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Introduction 
 

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-recognized natural 
daily pattern of feed intake and milk synthesis and an annual rhythm of milk composition, 
but regulation of these rhythms has not been well described in the literature or well 
considered in current dairy management. We commonly assume that feeding a total 
mixed ration creates 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.  Additionally, the consistent decline in milk yield and fat 
and protein concentration during the summer is often thought to be because of heat 
stress.  While heat abatement strategies are very important for maintaining health and 
productivity of dairy cows in the summer months, evidence suggests that summer 
declines in likely due to cows’ inherent annual rhythms. First, it is important to consider 
daily and seasonal rhythms while setting goals and evaluating herd production.  Managing 
feeding times provides the opportunity to modify feed intake across the day, but behavior 
responses are complex. It is not entirely clear how to overcome seasonal rhythms, 
although appropriately managing photoperiod is recommended. 
 

Background 
 

Rather than simply responding to an environmental stimulus, endogenous 
timekeepers in the hypothalamus allow the animal to anticipate daily and yearly 
environmental changes before they occur.  The timekeepers create rhythms that then 
drives adaptive changes in metabolism and physiology that increase survival.  Two 
important aspects are the timing of the rhythms are set or “entrained” by environmental 
signals, such as light dark cycles, and the rhythms will persist if the animal is held under 
constant conditions because it is running within the body.   Two major rhythms of 
importance to the dairy cow are circadian and annual rhythms. 

 
Circadian Rhythms 

 
Circadian rhythms refer to 24-hour repeating cycles followed by most physiological 

functions.  Circadian rhythms are created by endogenous timekeeping mechanisms and 
are adaptive as they temporally coordinate behaviors and physiological processes with 
daily changes in the environment.  Anyone who has flown across time zones or lost a 
night of sleep, or even just changed clocks to daylight savings time, appreciates the 



 
 

physiological and psychological importance of circadian rhythms. Their importance is also 
strongly supported by scientific evidence.  For example, epidemiological data in humans 
clearly shows that disruption of circadian rhythms by night-shift work increases mortality 
and morbidity and is especially associated with many conditions normally associated with 
stress.   

 
The “biological clocks” that keep track of what time it is exist in most tissues in the 

body.  The biological clocks in metabolically important tissues (e.g. adipose and liver) are 
responsive both to timing of light-dark cycles that controls the master clock in the brain, 
but also the timing of food availability.  Interestingly, in experimental models the timing of 
food intake can alter the synchrony between the central master timekeeper and peripheral 
clocks, resulting in development of numerous disorders including obesity, insulin 
resistance, and metabolic diseases (Reviewed by Takahashi et al., 2008). We have 
demonstrated that there is a biological clock in the mammary gland that responsive to the 
timing of feed intake. 

 
Daily pattern of feed intake 
 

Feeding behavior is centrally regulated through integration of many factors 

including hunger, satiety, physiological state, environment, and endogenous circadian 

rhythms (Allen et al., 2005).  Grazing cows have a well described “crepuscular” feeding 

pattern with a large proportion of intake consumed at dawn and dusk (Reviewed by 

Albright, 1993).  It is important to remember ruminants are prey animals and daily feeding 

patterns are expected to have been impacted evolutionarily by changes in risk of 

predators and nutritional value of forages over the day.  Importantly, pasture forages are 

highest in sugar and amino acids in the afternoon after photosynthesis has occurred.  A 

circadian rhythm of intake with greater intake during the afternoon synchronizes hunger 

with maximal forage quality. 

Using an automated observation system, we have observed the effect of feeding 

time and diet composition on the daily rhythm of intake.  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 1x/d at 0830 h or 2030 h (Niu et al., 2014).  Over 20 and 34% of daily intake 

was consumed in the 2 h after feeding in cows fed at 0830 and 2030 h, 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.   Before this work we commonly thought that 

cows consumed feed mostly during the day because that is when we delivered feed and 

it was the freshest.  Delivery of fresh feed is a strong stimulus for feed intake.  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 till the following afternoon when feed 

was over 16 h old to increase intake to about twice that of the overnight period.  This 

experiment highlights that cows have a strong natural drive to consume feed during the 

afternoon and early evening and timing of feed delivery is a strong stimulant to modify 

this pattern and has been replicated in other studies. 



 
 

Physiological significance of the circadian pattern of intake 
 

The ruminant has a rather consistent absorption of nutrients over the day because 
of more frequent meals, the size of the rumen, and the slow rate of ruminal digestion.  
However, highly fermentable diets are commonly fed to maximize energy intake and 
microbial protein production and result in a rapid production of volatile fatty acids (VFA) 
after consumption (Allen, 1997).  Additionally, differences in the rate of feed intake over 
the day results in a large difference in the amount of fermentable substrate entering the 
rumen over the day. 

 
The dynamic nature of rumen fermentation throughout the day is supported by high 

resolution observations of rumen pH by our lab and others (e.g. Yang and Beauchemin, 
2006;DeVries et al., 2007;Harvatine, 2012), which clearly show a daily pattern of rumen 
pH with a nadir approximately 10 h after feeding.  We also observed that ruminal digesta 
weight and starch concentration were 24% and 87% higher, respectively, 4 h after feeding 
compared to 1.5 before feeding.  Additionally, we have observed that ruminal starch and 
NDF concentration over the day fit a cosine function with a 24 h period demonstrating a 
daily rhythm (Ying et al., 2015).  We are not aware of a characterization of the rate or 
composition of duodenal flow throughout the day, but a daily rhythm has also been 
reported for fecal particle size, neutral detergent fiber (NDF), indigestible NDF, and starch 
concentration (Maulfair et al., 2011).  We have also observed that the rhythm of fecal NDF 
was dependent on the time of feeding (Niu et al., 2014).  Taken together, there is strong 
support for a circadian rhythm of nutrient absorption. 

 
Evidence of circadian regulation of milk synthesis 
 

Dairymen commonly recognize that morning and evening milking differ in milk yield 
and composition. 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 the 5 days of observation in herds that milked 
2 and 3 x/d.  We have also observed milk yield and milk composition at each milking while 
milking every 6 h and feeding cows 1 x/d at 0800 h or in 4 equal feedings every 6 h 
(Rottman-Gredell  et al., 2014). This demonstrated the daily pattern of milk synthesis in 
cows and identified an interaction with the timing of feed intake.  We have further 
demonstrated shifts in the timing of milk synthesis through fasting cows for a short period 
during the day compared to the night (Salfer and Harvatine, 2020). 

 
Recent work at Purdue tested the effect of light-dark phase shifting on metabolic 

health in transition dairy cows (Suarez-Trujillo et al., 2020).  They observed that light 
phase shifting reduced the circadian rhythms of core body temperature and melatonin.  
Phase shifted cows also had increased total resting time, but decreased resting bout 
durations.  Phase shifted cows did increase milk yield 2.8 kg/d over the first 60 d of 
lactation, although this may be due to a change in nutrient partitioning and the long-term 
effect was not investigated. 

 



 
 

Lastly, automated milking systems (AMS) provide an opportunity to observe a 
natural preference for milking time.  Care is needed in interpretation of cow behavior in 
AMS because of the confounding factors of demand for the robot and the entrainment by 
multiple factors.  However, the frequency of cows entering the milking system appears to 
follow a circadian pattern (e.g. Hogeveen et al., 2001;Wagner-Storch and Palmer, 2003).  
For example, Wagner-Storch et al. (2003) reported 2% of cows in the holding area 
between 0000 and 0500 h compared to 8 to 12% of cow between 0800 and 1900 h.  The 
preference for milking time may be due to a natural circadian synchronization with 
environmental factors or simply support a natural low activity period of the day. 
 

Annual Rhythms in the Dairy Cow 
 

Annual rhythms are present in nearly all studied organisms as a mechanism to 
perceive and adapt to seasonal environmental changes.  For example, many mammals 
in northern climates hibernate over the winter and birds undergo major metabolic 
adaptations preparing for and during migration.  Similar to circadian rhythms, these 
annual changes in physiological persist even after animals are placed in constant day 
length (photoperiod).  This indicates that the rhythm is internally generated and not simply 
a direct response to environmental factors, although the timing of the internal rhythm is 
entrained or modified by changes in the environment across the year. 
 
Annual Rhythms of Milk Yield and Composition 
 
  Yearly patterns of milk production have been recognized for over 40 years (Wood, 
1970).  Producers are familiar with summer declines in milk production, and recovery 
during the winter.  When examining average monthly bulk tank records from U.S. Federal 
Milk Marketing Orders, the presence of an annual rhythm is apparent as we recently 
reported (Salfer et al., 2019).  Fat and protein concentration display repeating 12-month 
cycles that are remarkably consistent between years.  These yearly patterns fit a robust 
cosine function, suggesting that they represent a biological rhythm.  The rhythms of fat 
concentration peak between December and January in most regions.  Protein 
concentration is even more consistent between regions, with a maximum around the first 
of the year.  The variation in milk fat concentration due to the annual rhythm is between 
0.14 and 0.28 percentage units across the year, depending on the region.  Notably, 
annual rhythms of fat concentration in the southern U.S. milk markets, mainly Florida and 
Arizona-Las Vegas, have lower amplitude rhythms than more north regions.  The 
amplitudes of milk protein concentration were more consistent between regions, with 
peak to trough difference being 0.16 to 0.20 percentage units. 
 
 The presence of yearly rhythms in milk component yield was also characterized 
using ten years of DHIA data from individual herds in Minnesota, Pennsylvania, Texas 
and Florida (Salfer et al., 2020).  Similar to the U.S. milk markets, milk fat and protein 
concentration peaked in December and January. Milk yield also followed an annual 
rhythm with peak milk yield occurring in April and lowest milk yield in September.  There 
was a larger amplitude of the milk yield rhythm in FL and TX.  Milk fat and protein yield 
are driven both by milk composition and yield and different timing and amplitudes of the 



 
 

rhythms resulted in peak milk fat and protein yield occurring in late February and early 
March.  Additionally, there was a larger change in milk fat and protein yield in FL and TX 
than MN and PA.  Overall, the rhythm of milk yield aligned with the equinoxes while milk 
composition aligned with the solstices, indicating presence of two seasonal time keeping 
mechanisms. 
 

We have also explored other cow factors that might impact the seasonal rhythms.  
The rhythm is similar between first lactation and multiparous cows (Salfer et al., 2019). 
The diacylglycerol o-acyltransferase 1 (DGAT1) gene, responsible for 40% of the genetic 
variation in fat percentage (Winter et al., 2002), also does not influence annual rhythms 
of fat concentration or fat yield (Salfer et al., 2019).  There appears to be slight differences 
in the annual rhythms between breeds (Salfer et al., 2020).  The timing of the rhythm was 
very similar, but the amplitude of fat and protein concentration was slight lower in 
Holsteins.  While it is difficult to determine if this is due to genetic differences between 
breeds or herd management, the small differences should be accounted for when 
predicting production. 

 
Naturally, environmental temperature is often blamed for causing the seasonal 

changes in milk production.  While heat stress certainly impacts production, our results 
suggest that an annual rhythm exists independent of temperature (Salfer et al., 2020).  
Briefly, the model containing the seasonal rhythm fit better than the model testing the 
effect of daily maximum temperature.  Furthermore, a decline in fat and protein 
concentration is observed below the fitted cosine function in July and August, especially 
in Pennsylvania and Minnesota.  This phenomenon appears to suggest that heat stress 
is an additive effect, separate from the annual rhythm that causes additional production 
declines in the summer.  It is also important to note that milk yield reaches a minimum in 
late September, instead of during the middle of the summer when temperatures are the 
highest.  Lastly, experimental induction of heat stress results in decreased milk yield and 
increased milk fat concentration, which is opposite of that observed during the summer. 

 
Potential Mechanisms of Seasonality 
 
 A primary role of annual rhythms is to coordinate reproduction with food availability 
to maximize the likelihood of survival of the offspring.  As a component of reproduction, it 
is not unexpected that lactation would be controlled through similar mechanisms.  
Producing more energy-dense milk with greater concentrations of fat and protein in the 
winter when energetic demands are greater would increase the likelihood of calf survival.  
In all mammalian species characterized, annual rhythms are controlled by a photoperiodic 
timer based on the duration of melatonin release.  The synthesis of prolactin is also under 
the control of the photoperiod-based mechanism.  Prolactin is released from the pituitary 
and is involved in feed intake and initiation of lactation in many mammalian species 
(Bauman and Currie, 1980). 

 
  



Effects of Photoperiod on Milk Production 

Extensive research has examined the impact of altering photoperiod length on milk 
synthesis of the dairy cow.  The first report of increased milk production after 16 h light: 8 
h dark (16L:8D) photoperiod was make by Dr. Tucker’s lab at Michigan State (Peters et 
al., 1978).  Since this initial discovery, several subsequent experiments have confirmed 
these findings (Dahl et al., 2000;Dahl et al., 2012).  The effect occurs after 
implementation of any photoperiod greater than 12L: 12D, however the response is 
greatest at 16L: 8D.

  
The results of photoperiod experiments and annual rhythms of production are 

seemingly at odds.  While long-day lighting consistently increases milk synthesis, 
the cow’s natural annual rhythm has decreasing milk yield throughout the summer and 
peak milk yield near the spring equinox.  One potential explanation is that long-day 
lighting may induce photorefractoriness to the annual rhythm of milk synthesis.  
Photorefractoriness is a phenomenon observed in other species where long-term 
exposure to a constant photoperiod leads to spontaneous reversion of a seasonal 
physiological response to the state expected in the opposite photoperiod (Lincoln et al., 
2005).  In other species, a fixed photoperiod must be applied for a long period of time (4 
to 12 weeks) before switching of the physiological response occurs.  In cows, the 
increase in milk yield after long days typically does not manifest until after 4 weeks of 
administration (Dahl et al., 2000).  While this mechanism seems promising as a 
possible explanation for the observed effects of long-day lighting, it has not yet been 
studied in cows and further research must be done to test if it is related to the milk yield 
response. 

Take Home Messages 

- “Biological clocks” within the cow are keeping track of what time of day and what
day of the year it is and create daily and annual rhythms.  This robust system
coordinates physiology and metabolism with the external environment.

- The dairy cow has a clear daily pattern of feed intake and milk synthesis.  The
timing of feed delivery and feed management are our best opportunities to modify
this daily pattern.

- There is a seasonal pattern of milk yield and composition that is independent of
heat stress.  Managing lighting is probably our best opportunity to modify the
seasonal rhythm.

- The daily and annual rhythms of milk yield and composition should be considered
when setting goals and evaluating herd performance.
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