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Key principles that I hope to convince you 
of today!

• There is a daily (circadian) pattern of intake 
that creates large changes in rumen 
fermentation across the day

• There is a daily pattern of milk synthesis

• Maximizing efficiency requires synchronizing 
nutrient absorption and mammary needs

• Considering daily patterns provides 
opportunities to optimize the rumen and milk 
production



Decreased by milk fat depression
- Unsaturated fat
- Fermentability
- Acidosis
- Feeding strategies

Nutritional Factors Non-nutritional Factors

Milk Fat & 
Protein

Milk fat and protein is affected by many 
nutritional and non-nutritional factors!

Genetics

Season

Time of day

Stage of lactation

Parity
Energy Supply
- Starch level
- Fat supply

Amino Acid Supply
- Microbial protein
- Amino acid balance

Increase by additional substrate
- Acetate from forages
- Fat supplement

- Palmitic acid
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Circadian/Daily Rhythms in the Dairy Cow
- Circadian rhythms are 24 hour repeating 

cycles controlled endogenously

- Many biological functions follow a 24 cycle
- Activity and Alertness
- Nutrient Metabolism
- Milk Synthesis
- Intake

Why??
Allows the animal to anticipate changes and 
adapt before they occur



Remember, we talk about daily intake and 
production, but the cow lives second to 

second and minute to minute!

- Feed is consumed through meals across 
the day

daily intake = # meals * size meals
(5 to 12 meals/day)

- Milk is synthesized continuously across the 
day



Are the daily patterns of nutrient absorption 
and milk synthesis synchronized?



Biological rhythms are repeating cycles that 
are driven by a time keeping mechanism in 
the animal and can be reset (entrained) by 

external factors, like timing of lighting
Period

Amplitude

Time at peak 
(Acrophase)

t

- Will be maintained if 
animal is put under 
constant conditions

- Are helpful as they allow 
the animal to prepare for 
upcoming changes



• Main environmental cues:
– Light/Dark
Peripheral rhythms
– Feeding Times
– Milking Time?

• A breakdown in the daily 
system creates jetlag!

• A disconnection between 
lighting and feeding can 
cause metabolic issues in 
humans and rodents

- Example is night shift work in 
humans (Asher, Schibler 2011)

How does the cow know what time 
of day it is?

Peripheral 
Clocks

Environmental Cues
Light/Dark

Other 
Environmental 

Cues
e.g. Feeding 

Times

Master Clock
(SCN- Brain)



We know “Photoperiod” has a large impact 
on milk yield Constant 16 to 18 h vs. 8 

to 10 h light

• ~5 to 10% increase in 
milk yield and no change 
in milk composition

• Additional effect of short 
days in dry period

• Eliminated by constant 
light

-Basic mechanism of 
photoperiod is through 
same signaling as circadian 
rhythms

Dahl and Petitclerc., 2003



Lighting ”Phase Disruption” during the dry 
period impact physiology of the cow

Phase shifting light during the dry period 
- Reduced milk yield in Casey et al. 2014
- Decreased blood glucose and increased milk yield in 

Suarez-Trujilo et al. 2020 
- Increased insulin, reduced mammary development, and 

milk yield in subsequent lactation in McCabe et al. 2020.

Journal of Dairy Science Vol. 104 No. 2, 2021

35 d BEC. From 35 d BEC to calving, all cows received 
16 h of light and 8 h of darkness. Light phase for CON 
cows was from 0500 to 2100 h, and dark phase was from 
2100 to 0500 h daily (Figure 1). For the PS group the 
timing of the start of a 16- to 8-h light-dark cycle phase 
was shifted forward by 6 h every 3 d. Exposure to light-
dark phase shifts was from 35 d BEC to approximately 
3 d BEC when all cattle were moved to boxstalls in the 
maternity barn for calving. From 3 d BEC to 60 DIM 
all animals were on the CON light-dark schedule.

As detailed by Suarez-Trujillo et al. (2020), in the 
prepartum period, all animals were housed in the same 
experimental tiestall barn, which was partitioned to 
separate treatments with floor to ceiling draping of 
2 layers of fire-retardant tarps (Tarps Plus, Abadak 
Inc., Georgetown, TX). Outside sources of light were 
blocked by covering windows with black plastic and 
caulking was used around doors to block natural light. 
The light source consisted of bright white light-emit-
ting diode (LED) lights (Smart Electrician 5000 lm 46 

! 6 LED Tread Plate Shop Light, Menards Inc., Eau 
Claire, WI), that were positioned for 150 lx of light 
to be present at eye level for all cows. The lights were 
synchronized to turn on at the aforementioned times 
using an automatic timer.

Circadian Rhythm Assessment

At 23 and 9 d BEC and 14 DIM vaginal temperature 
was measured in each cow every 30 min to determine 
internal temperature circadian rhythm over a 48-h 
period as described by Burdick et al. (2012). Briefly, 
internal temperature loggers (iButton DS1921H-F5#, 
iButtonLink Technology, Baulkham Hills, Australia) 
were secured onto the plastic skeleton of a controlled 
internal drug release device (EAZI-Breed CIDR Cattle 
Insert, Zoetis Inc., Parsippany, Troy Hills, NJ) and 
inserted into the vagina. Loggers were programmed to 
begin temperature recordings at 0430 h and continued 
every 30 min for 48 h.

McCabe et al.: CHRONIC PREPARTUM LIGHT-DARK PHASE SHIFTS IN CATTLE

Figure 1. Schematic diagram of the study design. Sixteen multiparous Holstein cows were blocked to either a control (CON) or phase shift 
(PS) treatment at 35 d before expected calving (BEC). (A) At study enrollment cows were housed in tiestalls under lighting treatment as seen 
in panel B. Directly before calving at approximately 3 d BEC cows were moved to boxstalls where they experienced CON lighting. Cows were 
moved back to tiestalls after calving through 21 DIM when they were moved to the freestall barn for the remainder of the study. Cows received 
an intravenous glucose tolerance test (") at 14 d BEC and 7 DIM, mammary biopsies (#) at 21 d BEC and 21 DIM, and temperature collection 
over 48 h to assess circadian rhythm ($) at 23 d BEC, 9 d BEC, and 14 DIM. (B) The cows were housed in the same barn under treatment 
while they were separated by a double-ply light-impermeable tarp. The CON animals received a consistent timing of 16 h of light (0500–2100 
h), 8 h of dark (2100–0500 h) from 35 d BEC until 3 d BEC. The PS cows received a 6-h forward shifting timing of the start of the photophase 
every 3 d for 16 h of light (0500–2100 h; 1100–0300 h) and 8 h of dark (2100–0500 h; 0300–1100 h). Feeding and exercise time was held constant 
for all animals at 1600 h when animals were under treatment.



Peak 
Lact.

Late 
Lact.

Sheanhan, Kolver, and Roche, 2011

Is there a daily pattern of feed intake?
Pasture Fed Cows



TMR Feeding: Feeding and milking times are most important
Feeding and milking commonly both near dawn & dusk in 

experimental data

DeVries et al. 2005



Eating

Ruminating

Sheanhan, Kolver, and Roche, 2011

Eating and Ruminating tend to be inverse



Rumination pattern is conserved even 
during heat stress

Soriani et al. JDS 2014

Daily pattern of rumination time expressed in minutes per 2 h in 3 levels of daily 
maximum temperature-humidity index (THI). 
White bars = THI <80; bars with vertical lines = THI from 80 to 85; black bars = THI >85. 
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Rumination activity is also affected by stress factors. 
Rumination activity is negatively influenced by acute 
stress (Herskin et al., 2004), disease (Hansen et al., 
2003), and high stocking density (Grant and Albright, 
2001). Kazdere et al. (2002) observed a reduction of RT 
in heat-stressed cows. This reduction plays a pivotal 
role in the deleterious effect of heat stress in dairy cows 
(Moallem et al., 2010).

In our study, the microclimatic conditions and the 
variables used as markers of heat stress indicated that 
cows suffered heat stress during some periods during 
the trial. According to Armstrong (1994), heat stress 
is considered negligible in dairy cows when THI values 
are <72, whereas THI of >72, >78, and >88 are indica-
tive of mild, high, and severe levels of heat stress. The 
values of daily Max THI recorded during our trial were 
always above the critical value of 72, indicating condi-
tions capable of inducing moderate heat stress every 
day during the trial (Armstrong, 1994). According to 
the definition of Hahn et al. (1999), 2 heat waves (a 
period of at least 3 consecutive days with fewer than 10 
recovery hours with a THI <72) occurred in our trial. 
The first wave was recorded between the July 10 and 
12 and was classified as slight to mild heat stress. The 

second wave was recorded between August 21 and 24 
and was classified as mild to moderate heat stress.

Although cows in the current study were exposed to 
a THI >72 and even >79 for long periods, the poten-
tial heat stress was not severe. The average values of 
rectal temperature over the normal range of dairy cows 
(between 38.3 and 38.7°C; Abeni et al., 2007) observed 
when the daily Max THI was >80 indicated the pres-
ence of heat stress and insufficient thermoregulation. 
Also, breathing rate increased to average values of 
around 70 breaths/min when the daily Max THI was 
>80. The prevalence of breathing rates of 70 to 80 may 
indicate the need for heat stress relief measures (Ber-
man, 2005).

Heat stress involves hormonal and metabolic changes, 
as anabolic hormones decline and catabolic hormones 
increase, which alter energy balance. High temperature 
stress affects production and reproduction performance 
by decreasing antioxidant enzyme activity, which in-
creases oxidative damage in the tissues, and by chang-
ing carbohydrate, lipid, and protein metabolism. In 
response to reduced feed intake and consequent nega-
tive energy balance, insulin levels decrease, allowing for 
adipose lipolysis and increased circulating NEFA. On 

Figure 7. Daily pattern of rumination time expressed in minutes per 2 h (least squares means ± SEM) in 3 levels of daily maximum tem-
perature-humidity index (THI). White bars = THI <80; bars with vertical lines = THI from 80 to 85; black bars = THI >85.

Low, Medium, and high 
Temperature-Humidity 
Index



PSU Feeding Behavior System

MooMonitor+ 
Dairymaster
(Image Dairymaster.ie)



Feed intake is highest after feeding 
and in the afternoon

Ying et al. 2015
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The feeding pattern is consistent across 
NDF, starch, and fat levels and types

Salfer et al. 2018

Journal of Dairy Science Vol. 101 No. 12, 2018
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the SFA and mixed treatments compared with control 
(P < 0.05), respectively, but no difference was observed 
between control and UFA (P > 0.05). Acrophase also 
differed by treatment with the peak of the daily rhythm 
occurring 37 min earlier in SFA and 42 min earlier in 
UFA than control (P < 0.05).

Effect of Feeding on Rumen Composition

In all 3 experiments, rumen evacuations were per-
formed before and after feeding to determine the 
effects of the daily pattern of intake on rumen pool 
sizes and nutrient composition at expected high and 

low points (Table 3). No treatment by time interac-
tions were detected in any of the 3 experiments (P > 
0.05). In experiment 1, the rumen pool size of DM, 
NDF, 120-h in vitro indigestible NDF, ADF, starch, 
and lignin were all greater postfeeding than prefeeding 
(P < 0.05). The concentration of starch increased from 
10.9 to 13.3% postfeeding, whereas the concentrations 
of NDF, indigestible NDF, ADF, and lignin decreased. 
In experiment 2, pool size of DM, NDF, 120-h in vitro 
indigestible NDF, and starch increased by 34, 20, 14, 
and 122% postfeeding, respectively (P < 0.05). Rumi-
nal starch concentration increased from 4.7 to 8.4% 
after feeding, whereas NDF and iNDF decreased by 

Figure 1. Effect of fiber level and digestibility (experiment 1; Oba and Allen, 2000) on feed intake (A and B), rumination (C and D), and 
rumen pH (E and F). High = High NDF concentration (38%); Low = low NDF concentration (29%); BMR = brown midrib corn silage; CONV 
= conventional corn silage. The P-values for the main effects of time, NDF concentration (NDF), and corn silage variety (CS) and the interac-
tions of time with NDF concentration and corn silage variety and pooled SEM are reported in each panel. Cows were fed 1!/d at 1200 h.
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amplitude of daily rhythms of rumination, suggesting 
that although total rumination decreases with more 
fermentable diets, the difference between mean and 
peak increases. Fat supplementation also affected the 
amplitude of daily rumination rhythms. Supplementa-
tion with SFA or a mixture of SFA and UFA increased 
the amplitude of the daily rhythms. Alternatively, sup-
plementation with UFA alone had no effect. Multiple 
reports have shown a 24-h rhythm of rumination (Mur-
phy et al., 1983; Beauchemin et al., 1990; Deswysen 
et al., 1993). Factors including feeding time (Gordon, 
1958; Welch et al., 1969) and photoperiod (Gordon and 
McAllister, 1970) have been reported to influence the 
daily rhythm of rumination. The results of the current 
study are in agreement with studies from Pearce (1965) 
and Beauchemin et al. (1990), which found no effect of 
physical or chemical feed characteristics on the daily 
pattern of rumination but observed changes in total 
rumination time.

A similar daily pattern of rumen pH occurred within 
all experiments and treatments. Rumen pH increased 
before feeding, and reached a maximum when feed was 
delivered. Furthermore, pH reached a nadir between 
1630 and 2030 h in all treatments despite differences 
in feeding times. The only interaction between time of 
day and treatment occurred for NDF concentration in 
experiment 1. During most of the day, rumen pH was 
greater for the high-NDF treatment, but showed no 
difference from the low-NDF treatment near feeding. 
Greater rumination occurred when conventional corn 
silage was fed compared with BMR. Brown midrib corn 
silage has lower lignin concentration and greater digest-
ibility (Frenchick et al., 1976) and fragility (Oba and 
Allen, 2000) than conventional corn silage. Consistent 
with previous reports, the decline in rumen pH when 
BMR corn silage was fed was not associated with a 
decrease in rumination (Aydin et al., 1999). The results 
of our study indicate that this effect persists through-
out the day. Whereas a higher starch concentration 
decreased rumen pH in experiment 2, it did not affect 
the daily pattern of pH. Feeding high-moisture corn 
versus dry ground corn did not affect rumen pH or 
its daily pattern. The ensiling process of high-moisture 
corn typically degrades the protein matrix surrounding 
the starch granules within the endosperm, resulting in 
greater ruminal fermentation (Hoffman et al., 2011). 
Cooper et al. (2002) observed an interaction between 
time of day and corn-processing method on rumen pH 
in beef steers. In their experiment, dry rolled corn had 
a greater pH, and a more gradual daily pH decline com-
pared with both high-moisture corn and steam-flaked 
corn. Similar to the current experiment, all treatments 
reached maximal rumen pH around 0900 h and were 
lowest in the mid-afternoon (Cooper et al., 2002). Fat 

Figure 3. Effect of fat level and fatty acid profile (experiment 3; 
Harvatine and Allen, 2006) on feed intake (A), rumination (B), and 
rumen pH (C). CON = no-supplement control; SFA = prilled saturat-
ed fatty acid supplement (Energy Booster-100, Milk Specialties Inc., 
Eden Prairie, MN); UFA = calcium salts of unsaturated fatty acids 
(Megalac-R, Church and Dwight Co. Inc., Ewing, NJ), and MIX = 
50:50 mixture of SFA and UFA. The effect of time, fatty acid supple-
ment, and their interaction and the pooled SEM are reported in each 
panel. Cows were fed 1!/d at 0900 h.

Journal of Dairy Science Vol. 101 No. 12, 2018
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treatments was observed during the overnight period. 
Fat supplements did not appear to affect the daily pat-
tern of rumination, evidenced by no treatment effect or 
treatment by time interaction.

Rumination fit a 24-h rhythm in all experiments and 
treatments. Within experiments, the acrophase of the 
rumination rhythm was slightly different among treat-
ments. In experiment 1, low-NDF diets delayed the dai-
ly rumination rhythm so that the acrophase occurred 
~2 h later. The acrophase varied from 1509 to 1649 h 
in experiment 2, with the earliest acrophase occurring 
in the low-starch, dry ground corn treatment and the 
latest occurring in the high-starch, high-moisture corn 

treatment. There was also very little numerical differ-
ence in the acrophase of each treatment in experiment 
3, with treatments ranging 1159 to 1237 h. Although 
some statistically significant changes occurred among 
treatments, the differences observed are likely not bio-
logically relevant.

The amplitude of the daily rhythm of rumination 
differed by treatment within each experiment. In ex-
periment 1, decreasing NDF concentration decreased 
the amplitude of the daily rumination rhythm when 
conventional corn silage was fed, but the opposite effect 
was observed when diets contained BMR corn silage. In 
experiment 2, high starch concentrations increased the 

Figure 2. Effect of starch source and level (experiment 2; Oba and Allen, 2003) on feed intake (A and B), rumination (C and D), and rumen 
pH (E and F). High = high starch concentration (32%); Low = low starch concentration (21%); DG = dry ground corn; and HM = high-moisture 
corn. The P-values for the main effects of time, starch concentration (Starch), and corn grain (Corn) and the interactions of time with either 
starch or corn grain and pooled SEM are reported in eac0h panel. Cows were fed 1!/d at 1400 h.



What is the impact of the daily 
pattern of intake?

Intake = 
Entrance of fermentable feed into the rumen 

for microbes to digest

Fermentable feed = 
Synthesis of VFA’s (acids) & microbial 

protein

VFA’s = 
Acid load for rumen

Nutrient supply for cow



What are the rumen changes 
relative to feeding

Ying et al. 2015
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Rumen methane also follows a daily 
pattern: Jersey cows fed 1 vs 2x/d

Judy et al. 2018

10906 JUDY ET AL.
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feeding frequency, have been demonstrated to influence 
fermentation patterns and resulting gas production in 
dairy cattle (Brask et al., 2015). In the current study, 
we fed cattle once in the morning and then again 10 h 
later, after the second milking, for the twice-daily feed-
ing. In the current study, the rate of CH4 production 
per hour overall was not different (P = 0.445), with a 
mean of 17.1 ± 0.74 L/h (Figure 2). A major objective 
of this study was to characterize diurnal CH4 produc-
tion, and we hypothesized that CH4 production would 
increase after each feeding. Indeed, CH4 production was 
affected (P < 0.001) by time of day. A trend was also 
observed for the interaction of feeding frequency and 
time (P = 0.084). Although total CH4 production was 
not different, when feeding twice a day the concentra-
tion of CH4 was higher at 2100 to 2300 h compared 
with feeding once a day, which corresponds to the sec-
ond feeding, which occurred at 2000 h (P = 0.014, P < 
0.001, and P = 0.004 for h 21, 22, and 23, respectively). 
Thus, we conclude that the greater CH4 production at 
h 21, 22, and 23 for cows fed twice daily compared with 
once daily corresponded with the second feeding, which 
occurred 10 h after morning feeding. Interestingly, CH4 
increased approximately 2 h postmilking for each milk-
ing for cattle fed twice daily and may have resulted 
from increased physical activity induced by milking 
procedures and activity. Previous research has observed 

increased CH4 production corresponding to feeding 
(Crompton et al., 2011). In the current study, peak CH4 
production after the second feeding was greater than 
the initial peak following the morning feeding. Simi-
larly, Crompton et al. (2011) observed a larger peak in 
CH4 production after the second feeding than the initial 
feeding. Although the observations of the current study 
are not new, they suggest that frequent samplings or 
measurements are required for CH4 production to be 
estimated accurately.

Standing and Headbox Behavior

Cattle have an inherent need to rest or lie down 
during the day. Lying down potentially increases milk 
synthesis by increasing blood flow to the udder and 
increasing rumination (Grant, 2009). Hence, increased 
standing time may negatively affect milk yield in lac-
tating dairy cattle. With cattle fed twice daily, DeVries 
and von Keyserlingk (2005) observed lactating dairy 
cattle to stand approximately 11.7 h/d. In the cur-
rent study, we tested the effect of feeding frequency on 
standing behavior for cattle either inside or outside the 
headbox (data not shown). This test was conducted 
so we could gain an understanding of estimates gen-
erated with our apparatus used to indirectly measure 
HP. Overall, standing behavior was not affected (P = 

Figure 2. Hourly methane production from late-lactation dairy cows fed once daily (1!) at 1000 h or twice daily (2!) at 1000 and 2000 h. 
Overall methane production per hour was not different (P = 0.445), with a mean of 17.1 ± 0.74 L/h. Hour postfeeding affected (P < 0.001) 
methane production, and there was a trend for treatment ! hour (P = 0.084). Hours 21 to 23 had greater (P = 0.014, P < 0.001, and P = 0.004 
for h 21, 22, and 23, respectively) methane production for cows fed twice daily compared with those fed once daily, corresponding to the second 
feeding occurring 10 h after a.m. feeding.



Gill et al. 1999

Diurnal patterns of ruminal digesta flow in cows 241 

Time of day (h) 

1 I I 9 I l 

07.00 12.00 17.00 22.00 03.00 08.00 
Time of day (h) 

Figure 1 Diurnal patterns of the flow of dry matter (DM) in 
the duodenum, calculated from the concentration of (a) 
chromium or (b) cobalt in duodenal digesta in cows offered 
a protein meal either at 08.30 (day, 0 )  or 00.30 h (night, 0). 
Samples were collected over three alternate days. 

of digesta flow. However, the very existence of 
diurnal patterns alters the kinetic assumptions 
implicit in methods developed to obtain 24-h 
averages and thus the ability of current methods to 
predict diurnal patterns in cattle needs to be 
examined. 

Diurnal patterns of duodenal DM flow based on 
duodenal concentrations of cobalt (CO) indicate a 
much more distinct pattern than values based on 
chromium (Cr) (Figure l), particularly for the cows 
offered the protein meal with the morning meal. The 
divergence between the two duodenal-marker 
profiles indicates that the assumptiolis on marker 
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kinetics, which appeared to be correct for daily flow, 
do not hold for one, or both, of the markers in 
relation to the estimation of hourly flow. To facilitate 
examination of these assumptions, the Cr and Co 
concentrations in the duodenal digesta, which are 
the base data for these predictions, are shown in 
Figure 2. 
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The key assumption in the use of flow markers 
where unrepresentative digesta samples are 
presumed to have been collected is that the marker is 
associated with a particular digesta phase. It is also 
assumed, for markers which are administered over a 
prolonged time period compared with a single dose, 
that the flow of marker into the duodenum IS 
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Figure 2 Diurnal patterns of the concentration of (mg/ kg 
dry matter) (a) cobalt and (b) chromium in the duodenal 
digesta in cows offered a protein meal either at 08.30 
(day, 0) or 00.30 h (night, 0). Samples were collected over 
three alternate days. 
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and 19.30 h )  and only one peak (at 02.00 h) for those 
offered protein at night. The peaks at 10.00 and 
02.00 h can be explained by different times of 
consumption of the protein meal for the 'day' and 
'night' cows respectively and the increase at 19.30 h 
reflects the increase in total rumen digesta following 
consun~ption of the mixed diet offered at 18.00 h. 
lntercstingly this increase was not as apparent for the 
cows receiving the protein meal at night, although in 
these cows rumen VFA concentrations increased at 
this time (Robinson ct ill., 1997). The main decrease ill 
the s i ~ e  of all rumen pools was observed after 
refusals were removed at 24.00 h. The liquid pool 
was more consistent than the chemical constituents 
of the DM over time, only varying by a factor of 0.4 

of the initial weight, while OM, NDF and CP pool 
sizes varied by factors close to 1.0. 

The results from the present experiment demonstrate 
a different diurnal pattern from those reported by 
Gasa c f  rrl. (1991), where diurnal variations in rumm 
pool sizes were more variable, decreasing markedly 
after the first feeding and reaching a very clear peak 
at 18.00 h in cows offered silage and concentrates 
twice daily. Similar observatiorrs of rumen pools not 
reaching a maximum until after the second feeding 
of the day have been made by Raumont r f  nl. (1988) 
in sheep. However, a more even plateau, similar to 
that reported here, was observed by Thiago (1988) in 
steers offered hay nd libifuin. The reasons for these 

9CC  42 3 :58  8 4 C  9CC 5 : 8  0
25 5 7 9CC  42 3 :58  8 4  / 2 :2 0C2C 1 : :C .D 2C D3 4C C C9 ,2 3 :58 , C 7 D 2 2: 23 2C

And.. Duodenal flow and composition 
varies across the day

CP Content



How flexible is the pattern? Evening feed delivery 
increased feed intake after feeding by >50%!

Effect P-value
Treatment 0.78
Time <0.01
Treatment x Time <0.01

• Conditional meals were larger at the evening feeding

• Modestly higher intake rate in the early afternoon for AM

Treatment Phase/h Amplitude P-value
AM 1654 2.0 <0.01
PM 1638* 0.6* <0.01
AMPM 1448* 1.1* <0.01

Ø Circadian Parameters

*Significantly (P < 0.05) different from AM

vAM vs.PM (O = P < 0.01, and O = P < 0.05); AM vs. AMPM (T P < 0.01, and T P < 0.05)

Ø ANOVA



Increase intake in the evening spikes insulin

Effect P-value
Treatment 0.76
Time <0.01
Treatment x Time <0.01

Ø Circadian Parameters

*Significantly (P < 0.05) different from AM

• Fresh feed delivery at night resulted in greater insulin secretion

• Morning feeding moderately increased insulin in the early afternoon

Ø ANOVA

vAM vs.PM (O = P < 0.01, and O = P < 0.05); AM vs. AMPM (T P < 0.01, and T P < 0.05)

Treatment Phase/h Amplitude P-value
AM 1844 1.8 0.07
PM 0031* 8.3* <0.01
AMPM 2220* 4.8* <0.01



Intake pattern creates a circadian pattern 
of plasma metabolites and hormones

Oba and Allen, 2003

Glucose

Insulin



Milk Milk

Quist et al. 2008

Milk synthesis is variable over the day
2x Milked Herds

2 kg0.5 Units



Theoretical de-synchronization of 
intake and mammary metabolism

First test: Fed cows 1x/d or 4x/d in equal feedings



Rottman et al.  (2014) Physiol. Rep. 2:1-12

Cows were fed either 1x or 4x/d

Morning: High volume, low fat and protein%
Evening: Low volume, high fat and protein %

Feeding cows 1x/d vs 4x/d changed milk 
yield over the day at one milking



• 16 Cows

• Crossover design

• 17 d period

• 7 d of 4x/d milking

How does the time of feed restriction affect 
the daily rhythms of milk synthesis?  

DRF: Fed 16 h/d during day (7 AM to 11 PM)

NRF: Fed 16 h/d overnight (7 PM to 11 AM)

Salfer et al. Bri. J. Nutr. 2020



DRF: Fed 16 h/d during day (7 AM to 11 PM)
NRF: Fed 16 h/d overnight (7 PM to 11 AM)

Milk yield and fat and 
protein concentration were 
shifted by night-restricted 

feeding

Salfer et al. Bri. J. Nutr. 2020



DRF: Fed 16 h/d during day (7 AM to 11 PM)
NRF: Fed 16 h/d overnight (7 PM to 11 AM)

Plasma glucose and insulin concentrations 
were shifted by the time of feed restriction

Salfer et al. Bri. J. Nutr. 2020



DRF: Fed 16 h/d during day (7 AM to 11 PM)
NRF: Fed 16 h/d overnight (7 PM to 11 AM)

The daily rhythm of body temperature was 
shifted 8 h by night-restricted feeding

Salfer et al. Bri. J. Nutr. 2020



CON: Fed continuously 24 h/d
NR: Feed restricted to 16 h at night (8 PM to 12PM)

Mammary expression of 
some of the core clock 

genes was shifted by night-
restricted feeding

Salfer et al. Unpublished



• Negative arm
– Phase inverted 
– ↑ when food available

• Positive arm
– BMAL1 also phase shifted
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Ma et al. Unpublished

The mammary core clock was robustly 
inverted in day vs night fed mice 



Hogeveen et al., 2001 

When do cows prefer to be milked??
Automated Milking System



How can we use this information??

Think not just about the diet we are 
feeding, but how we are feeding it 

and how the cows are eating it!

We need to watch the cows and see 
what they are doing!



1st… Think of the rumen

• Can we stabilize the amount of fermentable 
feed entering the rumen over the day?

– Take out some of the slugs and fill in during some 
of the low points



How do we do this?

• Feed delivery is a strong signal for feeding 
which can be used to increase intake during low 
intake periods of the day

• Make sure feed is available when return from 
parlor………, but 
– Delivery of feed 2-3 h before or after milking may 

spread intake more across the day (King et al. 2018)



What else can we do?

• Feeding different diets across the day might 
also work
– Feed same ration to entire herd in morning

– Return to “top-off” high groups



Feeding multiple rations over the day
• Three diets were used
– Control (Con): 30.1% NDF
– High fiber (H): 31.8% NDF
– Low fiber (L): 26.9% NDF

• Three Treatments
– Fed control TMR once per day at 0900
– High-Low Treatment (HL)

• 70% of feed fed as High Fiber Diet at 0900 h
• 30% of feed fed as Low Fiber Diet at 2200 h

– Low-High Treatment (LH)
• 30% of feed fed as Low Fiber Diet at 0900 h
• 70% of feed fed as High Fiber Diet at 1300 h

70% of H & 
30% of L = Control

Rottman et al. 2015; Ying et al. 2015



Treatment P-value
CON HL LH SEM Trt

DMI, lbs/d 58.0 53.7c 56.0 2.4 0.01

Milk, lbs/d 87.3 84.9 90.2 5.3 0.14
Milk Fat

Percent 3.44 3.39 3.45 0.25 0.73
Yield, lbs/d 2.99 2.82LH 3.10 0.11 0.07

Milk Protein
Percent 3.08 3.10 3.10 0.09 0.86
Yield, lbs/d 2.68 2.64 2.79 0.15 0.19

Milk yield and composition



What did we learn?

• Its complicated!

• Have to be very careful with the effect of 
timing of feed delivery changing feeding 
behavior

• Demonstrates we don’t have to have the same 
TMR across the day and there are times that 
feeding different diets might be advantageous



Interesting Call From the Field
• One pen of cows on a large farm consistently 

0.3 to 0.5 units lower in milk fat than peer pen 
in another barn fed same diet

• Moved fifteen cows from the pen to another 
pen and they increased milk fat

• Normal MFD troubleshooting turned up no 
clues

• Cows being fed later in the day (11:30 AM)
• Switched milking and feeding order so feed 

delivered earlier and before milking.
• Milk fat increased equal to peer pen



Must consider multiple factors that have an 
impact on behavior and physiology



Key Principles

• There is a daily (circadian) pattern of intake 
that has a major impact on the rumen

• There is a daily pattern of milk synthesis

• We need to manage the daily pattern of intake 
and our best tools for this are through feeding 
and milking schedules

• Don’t be afraid to feed multiple diets per day, 
but be careful with late afternoon and evening 
feedings (early morning may be safer)



Thank You!

Lab Members: Cesar Matamoros, Beckie Bomberger, Alanna 
Staffin, Abiel Berhane, Yusuf Adeniji, Sarah Bennett, and Ahmed 
Elzennary. 
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