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ABSTRACT

Diets containing 0.31, 0.39, or 0.47% P on a DM basis
were fed to 10, 14, and 13 multiparous Holstein cows,
respectively, for a full lactation. Most of the cows (33)
were fed similar amounts of P in the previous one or
two lactations. The objective was to obtain information
on bone integrity after prolonged feeding of different
amounts of P. At the end of the experiment, a section
(∼20 cm) of the 12th rib was surgically removed. The
bone was tested for strength and analyzed for ash and
P content. The shear strength and the energy required
to deform the bone to the point of fracture did not differ
among treatments. Bone specific gravities were 1.50,
1.57, and 1.55 for the three treatments. Ash and P
content of the bone, measured in wet weight, dry
weight, and wet bone volume, were similar for the 0.39
and 0.47% P treatments, but tended to be lower with
the 0.31% P treatment. Milk production of cows in all
groups was high, averaging >11,900 kg for the 308-d
lactation. Feeding P at 0.31% of dietary DM over two
to three lactations appeared to decrease P concentration
of bone, but the decrease was not severe enough to affect
bone strength. Dietary P at 0.39% did not affect bone
P content or strength. Dietary P content of 0.31% ap-
pears to be borderline deficient for cows producing
>11,900 kg/308 d.
(Key words: phosphorus, dairy cow, reproduction,
bone)

INTRODUCTION

Several surveys (Sansinena et al., 1999; Satter and
Wu, 1999) have revealed that dairy producers feed 0.45
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to 0.50% dietary P. This is in excess of the recommenda-
tions by NRC (1989 and 2001) and in excess of the needs
of lactating cows (Wu and Satter, 2000b; Wu et al.,
2000). A reduction in dietary P to more closely match
the cow’s requirement can result in 25 to 30% less ma-
nure P and a savings of $10 to 15/cow per year in P
supplementation costs (Wu et al., 2000).

Although the data relating milk production to dietary
P content are substantial and convincing (Brintrup et
al., 1993; Satter and Wu, 1999; Valk and Ebek, 1999;
Wu and Satter, 2000b; Wu et al., 2000), more informa-
tion is needed on the status of bone as a function of
dietary P. Bone serves as an important reservoir of P
that can be mobilized to meet P requirements (Ter-
nouth, 1990; Von Koddebusch and Pfeffer, 1988). A sig-
nificant amount of bone P is made available in the first
weeks of lactation when Ca is mobilized from bone to
support lactation.

The objective of this study was to obtain information
on bone strength and bone P content of lactating cows
that had been fed low P diets for two to three lactations.
Lactation performance of cows in this third year of ex-
periment and in the previous one or two years with
specified dietary P concentrations is also reported to
show long-term effects of dietary P on animal per-
formance.

MATERIALS AND METHODS

Thirty-seven multiparous Holstein cows were used
in a 308-d lactation trial. Diets (Table 1) containing
0.31, 0.39, or 0.47% P (DM basis) were assigned to
groups of 10, 14, and 13 cows at parturition. Uneven
group size resulted in part from attrition of cows from
treatment groups initiated 1 to 2 yr before this part
of the long-term study. Molasses and beet pulp were
included as diet ingredients because of their low P con-
tent; this enabled formulation of a basal diet containing
0.31% P. Diets containing 0.39 and 0.47% P were ob-
tained by adding monosodium phosphate to the low P
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Table 1. Ingredients and nutrient content of diets.

Dietary P (% of DM)

Item 0.31 0.39 0.47

Ingredient, %
Alfalfa silage 30.00 30.00 30.00
Corn silage 20.00 20.00 20.00
High moisture ear corn 25.25 25.25 25.25
Soybeans, roasted1 10.00 10.00 10.00
Blood meal 2.00 2.00 2.00
Molasses 5.00 5.00 5.00
Beet pulp 7.00 6.63 6.28
Salt2 0.40 0.40 0.40
Mineral and vitamin mix3 0.10 0.10 0.10
Yeast culture4 0.25 0.25 0.25
Monosodium phosphate2 . . . 0.37 0.72

Chemical composition
CP, % 17.4 17.4 17.3
ADF, % 25.4 25.4 25.3
NDF, % 29.6 29.5 29.3
P, % 0.31 0.39 0.47

1Roasted soybeans were rolled as they exited the roaster and broken
into sizes ranging from one-eighth to one-half bean pieces.

2Added Na from NaCl and NaH2PO4 accounted for 0.16, 0.24, and
0.32% of the total dietary DM for the 0.31, 0.39, and 0.47% P diets,
respectively.

3Each kilogram of the mix contained 0.32 g of Se, 0.43 g of Co, 1.03
g of I,13.35 g of Cu, 23.99 g of Fe, 51.00 g of Mn, 62.01 g of Zn,
7,000,000 IU of vitamin A, 2,222,000 IU of vitamin D, and 17,630
IU of vitamin E.

4Diamond V XP Yeast Culture, Diamond V Mills, Cedar Rapids,
IA.

diet. The experimental protocol was approved by the
Animal Care Committee of the College of Agricultural
and Life Sciences, University of Wisconsin-Madison.

This trial is the third in a series of P feeding trials
with lactating cows. The first two trials have been re-
ported (Wu and Satter, 2000b; Wu et al., 2000). The 37
cows used in the present trial included 14 and 19 cows
that were fed similar dietary P concentrations for one
or two previous lactations, respectively (Table 2). The
remaining four cows (three in the 0.31% P group and
one in the 0.39% P group) were new to this trial. During
dry periods dietary P content averaged between 0.35
and 0.40%.

Cows were housed in a tie-stall barn and offered a
TMR once daily ad libitum (5 to 10% refusal). Actual
amounts of feed offered and refused by individual ani-
mals were recorded daily to obtain feed intake. Milking
was at 0500 and 1700 h; milk yields were recorded at
each milking. Cows were weighed after milking early
in lactation (22 DIM, SD 16 d) and again at the end
of lactation. All cows were administered bST (Posilac;
Monsanto Co., St. Louis, MO) every 2 wk beginning at
wk 9 of lactation.

Data related to reproduction and health were re-
corded. Estrus was monitored by the farm crew during
the day and while cows were in the holding area before
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milking, using signs such as standing while being
mounted and mucus discharge. Cows were inseminated
at the first estrus after 52 d postpartum. The semen
source and inseminator were not the same for all cows
but were equally distributed between treatments. Preg-
nancy was confirmed by rectal palpation. The concep-
tion rate at the first AI was the percentage of cows that
conceived on first AI. Cows were identified as nonbreed-
ers when they developed severe health problems,
whether the problem was related to reproduction or
not, or failed to become pregnant by 260 DIM. These
cows were not used in the calculation of reproductive
measures.

Cows were dried off or removed from the experiment
following completion of 44 wk of lactation. As a normal
herd management practice, cows on occasion were dried
off earlier than wk 44 to assure an 8-wk dry period
before the next lactation or were removed from the
experiment when they developed significant health
problems. Consequently, 14 cows were removed from
the experiment between wk 17 to 43 (Table 3). To obtain
308-d lactation performance for these cows, milk yields
from the last five weekly averages were used to extrapo-
late by linear regression to generate estimates for the
missing weeks.

Feeds offered and refused were recorded daily. Alfalfa
silage, corn silage, and orts were sampled daily, frozen,
and composited weekly. Concentrates (high moisture
corn, roasted soybeans, blood meal, molasses, and beet
pulp) were sampled weekly. Dry matter content of
weekly samples was determined by oven-drying at 60°C
for 48 h. Diet formulations (as-fed basis) were adjusted
weekly for changes in DM content of the ingredients.
Orts were used only for DMI calculations.

Table 2. History of P feeding for cows assigned to the third year
(current) trial1.

Dietary P (% of DM) Number of cows in the
current study having

Yr 3 previous assignment
Yr 1 Yr 2 (current trial) to P trials

0.38/0.312 0.38/0.312 0.39 7
0.48/0.442 0.48/0.442 0.47 7
. . . 0.31 0.31 73

. . . 0.40 0.39 6

. . . 0.49 0.47 6

1During preceding dry periods, no supplemental P was fed, and
dietary P averaged 0.30%.

2The first number is the percentage of dietary P during confinement
feeding in the first two thirds of the lactation and the second number
is the percentage of dietary P during grazing in the last one third of
the lactation.

3Included four cows that were fed 0.38% P during confinement
feeding and 0.31% P during grazing in yr 2. All cows in that group
were fed 0.31% P in yr 3.
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Table 3. Number of cows that left the experiment before completing 44 wk of lactation.

Week of lactation

Dietary P (%) 17 20 30 32 33 40 41 42 43 Total

0.31 . . . . . . 1m . . . . . . 1r 1d . . . 1d 4
0.39 1h 1m . . . 1h . . . . . . . . . 2d 2d 7
0.47 . . . . . . 1m . . . 1h . . . . . . . . . 1m 3

d,g,m,rReasons for termination: d = dried off to allow for a 56-d dry period; h = health problems; m = mastitis;
r = reproduction failure.

Milk samples were collected biweekly from two con-
secutive milkings and analyzed by AgSource Milk Anal-
ysis Laboratory (Menomonie, WI) for fat, CP, lactose,
total solids, and SCC with an infrared spectrophotome-
ter with a B filter (Fossmatic 605; Foss Technology,
Eden Prairie, MN); SNF was calculated as total solids
minus fat. Aliquots of the two samples obtained during
each of the sampling weeks were pooled according to
milk volume and frozen until analyzed for P content.

Sampling times for urine and blood fell within the
following weeks of lactation: 2 to 4, 5 to 7, 9 to 11, 14
to 16, 19 to 21, 24 to 26, 29 to 33, 35 to 37, and 40 to
42; the times for feces were wk 9 to 12, 14 to 17, 19 to
22, 24 to 27, 29 to 32, 34 to 37, and 39 to 42. Samples
of urine were obtained during urination. Approximately
10 ml of blood was obtained from coccygeal vessels 3 h
after feeding. Blood samples were centrifuged at 2200
× g for 15 min to obtain serum. Feces were sampled
from the rectum on four consecutive days in each of the
sampling weeks at 0930 to 1100 h on d 1 and 3 and
1400 to 1530 h on d 2 and 4. These samples were pooled
across days during a week for individual cows and dried
at 60°C.

All dried feed and fecal samples were ground through
a Wiley mill with a 1-mm screen (Arthur H. Thomas,
Philadelphia, PA). Ground concentrate samples were
composited every 4 wk. The composite concentrate sam-
ples and the ground weekly samples of alfalfa silage
and corn silage were analyzed for DM (105°C), CP
(LECO FP-2000 Nitrogen Analyzer, Leco Instruments,
Inc., St. Joseph, MI), and NDF (heat stable α-amylase
and Na2SO3 were used) and ADF (Robertson and Van
Soest, 1981). The ANKOM200 Fiber Analyzer incubator
(ANKOM Technology, Fairport, NY) was used for NDF
and ADF analyses. Analyses for NDF and ADF in
roasted soybeans and blood meal were made only on
one 4-wk composite sample.

For analysis of P, ground samples of alfalfa and corn
silages were composited approximately every 4 wk and
concentrate samples approximately every 12 wk. These
composites and the ground fecal samples were proc-
essed as described by Nelson and Satter (1992).

All samples of feeds, feces, urine, and milk were ana-
lyzed for P content by direct current plasma emission
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spectroscopy by adapting the procedure described by
Combs and Satter (1992). A certified commercial P solu-
tion (VHG Labs, Inc., Manchester, NH) was used as
a calibration standard. Accuracy of the analysis was
assured by referring to additional commercial stan-
dards (Standard Reference Material 1570a, spinach
leaves, and 8436, durum wheat flour; National Institute
of Standards and Technology, Gaithersburg, MD). Se-
rum was analyzed for inorganic P concentration by the
Marshfield Laboratories (Marshfield, WI) according to
AOAC (1980).

Chemical analyses of feeds and feces were based on
DM measurements made at 105°C. The nutrient con-
tent of the TMR was computed from the average nutri-
ent content of the individual diet ingredients analyzed
with the aforementioned composite samples.

At the end of lactation, or in some cases after cows
were removed from the experiment but still milking
and receiving the same diet (320 DIM, SD 26 d), surgery
was conducted to remove part of the 12th rib bone. The
surgery area on the right side of the cow was clipped
with a number 40 blade, scrubbed with Betadine solu-
tion, and rinsed with water. The area then was rinsed
with 70% alcohol, followed by a final rinse with 7%
strong tincture of iodine. Local anesthesia was applied,
and an incision (∼25 cm) was made over the 12th rib
through the skin, fascia, and muscle down to the bone.
A periosteum elevator was used to separate periosteum
from the rib. A gigli wire was used to saw proximally
and distally to remove a piece of rib measuring ∼20 cm
long. After the bone was removed, the periosteum and
the muscle layers were sutured separately with catgut,
and the skin edges were closed by interlocking sutures.
A sulfa-urea powder was sprinkled on the opening, fol-
lowed by a final suture. The closed wound was sprayed
with an antibiotic solution.

Immediately after removal, bone samples were
trimmed of adhering pieces of soft tissues, wrapped in
damp paper towels, and placed in air-tight Ziploc plastic
bags (within 3 min of removal); bone samples in the
bags were kept on ice and later frozen at −20°C. Before
testing for strength, bone was thawed and brought to
room temperature (22°C). Bone strength was tested me-
chanically (MTS Universal Testing Machine, model 5/
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G, MTS Systems Corp., Raleigh, NC) by a double shear
block apparatus, according to the ASAE standard
(1998) and the procedure described by Combs et al.
(1991). The force was loaded at 5 mm/min over a section
at each end of the bone (∼5 cm from the end); an average
result was used for one bone sample. The test resulted
in maximum sheer force, shear stress, and fracture en-
ergy, which were electronically recorded. After the test,
the wall thickness of the bone was measured at three
places by a digital caliper with a precision of 0.025 mm,
and the measures were averaged to obtain an overall
wall thickness. The unfractured part of the bones was
sawed into approximately 4-cm chunks, and separated
chunks were used to determine DM (100°C) and total
ash content (at 600°C until a consistent white ash was
obtained). The ash was analyzed for P content. Bone
pieces were weighed in air and water for the calculation
of specific gravity.

Daily milk yield, milk component percentages and
yields, and DMI were reduced to 4-wk means. These
means and the data on blood serum P, urinary P, and
fecal P concentrations were analyzed as repeated mea-
sures in time for effects of treatment and treatment ×
time interaction by the mixed procedure of SAS (1992).
Other data were analyzed by the general linear models
procedure of SAS (1985) according to a completely ran-
domized design. These data include 308-d milk yield,
BW, and reproductive measures. For both types of anal-
yses, treatment effects were tested for linear and qua-
dratic relationships. Nonorthogonal mean comparisons
were also generated in the statistical analysis by re-
questing probability for difference along with least
squares means for specific evaluation. Pooled SEM is
presented for simplicity. Categorical data on conception
and pregnancy rates were analyzed for treatment ef-
fects using the FREQ procedure of SAS (1985) with a
chi-square test.

RESULTS AND DISCUSSION

Nutrient content of ingredients (Table 4) was rela-
tively consistent within the experiment. Dietary P con-
tent was computed from P content of the ingredients,
and was 0.31, 0.39, and 0.47% of dietary DM for the
three diets (Table 1). Molasses and beet pulp contrib-
uted 10 and 14% of the ADF and NDF, respectively.
Based on NRC (1989) tabular values, Ca was 0.65%
and NEL was 1.65 Mcal/kg for all the diets.

Results pertaining to reproductive performance are
presented in Table 5, but insufficient animal numbers
preclude drawing conclusions about a relationship be-
tween dietary P and reproductive performance. Wu and
Satter (2000b) estimated that a minimum of 250 cows
per treatment would be needed to detect a 10% differ-
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Table 4. Composition of dietary ingredients.

Ingredient DM CP NDF ADF P

(% of DM)
Alfalfa silage
x 37.5 22.6 43.0 39.1 0.339
SD 4.4 1.2 3.6 3.9 0.020

Corn silage
x 35.3 7.7 39.9 26.0 0.245
SD 3.0 0.7 3.5 2.8 0.023

High moisture corn
x 71.6 7.7 8.3 3.8 0.303
SD 2.3 2.2 1.8 2.4 0.011

Soybeans, roasted
x 97.0 41.0 25.1 8.3 0.614
SD 1.0 1.3 . . . . . . 0.030

Molasses
x 97.3 7.6 27.7 21.7 0.092
SD 1.2 0.9 1.6 1.0 0.010

Beet pulp
x 91.4 9.4 39.2 23.6 0.113
SD 1.2 1.6 2.4 1.4 0.025

Blood meal
x 90.1 100.5 . . . . . . 0.215
SD 1.5 3.1 . . . . . . 0.073

ence in reproductive measures at a 95% confidence
level. With the small number of cows, reproductive per-
formance for the lowest P group appeared poorer than
for the other groups. Most of the cows on the low P
treatment were on low P treatments (0.38 to 0.31%) in
the previous two lactations, and these amounts of P did
not affect reproductive performance in those years (Wu
and Satter, 2000b; Wu et al., 2000). Wu and Satter
(2000b) summarized eight studies on dietary P concen-
tration involving 785 dairy cows in the literature, and
obtained no evidence that dietary P from 0.32 to 0.40%
of dietary DM reduced reproductive performance com-
pared with 0.39 to 0.61%. Valk and Ebek (1999) fed
dietary P of 0.24, 0.28, or 0.33% for two lactations and
observed no difference in reproductive performance.

The recorded health problems (Table 5) showed no
apparent association with treatments. The incidence of
off-feed, which occurred more times for the 0.31% P
group, was the result of repeated occurrences with two
individual cows within 1 mo after calving. The number
of cases of foot rot appeared higher with the high P
treatments. The low number of cows per treatment pre-
cludes drawing any conclusions regarding the incidence
of health problems.

The DMI over the entire lactation was similar among
treatments (Table 6), indicating that varying P from
0.31 to 0.47% of the diet had no effect on ad libitum
feed intake. Cows in all groups had high milk yield,
averaging >11,900 kg/308 d. Milk production for the
0.31% P group was higher (P < 0.10) than that of the
0.39% P group, and appeared to result in the highest
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Table 5. Reproductive measures and health records of lactating cows fed diets differing in P content.

Dietary P (% of DM) P

Item 0.31 0.39 0.47 SEM Linear Quadratic

Number of cows 10 14 13 . . . . . . . . .
Days to first estrus 74.8 70.9 83.2 12.7 0.66 0.60
Days to first AI 89.9 76.7 93.9 9.1 0.77 0.18
Days open1 160.2a 108.5b 128.1 18.6 0.25 0.14
Conception rate at first AI, % 25.0 44.4 38.5 . . .2 . . . . . .
Number pregnant3

120 DIM, % 25.0 50.0 30.8 . . .2 . . . . . .
260 DIM, % 75.0 80.0 84.6 . . .2 . . . . . .

Services per conception1 2.4 1.9 1.8 0.5 0.42 0.71
Incidence of foot rot4 0 2 4 . . . . . . . . .
Incidence of off feed4 5 4 2 . . . . . . . . .
Mean mastitis incidence5 1.7 1.6 1.2 . . . . . . . . .

a,ba > b (P < 0.09).
1Includes only the cows that became pregnant before 260 DIM; numbers of cows excluded were 4, 6, and

2 for the three treatments, respectively. All of these cows were identified as nonbreeders, except for one
which was removed due to mastitis.

2Chi-square, P > 0.5.
3Excluded in the calculation were cows that were identified as nonbreeders before the first AI. These were

cows that developed health problems, that may or may not have been related to reproduction.
4Total number of occurrences were used. If one animal had multiple occurrences, the actual occurrences

were counted.
5Average incidence per cow for the entire lactation. Drug treatment was used to qualify for an occurrence

of mastitis. Multiple treatments within a period of 1 mo were counted as one occurrence.

milk yield of the three groups (Figure 1). Interpretation
of the milk production data from this trial needs cau-
tion. This trial was a continuation of the trials carried

Table 6. Performance of cows fed diets differing in P content.

Dietary P (% of DM)

Item 0.31 0.39 0.47 SEMa

Number of cows 10 14 13 . . .
DMI, kg/d 25.0 25.0 24.6 0.6
Milk, kg/308-d 13,038 11,909 12,126 407b

Milk, kg/d 42.4 38.7 39.4 1.4b

3.5% FCM, kg/d 43.4 39.4 40.3 1.4b

Milk fat
% 3.64 3.50 3.64 0.12
kg/d 1.54 1.38 1.43 0.06b

Milk protein
% 3.16 3.13 3.10 0.05
kg/d 1.32 1.21 1.22 0.038c

Milk lactose, % 4.73 4.69 4.70 0.07
Milk SNF, % 8.74 8.66 8.63 0.10
Milk SCC, 103/ml 642 832 465 180
BW during lactation
Initial1, kg 663 623 609 20d

Ending1, kg 735 718 701 22
Change, g/d 277 345 320 76

aNo treatment by month interaction for lactational measurements
(P > 0.10).

b0.31% P > 0.39% P (P < 0.10).
cLinear effect (P < 0.06).
d0.31% P > 0.47% P (P < 0.10).
1Initial BW taken at 15 DIM (SD 9 d) and ending BW at 290 DIM

(SD 10 d).
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out in the previous 1 or 2 yr, and cows remained on
similar levels of dietary P without being randomly allo-
cated to treatments. We did this to evaluate bone char-
acteristics after long-term feeding of different amounts
of P. In a previous trial (Wu et al., 2000), milk yields
were similar for cows fed 0.40 or 0.49% P, but milk
yield was reduced during the latter part of the lactation
with 0.31% dietary P. Based on the results from several
studies (Brintrup et al., 1993; Call et al., 1987; Dhiman
et al., 1995; Kincaid et al., 1981; Steevens et al., 1971;
Valk and Ebek, 1999; Wu et al., 2000), we (Wu et al.,
2000) suggested that dietary P < 0.31% is marginally

Figure 1. Milk yield of cows fed diets containing 0.31 (�), 0.39
(�), or 0.47% P (�).
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Table 7. Milk production of cows fed different amounts of P for 2 to 3 yr.

Dietary P
(% of DM) n Year 1 Year 2 Year 3 SEM

(kg/308-d)
0.31–0.38 7 9590a 11,421 12,094 477
0.44–0.48 7 8202b 10,700 12,648 477
0.31 7 . . . 11,222 13,008a 550
0.39–0.40 6 . . . 10,692 11,698 595
0.47–0.49 6 . . . 10,900 11,516b 595

a,bNumbers with different superscripts in the same column differed at P < 0.05 for yr 1 and at P < 0.10
for yr 3.

deficient for cows producing about 9000 kg per lacta-
tion, but feeding 0.38 to 0.40% dietary P should be
adequate for high producing cows (>10,000 kg per lac-
tation).

Mean milk fat percentage did not differ among treat-
ments (Table 6), and thus fat yield and FCM yield re-
flected milk yield. Milk protein percentages were simi-
lar among treatments. Occasionally, lowered milk pro-
tein percentages have been observed when a low-P diet
was fed (Call et al., 1987; De Boer et al., 1981; Wu et
al., 2000), but the majority of the studies (Brintrup et
al., 1993; Brodison et al., 1989; Carstairs et al., 1981;
Valk and Ebek, 1999; Wu et al., 2000) have shown no
difference in concentration of milk protein due to di-
etary P content. The content of lactose, SNF, or SCC
of milk did not differ among treatments. Changes in
BW during lactation were similar.

Milk yield for cows that had been fed similar amounts
of P for 2 to 3 yr is in Table 7. The yields for yr 1 and
2 were obtained from previous reports (Wu and Satter,
2000b; Wu et al., 2000) and those for yr 3 were from
the current trial. Compared with 0.44 to 0.49% dietary

Figure 2. Concentration of inorganic P in blood serum of cows fed
diets containing 0.31 (�), 0.39 (�), or 0.47% P (�) for the complete
lactation. Means for the respective treatments during lactation were
5.7, 6.1, and 6.5 mg/dl (SEM 0.1, P< 0.01) with an effect of treatment
by sampling period interaction (P < 0.05).
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P, feeding 0.31 or 0.31 to 0.38% P did not reduce the
cow’s milking capacity after 2 to 3 yr.

The concentration of inorganic P in blood serum was
lower (P < 0.01) for cows fed the lowest P diet than for
those fed the other diets (Figure 2);the overall means
during the lactation were 5.7, 6.1, and 6.5 mg/dl (SE
0.1) for the 0.31, 0.39, and 0.47% P groups, respectively.
The concentrations were similar toward the end of lac-
tation. Serum P concentration can reflect P intake in
ruminants, but it is not always a good indicator of P
status (Wu et al., 2000). Only extremely low serum
concentrations (<4 mg/dl) may indicate deficiency of P
(Forar et al., 1982). In a previous paper (Wu et al.,
2000), we showed that the concentration of total P in
milk appears to be related to milk protein concentra-
tion. A trend for this relationship again was observed
in the present study with cows from all treatments (R2

= 0.21, Figure 3). The average concentration of P in
milk from the data that included 705 measures was
0.094% (SD 0.009). Extrapolation of the regression in
Figure 3 to 0% protein indicates that P content of pro-
tein-free milk is 0.0487%, about half of the P present
in milk containing 3.00 to 3.25% CP. This agrees with
other observations that about half of the total P in milk

Figure 3. Relationship between concentrations of milk P and
milk CP.
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is complexed with casein and the other half exists as
diffusible ions or in milk serum (Farrell, 1988; Jenness,
1985). A cow having milk with 4 versus 3% CP would
have about 0.0146 percentage units more P in the milk,
or approximately 16% more total P (Figure 3). Because
approximately 60% of the P requirement for a cow milk-
ing 40 kg/d is partitioned to milk production, and as-
suming the maintenance requirement of P for the cow
is independent of milk protein content, then a cow pro-
ducing milk with 4% CP should require about 10% more
dietary P than a cow producing milk with 3% CP. Our
modern feeding standards need to reflect this.

The concentration of P in urine reflected dietary P
concentrations (Figure 4); the overall means from all
of the sampling times were 1.6, 2.8, and 3.6 mg/dl (SEM
0.7, P = 0.17) for the 0.31, 0.39, and 0.47% P groups,
respectively, with wide variation among cows within
treatment. Some cows will spill small amounts of P
in urine when they absorb more P than required. We
arbitrarily designated urinary P of 2.5 mg/dl as a spill-
ing threshold. This level corresponds to a daily excre-
tion of ∼1 g/cow. The NRC (2001) considers that a 600-
kg cow would excrete 1.2 g of urinary P per day. This
is close to the spilling threshold used in our calculations.
With a spilling threshold of 2.5 mg/dl, then 9, 25, and
35% of the urine samples exceeded the threshold for
the 0.31, 0.39, and 0.47% P treatments. Also, the con-
centration of P in urine appeared to increase in the
latter part of the lactation, a reflection of diminished
P requirement for milk production. Ruminants have a
well-developed capacity for conserving P, and normally
very little P is excreted in the urine, even with very
high dietary intake of P (Ternouth, 1990). Spilling of P
in the urine is a reliable sign that the animal has ade-

Figure 4. The concentration of total P in urine of cows fed diets
containing 0.31 (�), 0.39 (�), or 0.47% P (�) for the complete lactation.
Means for the respective treatments during lactation were 1.6, 2.8,
and 3.5 mg/dl (SEM 0.7, P = 0.17) with a difference (P = 0.06) between
the 0.31 and 0.47% P groups but no effect (P > 0.10) of treatment by
sampling period interaction.
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Figure 5. The concentration of P in feces of cows fed diets con-
taining 0.31 (�), 0.39 (�), or 0.47% P (�) for the complete lactation.
Means for the respective treatments during lactation were 0.538,
0.829, and 1.12% (SEM 0.02, linear effect, P < 0.01) with no effect (P
> 0.1) due to sampling time or treatment by sampling time interaction.

quate P. Failure to spill, however, does not necessarily
mean that P is deficient.

The P content of feces increased (P < 0.01) as dietary
P content increased (Figure 5). The concentration was
relatively constant throughout the lactation for all of
the treatments. The P content of each treatment diet
was held constant for the entire lactation, thus the
intake of P was a function of DMI. Based on relatively
constant concentration of fecal P, mobilization of bone
P appeared able to compensate for reduced intake of P
during the first weeks of lactation when DMI was low.
The mobilized bone P, of course, must be restored in
later lactation. Also, since milk protein content in-
creases during the last two-thirds of lactation (Wu and
Satter, 2000a), milk P content also increases. The P
needed for bone deposition and the increased P require-
ment per unit of milk, combined with the P needs of
the growing fetus and uterine mass, suggest that P
content of the diet should not be decreased relative to
milk production in later lactation. The relatively con-
stant amount of fecal P (Figure 5) and only moderate
increases in urinary P in late lactation (Figure 4) sug-
gest that feeding a constant concentration of dietary P
throughout lactation would result in only a moderate
oversupply of P in late lactation.

Figure 6 is a plot of fecal P concentration in relation
to P intake using averages for the entire lactation of
cows from all treatments. It shows that fecal P concen-
tration linearly (r = 0.92) increased as P intake in-
creased. This relationship was based on the range of P
fed in this experiment (approximately 70 to 130 g of P/
d per cow). If amounts below the requirement also had
been fed, we would expect a curvilinear relationship.
Using the regression equation depicted in Figure 6 (Y
= 0.013x − 0.438), fecal P concentrations for cows fed
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Figure 6. Relationship between P intake and fecal P concen-
tration.

diets containing different amounts of P can be pre-
dicted. Morse et al. (1992) reported a quadratic equation
relating P intake (g/d) and P excretion in urine and
feces. The equation developed (R2 = 0.70) was Y = 14.67
+ 0.6786 X + .00196 X2 − 0.317 × kg/d of milk, where Y
= excretion in urine and feces (g/d), and X = P intake
(g/d).

The average concentration of fecal P from all sam-
pling periods was 0.538, 0.829, and 1.118% (DM basis)
for the 0.31, 0.39, and 0.47% P treatments, respectively.
With these concentrations, DMI (Table 6), and an esti-
mated DM digestibility of 68% for all of the diets, 43,
66, and 88 g/d of P were estimated to be excreted in
feces for the three treatments, respectively (Table 8).
This would result in net absorption of 33, 32, and 28
g/d. The estimated apparent digestibility of P for the
three treatments would therefore be 45, 33, and 24%.
We (Wu et al., 2000) previously suggested that an ap-
parent digestibility for P of 40% or less may be indica-
tive of excessive intake of P. According to the illustra-
tion of Wu et al. (2000), the regulated portion of fecal
P, i.e., that fecal P over which the animal has discretion,
was 10, 30, and 49 g/d for the three groups, with the
differences between treatments (∼20 g/d from one level
of dietary P to a higher level) coinciding with the differ-

Table 8. Estimated apparent digestibility of P in cows fed diets
differing in P content.

Dietary P (% of DM)

Item 0.31 0.39 0.47

Intake, g/d 77.5 97.5 115.6
Fecal excretion, g/d1 43 66 88
Apparent digestibility, % 45 33 24

1Estimated using 68% as the DM digestibility and the means for
DMI (Table 6) and fecal P concentration (0.538, 0.829, and 1.118%
for the three treatments, respectively, obtained from Figure 5).
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Table 9. Strength measurements of the 12th rib bone from cows fed
diets differing in P content.

Dietary P (% of DM)

Item 0.31 0.39 0.47 SEM

Number of cows1 9 9 11 . . .
Shear stress, N/mm2 26.5 28.1 27.5 2.2
Fracture energy2, N-m 66.6 60.5 65.0 4.2
Wall thickness, mm 5.1 5.1 5.2 0.1
Bone specific gravityg 1.50 1.57 1.55 0.02
Ash, % of dry weight 53.9c 56.2a 55.6ab 0.8
Ash, % of wet weight 46.0c 47.4 48.1a 0.7
Ash, g/cc, wet bone 0.69c 0.74a 0.74a 0.01
P, % of ash 17.7 17.3 17.9 0.3
P, % of dry weight 9.5 9.7 9.9 0.2
P, % of wet weight 8.1c 8.2 8.6b 0.2
P, g/cc, wet bone 0.122c 0.129 0.133a 0.003

a,b,cc < a (P < 0.06), c < b (P < 0.13).
gLinear (P < 0.11) and quadratic (P < 0.14) effects.
1The nine cows sampled from the 0.31% P group included three

cows that were fed this amount of P for 1 yr; all other cows sampled
in this trial had been fed similar amounts of P for 2 or 3 yr.

2Area under the force (N) and deformation (m) curve. It is an
expression of the amount of energy the bone absorbs before fracture.

ences in P intake (also ∼20 g/d from one level to a higher
level), suggesting that most of the unneeded intake P
would be excreted in feces.

No differences were found among treatments in the
sheer stress the bone endured before rupture or the
amount of energy required to deform the bone to the
point of fracture (fracture energy) (Table 9). Wall thick-
ness of the bone was ∼5.1 mm for all treatments. Bone
specific gravity tended (P < 0.1) to be lower for the 0.31%
P treatment than for the other two treatments, with
the difference being about 4%. The ash content of the
bone, expressed on dry weight, wet weight, or wet bone
volume, was slightly lower (P < 0.06 to 0.13) for the
0.31% P group. The P content of bone was similar among
treatments when expressed on an ash or dry weight
basis, averaging 17.6 (SE 0.3) and 9.5% (SE 0.2), respec-
tively. When expressed on a wet weight or volume basis,
however, P content was lower (P < 0.06 to 0.13) for the
0.31% P treatment compared with the 0.47% P treat-
ment. The average decrease in ash and P contents
(based on measurements in dry weight, wet weight,
and wet bone volume) was 4.8 and 6.0%, respectively,
between the 0.31% and 0.47% P treatments.

Means for the ash and P contents of dry bone were
higher (48.6 and 7.5%, respectively) than those of tail
bones reported by Brodison et al. (1989), who showed no
differences in bone mineral measurements in lactating
cows fed 0.36 or 0.44% P for 1 to 2 yr. The ash percent-
ages on a dry basis were smaller (∼59%) than those of
right and left ribs (ribs 9, 10, 11, and 12) of younger
cattle (6 to 36 mo of age) reported by Beighle et al.
(1993). The percentages of P in ash, dry bone, or wet
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bone (Table 9) were also lower than those (18.3, 10.8,
and 10.3%, respectively) reported in Beighle et al.
(1993). Their study also showed no differences in ash
or P measurements among these rib bones. The ash
percentages in our study were lower (∼67%) than those
of ether-extracted metacarpal bone of beef heifers re-
ported by Williams et al. (1991), but the P percentages
of bone ash were higher in our study (∼16.3%) than
those reported in that study.

The phosphorus status of cattle has been evaluated
frequently with blood serum inorganic P concentration,
which is, however, subject to the influence of recent P
intake. Serum P is also influenced by P mobilization
from bone. If serum P concentration begins to decline
due to insufficient dietary P, P is mobilized from bone
in an effort to maintain a normal serum P level. Animals
deplete their bone P reserves to support normal func-
tion and production. Thus, bone characteristics should
be the ultimate measure of P status.

Bone contains 80 to 85% of the total P in the body of
mammals. Most of the P in bone exists in the form of
calcium phosphate [Ca3(PO4)2], which is amorphoric,
and hydroxyapatite [Ca10(PO4)6(OH)2], which has a
crystalline form and is spatially anchored in collagen,
a fibrous protein matrix. Cortical bone is composed of
densely packed layers of mineralized collagen, which
provides rigidity and is the major component of tubular
bone. Trabecular bone is spongy, provides strength and
elasticity, and constitutes the major portion of the
axial skeleton.

Hydroxyapatite is the source of mobile P in bone for
regulating blood P. Phosphorus is mobilized as hydroxy-
apatite crystals and these crystals are degraded by os-
teoclasts to release Ca and P (osteolysis). Bone also
restores Ca and P (ossification) when surplus minerals
are presented. This is fulfilled by osteoblasts, which
form new bone in newly synthesized bone matrix on
the surface of previously resorbed bone. If Ca and P are
not present in adequate amounts, bone matrix will not
be fully mineralized and osteoid tissue will form. By
weight, the organic proportion of bone will increase
(Shupe et al., 1988). This is the reason for measuring
specific gravity of bone and expressing bone composi-
tion on a volume basis. Little and Ratcliff (1979) sug-
gested that bone specific gravity is highly related to
bone mineral storage and is a sensitive measure of P
depletion.

Resorption and formation of bone can occur simulta-
neously, but net change in bone P storage in dairy cows
may vary with stage of lactation. Cows undergo a net
loss of both Ca and P from bone to help supply these
elements during early lactation. This is reversed in
later lactation. Ternouth (1990) suggested that up to
30% of bone P can be removed during early lactation.
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Based on this estimate for beef cows, a dairy cow
weighing 600 kg could mobilize 600 to 1000 g of P,
which also suggests that the amount of P that needs
to be restored during later lactation could be large and
supports the notion that the concentration of dietary P
need not be reduced as the animal moves from early
to late lactation (Braithwaite, 1986; Wu and Satter,
2000b). Judkins et al. (1985) and Shupe et al. (1988)
reported on recovery of bone P when lactation stress
was removed in beef cows, and concluded that bone P
levels can be replenished following lactation without P
supplementation. However, if P intake is too low over
a prolonged period of time, resulting in severe loss of
P from bone, the bone will eventually become weak
and porous, and could be deformed or broken by stress
placed on the bone. These changes are better demon-
strated in vertebrae and ribs because trabecular bone
is more readily resorbed than tubular bone (Simesen,
1980; Ternouth, 1990).

Shupe et al. (1988) described various signs of osteopo-
rosis and other related changes in the bone of beef cows
fed extremely low P (6 to 12 g/d) for 2 yr. The vertebrae
and rib bones were demineralized, and spontaneous
fractures occurred in some animals. Osteoid tissue in-
creased and trabeculae were thin and sparse. The spe-
cific gravity of the bones was low, ranging from 1.06 to
1.34, and the bones had low P content (<0.16 g/cc). On
the other hand, bones from cows fed more P had specific
gravity of >1.55 and P content of 0.2 g/cc and showed
no osteoporotic characteristics. Williams et al. (1991)
reported that feeding 0.12 compared with 0.20% P to
beef heifers 7 to 8 mo of age for 16 mo decreased the
third metacarpal breaking load, breaking stress, and
ash and P contents. Little (1972) showed that the ash
content of fresh rib bone decreased from 50 to 41% in
yearling cattle after 6 wk of P depletion. Little and
Ratcliff (1979) reported that the critical bone P concen-
tration ranged from 0.12 to 0.15 g/cc. Little (1984) fur-
ther suggested that P content of less than 5% in fresh
rib is indicative of a low P reserve. Ternouth (1990)
suggested the following minimum bone ash and P con-
tents for cattle, below which bone demineralization
should be considered significant: 40 and 7.5% on a wet
weight basis or 0.6 and 0.12 g/cc on a volume basis,
respectively. In our experiment, the lowest means for
ash and P contents were 46.0 and 8.1% on a wet weight
basis or 0.69 and 0.122 g/cc on a volume basis. Also,
the lowest mean for specific gravity was 1.50, similar
to that reported by Shupe et al. (1988) for beef cows
with normal bones. No bone-related abnormalities were
observed in our experiment.

Considering that bone by nature is difficult to mea-
sure and measurements can vary, multiple measure-
ments of bone strength and mineralization were made
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Figure 7. Current status of P nutrition of lactating dairy cows
milking > 9000 kg/305 d of lactation.

in this experiment. Several of the measurements sug-
gest some loss of P from bone for the lowest P treatment
(∼6.0%), although the other measurements, particu-
larly P content of ash, would suggest that no P loss
occurred with the low P treatment. Because the con-
tents of Ca and P in bone ash should be relatively con-
stant (36% for Ca and 17% for P), expressing P content
per unit of ash content is not as descriptive as express-
ing it on a total weight basis. On the other hand, as
mentioned earlier, specific gravity and composition
measures on a volume basis are good indicators of bone
changes. All things considered, we concluded that with
the lowest P concentration (0.31%) fed for 2 yr that
bone P content might have been slightly decreased but
not to the extent of affecting bone strength. Feeding
0.38 to 0.40% for 3 yr did not affect bone P content or
bone strength. We should note that, in our experiment,
rib bone was removed just before cows were dried off.
Had the rib been removed later in the dry period, P
content of ribs from the low P treatment might have
been more fully restored.

Figure 7 is a summary of what we consider the status
of P nutrition of lactating dairy cows producing >9000
kg/305 d lactation. The minimum of dietary P consistent
with normal or near normal animal performance is
0.30%. At this amount, deficiency may appear. At the
other extreme of the continuum in Figure 7 is what
most dairy producers in the United States are actually
feeding. Several surveys show that dairy producers are
feeding 0.46 to 0.50% dietary P. We believe the NRC
(1989) recommendation are more than adequate. The
most recent NRC publication (2001) has lowered
slightly the suggested level of P feeding, a change we
feel is fully justified. Feeding ∼ 0.35% P will provide a
margin of safety above what might be considered a
borderline deficient diet containing ∼ 0.30%. If dairy
producers reduce dietary P from current amounts to
NRC (2001) recommended amounts, P excretion in ma-
nure will be reduced 25 to 30%, and P supplementation
costs reduced by $10 to 15 per cow per lactation.

CONCLUSIONS

This report presents data on lactation, P excretion,
and bone measurements from 37 cows fed three
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amounts of P (0.31, 0.39, and 0.47%) in the third year
of a 3-yr P study. The 37 cows included 19 and 14
that had been fed similar amounts of P for 2 or 3 yr,
respectively, upon completion of the lactation in the
third and final year; the remaining four cows (three in
the 0.31% and one in the 0.39% P groups) completed
just one lactation for this trial. During the third year,
blood serum P concentrations were slightly lower with
0.31% dietary P, but within normal ranges. Feeding
0.31 or 0.39% P for 2 or 3 yr did not reduce milk produc-
tion, the cow’s milking capacity, or bone strength, but
P content of the bone was slightly lower with the lowest
dietary P treatment.

ACKNOWLEDGMENTS

The authors thank employees at the U.S. Dairy For-
age Research Center farm at Prairie du Sac, Wisconsin,
for feed preparation and animal care; and Mary Becker,
Terri Schwobe, and Milo Wiltbank for technical sup-
port. Medipharm, USA (Des Moines, IA) is acknowl-
edged for supplying silage inoculant used for the alfalfa
silage in this experiment. Appreciation is extended to
USDA-CSREES National Research Initiative, Agricul-
tural Systems Research Program (Grant Number
9703968) for partial funding of this study.

REFERENCES

American Society of Agricultural Engineers. 1998. Shear and three-
point bending test of animal bone. Pages 568–570 in ASAE Stan-
dards, St. Joseph, MI.

Association of Official Agricultural Chemists. 1980. Official Method
of Analysis. 13 ed. AOAC, Washington, DC.

Beighle, D. E., P. A. Boyazoglu, and R. W. Hemken. 1993. Use of
bovine rib in serial sampling for mineral analysis. J. Dairy Sci.
76:1047–1052.

Braithwaite, G. D. 1986. Phosphorus requirements of ewes in preg-
nancy and lactation. J. Agric. Sci. (Camb.) 106:271–278.

Brintrup, R., T. Mooren, U. Meyer, H. Spiekers, and E. Pfeffer. 1993.
Effects of two levels of phosphorus intake on performance and
faecal phosphorus excretion of dairy cows. J. Anim. Physiol. Anim.
Nutr. 69:29–36.

Brodison, J. A., E. A. Goodall, J. D. Armstrong, D. I. Givens, F. J.
Gordon, W. J. McCaughey, and J. R. Todd. 1989. Influence of
dietary phosphorus on the performance of lactating dairy cattle.
J. Agric. Sci. (Camb.) 112:303–311.

Call, J. W., J. E. Butcher, J. L. Shupe, R. C. Lamb, R. L. Boman,
and A. E. Olson. 1987. Clinical effects of low dietary phosphorous
concentrations in feed given to lactating dairy cows. Am. J. Vet.
Res. 48:133–136.

Carstairs, J. A., R. R. Neitzel, and R. S. Emery. 1981. Energy and
phosphorus status as factors affecting postpartum performance
and health of dairy cows. J. Dairy Sci. 64:34–41.

Combs, N. R., E. T. Kornegay, M. D. Lindemann, D. R. Notter, J. H.
Wilson, and J. P. Mason. 1991. Calcium and phosphorus require-
ment of swine from weaning to market weight: II. Development
of response curves for bone criteria and comparison of bending
and shear bone testing. J. Anim. Sci. 69:682–693.

Combs, D. K., and L. D. Satter. 1992. Determination of markers in
digesta and feces by direct current plasma emission spectroscopy.
J. Dairy Sci. 75:2176–2183.



WU ET AL.1748

De Boer, G., J. G. Buchanan-Smith, J. K. Macleod, and J. S. Walton.
1981. Responses of dairy cows fed alfalfa silage supplemented
with phosphorus, copper, zinc, and manganese. J. Dairy Sci.
64:2370–2377.

Dhiman, T. R., L. D. Satter, and R. D. Shaver. 1995. Milk production
and blood phosphorus concentrations of cows fed low and high
dietary phosphorus. Page 105 in Research Summaries, U. S. Dairy
Forage Research Center, Madison, WI.

Farrell, H. M., Jr., 1988. Physical equilibria: Proteins. Pages 461–
510 in Fundamentals of Dairy Chemistry. N. P. Wong, R. Jenness,
M. Keeney, and E. H. Marth, eds. Van Nostrand Reinhold Co.,
New York, NY.

Forar, F. L., R. L. Kincaid, R. L. Preston, and J. K. Hillers. 1982.
Variation of inorganic phosphorus in blood plasma and milk of
lactating cows. J. Dairy Sci. 65:760–763.

Jenness, R. 1985. Biochemical and nutritional aspects of milk and
colostrum. Pages 164–197 in Lactation. B. L. Larson, ed. The
Iowa State University Press, Ames, IA.

Judkins, M. B., J. D. Wallace, E. E. Parker, and J. D. Wright. 1985.
Performance and phosphorus status of range cows with and with-
out phosphorus supplementation. J. Range Manag. 38:139–143.

Kincaid, R. L., J. K. Hillers, and J. D. Cronrath. 1981. Calcium and
phosphorus supplementation of rations for lactating cows. J.
Dairy Sci. 64:754–758.

Little, D. A. 1972. Bone biopsy in cattle and sheep for studies of
phosphorus status. Aust. Vet. J. 12:668–670.

Little, D. A. 1984. Definition of an objective criterion of body phospho-
rus reserves in cattle and its evaluation in vivo. Can. J. Anim.
Sci. 64(Suppl.):229–231.

Little, D. A., and D. Ratcliff. 1979. Phosphorus content of bovine rib.
Res. Vet. Sci. 27:239–241.

Morse, D., H. H. Head, C. J Wilcox, H. H. Van Horn, C. D. Hissem,
and B. Harris, Jr. 1992. Effects of concentration of dietary phos-
phorus on amount and route of excretion. J Dairy Sci.
75:3039–3049.

National Research Council. 1989. Nutrient Requirements of Dairy
Cattle. 6th rev. ed. Natl. Acad. Sci., Washington, DC.

National Research Council. 2001. Nutrient Requirements of Dairy
Cattle. 7th rev. ed. Natl. Acad. Sci., Washington, DC.

Nelson, W. F., and L. D. Satter. 1992. Impact of stage of maturity
and method of preservation of alfalfa on digestion in lactating
dairy cows. J. Dairy Sci. 75:1571–1580.

Robertson, J. B., and P. J. Van Soest. 1981. Page 123 in The Analysis
of Dietary Fiber in Foods. W.P.T. Kames and O. Theander, eds.
Marcel Dekker, Inc., New York, NY.

Journal of Dairy Science Vol. 84, No. 7, 2001

Sansinena, M., L. D. Bunting, S. R. Stokes, and E. R. Jordan. 1999. A
survey of trends and rationales for phosphorus recommendations
among Mid-South nutritionists. Pages 51–54 in Proc. Mid-South
Ruminant Nutr. Conf., Dallas, TX.

SAS Technical Report P-239, SAS/STAT Software: Changes and En-
hancements, Release 6.07 Edition. 1992. SAS Inst., Inc., Cary,
NC.

SAS User’s Guide: Statistics, Version 6.08 Edition. 1985. SAS Inst.,
Inc., Cary, NC.

Satter, L. D., and Z. Wu. 1999. New strategies in ruminant nutrition:
getting ready for the next millennium. Pages 1–24 in Proc. South-
west Nutr. Management Conf., Phoenix, AZ. Univ. Arizona, Tuc-
son, AZ.

Shupe, J. L., J. E. Butcher, J. W. Call, A. E. Olson, and J. T. Blake.
1988. Clinical signs and bone changes associated with phosphorus
deficiency in beef cattle. Am. J. Vet. Res. 49:1629–1636.

Simesen, M. G. 1980. Calcium, phosphorus, and magnesium metabo-
lism. Pages 575–648 in Clinical Biochemistry of Domestic Ani-
mals. 3rd ed. J. J. Kaneko, ed. Academic Press, Orlando, FL.

Steevens, B. J., L. L. Bush, J. D. Stout, and E. I. Williams. 1971.
Effects of varying amounts of calcium and phosphorus in rations
for dairy cows. J. Dairy Sci. 54:655–661.

Ternouth, J. H. 1990. Phosphorus and beef production in northern
Australia. 3. Phosphorus in cattle—a review. Tropical Grassl.
24:159–169.

Valk, H., and L.B.J. Ebek. 1999. Influence of prolonged feeding of
limited amounts of phosphorus on dry matter intake, milk produc-
tion, reproduction and body weight of dairy cows. J. Dairy Sci.
82:2157–2163.

Von Koddebusch, L., and E. Pfeffer. 1988. Untersuchungen zur Ver-
wertbarkeit von phosphor verschiedener herkunfte an laktieren-
den Ziegen. J. Anim Physiol. Anim. Nutr. 60:269–275.

Williams, S. N., L. A. Lawrence, L. R. McDowell, N. S. Wilkinson,
P. W. Ferguson, and A. C. Warnick. 1991. Criteria to evaluate
bone mineralization in cattle: I. Effect of dietary phosphorus on
chemical, physical, and mechanical properties. J. Anim. Sci.
69:1232–1242.

Wu, Z., and L. D. Satter. 2000a. Milk production during the complete
lactation of dairy cows fed diets containing different amounts of
protein. J. Dairy Sci. 83:1042–1051.

Wu, Z., and L. D. Satter. 2000b. Milk production and reproductive
performance of dairy cows fed two concentrations of phosphorus
for two years. J. Dairy Sci. 83:1052–1063.

Wu, Z., L. D. Satter, and R. Soja. 2000. Milk production, reproductive
performance, and fecal excretion of phosphorus by dairy cows fed
three amounts of phosphorus. J. Dairy Sci. 83:1028:1041.


