168/jds.2017-13706
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More recently, White et al. (2017) developed predic-
tion equations for eating, ruminating, and chewing with 
improved accuracy and precision based on characteris-
tics of the diet and ruminal digestibility, with particle 
size expressed on a DM or as-fed basis. The equations 
that included rumen digestibility variables had similar 
prediction error as those that included only diet char-
acteristics; thus, the more simple diet-based equations 
are given in Table 3. The variables retained in the 
equations were particle size of the TMR (characterized 
as MPS and proportions of the TMR retained on the 
9-mm and 8-mm sieves of a Penn State Particle Separa-
tor), BW, DMI, NDF content, FNDF content, propor-
tion of silage (wet forage), and proportion of cottonseed 
in the TMR. The concordance correlation coefficients 
(CCC) were moderate (0.63–0.84), and the cumulative 
error variance associated with the prediction equation 
and residual error expressed as a percentage of mean 
eating, ruminating, or chewing time ranged from 11 to 
26%, with slightly lower values when particle size was 
expressed on a DM, rather than as-fed, basis. A main 
finding in this study was that including representations 
of peNDF did not improve prediction accuracy beyond 
including measures of particle size and NDF content 
separately.

MAIN FUNCTIONS OF CHEWING

Saliva Secretion and Rumen Buffering

It is well entrenched in the literature that promoting 
chewing increases salivary secretion of dairy cows and 
helps reduce the risk of SARA. However, studies that 
have quantified the effect of increased chewing time on 
saliva secretion show that the net increase in salivation 
per day is rather small. Although it is not possible to 
directly measure total daily salivary secretion in dairy 
cows, various studies have measured salivary flow dur-
ing parts of the day and, together with chewing time, 
have estimated total secretion with unknown accuracy. 
Saliva production of dairy cows during resting and eat-
ing can be estimated by collecting saliva or swallowed 
feed, respectively, at the cardia by inserting a collection 
bag through the rumen fistula.

Across studies with dairy cows consuming TMR (Ta-
ble 4), mean saliva production while resting averaged 
133 mL/min (range: 91–156), and saliva production 
during eating was about 1.6-fold that of resting (mean: 
206 mL/min; range: 192–250). Measuring salivation 
during rumination is challenging and no estimates are 
available for high-producing dairy cows; thus, salivary 

Table 3. Prediction equations for estimating eating, ruminating, and chewing time in dairy cows from dietary characteristics, with particle size 
expressed on a DM or as-fed (AF) basis1

Item

Eating, min/d

 

Ruminating, min/d

 

Chewing, min/d

DM AF DM AF DM AF

Model no.2 5E 6E   5R 6R   5C 6C
Intercept −132 −334   −508 −232   −1,104 −29.5
MPS3 9.60 7.53   −19.0        
SD-MPS4   63.2         152  
Particles on 19-mm sieve, % of TMR       4.93 −1.65      
Particles on 8-mm sieve, % of TMR       2.79 −1.40   1.86  
BW, kg   −0.889            
DMI, kg/d 52.2 64.1   68.3 50.4   143 59.9
DMI × DMI −1.06 1.24   −1.44 −1.01   −3.02 −1.32
NDF, % of DM −16.5     2.51 5.60      
NDF × NDF 0.247              
FNDF,5 % of DM   25.1           3.83
FNDF × FNDF   −0.478            
Silage, % of DM       0.655        
Cottonseed, % of TMR         −19.9      
Fit statistics                
  N 65 48   65 57   65 138
  Concordance correlation coefficient 0.71 0.78   0.63 0.84   0.69 0.66
  CEV,6 % 22.9 26.0   19.8 11.0   17.2 21.0
1Data from White et al. (2017); used with permission.
2Model number as listed by White et al. (2017).
3Mean particle size. Calculated assuming a log-normal distribution as described by Waldo et al. (1971) using linear regression of the normal 
inverse of cumulative proportion of particles retained on 19-, 8-, and (when available) 1.18-mm sieves of the Penn State Particle Separator versus 
the logarithm (base 10) of screen size, solving for y = 0.
4Standard deviation of MPS. Calculated as the inverse of the slope.
5Forage NDF.
6Cumulative error variance associated with the prediction equation and residual error, expressed as a percentage of mean eating, ruminating, 
or chewing time.
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secretion during rumination is often assumed to be 
about the same as during eating. Although salivary 
flow is increased when cows chew, the total amount 
of saliva production per day is not greatly affected by 
chewing time because as time spent chewing increases, 
time spent resting decreases. Consequently, the increase 
in saliva produced during chewing is partially offset 
by a decrease in saliva produced during resting. For 
example, in the study by Maekawa et al. (2002b), in-
creasing the F:C ratio of the TMR from 40:60 to 60:40 
increased total chewing time by 107 min/d (14.4%), 
but estimated salivary secretion increased by only 
25 L/d (11%). Likewise, in the study by Jiang et al. 
(2017), increasing the F:C ratio of the TMR from 40:60 
to 70:30 increased total chewing time by 144 min/d 
(19.8%), but estimated salivary secretion increased by 
only 17 L/d (7.3%).

Salivary secretion per minute of chewing and resting 
is relatively constant; thus, differences in ensalivation 
of feed (mL/kg of DM) are mainly due to differences 
in eating rate and the final moisture content of the 
swallowed bolus. Beauchemin et al. (2008) showed 
that concentrates were consumed about 3 to 12 times 
faster than forage (on a DM basis), likely because they 
required less time for particle size reduction and less lu-
brication before swallowing. In that study, the moisture 
content of swallowed masticated concentrates was 50 to 
60% compared with 80 to 90% for forages. Less saliva 
was added to concentrates (1.12–1.19 mL/g of DM) 
compared with forages (3.40–7.23 mL/g of DM) during 
eating (Beauchemin et al., 2008). When compared on 
an as-fed basis, salivary secretion during eating was 
about 3 times greater for hay compared with silage, but 
there were no differences when compared on a DM ba-
sis. Straw promoted twice the amount of saliva as hay 
or silage on a DM basis because it was consumed more 
slowly due to its greater NDF content (Beauchemin et 
al., 2008).

Mixed saliva contains bicarbonate (125 mEq/L) and 
phosphate (26 mEq/L; Bailey and Balch, 1961) and 
therefore plays an important role in buffering the pH of 
the rumen. Bicarbonate neutralizes protons via the car-
bonic anhydrase reaction producing carbon dioxide and 
water. Bicarbonate enters the rumen via saliva, during 
bicarbonate-dependent absorption of VFA and as di-
etary buffers. Absorption of VFA from the rumen stabi-
lizes ruminal pH either by removing protons as a result 
of passive diffusion or by the secretion of bicarbonate 
due to anion exchange mechanisms. Absorption of VFA 
in the dissociated state (VFA−) occurs in exchange for 
bicarbonate via anion exchangers (Aschenbach et al., 
2011). Other minor routes of acid removal from the 
rumen are passage through the omasal orifice as VFA, 

ammonia, dihydrogen phosphate, and particulate mat-
ter (Allen, 1997).

For a cow producing 250 L/d of saliva, the total 
buffering capacity from saliva has been estimated at 
37,750 mEq/d (250 L × 151 mEq/L; Allen, 1997). The 
relative amounts of bicarbonate from saliva and VFA 
absorption depend on the diet. Dijkstra et al. (2012) 
estimated for dairy cattle fed a high-forage diet that 
saliva accounted for about half the bicarbonate flow 
into the rumen, whereas for a high-concentrate diet this 
was about 35% (Table 5). Thus, bicarbonate-dependent 
absorption of VFA represents a greater source of rumen 
buffering than saliva for most dairy cows. For high-
concentrate diets, where subacute rumen acidosis is a 
concern, incorporating sodium bicarbonate at 1% of 
dietary DM would be expected to increase the total 
bicarbonate flow to the rumen by 3 to 4%. A simi-
lar increase in bicarbonate flow into the rumen could 
be obtained by increasing particle size of the diet or 
increasing F:C ratio of the diet, with a combination 
of all 3 SARA prevention strategies increasing total 
bicarbonate flow into the rumen by about 10% in most 
cases. Thus, promoting chewing time helps increase 
the flow of bicarbonate into the rumen, but preventing 
SARA needs to consider both increasing total buffering 
of the rumen as well as managing VFA production and 
absorption from the rumen (Allen, 1997; Aschenbach 
et al., 2011).

Particle Size Reduction and Microbial Digestion

Each day, the dairy cow chews about 12,000 to 30,000 
times during eating and 20,000 to 40,000 times during 
rumination (Beauchemin and Buchanan-Smith, 1989; 
Beauchemin, 1991b; Dado and Allen, 1994), depending 
on the diet characteristics and the time spent chewing. 
Dado and Allen (1994) showed that for cows fed a com-
mon diet the number of eating and ruminating chews 
was correlated with eating (r = 0.90, P < 0.001) and 
ruminating (r = 0.61, P < 0.05) time.

Mastication during eating and ruminating reduces 
the particle size of feed and allows the complex fiber 
matrix to be colonized and digested by rumen microor-
ganisms and indigestible particles to be passed from the 
rumen, as illustrated in Figure 3. Attachment of rumen 
microbiota to ingested forage is central for utilization 
of plant nutrients, and passage of indigestible particles 
enables the cow to maintain high levels of intake to 
meet requirements for nutrients.

Mastication during eating performs an initial crude 
reduction in particle size of the feed, damaging plant 
tissues and releasing soluble compounds. Extent of par-
ticle size reduction during eating is variable and highly 
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dependent on the rate of intake, with less particle re-
duction occurring as eating rate increases. When eating 
time is restricted, the resulting longer particle size of 
swallowed feeds increases the need for rumination (see 
“Complementarity Between Eating and Ruminating 
Time”). During eating, larger particles are reduced in 
size to a greater extent than shorter particles, which 
accounts for the high correlation coefficient between 
eating time and particles ≥19 mm; however, feed is not 
reduced to a final uniform particle size before swallow-
ing, as discussed earlier (see “Factors Affecting Eating 
Behavior”).

The damage caused to plant particles during eating 
creates sites that allow for adhesion of primary bacte-
rial colonizers that begin the process of hydrolyzing 
the complex structural compounds. Secondary coloniz-
ers embed themselves into the extracellular polymeric 
substances exuded by the primary colonizers within 2 
to 4 h of ingestion (Huws et al., 2013). The biofilm 
continues to develop as other bacteria are incorporated, 
fungi penetrate the damaged feed particles, and the 
consortia progressively degrade the complex and simple 
carbohydrates. As the material is ruminated, new sites 
for microbial attachment are created and the extant 
biofilms on the digesta are disrupted, causing them to 
be shed and to recolonize new surfaces (Mason and 
Stuckey, 2016). Chewing during rumination removes 
the accumulated CO2 and VFA and adds saliva, help-
ing to make the microenvironment at the feed particle 
surface more favorable to bacterial growth (Mason 
and Stuckey, 2016). As microbial degradation proceeds 
the particles weaken and, as particles are ruminated, 
particle size is further reduced and functional specific 
gravity is increased.

Thus, rumination—not eating—is the principal 
means by which feed particles are decreased in size by 
dairy cattle (Beauchemin, 1991a). This entire process 
allows undigested plant residues to be eligible to pass 
from the rumen. Although the importance of rumina-
tion for particle size reduction to promote microbial 
digestion is well recognized, quantitative aspects of 
time spent ruminating and fiber digestion are not well 
documented and require further study.

Raft Formation and Particulate Passage  
from the Rumen

The ruminal contents are stratified into a liquid 
phase, a floating mat (raft), and a pool of small par-
ticles dispersed within the fluid phase ventrally to the 
floating mat (Welch, 1982), although these phases are 
not always distinct in dairy cows fed ad libitum. Newly 
ingested feed particles, being longer and lighter, tend to 
contribute to raft formation in the dorsal sac. Ruminal 
mat formation is thought to enhance the microenviron-
ment needed by the consortium of fibrolytic microor-
ganisms involved in cell wall digestion. It also acts as 
a filter bed, which helps retain forage particles in the 
rumen, increasing the time allowed for fiber digestion 
(Sutherland, 1988). Mat formation strongly depends on 
intake of FNDF and long particles, the 2 key factors 
that determine physically effective fiber and chewing 
time of ruminants (Zebeli et al., 2012). As ingested 
material is ruminated, particle size is further reduced, 
particles are hydrated with saliva, entrapped gasses are 
released, and buoyancy of particles is reduced. As the 
particles in the raft are reduced in size and specific 
gravity is increased to the optimum range for passage 
(Welch, 1982), they tend to sediment ventrally in the 
rumen, helping to make them suitable for passage from 
the rumen. This pool of particles is sometimes referred 
to as escapable (Seo et al., 2009; Figure 4). Chewing 
plays a key role in increasing the eligibility of particles 
to pass from the rumen; however, particle size per se 
is not considered rate limiting for passage. More than 
half the digesta in the rumen is <0.3 mm (mesh size) 
and therefore potentially escapable (Gasa et al., 1991). 
To exit the rumen the small particles need to be near 
the omasal orifice. Muscular contractions of the rumen 
push the digesta that is eligible for passage toward the 
reticulum and eventually through the omasal orifice 
and into the omasum (Ruckebusch, 1988).

Rumen Motility

The muscular activity of the reticulorumen is a 
combination of primary (mixing cycle) and second-
ary (eructative) contractions (Ruckebusch, 1988). The 
number and strength of the contractions are increased 
significantly during eating and ruminating activity 
(Egert et al., 2014; Nogami et al., 2017). In contrast, 
contractions are inhibited during bloat and deprivation 
of food or water. Contractions tend to be smaller when 
animals are fed a diet of concentrates, and rumen mo-
tility is reduced or nonexistent in animals experiencing 
acidosis (Huber, 1976). Thus, chewing promotes strong, 
regular mixing contractions that help move swallowed 
boli from the cardial area of the reticulorumen where 

Table 5. Estimated bicarbonate flow into the rumen of dairy cows1

Item
Roughage  

diet
Concentrate  

diet

Feed intake 20 20
Saliva production, L/d 250 200
VFA production, mol/d 100 120
Total bicarbonate flow, g/d 4,010 4,245
  Saliva 1,875 (47%) 1,500 (35%)
  Rumen epithelium 2,135 (53%) 2,745 (65%)
1Source: Dijkstra et al. (2012); used with permission.
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Figure 3. Visual representation of the importance of rumination for microbial digestion of feed particles. Adapted from Leng (2014), with 
permission from CSIRO Publishing. Color version available online.
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the feed enters the rumen into the other compartments 
of the rumen. The contractions cause continuous move-
ment of digesta within the rumen, helping to position 
the end products of digestion near the epithelium for 
absorption and, likewise, moving secretions of bicar-
bonate from the epithelium into the ruminal contents. 
Contractions of the reticulorumen are also essential for 
eructation of gas from the rumen. Finally, contractions 
move the particles from the inescapable to escapable 
pool as discussed above and help propel fluid, soluble 
compounds, microbial cells, and undigested feed resi-
dues into the omasum. An increase in frequency and 
strength (duration, amplitude) of contractions can in-
crease passage rate of these compounds from the rumen 
(Okine et al., 1989).

Saliva, Liquid Passage, and Site of Starch Digestion

Increasing the F:C ratio, and sometimes particle size, 
of the diet tends to increase fractional passage rate of 
liquid (i.e., proportion of liquid that leaves the rumen 
per unit time; Krause et al., 2002a; Cao et al., 2010) 
due to increased salivation and motility. Due to size 
and specific gravity, passage of grain particles is af-

fected by liquid dilution rate, especially if grains are 
finely processed. Rate of digestion and the rate of pas-
sage are competitive processes; thus, a faster liquid pas-
sage rate and removal of small particles from the rumen 
decreases ruminal digestion of starch. With increased 
F:C ratio, and to a lesser extent increasing particle size 
of diets, the site of starch digestion can be shifted such 
that the proportion of starch digested in the intestine 
increases (Yang et al., 2001a; Yang and Beauchemin, 
2006). The shift in site of starch digestion can be a ma-
jor contributing factor for the reduced risk of acidosis 
with increased intake of physically effective fiber.

In addition to shifting the site of digestion of starch, 
increasing FNDF content of the diet decreases starch 
intake and rate of VFA production in the rumen, which 
also help to minimize postprandial reduction in rumen 
pH. Furthermore, an increase in fractional liquid pas-
sage would increase fractional rates of VFA passage 
and decrease VFA accumulation in the rumen. In the 
study by Yang et al. (2001a), increasing F:C from 35:65 
to 55:45 decreased starch intake by 2 kg/d, the pro-
portion of starch digested in the rumen was reduced 
by 20%, and the proportion digested in the intestine 
increased by 20%. Increasing the chop length of silage 

Figure 4. Conceptual diagram of feed particles in the rumen. Long and buoyant newly ingested particles form a raft in the dorsal sac, which 
is defined as the inescapable pool. As particles are digested and ruminated, particle size is increased and particles become less buoyant, allowing 
the particles to sink ventrally into the escapable pool. Muscular contractions of the rumen move the sedimented digesta toward the reticulum 
and eventually through the omasal orifice. FSG = functional specific gravity. Source: Seo et al. (2009); reproduced with permission.
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also increased the proportion of starch digested in the 
intestine (% of intake) by about 20%, but starch intake 
was not affected. Similar effects were reported by Yang 
and Beauchemin (2006). In those 2 studies (Yang et 
al., 2001a; Yang and Beauchemin, 2006), effects on site 
of NDF digestibility were minimal because the rate of 
passage of long particles from the rumen is limited by 
particle size reduction, specific gravity, motility of the 
rumen, and other factors, as discussed previously (see 
“Raft Formation and Particulate Passage from the Ru-
men”). Although a change in the site of digestion of 
starch is not a direct function of chewing time, it is 
affected by factors that affect chewing (physically ef-
fective fiber intake).

RUMINATION MONITORING ON FARM  
TO ASSESS COW HEALTH

Measuring Chewing Time

Eating and ruminating behaviors of cattle have tra-
ditionally been monitored in small-scale research stud-
ies by visual observation, video recording of cows, or 
recording jaw movements. However, these methods are 
not practical for loose-housed cattle, larger scale stud-
ies, or commercial dairy farms. Visual observation is 
both labor intensive and time consuming and requires 
trained personnel to observe activity of individual cows 
at a predetermined interval (e.g., every 5 min for 1–2 
d; Krause et al., 2002b; Beauchemin et al., 2003; Zhang 
et al., 2010; Alamouti et al., 2014). Another approach 
has been to monitor the activity of a pen of animals by 
recording the total number of animals performing each 
activity (e.g., Overton et al., 2002). Video recordings 
are also time consuming because the scanning interval 
needs to be frequent such that accuracy of the esti-
mates is not compromised (Hämäläinen et al., 2016). 
Dong et al. (2018) recommended a minimum observa-
tional frequency of 2 d with 4-min intervals for eating 
time and 3 d with 4-min intervals for ruminating time. 
Bhandari et al. (2008) reported a correlation coefficient 
of 0.94 between continuous monitoring and 5-min scan 
sampling of eating and ruminating behavior when ob-
served over 3 d. Hämäläinen et al. (2016) recommended 
a sampling interval of 4 min for eating activity and 15 
min for ruminating.

Jaw movements of cattle can be accurately measured 
using various sensors (Beauchemin et al., 1989; Konon-
off et al., 2002; Watt et al., 2015), with the outputs 
recorded manually or summarized using software to 
interpret the signal to determine eating and rumina-
tion activity. In recent years, several sensors have been 
developed that can be used to record chewing activity 
of dairy cows in commercial facilities (Table 6). Some 

systems use an accelerometer mounted on an ear tag 
(e.g., CowManager SensOor, Agis Automatisering BV, 
Harmelen, the Netherlands; Smartbow, Smartbow 
GmbH, Jutodasse, Austria) or neck collar (e.g., Moo-
Monitor+, DairyMaster, Causeway, Co. Kerry, Ireland; 
eating only: CowScout Neck, GEA, Zurich, Switzer-
land) to detect movement. Others use a microphone 
mounted on a collar to detect sound (e.g., Hi-Tag, 
Heatime, HR-tag, Sense-Time; SCR Engineers Ltd., 
Netanya, Israel). These systems provide the operator 
with a rapid assessment and do not disrupt the natural 
behavior of the animal.

The precision and accuracy of some of these systems 
have been evaluated in various studies. Using acceler-
ometer sensors, Borchers et al. (2016) reported that 
with CowManager eating times were correlated with 
visual behavior (r = 0.88; CCC = 0.82), but ruminat-
ing times were only moderately correlated with visual 
observations (r = 0.69; CCC = 0.59). In the same 
study, Smartbow rumination times (r = 0.97; CCC = 
0.96) corresponded well to visual results. Much higher 
agreement for rumination (r = 0.93; CCC = 0.93) was 
reported by Bikker et al. (2014) for CowManager com-
pared with visual observation, although the relation-
ship for eating time was slightly less (r = 0.88; CCC = 
0.75). Lower agreement for eating time between sensor 
and human observation can be anticipated because the 
definition of eating can vary substantially.

Schirmann et al. (2009) reported that rumination 
times from the Hi-Tag acoustic system were highly cor-
related with those from direct observation (r = 0.93, 
R2 = 0.87). Ambriz-Vilchis et al. (2015) evaluated the 
acoustic system against video recordings for lactating 
dairy cows and concluded that the 2 methods were 
highly correlated (overall mean slope not different from 
1), but there was substantial variation among individual 
cows (R2 = 0.28–0.98; slopes from 0.74 to 1.43). With 
neck-mounted acoustic sensors, there can be variations 
due to neck muscle or thick skin that interferes with 
placement and function of the sensor and interference 
by background sounds, which can limit their use (Gold-
hawk et al., 2013). For example, Ambriz-Vilchis et al. 
(2015) observed very poor performance of Heatime neck 
collars when used on grazing dairy cows in contrast to 
when used on housed dairy cows, and Goldhawk et al. 
(2013) reported that the system failed to work properly 
for beef cattle.

Furthermore, there can be substantial differences 
between rumination times estimated with acoustic neck 
tags versus accelerometer ear tags. In a study that used 
both types of sensors, Dolecheck et al. (2015) reported 
that rumination times from Hi-Tag neck sensors were 
on average 39% greater than those from CowManager 
ear tag sensors (551 vs. 396 min/d, n = 18 cows). As 
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mean rumination time in dairy cows is about 435 min/d 
(Table 1), it is not clear which sensor best represented 
actual rumination time.

Overall, sensor technologies provide a low-cost and 
convenient method of monitoring chewing behavior in 
freestall-housed commercial dairy cows, but accuracy 
and precision can be somewhat variable depending on 
the sensor and conditions of use. Given the lack of bet-
ter alternatives, it is recommended that these monitor-
ing devices be used on commercial dairy farms, but 
the data should be interpreted with caution, especially 
when combined across farms. Although the actual num-
ber of minutes of eating and ruminating per day using 
these systems may be associated with error, the relative 
changes in behaviors of individual cows over time can 
be useful for detecting cows that are off-feed, sick, in 
estrus, experiencing acidosis, and so forth. Some po-
tential ways in which rumination activity can be used 
in management decisions on farm are described in the 
following sections.

Assessment of Ruminal Acidosis Risk

Cows experiencing rumen acidosis ruminate less than 
healthy cows. DeVries et al. (2009) reported that rumi-
nation time in dairy cows was decreased on d 1 following 
an acidosis challenge by more than 1.5 h compared with 
baseline despite increased feeding activity and similar 
DMI. Because cows experiencing acidosis ruminate less 
than healthy cows, the percentage of cows ruminating 
within a herd at any given time between manage-
ment events (feeding, milking) is often considered by 
dairy advisors as an indicator of herd rumen health. 
Maekawa et al. (2002a) reported that on average, 39% 
of cows fed a TMR were ruminating at any one time 
when observed during the daytime between feedings 
(1000 to 1500 h) or during the nighttime (1900 to 0700 
h). When ingredients were offered separately, a lower 
proportion of the cows were ruminating during the day 
(35%) compared with during the night (47%) because 
rumination activity was greatest in the nighttime hours. 
To determine whether the proportion of cows ruminat-
ing within a herd at a particular time could be a useful 
tool for evaluating risk of acidosis, DeVries et al. (2009) 
video recorded behavior of 8 dairy cows before and af-
ter induction of acidosis in 3 consecutive 14-d challenge 
periods. They calculated the proportion of cows rumi-
nating between daytime management events (feeding, 
milking). Of the cows deemed to be more susceptible to 
acidosis (based on rumen pH), 42.6 ± 18.1% (mean ± 
SD) were ruminating during the baseline period com-
pared with only 32.2 ± 18.3% ruminating during the 
acidosis challenge period. For the low-risk cows, 46.5 
± 15.3% were ruminating during the baseline period 

compared with 40.0 ± 16.7% ruminating during the 
acidosis challenge day. From these studies, it can be 
concluded that about 40% or more of healthy cows are 
likely to be ruminating between management events. 
The proportion of cows ruminating may be lower if 
ruminal acidosis is prevalent in a herd, but detect-
ing ruminal acidosis via visual observation would be 
laborious. Hence, automation of rumination monitor-
ing may be a useful means of detecting differences in 
rumination. For example, in the study of DeVries et al. 
(2009), to detect the lower proportion of high-risk cows 
ruminating after the acidosis challenge the percentage 
of cows ruminating would have had to be observed on, 
and averaged over, 48 individual minutes to determine 
whether the percentage truly varied from baseline.

Another benchmark that may be useful on farm to 
access rumen acidosis is the duration of the latency 
period between eating and the onset of rumination. For 
the healthy commercial dairy cow, rumination normally 
occurs between feeding events, but when diets with 
high soluble fraction are fed, rumination activity after 
meals can be delayed despite a large quantity of feed in 
the rumen (Welch, 1982). Thus, it might be possible to 
use the length of this latency period as an indication of 
risk of acidosis. In a study of nonlactating heifers fed 
diets of 70:30 or 30:70 F:C ratio (DM basis), a mean 
latency period of 19.4 min (range: 4.1–44.5) and 26.0 
min (6.0–70.6), respectively, was observed (Dong et al., 
2018). The mean rumen pH of cows in that study was 
6.57 and 6.15, respectively.

Estrus Detection

In recent years, there has been interest in determining 
whether automated technologies, including rumination 
measurements, could be used to supplement or replace 
visual detection of estrus. Pahl et al. (2015) reported 
for 25 primiparous and 37 multiparous cows a decline 
in eating time and rumination time on the day before 
and the day of insemination compared with the base-
line days. Differences were greatest on the day before 
insemination, which would suggest that this informa-
tion could be used to help improve timely insemination. 
Reith and Hoy (2012) explored the relationship between 
rumination time and estrus (265 cycles) in 224 cows on 
4 farms. On the day of estrus, cows ruminated 17% (74 
min/d) less than during the baseline period on average. 
However, substantial variation was observed among 
cows, with the decrease ranging between −71 and 
+16%. The decrease was more pronounced in primipa-
rous than in mature cows. In a follow-up study, Reith et 
al. (2014) examined behavior of dairy cows (453 estrous 
cycles) over the periestrous period and reported that 
daily rumination time was reduced on average by 19.6% 
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(83 min/d), with 86.2% of all cows showing decreased 
rumination time compared with 76.5% of cows with 
increased activity. Greatest cow activity and lowest ru-
mination time occurred between 0200 and 0800 h and 
0400 and 1000 h on the day of estrus, respectively. In a 
study of 32 Holstein cows, several different automated 
monitoring technologies were used to monitor chewing 
activity, temperature, and activity before and during 
estrus (Dolecheck et al., 2015). Eighteen cows displayed 
estrus (standing to be mounted) during the study. The 
sensors detected increased physical activity, feeding 
time, and ruminal temperate and decreased lying time 
and rumination (40% less) during estrus compared with 
the 14 d before estrus. Based on these studies, it would 
seem that rumination time, when used in combination 
with other assessments, can be useful for detecting es-
trus in dairy cows.

Detection of Parturition and Illness in Dairy Cows

Rumination time, alone or when combined with 
other variables, has been investigated as a means of 
detecting parturition and illness in dairy cows on com-
mercial farms (Rutten et al., 2013; Pahl et al., 2014). 
As normal daily variation in ruminating time is about 
10% (>10% with finely chopped or high-grain diets; 
Dulphy et al., 1979), the assumption is that large re-
ductions in rumination time by an individual cow on a 
particular day can be an indication of a change in cow 
health. For example, rumination time has been shown 
to be consistently reduced about 8 h before calving 
and increase about 6 h later, likely a result of limited 
feed intake (Schirmann et al., 2013; Pahl et al., 2014; 
Paudyal et al., 2016; Borchers et al., 2017; Kovács et 
al., 2017). Thus, monitoring rumination time could be 
useful in predicting time of calving.

Studies have also examined whether rumination activ-
ity is consistently lower in sick compared with healthy 
cows. The difference in rumination time between sick 
and healthy cows appears to depend on the disease, the 
period relative to calving, and the season (Paudyal et 
al., 2016). Accounting for DIM and parity, King et al. 
(2017) reported (13 mo study) that daily rumination 
time (using the Hi-Tag system) declined by 45 min/d 
(10–20%) from d 8 before a diagnosis of displaced ab-
omasum (n = 5), by 25 min/d (5–6%) from 6 d before 
subclinical ketosis (n = 19), and by 50 min/d (9–13%) 
from 5 d before pneumonia (n = 7). Kaufman et al. 
(2016) monitored rumination activity (Hi-Tag system) 
of dairy cows on 4 commercial farms from 14 d before 
until 28 d after calving and reported that multiparous 
cows with ketosis but without other health problems 
(n = 76) ruminated 25 ± 12.8 min/d less than healthy 
(n = 87) multiparous cows, whereas those with ketosis 

and other health problems (n = 39) ruminated 44 ± 
15.6 min/d less than healthy cows. In that study, pri-
miparous cows showed no change in rumination time 
in relation to incidence of ketosis, possibly due to the 
limited numbers of primiparous cows with ketosis (n = 
14). Schirmann et al. (2016) found that compared with 
healthy cows (n = 20), those with subclinical ketosis 
(n = 9) and ketosis plus metritis (n = 9) had lower 
prepartum DMI and continued to eat less for 2 to 3 
wk postpartum, but rumination was decreased only in 
cows with ketosis precalving.

Liboreiro et al. (2015) monitored cows (n = 296) for 
±17 d relative to parturition and examined the rela-
tionship between rumination and illness (occurrence of 
twins and stillborn calves, subclinical hypocalcemia, 
metritis, retained fetal membranes, and subclinical 
ketosis). Cows that delivered twins ruminated less post-
partum compared with cows that delivered a single calf, 
whereas cows that delivered stillborn calves ruminated 
less precalving than cows that delivered healthy calves. 
Subclinical hypocalcemia and ketosis did not affect ru-
mination time, but cows with retained fetal membranes 
or metritis ruminated less than healthy cows from wk 3 
to 9 postpartum. Stangaferro et al. (2016c) showed that 
rumination time combined with cow activity was effec-
tive for identifying cows with severe cases of metritis 
but less effective for identifying cows with mild cases 
of metritis. Kovács et al. (2017) reported less rumina-
tion time 8 h before calving up until 4 d postpartum 
for cows with dystocia compared with cows that had a 
normal calving.

Stangaferro et al. (2016b) showed that monitoring 
rumination time in combination with cow activity was 
effective for identifying cows with clinical cases of mas-
titis caused by Escherichia coli but not when it was 
caused by other pathogens. Not all cows that developed 
a case of mastitis were detected based on a change in 
activity. Both Siivonen et al. (2011) and Fitzpatrick et 
al. (2013) observed that, after experimentally inducing 
mastitis using endotoxin, cows ruminated less in the 
following hours, indicating that a decrease in rumina-
tion activity may be a good indicator of some types of 
discomfort. However, rumination time was not associ-
ated with the discomfort caused by lameness (Walker 
et al., 2008).

Paudyal et al. (2016) monitored rumination time 
(Heatime HR) in 210 multiparous Holstein cows ±14 
d relative to parturition during hot and cool seasons 
to determine whether illness detection was affected by 
ambient environment. Cows affected by severe negative 
energy balance and subclinical ketosis that calved in the 
hot season ruminated less both pre- and postpartum. 
The authors also observed that dystocia during the hot 
season was associated with less rumination prepartum, 
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whereas during the cool season it resulted in less rumi-
nation postpartum. For cows with ketosis, rumination 
time was reduced both pre- and postpartum in both 
seasons. Paudyal et al. (2016) also reported that for 
cows with hypocalcemia and mastitis, rumination time 
was reduced postpartum when cows calved during the 
cool season, and cows with metritis ruminated less in 
both seasons.

Stangaferro et al. (2016a) used rumination time and 
physical activity to score the health of cows (n = 1,121; 
451 nulliparous and 670 multiparous) monitored from 
21 d before expected calving until 80 d after calving. 
Rumination time, physical activity, and health scores of 
cows were lower from −5 to 5 d after clinical diagnosis 
depending on the disorder and parameter compared 
with healthy cows.

With the development of sensor technology, rumina-
tion time of individual animals is now simple to moni-
tor on commercial farms. Taken together, these studies 
indicate that reduced rumination time can be correlat-
ed with parturition and the manifestation of some ill-
nesses. However, because a decrease in rumination time 
does not confirm the occurrence of disease or indicate 
the type of disease, the challenge for dairy managers is 
using the information in real time to detect the disease 
early or even prevent the disease from occurring. As 
monitoring rumination time is easier than monitoring 
DMI, it can be a useful on-farm tool for detecting health 
problems. Monitoring changes in rumination activity 
using sensors provides additional insights into overall 
cow health and is best used to complement traditional 
methods of illness detection in dairy cows.

Heat Stress

Abeni and Galli (2017) explored use of cow activity 
and rumination time as an indication of heat stress 
using 58 dairy cows during 2 extreme periods of the 
summer (no heat stress vs. high heat stress) where 
temperature-humidity index (THI; 68 vs. 90) differed. 
During heat stress, total rumination time decreased by 
about 35%, with the greatest decrease in rumination 
occurring during the afternoon when temperature was 
hottest. Those results confirm a previous study by So-
riani et al. (2013) that reported a negative relationship 
between rumination time and daily maximum THI (r = 
−0.32) when THI exceeded 76 as well as a shift toward 
greater proportion of rumination during the nighttime. 
However, a recent study by Stone et al. (2017) showed 
no relationship between rumination time and maximum 
THI (ranging from about 40 to 85). Paudyal et al. 
(2016) observed that rumination time in healthy cows 
at −14 d relative to parturition was shorter in the hot 
season (monthly average THI ≥76) than in the cool 

season (monthly average THI <76; 432 vs. 487 min/d). 
Postpartum, the effects of hot weather on rumination 
time depended on the health of the cow. During heat 
stress, cows in negative energy balance or with subclini-
cal ketosis during early lactation ruminated less than 
healthy cows.

Methane Production

Recent focus on reducing greenhouse gas production 
from ruminant systems has spurred interest in develop-
ing accurate and inexpensive proxies (i.e., indicators) 
for use on farm to assess methane production from 
individual cows (Negussie et al., 2017). The potential 
of using rumination time as a proxy for methane pro-
duction was examined by Watt et al. (2015) for cows in 
a pasture-based automatic milking system. Rumination 
activity was monitored acoustically for 156 dairy cows, 
and methane emissions of individual cows were moni-
tored using the head chamber GreenFeed system (C-
Lock, Rapid City, SD). Older cows that were heavier 
had greater DMI, ruminated longer, and produced more 
methane compared with younger cows. Estimated DMI 
had direct positive effects on rumination and methane 
production, but there was no independent direct ef-
fect of rumination on methane production. The study 
concluded that monitoring rumination time had no 
direct value as a single proxy for estimating methane 
production.

CONCLUSIONS

The review evaluates past and recent information on 
chewing behavior of dairy cows. Eating time and rumi-
nating time are affected by both chemical and physical 
characteristics of the diet, but other factors such as 
feeding management, cow variability, and health can 
have equally large effects on chewing time. These effects 
are not considered in prediction equations of chewing 
time. Chewing is critical for promoting salivation, par-
ticle size reduction, microbial digestion, and passage of 
undigested material from the rumen, but the effect of 
a change in chewing time on these functions is difficult 
to quantify. Recently developed low-cost sensors that 
monitor chewing activity of dairy cows in commercial 
facilities can provide information that can be helpful in 
management decisions, especially when combined with 
other criteria.
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