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ABSTRACT

Rumination involves a complex series of muscle con-
tractions that bring a bolus of ingesta to the mouth
for further mastication before it is swallowed again.
Healthy cows ruminate 8 to 9 h/d. Hypocalcemia is
known to disrupt nerve and muscle function. Our hy-
pothesis was that hypocalcemia in periparturient cows
would reduce rumination activity. Twenty-six Holstein
cows entering their third lactation or greater were fed a
control diet [dietary cation-anion difference (DCAD) =
+196 mEq/kg of dry matter (DM)] or a low DCAD diet
supplemented with anions (DCAD = —9 mEq/kg of
DM) prepartum. Periparturient plasma Ca concentra-
tion and rumination rate were determined. Four of 12
control cows developed clinical milk fever, necessitating
intravenous Ca therapy. Rumination rate decreased in
all cows around the time of calving. Rumination rate
on the first and second day of lactation was highly cor-
related with the cow’s plasma Ca concentration on the
first day of lactation. In one of our statistical models, a
normocalcemic cow was defined as a cow whose plasma
Ca concentration remained above 2.00 mM. Cows were
retrospectively classified as normocalcemic, subclini-
cally hypocalcemic, or clinically hypocalcemic (milk
fever). Only 4 cows were considered normocalcemic,
and all had been fed the low DCAD diet. Normocalce-
mic cows spent more time ruminating on the first day
after calving than subclinically hypocalcemic cows or
cows with milk fever. Cows with milk fever had a lower
rumination rate than normocalcemic cows through d
3 of lactation. Rumination activity in cows with milk
fever was almost nondetectable in the hours before and
after intravenous Ca treatment for an extended period,
despite the return of muscle function that allowed the
cows to stand and eructate following treatment. Other
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statistical models using different definitions of normo-
calcemia gave qualitatively similar results. Diet had a
great effect on plasma Ca concentration and rumina-
tion rate. Even when cows with clinical milk fever were
removed from the control cow data set, cows on the low
DCAD diet had significantly greater plasma Ca con-
centrations in the first 36 h after calving and a higher
rumination rate on d 1 of lactation (248 4+ 26 min) than
control cows (158 £ 32 min).

Key words: hypocalcemia, rumination, milk fever,
dietary cation-anion difference (DCAD)

INTRODUCTION

Rumination consists of regurgitation of forage par-
ticles and ingesta from the rumen into the mouth to
allow for chewing and reduction of particle size before
swallowing (Van Soest, 1994). Healthy cows typically
spend 460 to 540 min/d ruminating (Bae et al., 1983;
SCR Research, 2013; Stangaferro et al., 2016). Rumina-
tion involves the tongue, pharynx, esophagus, and ru-
men/reticulum. Their coordinated movement requires
visceral sensory afferent nerves to signal the presence
of the rumen forage raft to the medullary brain and
cortex. The muscles involved in regurgitation are then
activated (Stevens and Sellers, 1959; Ruckebusch,
1989). The striated musculature of the tongue, phar-
ynx, and esophagus in ruminants is under some degree
of voluntary control mediated by cranial nerves (tongue
and pharynx) and vagal parasympathetic activation of
enteric nervous system fibers (esophagus). Forestomach
motility is controlled primarily by parasympathetic
tone of the vagus nerve. As well, neurons exhibit a de-
gree of autonomous control of motility in the myenteric
plexus of the esophagus and rumen (Pfannkuche et al.,
2002).

Extracellular Ca inhibits entry of Na into nerve cells
through voltage-gated Na channels. During hypocal-
cemia, the uninhibited entry of Na into the neurons
increases neuronal excitability (Han et al., 2015). This
can cause nerves to initiate action potentials without
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provocation at times when they should be in the rest-
ing state, interfering with coordinated reflex generation
(Castilla-Guerra et al., 2006).

Muscle is also affected by hypocalcemia. In smooth
muscle, the stimuli that initiate contraction, such as ace-
tylcholine released by post-ganglionic parasympathetic
fibers, cause Ca channels to open in the sarcolemma
of smooth muscle fibers. Extracellular Ca moves into
the cytosol and binds calmodulin. The Ca—calmodulin
complex binds to myosin light chain kinase to initiate
contraction. Hypocalcemia reduces the strength and
speed of smooth muscle contraction (Webb, 2003). In
skeletal muscle, the amount of acetylcholine released
from motor neurons in response to action potentials is
reduced if extracellular Ca concentration is lower than
normal. This reduces the strength of contraction of
skeletal muscles.

Rumen smooth muscle contraction ceases when blood
ionized Ca concentrations fall to 0.6 mM, equivalent to
a total blood Ca concentration of ~1.3 mM (5.3 mg/
dL; Jorgensen et al., 1998). Hansen et al. (2003) intra-
venously administered the Ca-binding agent Na EDTA
to cows to decrease blood ionized Ca concentration.
Feed intake decreased linearly with the decline in ion-
ized Ca concentration. The authors also observed time
spent chewing during eating, and the number of rumi-
nation episodes decreased as well. They concluded that
subclinical hypocalcemia depressed feed intake and
rumination activity in dairy cows.

Rumen motility can be auscultated using a stetho-
scope in the left paralumbar fossa or by placing pressure
transducers in the rumen. Motility is an involuntary as-
pect of rumination that is often restored to normal rate
and strength following administration of intravenous
Ca to the cow with milk fever (Daniel, 1983). However,
complete rumination activity—which also involves
central nervous system input to coordinate retrograde
propulsion of the forage bolus up the esophagus and
into the mouth for chewing—may not be fully restored.
Rumination monitoring systems have been developed
in recent years that use accelerometers to gauge ru-
mination activity by detecting movements associated
with mastication. The purpose of this study was to
determine whether hypocalcemia affected rumination
activity in older periparturient Holstein cows fed a high
or low DCAD diet to increase or reduce periparturient
hypocalcemia.

MATERIALS AND METHODS

All procedures performed on the cows in this study
were approved by the Iowa State University Institu-
tional Animal Care and Use Committee. Twenty-six
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cows entering their third lactation or greater, expected
to calve between October 10, 2017, and January 7,
2018, were assigned to either a control diet (no anion
supplemented; DCAD = 4196 mEq/kg of DM) or a
low DCAD diet (anion supplemented; DCAD = —9
mEq/kg of DM), based on parity and expected calv-
ing date. The diets were expected to result in a range
of plasma Ca concentrations. In our previous studies
(Goff et al., 1989; Goff and Koszewski, 2018), cows fed
a high DCAD diet had a plasma Ca concentration the
day after calving of ~1.88 4+ 0.4 mM [mean + standard
deviation (SD)]. In our calculations to determine the
number of cows needed for the study, we determined
that a low DCAD diet would need to improve plasma
Ca to 2.25 4+ 0.4 mM to be considered successful. Using
an o error level of 0.05 and desiring that statistical
power exceed 85%, we concluded that at least 12 cows
would be required for each diet treatment.

Diets were composed primarily of corn silage and
wheat straw (Table 1). The low DCAD supplement
used hydrochloric acid added to a carrier of sunflower
meal, rice hulls, limestone, and MgO as the source of
anion (Non-GMO Soychlor; Landus Cooperative, Ames,
TA). The control supplement used the same carrier but
was prepared with no added hydrochloric acid (Landus
Cooperative). Forage nutrient composition was deter-
mined 8 wk before the first cow calved, and 4 and 9
wk after. The samples were dried overnight at 60°C to
determine moisture content before being sent to a com-
mercial laboratory. Forage analysis included wet chem-
istry for protein fractions, structural carbohydrates,
minerals (including sulfur and chloride), fat, starch, and
calculated NE; (CPM Plus Analysis, Cumberland Val-
ley Analytical Services, Waynesboro, PA). The nutri-
ent composition for each diet presented in Table 1 was
calculated using the mean nutrient composition of the
forage analyses along with the nutrient specifications
supplied by the manufacturers of the concentrates, vi-
tamins, and minerals. The amount of corn silage added
to the feed mixer was adjusted based on moisture con-
tent determined by farm staff. The other forages and
diet components were from single large batches bought
for the study and protected under a roof. Dry matter
contents of offered diet and orts were determined every
4 wk to allow for calculation of daily DMI. At 4 wk be-
fore their expected calving date, cows were moved into
a maternity area bedded with corn stover that provided
a minimum of 11 m? of lying space per cow. Cows were
fed their respective diets behind Calan gates that were
set 76 cm apart (American Calan, Northwood, NH). All
cows had experience eating behind Calan gates in ear-
lier lactations. All cows were permitted at least 3 d to
acclimate to their respective Calan gate and diet before
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feed intake data were recorded. All cows had at least 14
d of diet DMI recorded before calving. Each cow was
offered ~17 kg (DM) of the appropriate prepartal diet,
and refused feed was weighed back daily. After calving
on the bedded pack, cows were milked in an adjacent
barn and returned to the maternity area for the first 5
d of lactation. After the first milking, which was within
5 h of calving, all cows were switched to the lactation
diet fed to the lIowa State dairy herd. Each cow was
offered ~23 kg of DM/d of the lactation diet fed behind
the same Calan gate used by that cow before calving,
and the cow remained housed in the same corn-stover-
bedded pen she had calved in. We determined DMI for
each cow until d 5 of lactation. After d 5 of lactation,
cows were moved to a fresh cow pen not equipped with
Calan gates in a freestall barn until they were 10 d
in lactation. This pen ensured at least 76 cm of bunk

Table 1. Composition of diets fed to cows for the final 4 wk of
gestation

Low
Component Control DCAD
Ingredient (% of DM)
Corn silage 50.9 51.1
Wheat straw 23.7 24.1
Expeller’s soymeal® 3.7 3.7
Soybean meal, solvent, 48% 5.4 5.4
protein
Legume hay — 5.2
Molasses, beet sugar 1.1 1.1
Vitamin ADE, mil_lel‘a152 2.13 2.13
Anion supplement” 0 7.3
Control supplement* 7.3 0
Analysis (% of DM)
CP 11.7 11.8
NDF (forage NDF) 44.8 (41.6) 44.8 (41.6)
ADF 32.2 32.1
NFC 37 36
Crude fat 2.6 2.6
NE, (Mcal/kg) 1.41 1.41
Ca 0.66 0.65
Mg 0.47 0.46
P 0.25 0.24
K 1.24 1.25
Cl 0.22 0.93
Na 0.09 0.09
S 0.17 0.17
DCAD’ (mEq/kg) +196 -9
MP® (g/d) 1,072 1,076
Predicted absorbed Ca’ (g/d) 45 46

'SoyPlus, Landus Cooperative (Ralston, TA).

“Supplied 110,000 IU of vitamin A, 35,000 IU of vitamin D, and 2,500
IU of vitamin E per day and met or exceeded NRC (2001) require-
ments for trace minerals.

33oyChlor, Non-GMO, Landus Cooperative.

‘Sunflower meal, rice hulls, limestone, and magnesium oxide (similar
to Soychlor, Non-GMO except that no hydrochloric acid was included;
Landus Cooperative).

"DCAD = (mEq Na + mEq K) — (mEq Cl + mEq SO,).
SCalculated MP based on 13.0 kg of DMI/d (NRC, 2001).
Calculated absorbable Ca at intake of 13.0 kg of DMI/d (NRC, 2001).
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space per cow and less than 85% stocking density of
freestalls. After d 10, cows were moved to the larger
lactating pens of the farm.

Heparinized blood samples were obtained from each
cow at least once per week for the 3 wk before calving.
Beginning approximately 1 wk before expected calving,
cows were bled daily. Most of the cows were bled within
1 h after calving, and this time point is referred to as
time 0 in the study. For a few cows that calved between
2300 and 0400 h, the first blood sample after calving,
time 0, was taken no more than 5 h after calving. Blood
was also sampled at 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 10
d after calving. Blood Ca and Mg concentrations were
determined by inductively coupled plasma MS (Varian-
Agilent ICP-MS, Santa Clara, CA) on plasma samples
diluted 1:25 with 1% nitric acid. Plasma inorganic P
concentration was determined by reaction with acidic
ammonium molybdate (Amador and Urban, 1972).
Urine samples were obtained by manually stimulat-
ing micturition several times before calving from each
cow, and urine pH was determined within 1 h using a
calibrated pH meter (Fisher Scientific, Waltham, MA).
The pH value of the sample obtained closest to parturi-
tion was used in determining the mean effect of diet on
urine pH. Body condition score (5 point scale; Ferguson
et al., 1994) was recorded at 1 to 2 wk pre-calving.

Rumination Monitoring

The rumination monitoring system used a neck collar
to hold an accelerometer over the left lateral pharyn-
geal area (HR LD tag; SCR Dairy, Netanya, Israel).
Raw data were interpreted by an algorithm developed
by SCR Dairy as minutes spent ruminating during 2-h
periods. These data were summed to determine minutes
spent ruminating per 6 h (0.25 d) or 24 h (1 d) before
or after calving. The metal neck collar weight designed
to keep the HR tag and collar in place activated the
Calan gates and was replaced with a sand bag of simi-
lar weight. The collar was also taped to the poll area of
a halter on the cow to help keep it in place. Each cow
also wore a rope collar with the assigned Calan gate
key. Data from the rumination monitoring system were
collected wirelessly in an adjacent barn.

Statistical Analyses

One cow assigned to the control diet gave birth to
stillborn twins 3 wk before she was due to calve and
was removed from the study. One cow in each diet
treatment group delivered twins, and their data are
included.

Pearson’s product moment correlations were calcu-
lated to determine the relationship between blood Ca
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concentration in the middle of a 24-h period just before
and after calving and rumination activity on the days
(24-h periods) before and after calving. We assessed
the effects of Ca status and diet on plasma Ca, Mg,
P, DMI, and rumination activity using the MIXED
procedure in SAS 7.1 (SAS Inc., Cary, NC). The Ca
status of the cows was used to categorize them as hav-
ing normocalcemia, subclinical hypocalcemia, or clini-
cal hypocalcemia (milk fever). Four cows that received
the control diet developed clinical hypocalcemia and
were categorized as having milk fever in all models.
Several definitions of normocalcemic were evaluated in
statistical models.

Model 1. Cows were considered normocalcemic if
their blood Ca remained above 2.00 mM (8.0 mg/dL)
in all blood samples. Cows without milk fever but with
at least 1 blood sample with a Ca concentration below
2.00 mM were classified as having subclinical hypocal-
cemia.

Model 2. Cows were considered normocalcemic if
their blood Ca remained above 1.75 mM (7.5 mg/dL)
in all blood samples. Cows without milk fever but with
at least 1 blood sample with a Ca concentration below
1.75 mM were classified as having subclinical hypocal-
cemia.

Model 3. Cows were considered normocalcemic if
their blood Ca concentration at the 36-h time point
or later remained above 2.00 mM. Cows without milk
fever but with at least 1 blood sample with a Ca con-
centration below 2.00 mM at the 36-h time point or
later were classified as having subclinical hypocalcemia.

Model 4. Cows were categorized by diet and then
by clinical status as cows with or without milk fever.
None of the cows fed the low DCAD diet developed
milk fever.

Model Effects. One of the main effects included
in the models was Ca status (normocalcemia, subclini-
cal hypocalcemia, or milk fever), or diet/clinical status
(low DCAD, control without milk fever, control with
milk fever). The other main effect in all models was day
around calving. The model also included interactions
between the main effects. Cow nested within Ca status
or diet/clinical status was the subject, and day around
calving was the repeated measure. An autoregressive
covariance structure was used because it yielded the
Akaike information criterion that was closest to zero
(Littell et al., 1998). When tests of fixed effects indi-
cated a significant effect at P < 0.10, post hoc pairwise
testing of differences between least squares means at
each day was performed using the Slice option in SAS
and the Tukey adjustment for the number of tests per-
formed. Data on BCS, 4 d total milk production, and
urine pH before calving were compared using Student’s
t-test.
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RESULTS AND DISCUSSION

Cow Attributes

Cows were fed the control diet for 21.3 + 1.7 d or
the low DCAD diet for 21.2 £ 1.3 d before calving
[mean =+ standard error of the mean (SEM)]|. Urine
pH measured in the week before calving for cows fed
the control diet (8.26 + 0. 06) was significantly greater
than in cows fed the low DCAD diet (6.93 £ 0.17; P <
0.0001). Cows’ parity (3.58 £ 0.23 for control and 3.46
+ 0.22 for low DCAD) and BCS before calving (3.13 +
0.06 for control and 3.17 £ 0.07 for low DCAD) did not
differ across the diet treatments. Three control cows
and 2 cows fed the low DCAD diet did not complete
their lactations because they were culled after develop-
ing mastitis or lameness, which occurred beyond the
first 20 DIM. Cows fed the control and low DCAD diets
produced similar amounts of milk during the first 4 d of
lactation (96.3 £+ 4.6 and 108.0 £ 5.5 kg, respectively;
P =0.12).

Four of the control cows developed severe hypocal-
cemia and became recumbent. They were diagnosed as
having milk fever, confirmed by blood Ca concentration
below 1.25 mM before intravenous treatment with 500
mL 23% Ca gluconate (Durvet, Blue Springs, MO).
Two of the cows with milk fever received an oral Ca
bolus (Transition Bolus; MAI, Spring Valley, WI) 12
to 24 h after intravenous Ca treatment, because clinical
examination suggested they were again developing se-
vere hypocalcemia. Data from these cows are included
in treatment means, but blood Ca concentrations deter-
mined within 10 h of intravenous or oral Ca treatment
were excluded from plasma Ca concentration means
used in the statistical analysis.

Effects of Ca Status

Correlations Between Hypocalcemia and Ru-
mination Activity. Plasma Ca concentration during
the middle of the first day of lactation (0.5 d) was
highly correlated with rumination rate on the first day
of lactation, when many cows were hypocalcemic (r =
0.75, P < 0.001; Figure 1A). Plasma Ca concentration
at time 0.5 d was also correlated with rumination rate
on the second day after calving, even though blood Ca
concentrations had increased in most cows by d 2 (r =
0.68, P < 0.001; Figure 1B). The correlation between
rumination rate on d 2 (the second 24-h after calving)
and plasma Ca concentration at 1.5 d after calving was
not as strong (r = 0.35, P < 0.08; Figure 1C). These
data suggest that hypocalcemia on the first day of lac-
tation and its attendant effect on other factors such as
DMI may have persistent effects on rumination activity.
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Figure 1. Correlations between plasma Ca concentration (mA) and rumination rate expressed in minutes spent ruminating per day. (A)
Correlation between plasma Ca concentration at the midpoint of d 1 of lactation (+0.5 d blood sample) and rumination rate on d 1 of lactation
(r=10.75, P < 0.001); (B) correlation between plasma Ca concentration at the midpoint of d 1 of lactation (0.5 d blood sample) and rumina-
tion rate on d 2 of lactation (r = 0.68, P < 0.001); (C) correlation between plasma Ca concentration at the midpoint of d 2 of lactation (+1.5 d
blood sample) and rumination rate on d 2 of lactation (r = 0.35, P < 0.10); (D) correlation between plasma Ca concentration at the midpoint
of d 1 of lactation (40.5 d blood sample) and rumination rate on the day before calving (r = 0.39, P < 0.05).

Liboreiro et al. (2015) found only a weak correlation
(r = 0.15) between periparturient hypocalcemia and
daily rumination rate. However, they used only a single
blood sample obtained at some point in a 3-d period
after calving to assess the Ca status of an individual
cow. Paudyal et al. (2018) developed an index based
on rumination activity in an individual cow around the
time of calving relative to herd mates. This index was
able to detect cows with clinical hypocalcemia (milk
fever) with 100% sensitivity and 85% specificity. Sub-
clinical hypocalcemia was not examined in that study.

Rumination rate can be used to predict the develop-
ment of metritis and metabolic disease, such as ketosis
and displacement of the abomasum, because these dis-
orders cause depression of the rumination rate 1 to 2 d
before the onset of clinical signs diagnosed by human
observers (Kaufman et al., 2016; Stangaferro et al.,
2016). In Figure 1D, the correlation between rumina-
tion rate during the 24 h before calving and plasma
Ca concentration at time 0.5 d was significant, but not
strong (r = 0.39, P < 0.05), suggesting that rumina-
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tion activity before calving was unlikely to be a robust
means of predicting later development of hypocalcemia.

Rumination activity decreased significantly in our
cows around the time of calving. Soriani et al. (2012)
observed a 70% decline in rumination activity at par-
turition. In a study by Pahl et al. (2014), cows stopped
ruminating about 2 h (123 £ 58 min) before calving
and resumed about 6 h (355 £ 194 min) after calv-
ing. The act of parturition alone likely causes pain and
distraction as a result of attending to the calf, which
seems to prevent most cows from eating or ruminating
for several hours immediately before and after calving.

Effect of Milk Fever on Rumination. Figure
2 presents plasma Ca concentrations and rumination
activity in 2-h periods around the time of calving in the
4 cows on the control diet that developed clinical hy-
pocalcemia (milk fever). All 4 responded to intravenous
Ca treatment by standing and walking again within 20
min after treatment. Rumination activity was very low
or nondetectable in these cows before and after treat-
ment for an extended period, despite clinical recovery
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Figure 2. Plasma Ca concentration (mM; A) and rumination rate expressed in minutes spent ruminating per 2-h period (@) in 4 cows fed
the control diet that developed milk fever. The black arrow indicates the time at which each cow received an intravenous infusion of Ca to treat

milk fever.

of skeletal and smooth muscle function (observed as
regaining the ability to stand and to eructate). Two
of the 4 cows exhibited no rumination activity for up
to 36 h after calving. In 3 of the 4 cows, intravenous
administration of Ca, which raises blood Ca to normal
or higher levels for up to 6 h after treatment (Goff,
1999), caused only a small increase in rumination rate
that was sustained for just 2 to 6 h after treatment.
Unlike rumen motility (Daniel, 1983), rumination (as
indicated by the rate of mastication detected by the
accelerometers) was not restored simply by improving
the blood Ca concentration of the cows with milk fever.

Effect of Subclinical Hypocalcemia on Rumi-
nation. Subclinical hypocalcemia has been linked to
an increased risk of development of several health dis-
orders in the periparturient cow (Martinez et al., 2012;
Neves et al., 2018). However, the blood Ca concentra-
tion that defines normocalcemia is controversial. Rein-
hardt et al. (2011) suggested that cows with blood Ca
above 2 mM/L during the first 36 h after calving were
normocalcemic, and Martinez et al. (2012) suggested
that cows should have blood Ca above 2.15 mM in the
first 3 d of lactation to be considered normocalcemic.
We used various criteria to categorize cows in our study
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as normocalcemic or subclinically hypocalcemic based
on periparturient blood Ca concentrations. The results
of 3 of these statistical models are presented below.

In model 1, normocalcemia was defined as a blood
Ca concentration above 2.00 mM in all blood samples
taken. Only 4 cows in the present study (all fed the
low DCAD diet) had blood Ca above 2.00 mM in all
blood samples obtained. Four cows developed clinical
hypocalcemia (milk fever), and 17 cows were classified
as having subclinical hypocalcemia. Perhaps because of
the age of the cows in our study, none of them could be
considered normocalcemic using the criteria of Marti-
nez et al. (2012). The nadir in plasma Ca concentration
for the 4 normocalcemic cows occurred at the time of
calving and was 2.09 mM. The subclinically hypocalce-
mic cows and cows with milk fever had plasma Ca na-
dirs of 1.74 and 1.08 mM, respectively, and these were
reached later, at 24 and 12 h after calving, respectively
(Figure 3A). Plasma Ca concentrations in subclinically
hypocalcemic cows were lower than in normocalcemic
cows from the time of calving through the first 2 d of
lactation (P < 0.05). In this model, the subclinically
hypocalcemic cows ruminated 77 min less on d 1 after
calving than the normocalcemic cows (P = 0.075) and
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50 min less on d 2 (P = 0.23; Figure 3B). Dry matter
intake was similar in normocalcemic and subclinically
hypocalcemic cows. The cows with milk fever (in this
model and all statistical models described below) had
significantly reduced plasma Ca concentrations, rumi-
nation rate, and DMI compared to normocalcemic and
subclinically hypocalcemic cows on d 1, 2, and 3 of
lactation (P < 0.01).
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Figure 3. (A) Mean + SEM plasma Ca concentration (mM) and
(B) rumination rate, expressed as minutes spent ruminating per day,
in cows classified as normocalcemic, subclinically hypocalcemic, or
having milk fever. Cows were considered normocalcemic if all plas-
ma samples obtained had a Ca concentration of at least 2.00 mM.
Normocalcemic cows (n = 4) are designated by white circles, sub-
clinically hypocalcemic cows (n = 17) by white squares, and cows
with milk fever (n = 4) by black diamonds. *Indicates a significant
difference between normocalcemic cows and cows with milk fever at
that time point (P < 0.05). “Indicates a significant difference between
normocalcemic cows and subclinically hypocalcemic cows at that time
point (P < 0.075).
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In model 2, a normocalcemic cow was defined as a
cow with blood Ca concentration greater than 1.75 mM
in all blood samples taken. This caused 7 of 13 cows on
the low DCAD diet and 2 of 8 cows on the control diet
to be classified as normocalcemic. Four cows on the
control diet developed milk fever, and the remaining 12
cows in the study were classified as subclinically hypo-
calcemic. In this model, the rumination rate of subclini-
cally hypocalcemic cows was numerically lower, but not
significantly lower, than that of normocalcemic cows
(P = 0.15). Dry matter intake was statistically similar
in normocalcemic and subclinically hypocalcemic cows.

Many multiparous cows will be categorized as
subclinically hypocalcemic when the criteria for nor-
mocalcemia is a blood Ca concentration greater than
2.00 mM (Leno et al., 2017). A certain degree of hypo-
calcemia on d 1 of lactation is associated with higher
milk production and is the stimulus for Ca homeosta-
sis responses (Blanc et al., 2014; McArt and Neves,
2020). However, prolonged hypocalcemia (beyond the
first day of lactation) may be of greater consequence
to the cow’s health and productivity (Caixeta et al.,
2017; Neves et al., 2018). In model 3, we considered the
effect of hypocalcemia beyond the first day of lacta-
tion. Cows were categorized as normocalcemic if their
blood Ca concentration remained above 2.00 mM at
36 h or later. Two of the 8 cows on the control diet
and 11 of 13 cows on the low DCAD diet were consid-
ered normocalcemic by this definition. The remaining
8 cows that did not develop milk fever were classified
as subclinically hypocalcemic. The cows classified as
subclinically hypocalcemic using these criteria had sig-
nificantly lower plasma Ca at the 0-, 12-, 24-, and 36-h
time points compared with normocalcemic cows. In this
model, the rumination rate and DMI of cows with sub-
clinical hypocalcemia were numerically lower, but not
significantly lower, than those of normocalcemic cows.

Rumination rate is directly correlated with plasma
Ca status. Clinical hypocalcemia or milk fever has
profound effects on rumination rate. It was not pos-
sible with this data set to define a Ca concentration
for subclinical hypocalcemia that clearly indicated that
rumination rate would be compromised compared with
normocalcemic cows. The effect of plasma Ca concen-
tration on rumination rate is a continuous linear effect,
and it seems that any decline in plasma Ca concentra-
tion is associated with reduced rumination rate (Figure
1). The degree of hypocalcemia experienced by the cows
with milk fever was substantially greater and of longer
duration than in normocalcemic or subclinically hypo-
calcemic cows, also causing a markedly large difference
in rumination rate. Using this limited data set, any cow
with a rumination rate below 140 min/d should be sus-
pected of having pronounced hypocalcemia in the first
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days of lactation. Rumination rate began to decrease
before calving in the cows with milk fever and even
the cows with subclinical hypocalcemia. However, the
magnitude of this decline in rumination rate could be
difficult for the herd manager to differentiate from the
decrease in rumination rate associated with the onset
of parturition.

Effect of Diet DCAD. None of the cows fed the
low DCAD diet developed milk fever. Cows with milk
fever have severe hypocalcemia and severely compro-
mised rumination. Therefore, in model 4, cows fed the
control diet were further categorized as control cows
with or without milk fever. The cows on the control
diet that developed milk fever had reduced plasma Ca
concentration and a lower rumination rate the first 3 d
of lactation compared with cows on the low DCAD diet
(P < 0.001; Figure 4A and B). Cows with milk fever
had significantly reduced DMI during the first 2 d of
lactation compared with cows on the low DCAD diet
(Figure 5). Plasma Ca concentrations in cows on the
low DCAD cows were significantly greater than those
in control cows without milk fever, from calving to 36 h
after calving (P < 0.025). Rumination rate was greater
in cows on the low DCAD diet than in control cows
without milk fever on the day before calving (457 + 26
vs. 389 + 32 min/d; P = 0.104) and on the first day of
lactation (248 + 26 vs. 158 + 32 min/d; P = 0.034).
Control cows without milk fever returned to 90% of
pre-calving rumination rate on d 5, and cows on the low
DCAD diet reached 90% of pre-calving rumination rate
by d 4 (Figure 4B).

In Figure 4C, rumination rate is also presented in 0.25
d increments before and after calving. The rumination
rate of cows on the low DCAD diet was significantly
greater than in control cows without milk fever from
0.25 through 0.75 d after calving and again from 1.5
to 1.75 d after calving. This seemed to reflect plasma
Ca concentration. Mean plasma Ca in the control cows
without milk fever was below 1.75 mM at 0, 0.5, and
1 d after calving, and below 1.87 mM at 1.5 d; mean
plasma Ca in cows on the low DCAD diet was above
2.00 mM at all time points except for 24 h.

Dry matter intake before calving was similar in cows
fed the low DCAD and control diets (Figure 5). Control
cows that did not develop milk fever and cows fed the
low DCAD diet reached their nadir in DMI the day
before calving, but had a similar DMI in the first 5 d of
lactation. Control cows that did develop milk fever had
a significantly lower DMI than cows fed the low DCAD
diet in the first 3 d of lactation (P < 0.003). Metz
(1975) observed that each kilogram decrease in DMI
was associated with a reduction of 44 min/d in rumina-
tion activity. Hypocalcemia may directly affect the hy-
pothalamic satiety and feeding centers affecting DMI.
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Figure 4. (A) Mean + SEM plasma Ca concentration (mM) and
rumination rate, expressed as (B) minutes spent ruminating per day
or (C) minutes spent ruminating per 6-h period, in cows classified
based on diet and whether they developed milk fever. Milk fever did
not occur in any cows on the low DCAD diet. Cows on the low DCAD
(n = 13) are designated by white circles, cows on the control diet that
did not develop milk fever (n = 8) by white squares, and cows on the
control diet that developed milk fever (n = 4) by black diamonds.
*Indicates a significant difference between cows on the low DCAD diet
and cows on the control diet that developed milk fever at that time
point (P < 0.05). “Indicates a significant difference between cows on
the low DCAD diet and cows on the control diet that did not develop
milk fever (P = 0.05); “indicates a significant difference between cows
on the low DCAD diet and cows on the control diet that did not de-
velop milk fever (P = 0.106).
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Figure 5. Mean = SEM DMI (kg/d) in periparturient cows classified based on diet and whether they developed milk fever. None of the cows
on the low DCAD diet developed milk fever. Cows on the low DCAD (n = 13) are designated by white circles, cows on the control diet that did
not develop milk fever (n = 8) by white squares, and cows on the control diet that developed milk fever (n = 4) by black diamonds. *Indicates a
significant difference between cows on the low DCAD diet and cows on the control diet that developed milk fever at that time point (P < 0.003).

Alternatively, the reduction in DMI, particularly in the
cows with milk fever, may allow the forage particles in
the rumen to diminish below the point where they suc-
cessfully stimulate afferent fibers in the rumen wall to
initiate rumination activity. We included high amounts
of straw in the diet, believing this would allow some
fiber to persist in the rumen mat and provide stimula-
tion of rumen wall afferent neurons, even when DMI
was depressed (Van Soest, 1994). However, because we
did not open the rumens of the cows to examine the
rumen mat, we cannot state whether hypocalcemia,
independent of lack of effective fiber in the rumen, was
the sole cause of decreased rumination activity in the
cows with milk fever.

Other Diet Effects. Plasma Mg concentrations
increased in all cows at the time of calving, but the in-
crease in blood Mg was significantly greater in cows fed
the control diet at calving and through the first 24 h of
lactation. The lower plasma Ca concentrations in the
control cows likely caused greater parathyroid hormone
secretion. Parathyroid hormone stimulates greater re-
absorption of Mg from the renal tubular fluid, increas-
ing plasma Mg concentration (Goff, 2014). The effect
of diet x day interactions on plasma iP was significant
(P < 0.05). Cows fed the low DCAD diet had higher
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plasma P concentrations at —1, 0.5, 1, and 1.5 d around
parturition. Parathyroid hormone, secreted in response
to hypocalcemia, increases salivary P secretion (Wright
et al., 1984), and reduced rumen motility caused by
hypocalcemia sequesters P in the rumen until the hy-
pocalcemia is corrected (Goff, 2000).

Metabolic alkalosis caused by consumption of a diet
high in absorbable cations interferes with the ability of
tissues such as bone and kidney to respond to parathy-
roid hormone. This prevents successful Ca homeostasis
in some cows (Goff et al., 2014). The DCAD of the low
DCAD diet in this study, which successfully prevented
milk fever and reduced hypocalcemia, was just —9 mEq/
kg of DM (—0.9 mEq/100 g DM). It may only be neces-
sary to bring the cow away from a state of metabolic
alkalosis to restore parathyroid hormone sensitivity in
the tissues. This study could not define the DCAD at
which Ca homeostasis is optimal, but it suggested that
it is not necessary to have a much lower diet DCAD to
positively affect the blood Ca status of the periparturi-
ent cow. Perhaps the P concentration of the diet (0.24-
0.25%) potentiated the ability of this moderately low
DCAD (-9 mEq /kg) diet to improve Ca homeostasis
(Barton et al., 1987; Kichura et al., 1982; Peterson et
al., 2005). Feeding higher prepartal diet P may raise
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blood iP concentration, which in turn can cause bone
osteocytes to react by secreting fibroblast growth factor
23. This bone hormone inhibits the synthesis of renal
25-hydroxyvitamin D 1-a-hydroxylase, the enzyme
that converts 25-hydroxyvitamin D to the hormone
1,25-dihydroxyvitamin D (Martin and Quarles, 2012).
This, in turn, reduces blood iP concentration because
1,25-dihydroxyvitamin D normally stimulates intestinal
P absorption. Although it is integral to P homeostasis,
inhibiting 1,25-dihydroxyvitamin D production inter-
feres with the ability of the cow to upregulate intestinal
Ca transporters, compromising Ca homeostasis (Cohrs
et al., 2018). Mean blood iP concentrations before calv-
ing in all cows were within normal limits (1.29-1.93
mM; 4-6 mg of iP/dL; Goff, 1999), indicating that the
0.24% P diet met the cows’ P requirement, corroborat-
ing the NRC (2001) model and the findings of Peterson
et. al. (2005).

CONCLUSIONS

Before calving, cows in their third parity or greater
were fed a diet to induce hypocalcemia or the same diet
with added anions to reduce hypocalcemia, resulting in
a large range of postpartum blood Ca concentrations.
Using a rumination monitoring system based on accel-
erometer technology, we observed a strong correlation
between blood Ca concentrations 0.5 d after calving
and rumination activity on the first and second days of
lactation. Using several definitions of normocalcemia,
cows were classified retrospectively as having normocal-
cemia, subclinical hypocalcemia, and milk fever. Sub-
clinical hypocalcemia reduced rumination rate numeri-
cally, but this finding was statistically significant only
when normocalcemia was defined as a plasma Ca above
8.0 mg/dL in all samples and only on the first day
of lactation. Four cows fed the control diet developed
milk fever, which caused cessation of rumination for as
long as 36 h. Diet affected rumination rate. On d 1 of
lactation, cows fed the low DCAD diet ruminated 86
min longer than cows fed the control diet that did not
develop milk fever, and 124 min longer than cows fed
the control diet that developed milk fever on d 1 of lac-
tation. Cows with milk fever had significantly reduced
rumination rate and DMI compared with cows fed the
low DCAD diet until d 4 of lactation.
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