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ABSTRACT

Literature data indicate that the form of K in the
ration can affect its inhibitory influence on Mg ab-
sorption in ruminants. We tested whether identical
amounts of K either intrinsically present in artifi-
cially dried grass or present in added KHCO3 have
different effects on Mg absorption in dry cows. In a 3
× 3 Latin square design, six cows were fed rations
consisting of low-K grass and concentrate with or
without KHCO3 or a ration consisting of high-K grass
with concentrate without added KHCO3. Each ration
was given for a period of 4 wk. The ration low in
intrinsic K contained 26 g of K/kg of dry matter, the
ration low in intrinsic K plus KHCO3 contained 43 g
of K/kg of dry matter, and the ration high in intrinsic
K also contained 43 g of K/kg of dry matter. The three
rations were balanced for crude protein, crude fat,
crude fiber, Mg (2.2 g/kg of dry matter), Ca, P, and
Na. Apparent Mg absorption was 10.8 ± 1.54% of
intake (mean ± SE, n = 6) when the cows were fed
the low-K ration, but dropped to 1.9 ± 3.4 and 2.1 ±
1.9% of intake, respectively, when the rations high in
KHCO3 and high in intrinsic K were fed. The two
high-K rations induced similar increases in ruminal
K concentrations both before and after feed consump-
tion. The feeding of KHCO3 did not influence ruminal
pH. The intake of extra K may raise ruminal K
concentrations, which increases the transmural
potential difference so that Mg transport across the
rumen epithelium becomes depressed. Thus, intrinsic
and added K had identical effects on ruminal K con-
centrations and on Mg absorption. Feeding trials with

ruminants in which K intakes are manipulated with
the use of KHCO3 may reflect those cases when con-
centrations of K intrinsically present in feedstuffs
may vary.
( Key words: magnesium, potassium, cows, absorp-
tion)

INTRODUCTION

The K content of the ration is considered an impor-
tant risk factor in the development of hypomagnese-
mia in cows. This notion is based on controlled feed-
ing trials with ruminants that show that
supplemental KHCO3 decreases magnesium absorp-
tion (13, 22, 25, 30). However, when grass silages
with variable K concentrations were fed to dry cows,
no relationship between K intake and apparent Mg
absorption was found (29). Schonewille et al. sug-
gested (29) that K intrinsically present in grass may
not impair Mg absorption, unlike added K salts.
There are indications that added KCl inhibits Mg
absorption less effectively than does equimolar
amounts of KHCO3 (29). If the type of anion accom-
panying the K affects Mg absorption, the form of K in
the grass may not affect Mg absorption.

In this study with dry cows we tested whether
identical amounts of K either intrinsically present in
artificially dried grass or provided by KHCO3 have
different effects on Mg absorption. A different effect, if
demonstrated, would question the validity of the com-
mon notion that forages rich in K inhibit Mg absorp-
tion in cattle. The intakes of CP (11), crude fat (12,
24), and crude fiber (29) are indicated to influence
Mg absorption. Thus, for this study two artificially
dried grasses were selected so that their K contents
were different, whereas their contents of CP, crude
fat, and crude fiber were almost identical. Cows were
fed the dried grasses and a concentrate, and apparent
Mg absorption was determined. To compare the ef-
fects of intrinsic and added K, the third dietary treat-
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TABLE 1. Analyzed composition of the artificially dried grasses.

Low K grass High K grass

DM, g/kg 921 919
(g/kg of DM)

CP 238 236
Crude fiber 225 231
Crude fat 46 49
Mg 2.36 2.13
Ca 10.1 6.5
P 3.2 4.8
K 27.5 47.5
Na 5.3 1.4
Cl 10.7 13.2

TABLE 2. Composition of the experimental concentrates in grams.

1The constant components were mixed and then divided into
three parts prior to adding the remaining ingredients. The constant
components consisted of (per kg): 890.3 g of sugar beet pulp, 104.5
g of beet molasses, and 5.2 g of premix. The premix consisted of
(per gram: 0.6 mg of CoSO4·7H2O, 0.5 mg of Na2SeO3·5H2O, 1.5 mg
of KIO3, 150 mg of MnSO4·2H2O, 50 mg of CuSO4·5H2O, 150 mg of
ZnSO4·H2O, 1.0 mg of retinyl acetate preparation (500 IU), 8.0 mg
of cholecalciferol preparation (800 IU), 40 mg of dl-a-tocopheryl
acetate preparation (20 IU), and 598.4 mg of CaCO3.

Treatment

Low High
Low
intrinsic

Ingredients
intrinsic
K

intrinsic
K

K +
KHCO3

Constant components1 957.0 957.0 957.0
CaHPO4 43.0 . . . 43.0
CaCO3 . . . 61.0 . . .
MgO . . . 2.1 . . .
NaHCO3 . . . 79.0 . . .
KHCO3 . . . . . . 311.0
Total 1000.0 1099.1 1311.0

TABLE 3. Intake (DM basis) of the experimental diets and their
analyzed mineral composition.

Treatment

Low
intrinsic

High
intrinsic

Low
intrinsic

Ingredients K K K + KHCO3

kg/d
Artificially dried
grass
Low K grass 5.53 . . . 5.53
High K grass . . . 5.42 . . .

Experimental
concentrate 0.92 1.01 1.20

Total DMI 6.45 6.43 6.72
g/kg of DM

Mineral concentrations of total diet
Mg 2.34 2.16 2.18
Ca 11.07 10.37 10.63
P 4.38 4.16 4.38
K 26.0 42.6 43.1
Na 4.82 4.84 4.79
Cl 9.53 11.53 9.21

ment consisted of artificially dried low-K grass in
combination with concentrate with added KHCO3.

MATERIALS AND METHODS

Cows and Experimental Design

Six nonpregnant, nonlactating, multiparous cows
(age 11.2 ± 0.8 yr; mean ± SE) with mean BW of 671
kg (SE = 26.6) were used. The cows were fitted with
a rumen cannula and were Friesian-Holstein ×
Holstein-Friesian cross. During the experiment, they
were housed in a stanchion barn.

The trial was a 3 × 3 Latin square design, with two
cows per treatment sequence, and was preceded by a
14-d preexperimental period that allowed the cows to
become adapted to artificially dried grass. Each ex-
perimental period lasted 28 d. The animals were ran-
domly assigned to each sequence of feeding on the
three experimental diets. The three dietary treat-
ments were low intrinsic K, high intrinsic K, and low
intrinsic K plus KHCO3.

Diets

The experimental diets were based on artificially
dried grass with either a low or a high intrinsic K
content, but similar CP, crude fiber, and crude fat
contents (Table 1). The Mg, Ca, P, and Na contents
differed between the two grasses. To enable interpre-
tation of the data, the two types of dried grass were
supplemented with concentrates that compensated for
the differences in grass composition. Table 2 shows
the composition of the concentrates that were fed in
combination with either the low or high K grass. The
concentrate fed with the grass that was low in K
contained CaHPO4, and the concentrate fed with the
grass that was high in K contained extra CaCO3,
MgO, and NaHCO3. The dried grass that was low in

intrinsic K was supplemented with either a concen-
trate without or with KHCO3 (Table 2). The ana-
lyzed K contents of the concentrates were 17.1 and
114.9 g of K/kg of DM, respectively. The experimental
concentrates were pelleted (diameter = 5 mm). Dur-
ing the preexperimental period, cows were offered 6.5
kg of DM of artificially dried grass that was low in
intrinsic K (27.5 g of K/kg of DM) Thereafter, the
cows were given one of the experimental diets shown
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in Table 3. The ration that was low in intrinsic K
contained 26.0 g of K/kg of DM, that with high intrin-
sic K contained 42.6 g of K/kg of DM, and the ration
with grass that was low in intrinsic K plus KHCO3
contained 43.1 g of K/kg of DM. The cows were offered
a restricted amount of feed that was sufficient to
maintain energy balance. The diets were offered twice
daily in two equal portions at 0800 and 1700 h. Orts
were recorded.

Collection of Samples

During the last 2 wk of each experimental period,
the experimental feedstuffs were sampled daily and
then pooled, ground, and stored in sealed jars at room
temperature (18°C).

Blood samples were taken on d 19 of each ex-
perimental period. Between 1600 and 1630 h, before
the afternoon meal, blood was sampled from the jugu-
lar vein into evacuated heparinized tubes. The blood
samples were centrifuged for 10 to 15 min at approxi-
mately 2700 × g, and the plasma was collected and
stored at –18°C.

From d 19 to 27 of each experimental period, urine
and feces were collected quantitatively from each cow.
Urine was collected with urine collectors attached to
the cows by leather harnesses. Urine coursed down
into two vessels so that approximately 80% was col-
lected in one vessel. The remaining urine was col-
lected in the other vessel that contained Na-azide as a
preservative. Total urine collections from each
24-h period were weighed, and 0.5% (w/w) of the
total urine was sampled from the preserved urine and
stored at –18°C in a plastic bottle that contained 100
ml of 6 M HCl. The daily feces production of each cow
was mixed thoroughly, and 3% of the wet weight was
stored at –18°C. At the end of each collection period,
the stored daily samples of feces for each cow were
combined, mixed thoroughly, and sampled. The sam-
ples were dried at 60°C for 5 d, ground, and stored in
sealed jars at room temperature (18°C) until analy-
sis.

On d 28, approximately 10 min prior to the morn-
ing meal, 500 ml of Cr-EDTA solution (100 g of Cr-
EDTA/L) was infused into the rumen via the cannula
as a marker for estimating rumen volume and pas-
sage rates of the liquid phase from the rumen. Rumen
liquid samples (approximately 30 ml) were taken at
0745, 0900, 1000, 1100, 1300, 1500, and 1700 h.
Immediately after collection, the pH of ruminal fluid
was recorded and the rumen liquid samples were
centrifuged at room temperature (18°C) at 2700 × g
for 15 min, and the supernatant was stored in plastic

tubes at –18°C. An aliquot of the supernatant was
centrifuged at 20°C at 30,000 × g for 30 min and the
supernatant was stored in plastic tubes at –18°C; this
was not done for the rumen liquid sample taken at
1000 h. Ultracentrifugation is required to isolate free
Mg associated with low molecular weight fractions in
rumen fluid (7) .

Chemical Analyses

Nitrogen contents were determined by the macro-
Kjeldahl method (9) ; a factor of 6.25 was used to
convert N to CP. Ether extracts of the feedstuffs were
prepared according to the AOAC (1) ; the solvent was
evaporated and the crude-fat residue was weighed.
The crude fiber content of the feedstuffs was esti-
mated with the Fibertec System M2 (Tecator, Stock-
holm, Sweden). Before the selected minerals in feed-
stuffs and feces were determined, the samples were
ashed (480°C for 12 h) and dissolved in 15 ml of 4 M
HCl. Magnesium, Ca, and K were estimated by
atomic absorption spectroscopy and Na by atomic
emission spectroscopy (Perkin Elmer 3110, Perkin-
Elmer Corp., Norwalk, CT). Total P in feedstuffs was
determined by the method of Quinlan and DeSesa
(23) and Cl by the method of Schales and Schales
(27). The accuracy of each assay run was monitored
by using a commercial reference sample (hay powder,
CRM 129; Community Bureau of Reference, Brussels,
Belgium) and in-house reference samples and was
found to be within 5% deviation from the target
values. Magnesium in plasma and urine and in the
supernatants of ultracentrifuged rumen liquid sam-
ples was measured directly by atomic absorption spec-
troscopy. Chromium (III) in rumen fluid was meas-
ured directly by atomic emission spectroscopy.
Potassium in the supernatants of ultracentrifuged
rumen liquid samples was estimated using an ion-
selective electrode (Beckman Instruments B.V., Mij-
drecht, The Netherlands). The combined within and
between-run precision of the determinations was
≤3.0% (coefficient of variation).

Calculations and Statistical Analysis

To calculate rumen volume and fractional outflow
of the liquid phase, Cr concentrations in rumen liquid
were logarithmically transformed and the slope and
intercept were calculated by linear regression. The
slope represents the fractional outflow (percent per
hour). The intercept was used to calculate the concen-
tration of Cr at zero time. Rumen volume (liters) was
then calculated by dividing the total amount of Cr
infused by the Cr concentration at zero time. The
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TABLE 4. Balance of Mg in cows (n = 6) fed the experimental diets.

a,bValues in the same row with different superscript differ significantly ( P < 0.05; Fisher’s t test).
1Not determined because the cows were fed a restricted amount of feed.

Treatment

Low
intrinsic

High
intrinsic

Low
intrinsic Pooled

K K K + KHCO3 SEM P

g/d
Intake 15.08 13.90 14.66 ND1 ND
Feces 13.46b 13.61b 14.38a 0.224 0.042
Apparent absorption 1.62a 0.29b 0.28b 0.224 0.004
Urine 0.88a 0.38b 0.35b 0.134 0.038
Balance 0.74a –0.09b –0.07b 0.188 0.022

Figure 1. Apparent Mg absorption in dry cows after the feeding
of the grass low in intrinsic K, either with or without added KHCO3
and the grass high in intrinsic K (Error bar = SE).

absolute outflow (L/h) equalled volume times frac-
tional outflow. All data for each dietary treatment
were checked for normal distribution using the
Kolmogorov-Smirnov test (32). Prior to statistical
analysis, geometrical means of 5 postfeeding values of
rumen pH, and concentrations of Mg and K, taken at
0900, 1100, 1300, 1500, and 1700, were calculated.
The means can be considered as estimate of the area
under the curve (AUC) (33). Then the data were
subjected to ANOVA. Cow, experimental period, and
dietary treatment were factors (32). When the in-
fluence of dietary treatment reached statistical sig-
nificance, Fisher’s t test was used to separate treat-
ment means. Differences between prefeeding and
AUC values were evaluated with Student’s paired t
test. Throughout, significance was preset at P < 0.05.

RESULTS

Feed Intake and BW

Experimental diets were consumed completely
throughout the experiment. Mean BW at the end of
the experiment was 673 kg (SE = 26.1; n = 6), which
was almost identical to preexperimental values.

Mg Balance and Plasma Mg

Magnesium intake was similar for the diets con-
taining grass with low intrinsic K, but it was on
average 6.5% lower when the diet with high intrinsic
K was fed (Table 4). Fecal Mg excretion was highest
when the diet with low intrinsic K and added KHCO3
was fed. Absolute, apparent Mg absorption (grams
per day) was significantly decreased by high K intake
irrespective of the source of dietary K (Table 4).
Figure 1 also shows that high intakes of either intrin-
sic K or K from KHCO3 reduced the percentage of Mg

absorption to the same extent. Urinary excretion of
Mg and apparent absorption of Mg were positively
related (Pearson’s r = 0.675; P = 0.002, n = 18).
Magnesium balance was slightly negative when the
cows were fed the high K diets, but the values did not
differ from zero ( P ≥ 0.753; Student’s paired t test).
When the low K diet was fed, Mg balance was positive
and different from zero ( P = 0.052; Student’s paired t
test).

Plasma Mg concentrations were not affected ( P =
0.267) by the dietary treatments. For all treatments
combined, mean plasma Mg concentration was 0.77
mmol/L (SE = 0.003; n = 6).

Ruminal Mg and K Concentrations and pH

Postfeeding Mg concentrations in rumen liquid
were higher than those seen before the morning meal
( P < 0.001), but the values were not influenced by
dietary treatment (Table 5).
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TABLE 5. Concentrations of Mg and K and pH in rumen fluid in cows (n = 6) fed the experimental
diets.

a,bValues in the same row with different superscript differ significantly ( P < 0.05; Fisher’s t test).
1Geometric mean of 5 samples taken at (0900, 1100, 1300, 1500, and 1700).

Treatment

Low
intrinsic

High
intrinsic

Low
intrinsic K Pooled

K K K + KHCO3 SEM P

Ruminal Mg, mM
0745 h 1.05 1.03 1.14 0.110 0.776
Postfeeding1 1.63 1.56 1.45 0.121 0.615

Ruminal K, mM
0745 h 17.6b 27.8a 26.0a 1.741 0.007
Postfeeding1 35.4b 53.2a 54.2a 2.657 0.002

Ruminal pH
0745 h 6.84 6.82 6.80 0.052 0.888
Postfeeding1 6.55 6.55 6.63 0.026 0.109

Potassium concentrations of rumen fluid, both be-
fore the morning meal and postfeeding, were in-
creased ( P ≤ 0.007) after feeding the diets rich in K,
but there was no effect of K source. Ruminal K con-
centrations increased postfeeding ( P < 0.001), ir-
respective of dietary treatment.

Ruminal pH decreased ( P < 0.001) after the inges-
tion of feed. The addition of KHCO3 to the ration
raised postfeeding ruminal pH by almost 0.1 unit, but
the rise did not reach statistical significance.

Rumen Volume and Passage Rate

Rumen volume (L) , absolute (L/h), and fractional
outflow (%/h) of the liquid phase were not affected ( P
≤ 0.279) by dietary treatment, the mean values for
the combined treatments (n = 6) being 41 L (SE =
1.2), 3.5 L/h (SE = 0.16), and 8.6%/h (SE = 0.29),
respectively.

DISCUSSION

This experiment confirms the outcome of earlier
studies in that the addition of K from KHCO3 to the
diet, inhibits Mg absorption in ruminants (13, 22, 25,
30). In addition, this study shows for the first time
that K intrinsically present in artificially dried grass
depressed Mg absorption to the same extent as did K
from KHCO3. In plants, an increase in the K concen-
tration is accompanied by an increase in the concen-
tration of total organic acids (5, 8, 16), which consists
predominantly of malate in ryegrass ( Lolium perenne
L.) and aconitate in wheat grass ( Agropyron deserto-
rum Schultes) and bromegrass ( Bromus inermis
Leysser) (8) . The high-K dried grass contained 20%

more Cl than did the low-K dried grass. Chloride
versus HCO3

– may stimulate apparent Mg absorption
in ruminants (29). The extra Cl in the ration con-
taining the high concentration of intrinsic K could
have raised Mg absorption. Since the rations with
either intrinsic K or KHCO3 did not induce different
efficiencies of Mg absorption, it would follow that the
extra organic acids in the former ration versus bicar-
bonate in the ration with KHCO3 did not stimulate
Mg absorption. Possibly, Cl and organic acids have
opposite effects on Mg absorption.

The reticulorumen is believed to be the major site
for Mg absorption in ruminants (26, 31). The process
of Mg transport across the apical membrane of rumi-
nal epithelium consists of two components, one sensi-
tive and the other insensitive to K (14). An increase
in ruminal K concentration is accompanied by an
increase in the transmural potential difference (18,
19) caused by depolarization of the apical membrane
potential of rumen epithelial cells, thereby reducing
the driving force for Mg uptake by these cells (15).
The transport component that is insensitive for K is a
carrier-mediated process that is based on exchanging
a Mg ion for two H ions (21, 28). The K insensitive
component of transepithelial Mg movement may be-
come saturated at Mg concentrations above 4 to 5 mM
(2, 3, 17, 20). The Mg transport that depends on the
K sensitive component remains a function of the Mg
concentration (25). Thus, an increase in K intake
elevates the K concentration of the rumen contents,
as was shown in this study, which in turn increases
the transmural potential difference thereby reducing
Mg absorption. Intrinsic and added K raised the ru-
minal K concentration similarly.



Journal of Dairy Science Vol. 82, No. 8, 1999

MAGNESIUM ABSORPTION IN COWS 1829

A rise in ruminal pH would lower the solubility of
Mg (4, 10) and subsequently reduce the amount of
Mg available for absorption. In this study, sup-
plemental KHCO3 produced a small, nonsignificant
increase in post-feeding ruminal pH which was as-
sociated with unchanged ruminal Mg concentrations.
Thus, the reduction of Mg absorption when KHCO3
was fed was not caused by lowered solubility of Mg in
the rumen liquid, but rather by increased ruminal K
concentrations. The observation that intrinsic and ad-
ded K have identical effects on Mg absorption indi-
cates that bicarbonate and organic anions, such as
malate, have no or a similar effect, on the transmural
potential difference. In contrast, Feirrera et al. ( 6 )
and Martens and Blume (18) reported that Cl–
decreases the transmural potential difference when
compared with sulfate. This could explain why KCl
does not depress Mg absorption to the same extent as
KHCO3 (29).

As mentioned above, Schonewille et al. (29) did
not find a relationship between K intake and appar-
ent Mg absorption in dry cows fed six grass silages
containing 30 to 45 g of K/kg of DM. On the basis of
the present study, the type of anion in the intrinsic K
salts of grass silage cannot be held responsible for the
observed lack of effect of K on Mg absorption. Leon-
hard and Martens (15) have shown that the net Mg
flux across the isolated rumen epithelium was lowest
when K concentrations in the incubation buffer were
above 70 to 80 mmol/L. Ruminal K concentrations of
50 mM were attained postfeeding when the high-K
rations were fed. Possibly, Mg absorption was not
maximally suppressed at the observed ruminal K con-
centrations. Thus, it remains unclear why in the
earlier study (29), with grass silages containing a
range of K concentrations above 30 g/kg of DM, Mg
absorption was not altered.

In conclusion, this study shows that K intrinsically
present in dried grass reduced apparent Mg absorp-
tion to the same extent as supplemental KHCO3. This
finding implies that KHCO3 can be used to study the
effect of K in grass on Mg metabolism in ruminants.
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