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ABSTRACT

Restricted dietary P supply to transition dairy cows 
has recently been reported to beneficially affect the Ca 
balance of periparturient cows. The objective of the 
present study was to determine whether this effect on 
the Ca balance can be reproduced when limiting the 
P-restricted feeding to the last 4 wk of gestation. A 
total of 30 dairy cows in late pregnancy were randomly 
assigned to a dry cow diet with either low or adequate 
P content (0.16 and 0.30% P in DM, respectively) to 
be fed in the 4 wk before expected calving. After calv-
ing, all cows received the same lactating cow ration 
with adequate P content (0.46% P in DM). Blood was 
collected daily from 4 d antepartum until calving, at 
calving (d 0), 6 and 12 h after calving (d +0.25 and d 
+0.5, respectively) and on days +1, +2, +3, +4 and +7 
relative to calving. Blood gas analyses were conducted 
to determine the concentration of ionized Ca in whole 
blood ([Ca2+]), and plasma was assayed for concentra-
tions of inorganic phosphorus ([Pi]), total calcium, 
parathyroid hormone ([PTH]), 1,25-dihydroxyvitamin 
D ([1,25-(OH)2D3]), and CrossLaps ([CTX]), a bio-
marker for bone resorption (Immunodiagnostic Systems 
GmbH). Repeated-measures ANOVA was conducted to 
study treatment, time, and lactation number effects. 
The mean [Ca2+] in P-deprived cows remained above 
the threshold of 1.10 mmol/L throughout the study, 
and values were higher compared with cows on ad-
equate P supply between d 0 and d +2 and on d +4. 
The [Ca2+] differed between treatments at the sampling 
times d 0, d +0.25, d +0.5, d +2, and d +4. Plasma 
[PTH] and [1,25-(OH)2D3] did not differ between treat-
ments, but P-deprived cows had greater [CTX] than 

cows with adequate P supply at d +1, d +2, and d +7. 
These results indicate that restricted dietary P supply 
to during the last 4 wk of the dry period improves 
the Ca homeostasis of these cows in the first days of 
lactation, an effect that seems to be primarily driven by 
increased bone tissue mobilization.
Key words: hypocalcemia, total calcium, transition 
cow, phosphorus deprivation

INTRODUCTION

Periparturient hypocalcemia is recognized as one 
of the most important metabolic disturbances of the 
dairy cow in early lactation (USDA, 2002). Although 
historically the damage associated with hypocalcemia 
in fresh cows was thought to primarily result from cows 
becoming recumbent, numerous studies published over 
the last decade have identified subclinical hypocalcemia 
(SCH), which is not easily diagnosed under field condi-
tions and was found to be highly prevalent in dairy 
cows, as an important predisposing factor for common 
fresh cow diseases, as well as a risk factor for impaired 
fertility and productivity of dairy cows (Martinez et al., 
2012; Venjakob et al., 2018).

The recognition of SCH as the main cause for eco-
nomic losses associated with Ca balance disorders in 
dairy cows has led to an increased effort to improve 
precision of the diagnosis of SCH, specifically focusing 
on identifying the most suitable time of blood sampling 
and to determine the most appropriate cut-off value for 
blood Ca concentration for diagnostic purposes (Neves 
et al., 2018; Venjakob et al., 2018). Common strategies 
for milk fever prevention were also revisited, to assess 
their efficiency not only in preventing periparturient 
recumbency but also in shortening and mitigating the 
periparturient phase of SCH (Kichura et al., 1982; 
Block, 1984; Thilsing-Hansen et al., 2002).

Most milk fever prevention strategies currently in use 
in the dairy industry aim at enhancing bone mobiliza-
tion and intestinal Ca absorption through stimulation 
of the secretion of parathyroid hormone (PTH) and 
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increasing tissue responsiveness to PTH. Approaches 
based on this concept include, among others, feeding 
Ca-deficient or low-DCAD diets during the close-up 
dry period, and the use of Ca binders. Recently Cohrs 
et al. (2018) reported that restricted dietary P sup-
ply during the transition period effectively stimulated 
bone mobilization, thereby releasing Ca and P from 
bone, and thus contributed to the mitigation of Ca bal-
ance disturbances around calving. In this study, bone 
mobilization around parturition was more pronounced 
in P-deprived cows and occurred despite markedly 
lower blood PTH concentrations compared with cows 
on adequate dietary P supply. Furthermore, hampered 
PTH secretion in P-deprived cows did not attenuate 
the rise of activated vitamin D3 typically observed in 
dairy cows around parturition (Cohrs et al., 2018). Im-
portantly, the aforementioned study applied dietary P 
restriction throughout the transition period extending 
to 4 wk postpartum, which was associated with de-
creased DMI and milk production in early lactation in 
P-deprived cows. The ensuing question that remained 
unresolved thus far is whether limiting dietary P re-
striction strictly to the dry period would achieve the 
same positive effect on the Ca balance during the fresh 
cow period as described by Cohrs et al. (2018) under 
prolonged dietary P deprivation.

The objective of the study reported here was thus to 
study the effect of restricted dietary P supply during 
the last 4 wk of gestation on the mechanisms regu-
lating the Ca homeostasis, and to determine whether 
the results of the study by Cohrs and colleagues were 
reproducible in a field setting. We hypothesized that 
restricted supply of P limited to the dry period would 
be sufficient to obtain a significant effect on the Ca 
balance.

MATERIALS AND METHODS

Ethics Statement

The study was conducted at the Educational and 
Research Centre for Animal Husbandry, Hofgut Neu-
mühle, Münchweiler an der Alsenz, Germany, from Oc-
tober 2019 to April 2020. All related procedures were 
approved by the Animal Welfare and Ethics Committee 
of the government of Coblenz, Rhineland Palatinate, 
Germany (permit no. 23-177-07/G 19-20-008).

Study Design

The experiment was conceived of as a prospective, 
randomized controlled study. A total of 30 late-preg-
nancy multiparous Holstein-Friesian dairy cows enter-
ing their second, third, or fourth lactation were blocked 

by lactation number (LN) and, within each block, 
paired by first-lactation 305-d milk yield. One cow of 
each pair was then randomly assigned to each of the 
experimental treatments, which were feeding a dry cow 
ration with either low P (LP) or adequate P content 
(AP). The study covered the period from 6 wk before 
expected calving to d 7 postpartum, and consisted of 
a 2-wk acclimation period extending from 6 wk to 4 
wk antepartum; an experimental feeding period during 
which both treatments were fed specific experimental 
diets, which extended from 4 wk antepartum until calv-
ing; and a postpartum observational period lasting from 
calving to 7 DIM (Figure 1). During acclimation, cows 
of both treatments were fed the AP ration while being 
introduced to the feed-weigh troughs and the restricted 
feeding protocol. During the experimental feeding pe-
riod, AP cows remained on the AP ration, and LP cows 
were switched to the P-deficient LP dry cow diet. From 
calving onward, cows of both treatments were offered 
the same ration with adequate P content, formulated 
to meet or slightly exceed the requirements of lactating 
dairy cows (NRC, 2001).

Animal Housing and Milking

Late-pregnant cows from the herd of the research 
farm, expected to calve between November 2019 and 
April 2020, were included in this study. Cows were con-
firmed to be pregnant and determined to be healthy 
based on physical examination at the time of enroll-
ment. Drying off occurred at least 8 wk before the ex-
pected calving and thus at least 2 wk before inclusion 
in the study.

Dry and lactating cows were housed in separated ar-
eas of a freestall barn with concrete flooring and rubber 
mat bedding covered with a straw-lime mixture. With 
approaching expected calving, dry cows were monitored 
closely, and a calving sensor system (Moocall Ltd.) was 
used to assist detection of imminent parturition at 
nights. Cows about to calve were moved to individual 
calving pens bedded with straw and each equipped 
with a head gate through which feed was offered. Af-
ter parturition, healthy cows with good appetite and 
without apparent signs of disease were transferred to 
the lactating cow pen, generally approximately 24 h 
after calving. Lactating cows were milked twice daily 
between 0430 and 0530 h and between 1530 and 1630 h.

Feeding and Experimental Rations

Feed was offered as TMR formulated to meet require-
ments of dry or lactating cows, depending on the study 
phase, with the exception of the dietary P content 
during the dry period (NRC, 2001). Daily feed intake 
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during the dry period was restricted to 11.5 kg of DM 
through the use of electronic feed-weigh troughs (RIC 
System, Hokofarm Group). Feed restriction in combi-
nation with a low-P diet was required to prevent the 
daily P intake from exceeding 20 g of P per cow in LP 
cows, to achieve the objective of inducing a negative 
P balance during the late dry period. Feeding troughs 
were programmed to gradually adapt study cows to the 
reduced amount of feed within the first week of ac-
climation (Figure 1). Access to the daily dry cow ration 
was divided into 4 equal periods over the day to ensure 
an even diurnal feed consumption. Feed-weigh troughs 
were emptied, cleaned, and refilled once per day for 
dry cows and twice daily for lactating cows. Lactating 
cows were fed ad libitum. Daily feed consumption for 
each cow was recorded at the feed-weigh troughs while 
housed in the freestalls. Cows in individual calving pens 
were offered feed from individual feed bunks, and orts 
were weighed back manually. Water was available ad 
libitum.

The dry cow TMR of both treatments was based on 
corn silage, pressed beet pulp, hay, and straw. A pel-
leted concentrate specifically formulated for each treat-
ment was added to obtain the targeted P content of 
the ration of each treatment (Table 1). The LP and AP 
rations were formulated to contain 0.15% P in DM and 
0.30% P in DM, respectively. Monoammonium phos-
phate (Windmill Monamphos FG, Aliphos Rotterdam 
BV) was used as P source in the AP ration to obtain 
the targeted dietary P content. Urea was supplemented 
through the pelleted concentrate of the LP ration to 
equalize the N content of both diets.

Animal Health

Activity and demeanor of study animals were ob-
served on a daily basis, and physical examinations were 
conducted weekly. Animal observation was intensified 
during the periparturient period, with an emphasis on 
the detection of signs of common fresh cow disorders 
and, in particular, on early signs of hypocalcemia. Spe-
cifically, the general demeanor, DMI, skin and rectal 
temperatures, and muscle fasciculation, as well as ease 
of rising and standing, were monitored. Health events 
and related therapeutic interventions were recorded for 
every cow throughout the study. No standard preven-
tive treatments such as drenches or oral Ca salt admin-
istration were performed during this study. Only plain 
fresh water was offered ad libitum from large buckets 
immediately after calving.

Cows suspected to have clinical periparturient hypo-
calcemia, based on the previously described indications, 
were checked for blood concentration of ionized Ca 
([Ca2+]) with a point of care unit as will be described 
and, if confirmed to be hypocalcemic, were treated with 
Ca salt solutions subcutaneously and orally. Samples 
obtained after treatment were not included in the data 
analysis.

Sample Collection

Feed Samples. Samples of TMR from both experi-
mental rations were collected daily and mixed into a 
composited sample for each week of the study and each 
treatment.

Wächter et al.: RESTRICTED PHOSPHORUS AND HYPOCALCEMIA

Figure 1. Outline of the study design. A total of 30 multiparous dairy cows were fed a dry cow ration with either adequate (AP, 0.30% P 
in DM) or low P content (LP, 0.16% P in DM) during the last 4 wk of gestation. Each shaded and open rectangle represents 1 d. Arrows mark 
blood sampling times. BL = baseline sampling time on the morning of initiating experimental feeding, after completion of the acclimation; BL 
+14 = sampling time 14 d after BL.
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Blood Sampling. Blood samples were collected 
anaerobically in lithium-heparin (LH) tubes (LH Vacu-
ette, Greiner Bio-One) by puncture of a jugular vein. 
Blood was obtained at standardized times between 
0800 h and 1000 h at the end of the acclimation period 
(baseline, BL), after 2 wk of feeding the experimental 
diets (BL +14), and daily from 4 d before the expected 
day of calving. Further blood samples were obtained 
immediately after calving (d 0) and 6, 12, and 24 h 
postpartum (d +0.25, d +0.5, and d +1, respectively) 
as well as on d 2, 3, 4, and 7 after calving (d +2, d +3, 
d +4, and d +7, respectively). Samples of the first 24 
h after calving (i.e., d 0 to d +1) were taken at specific 
times of day to obtain the corresponding time interval 
in h relative to time of calving; samples obtained at the 
sampling times d +2 to d +7 were again obtained in 
the morning between 0800 h and 1000 h. Blood samples 
obtained during the last days of gestation were retro-
spectively assigned a sampling time in days relative to 
the day of calving (d −4, d −3, d −2, d −1). Sampling 
time d −1 was defined as the last regular blood sample 
obtained in the morning of the day before calving.

Sample Processing and Analysis

Feed Sample Analysis. The DM content of com-
posited feed samples was determined by oven-drying 
at 100°C for 24 h, and the dietary P content measured 
by inductively coupled plasma mass spectrometry. The 
DM content was calculated according to the formula for 
DM of a TMR: corrected DM content = 2.08 + 0.975 × 
uncorrected DM content (Weissbach and Kuhla, 1995). 
The amount of fresh feed offered per day was adjusted 
in case of change in dietary DM content to minimize 
variation in the dietary P content.

Blood Gas Analysis. Blood gas analyses were con-
ducted on samples obtained between d −4 and d +7 
using a cartridge-based point of care unit to determine 
the [Ca2+] in whole blood (EPOC Host and Reader, 
Siemens Healthineers). Before this study, the analytical 
performance of this unit was compared with another 
cartridge-based point of care unit (i-STAT, Abbott 
Point of Care Inc.) previously validated for the use in 
cattle (Yilmaz and Karapinar, 2019). For this purpose, 
25 blood samples from periparturient dairy cows were 
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Table 1. Ingredients (% of DM) and composition (g/kg of DM, unless otherwise noted) of experimental feed 
rations of the adequate P (AP) and low P (LP) treatments antepartum and postpartum

Item AP antepartum LP antepartum Postpartum

Ingredient    
 Corn silage 38.3 38.2 25.5
 Pressed pulp 25.7 25.6 14.0
 Hay 8.9 8.9 5.4
 Straw 8.5 8.5 0
 Grass silage 0 0 19.5
 Concentrate pellets1 18.6 18.8 0
 Concentrate feed2 0 0 35.6
Chemical analysis    
 DM (% as fed) 36.6 36.5 34.7
 NEL (MJ/kg of DM) 5.72 5.68 6.86
 aNDF3 462 451 377
 ADF 272 251 212
 TDN 670 680 700
 CP 120 117 168
 Ca 7.17 7.63 8.90
 K 10.9 11.1 15.3
 P 3.26 1.65 4.6
 Mg 3.67 3.55 2.6
 S 4.14 2.86 3.0
 Na 2.2 2.3 2.06
 Cl 4.55 4.67 4.8
 DCAD (mEq/kg of DM) +50 +40 +160
1Pelleted concentrate containing P (AP 11.0 g/kg, LP 1.5g/kg), Ca (AP 6.5 g/kg, LP 7.0 g/kg), NH4H2PO4 
(AP 31.3 g/kg, LP 0.0 g/kg), and urea (AP 19.8 g/kg, LP 33.6 g/kg); identical for AP and LP: Mg (13.0 g/
kg), Na (12.0 g/kg), Cu (0.09 g/kg), Co (3.84 mg/kg), Mn (0.266 g/kg), Zn (0.411 g/kg), Se (2.04 mg/kg), 
vitamin A (39,000 IU/kg), vitamin D3 (6,100 IU/kg), and vitamin E (0.407 g/kg).
2Concentrate feed containing P (6.1 g/kg), Ca (6.5 g/kg), Mg (13.0 g/kg), Na (3.5 g/kg), Cu (0.034 g/kg), 
Co (0.55 mg/kg), Mn (0.133 g/kg), Zn (0.173 g/kg), Se (0.93 mg/kg), vitamin A (13,800 IU/kg), vitamin D3 
(2,160 IU/kg), and vitamin E (0.072 g/kg).
3aNDF = NDF analysis with amylase.
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simultaneously analyzed with both units. The results 
covering a [Ca2+] range from 0.5 to 2.0 mmol/L were 
studied with Deming regression analysis, which yielded 
a strong linear correlation (r = 0.996) between results 
of both units, absence of a proportional bias (slope = 
1.01; 95% CI: 0.96 to 1.06), and absence of constant 
bias (intercept = −0.03; 95% CI: −0.09 to 0.01). This 
indicates excellent agreement of results of both units 
with a tendency of the EPOC unit to measure [Ca2+] 
in the range of 0.03 mmol/L below values determined 
with the i-STAT unit. The analytical range for [Ca2+] 
provided by the manufacturer is 0.25 to 4.0 mmol/L; 
the intra-assay coefficient of variation determined in 
our laboratory (all on one single unit, n = 4 × 10) was 
2.3%.

Blood gas analyses were conducted on whole blood 
collected anaerobically in adequately filled LH tubes 
as described earlier, yielding blood samples with an 
activity of 17 IU of heparin/mL. One milliliter of blood 
was aspirated anaerobically into a microliter syringe 
(SOFT-JECT, Henke Sass Wolf) from the evacuated 
LH tube. If present, air bubbles were immediately re-
moved, and the hub of the syringe was connected to 
the cartridge of the point of care unit. The analysis was 
conducted within 5 min of sample collection.

Sample Processing. Blood remaining in the LH 
tubes was centrifuged at room temperature at 1,730 × 
g for 15 min (Jouan CR422, Thermo Fisher Scientific) 
within 20 min of collection; plasma was harvested and 
stored at −21°C until analysis.

Plasma Biochemical Analysis. All plasma sam-
ples were assayed for the concentrations of inorganic 
phosphorus ([Pi], ammonium molybdate method, Co-
bas Mira Plus CC, Hoffmann-La Roche AG) and total 
calcium ([TCa], Arsenazo III method, AU 680, Beck-
man Coulter Inc.). The lower detection limit for TCa 
was 0.01 mmol/L with intra- and interassay coefficients 
of variation of 0.91% and 1.14%, respectively.

All samples, with the exception of those obtained at 
BL +14, d −3, d +3, and d +7, were also analyzed 
for the plasma concentration of parathyroid hormone 
([PTH], Bovine Intact PTH ELISA Kit, Immunotopics 
Inc.; intra- and interassay coefficients of variation and 
sensitivities 5.16%, 8.70%, and 100 pg/mL). Samples 
from a subset of 10 cows of each treatment were analyzed 
for the plasma concentrations of 1,25-dihydroxyvitamin 
D ([1,25-(OH)2D3], 1,25-(OH)2 vitamin D ELISA, Im-
mundiagnostik AG) and CrossLaps, a marker for bone 
resorption ([CTX], serum CrossLaps ELISA, Immuno-
diagnostic Systems GmbH). Intra- and interassay coeffi-
cients and sensitivities were 6.69%, 9.00%, and 4.80 pg/
mL for 1,25-(OH)2D, and 4.20%, 6.46%, and 0.142 ng/
mL for CTX. Cows to be included in these subsets were 

selected to reflect the distribution of LN of the original 
treatment groups and to maintain equal distribution of 
LN between the 2 treatments. Furthermore, only cows 
with a complete data set were included in these subsets 
(i.e., cows treated for hypocalcemia were not eligible for 
inclusion). Specifically, these subsets were composed of 
5 cows entering LN 2, 3 cows entering LN 3, and 2 cows 
entering LN 4 of each treatment. All samples, with the 
exception of those obtained at BL +14, d −3, and d +7 
were assayed for [1,25-(OH)2D3], and all samples except 
those from d −3 and d +3 were analyzed for [CTX].

Data Analysis

For the purposes of this study, clinical hypocalcemia 
was defined as blood [Ca2+] <1.10 mmol/L (Wilms et 
al., 2019) at any sampling time in combination with 
clinical signs as previously described. A cow was di-
agnosed with SCH if blood [Ca2+] <1.10 mmol/L was 
determined at any time during the study but was not 
associated with apparent symptoms. Further categori-
zation into normocalcemic ([Ca2+] >1.10 mmol/L from 
d 0 to d +7), transient hypocalcemic ([Ca2+] <1.10 
mmol/L at at least 1 sampling time between d 0 and 
d +2, and [Ca2+] >1.10 mmol/L from d +3 to d +7), 
chronic hypocalcemic ([Ca2+] <1.10 mmol/L at at least 
1 time point between d 0 and d +2 combined with at 
least 1 time point between d +3 to d +7), and delayed 
hypocalcemic ([Ca2+] >1.10 mmol/L until d +2 and 
<1.10 mmol/L at at least 1 sampling time between d 
+3 and d +7) was also included. This categorization, 
used in crude analogy to a recent publication (McArt 
and Neves, 2019), did not include clinically hypocalce-
mic animals, as they received treatment after the first 
occurrence of hypocalcemia.

Statistical Analysis

Results are expressed as LSM ± SEM or as median 
and interquartile range for variables not meeting the 
assumption of normality. The statistical significance 
level was set at P < 0.05. Normality of residuals and 
homogeneity of variance were examined (Shapiro–Wilk 
test); variables violating the assumption of normal dis-
tribution were subject to log-transformation. Associa-
tions between categorical variables (categories of hypo-
calcemia and treatment) were tested with chi-squared 
statistics using PROC FREQ (SAS version 9.4, SAS 
Institute Inc.).

Repeated-measures ANOVA with animal identifica-
tion number as subject was used to determine fixed 
effects of treatment, time, LN with time as repeated 
factor, and the interaction between treatment and time, 
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using PROC MIXED. The most appropriate covariance 
structure was chosen based on the lowest Akaike in-
formation criterion. Bonferroni-adjusted P-values were 
used to assess differences between treatments at specific 
sampling times whenever the F-test was significant.

The required sample size for this study was esti-
mated on the basis of results obtained from an earlier 
study investigating the effects of dietary P deprivation 
in mid-lactation dairy cows (Grünberg et al., 2015; 
Grünberg et al., 2019). We anticipated a difference in 
plasma [TCa] of 20%, or approximately 0.4 mmol/L, 
between treatments around parturition with a standard 
deviation of 10%, and furthermore anticipated a 15% 
dropout rate due to early periparturient disease poten-
tially exacerbated by P deprivation. Fifteen cows by 
treatment provided 80% power while controlling for a 
5% type I error to identify the effect size mentioned 
previously. All analyses were conducted with SAS soft-
ware, version 9.4.

RESULTS

Animals and Feeding

Of the 30 cows included in the study, 7 and 8 cows 
assigned to the AP and LP treatments, respectively, 
entered the second lactation, 5 and 4 cows entered the 
third lactation, and 3 cows of each treatment entered 
the fourth lactation. Mean (± SD) BW was 775 ± 
73 kg and 764 ± 82 kg for AP and LP, respectively, 
with no difference between treatments in LN and BW. 
Experimental rations were fed for at least 20 d, with 
durations ranging from 20 to 45 d (30 ± 6 d) for AP 
and from 26 to 43 d (32 ± 4 d) for LP; these time 
spans did not differ between treatments. Analyses of 
the experimental rations throughout the study yielded 
mean P contents of 0.30 ± 0.05% and 0.16 ± 0.01% P 
in DM for dry cow AP and LP rations, respectively. 
The average P content of the lactation cow ration was 
0.46% P in DM.

A total of 26 cows calved spontaneously; 3 AP cows 
and 1 LP cow required calving assistance. Of these, 29 
calves were born alive, and 1 calf belonging to an AP 
cow was stillborn.

Stage 1 clinical hypocalcemia (Constable et al., 
2016a) was diagnosed in 3 AP cows (1 and 2 cows of 
LN 3 and LN 4, respectively) and 1 LP cow (LN 3). 
Clinical hypocalcemia occurred at d +0.25, d +1, and 
d +4 in the 3 AP cows, and at d +7 in the 1 LP cow. 
Clinical signs resolved within 24 h of treatment.

One LP cow developed clinical signs of acute rumen 
acidosis 3 d postpartum after engorging 22 kg of DM 
immediately after calving when switched from restrict-

ed feeding of the dry cow ration to ad libitum feeding of 
the lactating cow ration. Because this animal required 
therapeutic intervention, it was prematurely released 
from the study on d +3. Data obtained from this cow 
until sampling time d +2 were included in the analysis.

Blood and Plasma Biochemical Analysis

The maximum deviation from the scheduled time of 
blood sampling was +40 min for d 0, −5 to +5 min for 
d +0.25, −10 to +5 min for d +0.5, and −15 to +5 min 
for d +1.

Plasma [Pi]–time curves stratified by treatment are 
presented in Figure 2. The ANOVA revealed a treatment 
(P = 0.0003), time (P < 0.0001), and treatment × time 
interaction effect (P < 0.0001) but neither an LN nor a 
treatment × LN interaction effect. Plasma [Pi] did not 
differ between treatments at BL (1.80 ± 0.08 and 1.76 
± 0.08 mmol/L for AP and LP, respectively). The LP 
cows had lower plasma [Pi] than AP cows from d −4 
until d +1. A pronounced drop of plasma [Pi] occurred 
in the last 24 h before calving in both treatments, with 
a nadir of 0.6 mmol/L for LP and 0.9 mmol/L for AP 
cows reached at d 0 (Figure 2). The mean plasma [Pi] 
increased again in both treatments from the moment of 
calving until d +3.

Blood [Ca2+]–time curves stratified by treatment are 
presented in Figure 3. This parameter showed treat-
ment (P = 0.001), time (P < 0.0001), LN (P = 0.009), 
and treatment × time interaction effects (P = 0.009). 
Values of LP cows were numerically higher than those 
of AP cows on the last 4 d before calving; differences 
were statistically significant from d 0 to d +2 and on d 
+4. For AP cows the mean [Ca2+] was below the thresh-
old of 1.10 mmol/L at all sampling times between d 
0 and d +2, whereas for LP cows this value did not 
fall below 1.10 mmol/L at any point during the entire 
observation period (Figure 3). Blood [Ca2+] reached its 
nadir at d +0.25 in both treatments. The LN effect was 
reflected in lower [Ca2+] for LN 4 compared with LN 2.

In 10 of the 12 AP cows (5, 4, and 1 cows of LN 2, 
3, and 4, respectively) and 8 of 14 LP cows (3, 2, and 
3 cows of LN 2, 3, and 4, respectively) without clinical 
signs of hypocalcemia, blood [Ca2+] <1.10 mmol/L was 
measured at at least 1 sampling point. Two of 15 AP 
cows and six of 15 LP cows remained normocalcemic 
throughout the study, a numerical difference that did 
not reach the level of statistical significance. Of the 
subclinically hypocalcemic cows, 4 AP and 6 LP cows 
were categorized as transient hypocalcemic, whereas 5 
AP cows fell into the category of chronic hypocalcemia 
and 1 cow each of the AP and LP treatment into the 
category of delayed hypocalcemia.
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Figure 4 depicts the concentration–time curves for 
plasma TCa stratified by treatment. A treatment (P = 
0.004) and time effect (P < 0.0001) but no LN, treat-
ment × time interaction or treatment × LN interaction 
effects were apparent. The mean [TCa] of AP cows was 
statistically significantly below values of LP cows at 
the time points d +0.25, d +0.5, d +2, and d +4, with 
values reaching their nadir at d +0.25 and d +1 in AP 
and LP cows, respectively (Figure 4).

Values for plasma [CTX], [PTH], and [1,25-(OH)2D3] 
stratified by treatment and time are summarized in 
Table 2. Plasma [CTX] showed a treatment (P = 0.05), 
time (P < 0.0001), and treatment × time interaction 
(P = 0.04) effect but neither an LN nor a treatment 
× LN interaction effect (Table 2). The LP cows had 
higher values than AP cows at d +1, d +2, and d +7, 
while similar concentration ranges were measured in 
both treatments antepartum. For [PTH] time (P = 
0.0002) and LN (P = 0.007) effects but neither a treat-
ment nor a treatment × time interaction effect could be 
identified. This parameter was characterized by a large 
between- and within-animal variation; a retrospective 

power analysis indicated that the samples size was in-
sufficient to reach significance level for the observed 
numerical difference between treatments for this pa-
rameter. Plasma [PTH] increased around parturition in 
cows of both treatments, with no indication of higher 
PTH concentrations in LP than in AP cows. Plasma 
[PTH] of older cows in LN 4 were higher than of cows 
in LN 2 (P = 0.003). A significant time effect (P < 
0.0001) was observed for plasma [1,25-(OH)2D3] with 
values increasing between d 0 and d +2 in both treat-
ments (Table 2). No treatment, LN, treatment × time 
interaction, or treatment × LN interaction effect was 
found. Numerical differences between treatments were 
observed only at d +0.5 and d +1, with higher values 
in AP compared with LP cows (Table 2).

DISCUSSION

The objective of this study was to determine wheth-
er a feeding protocol restricting the dietary P supply 
during the last 4 wk of the dry period was effective 
in improving the Ca homeostasis of high-yielding 
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Figure 2. Least squares means (± SEM) of plasma inorganic P concentration ([Pi]) for adequate P (AP, dashed line, open squares) and low 
P (LP, solid line, closed circles) treatments. The horizontal dotted line represents the lower reference range for plasma [Pi] in cattle (Constable 
et al., 2016b). Each treatment comprised 15 multiparous dairy cows fed a dry cow ration with either adequate (AP, 0.30% P in DM) or low P 
content (LP, 0.16% P in DM) during the last 4 wk of gestation. Time points labeled with an asterisk differ significantly between treatments (P 
< 0.05).
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periparturient dairy cows. The results presented here 
show that P-restrictive feeding in late gestation indeed 
results in increased blood [Ca2+] and plasma [TCa] for 
at least the first 4 d of lactation compared with cows 
fed diets with adequate P content. This positive effect 
was associated with numerically lower incidence rates 
of clinical and subclinical hypocalcemia in cows on 
restricted compared with cows on adequate P supply. 
Furthermore, SCH in P-deprived cows was diagnosed 
on 2 consecutive days at most, whereas half of the 
cows on adequate dietary P supply diagnosed with 
SCH had subnormal blood [Ca2+] over a period of at 
least 3 d and thus were classified as chronically hy-
pocalcemic. These results indicate that P restriction 
during the dry period tends not only to reduce the 
incidence of clinical and subclinical hypocalcemia but 
also to mitigate the severity and duration of peripar-
turient hypocalcemia.

The P content of the LP treatment diet used in this 
experiment is considerably below current recommen-
dations for diets of late-pregnant dry cows of 0.26% 
in DM (GfE, 2001; NRC, 2001). The development of 
hypophosphatemia in LP cows suggests that this feed-

ing protocol indeed resulted in a state of negative P 
balance. Remarkably, the level of hypophosphatemia 
observed in the present study, with mean values in the 
range of 0.9 mmol/L before the physiological postpar-
turient dip of the plasma [Pi] was considerably less 
pronounced than the mean values below 0.5 mmol/L 
reported by Cohrs et al. (2018), albeit the difference in 
dietary P content between the current and our previous 
study [0.16% P in DM here compared with 0.15% in 
DM in the study by Cohrs et al. (2018)] was marginal. 
Although it is probable that, in a state of negative P 
balance, even a small difference in the dietary P supply 
may have a more pronounced influence on extracellular 
P homeostasis than at a higher P supply level, we deem 
it likely that this difference is primarily attributable 
to the greater degree of day-to-day variation in feed 
composition observed in the present study, which was 
conducted in a field setting. These results indicate that 
limiting restrictive P feeding to late gestation does not 
measurably weaken the positive effect on the Ca ho-
meostasis in the first week of lactation compared with 
feeding a P-deficient diet beyond the first week of lacta-
tion (Cohrs et al., 2018).
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Figure 3. Least squares means (± SEM) of blood ionized Ca concentration ([Ca2+]) for adequate P (AP, dashed line, open squares) and low 
P (LP, solid line, closed circles) treatments. The horizontal dotted line represents the lower reference range for blood [Ca2+] in cattle (Wilms 
et al., 2019). Each treatment comprised 15 multiparous dairy cows fed a dry cow ration with either adequate (AP, 0.30% P in DM) or low P 
content (LP, 0.16% P in DM) during the last 4 wk of gestation. Time points labeled with an asterisk differ significantly between groups (P < 
0.05). Time points of both treatments are slightly offset on the time axes to improve readability.
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Another study with the same objective of inducing 
a state of negative P balance in dry cows was unsuc-
cessful in causing either hypophosphatemia or any sign 
suggestive of an activation of counter-regulation to a 
negative P balance when feeding a diet with 0.21% P in 
DM, which would be considered moderately P deficient 
for dry cows in their last weeks of gestation (NRC, 
2001; Peterson et al., 2005). In this study animals had 
ad libitum access to feed with an average daily DMI of 
17.8 kg, corresponding to a daily P intake of over 37 
g/d (Peterson et al., 2005). Other studies investigating 
the effect of a restricted dietary P supply in dry cows 
combined either a marginal or a deficient P supply with 
a Ca supply several-fold above requirements, or did not 
disclose the amounts of feed or P consumed in the week 
before calving, making a comparison with the results 
reported here difficult (Barton et al., 1987; Puggaard 
et al., 2014).

In preparation for this experiment, we conducted a 
pilot study aiming at identifying the level of P restric-
tion required to measurably trigger counter-regulation 
to a negative P balance in dry cows. Results of this 

experiment indicate that the daily P supply of an adult 
late-pregnant and nonlactating dairy cow needed to re-
main below 20 g of P per day for 2 wk or longer (Cohrs 
et al., 2021). Specifically, this pilot study identified an 
increase of plasma [CTX] relative to baseline of above 
0.2 ng/mL as a potentially suitable indicator for acti-
vated bone mobilization in response to P deprivation. 
This result, which certainly requires confirmation in a 
larger study, implies that a diet with 0.15% P in DM 
with a voluntary DMI intake of 16 kg, corresponding to 
the average DMI of dry dairy cows at our research unit, 
would not be sufficiently low to induce a negative P 
balance. This was the rationale for the restricted feed-
ing protocol in dry cows used here.

In this context, it should be noted that suggested P 
contents in dry cow rations are generally based on an 
estimated DMI of between 10.5 and 14.0 kg of DM, 
which is well below the true daily intake observed in 
a high-yielding dairy cow during the dry period (GfE, 
2001; NRC, 2001). Our finding furthermore disagrees 
with the current practice of calculating dietary P re-
quirements of dry cows based on the expected DMI, 
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Figure 4. Least squares means (± SEM) of plasma total Ca concentration ([TCa]) for adequate P (AP, dashed line, open squares) and low 
P (LP, solid line, closed circles) treatments. The horizontal dotted line represents the lower reference range for plasma [TCa] in cattle (Neves 
et al., 2017). Each treatment comprised 15 multiparous dairy cows fed a dry cow ration with either adequate (AP, 0.30% P in DM) or low P 
content (LP, 0.16% P in DM) during the last 4 wk of gestation. Time points labeled with an asterisk differ significantly between treatments (P 
< 0.05). Time points of both treatments are slightly offset on the time axes to improve readability.
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which is based on the concept that maintenance re-
quirements for P are a function of DMI rather than 
body mass in ruminants (Spiekers et al., 1993).

Several field studies of the past decades have already 
reported an association between dietary P content dur-
ing the dry period and the risk of milk fever (Julien et 
al., 1977; Lean et al., 2006). These studies specifically 
report an increased risk of periparturient hypocalce-
mia when feeding dry cow rations in excess of 0.30% 
P in DM, which is still common practice in the dairy 
industry. The study reported here introduces the novel 
concept of inducing a negative P balance before calving 
by feeding rations with a dietary P content below cur-
rent recommendations for dry dairy cows, similar to the 
concept of using low-Ca diets as a measure to mitigate 
the occurrence of clinical and subclinical hypocalcemia 
in fresh cows.

The plasma [Pi] of P-deprived cows in the days be-
fore calving was approximately half the concentration 
determined in cows on adequate P supply. Values in 
the range of 0.8 to 1.1 mmol/L in LP cows can be 
categorized as moderately hypophosphatemic but were 
not associated with overt clinical signs commonly as-

sociated with hypophosphatemia, such as feed intake 
depression or decreased productivity (data not shown). 
Remarkably, subnormal plasma [Pi] antepartum did 
not mitigate the dip in plasma [Pi] at calving that is 
commonly observed in dairy cows. The sudden but 
short-lived decline of the plasma [Pi] within the first 
24 h of calving even in healthy cows on adequate P 
supply is a well-documented physiological develop-
ment that neither can be solely attributed to loss of 
P through the mammary gland nor is indicative of an 
inadequate P supply (Goff et al., 2002; Grünberg, 2014; 
Megahed et al., 2018). Producers and veterinarians do, 
however, observe this reduction in plasma [Pi] in fresh 
cows with concern, as it is widely believed to be as-
sociated with negative effects on health and productiv-
ity, particularly in high-yielding dairy cows. Reduced 
feed intake, hampered productivity and fertility, and 
even an increased risk of becoming a “downer cow” or 
developing postparturient hemoglobinuria, have been 
linked to hypophosphatemia in fresh cows (Ménard 
and Thompson, 2007; Grünberg, 2014). In the present 
experiment, with an observation period limited to the 
first 7 d of lactation, no indication of impaired health 
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Table 2. Results of repeated-measures ANOVA (P-values) for plasma concentrations of CrossLaps ([CTX], Immunodiagnostic Systems GmbH), 
parathyroid hormone ([PTH]), and 1,25-dihydroxyvitamin D ([1,25-(OH)2D3]) for cows on a dry cow ration with either adequate (AP) or low 
(LP) P content, stratified by time relative to calving1

Day relative 
to calving

[CTX] (ng/mL)

 

[PTH] (pg/mL)

 

[1,25-(OH)2D3] (pg/mL)

AP LP AP LP AP LP

BL 0.62 ± 0.26 0.41 ± 0.26 337 (134–760) 395 (87–647) 25.4 ± 9.1 27.6 ± 9.0
BL +14 0.68 ± 0.26 0.73 ± 0.26     
−4 0.47 ± 0.28 0.99 ± 0.29 203 (137–463) 216 (148–395) 26.3 ± 9.4 34.8 ± 9.7
−2 0.53 ± 0.27 0.71 ± 0.28 448 (181–895) 163 (125–326) 27.8 ± 9.3 38.1 ± 9.4
−1 0.67 ± 0.26 0.77 ± 0.27 361 (177–1,235) 267 (173–708) 33.7 ± 9.1 30.6 ± 9.3
0 1.32 ± 0.26 1.85 ± 0.26 501 (307–3,554) 833 (178–1,648) 52.6 ± 9.1 45.5 ± 9.1
+0.25 1.57 ± 0.27 2.19 ± 0.26 1,011 (437–1,764) 701 (271–2,852) 59.8 ± 9.1 49.6 ± 9.1
+0.5 1.57 ± 0.27 2.12 ± 0.26 774 (353–6,243) 303 (178–2021) 69.1 ± 9.1 49.8 ± 9.1
+1 1.92 ± 0.27* 2.97 ± 0.27* 1,129 (438–2,956) 852 (134–8,004) 100.1 ± 9.1 73.8 ± 9.1
+2 2.07 ± 0.27* 2.92 ± 0.27* 765 (481–1,215) 1,224 (313–1,674) 105.7 ± 9.1 95.8 ± 9.1
+3     96.1 ± 9.1 92.7 ± 9.1
+4 2.17 ± 0.27 2.54 ± 0.27 445 (314–831) 373 (209–833) 85.3 ± 9.1 81.9 ± 9.1
+7 1.77 ± 0.28* 3.03 ± 0.27*    

Effect2

Trt Time LN Trt × Time Trt × LN

[CTX] P = 0.05 P < 0.0001 NS3 P = 0.04 NS
[PTH] NS P = 0.0002 P = 0.007 NS NS
[1,25-(OH)2D3] NS P < 0.0001 NS NS NS  
1BL = baseline measurements, sampled at the end of the acclimation period; BL +14 = samples taken after 2 wk of feeding the experimental 
diets; d 0 = date of calving; d +0.25, d +0.5 = 6 and 12 h postpartum. Results are presented as LSM ± SEM or median and interquartile range 
(shown in parentheses). Each treatment comprised 15 multiparous dairy cows fed a dry cow ration with either adequate (AP, 0.30% P in DM) 
or low P content (LP, 0.16% P in DM) during the last 4 wk of gestation.
2Studied effects were treatment (Trt), time, lactation number (LN), Trt × Time, and Trt × LN interactions.
3NS = no significant effect.
*Significant difference between treatments at a specific time point (P < 0.05).
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was observed in cows on restricted dietary P supply for 
the last 4 wk of gestation. Furthermore, none of the 
blood biochemical parameters included in this study, 
other than [Ca2+], [TCa], and [CTX], revealed a signifi-
cant treatment effect. Earlier studies, where dietary P 
deprivation was extended to 4 wk and longer into lacta-
tion, did, however, report important negative effects on 
DMI, productivity, and disease incidences (Puggaard 
et al., 2014; Grünberg et al., 2019). Protracted effects 
of P deprivation during the dry period potentially oc-
curring later in lactation in the cows included in this 
study are currently being studied by our laboratory. 
No overt negative effects on health and productivity in 
experimental cows were apparent in the weeks following 
the conclusion of this study.

Mechanisms behind increased Ca concentrations as-
sociated with dietary P deprivation in transition dairy 
cows have been discussed previously (Kichura et al., 
1982; Puggaard et al., 2014; Cohrs et al., 2018). Activa-
tion of osteoclast activity in response to P deprivation 
and the ensuing release of Ca and P from bone have 
been reported, but the relevance of this mechanism 
for the regulation of the P homeostasis has been ques-
tioned (Thompson et al., 1975; Kichura et al., 1982). 
A recent study investigating the influence of dietary P 
deprivation on bone mobilization in sheep showed that 
the gene expression related to CTX, as well as serum 
[CTX], increased in P-deprived sheep compared with 
sheep on an adequate P supply (Köhler et al., 2021). 
Although Cohrs et al. (2018) reported markedly higher 
plasma [CTX] in P-deprived cows already 2 d before 
calving, compared with cows on adequate P supply, 
differences were only numerically higher antepartum in 
LP cows in the present study, with differences between 
treatment reaching statistical significance only 1 d after 
calving. These results suggest that the more moderate 
hypophosphatemia observed in this experiment was as-
sociated with less pronounced activation of osteoclast 
activity in cows on restricted P supply compared with 
the study by Cohrs et al. (2018).

Although enhanced bone mobilization in states of 
P deficiency is well documented in cattle and other 
species, the underlying regulatory mechanism remains 
poorly understood (Baylink et al., 1971; Cohrs et al., 
2018; Köhler et al., 2021). The secretion of PTH is gen-
erally reported to be decreased in P-deprived animals, 
which has been attributed to the concomitant increase 
of plasma Ca as osteoclast activity is increased and Ca 
and P are released from the bone matrix (Kichura et al., 
1982). In the absence of sustained dietary P deprivation 
during the dry period, a state of simultaneous negative 
P and Ca balance at calving presents an extraordinary 
metabolic situation in dairy cows. With the use of a 

P-deficient diet as fed to LP cows in this study, it is 
conceivable that hampered PTH secretion in response 
to P deprivation may result in impaired efficacy of the 
counter-regulatory circuits responding to periparturi-
ent hypocalcemia. The results from Cohrs et al. (2018), 
however, indicate that enhanced bone mobilization 
triggered by P deprivation results in elevated plasma 
Ca concentrations around parturition despite markedly 
lower plasma [PTH] around calving compared with cat-
tle on adequate P supply. These findings, which have 
been corroborated by studies conducted on P-deficient 
breeder cows, suggest that bone mobilization in states 
of P deficiency is at least as efficacious in supplying the 
extracellular space with Ca as bone mobilization trig-
gered by Ca deficiency, while being less dependent on 
or even entirely independent of PTH (Anderson et al., 
2017). The results of the PTH analysis of the present 
study were inconclusive due to the unexpectedly large 
degree of intra- and interindividual variation.

In the current study, dietary P deprivation did not 
result in significant differences in plasma [1,25-(OH)2D3] 
between the LP and AP cows, which again is in agree-
ment with the results from Cohrs et al. (2018). This 
further strengthens the assumption that it is indeed 
bone mobilization rather than enhanced intestinal Ca 
absorption triggered by [1,25-(OH)2D3] that results in 
the improved Ca status in P-deprived periparturient 
cows.

To achieve the goal of inducing a negative P balance 
in late gestation, a restricted feeding protocol was used 
in this experiment. Although the study was designed 
to control for the effect of restricted DMI in the dry 
period, restricting DMI in close-up cows is undesirable 
in practice, and has the potential to also affect the Ca 
balance around parturition. Balanced dry cow rations 
with 0.15% P in DM and below are extremely difficult 
to formulate with standard feed ingredients commonly 
used in Europe and the Americas, which was the reason 
for the implementation of the restricted feeding proto-
col. This difficulty in inducing a negative P balance in 
dry cows on the one hand underscores that the risk of 
insufficient P supply during the dry period when us-
ing standard feed ingredients of the geographic regions 
mentioned above is marginal, and on the other hand 
indicates that, should dietary P deprivation of dry cows 
become an established option to reduce the risk of SCH 
in early lactation, the use of P-binding compounds in 
these diets such as zeolites may be required.

Another limitation of this study resulted from the 
decision to treat study animals with clinical hypocalce-
mia in an early stage, thus before becoming recumbent. 
Because blood samples were only included until imme-
diately before treatment, more samples of hypocalcemic 
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cows had to be excluded from the analysis than if ani-
mals had been treated only after becoming recumbent. 
This is likely to have resulted in an underestimation of 
the treatment effect on Ca homeostasis in this experi-
ment.

In conclusion, restricted dietary P supply during 
the last 4 wk of gestation was effective in improving 
Ca homeostasis in high-yielding dairy cows during the 
first days of lactation. The positive effect seems to be 
primarily attributable to enhanced bone mobilization 
in periparturient cows in negative P balance.
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