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Abstract

We investigated the effect of adding 3 levels of sodium bicarbonate (SB: 0, 0.74 and 1.47% of
total mixed ration (TMR) dry matter) to a low-roughage TMR (20.8% wheat silage, 9% wheat
hay and 2.3% clover hay) on feed intake, production (milk and milk-component yields),
whole-tract apparent digestibility, rumen pH and rumination time. After 2 wk of receiving
the same TMR, 42 mid-lactation multiparous cows were blocked into groups of 3 according
to their dry matter intake and energy-corrected milk (ECM) yield and divided into 3 treat-
ment groups. The experimental rations were fed for 7 wk while monitoring intake, production
and rumination. Rumen pH was measured after 6 h without access to feed and 6 h after feed-
ing (at 0600 and 1500 h) every other week, and feces samples were taken for whole-tract
apparent digestibility at wk 7. Dietary SB level did not affect intake, ECM yield, digestibility
or efficiency. Dietary SB concentration negatively correlated with daily rumination time but
did not affect rumen pH measured before or after feeding. Lactating cows may, therefore,
increase their rumination time to compensate for lack of buffer but overall, removing SB
from a wheat-based, low roughage TMR does not impair intake or milk or milk-component
yields.

Acid–base balance in the rumen plays a vital role in lactating cows because a decrease in
rumen pH can impair digestibility and yield. A low-roughage (30–35% forage) TMR fed to
lactating cows may lead to acidification of the rumen fluid due to rapid fermentation of
TMR concentrates, thereby increasing the risk of SARA (DeVries et al., 2009). Therefore,
when feeding low-roughage TMR, it is common to include dietary sodium bicarbonate
(NaHCO3 henceforward SB) as a buffer to reduce the risk of SARA and maintain optimal
rumen pH (Hu and Murphy, 2005). In addition, adding SB to feed containing less than
26% ADF may increase milk fat content, enhancing the benefits of adding this buffer to low-
roughage TMR (Erdman, 1988). Erdman (1988) and, later, Hu and Murphy (2005) stated that
the positive effect of adding SB appears when the TMR roughage is composed mainly of corn
silage; adding SB to a non-corn diet will have a more negligible effect. In their study, Hu and
Murphy (2005) used a mixed model based on 27 previous trials to assess the effect of adding
SB to corn- and non-corn-based TMR. A closer look at the 5 studies in which a
non-corn-forage TMR with ADF lower than 20% was used revealed that the conclusion
(that SB does not need to be added to non-corn-silage diets) does not necessarily hold
when low-roughage TMR is fed to high-yielding lactating cows. Canale and Stokes (1988)
reported a DMI of 17.4–19.4 kg/d and, although adding 12.5 g/kg SB increased milk fat con-
centration only when cows were fed corn silage, adding SB did improve ADF digestibility of
corn silage and hay diets alike. Cow DMI was up to 20.4 kg/d in Stokes et al. (1986), who
reported higher rumen pH when 0.7% SB was added to the TMR. dePeters et al. (1984)
added up to 0.75% SB to TMR containing alfalfa hay and barley grains, and up to 1.2% SB
to TMR containing alfalfa and corn grains, and reported no effect on intake or yield. The
DMI in their study was up to 19.6 kg/d with a milk yield of 32 kg/d. Tucker et al. (1992)
reported no effect of adding 1.5% SB to a sorghum-silage-based TMR on intake or yield,
with an intake of 19.5 kg DM/d and milk yield of 26 kg/d. On today’s intensive dairy farms,
a mature cow in mid lactation consumes around 29 kg DM/d (National Academies of
Science, Engineering, and Medicine, 2021) and produces around 42 kg ECM/d. These are lar-
ger values than in the aforementioned studies. Doepel and Hayirli (2011) removed SB from a
TMR with non-corn-silage-based forage (34.7% barley silage, 15.3% alfalfa hay, ADF = 21.8%
of TMR DM) and concluded that its removal was safe, and even recommended. Matamoros
et al. (2021) reported an increase in milk fat yield upon addition of SB (3.4% of DM) to a
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corn-silage-based (39.5%) TMR. On the other hand, Cruywagen
et al. (2015) reported that adding 0.8% SB to a non-corn-forage
TMR (alfalfa and oat hay, each at 17.6% of DM) increases ECM
yield, leaving the question of SB supplementation partially
open. In Israel, due to scarcity of land and rain, it is common
to feed lactating cows with low-roughage TMR (30–35% forage,
30–34% NDF, and 15–17% ADF of TMR DM) to ensure energy
supply, with mainly corn silage or wheat silage and wheat hay
as the forage source to ensure appropriate rumen activity.
Although the NDF level of low-roughage TMR is adjusted to
the recommended level, that of the physically effective NDF
(peNDF), which plays a major role in rumen physiology, is
lower than that reported by Cruywagen et al. (2015) (205 g/kg
vs. an average 112 g/kg in our study). Therefore, conclusions
drawn in the aforementioned studies regarding the role of dietary
SB are less relevant to the case of feeding a low-roughage
non-corn-forage TMR to high-yielding lactating cows, and more
research is needed. The addition of SB has some disadvantages,
such as higher sodium in the TMR which leads to higher water
intake and urine secretion (Khelil-Arfa et al., 2014), and increased
dietary sodium, which results in higher sodium excretion from
dairy farms (Ben Meir et al., 2023). Therefore, the removal of diet-
ary SB is desired. In addition to acting as a buffer, by contributing
Na SB directly affects dietary cation and anion differences
(DCAD). Lower DCAD is associated with lower DMI and milk
yield (Hu and Murphy, 2004; Iwaniuk and Erdman, 2015) and
whether this is due to changes in acid base homeostasis as sug-
gested by Iwaniuk and Erdman (2015) or due to other unknown
mechanism, it raises another concern to address before removing
dietary SB.

We measured the effect of the concentration of dietary SB added
to wheat-based TMR. In addition, we measured the effect of dietary
SB levels on rumination patterns, information that is lacking in pre-
vious studies. Accordingly, the objective of this study was to exam-
ine the effect of 3 levels of dietary SB: 0, 0.74, and 1.47% of TMR
DM on intake, milk and milk-component yields, feed efficiency,
whole-tract apparent digestibility, rumen pH and daily rumination
time. We hypothesized that removing dietary SB from the TMR
will not result in a significant reduced milk yield when feeding a
low-roughage wheat- based TMR, thereby encouraging dairy farm-
ers to reconsider its inclusion.

Materials and methods

Animals and experimental design

All procedures and animal use during this study were approved by
the institutional ethical committee, permit no. 870-1613, accord-
ing to regulations regarding the protection of animals used for sci-
entific purposes, Directive 2010/63/EU and Israeli law.

Forty-two multiparous healthy Israeli Holstein cows (a single
animal is the experimental unit) in mid lactation (average ± SE,
DIM of 184 ± 8.4, parity of 3.1 ± 0.2, milk yield of 44.2 ± 1.2 kg/
d, BW of 640 ± 6.9 kg) were selected for the study. After 2 wk of
adaptation to the individual barn while being fed the study’s
intermediate level of SB (0.74% TMR DM), cows were divided
into 3 groups blocked for parity, DIM and milk yield. Each
group was fed TMR containing 0, 0.74, or 1.47% SB. The 3
TMR were balanced to be isocaloric and isonitrogenous by adjust-
ing corn grain content, supplementing different amounts of cal-
cium salts of long-chain fatty acids, and adjustments of urea
content (a detailed description of the diets is given in Table 1)

Table 1. Ingredients and chemical composition of TMR containing different
levels of sodium bicarbonate

NaHCO3 (% of TMR DM)

Item 0 0.74 1.47

Ingredients, % of DM

Wheat silage 19.7 19.7 19.7

Wheat haya 8.9 8.9 8.9

Clover hayb 3.15 3.15 3.15

Corn grain, ground 27.2 26.2 25.1

Corn gluten feed 13.5 13.5 13.5

Wheat grain, ground 2.18 2.18 2.18

Dried distillers grains 8.8 8.8 8.8

Barley grain, ground 2.18 2.18 2.18

Wheat bran 2.18 2.18 2.18

Rapeseed meal 4.6 4.6 4.6

Soybean meal 2.22 2.22 2.22

Ca-LCFAc 1.21 1.44 1.78

Whey concentrate 2.6 2.6 2.6

Sodium bicarbonate 0 0.74 1.47

Urea 0.2 0.23 0.26

Calcium carbonate 0.62 0.62 0.62

Limestoneb 0.45 0.45 0.45

Sodium chloride 0.26 0.26 0.26

Vitamins and trace mineralsd 0.05 0.05 0.05

Nutrient composition, % of TMR DM

DM, % of wet TMR 62.1 62.1 62.2

OM 93.8 93.1 92.4

CP 16.4 16.4 16.4

Ether-extracted fat 4.14 4.38 4.63

aNDFe 31.0 30.9 30.8

Forage NDF 17 17 17

ADF 15.4 15.4 15.4

DCAD (meq/kg)f 51 139 224

NeL, Mcal/kg
g 1.78 1.78 1.78

Particle-size distribution, g/kg

>19 mm 27.2 24.8 27.7

8 to 19 mm 10.1 10.5 9.0

<8 mm 62.6 64.4 63.3

peNDFh 11.6 10.9 11.4

aChopped while mixing TMR (2.5–4.0 cm).
bTrifolium alexandrinum. Sidanit (Zmitut 81 Ltd., Haifa, Israel), containing (% of product):
CaO, 54.2; Al2O3, 1.2; MgO, 1; Na2O, 0.3; K2O, 0.2; SiO2, 0.1; TiO2, 0.1; Fe2O3, 0.04.
cCalcium salts of long-chain fatty acids.
dMix containing (% of mix DM): Zn, 24; Fe, 24; Cu, 12.8; Mn, 24; I, 1.44; Co, 0.32; Se, 0.32; and
16 000 000 IU of vitamin A; 3 200 000 IU of vitamin D3; and 48 000 IU of vitamin E.
eAlpha amylase-treated NDF.
fDCAD, dietary cation and anion difference = Na + K–Cl–S.
gNRC (2001).
hPhysically effective aNDF remaining above the 8-mm sieve.
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for an additional 47 d while recording DMI, BW, milk and milk-
component yields and rumination time. At weeks 1, 3, 5 and 7
subgroups of 7 cows per treatment with similar milk yield
(44.1 ± 1.0 kg/d), DIM (189 ± 11.7) and parity (3.0 ± 0.3) were
selected for rumen pH measurement. The same subgroups were
used to measure whole-tract apparent digestibility at week
7. The selection of 7 cows per treatment were based on our pre-
vious study showing significant differences for DM digestibility
(Shaani et al., 2017). Cows were housed, freely recumbent, in
the open-shade Agricultural Research Organization (ARO)
experimental dairy barn (Rishon Lezion, Israel), which is
equipped with a cow-recognition system for feed-intake measure-
ments (Halachmi et al., 1998). In this barn, cows can move freely
and each cow has access to its individual feeder (assigned prior to
splitting to treatment groups). Since each cow was assigned to a
single feeder, hierarchy interruption among cows was minimized,
and the system detected each visit to the feeder. All cows were
housed in 1 barn as a single group and had free access to water
and their specific feeder. Feed was delivered to the individual fee-
ders once a day between 0900 and 1000 h, and the amount deliv-
ered to each cow was calculated based on the last 5 d of DMI to
provide ad libitum intake (∼5% orts). When a cow consumed
its ration before the next delivery, extra feed was added to the
feeder during the evening or morning milking.

Management, BW measurement and daily rumination times

Cows were milked 3 times daily, at around 0530, 1330 and 2030 h.
Milk yield (kg) and milk fat, protein and lactose contents were
recorded at each milking by an automatic meter equipped with
an online near-infrared spectrometer (Afilab, Afimilk Ltd.,
Kibbutz Afikim, Israel) as described by Weller and Ezra (2016).
Milk samples were collected from 3 consecutive milkings every
21 d and analyzed for milk fat, protein, and lactose by infrared
analysis (standard IDF 141C:2000; IDF, 2000) at the laboratories
of the Israeli Cattle Breeders Association (Caesarea, Israel) to val-
idate the results obtained from the automatic meter. Daily BW
was recorded by an automatic walk-on scale (Afilab, Afimilk
Ltd.) 3 times daily when cows exited the milking parlor. The
ADG (kg/d) for each cow was calculated as the regression slope
of daily weight data against days in the trial. This method is
used to overcome the variation in BW for each cow between milk-
ings and days caused by eating, drinking, urine and fecal size
effects. All cows were equipped with collar-mounted HR tags
(SCR Engineers Ltd., Netanya, Israel) that monitored and trans-
mitted rumination time (Schirmann et al., 2009). Rumination
data were recorded daily during the 7 wk of the experiment by
a special sensor that detects the rhythmic movement of this activ-
ity. Data were stored in 2-h blocks and wirelessly uploaded to the
computer at the milking parlor in real time.

Sample collection and analyses

The TMR of each treatment was sampled weekly from the indi-
vidual feeders immediately after feeding (samples were considered
to calculate intake), and orts were collected from each feeder
before the following day’s feeding, pooled weekly and sampled.
The TMR was mixed and pooled for each treatment, and orts
samples were mixed and pooled for each cow during the trial to
determine the TMR DM content and nutrient composition.
Particle-size distribution of forage, TMR and orts was determined
by a Penn State Particle Separator (PSPS) equipped with a 19-mm

screen (large), an 8-mm screen (medium), and a pan (fine)
(Lammers et al., 1996). The content (on a DM basis) of peNDF
remaining above the 8-mm and 19-mm sieves of the separator
was designated peNDF in this study as recommended by Yang
et al. (2006) and calculated according to Kononoff et al. (2003):
peNDF (g/kg DM) = g wet fraction from the 8 + 19 mm sieves ×
% DM in separated fraction × % NDF in original DM sample/g
DM sample inserted.

Fecal grab samples were collected at wk 7 of the trial from the
subgroups of 7 cows for each treatment 12 times over 3 consecu-
tive days (at 0600, 1200, 1800 and 2400 h) and pooled for each
cow. Fecal samples were dried at 60°C for 48 h in a forced-air
oven and ground to pass through a 1-mm sieve. We determined
DM contents of the 3 TMR, orts and fecal samples by drying
them in a forced-air oven for 48 h at 60°C. NDF treated with
alpha amylase (aNDF, Mertens, 2002) was analyzed with heat-
stable amylase and Na-sulfite using an A200 ANKOM fiber ana-
lyzer and F57 fiber filter bags (ANKOM220 Technology,
Macedon, NY). ADF was determined in sequence after the
aNDF analysis using the same device (based on AOAC official
method 973.18; AOAC, 2019).

The two-stage in vitro digestibility technique of Tilley and
Terry (1963) was used to analyze the content of residual indigest-
ible NDF (iNDF) in the TMR orts and the pooled fecal samples of
each cow. This technique consists of incubation with rumen fluid
for 72 h followed by incubation for 48 h with HCl-pepsin (Adin
et al., 2009). The ratio of iNDF in the TMR to iNDF in the
feces is identical to the ratio of fecal DM to DMI of each cow,
which is the reciprocal of in vivo DM digestibility according to
the following equation (Adin et al., 2009): DM digestibility =
1 – [TMR iNDF (% of DM)/fecal iNDF (% of DM)]. The digest-
ibility values of DM and NDF were calculated for each cow using
its proportion between intake orts and fecal output according to
the equation presented by Adin et al. (2009).

The subgroups were sampled for rumen pH at wk 1, 3, 5 and 7,
twice a day: before feeding at 0600 h (after withholding access to
feed by closing gates for individual feeders for 6 h) and 6 h post-
feeding (after allowing access to feed) at 1500 h. This sampling
routine was based on preliminary observations demonstrating
maximal and minimal rumen pH 1 h prefeeding and 6 h postfeed-
ing, respectively (Shaani et al., 2016). Rumen fluid (∼400 ml) was
collected from each cow with a rumen vacuum connected to a
self-made metal-coated esophageal rubber pipe (2 m length, 15
mm internal diameter). For each sample, to avoid saliva contam-
ination, the vacuum pump was turned on only after the sampler
pipe was inserted through the esophagus and localized in the ven-
tral portion of the rumen. Rumen pH values were determined
onsite with a portable pH meter (PL 600, MRC Israel).

Feed sorting behavior was measured by weighing orts of the
same 3 subgroups used for pH and digestibility measurements.
Orts and feed (0.5 kg DM orts or TMR from weekly pooled sam-
ples of each cow) were sampled for each cow in the subgroups 4
times during the trial after recording intake. Wet particle distribu-
tion was determined on the 3 sieves of the PSPS 24 h postfeeding
and compared to the offered TMR. Sorting index was calculated
as the quantitative ratio between actual DM intake of each
particle-size fraction of the PSPS separator and the predicted
DM intake of each fraction (assuming no sorting). A sorting
index of 100 indicated lack of any sorting (similar DM intake of
the entire TMR and each particle-size fraction measured). A sort-
ing index above 100 indicated a preference for consuming small
particles (Leonardi and Armentano, 2003).
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Calculations and statistical analysis

All data have a normal distribution and were analyzed with for-
mal statistical tests, no transformations were made. ECM yield
(kg/d, of standard milk containing 3.5% fat, 3.5% protein and
5% lactose, with energy value of 0.714Mcal/kg milk: NRC,
2001) was calculated, based on data from each milking, as fol-
lows: milk yield (kg/d) × {[3.887 ×milk fat (%)] + [2.356 × milk
protein (%)] + [1.653 ×milk lactose (%)]}/3.1338 (Moallem,
2016).

To compare the groups receiving 0, 0.74, and 1.47% SB, the
following parameters were summarized daily for each cow:
DMI, milk, milk-component and ECM yields, BW, ECM-to-
DMI ratio and rumination time. Data were analyzed using
the mixed model procedure in JMP pro 16.0 software (SAS
Institute, 2016). Treatment, day and treatment × day were
used as fixed effects, cow nested within treatment was a ran-
dom effect and day served as a repeated measures factor. The
structure of the covariance which gave the lowest AIC values
was autoregressive (AR(1)). Rumen pH was analyzed with a
similar model, with each measurement as a repeated measures
factor. The parameters ADG and in vivo digestibility were sum-
marized by cow. Since those variables were measured once per
cow, we did not include the repeated measures factor nor ran-
dom effect. Dose response was tested by linear and quadratic
contrast with specification of −1, 0, +1 (linear) and + 0.5,
−1, + 0.5 (quadratic) for 0, 0.74 and 1.47% SB, respectively.
The standard error of the mean (SEM) was calculated for each
trait for all treatment variables. Significant differences were
declared at P < 0.05.

Results

Results of intake, milk and milk-component yields and ADG for
cows fed dietary SB of 0, 0.74, and 1.47% of TMR DM are given in
Table 2. There was no effect of dietary SB level on any of these
parameters. The rumen physiology traits (total-tract apparent
digestibility, rumen pH and daily rumination time) are given in
Table 3. Dietary SB concentration did not affect digestibility of
DM or NDF, or rumen pH sampled before or after feeding.
However, dietary SB concentration correlated negatively with
daily rumination time (436, 399, and 376 min/d for dietary SB
at 0, 0.74, and 1.47%, respectively).

Discussion

The hypothesis of this study was that removing dietary SB from
low-roughage TMR with mainly wheat silage and wheat hay as
the forage source would not result in decreased DMI or yield,
thus encouraging dairy farmers to exclude SB from the lactating
cow diet. The results backed up our hypothesis: removing dietary
SB did not affect intake, milk or milk-component yields or ADG.
Our TMR was low-roughage (68.3% concentrates) with mainly
wheat silage and wheat hay (20.6 and 8.9% of TMR DM, respect-
ively) as the forage source. Adding SB to the TMR in our study
did not lead to higher rumen pH at the sampling times and did
not increase digestibility, thus indicating no positive effect on
rumen activity. Our results are supported by Doepel and Hayirli
(2011), who compared 2 non-corn-forage TMR (roughages of
alfalfa hay and barley silage, 15.3 and 34.7%, respectively, and
concentrates of steam-rolled barley, wheat, and corn grains at

Table 2. Comparison of intake, milk and milk-component yields, daily gain, feed efficiency, and eating behavior for cows receiving different levels of sodium
bicarbonate

NaHCO3 (% of TMR DM) P

Item 0 0.74 1.47 SEM Linear Quadratic

Number 14 14 14

DIM 209 218 196 8.44 0.61 -

DMI, kg/d 24.4 25.1 24.7 0.43 0.71 0.72

ECM, kg/d 36.9 36.3 36.5 0.91 0.85 0.85

ECM:DMI 1.53 1.45 1.49 0.02 0.43 0.42

Milk, kg/d 40.6 39.9 41.0 1.03 0.88 0.88

Milk fat, % 3.40 3.42 3.34 0.05 0.66 0.65

Milk protein, % 3.13 3.17 3.08 0.03 0.49 0.48

Milk lactose, % 4.86 4.77 4.79 0.02 0.11 0.10

Fat, kg/d 1.37 1.35 1.35 0.03 0.79 0.79

Protein, kg/d 1.27 1.26 1.25 0.03 0.88 0.88

ADG, kg/d 0.06 0.16 −0.03 0.039 0.34 0.33

Eating time, min/d 239.1 208.1 231.3 3.92 0.49 0.44

Eating rate, g DM/min 102.0 120.6 106.7 2.98 0.54 0.50

Meala frequency/d 4.91 5.09 4.98 0.12 0.78 0.78

Meal size, kg DM 4.97 4.93 4.96 0.16 0.87 0.87

Meal duration, min 51.8 45.6 49.8 0.80 0.34 0.29

aA meal is defined as the sum of close visits initiated less than 33 min after the end of the previous visit. Meal duration is calculated as sum of visits + intervals between visits during an
average meal.
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9.8, 20.0, and 5.1%, respectively), with or without 0.75% SB, and
reported no effect of dietary SB on intake, ECM yield, or milk
yield. Dietary SB in their study did not affect rumen pH recorded
at the sampling times used in our study (before and after feeding)
and they did not observe signs of SARA (Doepel and Hayirli,
2011). On the other hand, Cruywagen et al. (2015) measured
the effect of removing SB from a non-corn-forage TMR (oat
and alfalfa hay, both 17.6 and 40% corn grains) on intake, yield
and rumen pH measured continually. In their study, removing
SB decreased milk fat yield (1.22 to 1.06 kg/d) and ECM (32.0
to 29.2 kg/d). They also reported lower average rumen pH (5.3
vs. 6.0) when SB was excluded from the TMR, with cows experi-
encing prolonged periods of rumen pH below 5.5 (13.8 h/d) and
showing signs of SARA (panting and drooling). This discrepancy
may be explained by the large content of corn grains in
Cruywagen et al.’s (2015) study (40% compare to 26.1% in our
study), different roughage (oat and alfalfa hay compared to
mainly wheat silage and wheat hay), or lower NDF (26.3% com-
pared to 31.0% of DM in our study). Hu and Murphy (2005) con-
cluded that the positive effect of adding SB appears when the
TMR roughage is composed mainly of corn silage. However,
their conclusion may also be valid for other types of forage
depending on various characterizations, or when there is a large
amount of corn grains in the concentrate, explaining the results
of Cruywagen et al. (2015). Another explanation might be differ-
ences in peNDF between their study (20.4–20.5%) and ours
(10.9–11.6%). Our TMR that included 26.1% corn grain and
did not cause a decrease in rumen pH or milk fat yield when
SB was excluded. Support for our result can also be found in
the work of Bach et al. (2018), where SB did not affect rumen
pH after subjecting the cows to a concentrate challenge by

increasing barley grains from 20.4 to 32.1% of TMR DM. Their
TMR included 19.9% corn grains and 50% corn silage.
However, their data were insufficient to draw any conclusion on
the effect of grain source (corn or others) on the role of SB in
rumen pH.

In our study, omitting SB encouraged rumination, as reflected
by the negative linear relationship between dietary SB content and
daily rumination time (Table 3). Most of the differences in rumin-
ation time occurred at night (Fig. 1b) in accordance with
Beauchemin (2018), who stated that most rumination occurs at
night when the cows are at rest. DeVries et al. (2009) artificially
created a high risk for SARA in lactating cows by replacing
some of the barley silage with barley and corn grains (52.7, 10.6
and 2.4% of TMR DM to 39.6, 19.6 and 8.0%, respectively).
They found that cows subjected to the high-risk TMR ruminated
less than those fed the control TMR, which was expected because
the high-SARA-risk TMR contained less NDF (Beauchemin,
2018). However, they also found that rumination time increased
with increasing time of rumen pH under 5.8 (for 1 h of rumen
pH < 5.8, cows ruminated an additional 12.3 min/d, R2 = 0.91).
They explained that these results are not entirely surprising
given that pH < 5.8 is harmful to ruminal cellulolytic bacteria
(Russell and Wilson, 1996) and, therefore, detrimental to fiber
digestibility. The negative linear relationship between dietary SB
content and daily rumination time in our study (Table 3) may
have compensated for the lack of buffer, because we only observed
a tendency toward lower pH and there was no difference in aNDF
digestibility. One should note that since most differences in
rumination time occurred at night, and we measured pH during
the daytime, we may have missed a night-time decrease in
rumen pH. With respect to overall rumen activity, removing

Table 3. Comparison of whole-tract apparent digestibility of DM and NDF, rumen pH, rumination time, and feed sorting of cows receiving different levels of sodium
bicarbonate

NaHCO3 (% of TMR DM) P

Item 0 0.74 1.47 SEM Linear Quadratic

Number 7 7 7

Digestibility, %

DM 66 69 64 1.7 0.54 0.52

aNDF1 37 39 36 1.9 0.75 0.49

Rumen pH

Morning (0600 h) 6.95 6.92 6.92 0.023 0.51 0.60

Afternoon (1400 h) 6.15 6.34 6.21 0.034 0.51 0.50

Rumination

Min/d 436 399 376 12.3 0.01 0.56

Min/kg DM 17.9 15.9 15.2 0.70 0.01 0.40

Sorting index2

Large particles (>19 mm) 1.25 0.95 0.94 0.089 0.95 0.95

Medium particles (8 mm to 19mm) 0.97 0.96 1.02 0.011 0.04 0.05

Fine particles (<8 mm) 0.90 1.03 1.03 0.037 0.95 0.95

a,bMean values in the same row with different superscripts differ for the interaction between rumination parameters and sodium bicarbonate supplementation.
1Alpha amylase-treated NDF.
2Sorting index was calculated as the quantitative ratio between actual intake (after 24 h) and predicted DM intake (without any sorting) of each fraction retained on sieves of the Penn State
Particle Separator. A sorting index of 100 indicates lack of any sorting (similar intake of the TMR DM and the fraction). Sorting index below 100 indicates sorting by cows against
non-consumed large particles (>19mm) (Leonardi and Armentano, 2003).

382 Yehoshav A. Ben Meir et al.

https://doi.org/10.1017/S0022029925000159
Downloaded from https://www.cambridge.org/core. IP address: 216.73.216.110, on 18 Jun 2025 at 18:59:58, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0022029925000159
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


dietary SB did not impair the digestibility of DM or aNDF, sug-
gesting that longer rumination time does indeed compensate for
the lack of buffer. There was no effect of dietary SB on sorting
index (Table 3) of large or fine feed particles, and cows sorted
in favor of the medium-size particles (8 to 19 mm) in relation
to dietary SB. Therefore, we can link the increase in daily rumin-
ation time to the lack of dietary SB. However, it should be noted

that we did not use an observer to record rumination but rather a
collar tag, and some other jaw movements might have resulted in
recording ‘pseudo rumination’ as rumination. Further research is
thus warranted to study the relationship between TMR grain
source and the need for a buffer. Another limitation for the con-
clusion regarding the effect of adding buffer on rumination time
relates to the differences in urea concentration that were 0.2, 0.23.

Figure 1. Daily feed intake (a) and rumination time (b) of cows fed diets supplemented with sodium bicarbonate at a concentration of 0 (dotted line), 0.74 (dashed
line) and 1.47% (solid line) of TMR DM. For feed intake (a), bars represent ± SE at each hour of the day for each group and there was no effect of treatment (P > 0.05)
apart from a treatment × time interaction (P < 0.01). For rumination time (b), bars represent ± SE for each 2-h rumination period for each group and L, Q indicate
significant difference (P < 0.05) for linear or/and quadratic contrasts at the respective time. There is a treatment × time interaction (P > 0.01). Large arrow is feeding,
small arrows are milking.
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0.26% of TMR DM for the treatments of 0, 0.74, and 1.47% SB,
respectively. However, in their meta-analysis, Souza et al. (2022)
dismiss the relation between dietary CP for TMR ranged from
12.2 to 22.1% CP of TMR DM, which would suggest low to
non-effect of dietary N on rumination time in our study as
well. On the other end, Souza et al. (2022) in principal component
analysis, show some negative relationship between feed FA and
rumination time. In order to balance TMRs NeL we added
Ca-LCFA from 1.21% of TMR DM for 0% SB up to 1.78% for
1.47% SB. Accordingly, EE concentrations were 4.14, 4.38 and
4.63% of TMR DM for 0, 0.72, and 1.47% SB, respectively. As a
lower rumination time was recorded for the highest SB concentra-
tion, without an additional study assessing the effect of feed FA
concentration on rumination time this factor cannot be dismissed.
Future studies should concentrate on this type of diet (wheat,
wheat silage, hay and corn grains) with and without buffer
(sodium bicarbonate, etc.).

In conclusion, based on this study of a TMR containing wheat
silage (20.6%), hay (8.9%) and corn grains (24.1–26.1%), remov-
ing SB does not affect intake, digestibility or milk or milk-
component yields. However, due to the longer rumination time,
we cannot dismiss the possible risk of SARA when dietary SB is
completely removed. Further research with more detailed rumen
pH monitoring is needed with this diet type to assess if removal
of dietary buffers like SB increases the risk for SARA.

Acknowledgments. The authors express their appreciation to Yavne Feeding
Center for producing the TMR, and to the team at the ARO research dairy
farm for their efforts. This study was supported by grant no. 870-1613 from
the Israeli Dairy Board Foundation.

References

Adin G, Solomon R, Nikbachat M, Zenou A, Yosef E, Brosh A, Shabtay A,
Mabjeesh SJ, Halachmi I and Miron J (2009) Effect of feeding cows in
early lactation with diets differing in roughage-neutral detergent fiber con-
tent on intake behavior, rumination, and milk production. Journal of Dairy
Science 92, 3364–3373.

AOAC (2019) Official Methods of Analysis, vol. 1, 21st Edn. Rockville, MD:
Association of Official Analytical Chemists.

Bach A, Guasch I, Elcoso G, Duclos J and Khelil-Arfa H (2018) Modulation
of rumen pH by sodium bicarbonate and a blend of different sources of
magnesium oxide in lactating dairy cows submitted to a concentrate chal-
lenge. Journal of Dairy Science 101, 9777–9788.

Beauchemin KA (2018) Invited review: current perspectives on eating and
rumination activity in dairy cows. Journal of Dairy Science 101, 4762–4784.

Ben Meir YA, Shaani Y, Bikel D, Portnik Y, Jacoby S, Moallem U, Miron J
and Frank E (2023) Reducing dietary sodium of dairy cows fed a low-
roughages diet affect intake and feed efficiency, but not yield. Animal
Nutrition 12, 1–6.

Canale CJ and Stokes MR (1988) Sodium bicarbonate for early lactation cows
fed corn silage or hay crop silage-based diets. Journal of Dairy Science 71,
373–380.

Cruywagen CW, Taylor S, Beya MM and Calitz T (2015) The effect of buf-
fering dairy cow diets with limestone, calcareous marine algae, or sodium
bicarbonate on ruminal pH profiles, production responses, and rumen fer-
mentation. Journal of Dairy Science 98, 5506–5514.

DePeters EJ, Fredeen AH, Bath DL and Smith NE (1984) Effect of sodium
bicarbonate addition to alfalfa hay-based diets on digestibility of dietary
fractions and rumen characteristics. Journal of Dairy Science 67, 2344–2355.

DeVries TJ, Beauchemin KA, Dohme F and Schwartzkopf-Genswein KS
(2009) Repeated ruminal acidosis challenges in lactating dairy cows at
high and low risk for developing acidosis: feeding, ruminating, and lying
behavior. Journal of Dairy Science 92, 5067–5078.

Doepel L and Hayirli A (2011) Exclusion of dietary sodium bicarbonate from
a wheat-based diet: effects on milk production and ruminal fermentation.
Journal of Dairy Science 94, 370–375.

Erdman RA (1988) Dietary buffering requirements of the lactating dairy cow:
a review. Journal of Dairy Science 71, 3246–3266.

Halachmi I, Edan Y, Maltz E, Peiper UM, Moallem U and Brukental I
(1998) A real-time control system for individual dairy cow food intake.
Computer and Electronics in Agriculture 20, 131–144.

HuW and Murphy MR (2004) Dietary cation–anion difference effects on per-
formance and acid-base status of lactating dairy cows: a meta-analysis.
Journal of Dairy Science 87, 2222–2229.

Hu W and Murphy MR (2005) Statistical evaluation of early- and mid-
lactation dairy cow responses to dietary sodium bicarbonate addition.
Animal Feed Science and Technology 119, 43–54.

IDF (2000) Standard 141C: Whole Milk: Determination of Milkfat, Protein and
Lactose Content—Guidance on the Operation of Mid-Infrared Instruments.
Brussels, Belgium: International Dairy Federation.

Iwaniuk ME and Erdman RA (2015) Intake, milk production, ruminal, and
feed efficiency responses to dietary cation–anion difference by lactating
dairy cows. Journal of Dairy Science 98, 8973–8985.

Khelil-Arfa H, Faverdin P and Boudon A (2014) Effect of ambient tempera-
ture and sodium bicarbonate supplementation on water and electrolyte bal-
ances in dry and lactating Holstein cows. Journal of Dairy Science 97,
2305–2318.

Kononoff PJ, Heinrichs AJ and Lehman HA (2003) The effect of corn silage
particle size on eating behavior, chewing activities, and rumen fermentation
in lactating dairy cows. Journal of Dairy Science 86, 3343–3353.

Lammers BP, Buckmaster DR and Heinrichs AJ (1996) A simple method for
the analysis of particle sizes of forage and total mixed rations. Journal of
Dairy Science 79, 922–928.

Leonardi C and Armentano LE (2003) Effect of quantity, quality, and length
of alfalfa hay on selective consumption by dairy cows. Journal of Dairy
Science 86, 557–564.

Matamoros C, Cai J, Patterson AD and Harvatine KJ (2021) Comparison
of the effects of short-term feeding of sodium acetate and sodium
bicarbonate on milk fat production. Journal of Dairy Science 104,
7572–7582.

Mertens DR (2002) Gravimetric determination of amylase-treated neutral
detergent fiber in feeds with refluxing in beakers or crucibles: collaborative
study. Journal of AOAC International 85, 1217–1240.

Moallem U (2016) Future consequences of decreasing marginal production
efficiency in the high-yielding dairy cow. Journal of Dairy Science 99,
2986–2995.

National Academies of Science, Engineering, and Medicine (2021) Nutrient
Requirements of Dairy Cattle, 8th Revised Edn. Washington, DC, USA: The
National Academies Press.

NRC (2001) Nutrient Requirements of Dairy Cattle, 7th Revised Edn.
Washington, DC, USA: The National Academies Press.

Russell JB and Wilson DB (1996) Why are ruminal cellulolytic bacteria
unable to digest cellulose at low pH? Journal of Dairy Science 79,
1503–1509.

SAS Institute (2016) JMP® 13 Fitting Linear Models. Cary, NC, USA: SAS
Institute Inc.

Schirmann K, von Keyserlingk MAG, Weary DM, Veira DM and Heuwieser
W (2009) Technical note: validation of a system for monitoring rumination
in dairy cows. Journal of Diary Science 92, 6052–6055.

Shaani Y, Eliyahu D, Mizrahi I, Yosef E, Ben-Meir YA, Nikbachat M,
Solomon R, Mabjeesh SJ and Miron J (2016) Effect of feeding ensiled mix-
ture of pomegranate pulp and drier feeds on digestibility and milk perform-
ance in dairy cows. Journal of Dairy Research 83, 35–41.

Shaani Y, Nikbachat M, Yosef E, Ben-Meir Y, Mizrahi I and Miron J (2017)
Effect of feeding long or short wheat hay v. wheat silage in the ration of lac-
tating cows on intake, milk production and digestibility. Animal: An
International Journal of Animal Bioscience 11, 2203–2210.

Souza JG, Ribeiro CVDM and Harvatine KJ (2022) Meta-analysis of rumin-
ation behavior and its relationship with milk and milk fat production,
rumen pH, and total-tract digestibility in lactating dairy cows. Journal of
Dairy Science 105, 188–200.

384 Yehoshav A. Ben Meir et al.

https://doi.org/10.1017/S0022029925000159
Downloaded from https://www.cambridge.org/core. IP address: 216.73.216.110, on 18 Jun 2025 at 18:59:58, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0022029925000159
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


Stokes MR, Vandemark LL and Bull LS (1986) Effects of sodium bicarbonate,
magnesium oxide, and a commercial buffer mixture in early lactation cows
fed hay crop silage. Journal of Dairy Science 69, 1595–1603.

Tilley JMA and Terry RA (1963) A two-stage technique for the in vitro diges-
tion of forage crops. Grass Forage Science 18, 104–111.

Tucker WB, Aslam M, Lema M, Shin IS, Ruyet PL, Hogue JF, Buchanan
DS, Miller TP and Adams GD (1992) Sodium bicarbonate or multielement

buffer via diet or rumen: effects on performance and acid–base status of lac-
tating cows. Journal of Dairy Science 75, 2409–2420.

Weller JI and Ezra E (2016) Genetic and phenotypic analysis of daily Israeli
Holstein milk, fat, and protein production as determined by a real-time
milk analyzer. Journal of Dairy Science 99, 9782–9795.

Yang J, Ouellet DR and Beauchemin SS (2006) Particle size reduction and its
effect on the quality of maize silage. Journal of Dairy Science 89, 1479–1486.

Journal of Dairy Research 385

https://doi.org/10.1017/S0022029925000159
Downloaded from https://www.cambridge.org/core. IP address: 216.73.216.110, on 18 Jun 2025 at 18:59:58, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0022029925000159
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

	Removing dietary sodium bicarbonate increases rumination time but does not affect intake or milk yield
	Materials and methods
	Animals and experimental design
	Management, BW measurement and daily rumination times
	Sample collection and analyses
	Calculations and statistical analysis

	Results
	Discussion
	Acknowledgments
	References


