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Abstract: Natural diurnal patterns of grazing and rumination lead intensive ruminant production. 

Ruminants have evolved to ruminate mostly overnight and to graze during the day, especially 

during sunrise, the afternoon, and sunset. Accordingly, rumen fermentation, postrumen nutrient 

assimilation, and peripheral metabolism possess circadian patterns. The evolutionary patterns 

of eating behavior and metabolism have coexisted with seasonal and circadian rhythms in 

animal endocrinology. Such evolutionary natural eating, ruminating, and rumen fermentation 

patterns have been facing remarkable improvements in milk and beef production in the last 

few decades. As a result, new adaptations in ruminant endocrinology and metabolism have 

occurred. For optimum nutrient use and rumen health, a balanced synchrony between external 

cues and ruminant internal physiology may be secured. Most recent discoveries suggest that 

in addition to feed type and amount consumed, eating timing affects postprandial intake and 

rumen fermentation patterns. Findings of grazing and intensively managed cows are consistent. 

A main discovery has been an increased eating rate in lactating dairy cows when mixed rations 

were presented in the evening instead of in the morning. Consequently, evening eating increased 

rumen volume and fermentation as well as peripheral nutrient supply shortly after feeding. New 

findings reveal and establish a chronoecological nature for physical and biochemical regulation 

of feed intake and rumen fermentation. Such quantitative insights can improve the accuracy 

of rumen metabolism predictions. Eating time will therefore be incorporated into postmodern 

nutritional programs to ensure optimal rumen function and health. Eating time will be an inter-

face of ruminant evolution, rumen ecology, and modern ruminant farming.
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Introduction
Ruminant metabolism is orchestrated homeostatically by shorter-term regulators such 

as volatile fatty acids (VFAs) and ammonia, and homeorhetically by longer-term 

regulators such as hormones and adipose tissue. These regulators enable ruminants 

to cope with different environmental and metabolic stressors during growth, estrus, 

pregnancy, and lactation.1,2 Based on recent findings,3–6 ruminant and rumen physiol-

ogy has a chronoecological nature that relates to external cues and notably to feeding 

and eating times. Diurnal patterns of nutrient intake and rumen fermentation are not 

affected only by feed type and amount eaten. A most important factor that alters diurnal 

patterns of rumen physiology is the time of the 24-hour period when feed is presented 

to and ingested by the ruminant (Figure 1).6 Although improving efficiency, modern 

animal agriculture has challenged the sustainability of ruminant industries mainly by 

compromising rumen microbial fermentation and health. The challenge stems mainly 
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from mismanaged feeding of high-starch, protein-rich, and 

fatty diets. The primary objective is to delineate the effects 

of time of eating on 24-hour patterns of rumen physiology 

and health. Diurnal and postfeeding patterns of feed intake in 

response to feeding time will also be discussed. This infor-

mation will contribute to the development and advancement 

of optimal management and nutritional strategies that can 

improve postmodern rumen function and health.

Synchronizing external cues  
with ruminant internal physiology
From a chronophysiological perspective, for maximum 

peripheral efficiency, reticulorumen and splanchnic nutri-

ent supply may be synchronized with animal endogenous 

physiological rhythms. Such rhythms represent the 24-hour 

variations in animal endocrinology and metabolism that 

are not largely food dependent. Endogenous rhythms are 

orchestrated by biological clocks in the hypothalamus7 and 

metabolic clocks in the liver and likely peripheral tissues.8 

The suprachiasmatic nucleus (SCN) of the hypothalamus, for 

instance, creates and leads specialized metabolic rhythms that 

are highly adjusted to the light-dark cycle.8 The SCN coordi-

nates many daily rhythms in animal behavior and physiology. 

The SCN has two bilateral groups of neurons and is located 

directly above the optical chiasma. The SCN neurons receive 

light intensity signals via synaptic connections with the retina, 

thereby adapting the SCN oscillator phase to photoperiod.8 

The SCN clock then entrains physiological and behavioral 

rhythms. Feeding time as a major external cue entrains 

peripheral metabolism, which can be necessarily and largely 

independent of SCN.8 It is metabolically and economically 

important to reveal whether external cues such as feeding and 

eating times alter postfeeding patterns of food ingestion and 

rumen fermentation. Such knowledge will enable accurate 

predictions of diurnal patterns of rumen, postrumen, and 

peripheral nutrient supply and assimilation. As a result, times 

of the 24-hour period at which feed and nutrient supply will 

more likely improve rumen fermentation and nutrient assimi-

lation will be uncovered. Multiple variables including rumen 

pH, osmolarity, passage kinetics, VFA production rate, and 

their interactions affect nutrient efficiency.9 As such, rumen 

bacteria and protozoa populations, distribution, and activity 

would possess specialized diurnal patterns. Ruminant diets 

are usually more fibrous than nonruminant diets. For reliable 

feed intake and rumen health predictions, numerous rumen 

and postrumen variables must be accurately quantified.10 

Thus, dietary and animal variables that affect diurnal and 

postprandial patterns of feed intake may be modified to alter 

postprandial patterns of rumen physiology and health.

Rumen concentrations of VFA are critical regulators 

of appetite.11,12 Portal propionate injection reduced dry 

matter intake in sheep.13 Propionate rather than acetate is 

likely to cause hypophagia.14 Insulin secretion15 and hepatic 

 receptors11 mediate the hypophagic effects of propionate. 

Hepatic thermoreceptors may also control feed intake. For 

instance, heating the rat liver artificially increased chewing 

activity and reduced feed intake.16 These data emphasize the 

importance of characterizing and synchronizing  feeding/

eating time effects with the ruminant internal circadian 

physiology to more effectively optimize nutrient efficiency, 

rumen health, and ruminant production.

Eating time and modern ruminant 
evolution
The lactating cow is an extraordinary mammal with high 

levels of feed intake and milk outputs (ie, as high as 

6× maintenance).5,10 Rumen functionality and health drive 

the sustainable milk production. Any  chronobiological media-

tion of rumen and intermediary metabolism will thus affect 

milk secretion and tissue energy dynamics.  Ruminants have 

evolved to graze mainly around dusk, early afternoon, and 

dawn (Figure 2).17 As such, rumination takes place mostly 

between major eating bouts that mainly occur overnight 

when the rumen achieves greater fermentation capacity and 

volume.6,18 Eating during evening times when the ruminant has 

evolved to start to more actively ruminate can alter postfeed-

ing fermentation patterns. In humans, for instance, glucose 

tolerance and insulin sensitivity decrease as the day progresses 

and evening begins.19 Considering the much greater energy 

intake above maintenance in dairy cows compared with in 

humans, the eating time-driven metabolic changes could 

considerably affect milk  production and energy  partitioning. 
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Figure 1 Postfeeding patterns of total mixed ration (TMR) intake in cows fed either 
at 09:00 or at 21:00. Bars with different superscripts within each 3-hour interval 
differ statistically.4,6
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Such eating time effects on postfeeding patterns of feed 

intake and rumen fermentation have recently been revealed in 

once-daily-fed (morning-fed vs evening-fed) lactating cows 

under normal ambient temperatures (Figure 1).3–6,20 When 

lactating cows were fed 67% of their daily mixed ration at 

08:00 and 33% of it at 18:00, feeding a protein supplement 

(at 15% of estimated total daily intake) at 00:30 instead of at 

08:30 increased the intake of the protein meal.21 As a result, 

total daily dry matter intake was increased (16.92 kg/d vs 

15.94 kg/d), which was associated with increased rumen nutri-

ent and protein digestibility.21 Midnight instead of morning 

protein meal eating thus altered and likely helped stabilize  

rumen fermentation. The improved rumen conditions were 

reflected in increased milk fat yield when the protein supple-

ment was offered and consumed at midnight.21

Under hot and freezing conditions, evening instead of 

morning eating improved energy efficiency in dairy cows22 

and beef cattle.23–25 The improved efficiency was related 

to reduced daily food intake under summer conditions.22,26 

 Overall, under such extreme ambient temperatures,  separating 

the chronological effect of eating time from the effect of 

attenuated heat/cold stress on rumen and ruminant metabolism 

would be very challenging. Certainly, evening eating in the 

summer may benefit rumen and host animal thermodynamics. 

Most recent discoveries in normal environments have revealed 

such original eating timing effects on rumen fermentation 

patterns in once-daily-fed lactating dairy cows.5,6

Evidence from grazing ruminants:  
meal properties
Taweel et al18 divided the day into three main periods of (1) 

06:00 to 12:00, (2) 12:00 to 18:00, and (3) 18:00 to 24:00. 

The periods correspond to the three main grazing bouts of 

dawn, afternoon, and dusk in cows.27,28 Cows had access to 

a 1 hectare grass sward with continuous stocking. Rumen 

was evacuated at 06:00, 12:00, 18:00, and 23:30 to estimate 

food intake, bite rate, bite mass, and intake rate at the three 

grazing bouts. Time spent eating at the dusk grazing bout 

was much longer than that at the other two bouts. The dusk 

grazing comprised 40% of total daily eating time. Total 

grazing jaw movement rate was constant during the day at 

around 75 per minute.18 Bite rate, bite mass, and, hence, 

intake rate was increased while chewing rate was decreased 

as the day progressed. The increased bite mass was mainly 

due to increased grass dry matter content at dusk rather 

than to increased bite dimensions. Dairy cows interrupted 

the dawn and afternoon grazing bouts long before reach-

ing their maximal rumen capacity. Rumen pool sizes were 

maximal when the dusk grazing ceased. Such different 

rumen pool responses to grazing time were substantiated 

by increased rumen VFA levels and lower pH overnight 

than during the day.18 Likewise, evening instead of morning 

eating led to higher rumen VFA and lower pH in nongraz-

ing individually fed lactating cows indoors (Figure 3). 

A higher surge in peripheral blood β-hydroxybutyrate in 

evening-fed intensively managed cows would be consistent 

with the higher night-time rumen butyrate concentrations 

in grazing cows. Findings from grazing and intensive 

production systems are therefore in agreement. These data 

demonstrate a chronological evolutionary nature for the 

24-hour patterns of eating behavior, rumen fermentation, 

and peripheral metabolism. The higher rumen VFA was a 

result of increased rumen dry matter and total tract fiber 

digestibility. As a result, milk fat production was increased 

in evening- and midnight-fed cows.5,6,21 Milk fat and energy 

output were increased when a total mixed ration was fed 

at 21:00 instead of at 09:00.5,6

The eating/grazing activity has circadian patterns. With 

cows grazing at 09:00 after an overnight lack of access to 

feed/pasture, the postgrazing rumen dry matter pool size 

was much larger in the evening than the next morning.29 

This means that cows ceased morning eating before reach-

ing the maximum rumen capacity. Similarly, Taweel et al18 

found that during dawn and afternoon grazing bouts, cows 

finished eating before reaching a rumen capacity that was 

reached during the dusk bout. Hence, effects of rumen fill 

on regulation of eating are of different magnitude in dusk 

versus dawn and afternoon intakes. Eating time effects on 

the 24-hour patterns of feed intake in nongrazing cows are 

summarized in Figure 1.
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Figure 2 Diurnal patterns of ruminating and grazing in steers on alfalfa pastures.
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Enlarged evening meals in grazing cows could be consid-

ered an optimal foraging strategy.18,30,31 The plant contents of 

nonstructural carbohydrates and dry matter increase and neu-

tral detergent fiber decreases as the day progresses.31,32 Such 

changes in plant nutrient composition occur because of day-

light photosynthesis in plant leaves.33 This may partly explain 

why cattle, sheep, and goats prefer fresh grass and legume 

forages harvested at sunset rather than at sunrise.34,35 In vitro 

true digestibility of dry matter was greater in evening-cut than 

in morning-cut alfalfa hay.32 Lactating cows fed on evening-

cut alfalfa performed superior to cows fed on morning-cut 

alfalfa with more stabilized rumen conditions and greater milk 

yield.36 Moreover, goats had greater feed intake and total tract 

nutrient digestibility when fed sunset-cut versus sunrise-cut 

alfalfa. Grazing ruminants likely evolve to learn the time of 

maximum plant quality, contributing to faster eating (mass 

per time unit) in evening versus morning hours.18

Photoperiod and rumen nutritional 
physiology
The eating rate of concentrate and hay in ad libitum-

fed goats was higher during dark versus light periods.37 

 Factors regulating feed intake may be of different type and 

 magnitude in dark versus light periods. A nocturnal appetite 

for concentrate has been observed in goats. Also, a greater 

water intake was found around light-phase meals than around 

dark-phase meals in pygmy goats.38 As such, factors affecting 

feed and water intake are of unequal type and magnitude 

between day and night. Cows exhibit a nocturnal preference 

for energy-dense grass silage and concentrate.39 Findings 

suggest that short-term feed intake regulation mechanisms 

differ during the day versus the night. It is possible that as 

day progresses, cows demand more nutrients and attempt 

to consume adequate energy.40 Turning lights on and off 

may also induce eating activity, implying that animals may 

anticipate light turn-on-and-off times. Eating rate was high-

est around 05:00 and 21:00 when lights were switched on 

and off, respectively.41

The higher evening than morning eating rate could be an 

interactive response to several factors, rather than being solely 

related to light intensity. The anticipation of a  noneating/rest-

ing phase (ie, overnight) could motivate animals to fill the 

rumen to avoid hunger later in the night. Moreover, the quieter 

environment and the higher herbage quality in the evening 

versus the morning may have evolutionarily contributed to 

increased evening eating rate.42,43 Furthermore, the rumen fill 

is only one of multiple factors regulating feed intake.42 As 

was recently revealed,5,6 the higher eating rate and increased 

feed intake within 3 hours postfeeding in 21:00-fed than in 

09:00-fed tie stall-housed Holstein cows demonstrate that 

feeding/eating time is a key regulator of postfeeding pat-

terns of nutrient intake and rumen physiology (Figures 1 and 

3). Timing of eating will thus need to be incorporated into 

modern nutritional and health programs and feed evaluation 

models for ruminants.44,45

As discussed previously, cows can learn the time of 

feed provision. Such a learning behavior could lead to cows 

anticipating feed presentation times with different accuracies 

at different times of the 24-hour period.45,46 Accordingly, if 

cows more accurately anticipate a given feed presentation, 

they will crave the fresh feed that will increase eating rate 

upon feed delivery. The altered feeding behavior will alter 

postprandial rumen fermentation patterns and thus can be 

used to manipulate and optimize rumen health.

Integration of brain, splanchnic,  
and peripheral circadian physiology:  
eating timing-entrained phenomena
Life is characterized by its circadian nature. Internal clocks 

give rise to circadian rhythms to enable animals and humans 

to cope with their circadian environments. Clock genes and 
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their oscillation have created evolutionary and temporary 

circadian rhythms in cell physiology. The circadian core 

oscillators include autoregulatory transcription and post-

translation feedback loops involving a set of clock genes.47 

The oscillation at gene level is reflected at cell, tissue, and 

system levels. The gene transcriptions reflect behavioral 

rhythms that include feeding behaviors. Therefore, clock 

gene oscillations are generated and controlled via the core 

loops in SCN neurons. The oscillations are subsequently 

joined, augmented, and spread into the whole brain and the 

periphery that contains local clocks.47 Consequently, behav-

ioral and hormonal rhythms develop that further contribute 

to regulating nutrient metabolism at different times of the 

24-hour period.

Food-anticipatory activity (FAN) is a premeal  behavioral 

activation that involves a rise in core temperature, elevated 

serum corticosterone, and increased duodenal disacchari-

dases and locomotor activity shortly before food presenta-

tion time.48–50 Evidence exists that restricted feeding during 

the day uncouples peripheral circadian gene expression 

from the circadian SCN gene expression in mice.51 The 

food-entrained phase proceeded faster in the liver than in 

the kidney, heart, and pancreas.51 However, after 1 week 

of daytime feeding, gene expression phases were similar 

in all peripheral tissues. These findings suggest that FAN 

is driven by a circadian oscillator that could be essentially 

and mostly independent of SCN.52 Basically, FAN is rather 

regulated by multifaceted eating- and light-entrainable oscil-

lators and memory.50 A likelihood has arisen that FAN is 

induced by a feeding-entrained oscillator that is located in the 

gastrointestinal tract.52 However, such entraining peripheral 

clocks have not been definitively demonstrated in the liver 

and digestive tract. Davidson et al52 suggested that the brain 

may have endogenous rhythmic aptitude within the central 

nervous system and outside the SCN. Despite discovering 

multiple food-entrainable circadian clocks in the brain and 

periphery, locating the clocks that are possibly responsible 

for FAN has been elusive. A recent study53 on SCN-lesioned 

mutant mice lacking known functioning circadian clocks in 

all tissues showed normal FAN during both the light-dark 

cycle and constant darkness, regardless of the position of the 

disabled clock feedback mechanism. This study suggested 

that FAN is not necessarily dependent on the already known 

circadian clocks. Thus, FAN is either not induced by an oscil-

lator or is driven by a circadian entity that is different from the 

already recognized circadian clocks.53 The food-entrainable 

behavioral activity has also been demonstrated in sheep.54 

Altogether, an integrative multifarious system involving the 

brain (central nervous system and SCN), splanchnic tissue 

(liver, gut, spleen, pancreas, and associated tissue), and 

periphery will be central to any pathway whereby eating 

timing may entrain human and animal physiology in coping 

with the environment. Far more clock gene expression studies 

will need to be conducted to enlighten any entrainment of 

behavior and metabolism and cell, organ, and whole-body 

physiology by food and eating timing in animals and humans. 

Such mechanistic knowledge will clarify and establish 

“eating timing” as a major synchronizer of cell integrity 

and dynamics. Consequently, eating time will be perfectly 

distinguished as a state-of-the-art zeitgeber from photic (eg, 

light-dark period) and other nonphotic (eg, exercise, social 

stimuli, temperature) entrainers.

Conclusion and implications
Dependence of postfeeding intake patterns on eating tim-

ing is central to 24-hour and postfeeding patterns of rumen 

fermentation and health. Feeding lactating cows at 21:00 

versus 09:00 in thermoneutral conditions has increased 

eating rate, thereby increasing feed intake by 2.5 kg within 

only 3 hours after feeding. Accordingly, evening instead 

of  morning  eating resulted in a larger rumen volume 

and increased rumen fermentation and, consequently, in 

increased total tract nutrient digestibility, peripheral sub-

strate supply, and milk energy output. Findings of grazing 

and intensively managed cows on rumen chronophysiology 

are consistent. For optimum nutrient use and rumen function, 

external cues and ruminant endogenous physiology may be 

synchronized. New findings have revealed and established 

a chronoecological nature for regulation of feed intake and 

rumen  fermentation. An integrative multifarious system 

involving brain, splanchnic, and peripheral tissues will 

be central to the pathways whereby eating timing entrains 

cell, organ, and whole-body physiology in coping with 

the  environment. Quantitative knowledge on eating time 

modulation of rumen  physiology will improve the accuracy 

of feed intake and rumen metabolism predictions. Eating 

time incorporation into modern ruminant management will 

help approach optimal rumen function. Eating time will 

be a postmodern interface of ruminant evolution, rumen 

 physiology and health, and modern ruminant farming.
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