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Take-Home Message 

• Dairy cows have daily rhythms of feed intake and milk synthesis. Maximal feed intake occurs in 
the morning and afternoon, maximal milk yield occurs in the morning, and maximal milk 
components occurs in the evening 

• Matching nutrient intake with circadian rhythms of the mammary gland and other metabolic 
tissues may help improve feed efficiency in dairy cows 

• ‘Chronotherapeutic’ strategies to treating cows at optimal times based on their circadian rhythm 
may improve recovery from metabolic or infectious disease 

• Automated feeding and milking systems create greater opportunities to implement time-based 
feeding strategies 

 
Introduction 
 
Throughout nature, biological rhythms allow organisms to coordinate their physiology and behavior with 
daily or yearly changes in their environment. Occurring at time scales ranging from days (circadian 
rhythms) to years (circannual rhythms), they are an integral component of an animal’s physiology, and 
are driven by ‘molecular clocks” within every cell of the body. While daily changes in dairy cow production 
and behavior have long been appreciated by dairy farmers, we are only beginning to understand the 
impact that circadian rhythms have in regulating dairy cow metabolism. Recent work has characterized 
biological rhythms of feed intake, milk production, and systemic metabolism in cattle. The daily pattern of 
feed intake results in differences in absorbed nutrients across the day. Furthermore, the mammary gland 
has a daily pattern that may or may not be synchronized with the daily pattern of intake. Improving the 
synchrony between absorbed nutrients and mammary gland rhythms provides opportunities to improve 
the efficiency of milk production. 
 
Circadian Rhythms 
 
The primary role of circadian rhythms is to maximize survival of an organism and their offspring by 
allowing them to predict and prepare for regularly-occurring environmental changes such as food 
availability/quality, risk of predators, and opportunities for sexual reproduction. Circadian rhythms are 
generated within individual cells of the body through a contingent of clock proteins that cycle over 24 h 
and act as the ‘gears’ of the clock (Ko and Takahashi, 2006). The timing of the expression of these clock 
proteins can be ‘set’ by light and nutrient availability, in a process called entrainment. Furthermore, the 
clock proteins regulate the expression of a host of clock-controlled genes, generating rhythms of 
physiological and behavioral outputs. The primary site of entrainment by the light-dark cycle occurs in the 
hypothalamus, which then communicates the time of day to other tissues through neurotransmitters and 
hormones such as melatonin and prolactin (Honma, 2018). However, rhythms in peripheral tissues – 
particularly metabolically important tissues like the liver, adipose tissue and pancreas - can be entrained 
by food intake independently of the light dark cycle (Mistlberger, 2020). Desynchronization of light and 
food intake has been implicated as a cause of several metabolic disorders in humans including obesity, 
high blood pressure and heart disease (Golombek et al., 2013). This desynchronization is one of the 
driving causes of disease states associated with chronic jet lag and shift work disorder. Recently, 



‘intermittent fasting’ has become a popular dietary trend in humans, where all food is consumed during an 
8 to 12 h window within the day. This dietary regimen has been associated with positive metabolic 
outcomes, with the principle being that it improves coordination of circadian rhythms of food intake and 
the light-dark cycle. 
 
It is important to note that a true circadian rhythm must persist in constant environmental conditions (i.e., 
in the absence of changes in the light-dark cycle, feed availability, or any other cue that can indicate time 
of day). These constant conditions are impossible to achieve outside of very controlled laboratory 
settings. When a rhythm exists in the presence of changes in the light-dark cycle or feed availability, the 
appropriate term is daily or diurnal rhythm. These terms are used to distinguish between rhythms that are 
known to be endogenous in the animal (circadian), versus those that may be endogenous, may be a 
reaction to external cycles, or likely are a combination of both (daily/diurnal). Often, the terms are used 
interchangeably, but the difference is important for understanding animal physiology, and for knowing 
how management can influence rhythmic behavior.  
 
Daily Rhythms and Feeding 
 
Dairy cows typically spend 3 to 5 hours per day eating, and consume majority of their feed in 8 to 14 
meals across the day (Johnston and DeVries, 2018). Naturally, the feeding pattern of cows on pasture is 
nearly crepuscular, with the highest frequency and size of meals occurring in the early morning (~ 6 AM to 
10 AM), and mid-afternoon (~3 PM to 5 PM) with minimal feed intake overnight (Albright, 1993). It is likely 
that this pattern of intake evolved to help protect wild cattle against nocturnal predators such as wolves 
and coyotes, and to potentially help them select for higher-energy forage. In confinement systems where 
cows are fed a TMR, the daily pattern of feed intake is modulated by management decisions like feeding 
and milking time, with the delivery of fresh feed and returning to the parlor after milking both stimulating 
feed intake (DeVries and von Keyserlingk, 2005).  
 
Despite management influences, the underlying daily pattern of feed intake persists even in TMR-fed 
cattle. We have examined the effects of putting lactating cows under an 8 h fast either overnight, when 
intake is naturally low, or during the middle of the afternoon, when intake is generally high (Salfer and 
Harvatine, 2020). Even after adapting cows to this 
feeding/fasting schedule for 14 d, the cows that 
were fasted during the afternoon had a much 
stronger response to fasting, with a 3x greater 
increase in fat mobilization at the end of the fasting 
period than cows fasted at night. We also 
monitored the feeding behavior of these cows 
using an automated feed weight-recording system. 
While cows on both treatments at their biggest 
meals after feeding, the day-fasted cows ate a 
much higher percentage of their diet in the 2 h 
following the fasting time than the night-fasted 
cows, suggesting a greater hunger response at this 
time (Figure 1). The effect of night feeding on the 
rate of feed intake occurs even when cows are not 
fasted for any period during the day, albeit to a 
lesser extent (Niu et al., 2014).  
 
While feeding a TMR is designed to ensure that 
cows have steady feed intake, the daily pattern of 
feed intake and feed sorting lead to variations in 
the amount of nutrients entering into the rumen 

Figure 1. The impact of day-restricted feeding 
(DRF) versus night-restricted feeding on the 
daily pattern of feed intake. Cows on DRF 
were fasted for 8 h from 11 PM to 7 AM and 
cows on NRF were fasted for 8 h from 11 AM 
to 7 PM. Asterisk (*) denotes differences in 
rate of feed intake at each time point (Salfer 
and Harvatine, 2020). 



across the day. This reality stands in contrast with many nutritional models which assume steady-state 
rumen conditions (Fox et al., 2004). We have observed daily variations in rumen pool sizes of dry matter, 
starch and NDF, with all reaching their lowest levels prior to feeding (Ying et al., 2015). Moreover, in the 
same experiment, authors observed clear daily patterns of ruminal ammonia, and VFA concentrations, 
with ammonia peaking in the morning (~7 AM) and VFA peaking in the evening (~7 PM). Rumen pH also 
follows a daily pattern, that typically peaks in immediately before feeding time and reaching a minimum 10 
to 12 h later (Krause et al., 2002; Yang and Beauchemin, 2006). Methane production from the rumen 
follows a daily pattern as well, which closely resembles of pattern of VFA concentration (Brask et al., 
2015).  
 
The daily pattern of intake results in daily changes in the abundance of microbial species within the 
rumen. Total bacterial abundance increases after feeding as more substrate is available. We recently 
observed that total bacteria, total protozoa, total fungi, and several well-characterized microbial species 
follow distinct daily patterns of relative abundance in the rumen (Salfer et al., 2021). Using 16S amplicon 
sequencing, also determined that overall microbial diversity varied across the day, with greatest diversity 
occurring shortly after feeding (Gomez & Salfer, 2021). In this experiment, we also noticed an interaction 
of diet and time, with lower-fiber diets causing a smaller daily variation in diversity. Finally, a daily pattern 
of fecal nutrient composition has been reported in the literature. Maulfair et al. (2011) discovered variation 
in fecal particle size, NDF, iNDF and starch across the day. This result implies that there is a daily pattern 
of nutrient absorption across the day.  
 
Daily Rhythms and Nutrient Metabolism 
 
While circadian rhythms regulate feed intake to help maximize the quality of feed consumed while 
avoiding activity when predators are active, they also affect the timing of metabolic pathways within 
tissues. This allows the animal to ensure that energy and structural metabolites are available at the times 
when they are most needed. Typically, catabolism is synchronized to the active period of the day, so fuels 
can be burned to provide energy needed for movement. Alternatively, anabolism typically occurs 
overnight to store energy for later use (Green et al., 2008). This circadian coordination of metabolism 
prevents inefficiency related to futile cycling of nutrients, ensuring that storage molecules are not being 
built and degraded simultaneously.  
 

Several circulating metabolites follow daily rhythms in 
dairy cows. Giannetto and Piccione (2009) observed 
rhythms of glucose, hemoglobin, creatinine, urea 
nitrogen (PUN), cholesterol, phospholipids, non-
esterified fatty acids (NEFA), phosphorus, and 
magnesium in Italian Brown Cattle. These 
observations agree with results from our lab in 
modern Holsteins which demonstrated rhythms of 
glucose, insulin, NEFA and PUN (Salfer and 
Harvatine, 2020). Feeding time influences these 
rhythms, with night-feeding shifting the peaks of 
glucose, insulin and PUN by approximately 12 h 
(Salfer and Harvatine, 2020). Furthermore, body 
temperature follows a consistent daily rhythm that 
peaks overnight (Bitman et al., 1984). We recently 
observed that the daily rhythm of body temperature 
is dependent on season, with the rhythm being much 
more robust in the summer (Kamau et al., 
Unpublished). 
 

Figure 2. Comparison of glucose half-life at 4 
time points across the day. Data is presented 
as mean glucose half-life at each time point 
with a fitted 24-h rhythm. Effect of time and 
cosine fit, time at peak (acrophase) and time 
at nadir (bathyphase) are denoted. Maximum 
insulin sensitivity occurs at 12:36 PM, the 
point where glucose half-life is lowest.  



We looked at the impact of time of day on insulin-stimulated glucose uptake by conducting glucose-
tolerance tests at 4 evenly-spaced intervals across the day. In this experiment, insulin sensitivity followed 
a very distinct daily rhythm, with maximal insulin sensitivity occurring at just after noon (Salfer et al., 
2020). Notably, in this experiment, cows were not influenced by the daily pattern of feed intake, because 
they were feed for stable feed intake by delivering fresh feed every 2 h. These results indicate a potential 
benefit to time-based therapies to fresh cows. For example, providing oral propylene glycol or intravenous 
glucose may be more effective at relieving ketosis if administered around noon versus in the morning. We 
plan to continue work looking at ‘chronotherapeutics’ in dairy cows to determine if there are optimal times 
for certain therapies. Recently,  compelling data suggests that immune function of dairy cows follows a 
daily rhythm, providing additional support to suggest that there may be beneficial effects of treating cows 
with consideration to their circadian rhythm (Alhussien and Dang, 2018). 
 
Long-term circadian disruption through chronic shifts of the light-dark cycle can have major impacts on 
metabolism in dairy cows. McCabe et al. (2021) observed that shifting the light cycle by 6 h every 3 d in 
the prepartum period caused decreased insulin sensitivity during, which was accompanied with 
decreased mammary development and decreased milk production in the subsequent lactation. The same 
laboratory group also demonstrated that chronic phase shift decreased circadian rhythms of body 
temperature and melatonin (Suarez-Trujillo et al., 2020). Moreover, Wagner et al. (2021) discovered that 
changes in the circadian rhythm of body temperature can be an accurate indicator of negative health 
events in cows. 
 
Daily Rhythms and Milk Composition  
 
Milk production follows a daily rhythm with total milk volume typically peaking in the morning, with milk fat 
and protein percentage peaking in the evening (Harvatine, 2012). This adaptation likely developed in wild 
ruminants to provide nursing offspring with nutrient-dense milk at night when activity of the dam and the 
calf is reduced. Beyond traditional milk components, other molecules oscillate across the day within milk. 
For example, melatonin concentration of milk is greatest overnight (Asher and Sassone-Corsi, 2015). 
Data from other species suggests that this mechanism is designed to help synchronize the daily rhythms 
of the dam and offspring (Recio et al., 1997). Recently, Teng et al. (2021) used metabolomics and 
lipidomics to determine that 36 different metabolites, including immune markers (IL-6, IFN-γ, HSP70, 
HSP90), adrenaline, and various intermediates of the urea cycle and fatty acid fatty acid synthesis differ 
between day-milk and night milk. 
 



Feeding time and feeding 
frequency can have major 
effects on the daily pattern 
of milk synthesis. Rottman 
et al. (2014) examined the 
effects of 4x/d feeding on 
the daily rhythm of milk 
yield, and found that the 
daily pattern of milk fat and 
protein concentrations 
were attenuated compared 
to 1x/d feeding.  During our 
previously described day- 
versus night-fasting 
experiment, shifting the 
time of feed delivery to the 
evening inverted the 
rhythms of milk synthesis, 
causing a peak in milk 
volume in the evening and a peak of milk components in the morning (Salfer and Harvatine, 2020). In a 
separate experiment, we used mammary biopsies to compare daily patterns of the expression of ‘clock’ 
genes during day-feeding versus night-restricted feeding (Salfer and Harvatine, 2018). We observed that 
rhythms several key circadian transcription factors were shifted by feeding time, suggesting that changes 
in the rhythms of milk synthesis due to feeding may be at least partially modulated by changes in the 
cellular circadian clock of the mammary gland. 
 
In addition to the timing of TMR delivery, the timing of absorption of individual nutrients can impact milk 
production. We conducted a series of infusion experiments to look at the timing of fatty acids, amino 
acids, and acetate on daily rhythms of milk production and circulating metabolite concentrations. In each 
experiment, these nutrients were infused for either continuously for 24 h/d, for 8 h during the day (9 AM to 
5 PM), or for 8 h overnight (9 PM to 5 AM). Interestingly, the time of protein availability to the small 
intestine impacted overall milk fat yield, with day-infusion increasing milk yield compared to day-infusion 
and continuous infusion. This result implies that perhaps feeding a high protein diet in the morning and a 
low-protein diet in the evening may have beneficial effects on milk production (Salfer et al., 2019). This 
change in total daily milk fat yield, was accompanied by an increase in the robustness of the daily rhythm 
of milk fat yield. The time of abomasal infusions of fatty acids affected milk fat percentage, with night-
infusion causing a 0.24 percentage point increase than continuous infusion (Salfer and Harvatine, 2019). 
However, this increase in milk fat percentage was offset by a decrease in total milk yield, resulting in no 
difference in milk fat yield. The timing of ruminal acetate infusion had minimal effects on daily milk 
production, but impacted the daily rhythms of milk yield and milk components (Matamoros et al., 2020). 
We plan to conduct future research with more applied approaches to examine the effects of feeding 
multiple diets differing in nutrient composition across the day. 
 
Circadian Rhythms and Precision Feeding 
 
The implementation of automated feeding and milking technologies provides additional opportunities to 
take advantage of ‘circadian’ feeding and management strategies. Automated milking systems (AMS) are 
becoming increasingly popular, especially in the upper Midwest, as labor challenges increase. The 
economic viability of AMS is maximized when greatest throughput through the robotic parlor is achieved 
(Salfer et al., 2017). Hogeveen et al. (2001) observed a decline in robot visits in the early morning, and 
another smaller decline in the early afternoon. In contrast, we examined the distribution of robot visits in 
herds using an automated milking system, and observed that the frequency of cows visiting the robot 

Figure 3. A clock illustrating a cow's circadian cycle of production 
and physiology across the day. 



closely matched the daily pattern of feed intake, with cow visits peaking at around 6 AM and about 4 PM 
(Salfer et al. Unpublished). We are continuing to research factors that influence when cows prefer to be 
milked based on their circadian rhythms. Improving our understanding of the circadian rhythms of cow 
behavior may allow for interventions to maximize the flow of cows through the AMS.  
 
In addition to AMS, there is some increased interest in implementation of automated feeding systems. 
These systems provide the opportunity to greatly increase feeding frequency, which can result in more 
stable rumen fermentation (DeVries et al., 2005). Furthermore, both automated milking and feeding 
systems also provide opportunities to more practically apply time-based feeding strategies. Increased 
utilization of these technologies provides exciting opportunities to feed multiple diets across the day to 
better match nutrient intake with the circadian rhythm of the mammary gland. 
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