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Abstract- The main objective was to establish diurnal and post-feeding patterns of rumen ammonia and peripheral blood
urea (BU) in response to feeding timing in once-daily-fed dairy cows following 28-d adaptation periods. Four multiparous and
four primiparous lactating Holstein cows (82 days in milk) were used in a cross-over design study with two 6-week periods.
Each period had 4-wk of adaptation. A total mixed ration (TMR) with 49.8% concentrate was offered at either 0900 or 2100 h
to permit 5-10% orts. Jugular blood was sampled via catheters every 2 h for two 24-h period during wk-5 of each period. The
proportion of daily TMR intake consumed within 3-h post-feeding was 55% in 2100-fed cows, and 46% in 0900 h-fed cows
(P<0.05). Rumen ammonia was higher at 2-h but lower at 6-h post-feeding, and remained numerically lower between 6-20 h
post-feeding in cows fed at 2100 h vs. 0900 h. Feeding time did not affect BU daily averages. Blood urea increased shortly
after morning but not evening feeding. Blood urea was higher for about 12 h pre-feeding in evening vs. morning fed cows.
Results establish that timing of feeding and thus eating alters postprandial and diurnal patterns of feed intake, rumen
ammonia, and peripheral BU. Time of eating can therefore affect splanchnic and peripheral nitrogen metabolism and
efficiency in lactating cows. These data serve as a metabolic model for other high-producing livestock and humans.
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Introduction

Blood urea (BU) in ruminants has distinct diurnal rhythms
with a post-feeding rise in goats [1-3]. Diurnal rhythms of
BU have been demonstrated in lactating cows fed once
daily at 0900 h [4]. Blood urea peaked at 1100 h (2-h
post-feeding) and dropped until midnight after which it
rose again. In transition and early lactation cows fed
twice daily at 0700 and 1300 h, BU rose after feed
delivery at 0730 h but not after feed delivery at 1300 h
[5]. In early and mid lactation cows fed twice daily at
0700 and 1500 h, BU rose after feeding at 0700 h and
peaked during 1100-1200 h, after which it dropped to a
nadir at 0000 h [6]. Seemingly, post-feeding rises in BU
in twice-daily fed cows occur in the first but not in the
second feed delivery. The post-feeding response in BU
could be attributed to different amounts of feed
consumed after different feed deliveries. This important
entity has not been measured in parallel in any of the
previous studies. Also, conclusive data are lacking on
how time of eating affects BU rhythmicity. Day fed cows
usually eat little feed after midnight partly because fresh
feed is absent [7]. As a result, the rumen fill decreases
towards early morning as hunger develops. The
considerable morning N intake results in a rapid rumen
ammonia release that increases hepatic urea synthesis
and causes a surge in BU [4]. This cascade may be less
pronounced in subsequent feed deliveries. The primary
objective was to establish postprandial rhythms of
peripheral urea and rumen ammonia in lactating dairy
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cows in response to feeding at 0900 h vs. 2100 h
following 28-d adaptation periods.

Materials and Methods

Animal Management and Experimental Design

Four multiparous (645 £ 75 kg BW; 77 £ 25 days in milk,
mean + SD) and four primiparous (576 + 46 kg BW; 90
+ 33 days in milk) lactating Holstein cows were housed
in tie stalls (Dairy Metabolism Unit, Glenlea Research
Station, University of Manitoba, Winnipeg). Four of cows
had rumen cannula. Cows were offered a total mixed
ration (TMR) with forage to concentrate ratio of
50.2:49.8% (dry matter basis) ad libitum. The
experimental design was a cross-over with two 6-wk
periods. The first 4-wk was for adaptation. The average
outdoor air temperature and relative humidity in sampling
weeks were -3.7°C and 78.9%, respectively. Indoor
metabolism unit temperature was kept between 5-25°C
(neutral zone) at all times. The TMR was fed once daily
at either 0900 h or 2100 h. The daily supply of TMR was
adjusted based on the intake of individual cows in the
previous day to allow for 5-10% orts. The TMR dry
matter had 25.1% alfalfa silage, 25.1% barley silage,
39.2% energy supplement, 10.6% protein supplement,
17.3% CP, 39.2% NDF, 27.1% ADF, and 29% NFC.
Cows had unlimited access to fresh water. The 24-h
patterns of feed intake were monitored continuously
using a data acquisition system (Grow-Safe System,
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Model 4000, Airdrie, AB). Every other morning during the
adaptation weeks, cows were allowed 2-h of exercise.
The fresh TMR was prepared every morning. Cows were
milked twice daily in their stalls at 0400 and 1600 h.
Lights were on from 0345 until 2245 h. Experimental
procedures involving animal surgery and care were in
accordance with the guidelines of the Canadian Council
on Animal Care [8].

Diurnal Patterns of Rumen Ammonia

Rumen fluid was sampled on Monday and Tuesday
during wk-4 at 0, 2, 3, 4, 6, 8, 12, 16, 20, 24 h post-
feeding to determine diurnal patterns of rumen ammonia.
Upon sampling, rumen fluid was centrifuged at 1800 x g
for 12 min to store the supernatant at -20°C. Ammonia
concentration was measured according to Novozamsky
et al. [9], and absorbance was read at 630 nm on a
Pharmacia  Biotech  Ultraspec 2000  UVlvisible
spectrophotometer (Biochrom, Cambridge, UK).

Diurnal Patterns of Blood Urea

The cows were catheterized in the jugular vein on the
first day wk-5. The next day, the catheters were flushed
with a sterilized heparinised saline solution (0.9% NaCl,
and 50 unit heparin/ml). Blood samples were drawn
every 2 h for two 24-h periods. Each 24-h sampling
period started at 0900 h and ended at 0700 h on the next
day. Catheters were flushed with 10 ml of heparinised
saline solution between 2-h samplings to inhibit clot
formation within catheters and extension sets. Blood
samples were transferred into green-top vacutainer
tubes with anti-coagulant (Na-heparin), put immediately
on ice, and centrifuged at 3000 x g for 20 min at 4°C to
harvest plasma. The plasma was kept at -20°C until
metabolite analysis. Plasma concentrations of urea were
determined using an automatic analyzer (Stat Profile ®
Critical Xpress, 02454-9141 Nova Biomedical, Waltham,
MA) with enzymatic sensors.

Statistical Analyses

Data were analyzed with Mixed Model Procedure of SAS
[10]. Effects of time of feeding (TF), parity, and their
interaction were fixed, and effects of period and cow
(parity) were random. Repeated rumen and blood data
were analyzed as a linear Mixed Model with the best
fitted covariance structures [11]. The model used for
rumen ammonia concentrations included fixed effects of
TF, parity, hour, TF x parity, hour x parity, and TF x hour
x parity. The effects of cow (parity), period, and TF x
period x cow (parity) were considered random. Prior to
variance analyses, normal distribution and variance
homogeneity of residuals were ensured using Proc
Univariate of SAS [10]. The significance was declared at
P < 0.05 and trends were discussed at 0.05 < P < 0.10.

Results and Discussion

Rumen ammonia and BU exhibited significant diurnal
rhythms (P < 0.05; Table 1, Figures 1,2). Postprandial
rhythms of PU were altered by altered feeding time (P <
0.05). Blood urea increased shortly after morning feeding

but not after evening feeding (Figure 2). Peaking at 2-h
post-feeding in cows fed at 0900 h, BU declined
progressively until 10-h post-feeing. Plasma urea in cows
fed at 2100 h decreased from 4-10 h post-feeding and
rose sharply at 12-h post-feeding. It remained higher
until 2-h before the next feeding, when compared to
cows fed at 0900 h (Figure 2). Time of feeding did not
affect BY daily averages (P > 0.10, Table 1).

The BU levels have been shown to depend mainly on
digestive processes [1]. Plasma urea tended to rise at 2-
h post-feeding in the 0900 h-fed cows. Rumen ammonia
also rose drastically at 2-h post-feeding (Figure 1).
Gastric ammonia is a predominant substrate for hepatic
urea synthesis early post-feeding [2]. Therefore, the
peak in rumen ammonia can shortly be followed by a
peak in circulating urea [2]. After the post-feeding peak,
BU in the 0900 h-fed cows declined steadily until
reaching a nadir at 12-h post-feeding when it started to
rise gradually to attain its baseline by the next feeding.
Unlike the 0900 h-fed cows, the 2100 h-fed cows did not
have a post-feeding rise in BU. The significant rise in BU
at 2-h after morning and not evening feeding may partly
be related to the shorter peak in rumen ammonia in the
2100 h-fed cows. The increased BU at 10-h post-feeding
with evening vs. morning feeding could be due to a
larger evening rumen fluid volume (107 vs. 90 L) and
greater N intake shortly after evening feeding. Perhaps
the more extensive evening vs. morning rumen
fermentation may increase recycling circulating urea in
an effort to sustain microbial growth and splanchnic
tissue integrity and metabolism. Since fecal and urinary
N excretion were decreased by evening eating [13], such
hypothesized increases in splanchnic N and energy
demands may explain the higher BU at 10-h post-feeding
in the 2100 h-fed cows.

Despite greater DMI within 3-h after evening vs. morning
feeding, evening and morning fed cows had similar
rumen retention times of fluid and solids [14]. A larger
nocturnal than day-time rumen fill has been reported in
grazing cows [15] and sheep [16]. The reference to
grazing ruminants is of importance because grazing
occurs mostly during day and particularly around sunrise,
afternoon, and sunset. The pasture studies further
substantiate that rumen kinetics of passage and
digestion differ between day and night. These findings
support an evolutionary notion that rumination has a
circadian rhythm occurring mostly overnight [17]. Hence,
offering feed in evening when ruminants have evolved to
ruminate (and ensalivate) could increase nutrient
digestibility partly via increased rumen volume and
maintained rumen outflow rate. As such, it may be
inferred that rumen fermentation capacity was greater
with evening vs. morning feeding. Under such
nocturnally  prolonged and  capacious  rumen
fermentation, the splanchnic tissue would require more
energy and N to remain effectively functional. Gut tissues
including the reticulorumen, small and large intestines,
pancreas, spleen and associated muscles and adipots
have high N and energy turnover rates [18, 19]. The
greater N intake along with the greater N turnover would
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imply greater ammonia, urea, and amino acids exchange
among gut, liver, and peripheral tissues [18]. The greater
N turnover results from increased splanchnic energy
requirements to transfer and remove N metabolism end
products [19]. Consequently, instead of excretion as urea
in the urine, ammonia and organic acids (e.g., a-
ketoglutarate, aspartate, and formate) serve splanchnic
and peripheral tissues as renewable sources of N and
energy. The logic is consistent with the reduced N
partitioning towards urine by evening instead of morning
feeding [20]. Greater diet fermentability can increase gut
N requirements that increases urea recycling via saliva
and plasma [18].

Feeding more frequent than once daily has been shown
to eliminate diurnal patterns of BU [21]. In the present
study, TMR was delivered once daily. However, rumen
ammonia remained at peak from 2-6 h after morning
feeding while it was at peak only at 2-h after evening
feeding (Figure 2). The higher BU during the 12-h
preceding evening but not morning feeding was thus
likely not mainly related to rumen ammonia.
Transamination  involves  aspartate,  glutamate,
glutamine, alanine, and glycine that contribute to hepatic
urea formation, especially at times of elevated glucose
demand. Up to 40% of hepatic glucose output in lactating
cows can come from amino acids [22]. The amino acids
utilization for glucose synthesis increases with their
increased availability, and lower rumen propionate and
lactate supplies [20,22]. Accordingly, the higher BU at
and after 12 h post-feeding by evening instead of
morning feeding, when it was expected to be lower might
reflect such hepatic amino acids wuse for
gluconeogenesis [4,6]. It is, however, unknown if such a
possible role in hepatic N metabolism was induced by an
increased amino acids provision or by decreased
propionate and lactate supply. Moreover, hormones and
gut peptides can potentially affect hepatic N assimilation
[12]. The larger rumen volume by evening vs. morning
feeding may have increased splanchnic N and energy
demands. Evening feeding may thus have subsequently
increased N exchanges across splancnhic tissues, likely
contributing to higher BU through 12-h pre-feeding.
Therefore, eating timing is a major component of
digestive regulation of diurnal rhythms of BU in lactating
dairy cows.

Conclusion

Following 28-d adaptation periods, the proportion of daily
feed intake consumed within 3-h post-feeding was 55%
in cows fed at 2100 h, and only 46% in cows fed at 0900
h. Rumen ammonia was higher at 2-h post-feeding but
was lower at 6-h post-feeding and remained numerically
lower between 6-20 h post-feeding in cows fed at 2100 h
vs. 0900 h. Feeding time did not affect daily averages of
BU. Blood urea increased shortly after feeding in
morning fed cows but not in evening fed cows. Blood
urea was consistently higher for about 12-h pre-feeding
in evening fed cows. Results establish that altering time
of feeding/eating in once-daily-fed cows alters
postprandial and diurnal patterns of feed intake, rumen
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ammonia, and peripheral BU. Therefore, timing of eating
may alter splanchnic and peripheral N use in lactating
cows. These findings serve as a metabolic model for
other high-producing livestock and humans.
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Time of feeding (TF) Fixed effects?, P
ftem 0900 h 2100 h SE! TF P TFxP H PxH TF xH2
Rumen ammonia, mg/dL 9.8 8.2 0.04 * * * bk NS +
Blood urea, mmol/L 5.1 5.3 0.28 NS NS NS ok NS wrx

1Standard errors are for differences of least square means.

2Hours of sampling were expressed as hours of day. Thus, a significant effect of TF x H corresponds to a
significant effect of TF on diurnal rhythms of blood urea.

NS = not significant or P > 0.15; t =0.05 <P < 0.10; *= P < 0.05; **= P < 0.001.

Fig. 1-Postprandial feeding patterns of rumen ammonia in cows fed either at 0900 h or at 2100 h. Within each hour, * = P <

0.05.
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Fig. 2-Postprandial feeding patterns of plasma urea in cows fed either at 0900 h or at 2100 h. Within each hour, * = P <

0.05.
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