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ABSTRACT

Biological rhythms are repeating patterns that are driven by time-keeping mechanisms within the
animal and are adaptive as they coordinate physiology and metabolism with the external environment.
The dairy cow has a well recognised natural daily pattern of feed intake and milk synthesis, but
regulation of these rhythms has not been well described in the literature or well considered in current
dairy management. Recent discoveries have clearly described circadian time-keeping mechanisms in
peripheral tissues that are responsive to the timing of food availability. Some management strategies on
dairy farms may desynchronise the interactions between central and mammary circadian timekeepers,
resulting in reduced milk yield and efficiency. Feeding a total mixed ration is commonly assumed to
create constant ruminal conditions, but the large variation in the rate of feed intake across the day
causes large fluctuations in rumen fermentation and absorbed nutrients. Milk composition also differs
across the day due to both dynamics in nutrient absorption and biological regulation attempting to
match milk yield and composition with calf requirements across the day. Recent work has shown
that milk synthesis varies over the day and is modified by the timing of feed intake and nutrient
absorption. These rhythms have also been shown to be affected by the timing of feed delivery.
We expect that maximal milk yield and efficiency are achieved when we have more consistent
rumen fermentation and match the timing of nutrient absorption and mammary capacity for milk
synthesis. Managing feeding times provides the opportunity to modify feed intake across the day,
but behavioural responses are complex. Appreciating the impact of circadian rhythms provides the
foundation to develop nutrition and management strategies considering circadian dynamics of intake
and milk synthesis and provides opportunities for new gains in cow efficiency, welfare, and health.

Keywords: chrononutrition, daily pattern, diurnal, feeding behaviour, rumen fermentation,
rumination, synchrony.

Introduction

Feed represents the largest and most variable cost for dairy producers. The goal of nutrition
is not to simply minimise feed cost, but also to optimise conversion of feed into milk.
Improvements in production and efficiency of dairy cows are attributable to advances in
genetics, nutrition, and management. Dilution of maintenance has been one of the most
powerful tools for improving efficiency and, as milk yield increases, energy intake must
also increase (Bauman et al. 1985). The ability to feed highly fermentable feedstuffs that
support high levels of milk yield while maintaining normal rumen function and fermentation
has been central to success, as decreases in fibre digestibility and microbial protein
synthesis or induction of diet-induced milk fat depression would counter the benefits of
dilution of maintenance. Adoption of total mixed rations (TMR) and partial mixed rations
(PMR) that spread highly fermentable feeds across more meals per day have been key to this
effort (Schingoethe 2017). However, ruminal fermentation of cows in these systems is not
constant because of variation in feed consumption across the day (Salfer et al. 2018), which
results in more fermentable substrate in the rumen during the high intake period of the day.
We have proposed that appreciation of these daily rhythms may allow optimisation
of rumen fermentation and, subsequently, milk synthesis (e.g. Rottman et al. 2015) and
this review will outline the support for this concept and key opportunities.
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In animal nutrition, feed intake, milk production, and
growth are reported and discussed on a ‘per-day’ basis. This
is undertaken because we recognise that these vary over the
day, making ‘a day’ a biologically meaningful unit. Nutritionists
stoichiometrically balance daily nutrient intake and require-
ments in ration formulation. Researchers observe milk yield
and composition at all milkings across a day, but rarely
report them individually. In digestion studies, rumen digesta,
duodenal digesta, and faeces are also sampled multiple times
per day. Blood samples are collected multiple times per day
since metabolites and metabolic hormones clearly vary
across the day. Obviously, dairy nutritionists and researchers
appreciate the dynamic nature of feeding behaviour, digestion,
nutrient absorption, and metabolism, but little effort has been
directed toward understanding the regulation of the changes
within a day.

Rather than simply responding to an environmental
stimulus, endogenous timekeepers allow the animal to anticipate
daily environmental changes before they occur (Bass and
Takahashi 2010). These daily or ‘circadian’ timekeepers
create rhythms that drive adaptive changes in behaviour
and physiological processes. Two important aspects are that
the timing of the rhythms are set or ‘entrained’ by environ-
mental signals, such as light-dark cycles, and that the
rhythms will persist if the animal is held under constant
conditions. It is very important to appreciate that these
rhythms are adaptive and improve efficiency and survival.
They allow prediction of the timing of food availability and
predator risk and pro-actively drive changes that prepare
for these future environmental changes. They also allow
coordination of complementary processes across organ systems.
Since feeding behaviour and feed intake are influenced by
circadian rhythms, it is easy to appreciate that metabolism
would also be controlled by timekeepers aiming to proac-
tively adjust metabolic pathways with timing in nutrient
absorption.

A full discussion of the impact of circadian rhythms in the
dairy cow requires the integration of feeding behaviour,
rumen fermentation, post-absorptive metabolism, and endocrine
regulation, and is beyond the scope of what can be covered in
a single review. There are numerous high-quality reviews of
the fundamental biology of circadian rhythms that are
conserved across species, with many focusing on implica-
tions for metabolism (e.g. Litichevskiy and Thaiss 2022;
Sinturel et al. 2022; Taleb and Karpowicz 2022; Chamorro
et al. 2023). Casey, Boerman, and Plaut at Purdue
University have extensively studied the role of circadian
rhythms in mammary gland development in the cow and have
published very complete reviews focusing on lactational
biology, endocrinology, and reproduction (e.g. Casey and
Plaut 2012, 2022; Plaut and Casey 2012; Sudrez-Trujillo and
Casey 2016). There is also a recent review by Li et al. (2021)
focusing on the implication of circadian rhythms for health
and disease in the cow. These topics will be briefly integrated
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below, but the reader is directed to these reviews for a
complete discussion.

Recent discoveries have clearly described circadian time-
keeping mechanisms in metabolically important peripheral
tissues (e.g. adipose and liver) that are responsive to environ-
mental factors such as timing of food availability. Interestingly,
in many experimental models, the timing of food intake can
alter the synchronisation between the central master time-
keeper and peripheral clocks, resulting in development of
numerous disorders, including obesity, insulin resistance,
and metabolic diseases (Takahashi et al. 2008). We expect
that the circadian rhythms of intake and milk synthesis are
primarily regulated by the light-dark cycle, the timing of
feeding, milking, and the daily rhythm of nutrient absorption
and interactions among these factors (Fig. 1). This complicates
the discussion, but also allows the opportunity to better under-
stand and integrate behaviour, rumen function, and metabolism.

This review will focus on the daily pattern of feed intake
and understanding the impact of the timing of feed intake
on rumen function and milk synthesis that have implications
for dairy nutrition. The central concept is that there is a daily
pattern of feed intake that creates dynamics in rumen
fermentation and nutrient absorption and that there is also
a daily pattern in the capacity for milk synthesis. We propose
that decreasing variation in intake will improve rumen
fermentation and that temporally matching nutrient absorption
and mammary demands will allow maximal milk yield and
efficiency (Fig. 2). If the rhythm of nutrient absorption is not
synchronised with the rhythm of milk synthesis, we expect
milk yield to suffer as the demand for nutrients may not be met
for part of the day and efficiency will decrease as excess nutrients
during other parts of the day are partitioned to other tissues.

Defining circadian rhythms

Circadian rhythms refer to ~24-h endogenously generated
repeating cycles found in most tissues of virtually all living
organisms (from bacteria to mammals) and have been the

Milking time

Light/Dark cycle Feeding time

Central master rhythm
l: Rhythm of intake and

/ nutrient absorption

Rhythm of milk
synthesis

Mammary, liver, and
adipose rhythms

Fig. |. Light—dark cycles, milking, and feeding are activities that occur
daily and may entrain a circadian rhythm of milk synthesis through
modification of biological clocks and dynamics in nutrient availability.
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subject of intensive investigation in humans and basic science
animal models over the past two decades. A quick summary of
reviews indexed in Pubmed with ‘circadian’ in their title
shows an increase from less than 50 per year in the 1990s
to over 250 per year in recent years (Fig. 3). Although the
central circadian timekeeper was discovered in 1972,
the increased interest in circadian rhythms occurred after the
discovery of the independent timekeepers in peripheral
tissues in 1998 and their subsequent roles in physiology,
metabolism, and many diseases (Finger and Kramer 2021).
Circadian rhythms fit a cosine function and can vary in
their amplitude, period (length of cycle), or phase (time
of peak). They are created by endogenous timekeeping
mechanisms and their endogenous rhythms are slightly longer
than 24 h and are reset or ‘entrained’ each day by ‘zeitbergers’
(translates to timekeepers). It is important to distinguish
between a ‘daily’ and ‘circadian’ rhythm. In general, any
variable with a consistent repeating pattern can be called a
daily pattern, but may or may not be a circadian rhythm.
Since circadian rhythms are under the control of endogenous
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Fig. 3. Number of review articles with ‘circadian’ in title indexed in
Pubmed database by year.

timekeepers, circadian rhythms continue when the animal is
held under constant conditions, for example, constant
darkness and no repeating daily activities including feed
delivery. Without daily entrainment, the rhythm will be
‘free running’, where a cycle slightly greater than 24 h is
maintained. Some daily rhythms may simply be secondary
responses to the circadian rhythm and not under primary
control by an endogenous timekeeper. For example, hunger
and, subsequently, feed intake follow a circadian rhythm
that causes changes in plasma metabolites across the day
because nutrient absorption follows feed intake. In the
absence of the feeding pattern, the plasma metabolites may
not have a rhythm. However, the daily rhythm in nutrient
metabolism by a tissue may be because of changes in plasma
concentration and mass action kinetics or may be driven by a
circadian rhythm where the cell’s timekeeper controls
expression and activity of metabolic enzymes. It becomes
even more complicated as a daily pattern of nutrient absorption
may actually be a signal that entrains circadian rhythms in
peripheral tissues such as the mammary gland. It is very
hard to experimentally create constant conditions with no
entraining factor, such as feeding or milking, when conducting
experiments with lactating cows. The differentiation between
circadian and daily rhythms is important when determining the
correct intervention to modify the rhythm. For example, we
have explored the timing of feed delivery as a primary
mechanism to entrain the circadian pattern of feed intake
that then drives daily rhythms of rumen fermentation and
nutrient absorption. It is also important to appreciate daily
rhythm and the implications they have on metabolism. For
example, a goal may be to decrease the variation in rumen
ammonia across the day to increase nitrogen efficiency.

Importance of circadian rhythms

Anyone who has flown across multiple time zones, lost a night
of sleep, or even just changed clocks for daylight savings time,
appreciates the influence of circadian rhythms on physiology.
Their importance is also strongly supported by scientific
evidence. Circadian rhythms have been shown to affect
physiological, immunological, and psychological health,
and disrupted rhythms have been implicated in numerous
diseases. The effect of night shift work has been extensively
investigated using epidemiological approaches and related
to increases in overall morbidity and mortality and incidence
of diseases from obesity and cardiovascular diseases to mood
disorders and other mental health conditions to breast cancer
(Hansen 2017; Jin et al. 2017; Strohmaier et al. 2018; Walker
et al. 2020). Metabolic diseases during night shift work are
thought to arise from a dys-synchrony of the circadian
clock in the brain that is mainly entrained by lighting and
peripheral clocks in the liver and adipose tissue that can
also be entrained to other environmental cues, such as
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timing of food intake. Allowing mice to only eat during the
day when their natural feeding pattern is to eat at night
increases obesity and insulin resistance (Asher and Schibler
2011; Adamovich et al. 2014). There is also a circadian rhythm
in many components of immune responses and immune cells
and lymphoid organs have endogenous biological clocks that
drive daily rhythms (reviewed by Cermakian et al. (2013),
Evans and Davidson (2013), and Golombek et al. (2013)).
These daily rhythms drive changes in susceptibility to infection
and disease and presentation of clinical symptoms and are
likely to be adaptive because the response to bacterial challenge
increases during the active period of the day. From a nutritional
perspective, the circadian pattern of feed intake and rhythms
in nutrient metabolism have the most direct impact on
rumen fermentation and milk yield and are the focus of the
discussion below.

Synchronisation of central and peripheral
circadian rhythms

The circadian pacemaker is in the suprachiasmatic nucleus
(SCN) in the brain. Independent, endogenous biological
clocks have been identified in peripheral tissues, including
liver, mammary, and adipose tissue (see reviews Dibner
et al. 2010, Doherty and Kay 2010, and Asher and Schibler
2011). Peripheral rhythms are normally synchronised with
the SCN through its rhythmic regulation of neural or
hormonal signals (see review Dibner et al. 2010). Melatonin
is the most well described, but rhythmic secretion of prolactin,
glucocorticoids, insulin-like growth factor-1, thyroid hormones,
and growth hormone may also have roles. Thus, these signals
from the SCN serve to entrain the peripheral clocks and
normally synchronise central and peripheral clocks. However,
peripheral clocks are also directly responsive to entrainment
of the timing of nutrient absorption and do not have robust
feedback to the central clock.

Molecular clockwork

Memorising the components of the molecular clock is not
needed to understand the impact of circadian rhythms in
dairy nutrition, but a brief introduction will highlight that
the system has been described in great detail (reviewed by
Dibner et al. (2010), Mohawk et al. (2012)). Mammalian
circadian clocks include a network of transcription factors
that are referred to as the ‘core clock’ genes. These include
Period 1 and 2 (PER1, PER2), brain-muscle-arnt-likel (BMAL1),
cryptochrome 1 and 2 (CRY1, CRY2), and the CLOCK protein.
The transcription and translation of these ‘clock genes’ are
rhythmic and their collective output regulates the timing
of circadian rhythms at the cellular level. Briefly, CLOCK
and BMAL are the ‘positive arm’ of the circadian molecular
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clockwork and drive expression of PER and CRY genes. PER
and CRY proteins are the ‘negative arm’ of the molecular
clock and inhibit CLOCK/BMAL. RAR-related orphan receptor
A (RORa) and REV-ERBalpha and beta (REV-ERBa&p) are
nuclear hormone receptor family proteins that are also
involved in accessory feedback loops. These clock genes
bind to the promoters of many genes, including metabolic
enzymes, thus providing their impact on cell physiology.
Mechanisms beyond this transcription-translation feedback
loop have been described including post-transcriptional and
post-translational modifications and the reader is directed
to the many great reviews in the area for additional
reading. Importantly, expression and functional activity of
the core clock genes have been demonstrated in mammary
cells (e.g. Casey et al. 2016, 2021) and the bovine mammary
gland (Salfer and Harvatine 2018). Additionally, work in
model organisms has demonstrated feed intake as an input
signal and provides a direct link from the clock to regulation
of nutrient metabolism.

Nutritional entrainment of peripheral tissues

The light—dark cycle is the main entrainer of the central clock
in the SCN, but it is well established in animal models that the
timing of food availability can entrain circadian rhythms
without affecting the timing of the biological clock in the
SCN (Hara et al. 2001; Stokkan et al. 2001; Escobar et al.
2009). The effect of diet entrainment of peripheral tissues
has been a prolific area of research because it provides the
basis for dys-synchrony of peripheral tissues from the
central rhythm that is thought to contribute to many chronic
diseases (see reviews Bass and Takahashi 2010, Dibner et al.
2010, Asher and Schibler 2011, and Sinturel et al. 2022). The
bioactive compounds and nutrient sensors that entrain the
clock are not clear, but may involve NAD/NADH ratios
(Rutter 2001; Isobe et al. 2011), free radicals (Boehning
and Snyder 2002), and specific metabolites, including lipids
through PPARy activation (Rutter et al. 2002; Nakahata
et al. 2009; Ramsey et al. 2009). With constant feed
availability in most dairy management systems, there is a
large influence of the circadian pattern of hunger on the
timing of feed intake, and thus nutrient absorption is expected
to be in synchrony with the central clock. However, limiting
the timing of feed availability, specific feeding times, or
timing of supplementation provides the opportunity for
entrainment by nutrient absorption. There are multiple
applications and goals. First, since different physiological
processes, such as intake and milk synthesis, may differ in
their major entrainers, a first principle goal is to synchronise
these rhythms through manipulating entrainment factors. It is
important to highlight that some entrainers, such as daylight,
are dynamic and outside of our control and may require
specific management to maintain synchrony. Second, there
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may be an advantage in decreasing the amplitude of some
daily patterns. For example, the impact of changes in feed
intake on rumen fermentation and nutrient absorption are
discussed below.

Evidence of daily rhythms in the dairy cow

Many physiological variables in the cow are known to follow a
daily pattern. For example, plasma glucose, non-esterified
fatty acids (NEFA), blood urea nitrogen (BUN), and insulin
all have well documented daily patterns (Lefcourt et al.
1999; Giannetto and Piccione 2009). Body temperature is
considered a good indication of the timing of the central
clock and Giannetto and Piccione (2009) reported that body
temperature was highly rhythmic in the cow (robustness =
0.975). Outside of heat-stress conditions, the circadian
pattern of body temperature is not directly related to environ-
mental temperatures (Verwoerd et al. 2006). Disruption of
light-dark cycles prepartum modified circadian rhythms
of multiple plasma metabolites, melatonin, and body
temperature and affected milk yield postpartum through
modification of mammary development (Suarez-Trujillo et al.
2020, 2022; McCabe et al. 2021). We have also recently
observed that plasma NEFA, BUN, and insulin and core
body temperature are modified by the timing of feeding
and timing of protein and acetate infusion (Niu et al. 2014;
Salfer and Harvatine 2020; Matamoros et al. 2021). It is
difficult to say whether these daily patterns are the result of
circadian clocks or simply due to the daily pattern of nutrient
absorption and subsequent metabolism.

Circadian pattern of intake

Discussion of the circadian rhythm of rumen fermentation and
metabolism must be integrated with consideration of the
pattern of feed intake and nutrient absorption. Feeding
behaviour is centrally regulated through the integration of
many factors, including hunger, satiety, physiological state,
environment, and endogenous circadian rhythms (Reviewed
by Allen et al. (2005), von Keyserlingk and Weary (2010)).
The dairy cow has a preferred feeding rhythm, but must also
consume a large amount of feed to meet energy demands
and adapt to feeding and milking times selected by farm
management.

The feeding pattern of grazing cows is commonly described
as ‘crepuscular’, with a larger proportion of intake being
consumed at dawn and dusk (reviewed by Albright 1993).
Feeding behaviour of TMR-fed cows has also been extensively
studied using multiple automated observation systems and
has a daily pattern with the greatest intake in the afternoon and
early evening and lower intake during the overnight period
(e.g. Yang and Beauchemin 2006; DeVries et al. 2007;

Hosseinkhani et al. 2008). These analyses clearly show
different phases of feed intake over the day, but intake is
also influenced by other factors, with delivery of fresh feed
being the strongest stimulus (DeVries et al. 2005). Controlled
experiments have shown a much smaller effect of feed pushup,
although a larger effect is expected in commercial settings
when feed is more commonly out of reach. Both feeding and
push-up stimulation diminish with an increasing frequency.
Additionally, there was little effect of fibre and starch concen-
tration and digestibility, or fat level and FA saturation on the
daily pattern of feed intake and rumination (Salfer et al. 2018).
Variation in the daily pattern of intake between individual
cows is often noticed while managing individual animals,
but has not been well characterised and is ripe for future work.

The daily pattern of intake in high-producing cows and the
effect of feeding time is well illustrated in an experiment
where we fed cows once per day at 0830 hours or 2030 hours
(Niuetal. 2014; Fig. 4). Over 20% and 34% of daily intake was
consumed in the 2 h after feeding in cows fed at 0830 hours
and 2030 hours respectively. The intake rate at other times of
day did not differ greatly, with both groups having lower
intake overnight and higher intake in the afternoon. The
feeding pattern was replicated in a second experiment
conducted in the summer (Niu and Harvatine 2018a) and
by others (Nikkhah et al. 2008). A common perception is
that cows consume more feed during the day because that is
when it is the freshest. Feed delivery obviously is a strong
stimulus of feeding for 1-2 h. However, it is interesting to
note that cows fed in the evening had low intake during the
overnight (not different from morning-fed cows) and waited
until the following afternoon when feed was over 16 h old to
increase intake to twice that of the overnight period. This
highlights that cows have a strong natural drive to consume
feed during the afternoon and early evening. This may be a
conserved adaptation as pasture forages would be highest
in sugar and amino acids in the afternoon and predator risk
is likely to be lowest. It is also interesting to note that the
conditioned eating occurring in the 2 h after feed delivery
was consistently ~50% greater when cows were fed in the
evening than when they were fed in the morning. This may
be due to increased hunger and compensatory intake before
the overnight resting period. Regardless of the mechanism,
this slug eating increases risks for disrupted rumen fermentation
and milk fat depression.

Physiological significance of the circadian pattern
of intake

The ruminant has a more consistent absorption of nutrients
over the day because of the larger number of meals (6-12
per day), the size of the rumen, and the slow rate of ruminal
digestion and passage. However, even when feeding a TMR,
the circadian pattern of feeding results in a large difference
in the amount of fermentable substrate entering the rumen
over the day.
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Fig. 4. Circadian pattern of the rate of feed intake, plasma insulin, and
faecal neutral detergent fibre (NDF) concentration in cows fed once per
day at 0800 hours or 2000 hours. Treatment differences at each time
point are shown for insulin and faecal NDF (*P < 0.05, **P < 0.01).
Orriginally published in Niu et al. (2014).

Rumen pH provides the highest-resolution marker of
rumen fermentation, and a daily pattern of rumen pH is very
repeatable, with a nadir approximately 10 h after initial feed
offering (e.g. Yang and Beauchemin 2006; Harvatine 2012;
Salfer et al. 2018). A daily pattern to rumen volatile fatty
acids (VFA) and digesta composition is also well established
(e.g. Maulfair et al. 2011). Additionally, we have observed
that ruminal starch and NDF concentration fit a cosine
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function with a 24 h period (Ying et al. 2015). Changes in
rumen-digesta pool size across the day are normally not
reported, but Salfer et al. (2018) reported that ruminal digesta
weight was ~25% greater after feeding and starch pool size
50% to >100% greater than before feeding. Ying et al. (2015)
also reported a three-fold increase in rumen starch pool 6 h
after feeding. Rumen microbial populations are dynamic
across the day in response to these changes in substrate
availability and rumen environment (Salfer et al. 2021).
This change in microbial populations also caused a rhythm
in amylase, lichenase, endoglucanase, and xylanase enzymatic
capacity (Raffrenato et al. 2022). Changes in the rate and
composition of duodenal flow are not known, but a daily
rhythm has also been reported for faecal particle size, NDF,
iNDF, and starch concentration and is likely to indicate
dynamic changes in rumen outflow (Maulfair et al. 2011).
The daily pattern of faecal NDF and iNDF was also
dependent on the time of feeding (Niu et al. 2014; Niu and
Harvatine 2018a; Fig. 4). It is clear that TMR feeding does
not create constant rumen or post-rumen conditions and
has implications for optimisation of rumen fermentation
and the timing of nutrient absorption that affects mammary
metabolism. This highlights that it is not just TMR composi-
tion and mixing that is important, but feeding behaviour must
also be considered and has not been commonly observed.

It is interesting to consider the relevance of the idea of
‘nutrient synchrony’ that has been discussed for decades
in ruminant nutrition and focuses on matching rates of
fermentation of carbohydrate and protein fractions. Although
the concept is logical and insightful for integrating concepts of
digestion and fermentation, it has been difficult to demon-
strate benefits in vivo (Hall and Huntington 2008). Part of
the challenge is that meals cause overlapping of fermentation
patterns. The daily pattern of intake adds an additional level
of complexity, but integrating the traditional concept of
rumen nutrient synchrony with the circadian rhythms of
intake and milk synthesis may provide a more robust theoretical
model and improve success of the application in the field. An
important implication is that meals overlap more during the
active feeding period of the day than the overnight low-intake
period. This may decrease the importance of nutrient
synchrony during the day and increase the importance of
controlled release of nutrients during lower-intake periods.

Evidence of circadian regulation of milk
synthesis

It is commonly recognised that morning and evening milking
differ in milk yield and composition, but very few experiments
have reported individual milkings. Quist et al. (2008)
conducted a survey of the milking-to-milking variation in milk
yield and composition on 16 dairy farms. Milk yield and milk
fat concentration showed a clear repeated daily pattern over



www.publish.csiro.au/an

Animal Production Science

the 5 days of observation in herds that milked twice and three
times per day. Milk protein also followed a repeating pattern
with a smaller amplitude. Generally, milk yield is higher at the
morning milking, but milk fat and protein concentration are
higher at the evening milking. Rottman et al. (2014) tested
the effect of the timing of feed intake on the daily pattern
of milk yield and composition by feeding cows ad libitum or
in equal meals every 6 h and milking all cows four times per
day to increase resolution across the day. The daily rhythm of
milk yield was modified and the amplitude of milk fat
concentration was decreased ~50%, demonstrating that the
daily pattern of milk synthesis is at least partially dependent
on the timing of feed intake. Next, Salfer and Harvatine
(2020) fasted cows for 7 h per day either during the day or
the night (Fig. 5). Daily milk fat yield and average milk fat
and protein concentration were not changed, but the
rhythms of milk yield and milk fat and protein concentration
were nearly inverted and the amplitudes of the rhythms were
also modified. Restricted feeding modifies energy and all
nutrients, so follow-up experiments were conducted that
ruminally infused acetate and duodenally infused casein
either continuously or for 7 h during the day or the night
(Matamoros et al. 2022; Salfer et al. 2023). The timing of
both protein and acetate infusion modified the daily pattern
of milk synthesis. Specifically, acetate infusion during the
day maintained higher milk fat during this period of the day
and shifted peak milk fat concentration. Importantly, these
experiments demonstrated the daily pattern of milk synthesis
and its dependence on the timing of nutrient absorption.

100
9.5 |
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Fig. 5. Effect of feed available for 16 h during the day (solid line; feed
from 0700 hours to 2300 hours) or feed for 16 h during the night
(dotted line; feed from 1900 hours to 1100 h hours) on the timing of
milk yield in cows milked four times per day. Amplitude (Amp),
difference between peak and mean; and Acrophase (Acro), time at
peak of the rhythm. P-values of the zero-amplitude test are shown.
The black and white bars above the x-axis display the light—dark
cycle. Values in a column that do not share a superscript letter are
different (at P = 0-05). Originally published in Salfer and Harvatine
(2020).

Managing circadian rhythms

Circadian rhythms are a natural biological function and, on
the basis of the basic biology, it should be advantageous to
manage to maintain consistent daily patterns of lighting,
feed delivery, and milking. This will reduce the occurrence
of ‘jet lag’ where rhythms are undergoing major adjustment.
The next question is the correct timing of daily activities on
farms to allow synchronisation of rhythms.

A major challenge is that the daily pattern of feed intake
increases fluctuations in the rumen and our current dogma
is that more constant conditions would be advantageous.
Spreading intake across a larger portion of the day is the
first approach to achieving a more consistent rumen environ-
ment. The timing of feed delivery is the first opportunity to
modify feed intake, and it is logical to try to deliver feed
during the lower-intake periods of the day. However, feed
delivery at night stimulates slug eating and should be avoided
(Niu et al. 2014; Niu and Harvatine 2018a). Since cows
naturally eat more during the afternoon and early evening,
early morning feed delivery may stimulate intake earlier in
the day when the rumen starch pool is low and rumen pH
is higher.

The second proposed approach is to feed diets that differ in
nutrient composition across the day to complement the rate of
feed intake. For example, feeding a lower-starch diet during
the afternoon and early evening when intake is high and a
higher-starch diet during the overnight when intake is low.
We conducted a series of experiments to investigate this
approach. In the first experiment, a control TMR was fed
once per day at 0900 hours or the same feed components
were fed as a lower-starch diet at 70% of daily intake and a
higher-starch diet at 30% of daily intake (Rottman et al.
2015). When the lower-starch diet was fed first (0900 hours),
followed by the higher-starch diet in the evening (2200 hours),
milk yield and milk composition and empty body weight gain
did not change, but dry-matter intake decreased by ~6%. The
experiment also included a treatment that fed the high-starch
diet first at 0900 hours, followed by the low-starch diet at
1300 hours, which was expected to increase starch load
during the large conditioned meal after morning feeding and
negatively affect rumen fermentation. However, it actually
increased milk and milk fat yield compared with feeding
the low-starch followed by the high-starch diet. This was
because delivering the high-starch diet late in the evening
caused a large increase in intake at feed delivery, resulting
in slug feeding when the rumen was already higher in starch
after the high intake period of the day. This highlighted that
the effect on feeding behaviour must be considered. We then
proposed that feeding starch early in the day may be
advantageous because rumen starch pool is at its nadir and
amylolytic capacity is also likely to be lower before feeding
(Raffrenato et al. 2022).
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In a follow-up experiment, Niu et al. (2017) similarly fed a
control TMR and two PMRs that delivered the same nutrients
as the control, but the diets differed in both starch concen-
tration and rate of digestibility as the high starch diet contained
steam-flaked corn and corn silage as starch sources. The
combination of feeding a diet with higher starch and faster
digestibility first in the morning at 0700 hours decreased
milk fat yield largely through a decrease at the morning
milking, contrary to our hypothesis based on the previously
described study. Interestingly, there was no increase in
trans-10 18:1 in milk, indicating that the decrease was not
due to biohydrogenation-induced milk fat depression. We
have observed changes in milk fat in response to acetate
treatments (Urrutia and Harvatine 2017) and changes in
acetate production may be involved but were not investigated.
It is likely that the combination of starch level and fer-
mentability pushed digestibility too far, highlighting a
delicate balancing act in designing these interventions.

A third experiment tested feeding a TMR that contained
7.8% steam-flaked corn compared with feeding the steam-
flaked corn prior to the morning feeding, followed by a
PMR that contained the other components of the TMR (Niu
and Harvatine 2018b). Although we expected this slug-
feeding of steam-flaked corn to be well tolerated, because
the rumen starch pool and amylolytic capacity are low, it
tended to decrease milk yield and decreased milk fat yield,
with no change in trans-10 18:1.

We have not explored changing dietary protein across the
day, but Robinson et al. (1997) stabilised ruminal fermen-
tation by feeding a protein supplement (15% DMI) at
0300 hours compared with 0830 hours in cows fed a TMR
twice daily at 0800 hours and 1800 hours. They observed
increased ruminal organic matter and crude protein digestibility,
increased ruminal VFA concentration, a more stable ruminal
pH, and increased milk fat with supplementation at 0300 hours.
Milk yield was not changed, but milk fat yield was higher with
protein supplement fed at 0300 hours. There is considerable
potential for modification of dietary protein to both match
rumen microbial needs, maximise rumen escape of high-
quality protein, match amino acid requirements, and possibly
stimulate milk protein synthesis through activation of mTOR
signalling.

We remain excited about the potential to design feeding
approaches where diet composition and timing of supplemen-
tation complement the circadian pattern of intake. However,
the optimal combination has been difficult to determine due
to many interacting factors and dynamic cow behaviour. We
also expect that there is an optimal time of day for many
supplements. For example, a direct-fed microbial may be more
advantageous during the high-intake period of the day or a
rumen-protected product may have a higher rumen escape
during a certain period of the day.

Traditionally, daily rhythms have been difficult to measure
in both research and field settings due to the need to have
multiple observations over the day. However, new technology
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and data analysis methods are rapidly providing high-
resolution cow-level data that will greatly aid work in this
area. For example, activity observation systems that predict
rumination, intake, and general activity in real time are
rapidly being adopted on farms. We expect that analysis of
daily patterns and appreciation for their importance will
increase the usefulness of these data beyond observing
daily averages. Future developments in video-based systems
and parlour sensors also provide exciting potential to better
understand the interaction of cow behaviour and management.

Conclusions

Circadian clocks are endogenous rhythms in the brain and
peripheral tissue that are entrained by light and feeding.
This robust system coordinates physiology and metabolism
with the external environment. The dairy cow has a clear
daily pattern of feed intake that has implications for stable
rumen fermentation and nutrient absorption and a daily
pattern of milk synthesis that is modified by the timing of
nutrient absorption. The timing of feed delivery and feed
management are our best opportunities to modify the daily
pattern of feed intake and nutrient absorption. We expect
that appreciating the circadian rhythms of the dairy cow
will lead to improved nutrition and management practices
that increase efficiency through both rumen and post-
absorptive mechanisms.
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