
 

 

University of Veterinary Medicine Hannover 

 

 

 

 

 

 

 

 

Restricted dietary phosphorus supply during the dry period in 

dairy cows for the prevention of periparturient hypocalcemia,  

and effects on health and productivity in the following lactation 

 

 

 

 

 

 

 

Inaugural-Dissertation 

to obtain the academic degree 

Doctor medicinae veterinariae 

(Dr. med. vet.) 

 

 

 

 

submitted by 

Sophia Wächter 

Herford 

 

Hannover 2021 

  



 

 

 

 

 

Academic supervision:   1. Univ.-Prof. Dr. Martina Hoedemaker, PhD, 

Diplomate ECAR & ECBHM 

(Clinic for Cattle, University of Veterinary 

Medicine Hannover Foundation) 
 

 

 

 

2. Dr. Walter Grünberg, MS, PhD, Diplomate 

ECAR & ECBHM, associate Diplomate ACVIM 

(Clinic for Cattle, University of Veterinary 

Medicine Hannover Foundation) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Referee:  Univ.-Prof. Dr. Martina Hoedemaker, PhD, 

Diplomate ECAR & ECBHM 

 

 

 

 

2. Referee:      Prof. Dr. Mirja Wilkens 
 

 

 

 

 

 

 

Day of the oral examination: 12.11.2021 

 

 

 

 

 



 

 

Sophia Wächter, “Restricted dietary phosphorus supply during the dry period in dairy cows 

for the prevention of periparturient hypocalcemia, and effects on health and productivity in 

the following lactation”  

 

Index 

1 Introduction            1 

  1.1 Calcium           1 

   1.1.1 Role and distribution of calcium in the body     1

   1.1.2 Intake, resorption and excretion      2 

  

  1.2 Phosphorus          3 

   1.2.1  Role and distribution of phosphorus in the body    3

   1.2.2  Intake, resorption and excretion      3 

 

1.3  Calcium and phosphorus homeostasis      4 

 

1.4  Disturbances of the calcium and phosphorus homeostasis    6 

 1.4.1  Hypocalcemia         6 

1.4.1.1    Occurrence, importance and consequences    6 

  1.4.1.2    Pathogenesis       6 

  1.4.1.3    Clinical signs       7 

  1.4.1.4    Diagnosis        7 

  1.4.1.5    Therapy        8 

  1.4.1.6    Prevention        8 

 

 1.4.2 Hypophosphatemia                   9 

1.4.2.1    Occurrence, importance and consequences    9 

  1.4.2.2    Clinical signs     10 

  1.4.2.3    Diagnosis      10 

  1.4.2.4    Therapy      11 

 

1.5  Dietary phosphorus deprivation in dairy cows   11 

    

  1.6 Objectives and hypotheses      12

     

2 Manuscript 1: Effect of restricted dietary phosphorus supply to dry cows on   

the periparturient calcium status        14 

  2.1 Abstract        14 

  2.2  Introduction        15 

  2.3  Material and Methods       16 

  2.4.  Results        22 

  2.5  Discussion        24 

  2.6  Acknowledgements + Figures and Tables    29 

 

3  Contextual transition         36 

 

4 Manuscript 2: Effect of restricted dietary phosphorus supply during the dry   

period on productivity, health and metabolism in dairy cows    37 

  4.1  Abstract        37 

  4.2  Introduction        38 

  4.3  Material and Methods       39 



 

 

  4.4 Results        48 

  4.5 Discussion        55 

4.6 Acknowledgements + Figures and Tables    63 

5 General discussion         84 

 5.1 Results        84 

  5.2 Relevance of the study      86 

  5.3 Experimental procedure      87 

  5.4 Conclusion        88 

  5.5 Future perspectives       88 

       

6 Summary          89 

 

7 Erweiterte Zusammenfassung       93 

 

8 Bibliography                   101 

 

9  Danksagung                    116 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 

 

1  Introduction 

The excretion of phosphorus (P) in the feces increases when feeding P in excess of 

requirements to livestock. Application of manure to agricultural soils contributes to meeting 

nutrient requirements of plants and maintains fertility of the soil, but also leads to pollution of 

surface water with detrimental effects on the environment when containing high amounts of P 

and N (Mainstone and Parr, 2002). In Germany as in other European countries, the amounts 

of P that can be applied are restricted and expanded vesting periods for land application were 

defined in a new legislation introduced at the beginning of 2021 (Bundesregierung, 2020). For 

this reason, decreasing the fecal P output of dairy cows by formulating P restrictive diets 

attracts more and more attention. Two decades ago, the National Research Council already 

lowered the recommendations for the dietary P content in rations for dairy cows (NRC, 2001). 

However, there are concerns of veterinarians and producers that limited dietary P intake may 

have negative effects on health and performance of high-yielding dairy cows. The aim should 

be to offer sufficient amounts of P through the diets in order to sustain both environmental 

and animal health demands. 

1.1 Calcium  

1.1.1 Role and distribution of calcium in the body  

Calcium (Ca) ensures the stability of cell membranes, muscle contractility and release 

of the neurotransmitter acetylcholine (Constable et al., 2016b). In addition, Ca is essential for 

the activity of many enzymes, myocardial function and blood clotting. It also regulates the 

action of numerous hormones as second messenger (Littledike and Goff, 1987).  

About 99 % of Ca in the body is incorporated in the skeleton (McCarthy and Kumar, 

1999). In blood, 3 fractions of Ca circulate: Ionized Ca (Ca
2+

), Ca bound to proteins and Ca 

complexed with various anions (Constable et al., 2019). The summation of these forms gives 

the blood total Ca. Ca
2+ 

represents the Ca fraction biochemically and metabolically most 

relevant (Littledike and Goff, 1987, Kumar and Thompson, 2011). In clinically healthy cows, 

Ca
2+

 accounts for about 50 % of total Ca (Lincoln and Lane, 1990). Several authors studied 

factors with impact on the ratio of ionized to total Ca (Blum et al., 1972, Ladenson et al., 

1978, Lincoln and Lane, 1990, Joyce et al., 1997). Alteration of this equilibrium can be 

attributed to changes in the concentration of plasma protein, non-esterified fatty acids and 

anions (Warshaw et al., 1985, Schenck and Chew, 2008, McCudden, 2013). Furthermore, the 
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ratio of ionized to total Ca is influenced by the acid-base homeostasis (Schaer and Bachmann, 

1974, Larsen et al., 2001, Constable et al., 2019).  

1.1.2 Intake, resorption and excretion  

Figure 1 gives an overview of the Ca balance. The main site for the absorption of 

dietary Ca is the small intestine (Reinhardt et al., 1988) but Ca absorption capacity was also 

demonstrated for the rumen (Hyde et al., 2019). Mechanism of absorption are passive 

diffusion, tight junctions, solvent drag and the active transport of Ca (Hoenderop et al., 2005). 

Passive diffusion takes place whenever the intestinal concentration of Ca
2+

 exceeds that 

within the extracellular space many times over (Bronner, 1987). Ca-specific channels are 

formed by the proteins claudin 2 and 12 which are part of tight junctions (Fujita et al., 2008). 

The transport of Ca dissolved in water through the pores of tight junctions is called solvent 

drag (Goff, 2018). Active transport as the most important route of intestinal absorption is 

controlled by vitamin D, which is described in detail below. Ruminal absorption of Ca 

through the multi-layered epithelium via passive diffusion is suggested to scarcely occur as 

the ruminal fluid dilutes and complexes Ca (Goff, 2018). Expression of proteins for active, 

transcellular transmission such as the transient receptor potential vanilloid channel type 6 

(TRPV6) and calbidin-D9k identified as Ca transporters in the small intestine could not be 

detected in the rumen of small ruminants and cattle (Wilkens et al., 2011, Schröder et al., 

2015). Accordingly, unknown mechanism other than those described for the intestine mediate 

ruminal Ca transport. Ca is primarily excreted via feces. In ruminants, renal excretion of Ca is 

of minor importance (Goff, 2000). More relevant in dairy cows is the loss of Ca through the 

mammary gland starting with the onset of lactation as colostrum contains up to 2.3 g Ca per 

liter (Goff, 2000). Already before calving, there is an increase in the expression and activity 

of Ca transporters, pumps and modulators ensuring the transcellular transport of Ca from the 

blood into the milk (Cross et al., 2014). During the last weeks of gestation Ca plays an 

important role for fetal growth resulting in Ca withdrawal from the dam. In young animals, 

bone mineralization requires adequate amounts of Ca causing a net flux of this mineral to the 

skeleton (Horst, 1986).  
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Figure 1. Calcium (Ca) balance in a 600 kg cow in analogy to Goff (2014). 

1.2 Phosphorus  

1.2.1 Role and distribution of phosphorus in the body  

P is essential for many biological functions including the structural integrity of cells 

and bones, activity of enzymes, energy metabolism, cell signaling and oxygen delivery. 

Furthermore, P plays an important role in maintaining intracellular pH through the phosphate 

buffer system and is a substantial component of DNA and RNA (Knochel, 1977). 

Additionally, in ruminants microbial fermentation in the rumen requires adequate dietary P 

supply (Puggaard et al., 2014). 

Based on its reactivity and instability, P is not found in elementary form but mainly 

exists as PO4. In the body, PO4 is present either unbound as inorganic P or bound to a carbon-

containing molecule. HPO4
2- 

and H2PO4
-
 present the compounds of inorganic PO4 (Goff, 

2018). The skeleton incorporates the majority of the body’s P (80-85 %) as dihydroxyapatite 

and Ca-phosphate, while less than 1 % can be found in the extracellular space. Extracellular P 

is mainly present as inorganic P, but is partly bound to plasma protein or complexed with 

cations, such as Ca and magnesium. The remaining part of P remains within the intracellular 

space (Grünberg, 2014).  

1.2.2 Intake, resorption and excretion  

Figure 2 gives an overview of the P balance in ruminants. Here, substantial P secretion 

occurs through saliva as saliva not only contains substances which act as buffer in rumen fluid 

but also, as mentioned above, is a source of P for ruminal microorganisms apart from the 
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amounts acquired through feed intake (Tomas et al., 1967). In the gastrointestinal tract, P is 

absorbed mainly in the small intestine and to a lesser degree in the rumen via passive 

diffusion while active transport of P could not be determined (Horst, 1986, Breves et al., 

1988). The reoccurring secretion through saliva then completes the recycling of P which is 

highly relevant for proper ruminal function (Reinhardt et al., 1988). Excretion and losses of P 

in the body then occur through the kidney, which is certainly of minor importance in 

ruminants, during the late stages of pregnancy as P demands of the growing fetus rise but also 

increase as dietary P intake increases and leads to higher fecal P excretion (House and Bell, 

1993, Wu, 2001, Wilkens and Muscher-Banse, 2020). Similarly to Ca, a considerable 

proportion of P is removed from the body through the mammary gland in lactating dairy cows 

(Reinhardt et al., 1988). P is also essential for adequate bone mineralization in young animals 

resulting in net flux of P to the skeleton. Several factors such as insulin and catecholamines 

induce shifts from one space to another with alterations of the plasma P concentration 

(Grünberg et al., 2006).  

 

 

 

 

 

 

 

Figure 2. Phosphorus (P) balance in a 600 kg cow in analogy to Grünberg (2014).  

1.3 Calcium and phosphorus homeostasis  

In contrast to the plasma P concentration, the maintenance of normal plasma Ca 

concentration is controlled stringently, though Ca and P interact in the homeostasis (Horst, 

1986). Endocrine pathways activating the regulation of the Ca and P homeostasis are not yet 

completely understood (Hernández-Castellano et al., 2020). Mainly, 3 hormones are involved 

in the regulation of the Ca homeostasis. In response to the decline of the plasma concentration 

of Ca
2+

, the production and secretion of parathyroid hormone (PTH) by the parathyroid glands 
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is induced (Kumar and Thompson, 2011). PTH increases the tubular reabsorption of Ca but 

decreases the reabsorption of P. In ruminants, the relevance of this mechanism for saving Ca 

is limited (Goff, 2000). Furthermore, PTH initiates the synthesis of 1,25-dihydroxyvitamin D 

(1,25-(OH)2D) due to activation of the 1α-hydroxylase in the kidney in the case of 

hypocalcemia (Horst, 1986, Littledike and Goff, 1987). Vitamin D is taken up with the diet as 

well as formed in the skin during sunlight. In the liver, vitamin D is converted into 25-

hydroxyvitamin-D (25-OHD) based on the activity of the 25-hydroxylase. The metabolite 25-

OHD circulates in blood, and is converted to its most active metabolite 1,25-(OH)2D in the 

kidney (Horst, 1986). 1,25-(OH)2D then promotes the uptake of Ca and P from the small 

intestine but also improves the mobilization of Ca and P from bone (Littledike and Goff, 

1987). In the small intestine, 1,25-(OH)2D binds to the vitamin D receptor (VDR) of 

enterocytes causing the production of the Ca channel protein TRPV6 (Peng et al., 1999). Ca 

located in the intestinal lumen is transferred through the apical membrane into the cells, where 

it is transported due to binding at calbidin-D9k (Bronner, 1987). The entry from the plasma 

membrane into the extracellular space is enabled by the presence of a Ca ATPase pump called 

PMCa1b (van Abel et al., 2003). Therefore, first of all, structures facilitating Ca transport 

must be formed in hypocalcemic states – a process which requires adaption time. For P, 1,25-

(OH)2D increases the absorption from the gastrointestinal tract through a Na
+
-dependent Pi 

cotransporter (Goff, 2018). After diffusion across the cell, a phosphate channel coupled with a 

Na
+
/K

+
-ATPase pump allows the movement of P into the extracellular space (Murer et al., 

2001). In addition, PTH stimulates the parotid salivary secretion of P in ruminants. The 

recycling of salivary P due to intestinal absorption is also mediated by 1,25-(OH)2D (Goff, 

2004). Counter-regulation in P-depleted ruminants is widely independent of PTH as shown in 

studies by Cohrs et al. (2018) and Anderson et al. (2017) 

The signaling pathway of NF-κB ligand (RANKL)/receptor activator of the NF-κB 

(RANK)/osteoprotegerin (OPG) regulates the activities of osteoblasts and osteoclasts (Liu et 

al., 2010). Osteoblasts represent formation cells while osteoclasts represent resorption cells 

(Trouvin and Goeb, 2010). RANK was identified as the sole signaling receptor for 

osteoclastogenesis (Li et al., 1999), which is primarily expressed on the surface of osteoclast 

precursor cells (Hsu et al., 1999). After RANKL has bound to its receptor, the differentiation 

and activation of osteoclasts is induced (Boyle et al., 2003). Therefore, the presence of 

macrophage colony-stimulating factor (M-CSF) is required (Nakagawa et al., 1998). Both, 

PTH (Ma et al., 2001; Ben-awadh et al., 2014) and 1,25-(OH)2D (Mortensen et al., 1993; 

Kondo et al., 2004) increase in the case of hypocalcemia and improve the expression of the 
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RANKL gene. The secretion of PTH-related protein (PTHrp) by the mammary gland during 

lactation additionally stimulates osteoclastic activity (Wysolmerski et al., 2010). Besides the 

osteoclast-mediated bone resorption, osteocytic osteolysis is also implicated in maintenance 

of the Ca homeostasis (Kovacs, 2017). Mechanisms behind increased bone mobilization in 

hypophosphatemic states are currently unknown in ruminants. 

The expression of the 1α-hydroxylase is inhibited and that of the 24-hydroxylase 

stimulated by 1,25-(OH)2D via a negative feedback mechanism resulting in an inactivation of 

both 25-OHD and 1,25-(OH)2D (Bikle et al., 2009). In case of hypercalcemic plasma 

concentration, calcitonin is secreted by the thyroid glands and acts as an antagonist of PTH 

(Littledike and Goff, 1987).  

1.4 Disturbances of the calcium and phosphorus homeostasis  

1.4.1 Hypocalcemia  

1.4.1.1 Occurrence, importance and consequences  

Periparturient hypocalcemia is a common finding in multiparous dairy cows and is 

recognized as one of the most important metabolic disturbances in early lactation (USDA, 

2002). The disease is the consequence of the onset of lactation and the high Ca demand for 

milk production resulting in substantial loss of Ca through the mammary gland (Goff, 2000). 

Hypocalcemic cows may develop clinical sings of hypocalcemia but the majority is 

subclinically affected. The incidence rate for clinical hypocalcemia is between 4 and 9 %, for 

subclinical hypocalcemia even up to 50 % in multiparous cows (Reinhardt et al., 2011). In a 

study by Venjakob et al. (2017), an even higher incidence for clinical hypocalcemia was 

found in German dairy herds with 16 % cows affected in the 4
th

 lactation or greater. 

Considering the costs of veterinary intervention and treatment as well as economic losses 

based on reduced milk production, impaired reproductive performance and possible 

development of further disorders, the costs per clinical case of hypocalcemia are estimated at 

300 US$ but also subclinical cases of hypocalcemia generate costs of 125 US$ (Oetzel, 2013). 

1.4.1.2 Pathogenesis  

As the onset of lactation abruptly requires great amounts of Ca and stimulation of 

intestinal absorption of Ca requires 24 h (Bar et al., 1985) and except for small amounts of Ca 

from the bone fluid which are available quite promptly, mobilization of Ca from bone 

increases only after 48 h (Goff et al., 1986), a certain degree of hypocalcemia can be 
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determined in each cow around calving (DeGaris and Lean, 2008). However, the response of 

the gut and bone metabolism to hormonal stimuli is delayed in animals developing parturient 

paresis, known as milk fever (Barton et al., 1981, Goff et al., 1995). Hypocalcemia is almost 

exclusively diagnosed in multiparous cows as the most important influencing factor for the 

development of parturient paresis is parity (Curtis et al., 1984). With increasing lactation 

number the amount of 1,25-(OH)2D receptors in the intestine declines (Horst et al., 1990). 

Furthermore, it has been reported that Ca mobilization from bone is impaired due to 

decreasing number of osteoclasts and reduced bone surface with advancing age (Reinhardt et 

al., 1988). 

1.4.1.3 Clinical signs 

The reduction of cell membrane stability, muscle contractility and release of 

neurotransmitters causes the manifestation of clinical hypocalcemia (Constable et al., 2016b). 

Three stages are described (Oetzel, 1988). In the first stage, the affected animal is still able to 

stand while sternal and lateral recumbency characterize the second and third stage, 

respectively. Clinical signs of stage 1 include hypothermia, cool body surface, muscle 

fasciculation as well as reduced rumen motility and feed intake. Tachycardia with weak 

heartbeat, shallow breathing, decreased rumen motility with a tendency to bloat, absent 

urination and defecation, and increasing somnolence come along in stages 2 and 3. If left 

untreated, hypocalcemia can result in the death of the affected animal. Subclinical as well as 

clinical hypocalcemia represent a predisposition for further diseases such as abomosal 

displacement, ketosis, dystocia, retained fetal membranes, metritis as well as mastitis and 

generally increased susceptibility to infectious diseases through an impaired immune system 

(Curtis et al., 1984, Kimura et al., 2006, Martinez et al., 2014, Rodriguez et al., 2017) which 

largely contribute to the above mentioned economical losses. Hypocalcemic recumbency can 

result in limb injuries and nervous paralysis (Oetzel, 1988).  

1.4.1.4 Diagnosis  

In clinically healthy cows, Ca
2+

 accounts for about 50 % of total Ca (Lincoln and 

Lane, 1990). In these cases, viable Ca
2+

 values can be derived from the measurement of total 

Ca. However, the ratio of ionized to total Ca was found to be altered in dairy cows during the 

periparturient period (Ballantine and Herbein, 1991, Joyce et al., 1997, Wilms et al., 2019). 

Leno et al. (2017) also reported that the ratio of ionized to total Ca was influenced by 

sampling time point after parturition. During the periparturient period, cows show varying 
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degrees of dehydration, negative energy balance and disturbed acid-base homeostasis with 

possible effect of the ratio of ionized to total Ca. In bovine practice, the diagnosis of 

hypocalcemia is usually made on the basis of total Ca for reasons of convenience. Here, 

various thresholds for normocalcemic blood concentration (total Ca) are reported in the 

literature ranging from 2.0 to 2.3 mmol/L (Goff, 2008, Roberts et al., 2011, Venjakob et al., 

2018). However, the gold standard test for hypocalcemia is the blood concentration of Ca
2+

. 

The suggested reference range for Ca
2+

 is 1.1 to 1.3 mmol/L (Constable et al., 2016c).  

1.4.1.5 Therapy  

Administration of 500 mL of a 23 % Ca-borogluconate solution intravenously should 

be reserved for recumbent hypocalcemic animals. Even if this route of administration disturbs 

the counter regulation of the Ca homeostasis, the ability to stand within 2 to 3 hours after 

treatment is the primary objective. Cows still able to stand and recumbent risk patients are 

treated with Ca salts solution subcutaneously. However, the absorption is impaired in animals 

with reduced blood circulation in the periphery typically determined in clinical hypocalcemia. 

It is important to remark that neither Ca chloride nor solutions containing glucose are suitable 

for subcutaneous administration due to its caustic characteristic. Follow-up treatment of cows 

able to stand again and cows not yet recumbent consisted of the administration of Ca chloride 

or -propionate orally providing that swallowing reflex and rumen motility are not 

compromised (Constable et al., 2016b).  

1.4.1.6 Prevention  

Cows at risk for hypocalcemia can be supplemented with Ca salts around the period of 

parturition. The oral administration of Ca chloride or -propionate in intervals of 6 to 12 hours 

starting one day before calving supports the maintenance of normal Ca concentration without 

intervening in the Ca homeostasis (Constable et al., 2016b). For many years, methods to 

control the incidence of hypocalcemia have been investigated. Feeding diets with low Ca 

contents (Kichura et al., 1982, van de Braak et al., 1986) or supplemented with Ca binders 

(Thilsing-Hansen et al., 2002) to dry cows induces a Ca deficit in these animals, enhancing 

bone mobilization and intestinal absorption of Ca through stimulation of the secretion of PTH 

already before calving and therefore increasing the pool of freely available Ca during the 

onset of lactation. However, the formulation of Ca-restrictive diets is difficult with standard 

feed ingredients and Ca binders such as zeolite A were found to reduce feed intake (Thilsing-

Hansen et al., 2002). In several studies the positive effect of close-up diets with low dietary 
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cation-anion difference (DCAD) on the Ca homeostasis has been demonstrated (Ender et al., 

1971, Block, 1983, Goff, 2004). The DCAD of a diet is calculated using the equation DCAD 

= [(mEq of K) + (mEq of Na)] – [(mEq of Cl) + (mEq of S)]. Compensated metabolic 

acidosis caused by feeding a diet with low DCAD stimulates bone mobilization and increases 

tissue responsiveness to PTH preparing the cow for Ca losses with the onset of lactation (Goff 

et al., 2014, Rodriguez et al., 2016).  

As Ca and P interact in the Ca homeostasis, research also focused on changes of P 

coinciding with hypocalcemia. The role of dietary P in the development of parturient paresis 

is controversially discussed. Menard and Thompson (2007) reported that hypophosphatemia is 

associated with recumbency in periparturient cows and is supposed to be a risk factor for 

hypocalcemic cows becoming alert downer cows. This is in contrast to a study in which 

hypophosphaemia was induced by feeding a P-deficient diet during the dry period with these 

cows being less affected by hypocalcemia compared to cows on adequate P supply (Cohrs et 

al., 2018). 

While parenteral administration of vitamin D3 ante-partum reduces the risk of clinical 

hypocalcemia (Hodnett et al., 1992), partial milking during the first days of lactation of fresh-

calved cows is an obsolete approach for prevention of periparturient paresis (Salgado-

Hernández et al., 2014). 

1.4.2  Hypophosphatemia  

1.4.2.1  Occurrence, importance and consequences  

In periparturient dairy cows, hypocalcemia is normally accompanied by 

hypophosphatemia (Goff, 2000, Megahed et al., 2018). Remarkably, alterations in the plasma 

concentration of P do not necessarily indicate body P-depletion. Despite hypophosphatemic 

plasma concentration in dairy cows undergoing dietary P-deprivation, the P content of liver 

tissue, muscle tissue and red blood cells was not decreased (Grünberg et al., 2015a, Grünberg 

et al., 2019a, Grünberg et al., 2019b). The reference range for normophosphatemic blood 

concentration is reported in the literature between 1.4 to 2.6 mmol/L (Goff, 2000). While the 

acute and transient form of hypophosphatemia or P-depletion is typically observed in dairy 

cows during the periparturient period, chronic P-deficiency is typically related to long-term 

grazing on P-deficient pasture (Grünberg, 2014). Particularly sustained hypophosphatemia is 

believed to have a negative effect on dry matter intake, milk production and reproductive 

performance (Eckles et al., 1932, Valk and Sebek, 1999). Hypophosphatemia occurring in 
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early lactation has specifically been linked to  postparturient hemoglobinuria and recumbency 

in dairy cattle (Macwilliams et al., 1982, Menard and Thompson, 2007). Despite several 

suggestions that hypophosphatemia causes recumbency in cows, studies by Cohrs et al. 

(2018) and Grünberg et al. (2019a) reported that muscle function of dairy cows was not 

clinically impaired despite prolonged restricted dietary P supply.  

1.4.2.2 Clinical signs 

Differentiation between hypophosphatemia and P-depletion is crucially important 

because clinical signs develop more commonly in P-depleted animals compared to the ones 

with a reduced plasma P concentration.  

Clinical signs of acute P-depletion include anorexia, pica and unthriftiness (Grünberg, 

2014). Furthermore, despite showing no clinical signs of muscle weakness when fed a P 

deficient diet (Cohrs et al., 2018, Grünberg et al., 2019a), hypophosphatemia in cows is 

widely believed to cause or at least contribute to the “downer cow syndrome” (Menard and 

Thompson, 2007). In a case report, fresh-calved cows developing postparturient 

hemoglobinuria were found to have subnormal plasma concentration of P (Stockdale and 

Dyson, 2005). Intravascular hemolysis suggested to be caused by less production of ATP 

resulting in altered morphology and dysfunction of erythrocytes characterizes this syndrome 

with affected cows showing severe hemolytic anemia (Ogawa et al., 1989). While dietary P-

deprivation during mid-lactation did not result in decreased P content or altered osmotic 

resistance of erythrocytes (Grünberg et al., 2015a), a subset of cows on restricted dietary P 

supply 4 weeks before and after calving showed postparturient hemoglobinuria within the 2
nd

 

week of lactation indicating that P-depletion may contribute to this syndrome but is probably 

not the primary cause (Grünberg et al., 2019b). 

On the other hand, weight loss and rough hair coat as well as abnormal stance and 

lameness due to osteoporosis are symptoms of chronic P-deficiency in cattle (Shupe et al., 

1988).  

1.4.2.3 Diagnosis  

The diagnosis of hypophosphatemia is based on the plasma or serum concentration of 

inorganic P representing the P concentration in the extracellular space as surrogate parameter. 

It is important to note again that hypophosphatemia is not synonymous to P-deficiency. 

Changes in P levels can be attributed to a factual decline of plasma P. But shifts from the 



 

11 

 

extracellular to the intracellular space erroneously imply a reduction in the total body P pool 

and subnormal intracellular P concentration cannot be identified with plasma analysis 

(Knochel, 1977, Lentz et al., 1978). Furthermore, P-depletion will induce counter-regulatory 

mechanism resulting in an increase of plasma P concentration despite ongoing body P-

depletion (Grünberg et al., 2015a) 

1.4.2.4 Therapy 

Treatment consists of the administration of phosphate salts, particularly in chronically 

sick animals but not every compound of P is suitable for correction of hypophosphatemia in 

cattle. Phosphite (PO2) and hypophosphite (PO3) do not provide metabolically available P for 

the organism (Sachs et al., 1978). Organic compounds contained in products commonly 

administrated in bovine practice, such as butafosfan or toldimfos, do not only provide 

metabolically usable P but are furthermore rapidly eliminated without an effect on the body P 

level (EMEA, 2013). Inorganic P salts such as NaH2PO4 or Na2HPO4 are suitable for oral and 

intravenous supplementation as the organism requires P as inorganic PO4 (Grünberg, 2014, 

Cohrs and Grünberg, 2018).  

1.5 Dietary P-deprivation in dairy cows 

There are many concerns of producers and nutritionist with restricted dietary P supply, 

as this is thought to have negative impacts on health and performance. Besides the assumption 

that hypophosphatemia results in recumbency especially in transition cows, postparturient 

hemoglobinuria is believed to occur in animals with hypophosphatemic plasma concentrations 

(Macwilliams et al., 1982, Menard and Thompson, 2007).  Furthermore, a particular concern 

is that prolonged dietary P-deprivation reduces feed intake and milk yield and leads to 

impaired reproduction in affected cows as reported in several studies (Eckles et al., 1932, 

Kincaid et al., 1981, Call et al., 1987, Valk and Sebek, 1999). 

Close-up diets containing high amounts of P were found to increase the risk of 

hypocalcemia (Curtis et al., 1984, Lean et al., 2006). In a previous study of our working group 

(Cohrs et al., 2018), the positive effect of restricted dietary P supply during late stage of 

pregnancy on the Ca homeostasis in periparturient cows was demonstrated. Cows fed a P-

deficient diet had higher total plasma Ca concentrations post-partum and were less affected by 

clinical hypocalcemia compared to cows with adequate P supply. It was suggested, that 

feeding a diet with low P content during the transition period stimulates bone mobilization 

contributing to a lower incidence of Ca balance disturbances around calving (Cohrs et al., 
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2018). None of the cows on restricted dietary P supply showed clinical signs of disturbed 

muscle function or became recumbent (Grünberg et al., 2019a). However, depression of feed 

intake and reduction of milk yield were observed in these cows, and 3 animals developed 

postparturient hemoglobinuria when dietary P-deprivation continued into the first weeks of 

lactation (Grünberg et al., 2019b).  

Based on these results, there are indications towards positive effects of restricted 

dietary P supply to dry cows concerning the Ca homeostasis. Further research is needed to 

determine to what extent dietary P-deprivation limited to the dry period is effective in 

improving the Ca status of periparturient dairy cows and whether this feeding regime 

interferes with health and performance of animals fed P-deficient. Therefore, feeding close-up 

diets with low P could not only improve the health of periparturient cows but could also 

reduce P output via feces.  

1.6 Objectives and hypotheses  

Study animals in the previous study (Cohrs et al., 2018) were kept under experimental 

conditions and were fed a P-deficient diet from 4 weeks before to 4 weeks after calving. The 

main objective of the current study was to determine if the earlier results were reproducible 

under field conditions and when limiting the restricted P feeding to the dry period. We 

furthermore aimed at determining possible negative effects of P-restrictive feeding on health 

and productivity during the following lactation  

Therefore, we proposed to: 

- induce a state of negative P balance in late-pregnant dairy cows housed in a free-stall 

barn by feeding a P-deficient diet limited to the last weeks before calving 

- sample cows around the period of calving intensively and analyze blood for the 

concentration of inorganic P, ionized and total Ca as well as parameters related to the 

Ca homeostasis  

- compare incidences of subclinical and clinical hypocalcemia between the experimental 

and control group based on a defined threshold for Ca
2+

  

- determine mechanism behind possible increased Ca levels in P-depleted cows  

To investigate long-term effects of feeding a P-deficient diet in the last weeks of gestation 

during the entire lactation following the restricted P supply, in the second study, we proposed 

to: 
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- analyze blood samples for the concentration of parameters associated with energy 

balance, protein metabolism, water balance and liver function 

- obtain liver tissue samples and determine the dry matter and electrolyte content as well 

as the degree of hepatic lipid accumulation  

- record feed consumption of study animals during the dry period and early lactation 

- measure body weight at specific times 

- evaluate weekly milk yield and ingredients  

- compare health incidences and reproductive performance parameters between the 

experimental and control group  

We hypothesized that restricted dietary P supply during the dry period prevents periparturient 

hypocalcemia in dairy cows through enhancement of the Ca homeostasis and that negative 

impacts on health and performance in the following lactation remain absent due to feeding 

adequate amounts of P with the onset of lactation.  
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2.1  ABSTRACT 

 Restricted dietary P supply to transition dairy cows was recently reported to 

beneficially affect the Ca balance of periparturient cows. The objective of the present study 

was to determine if this effect on the Ca balance can be reproduced when limiting the P-

restricted feeding to the last 4 weeks of gestation. Thirty late-pregnant dairy cows were 

randomly assigned to either a dry cow diet with low or adequate P content (0.16 and 0.35 % P 

in DM respectively) to be fed in the 4 weeks before expected calving. After calving all cows 

received the same lactating cow ration with adequate P content (0.46 % P in DM). Blood was 

collected daily from 4 days ante-partum until calving, at calving (d0), 6 and 12 h post 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 

([Ca
2+

]), and plasma was assayed for the concentration of phosphate ([Pi]), total calcium 
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([TCa]), parathyroid hormone ([PTH]), 1,25-dihydroxyvitamin D ([1.25(OH)2D3]) and 

CrossLaps ([CTX]), a biomarker for bone resorption. Repeated measures ANOVAs were 

conducted to study treatment-, time-, and lactation number- effects. The mean [Ca
2+

] in P-

deprived cows remained above the threshold of 1.10 mmol/L throughout the study and values 

were higher compared to cows on adequate P supply between d0 and d+2 and on d+4. The 

[TCa] differed between treatments at the sampling times d+0.25, d+0.5, d+2 and d+4. Plasma 

[PTH] and ([1.25(OH)2D3]) did not differ between treatments, 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 weeks 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.  

2.2  INTRODUCTION 

 Periparturient hypocalcemia is recognized as one of the most important metabolic 

disturbances of the dairy cow in early lactation (USDA, 2002). While 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), that is not easily diagnosed under field conditions 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 economic losses associated with Ca 

balance disorders in dairy cows led to an increased effort to improve the 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 the blood Ca concentration 

for diagnostic purposes (Neves et al., 2018a, 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, 1983, Thilsing-Hansen et al., 2002).  

Most milk fever prevention strategies currently in use in the dairy industry aim at 

enhancing bone mobilization and intestinal Ca absorption through stimulation of the secretion 

of parathyroid hormone (PTH) and 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, or the use of Ca binders. Recently Cohrs et al. (2018) reported that 
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restricted dietary P supply during the transition period effectively stimulated bone 

mobilization, thereby releasing Ca and P from bone and thus contributed to the mitigation of 

Ca balance disturbances around calving. In this study bone mobilization around parturition 

was more pronounced in P-deprived cows and occurred despite of markedly lower blood PTH 

concentrations compared to 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). Importantly, the study 

mentioned above applied dietary P restriction throughout the transition period extending to 4 

wks post-partum, which was associated with the decreased DMI and milk production in early 

lactation in P-deprived cows. The ensuing question that remained unresolved thus far is if 

limiting dietary P restriction strictly to the dry period would allow to 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 wks of gestation on the mechanisms regulating the Ca 

homeostasis, and to determine if the results of the study mentioned above 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. 

2.3 MATERIAL AND METHODS 

Ethics statement 

 Of The study was conducted at the Educational and Research Centre for Animal 

Husbandry, Hofgut Neumühle, Münchweiler an der Alsenz, Germany from October 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 as prospective, randomized and controlled study. A 

total of 30 late-pregnant multiparous Holstein-Friesian dairy cows entering their 2
nd

, 3
rd

 or 4
th

 

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 that were feeding a dry cow ration with either low P (LP) or adequate 
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P content (AP). The study covered the period from 6 wks before expected calving to day 7 

post-partum, and consisted of a two-week acclimation period extending from 6 wks to 4 wks 

ante-partum, an experimental feeding period during which both treatments were fed specific 

experimental diets which extended from 4 wks ante-partum until calving, and a post-partum 

observational period lasting from calving to 7 d in milk (Figure 1). During acclimation cows 

of both treatments were fed the AP ration with adequate P content while being introduced to 

the feed-weigh troughs and the restricted feeding protocol. During the experimental feeding 

period AP cows remained on the AP ration while LP cows were switched to the P deficient 

LP dry cow diet. From calving on 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).  

Animals 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 confirmed to be 

pregnant and determined to be healthy based on physical examination at the time of 

enrollment. Drying off occurred at least 8 wks before the expected calving and thus at least 2 

wks before inclusion in the study.  

 Dry and lactating cows were housed in separated areas of a free stall 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., Dublin, Ireland) was used to assist detecting 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. After parturition healthy cows 

with good appetite and without apparent signs of disease were transferred to the lactating cow 

pen, which generally happened approximately 24 h after calving. Lactating cows were milked 

twice daily between 0430 h and 0530 h and between 1530 h and 1630 h.  

Feeding and Experimental Rations 

Feed was offered as TMR formulated to meet requirements of dry or lactating cows 

depending on the study phase with exception of the dietary P content during the dry period 

(NRC, 2001). Daily feed intake during the dry period was restricted to 11.5 kg DM through 

the use of electronic feed-weigh troughs (RIC System, Hokofarm Group, Marknesse, 

Netherlands). Feed restriction in combination with a low P diet was required to prevent the 
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daily P intake from exceeding 20 g P/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 acclimation (Figure 

1). Access to the daily dry cow ration was divided into four equal time 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 free stalls. 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 pelleted concentrate specifically formulated for each treatment 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 0.35 % P in DM respectively. Mono-

ammoniumphosphate (Windmill Monamphos FG, Aliphos Rotterdam BV, The Netherlands) 

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 observed 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. Specifically, the general demeanor, 

DMI, skin and rectal temperature, 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 preventive treatments such as drenches or oral Ca salt 

administration 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 hypocalcemia based on criteria 

described above were checked for the blood concentration of ionized Ca ([Ca
2+

]) with a point 

of care unit as described below 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. 
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Sample Collection  

Feed Samples. TMR samples of both experimental rations were collected daily and mixed 

into a composited sample for each week of the study and each treatment.  

Blood sampling. Blood samples were collected anaerobically in Li-heparin tubes (LH 

Vacuette, Greiner Bio-One, Kremsmünster, Austria) 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 wks of feeding the experimental diets (BL+14) and daily from 4 

days before the expected day of calving. Further blood samples were obtained immediately 

after calving (d0), 6, 12 and 24 h postpartum (d+0.25, d+0.5 and d+1 respectively) as well as 

on day 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. d0 to d+1) were taken at specific times of the day to obtain the 

corresponding time interval in h relative to the 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 retrospectively 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 prior to 

calving. 

Sample Processing and Analysis  

Feed sample analysis. The DM content of composited 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 (ICP/MS). The DM content was calculated according to the formula for 

DM of a total mixed ration (corrected DM content = 2.08 + 0.975 x 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 conducted on samples obtained between d-4 and 

d+7 using a cartridge based point of care unit to determine the [Ca
2+

] in whole blood  (EPOC 

Host and Reader, Siemens Healthineers, Erlangen, Germany). Prior to this study the analytical 

performance of this unit was compared to another cartridge based point of care unit (i-STAT, 

Abbott Point of Care Inc., New Jersey, United States) previously validated for the use in cattle 

(Yilmaz and Karapinar, 2019). For this purpose 25 blood samples from periparturient dairy 

cows were simultaneously analyzed with both units. The results covering a [Ca
2+

] range from 

0.5 to 2.0 mmol/L were studied with Deming regression analysis, which yielded a strong 
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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 [Ca
2+

] in the range of 0.03 mmol/L below values determined with 

the i-STAT unit. The analytical range for [Ca
2+

] provided by the manufacturer is 0.25 – 4.0 

mmol/L; the intra-assay coefficient of variation determined in our lab (all on one single unit, 

n= 4 x 10) was 2.3 %.  

Blood gas analyses were conducted on whole blood collected anaerobically in 

adequately filled Li-heparin tubes as described above, yielding blood samples with an activity 

of 17 IU of heparin/mL. One mL of blood was aspirated anaerobically into a microliter 

syringe (SOFT-JECT, Henke Sass Wolf, Tuttlingen, Germany) from the evacuated Li-heparin 

tube. If present, air bubbles were immediately removed 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 Li-heparin tubes was centrifuged at room 

temperature at 1730 g for 15 min (Jouan CR422, Thermo Fisher Scientific, Massachusetts, 

USA) within 20 min of collection; plasma was harvested and stored at -21 °C until analysis.  

Plasma biochemical analysis. All plasma samples were assayed for the concentrations of 

inorganic phosphorus ([Pi], ammonium molybdate method, Cobas Mira Plus CC, Hoffmann-

La Roche AG, Basel, Switzerland) as well as for [TCa] (Arsenazo III method, AU 680, 

Beckman Coulter Inc, Brea, Ca), The lower detection limit for TCa was 0.01 mmol/L with an 

intra- and interassay coefficients of variation of 0.91 % and 1.14 % respectively. 

All samples with 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., San Clement, CA, intra- and interassay coefficients of 

variation and sensitivities were 5.16 %, 8.70 % and 100 pg/mL). Samples from a subset of 10 

cows of each treatment were analyzed for the plasma concentration of 1,25-dihydroxyvitamin 

D ([1,25-(OH)2D], 1,25-(OH)2 vitamin D ELISA, Immundiagnostik AG, Bensheim, 

Germany) and Crosslaps, a marker for bone resorption ([CTX], serum CrossLaps ELISA, 

Immundiagnostic Systems (ids) GmbH, Frankfurt am Main, Germany). Intra- and interassay 

coefficients 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 
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reflect the distribution of LN of the original treatment groups, and to maintain equal 

distribution of LN between the two treatments. Furthermore only cows with a complete 

dataset 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 exception of 

those obtained at BL+14, d-3 and d+7 were assayed for [1,25-(OH)2D], and all samples 

except those from d-3 and d+3 were analyzed for both [CTX].  

Data Analysis 

For the purpose of this study, clinical hypocalcemia was defined as blood [Ca
2+

]  

< 1.10 mmol/L (Wilms et al., 2019) at any sampling time in combination with clinical signs 

as mentioned above. A cow was diagnosed with SCH in case blood [Ca
2+

] < 1.10 mmol/L was 

determined at any time during the study but was not associated with apparent symptoms. A 

further categorization into normocalcemic ([Ca
2+

] > 1.10 mmol/L from d0 to d+7), transient 

hypocalcemic ([Ca
2+

] < 1.10 mmol/L at at least one sampling time between d0 and d+2 and 

[Ca
2+

] > 1.10 mmol/L from d+3 to d+7 ), chronic hypocalcemic ([Ca
2+

] < 1.10 mmol/L at at 

least one time point between d0 and d+2 combined with at least one time point between d+3 

to d+7), and delayed hypocalcemic ([Ca
2+

] > 1.10 mmol/L until d+2 and < 1.10 mmol/L at at 

least one sampling time between d+3 and d+7) was also included. This categorization that 

was used in crude analogy to a recent publication (McArt and Neves, 2019) did not include 

clinically hypocalcemic animals as they received treatment after 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 distribution were subject to log 

transformation. Associations between categorical variables (categories of hypocalcemia and 

treatment) were tested with chi square statistics using PROC FREQ. 

Repeated measures analysis of variance with animal ID as subject was used to 

determine fixed effects of treatment, time, LN with treatment as repeated factor, and the 

interaction between treatment and time using PROC MIXED (SAS 9.4, SAS Inc, Cary NC). 

The most appropriate covariance structure was chosen based on the lowest Akaike 
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information 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 estimated on the basis of results obtained 

from an earlier study investigating the effects of dietary P-deprivation in mid lactating dairy 

cows (Grünberg et al., 2015b). 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 

potentially 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 above. All 

analyses were conducted with SAS software (SAS 9.4, SAS Inst. Inc. Cary, NC). 

2.4 RESULTS 

Animals and Feeding 

 Of the 30 cows included in the study 7 and 8 cows assigned to the AP and LP 

treatment respectively entered the 2
nd

 lactation, 5 and 4 cows the 3
rd

 lactation and 3 cows of 

each treatment the 4
th

 lactation. The mean ± SD body weight was 775 ± 73 kg and 764 ± 82 

kg for AP and LP respectively, with no difference between treatments in LN and bodyweight. 

Experimental rations were fed for at least 20 d with durations ranging from 20 to 45 d (30 ± 6 

days) 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. 

 Twenty-six cows calved spontaneously, 3 AP cows and 1 LP cow required calving 

assistance. Twenty nine calves were born alive and one calf pertaining to an AP cow was 

stillborn. 

 Stage one clinical hypocalcemia (Constable et al., 2016b) 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 days post-

partum after engorging 22 kg of DM immediately after calving when switched from restricted 

feeding of the dry cow ration to ad libitum feeding of the lactating cow ration. Since this 
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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 

d0, -5 to +5 min for d+0.25, -10 to +5 min for d+0.5 and -15 to +5 min for d+1.  

 The plasma Pi concentration-time curves stratified by treatment are presented in figure 

2. Analysis of variance revealed a treatment (P = 0.0003), time (P < 0.0001) and treatment x 

time interaction effect (P < 0.0001) but neither a LN nor a treatment x 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). LP cows had lower plasma [Pi] than AP cows from d-4 until d+1. A 

pronounced drop of the 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 d0 (Figure 2). The 

mean plasma [Pi] increased again in both treatments from the moment of calving until d+3.  

 The blood Ca
2+

 concentration-time curves stratified by treatment are presented in 

figure 3. This parameter showed treatment (P = 0.001), time (P < 0.0001), LN (P = 0.009) 

and treatment x time interaction effects (P = 0.009). Values of LP cows were numerically 

higher than of AP cows on the last four days before calving; differences were statistically 

significant from d0 to d+2 and on d+4. For AP cows the mean [Ca
2+

] was below the threshold 

of 1.10 mmol/L at all sampling times between d0 and d+2, while for LP cows this value did 

not fall below 1.10 mmol/L at any time point during the entire observation period (Figure 3). 

The blood [Ca
2+

] reached its nadir at d+0.25 in both treatments. The LN effect reflected in 

lower [Ca
2+

] for LN 4 compared to LN 2. 

 In ten out of the 12 AP cows (5, 4 and 1 cows of LN 2, 3 and 4 respectively) and 8 out 

of 14 LP cows (3, 2 and 3 cows of LN 2, 3 and 4 respectively) without clinical signs of 

hypocalcemia blood [Ca
2+

] < 1.10 mmol/L were measured at at least one sampling time point. 

Two of 15 AP cows and 6 of 15 LP cows remained normocalcemic throughout the study; a 

numerical difference that did not reach statistical significance level. Of the subclinically 

hypocalcemic cows 4 AP and 6 LP cows were categorized as transient hypocalcemic, while 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. 

 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, treatment x time interaction 

or treatment x LN interaction effects were apparent. The mean [TCa] of AP cows was 
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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 (Fig. 

4).  

 Values for plasma [CTX], [PTH] and [1,25-(OH)2D] stratified by treatment and time 

are summarized in table 2. Plasma [CTX] showed a treatment (P = 0.05), time (P < 0.0001) 

and treatment x time interaction (P = 0.04) effect but neither a LN nor a treatment x LN 

interaction effect. 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 ante-partum. For [PTH] time 

(P = 0.0002) and LN (P = 0.007) effects but neither a treatment nor treatment x 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 insufficient to reach significance level for the observed numerical difference between 

treatments for this parameter. Plasma [PTH] increased around parturition in cows of both 

treatments with no indication of higher PTH concentrations in LP than 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)2D] with values rising between 

d0 and d+2 in both treatments (Table 2). No treatment, LN, treatment x time interaction or 

treatment x LN interaction effect was found. Numerical differences between treatments were 

only observed at d+0.5 and d+1 with higher values in AP compared to LP cows.  

2.5  DISCUSSION 

The objective of this study was to determine if a feeding protocol restricting the 

dietary P supply during the last 4 wks of the dry period was effective in improving the Ca 

homeostasis of high yielding periparturient dairy cows. The results presented here show that P 

restrictive feeding in late gestation indeed results in increased blood [Ca
2+

] and plasma [TCa] 

for at least the first 4 days of lactation compared to 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 to 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 

[Ca
2+

] over a period of at least 3 days and thus were classified as chronically hypocalcemic. 

These results indicate that P restriction during the dry period tends to not only reduce the 

incidence of clinical and subclinical hypocalcemia but also to mitigate the severity and 

duration of periparturient hypocalcemia. 
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The P content of the LP treatment diet used in this experiment is considerably below 

current recommendations for diets of late pregnant dry cows of 0.26 % in DM (NRC, 2001). 

The development of hypophosphatemia in LP cows suggests that this feeding 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 prior to the 

physiological postparturient dip of the plasma [Pi] was considerably less pronounced than the 

mean values of 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 

to 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 impact on the 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 that was conducted in a field 

setting. These results indicate that limiting the restrictive P feeding to late gestation does not 

measurably weaken the positive effect on the Ca homeostasis in the first week of lactation 

when compared to feeding a P-deficient diet beyond the first week of lactation (Cohrs et al., 

2018).  

Another study with the same objective of inducing a state of negative P balance in dry 

cows was unsuccessful 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 either combined a marginal or 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 of this experiment we conducted a pilot study aiming at identifying the 

level of P restriction 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 non-lactating dairy cow needed to remain below 20 g of P/d for two wks or 

longer (Cohrs et al., 2021). Specifically, this pilot study identified an increase of the plasma 
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[CTX] relative to baseline of above 0.2 ng/mL as a potentially suitable indicator for activated 

bone mobilization in response to P-deprivation. This result that certainly requires to be 

confirmed 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 feeding 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 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 is furthermore in disaccord with the current practice of calculating 

dietary P requirements of dry cows based on the expected DMI, which is based on the concept 

that maintenance requirements for P are a function of DMI rather than body mass in 

ruminants (Spiekers et al., 1993).  

Several field studies of the past decades already reported an association between 

dietary P content during 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 hypocalcemia 

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 current 

recommendations for dry dairy cows, similar to the concept of 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 before 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 associated with hypophosphatemia such as feed 

intake depression or decreased productivity (data not shown). Remarkably, subnormal plasma 

[Pi] ante-partum 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 

development that can neither solely be attributed to the 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 drop of the plasma [Pi] in fresh 

cows with concern as it is widely believed to be associated with negative effects on health and 
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productivity, 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 (Menard 

and Thompson, 2007, Grünberg, 2014). In the present experiment, with an observation period 

limited to the first 7 days of lactation, no indication for impaired health was observed in cows 

on restricted dietary P supply for the last 4 wks of gestation. Furthermore none of the blood 

biochemical parameters included in this study, other than [Ca
2+

], [TCa] and [CTX] revealed a 

significant treatment effect. Earlier studies, where dietary P-deprivation was extended to 4 

wks and longer into lactation did however report important negative effects on DMI, 

productivity and disease incidences (Puggaard et al., 2014, Grünberg et al., 2019a). Protracted 

effects of P-deprivation during the dry period potentially occurring later in lactation in the 

cows included in this study are currently studied by our lab. No overt negative effects on 

health and productivity were apparent in the weeks following the conclusion of this study in 

experimental cows. 

Mechanisms behind increased Ca concentrations associated with dietary P-deprivation 

in transition dairy cows have been discussed previously (Kichura et al., 1982, Puggaard et al., 

2014, Cohrs et al., 2018). Activation of osteoclast activity in response to P deprivation and 

ensuing release of Ca and P from bone has been reported, but the relevance of this mechanism 

for the regulation of the P homeostasis has been questioned (Thompson et al., 1975, Kichura 

et al., 1982). A recent study investigating the impact of dietary P-deprivation on bone 

mobilization in sheep showed that the gene expression related to CTX as well as the serum 

[CTX] increased in P-deprived sheep compared to sheep on adequate P supply (Köhler et al., 

2020). While Cohrs et al. (2018) reported markedly higher plasma [CTX] in P-deprived cows 

already 2 days before calving compared to cows on adequate P supply, differences were only 

numerically higher ante-partum in LP cows in the present study, with differences between 

treatment reaching statistical significance level one day after calving only. These results 

suggest that the more moderate hypophosphatemia observed in this experiment was associated 

with less pronounced activation of osteoclast activity in cows on restricted P supply compared 

to the study from 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., 2020). The secretion of PTH is 

generally reported to be decreased in P-deprived animals, which has been attributed to the 
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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 

periparturient 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 of markedly lower plasma [PTH] around calving 

compared to cattle on adequate P supply. These findings that were 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 triggered by Ca deficiency, while being less 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 inter-individual variation.  

In the current study, dietary P-deprivation did not result in significant differences in 

plasma [1.25(OH)2D] between the LP and AP cows, which again is in agreement 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)2D] that 

results in the improved Ca status in P-deprived periparturient cows. 

In order 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 cows 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 protocol. This difficulty in 

inducing a negative P balance in dry cows on one hand underscores that the risk of 

insufficient P supply during the dry period when using standard feed ingredients of the 

geographic regions mentioned above is marginal, 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. 
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Another limitation of this study resulted from the decision to treat study animals with 

clinical hypocalcemia in early stage, and thus before becoming recumbent. Since blood 

samples were only included until immediately before treatment, due to this practice more 

samples of hypocalcemic cows had to be excluded from the analysis, than if animals would 

only have been treated after becoming recumbent. This is likely to have resulted in an 

underestimation of the treatment effect on the Ca homeostasis in this experiment. 

In conclusion restricted dietary P supply during the last 4 wks of gestation was 

effective in improving the 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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Figure 1. Outline of the study design. Thirty multiparous dairy cows were fed a dry cow 

ration with either adequate (AP, 0.35 % P in DM) or low P content (LP, 0.16 % P in DM) 

during the last 4 wks of gestation. Each shaded and open rectangle represents one day of time. 

Arrows mark blood sampling times. BL defines the baseline sampling time point on the 

morning of initiating experimental feeding, after completion of the acclimation, BL+14 

corresponds to the sampling time 14 days after BL. 
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Figure 2. LSM ± SEM plasma inorganic P ([Pi]) for adequate P (AP, dashed line, open 

squares) and low P (LP, solid line, closed circles) treatment. The horizontal dotted line 

represents the lower reference range for plasma [Pi] in cattle (Constable et al., 2016c). Each 

treatment comprised 15 multiparous dairy cows that were fed a dry cow ration with either 

adequate (AP, 0.35 % P in DM) or low P content (LP, 0.16 % P in DM) during the last 4 wks 

of gestation. Time points labeled with an asterisk differ significantly between treatments (P < 

0.05).  
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Figure 3. LSM ± SEM blood ionized Ca ([Ca
2+

]) for adequate P (AP, dashed line, open 

squares) and low P (LP, solid line, closed circles) treatment. The horizontal dotted line 

represents the lower reference range for blood [Ca
2+

] in cattle (Wilms et al., 2019). Each 

treatment comprised 15 multiparous dairy cows that were fed a dry cow ration with either 

adequate (AP, 0.35 % P in DM) or low P content (LP, 0.16 % P in DM) during the last 4 wks 

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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Figure 4. LSM ± SEM plasma total Ca ([TCa]) for adequate P (AP, dashed line, open 

squares) and low P (LP, solid line, closed circles) treatment. 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 that were fed a dry cow ration with either 

adequate (AP, 0.35 % P in DM) or low P content (LP, 0.16 % P in DM) during the last 4 wks 

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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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) treatment ante-partum and 

post-partum. 
 

 

Item 

AP 

ante-partum 

LP 

ante-partum 

 

post-partum 

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 pellets
1 

 18.6          18.8           0 

 Concentrate feed
2 

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 

 aNDF          462        451       377 

 ADF          272        251       212 

 TDN          670        680       700 

 Crude Protein          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 
 

1
Pelleted concentrate containing P (AP 11.0 g/kg and LP 1.5g/kg), Ca (AP 6.5 g/kg and LP 

7.0 g/kg), NH4H2PO4 (AP 31.3 g/kg and LP 0.0 g/kg), Urea (AP 19.8 g/kg and 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 (39000 IU/kg), vitamin D3 

(6100 IU/kg), vitamin E (0.407 g/kg). 

2
Concentrate 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 

(13800 IU/kg), vitamin D3 (2160 IU/kg), vitamin E (0.072 g/kg). 
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Table 2. Results of the repeated measures ANOVA (P values) for plasma concentration of CrossLaps ([CTX]), parathyroid hormone ([PTH]) and 

1,25-dihydroxyvitamin D ([1,25-(OH)2D]) for cows on a dry cow ration with either adequate P (AP) or low P (LP) content. Results are presented as 

LSM ± SEM or median and [interquartile range] for plasma [CTX], [PTH] and [1,25-(OH)2D] stratified by treatment and in time relative to calving. 

Studied effects were treatment (Tx), time, lactation number (LN), Tx ● Time and Tx ● LN interactions. Each treatment comprised 15 multiparous 

dairy cows that were fed a dry cow ration with either adequate (AP, 0.35 % P in DM) or low P content (LP, 0.16 % P in DM) during the last 4 wks 

of gestation. 

 

 

 

 

 

 

 

 

 

 

 

*
Superscript asterisks mark significant difference between treatments at a specific time point (P < 0.05). NS: No significant effect.

Item Effect 

 Tx Time LN Tx ● Time Tx ● LN 

[CTX] P = 0.05 P < 0.0001 NS P = 0.04 NS 

[PTH] NS P = 0.0002 P = 0.007 NS NS 

[1,25-(OH)2D] NS P < 0.0001 NS NS NS 

day relative  

to calving 

[CTX] (ng/mL) [PTH] (pg/mL) [1,25-(OH)2D] (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 [177-1235]
 

267 [173-708]
 

33.7 ± 9.1
 

30.6 ± 9.3
 

0 1.32 ± 0.26
 

1.85 ± 0.26
 

501 [307-3554]
 

833 [178-1648]
 

52.6 ± 9.1
 

45.5 ± 9.1
 

+0.25 1.57 ± 0.27
 

2.19 ± 0.26
 

1011 [437-1764]
 

701 [271-2852]
 

59.8 ± 9.1
 

49.6 ± 9.1
 

+0.5 1.57 ± 0.27
 

2.12 ± 0.26
 

774 [353-6243]
 

303 [178-2021]
 

69.1 ± 9.1
 

49.8 ± 9.1
 

+1 1.92 ± 0.27
* 

2.97 ± 0.27
* 

1129 [438-2956]
 

852 [134-8004]
 

100.1 ± 9.1
 

73.8 ± 9.1
 

+2 2.07 ± 0.27
* 

2.92 ± 0.27
* 

765 [481-1215]
 

1224 [313-1674]
 

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
* 

   

3
5
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3 Contextual transition 

Results of the study indicate that restrictive dietary P supply during late stage of 

pregnancy reduces the incidence of subclinical and clinical hypocalcemia in dairy cows 

through enhancement of the Ca homeostasis in the immediate post-partum period. Cows 

assigned to the low P treatment showed significantly higher blood concentration of Ca
2+

 

during the periparturient period compared to the control animals.  

This study thus showed a positive short-term effect on the Ca homeostasis and 

advanced our understanding of the interaction of the Ca and P homeostasis in early lactating 

dairy cows. However, the feeding of a low P diet in the period before calving is a contentious 

issue. As mentioned in the introduction, concerns regarding the association between 

hypophosphatemia or P-deprivation and recumbency as well as impaired performance have 

been raised. Therefore, it is of importance to evaluate possible protracted effects of dietary P-

deprivation during the dry period by obtaining data for an extended period of time in order to 

accurately assess the long-term effects of the treatment. 

For this purpose, study animals were followed from the last 4 weeks of gestation until 

the 305
th

 day of lactation. Besides blood sampling on a regular basis and analysis of 

parameters associated to energy balance, protein metabolism, water balance as well as liver 

function, urine and liver tissue samples were obtained. Daily feed intake, milk yield and 

ingredients, body weight, health events and reproductive performance were also recorded, and 

results are presented in the following manuscript. 
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4.1 ABSTRACT 

 Phosphorus in bovine nutrition is under ongoing scrutiny because of concerns with 

excessive amounts of P excreted in manure contributing to environmental pollution with this 

element. Feeding rations with excessive P content is however widely practiced in the dairy 

industry particularly during the transition period, as limited P supply in late gestation and 

early lactation is thought to present a risk for health and productivity of high yielding dairy 

cows. The objectives of this study were to study the effect of restricted P supply during the 

last 4 wks of pregnancy on the Ca and P homeostasis during the transition period in high 

yielding dairy cows, and to identify possible effects on health and productivity throughout the 

following lactation. Thirty late-pregnant multiparous dairy cows were randomly assigned to 

either a dry cow diet with low (LP) or adequate P (AP) content (0.15 and 0.35 % P in dry 

matter (DM) respectively) to be fed in the 4 wks before calving. After calving all cows 

received the same ration with adequate P content (0.46 % P in DM). Blood, milk and liver 

tissue samples were obtained during the dry period and the following lactation, dry matter 

intake (DMI), bodyweight, milk production and disease occurrence were monitored. Blood 

was assayed for a variety of minerals, metabolic parameters and liver enzymes; liver tissue 
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was analyzed for the mineral, triglyceride, cholesterol and water content. Repeated measures 

analysis of variance was used to identify treatment, time and treatment x time interaction 

effects. LP cows had significantly lower plasma phosphate concentrations ([Pi]) than AP cows 

during restricted P feeding, reaching a nadir of 1.1 mmol/L immediately before calving. After 

calving plasma [Pi] of LP cows was at or above the level of AP cows and within the reference 

range for cattle. Symptoms commonly associated with hypophosphatemia were not observed, 

but serum Ca was significantly higher from one week before to one week after calving in LP 

cows, which was associated with a numerically lower incidence of clinical and subclinical 

hypocalcemia in LP cows. Both treatments had a similar 305-d milk yield (12112 ± 1298 kg 

for LP and 12229 ± 1758 kg for AP cows) and similar DMI. Plasma and liver tissue 

biochemical analysis did not reveal treatment effects on energy, protein or lipid metabolism. 

Disease incidences did not differ between treatments. The results reported here indicate that 

restricted dietary P supply during the dry period positively affected the Ca homeostasis of 

periparturient dairy cows without negative effects on DMI, milk production or metabolic 

activity in the following lactation. P restriction during the dry period was associated with 

hypophosphatemia ante-partum but neither exacerbated post-parturient hypophosphatemia 

commonly observed in fresh cows, nor was associated with any clinical or subclinical 

indication of P deficiency in early lactation.   

4.2 INTRODUCTION 

Phosphorus in ruminant nutrition has received increasing attention over the past 

decade due to environmental concerns with excessive amounts of this mineral contained in 

manure, thereby contributing to surface water pollution with P. Official recommendations for 

dietary P supply in cattle are under continuous scrutiny with the objective of providing the 

lowest possible amount of P in feed to cattle without jeopardizing health and productivity of 

high yielding dairy cows. Many countries are currently implementing legal incentives aiming 

at reducing the amount of P applied onto farmland with manure, which unavoidably will also 

have an impact on the use of P in ruminant nutrition. This mineral is however crucially 

important for a plethora of metabolic pathways as well for the structural stability of various 

tissues and cells in general. In dairy cows P deficiency is generally accepted to be associated 

with impaired feed intake as well as with decreased productivity and fertility (Grünberg, 

2014). Further to this, conditions commonly observed in fresh cows such as the downer cow 

syndrome or intravascular hemolysis have been associated with P deficiency and 

hypophosphatemia on empirical grounds (Macwilliams et al., 1982, Menard and Thompson, 

2007). Phosphorus balance disorders are considered to be of particular concern in the 
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transition period, and consequently feeding rations well in excess of current recommendations 

to dry and fresh cows is still commonplace in the dairy industry. In practice the main 

objective of producers, nutritionists and veterinarians advising and implementing the supply 

of P well above recommendations is to mitigate the severity and duration of the 

hypophosphatemic episode well recognized to occur around parturition in the majority of high 

yielding dairy cows, and thereby to improve herd health and productivity.  

 There is currently a paucity of evidence documenting the metabolic relevance of this 

post-parturient drop of the plasma P concentration ([Pi]) in dairy cows. There is furthermore 

little evidence supporting commonly encountered concerns with abiding to currently 

recommend dietary P contents for dry cow rations. Recent studies investigating the effects of 

P deprivation in transition cows found that feeding diets with P contents well below current 

recommendations from the last 4 wks of the dry period to the first weeks of gestation indeed 

negatively affected DMI, health and productivity (Puggaard et al., 2014, Grünberg et al., 

2019b). Restricted P supply during the dry period was however also found to be an effective 

trigger of bone mobilization, resulting in an important and metabolically relevant release of 

Ca and P from bone during the last days of gestation (Cohrs et al., 2018). This was associated 

with an improved Ca homeostasis in periparturient cows and a decreased incidence of clinical 

and subclinical hypocalcemia.  

 The objectives of the study reported here were to determine if positive effects of P 

deprivation on the Ca balance were reproducible when limiting the period of restricted P 

supply strictly to the last 4 wks of gestation, and to study possible protracted effects of P 

deprivation during the dry period on DMI, productivity, health, metabolism and fertility in the 

following lactation. We hypothesized that limiting the period of restricted P supply to the last 

4 wks of the dry period would result in the beneficial effect on the Ca homeostasis reported 

earlier without impairing health or productivity in high yielding dairy cows.  

4.3  MATERIAL AND METHODS 

 The study reported here is part of a multi-institutional project investigating effects of a 

restricted dietary P supply during the dry period on metabolism, health, productivity and 

fertility in dairy cows. While other working groups on this project investigated short-term 

effects on the Ca homeostasis during the periparturient period, metabolomics, or effects on 

erythrocyte stability (Wächter et al., 2021, in press) the study reported here has an emphasis 

on effects of P deprivation during late gestation on productivity, health, and metabolism 

during the lactation following the dry period with restricted P supply.  
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Ethics statement 

 The study was conducted at the Educational and Research Centre for Animal 

Husbandry, Hofgut Neumühle, Münchweiler an der Alsenz, Germany. 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 study was conceived as prospective, randomized and controlled study and was 

conducted on 30 late-pregnant multiparous Holstein-Friesian dairy cows entering their 2
nd

, 3
rd

 

or 4
th

 lactation. Cows of the research farm expected to calve between November 2019 and 

April 2020 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 one of the 2 

experimental treatments that were feeding a dry cow ration with either low (LP) or adequate P 

content (AP) during the last 4 wks of gestation. Cows were enrolled approximately 6 wks 

before expected calving and at least 2 wks after dry-off, and were studied until 305 days in 

milk (Figure 1). The study consisted of different periods with varying observation- and 

sampling intensity, and was initiated with a 2-wk acclimation period extending from 6 wks to 

4 wks before expected calving. During this phase cows of both treatments received the same 

dry cow ration with adequate P content (AP diet) and were introduced to the restricted feeding 

protocol. Following acclimation AP cows remained on the AP dry cow ration with adequate P 

content, while LP cows were switched to the P deficient LP dry cow ration until calving. 

From the moment of calving both treatments were fed the same standard lactating cow ration.  

Animal housing and milking 

 Dry and lactating cows were housed in separate areas of a free stall barn with concrete 

flooring and manure scraper; cubicles were bedded with rubber mats covered with a straw-

lime mixture. Cows expected to calve within the following hours were moved to individual 

calving pens bedded with straw. Calving watch was assisted by the use of a calving sensor 

system (Moocall Ltd., Dublin, Ireland) at nights. After parturition cows with adequate DMI 

and without apparent signs of disease were transferred to the lactating cow pen, generally 

within 24 h after calving. Lactating cows were milked twice daily between 0430 h and 0530 h 

and between 1530 h and 1630 h.  
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Feeding and Experimental Rations 

Feed was offered as TMR formulated to meet or slightly exceed requirements of dry or 

lactating cows with exception of the P content of the LP dry cow ration (NRC, 2001). Feed 

was available ad libitum for lactating cows, but was restricted to 11.5 kg DM during the dry 

period. Feed restriction in addition to a low P diet was required to maintain the daily P intake 

in LP cows below 20 g P/cow. This threshold for the dietary P supply to dry cows necessary 

to achieve a negative P balance was determined in a pilot study in preparation of this 

experiment (Cohrs et al., 2021). Feed restriction was implemented through the use of 

electronic feeding gates and feed-weigh troughs (RIC System, Hokofarm Group, Marknesse, 

Netherlands) that were programmed to gradually transit dry cows from ad libitum feeding to a 

DMI capped at 11.5 kg/d within the first week of acclimation as described previously 

(Wächter et al., 2021, in press). Experimental cows were fed from the feed weigh troughs 

mentioned above from the beginning of the acclimation period until the 6
th

 wk of lactation 

with exception of the period in the calving pens. While in these pens feed was offered from 

individual fed bunks which allowed to manually record feed intake. After the 6
th

 wk of 

lactation cows were fed from regular feed bunks accessible through head gates. Fresh feed 

was offered once daily to dry cows, and twice daily to milking cows. Feed intake per cow and 

day was recorded from the onset of the study until 6 wks of lactation. Water was available ad 

libitum. 

The experimental TMR for dry cows was based on corn silage, pressed beet pulp, hay 

and straw. Pelleted concentrate specifically formulated for each treatment was added to obtain 

the targeted P content of the ration of each treatment (Table S1). The LP and AP rations were 

formulated to contain 0.15 % P and 0.35 % P in DM respectively. Mono-

ammoniumphosphate (Windmill Monamphos FG, Aliphos Rotterdam BV, The Netherlands) 

was used as P supplement in the AP concentrate to obtain the targeted dietary P content in the 

AP ration. Urea was added to the LP concentrate to equalize the N content of both diets. 

Sample Collection 

Feed Samples. TMR samples of both experimental rations were collected daily and 

composited to weekly samples to determine the mean weekly DM content of the experimental 

diets as described previously (Wächter et al., 2021, in press). 

Blood sampling. Blood samples were obtained twice weekly from the end of the acclimation 

phase to 6 wks post calving and once a month thereafter until the end of the study period. 
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Blood was obtained at standardized times between 0800 h and 1000 h by puncture of a jugular 

vein, and collected in Li-heparin tubes (LH Vacuette, Greiner Bio-One, Kremsmünster, 

Austria).   

Milk sampling. Cows were milked within 1 hour of calving, the amount of colostrum at the 

first milking was recorded, and the total solid content of colostrum was determined with a 

digital Brix refractometer (Digital Pocket Refractometer, Model PAL-S, Atago, Tokyo, 

Japan). Milk samples for a DHIA equivalent analysis were obtained once a week throughout 

the entire lactation. For this purpose composited milk samples of an evening and the 

following morning milking were analyzed and the combined milk yield of the 2 milkings 

recorded. The daily milk yield at the time of the weekly milk sampling was used as mean 

daily milk yield for the corresponding week of lactation.   

Urine sampling. Samples of spontaneously voided urine were obtained 3 times a week during 

the first 6 wks of lactation.  

Liver tissue collection. Liver tissue specimens were obtained at the end of the acclimation 

period (T1), approximately one week prior to expected calving (T2), on d 3 (T3), 14 (T4) and 

42 (T5) post-partum (Figure 1) as described previously (Grünberg et al., 2019b). Briefly, the 

procedure, that was conducted aseptically and under local anesthesia obtained liver tissue 

transcutaneously using an automated biopsy sampling device (BIP-Evocore EC2215, BIP 

Biomed. Instrumente und Produkte GmbH, Türckenfeld, Germany). Three liver tissue 

specimens, each of approximately 0.1 g, were collected per sampling time, immediately 

submerged in liquid nitrogen and stored at -80°C until processed as described below. 

Body weight was determined on an electronic scale at the times of liver tissue 

sampling (T1 to T5, Figure 1) and thereafter in monthly intervals at the time of blood 

sampling. 

Sample Processing and Analysis 

Feed sample analysis. The DM of composited 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 (ICP/MS). 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 sample analysis. Blood in Li-heparin tubes was centrifuged at room temperature at 1730 

g for 15 min (Jouan CR422, Thermo Fisher Scientific, Massachussets, USA) within 20 min of 
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collection and plasma was stored at -21°C until analysis. Total protein (TP) content in plasma 

was measured once a week at the time of harvesting by refractometry (RHC-200ATC, C & A 

Scientific, Virginia USA). All plasma samples were assayed for [Pi] (ammonium molybdate 

method, Cobas Mira Plus CC, Hoffmann-La Roche AG, Basel, Switzerland) and total Ca 

([TCa], Arsenazo III method, AU680, Beckman Coulter Inc, Brea, CA). One sample per 

week of each animal was analyzed for the concentrations of sodium ([Na]) and potassium 

([K], both by direct potentiometry), creatinine ([Crea], enzymatic method), 

betahydroxybutyric acid ([BHBA], UV-method) and total bilirubin ([TBil], dichloraniline 

method). Furthermore the activities of γ-glutamyl transferase (GGT, glycyle glycine method) 

and glutamate dehydrogenase (GLDH, UV method with α-Ketoglutarate) were determined. 

The concentration of non-esterified fatty acids ([NEFA], acetyl-CoA-synthetase-acetyl-CoA-

oxydase method) and the activity of alkaline phosphatase (AlP, photometric p-Nitrophenyl 

phosphate method, all conducted on Cobas Mira Plus CC, Hoffmann-La Roche AG, Basel, 

Switzerland) were also determined once a week until the 6
th

 wk of lactation.  

Milk sample analysis. Milk samples obtained as described above were immediately submitted 

to a commercial milk laboratory conducting the DHIA equivalent analysis to determine the 

milk fat content (FAT, in %), milk protein (PROT, in %), milk urea (UREA, in mg/L), milk 

lactose (LAC, in %) and somatic cell count (SCC, in cells / mL) via infrared analyzer 

(MilkoScan FT-6000, Foss Analytical, A/S Hillerød, Denmark). The linear somatic cell score 

(SCS) was calculated by log transforming the SCC.  

Urine analysis. Freshly voided urine was visually inspected for overt discoloration suggestive 

of hemoglobinuria. The concentration of acetoacetate in urine was determined semi-

quantitatively by the use of a commercial urine dipstick assay (Medi-Test Keton, Macherey-

Nagel, Düren, Germany). In case of suspected hemoglobinuria based on discoloration of 

urine, the sample in question was tested for the presence of blood by means of commercial 

urine dipstick test (Medi-Test Combi, Macherey-Nagel, Düren, Germany).  

Liver tissue analysis. Liver tissue DM was determined by atmospheric oven drying to constant 

weight at 85°C as described earlier (Grünberg et al., 2019b). The P, K and Mg content of each 

sample was determined in the previously dried specimens by inductively coupled optical 

emission spectrometry (ICP/OES, Varian Vista Pro, Darmstadt, Germany). The detected 

emission wave lengths were 185.878 nm for P, 766.491 nm for K and 279.553 nm for Mg. 

Potassium and Mg, like P, are predominantly intracellular electrolytes and were analyzed to 

determine if changes in liver tissue P content over time were specific to P or also occurred 
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with other intracellular electrolytes. The electrolyte contents determined in liver tissue were 

expressed as amounts in liver tissue DM (DM), wet weight (WW) and fat free liver tissue (FF) 

(Grünberg et al., 2019b). The liver triacylglycerol (TAG) and cholesterol (Chol) contents 

were determined after lipid extraction from liver tissue specimens with a mixture of n-hexane 

and isopropanol (3:2, vol/vol; Hara and Radin (1978)). Aliquots of the lipid extracts were first 

concentrated and then dissolved using a 1:1-mixture of chloroform and Triton X-100 as 

described earlier (Gessner et al., 2015). After vacuum drying at 42°C for 2 h, liver TAG and 

cholesterol content were measured using enzymatic reagent kits [Fluitest CHOL (Cat. No. 

4241), Fluitest TG (Cat. No. 5741), Analyticon Biotechnologies AG, Lichtenfels, Germany]. 

Animal Health 

Activity and demeanor of study animals were assessed daily, and a physical 

examination was conducted weekly on every cow from the beginning of the study until the 6
th

 

wk of lactation. Animal observation was intensified during the periparturient period with an 

emphasis on the early detection of signs of common periparturient disorders. 

Health events and related therapeutic interventions were recorded for every cow 

throughout the study. Study animals did not receive any standard preventive treatments such 

as drenches or boluses. Only plain fresh water was offered ad libitum from large buckets 

immediately after calving.  

 For the purpose of this study following case definitions for common periparturient 

disorders and corresponding treatment protocols were employed. Cows with clinical signs 

suggestive of milk fever such as dullness, coolness to the touch, difficulty to stand or rise 

were immediately tested for the concentration of ionized Ca ([Ca
2+

]) in blood using a point of 

care unit (EPOC Host and Reader, Siemens Healthineers, Erlangen, Germany) that was 

previously validated for this purpose in our lab (Wächter et al., 2021, in press). Clinical signs 

as mentioned above in combination with a [Ca
2+

] below 1.10 mmol/L were classified as 

clinical hypocalcemia. The treatment protocol for this condition that never reached stage 2 

(recumbency) in this study due to early recognition of symptoms (Constable et al., 2016b) 

consisted of subcutaneous administration of 11 g Ca (Calcitat S50, Livisto, Senden, Germany) 

in combination with Ca salts administered orally as bolus (Bovikalc, Boehringer Ingelheim 

Vetmedica, Ingelheim, Germany). Treatment was repeated as needed until full recovery, 

defined as resolution of clinical signs and restoration of normocalcemia had occurred. The 2 

bi-weekly blood samples following the last treatment with Ca either subcutaneously or orally 

were excluded from statistical analysis. The diagnosis of subclinical hypocalcemia (SCH) in 
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animals included in this experiment was retrospectively obtained from the dataset generated 

in a separate study of this project investigating short term effects of P-deprivation of the Ca 

homeostasis (Wächter et al., 2021, in press). SCH in that study was defined as a [Ca
2+

] below 

1.10 mmol/L without apparent clinical signs consistent with milk fever. No treatment of any 

sort was administered in these cases. 

The protocol at the research farm defined subclinical ketosis as the occurrence of an 

acetoacetate concentration in urine above 2.5 mmol/L determined semi-quantitatively as 

described above that was not associated with any clinical signs. The corresponding standard 

treatment consisted of an oral administration of a single daily dose of 200 mL of propylene 

glycol until resolution of ketonuria. Ketonuria as described above in combination with clinical 

signs such as dullness, feed intake depression, decreased rumen fill or rumen motility was 

defined as clinical ketosis. Affected cows were treated with intravenous dextrose (500 mL, 40 

% dextrose solution, G-40, B. Braun, Melsungen, Germany) in combination with oral 

propylene glycol as described above. Cases unresponsive to treatment within 24 h were 

furthermore treated with dexamethasone administered intravenously (40 mg/cow, Rapidexon 

Albrecht, Dechra Veterinary Products, Northwich, UK). The weekly blood sample following 

the last dextrose administration was excluded from data analysis. The definitions of clinical 

and subclinical ketosis as described above were used on farm for convenience as this allowed 

the cow-side identification of animals thought to require treatment. For the purpose of this 

study the diagnoses of clinical and subclinical ketosis were however based on the plasma 

[BHBA] with a threshold of 1.2 mmol/L for subclinical (without clinical signs) and clinical 

ketosis (with clinical signs) rather than acetoacetate in urine (Mann et al., 2018). 

Uterine disease diagnosed during this study included retained fetal membranes, 

metritis and endometritis. Retention of fetal membranes was defined as failure to pass the 

placenta within 24 h of calving (Risco et al., 1994). Metritis was defined as fetid uterine 

discharge within 21 days post-partum and endometritis as uterine discharge occurring after 

the 21
st
 day post-partum (Sheldon et al., 2006). Both metritis and endometritis were further 

subdivided into non-febrile and febrile depending on the rectal temperature with a threshold 

of 39.5ºC. The farm standard treatment protocol for the treatment of retained fetal membranes 

as well as metritis and endometritis consisted in parenteral administration of amoxicillin (10 

mg/kg BW i.m. once daily, Duphamox, Zoetis, New Jersey, USA) in combination with a 

nonsteroidal anti-inflammatory drug (Meloxicam 0.5 mg/kg once daily, Meloxidyl, Ceva 
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Tiergesundheit GmbH, Düsseldorf, Germany) until the complete detachment of fetal 

membranes or resolution of uterine discharge. 

Clinical mastitis was defined as the presence of milk with abnormal appearance or 

signs of inflammation of the mammary gland, while subclinical mastitis for the purpose of 

this study was diagnosed retrospectively based on weekly DHIA results with a threshold for 

the SCC above 100.000 cells/mL (Thorberg et al., 2009). 

Causes for lameness were diagnosed during examination in a foot trimming chute and 

categorized into digital dermatitis, heel horn erosion, interdigital lesions and claw horn lesions 

/ deformations. Interdigital lesions included interdigital hyperplasia, interdigital dermatitis and 

foot rot. These conditions were treated topically. 

Digestive tract disorders diagnosed during this study included feed intake depression 

of undetermined cause but unrelated to ketosis, diarrhea, hardware disease, acute rumen 

acidosis, abomasal displacement and hemorrhagic enteritis. These diagnoses were made by a 

veterinarian and treated accordingly.  

Other conditions not fitting into any of the aforementioned categories were 

summarized under “other diseases” but were also spelled out in table 1. 

Fertility 

Estrus detection was conducted by observation for signs of heat several times a day by 

farm personnel. No estrus synchronization protocol was used, but estrus was induced in non-

pregnant cows with milk production below 30 kg or if over 150 DIM and not seen in heat 

until then. Cows were inseminated after heat detection following the a.m.-p.m. rule. 

Pregnancy checks were conducted by transrectal ultrasonography after 42 d post 

insemination. Reproductive performance parameters determined in this study include days to 

first service, days open, conception rate at first service, pregnancy rate, services per 

pregnancy and pregnancy loss. The conception rate at first service was the percentage of cows 

that conceived at first service. Pregnancy rate was defined as the number of cows being 

pregnant divided by the number of cows inseminated. Cows found in heat and open after 

having been previously been diagnosed as pregnant were considered a pregnancy loss.  

The presence of a follicular cyst was defined as cystic structure on one ovary with a 

diameter of at least 2.5 cm diagnosed ultrasonographically at two consecutive exams at least 

10 d apart (Garverick, 1997).  
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Data analysis 

Baseline values of studied parameters were defined as values obtained at the end of the 

acclimation period (BL). Weekly, bi-weekly and monthly sampling times were 

retrospectively expressed as sampling times in weeks relative to calving. The daily DMI was 

calculated for each day of the study period from the end of acclimation (-4 wks relative to 

calving) until 6 wks after calving from the recorded daily fresh matter intakes and the dry 

matter contents of the composited feed samples of the corresponding week. 

The milk yield of each cow was studied based on the weekly recording at the time of 

the DHIA examination. The 305-d milk yield as well as the average fat and protein content for 

the 305-d milk yield were calculated for each cow from the DHIA records. 

To study a possible effect of treatment with propylene glycol (PG) on some of the 

plasma biochemical parameters included in this study the variable PG was introduced in the 

data set. PG was set as 1 for weekly blood samples obtained between the first and within one 

week of the last oral treatment with propylene glycol, and was set as 0 for all other samples. 

Statistical analysis 

Unless stated otherwise results are expressed as LSM ± SEM or as median and 

interquartile range for variables not meeting the assumption of normality. The significance 

level was set at P < 0.05. Data were tested for normal distribution and homogeneity of 

variance and log transformed whenever necessary to achieve normal distribution; transformed 

variables were SCC, plasma [NEFA], [BHBA], [TBil], AlP, GLDH, GGT, liver tissue DM, 

TAG and Chol.  

Differences between treatments for numerical (e.g. days open or 305 d milk yield) and 

categorical variables (e.g. disease incidences) were tested with t-test and chi square statistics 

respectively. Repeated measures analysis of variance with animal ID as subject was used to 

determine fixed effects of treatment, time, LN with treatment as repeated factor, and the 

interaction between treatment and time using PROC MIXED (SAS 9.4, SAS Inc, Cary NC). 

The most appropriate covariance structure was chosen based on the lowest Akaike 

information criterion. Bonferroni-adjusted P values were used to assess differences between 

treatments at specific sampling times and difference between sampling times whenever the F 

test was significant. The model mentioned above furthermore including the variable PG was 

run to explore the effect of propylene glycol treatment on metabolic parameters.   
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Pearson or Spearman correlation analyses and multiple stepwise regression analyses 

were conducted to identify possible associations between plasma and liver biochemical 

parameters obtained at the same time. Correlation and regression analyses were conducted for 

each sampling time separately. The final regression models were checked for variance 

inflation by screening tolerance, variance inflation factors, and the eigenvalue in combination 

with the condition index of each variable in the final model. In case of suspected 

multicollinearity between some variables in the final model, the variable potentially affected 

by collinearity with the lowest r
2
 was removed and the analysis rerun.  

The required sample size for this study was estimated on the basis of results obtained 

from an earlier study investigating the effects of dietary P-deprivation in transition dairy cows 

(Grünberg et al., 2019b). All analyses were conducted with SAS software (SAS 9.4, SAS Inst. 

Inc. Cary, NC). 

4.4 RESULTS 

Animals and Feeding 

Seven and 8 AP and LP cows respectively included in this study entered the 2
nd

 

lactation, 5 and 4 cows the 3
rd

, and 3 cows of each treatment the 4
th

 lactation. Feed analyses 

revealed an average P content of 0.30 ± 0.05 % and 0.16 ± 0.01 % P (mean ± SD) in DM for 

dry cow ration for AP and LP cows respectively. The mean P content of the lactation cow 

ration was 0.46 % P in DM. 

Health Events 

Two cows of the LP treatment did not complete the study. One cow was found dead 

unexpectedly and without prior signs of disease in the 5
th

 wk of lactation; post mortem 

examination did not reveal an apparent cause of death. This animal was retrospectively 

eliminated from the study and replaced since a late pregnant animal of same LN in similar 1
st
 

lactation milk yield was available in the herd. Another LP cow developed hemorrhagic 

enteritis, deteriorated and died within a matter of hours on day 125 of lactation. Acute rumen 

acidosis was diagnosed in 1 LP cow on day 3 post-partum after engorging 22 kg of DM 

immediately after calving when switched from restricted to ad libitum feeding at calving. This 

animal required intensive therapy but eventually made a full recovery; data from this cow 

obtained between the 3
rd

 d and the 6
th

 wk of lactation were excluded from the dataset. One AP 

cow was diagnosed with abomasal displacement to the left on d 10 of lactation and underwent 
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immediate surgical therapy and recovered uneventfully and thus remained in the study. The 

occurrence of clinical and subclinical hypocalcemia in experimental cows has been reported 

previously (Wächter et al., 2021, in press). Briefly, 13 of 15 AP cows and 9 of 15 LP cows 

were diagnosed with periparturient hypocalcemia. Stage 1 clinical hypocalcemia was 

diagnosed and treated in 3 AP and 1 LP cows (Constable et al., 2016b). Further 10 AP and 8 

LP cows were diagnosed with subclinical hypocalcemia as defined above (Table 1). One AP 

cow previously diagnosed with SCH during the first wk of lactation, developed clinical 

hypocalcemia on day 95 of lactation and required parenteral and oral Ca supplementation. 

This incident was however not counted toward the cases of hypocalcemia as it did not occur 

in the periparturient period, but was rather included in the category of “other diseases” (Table 

1). 

The occurrence of other health events including ketosis, uterine-, udder-, reproductive 

tract disease and lameness is summarized in table 1. Differences between treatments did not 

reach significance level, presumably also due to lack of statistical power. Incidences were 

numerically higher in LP than AP cows for clinical ketosis, but lower for subclinical ketosis, 

uterine disease and mastitis (Table 1). Comparing the on-farm diagnosis of clinical ketosis 

based on urine acetoacetate concentration (urine dipstick) with the presumed gold standard 

that is the use of plasma [BHBA], the urine dipstick produced 6 (1 AP, 5 LP) true positive, 

one false positive (1 AP) and 0 false negative diagnoses for clinical ketosis. For the diagnosis 

of subclinical ketosis 7 true positive (4 AP, 3 LP), 7 false positive (4 AP, 3 LP) and 0 false 

negative diagnoses were produced when recurring to the urine acetoacetate concentration. 

Overall using urine dipsticks with the threshold of 2.5 mmol/L acetoacetate in urine 

overestimated the incidence of subclinical ketosis by approximately 50%. Accordingly 8 cows 

(5 AP and 3 LP) of this study must be considered as having received propylene glycol without 

indication. 

None of the study animals developed clinical signs commonly associated with P 

deprivation such as recumbency or overt hemoglobinuria. 

Dry Matter Intake and Body Weight 

 The DMI from 4 wks ante-partum to 6 wks post-partum stratified by treatment is 

presented in figure 2. Significant time (P < 0.0001) and LN (P = 0.03) but no treatment, 

treatment x time or treatment x LN interaction effects were identified. Feed consumption was 

identical for both treatments during the dry period with restricted access to feed until calving. 
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From the nadir at calving the DMI increased continuously in both treatments at a similar pace 

reaching highest values 6 wks after calving, when the recording of the DMI was discontinued 

(Figure 2). The reported LN effect reflected in a higher average daily DMI of LN 4 (14.8 ± 

0.2 kg) than LN 3 (13.8 ± 0.2 kg, P = 0.009).  

The body weights of cows over time, stratified by treatment are presented in figure 2. 

A significant time (P < 0.0001) and LN effect (P = 0.0002) was identified but no treatment, 

treatment x time interaction and treatment x LN interaction effect. The mean body weight of 

both treatments remained constant until calving and declined thereafter reaching a nadir 6 wks 

after calving. Cows of LN 2 (663 ± 13 kg) had a lower body weight than cows of LN 3 (762 ± 

17 kg, P = 0.0002) and LN 4 (736 ± 21 kg, P = 0.01). 

Milk Yield and Milk Composition 

 The daily milk yield throughout the first 305 days of lactation stratified by treatment 

as well as by treatment and LN is depicted in figure 3. Milk yield revealed a significant time 

(P < 0.0001), LN (P = 0.005) and treatment x LN (P = 0.002) effect. Neither treatment nor 

treatment x time interaction effects were significant. The daily milk yield rose at a similar 

pace in both treatments reaching a peak in the range of 49 kg/d in the 9
th

 wk of lactation and 

declining thereafter at a similar pace to a value in the range of 30 kg/d in the 45
th

 wk of 

lactation (Figure 3). As expected the average daily milk yield of cows of LN 4 was higher 

than of cows of LN 2 (42.6 ± 1.1 kg vs. 38.1 ± 0.7 kg, P = 0.002). When stratified by 

lactation, LP cows in their 2
nd

 lactation had higher average daily milk yield than AP cows 

(39.9 ±1.0 kg/d vs. 36.4 ± 1.0kg/d, P = 0.02), while for the 4
th

 lactation, LP cows produced 

less milk than AP cows (39.1 ± 1.5 kg/d vs. 46.1 ± 1.5 kg/d, P = 0.003, Figure 3). None of the 

cows in LN 2 were treated with oral or parenteral Ca around calving. Of 9 cows in LN 3 (5 

AP and 4 LP) 1 LP cows received Ca treatment in the first week of lactation. Three cows of 

each treatment were in LN 4 of which 2 AP but no LP cow were treated with Ca around 

calving. The mean 305-d milk yield was 12112 ± 1298 kg for LP and 12229 ± 1758 kg for AP 

cows (mean ± SD; P > 0.05). 

 Results of the weekly DHIA equivalent analysis are summarized in table S2. FAT 

and LACT showed a significant time (P < 0.0001) and LN effect (P = 0.0003 and P = 0.03 

respectively), but no treatment, treatment x time or treatment x LN interaction effect. FAT of 

2
nd

 lactation cows (4.2 ± 0.1 %) was higher than of 3
rd

 and 4
th

 lactation cows (4.0 ± 0.1 %, P = 

0.02 and 3.8 ± 0.1 %, P < 0.0001 respectively). A significant time effect (P < 0.0001) but no 



 

51 

 

treatment, LN, treatment x time and treatment x LN interaction effect was identified for 

PROT and UREA (Table S2).    

 The linear SCS showed a significant time (P = 0.005), LN (P = 0.02) and treatment x 

LN interaction effect, but no treatment or treatment x time interaction effect. Cows of LN 4 

had significantly higher linear scores than cows of LN 3 (1.92 ± 0.06 vs. 1.69 ± 0.05, P = 

0.007). The average linear score of 2
nd

 lactation cows was higher in AP compared to LP cows 

(1.89 ± 0.06 vs. 1.61 ± 0.05, P = 0.001). For the 4
th

 lactation, AP cows had significantly lower 

linear score than LP cows (1.67 ± 0.08 vs. 2.17 ± 0.08; P = 0.0004).  

No treatment, LN or treatment x LN effect was apparent for the colostrum yield and 

total solid content. AP cows had 8.4 ± 1.4 kg and LP cows 6.8 ± 1.4 kg colostrum. The total 

solid content in colostrum was 25.4 ± 1.4 % and 27.8 ± 1.3 % for the AP and LP cows 

respectively. 

Plasma Biochemical Analysis 

Minerals. The plasma Pi concentration time-curves stratified by treatment throughout the 

study are presented in figure 4. Plasma [Pi] showed a significant treatment (P = 0.001), time 

(P < 0.0001), LN (P = 0.0009) and treatment x time interaction effect (P < 0.0001). LP cows 

had significantly lower [Pi] than AP cows at wk-4 and from wk-2 until calving. The 

development of the [Pi] of cows in this study during the periparturient period has previously 

been described in detail (Wächter et al., 2021, in press). Mean values were below the 

reference range of 1.4 mmol/L from wk-3 to wk-0.5 in LP cows and around calving in AP 

cows (Constable et al., 2016c). Cows of LN 2 (1.7 ± 0.0 mmol/L) had significantly higher [Pi] 

than cows of LN 3 and LN 4 (1.6 ± 0.0 mmol/L, P = 0.001).  

 The plasma TCa concentration time-curves stratified by treatment are presented in 

figure 4. This parameter revealed significant treatment (P = 0.01), time (P < 0.0001), LN (P = 

0.04) and treatment x time interaction effects (P = 0.0004). A detailed analysis of the plasma 

[Ca] and blood [Ca
2+

] over time during the periparturient period of the cows included in this 

study has been reported earlier (Wächter et al., 2021, in press). Based on the sampling time 

points included in the present study, LP cows had higher plasma [TCa] than AP cows from 

wk-1 to wk+1. The LN effect reflected in lower [TCa] in 4
th

 lactation compared to 2
nd

 

lactation cows (2.45 ± 0.01 mmol/L vs. 2.50 ± 0.01 mmol/L, P = 0.004).  

 AlP showed a significant time (P < 0.0001), LN (P = 0.0008) and treatment x time 

interaction (P = 0.007) effects. Values determined between wk-4 to wk+1 were significantly 

higher than values between wk+2 and w+6 in both treatments (Figure S1). LP cows had 



 

52 

 

significantly higher AlP activities (169 U/L [127-221 U/L]) compared to AP cows (122 U/L 

[95-143 U/L], P = 0.01) in wk-1 (Figure S1). Furthermore cows in their 2
nd

 lactation had 

higher AlP activities (135 IU/mL [97-166 IU/mL]) compared to 3
rd

 and 4
th

 lactation cows (85 

IU/mL [71-117 IU/mL], P = 0.0003 and 99 IU/mL [80-122 IU/mL], P = 0.01 respectively). 

Energy metabolism. Plasma [NEFA] and [BHBA] measured throughout the study period are 

presented in figure 5. For both parameters a significant time effect (P < 0.0001) but neither a 

treatment nor a LN effect was determined. A treatment x LN interaction effect was observed 

for [BHBA] with higher concentrations in 2
nd

 lactation LP cows (0.67 mmol/L [0.52-0.87 

mmol/L]), than 2
nd

 lactation AP cows (0.57 mmol/L [0.45-0.71 mmol/L], P = 0.03).  

Parameters related to liver function and liver injury. The values for plasma [TBil] and 

activities of GGT and GLDH are presented in table 3. For all of these parameters a significant 

time effect (all P < 0.0001) but no treatment effect was determined. For [TBil] a sudden and 

marked increase was apparent around calving that was numerically more pronounced in AP 

than LP cows, values then gradually returned to pre-calving levels over the first 10 weeks of 

lactation (Table 3). The activities of GGT continuously increased from calving until the end 

of the observation period for both treatments to a similar degree. The analysis of GLDH 

revealed significant LN (P = 0.0005) and treatment x LN interaction effects (P = 0.02). 

Activities of GLDH were higher in 3
rd

 than in 2
nd

 lactation cows (11.1 IU/L [7.4-21.0 IU/L] 

vs. 17.5 IU/L [11.4-28.6 IU/L], P = 0.0002) and within the 3
rd

 lactation, LP cows had higher 

GLDH activities than AP cows (18.1 IU/L [10.1-26.5 IU/L] vs. 8.7 IU/L [6.8-13.5 IU/L], P = 

0.001). 

 Treatment with propylene glycol in the days prior to blood sampling significantly 

affected the plasma [TBil] with higher concentrations measured in samples obtained after a 

treatment episode compared to samples obtained from untreated animals (P = 0.005).  

 The values for plasma [TBil] and activity of GLDH were within or slightly above the 

reference range for cattle at all sampling times and for both treatments, while values for the 

activity of GGT were above the reference range throughout the study period in cows of both 

treatments (Kraft and Dürr, 2014, Constable et al., 2016c).  

Water balance and protein metabolism. The concentration time-curves for plasma [TP], 

[Crea], [Na] and [K] stratified by treatment are presented in figure 6. For all parameters 

significant time (P = 0.002 for [Na], P < 0.0001 for the remaining parameters), but no 

treatment effects were identified. The [TP] showed a decline over the last 4 wks of gestation 
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in the range of 10 g/L reaching a nadir at calving that was followed by a continuous increase 

over the first 6 wks of lactation. The development of plasma [Crea] mirrored the one of [TP] 

with a continuous increase until calving that was followed by a continuous decline reaching a 

nadir at below the pre-partum level at 10 wks of lactation. The [Na] and [K] both showed a 

continuous decline from calving to the end of the observation period. For [Na] a significant 

treatment x LN interaction (P = 0.0001) effect was identified. While the average [Na] of cows 

of LN 3 was higher in LP cows (144.1 ± 0.7 mmol/L) than AP (140.8 ± 0.61 mmol/L, P = 

0.001), for LN 4 lower [Na] were measured in LP cows (140.0 ± 0.8 mmol/L) compared to 

AP cows (144.6 ± 0.8 mmol/L, P = 0.0003).   

The values for plasma [TP], [Crea], [Na] and [K] were within or slightly below the 

reference range for cattle at all sampling times and for both treatments (Constable et al., 

2016c). 

Liver Tissue Biochemical Analysis 

 The tissue TAG, Chol and DM at the different sampling times are presented in figure 

7. For all 3 parameters a significant time (P < 0.0001) but no treatment or treatment x time 

interaction effects were identified. Liver TAG rose in both treatments from below 1% at T1 

and T2 to values in the range of 5 % and 12 % TAG in liver wet weight at the sampling times 

T3 and T4 respectively. A parallel but more moderate increase was observed for liver DM 

from a mean value below 28 % at T1 and T2 to a mean peak values in the range of 34 % of 

liver wet weight at T4. A more moderate increase was observed in both treatments for liver 

tissue Chol from values in the range of 2 mg/g liver wet weight before calving to peak values 

around 4 mg/g liver wet weight at T4 (Figure 7). 

 The P, Mg and K contents expressed as amounts in liver DM and fat-free wet weight 

at the different sampling times are presented in figure 8. Again significant time effects (P < 

0.0001) but neither treatment nor treatment x time interaction effects were observed. This 

time effects reflected in a decline of PDM, MgDM and KDM between T3 and T4 for both 

treatments in the range of 18 – 25 % that was followed by a moderate increase in the range of 

13 – 16 % between T4 and T5. The same although more moderate pattern was observed for 

PWW, MgWW and KWW with declines of the mineral contents between T3 and T4 in the range of 

13 – 19 % (data not shown), and for PFF, MgFF and KFF with declines of 4 – 12 % in the same 

time interval (Figure 8).  
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 The correlation analysis between parameters related to liver tissue conducted for each 

sampling time individually revealed strong positive associations between PDM, KDM and 

MgDM (rho > 0.90, P <0.0001) and more moderate associations between PWW, KWW and 

MgWW (rho > 0.68, P <0.0001) and PFF, KFF and MgFF  (rho > 0.66, P <0.0001) at the 

sampling times T3 to T5. 

 With increasing TAG in liver tissue the association of liver TAG with liver DM 

increased from no association at T1 and T2 over moderate associations at T3 (rho = 0.44, P = 

0.02), to strong associations at T4 (rho = 0.64, P = 0.0002) and T5 (rho = 0.65, P = 0.0002). 

The increase of liver TAG was furthermore associated with an increasingly stronger negative 

association of liver TAG with PDM (rho = -0.48, P = 0.008; rho = -0.85 and rho = -0.79, both 

P < 0.0001), KDM (rho = -0.42,  P = 0.02; rho = -0.88 and rho = -0.74, both P < 0.0001) and 

MgDM (rho = -0.42, P = 0.02; rho = -0.89 and rho = -0.77, both P < 0.0001) at T3, T4 and T5 

respectively. With the increasing correlation of liver TAG with liver DM a negative 

association of PDM, KDM and MgDM also became apparent with liver DM at T4 and T5 that was 

weaker but in the same direction than the corresponding association with liver TAG. 

Association of Parameters related to Liver Tissue with Plasma Biochemical Parameters 

 Plasma [Pi] was not associated with any liver related parameter other than with liver 

TAG at T4 (rho= -0.38, P = 0.04). Associations between parameters related to the liver P 

content and plasma biochemical parameters were found for activities of GLDH and GGT in 

plasma. At T1 GLDH was found to be negatively associated to PDM (rho = -0.51, P = 0.04), 

PWW (rho = -0.42, P = 0.02) and PFF (rho = -0.43, P = 0.02) as well as to KDM (rho = -0.41, P 

= 0.02), KWW (rho = -0.36, P = 0.05) and KFF (rho = -0.37, P = 0.04). GLDH was furthermore 

found to be negatively associated with PDM (both rho = -0.43, P = 0.02) and PWW (rho = -0.52, 

P = 0.004 and rho = -0.43; P = 0.02) as well as to KDM (both rho = -0.39, P = 0.02) and KWW 

(rho = -0.45, P = 0.01 and rho = -0.43; P = 0.02) at T4 and T5 respectively. At T4 and T5 

GLDH was however also associated to TAG (rho = 0.40; P = 0.03 and rho = 0.51; P = 0.004 

respectively).  

 The activity of GGT in plasma was negatively associated with PDM at T5 (rho = -

0.43, P = 0.02), but showed even stronger associations with liver DM (rho = 0.59, P = 0.0009) 

and TAG (rho = 0.43, P = 0.02). In the following stepwise regression analysis with 

parameters related to the liver P content as dependent and plasma biochemical parameters as 

independent variables, GLDH and GGT had to be excluded retroactively in all instances they 

appeared in the final model due to suspected collinearity. 
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Fertility  

 Reproductive performance parameters stratified by treatment are presented in table 4. 

Differences between treatments did not reach significance level due to the small sample size. 

Parameters differed only numerically between cows of the AP and LP treatment. 

4.5 DISCUSSION 

            The aim of this study was to investigate long-term effects of restricted dietary P 

supply during the late stage of pregnancy in dairy cows in the following lactation. The results 

presented here show that health, productivity and fertility were not significantly compromised 

in P-deprived cows compared to cows fed a diet with adequate P content.  

A state of negative P balance was induced in LP cows by feeding the experimental diet 

as these animals showed a moderate hypophosphatemia ante-partum with values of plasma 

[Pi] below the lower reference range of 1.4 mmol/L during the last weeks before calving 

(Constable et al., 2016c). While a clear decline in plasma [Pi] below the reference range was 

observed within the first week of lactation in cows fed an adequate P supply, plasma [Pi] of 

cows fed P restrictively increased above the threshold of 1.4 mmol/L during the same time 

(Constable et al., 2016c). The development of the plasma [Pi] demonstrated that cows were no 

longer hypophosphatemic after switching to the lactation ration with adequate P content 

despite of prior dietary P deprivation over several weeks, which is consistent with results 

described by Grünberg et al. (2015b). A decrease in plasma [Pi] post-partum, as demonstrated 

in cows of the AP group, is typically seen in fresh cows (Goff et al., 2002, Megahed et al., 

2018). The immediate increase in plasma [Pi] in P-deprived cows when receiving a ration 

with adequate P content is probably the result of intensified intestinal absorption of P. 

Variations in plasma [Pi], especially during lactation when cows had ad libitum access to 

feed, can be explained by the fact that plasma [Pi] does not reflect the P status of the body but 

changes with short-term dietary intake of P (Macrae et al., 2006). As reported previously 

(Wächter et al., 2021, in press), dietary P-deprivation in late gestation had a positive effect on 

the Ca homeostasis during the transition period in cows included in the present study. Based 

on the sampling time points of this study, the improvement of the Ca status reflected in higher 

plasma [TCa] in LP compared to AP cows from the week before to after parturition. The 

mechanism behind the increased blood [Ca
2+

] and plasma [TCa] of P-deprived cows in this 

study has been discussed in detail previously (Wächter et al., 2021, in press). Briefly, 

enhanced bone mobilization seemed to be attributable to the positive effect on the Ca 

homeostasis in cows on restricted dietary P supply causing a difference in the incidence of 
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subclinical and clinical hypocalcemia between AP and LP cows. Differences in the activity of 

AlP as crude indicator for bone metabolic activity were identified during the last week before 

calving, indicating increased bone turnover in P-deprived cows compared to cows supplied 

adequately with P. When dividing cows into groups which did and did not developed clinical 

hypocalcemia, numerically lower activities of AlP were found before calving in those that 

became clinically hypocalcemic after calving. Therefore, it is reasonable to assume that AlP 

activity was associated with bone turnover in the present study. However, different isoforms 

of AlP derived from bone, liver or mammary gland exist, which were not differentiated in this 

study, hence there is disagreement about the validity of AlP as marker for bone mobilization 

in the literature (Sato et al., 2005, Fürll, 2012) 

Cows of both treatments consumed less DM with approaching calving. It is well 

documented that DMI of dairy cattle starts to decline several days before parturition (Romo et 

al., 1991, Megahed et al., 2018). Decreased DMI from late stages of pregnancy continued into 

early lactation but no differences in the rise of DMI could be observed between cows on 

adequate and restricted P supply. In various studies by Wu and colleagues (Wu and Satter, 

2000, Wu et al., 2000, Wu, 2001) DMI was also not negatively affected in cows fed low P 

diets for at least one lactation. However, long-term feeding of P-deficient diets to lactating 

cows was reported to reduce DMI (Kincaid et al., 1981, Valk and Sebek, 1999). In studies on 

dry cows investigating effects of restricting the dietary P supply P-deprived animals were also 

found to have lower DMI post-partum compared to controls (Puggaard et al., 2014, Grünberg 

et al., 2019b). However, a comparison to findings reported here is difficult because dietary P 

deprivation was not completed with parturition but continued into lactation in the studies 

mentioned above. In the present study, cows fed the low P close-up diet returned to 

normophosphatemic plasma concentrations post-partum. Besides feeding a diet with low P 

content only in late stage of pregnancy, DMI had to be restricted during the dry period to 

induce a negative P balance in LP cows as reported previously (Wächter et al., 2021, in 

press). Furthermore, similar body weights were determined in cows on adequate and restricted 

P supply showing the typical development of body weight in transit cows, while cows on 

restricted dietary P supply during the last weeks of gestation in a study by Puggaard et al. 

(2014) gained less body weight after calving compared to control cows. Differences in body 

condition were however combined with reduced DMI in P deprived cows as also reported in 

other studies (Call et al., 1987, Grünberg et al., 2019b).  
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Overall, AP and LP cows had similar milk yields during the lactation following 

experimental feeding of adequate and low P diets. Daily milk yield rose during the first weeks 

of lactation and continuously declined thereafter showing a typical lactation curve as reported 

by Kessler et al. (2014). However, 2
nd

 lactation cows assigned to the LP treatment showed 

higher milk yield compared to those of the AP treatment. The opposite was observed in cows 

entering the 4
th

 lactation as cows on adequate dietary P supply produced more milk 

throughout lactation than cows on restricted P supply. In earlier studies (Neves et al., 2018b, 

Venjakob et al., 2018), daily milk yield was related to serum [TCa]. Multiparous cows with 

serum [TCa] below 1.95 and 2.1 mmol/L, respectively, showed higher milk yield during the 

immediate post-partum period than cows with serum concentrations above these thresholds. 

This is in agreement with results of a recent study investigating the effect of feeding a 

negative DCAD diet to close-up dry cows. Cows fed the control diet showed a higher 

incidence of SCH, based on a threshold of blood [Ca
2+

] of 1.0 mmol/L, compared to cows fed 

a negative DCAD diet. Numerically more milk was produced from control cows in the first 

week of lactation, those more frequently affected by SCH after parturition (Glosson et al., 

2020). Other studies have also found greater milk yield in hypocalcemic cows in the weeks 

after calving (Jawor et al., 2012, McArt and Neves, 2019). In the current study, the difference 

in milk yield between the AP and LP treatment of 4
th

 lactation cows could not be explained by 

hypocalcemic plasma concentration per se because all study animals entering the 4
th

 lactation 

were affected by subclinical or clinical hypocalcemia based on the defined threshold of blood 

[Ca
2+

] below 1.10 mmol/L. The assumption was made, that Ca administration had a positive 

impact on milk yield as 2 4
th

 lactation cows fed P adequate were treated due to development 

of clinical signs of hypocalcemia. Earlier studies reported that animals with greater production 

potential responded positively to Ca supplementation around calving while detrimental effects 

were observed in milk yield of low-yielding cows (Oetzel and Miller, 2012, Martinez et al., 

2016). Due to the small sample size of the present study, we cannot prove a possible effect of 

Ca administration on milk yield. The higher milk yield of 4
th

 lactation cows assigned to the 

AP treatment could also be caused by individual differences between cows.  

Within the first month of lactation the composition of milk in cows fed P restrictively 

and adequately altered most, while later in lactation, only minor changes could be determined 

as reported by Ilves et al. (2012). We identified continuous declines in fat, protein and urea 

contents of milk during the first weeks of lactation, findings that are in agreement with results 

reported in other studies (Sharma et al., 1990, Tsioulpas et al., 2007). In contrast to other milk 

constituents, a continuously increase of the lactose content could be observed during early 
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lactation. This is in line with earlier studies, in which lactose content rose during the first 

weeks after parturition (Tsioulpas et al., 2007). Differences in milk yield between the AP and 

LP treatment within 2
nd

 and 4
th

 lactation cows reflected in differences in SCC of milk in these 

animals. SCC has been reported to be affected by several factors including milk yield (Jones 

et al., 1984, Ng-Kwang-Hang et al., 1984). In the present study, cows producing less milk 

were found to have higher SCC consistent with results described by Yoon et al. (2004) who 

showed milk yield is negatively correlated with SCC. This correlation results from dilution of 

cells due to increased yield (Green et al., 2006) and is therefore not indicative of a reduced 

udder health caused by P-depletion during the transition period.  

For calves, it is essential to be supplied with colostrum of good quality directly after 

birth in order to allow them to absorb immunoglobulins from colostrum in the intestinal tract 

(Baumrucker and Bruckmaier, 2014). High quality colostrum was defined as IgG 

concentration > 50 mg/mL (Godden et al., 2019). The gold standard test for determining IgG 

concentration in colostrum is radial immunodiffusion assay (Bielmann et al., 2010). However, 

RID is expensive and only conducted in laboratories thus unsuitable for rapid analysis of 

colostrum.  Bielmann et al. (2010) reported that the total solid content of colostrum is related 

to the colostral IgG content and can be determined by refractometry. In the present study, 

although cows on restricted P supply during the dry period produced numerically less 

colostrum than cows on adequate P supply, colostrum of these cows was of higher quality. 

The association between quality of colostrum and colostrum yield has been investigated in 

numerous studies (Baumrucker et al., 2010, Silva-Del-Rio et al., 2017, Kessler et al., 2020). 

Our results are in agreement with Silva-Del-Rio et al. (2017) who found that the IgG content 

in colostrum is negatively related to the colostrum yield, probably due to dilution effects as 

reported by Morin et al. (2010) and Godden et al. (2019). Notwithstanding, the total solid 

contents of colostrum  determined for cows of both treatments exceed the threshold for high 

quality colostrum reported in the literature (Bielmann et al., 2010, Quigley et al., 2013, Silva-

Del-Rio et al., 2017) and colostrum yields were similar to those described earlier (Morin et 

al., 2010, Kehoe et al., 2011). 

With the exception of claw health, the disease incidence was generally low in study 

animals. The impact of nutrition on lameness and claw health of dairy cows has been 

reviewed by Lean et al. (2013). In the present study, claw health of P-deprived cows did not 

differ from those supplied adequately with P consistent with results described by Wu and 

Satter (2000) who observed an even higher incidence of foot rot in cows fed P in excess 
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compared to those fed P close to recommendations. In dairy cows, hypophosphatemia has 

been associated with muscle weakness and recumbency (Menard and Thompson, 2007). None 

of our cows fed P restrictively had clinical signs of disturbed muscle function nor became 

recumbent. This is in agreement with Grünberg et al. (2019a) who showed that muscle 

function was not clinically impaired in transition cows despite prolonged dietary P-

deprivation. Postparturient hemoglobinuria was also reported as result of dietary P deficiency 

(Macwilliams et al., 1982). Three cows on restricted P supply included in the study by 

Grünberg et al. (2019b) were affected by hemoglobinuria with intravascular hemolysis 

resulting in profound anemia. However, dietary P deprivation was continued into early 

lactation and study animals also had a more pronounced hypophosphatemia than cows 

included in the present study. In the present study, cows on restricted dietary P supply limited 

to the last weeks before calving were not affected by disorders typically related to P-

depletion, and were further not more frequently affected by other disease than cows on 

adequate P supply but the overall low incidence of health events and the small sample size of 

the study must be considered when evaluating effects of dietary P-deprivation on dairy cow 

welfare. While the incidence of clinical ketosis was higher in P-deprived cows than in cows 

fed P adequate, the opposite was observed for the incidence of clinical mastitis with more AP 

cows affected than LP cows. In both cases of deceased LP cows, a connection with our study 

relating to feeding and sampling could not be established. Recorded health problems were 

also not correlated with long-term feeding of low P diets in studies by Wu and Satter (2000),  

Lopez et al. (2004) and Wang et al. (2014). Results of recorded health events indicate that 

dietary P-deprivation limited to the dry period is not associated with a significant increased 

risk for disease.  

Increased plasma [NEFA] post-partum was followed by increased plasma [BHBA] in 

cows of both treatments supported by results from Grummer (1993) and van Dorland et al. 

(2009). The transition period from 3 weeks before to 3 weeks after calving represents a great 

challenge for dairy cows (Drackley, 1999). It is well documented that high-yielding cows are 

in negative energy balance, characterized by elevated plasma [NEFA] and [BHBA], when 

changing from late gestation to early lactation (Drackley, 1999, van Dorland et al., 2009). 

Therefore it is not surprising that 2
nd

 lactation cows assigned to the LP treatment had higher 

plasma [BHBA] than those of the AP treatment as these cows produced more milk resulting in 

higher energy demands.  
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Moreover, plasma parameters related to liver function did not differ between 

treatments. Organ specific cellular enzymes enter the blood due to cell membrane disruption 

(Bogin and Sommer, 1978). In cattle, GGT and GLDH activities in blood are highly specific 

for liver disease (Constable et al., 2016a). During the post-partum period, increases of these 

enzymes were observed in cows of both treatments supported by results from (Kim et al., 

2020). Instead of hepatic injury, hypertrophy of the liver found in lactating dairy cows can 

also account for increased activity of GGT and GLDH (Gibb et al., 2010). Besides increased 

enzyme activities in plasma, hyperbilirubinemia can also indicate liver damage (Constable et 

al., 2016a). It has been reported that cows affected by hepatic lipid accumulation show higher 

enzyme activities of GGT and GLDH but also increased plasma [TBil] (West, 1989, Sevinc et 

al., 2001, Du et al., 2018). While correlations with liver TAG and electrolyte contents were 

found for the enzymes GGT and GLDH, plasma [TBil] was only associated with plasma 

[NEFA]. This observation suggests that activities of GGT and GLDH are more specific for 

altered liver function than TBil. Furthermore, cows affected by ketosis and thus treated with 

propylene glycol had higher plasma [TBil] than untreated animals. A finding that is consistent 

with Sevinc et al. (1998) who also found increased plasma [TBil] in ketotic cows. TBil seems 

to be rather related to lipid mobilization occurring in states of negative energy balance.  

TAG is the most important  lipid accumulating in the liver of dairy cows (Herdt, 

1988). But in early lactation, hepatic synthesis of Chol also increases with the aim of 

enhanced synthesis and secretion of VLDL to supply the mammary gland with TAG and Chol 

for milk production, improved bile acid synthesis and formation of membranes in liver 

hypertrophy occurring during lactation (Smith et al., 1998). TAG and Chol contents were 

determined in liver tissues to establish possible differences in the degree of hepatic lipidosis 

post-partum between cows fed adequate and restricted P supply. Results indicated that fat 

accumulation in the liver after calving occurred to the same extent in cows of both treatments 

despite higher incidence of clinical ketosis in LP cows. This conflicts with the previous study 

(Grünberg et al., 2019b) in which LP cows experienced a higher hepatic TAG accumulation 

compared to AP cows. These animals showed a more pronounced negative energy balance 

caused by the low DMI after calving. In contrast to the present study, dietary P deprivation 

was not completed with calving but lasted until week 4 of lactation. In LP and AP cows of the 

present study, liver TAG and Chol started to increase sharply after parturition. A finding that 

is in agreement with numerous other studies investigating parameters related to ketosis and 

fatty liver in dairy cows (Baird et al., 1986, Grum et al., 1996). Highest contents for TAG and 

Chol were observed on day 14 post-partum in cows of both treatments. Similarly to previous 
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data (Grünberg et al., 2009), as liver TAG and Chol increased, liver DM increased while the 

content of predominantly intracellular electrolytes in liver DM decreased. This decline could 

be observed for all measured electrolytes to a similar extent and was not specific for P 

underlined by the correlation analyses revealing associations between P, K and Mg. 

Furthermore, liver P did not differ between cows on adequate and restricted P supply. 

According to Grünberg et al. (2009), the rise of liver DM with subsequent alteration in the 

distribution volume of electrolytes is responsible for the decreased electrolyte content in liver 

DM when liver lipid content increased. In order to maintain a constant osmotic and 

electrochemical equilibrium between the intracellular and extracellular space, constant 

cytosolic electrolyte concentrations are required. Thus, a decreased cell water volume due to 

increased DM caused the reduction of the amount of electrolytes in liver DM while the 

electrolyte content in fat-free liver tissue seemed to be independent of the degree of lipid 

accumulation. The results presented here show P restrictive feeding  did not result in impaired 

liver function or liver injury supported by the finding that plasma [Pi] was not correlated with 

liver related parameters except for TAG content at T4, consistent with results described by 

Grünberg et al. (2019b).  

With approaching calving a decline of plasma [TP] was observed in cows of both 

treatments. In dairy cattle it is well documented that plasma [TP] decreases ante-partum as 

seen in the present study when colostrogenesis has already begun (Larson and Kendall, 1956, 

McLennan and Willoughby, 1973). A significant proportion of immunoglobulins accumulated 

in colostrum originate from maternal blood, whereas local synthesis in the mammary gland is 

of minor importance (Sasaki et al., 1976). Over the same period, plasma [Crea] increased in 

study animals, probably due to a decrease of the extracellular volume and ensuing reduced 

glomerular clearance. A possible explanation for the extracellular volume reduction is a 

reduced oncotic tension as a result of the decline of plasma total protein. However, there is 

reason to believe that decreased water consumption induced by the restrictive feeding 

protocol caused the increase in plasma [Crea] as water intake and DMI are reported to be 

correlated (Kume et al., 2010). The concurrent increase of plasma [Na] ante-partum supported 

the hypothesis of reduced extracellular volume.  

In earlier research, poor reproductive performance was reported in cattle kept on P-

deficient pasture and cows fed with bone meal showed an improved fertility compared to 

those receiving no supplementation (Theiler et al., 1928, Eckles et al., 1932). However, our 

results indicate that dietary P-deprivation during the last weeks before expected calving had 
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no obvious detrimental effects on reproductive performance in the following lactation. This is 

in agreement with Call et al. (1987) who fed a low P diet from the 7
th

 month of gestation and 

even throughout lactation. Several authors also found that long-term P-restrictive feeding was 

not associated with reproductive outcomes (Wu and Satter, 2000, Lopez, 2004 , Wang et al., 

2014).  

One limitation of the study presented here is the restricted feeding regime 

implemented to induce a negative P balance in experimental animals. Results of a pilot study 

indicated that the daily P intake had to be limited to 20 g/cow and day to stimulate bone 

mobilization in  response to dietary P depletion (Cohrs et al., 2021). With conventional feed 

ingredients, achieving the aim of inducing a state of P-deficiency was only possible in 

combination with restricted access to feed. Consequently, parameters such as plasma 

creatinine and liver TAG content may have been influenced. 

Another limitation of the study is the use of a commercial urine dipstick assay (Medi-

Test Keton, Macherey-Nagel, Düren, Germany) during early lactation to find cows affected 

by ketosis that required treatment. With this cow-side test it is possible to determine the 

concentration of acetoactetate in urine. However, the gold standard test for ketosis is blood 

[BHBA] (Duffield et al., 1998, Oetzel, 2004). Based on the defined threshold for plasma 

[BHBA] of 1.4 mmol/L, only half of the cows previously diagnosed with subclinical ketosis 

also had elevated plasma [BHBA]. A finding that is in agreement with studies evaluating 

urine sticks detecting acetoacetate. This cow-side test is very specific but poorly sensitive 

resulting in high number of false positive tests as seen in the present study (Duffield, 2000, 

Carrier et al., 2004). Thus, the incidence of subclinical ketosis was overestimated and cows 

were treated with propylene glycol without any reason. In comparison, a cow-side device 

measuring blood [BHBA] provides a rapid and reliable diagnosis of ketosis (Macmillan et al., 

2017).  

In conclusion, there is no evidence of negative effects of restricted dietary P supply 

during the last 4 wks of gestation on health, production and fertility of dairy cows in the 

following lactation. Feeding a P-restrictive diet to close-up dry cows was not associated with 

reported disorders of hypophosphatemia. Furthermore, the Ca homeostasis was not only 

improved in P-deprived cows included in this study but these cows performed as well as cows 

fed P adequately which has to be confirmed in further studies based on a larger sample size.  
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Figure 1. Outline of the study design. Each and rectangle represents 1 week of time. During 

acclimation cows of both treatments received the same ration with adequate P (AP) content 

for dry cows. Cows assigned to AP treatment remained on this ration for the remaining dry 

period, whereas cows assigned to the low P (LP) treatment were switched to the P-depleted 

ration. After calving both treatments received the same lactating cow ration with adequate P 

content for lactating cows. Solid arrows mark weekly blood sampling times, the dashed arrow 

monthly blood sampling times. Bold upward arrows represent liver tissue sampling times T1 

(end of acclimation), T2 (one week before expected calving), T3 (day 3 post-partum), T4 (day 

14 post-partum) and T5 (day 42 post-partum). BL defines the baseline sampling time point at 

the end of the acclimation, immediately before initiating experimental feeding. 
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Figure 2. LSM ± SEM of DMI (left panel) and body weight (right panel) for adequate P (AP, 

dashed line, open squares) and low P (LP, solid line, closed circles) treatment. The vertical 

dashed line marks parturition. Time points of both treatments are slightly offset on the time 

axes to improve readability. BL defines the baseline sampling time point at the end of the 

acclimation, before initiating experimental feeding. 
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Figure 3. LSM ± SEM milk yield of all study animals (a, upper left panel), Mean ± SD milk 

yield of 2
nd

 lactation cows (b, upper right panel), 3
rd

 lactation cows (c, lower left panel) and 

4
th

 lactation cows (d, lower right panel) for adequate P (AP, dashed line, open squares) and 

low P (LP, solid line, closed circles) treatment. Time points of both treatments are slightly 

offset on the time axes to improve readability. 
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Figure 4. LSM ± SEM plasma inorganic P ([Pi]) (a and b, upper panels) and plasma total Ca 

([TCa]) (c and d, lower panels) for adequate P (AP, dashed line, open squares) and low P (LP, 

solid line, closed circles) treatment. BL defines the baseline sampling time point at the end of 

the acclimation, before initiating experimental feeding. The horizontal dotted lines represent 

the lower reference ranges for plasma [Pi] and [TCa] in cattle (Constable et al., 2016c). The 

vertical dashed line marks parturition. 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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Supplementary Data Figure S1. Plasma activity of alkaline phosphatase (AlP) for adequate 

P (AP, a, upper panel, grey boxes) and low P (LP, a, upper panel, open boxes) treatment and 

for cows with normocalemia (b, lower panel, open boxes), subclinical hypocalcemia (b, lower 

panel, dotted boxes) and clinical hypocalcemia (b, lower panel, striped boxes) around calving. 

Box and whisker plots represent median (horizontal line), lower and upper quartiles (bottom 

and top of box, respectively) and range (lower and upper end of whiskers, respectively). BL 

defines the baseline sampling time point at the end of the acclimation, before initiating 

experimental feeding. The horizontal dotted lines represent the upper reference range for 
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plasma AlP in cattle, respectively (Constable et al., 2016c). The vertical dashed line marks 

parturition. Time points labeled with an asterisk differ significantly between treatments (P < 

0.05). Time points with different lowercase letters differ significantly within AP treatment, 

time points with different capital letters differ significantly within LP treatment (P < 0.05, 

Bonferroni corrected). 
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Figure 5. Plasma non-esterified fatty acids ([NEFA)] (left panel) and betahydroxybutyric acid 

([BHBA]) (right panel) for adequate P (AP, grey boxes) and low P (LP, open boxes) 

treatment. Box and whisker plots represent median (horizontal line), lower and upper quartiles 

(bottom and top of box, respectively) and range (lower and upper end of whiskers, 

respectively). BL defines the baseline sampling time point at the end of the acclimation, 

before initiating experimental feeding. The horizontal dotted lines represent the upper 

reference ranges for plasma [NEFA] and [BHBA] in cattle (Constable et al., 2016c). The 

vertical dashed line marks parturition. 
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Figure 6. LSM ± SEM plasma total protein ([TP]) (a, upper panel), plasma creatinine ([Crea]) 

(b and c, middle panels), plasma sodium ([Na]) (d and e, lower panels) and plasma potassium 

([K]) (f and g, lower panels) for adequate P (AP, dashed line, open squares) and low P (LP, 

solid line, closed circles) treatment. BL defines the baseline sampling time point at the end of 

the acclimation, before initiating experimental feeding. The horizontal dotted lines represent 

the reference ranges for plasma [TP], [Na] and [K] and the lower reference range for plasma 

[Crea] in cattle (Constable et al., 2016c). The vertical dashed line marks parturition. Time 

points of both treatments are slightly offset on the time axes to improve readability. 
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Figure 7. Liver tissue triacylglycerol (TAG) (a, upper panel), cholesterol (Chol) (b, middle 

panel) and DM (c, lower panel) content for adequate P (AP, grey boxes) and low P (LP, open 

boxes) treatment. Box and whisker plots represent median (horizontal line), lower and upper 

quartiles (bottom and top of box, respectively) and range (lower and upper end of whiskers, 

respectively). Liver sampling times were T1 (end of acclimation), T2 (one week before 

expected calving), T3 (day 3 post-partum), T4 (day 14 post-partum) and T5 (day 42 post-

partum. The vertical dashed line marks parturition. Time points with different lowercase 

letters differ significantly within AP treatment, time points with different capital letters differ 

significantly within LP treatment (P < 0.05, Bonferroni corrected). 
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Figure 8. LSM ± SEM liver tissue P (a, upper panel), Mg (b, middle panel) and K (c, lower 

panel) content expressed as amount in DM for adequate P (AP, dashed line, open squares) and 

low P (LP, solid line, closed circles) treatment as well as expressed as amount in free fat liver 

tissue for adequate P (AP, dashed-dotted line, open circles) and low P (LP, dotted line, closed 

triangles) treatment. Liver sampling times were T1 (end of acclimation), T2 (one week before 

expected calving), T3 (day 3 post-partum), T4 (day 14 post-partum) and T5 (day 42 post-

partum). The vertical dashed line marks parturition. Time points with different lowercase 

letters differ significantly within AP treatment, time points with different capital letters differ 

significantly within LP treatment (P < 0.05, Bonferroni corrected). 
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Supplementary Data Table S1. 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) 

treatment ante-partum and post-partum.  

 

Item 

AP 

ante-partum 

LP 

ante-partum 

 

post-partum 

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 pellets
1 

 18.6          18.8           0 

 Concentrate feed
2 

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 

 aNDF          462        451       377 

 ADF          272        251       212 

 TDN          670        680       700 

 Crude Protein          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 

 

1
Pelleted concentrate containing P (AP 11.0 g/kg and LP 1.5g/kg), Ca (AP 6.5 g/kg and LP 

7.0 g/kg), NH4H2PO4 (AP 31.3 g/kg and LP 0.0 g/kg), Urea (AP 19.8 g/kg and 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 (39000 IU/kg), vitamin D3 

(6100 IU/kg), vitamin E (0.407 g/kg). 

2
Concentrate 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 

(13800 IU/kg), vitamin D3 (2160 IU/kg), vitamin E (0.072 g/kg). 
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Table 1. Incidence of recorded health events during the study period in absolute terms and 

percentage (in parenthesis) for cows on adequate (AP) and restricted P supply (LP) during the 

dry period 

Item  Incidence 

  
AP 

n (%) 

LP 

n (%) 

Hypocalcemia 
Subclinical

1 

Clinical
2
 

10 (67) 8 (53) 

3 (20) 1 (7) 

Ketosis
 Subclinical

3 

Clinical
4 

4 (27) 3 (20) 

1 (7) 5 (33) 

Uterine disease
 

Retained fetal membranes
5
 

Metritis I
6
 

Metritis II
7
 

Endometritis 
8 

3 (20) 1 (7) 

2 (13) 1 (7) 

2 (13) 1 (7) 

1 (7) 1 (7) 

Udder Health
* Subclinical

9 
3 (20) 4 (27) 

Clinical
10 

6 (40) 1 (7) 

Indigestion
11 ** 

 6 (40) 4 (27) 

Lameness 

Digital dermatitis
 

12 (80) 11 (73) 

Heel horn erosion
 

12 (80) 10 (67) 

Interdigital lesions
12 

2 (13) 4 (27) 

Claw horn lesions/deformations
 

13 (87) 12 (80) 

Ovarian cysts
13 

 4 (27) 5 (33) 

Other
14 

 5 (33) 4 (27) 
 

1
Subclinical hypocalcemia was defined as blood [Ca

2+
] < 1.1 mmol/L without apparent clinical signs. 

2
Clinical hypocalcemia was defined as blood [Ca

2+
] < 1.10 mmol/L with clinical signs. 

3
Subclinical ketosis was defined as plasma [BHBA] > 1.2 mmol/L without apparent clinical signs. 

4
Clinical ketosis was defined as plasma [BHBA] > 1.2 mmol/L with clinical signs. 

5
Retention of fetal membranes was defined as failure to pass the placenta within 24 h of calving.  

6
Metritis I was defined as fetid uterine discharge within 21 d post-partum with a rectal temperature < 

39.5°C. 

 7
Metritis II was defined as fetid uterine discharge within 21 d post-partum with a rectal temperature > 

39.5°C.
 

8
Endometritis was defined as uterine discharge occurring after the 21

st
 d post-partum with a rectal 

temperature < 39.5°C. 

9
Subclinical mastitis was defined as SCC > 100,000 cells/mL. 

10
Clinical mastitis was defined

 
as presence of milk with abnormal appearance or signs of inflammation 

of the mammary gland 

 11
Indigestion included feed intake depression of undetermined cause but unrelated to ketosis (AP n=4, 

LP n=1), diarrhea (AP n=2), hardware disease (AP n=2, LP n=1), acute rumen acidosis (LP n=1), 

abomasal displacement (AP n=1) and hemorrhagic enteritis (LP n=1).
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12
Interdigital lesions included interdigital hyperplasia, interdigital dermatitis and foot rot. 

 13
Follicular cyst was defined as cystic structure on one ovary with a diameter of at least 2.5 cm 

diagnosed ultrasonographically at two consecutive exams at least 10 d apart.
 

 14
Other included unspecific fever (AP n=1, LP n=2), pneumonia (AP n=1, LP n=1), swelling of head 

and neck of unknown cause (AP n=1), actinomykosis (LP n=1), intramammary bleeding (AP n=1), 

non-inflammatory udder edema (AP n=1), tibial nerve paralysis (AP n=1) and non-periparturient 

clinical hypocalcemia (AP n=1). 

*
One LP cow was affected twice by subclinical mastitis, 1 AP cow was affected twice and 1 AP cow 

three times by clinical mastitis.  

**
One AP cow was affected consecutively by feed intake depression, abomasal displacement, hardware 

disease and diarrhea.  
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Supplementary Data Table S2. Results of the repeated measures ANOVA for milk fat, protein, urea, lactose content and linear somatic cell score 

(SCS) for cows of the AP and LP treatment. Results are presented as LSM ± SEM, studied effects were treatment (Tx), time, lactation number (LN), 

Tx ● Time and Tx ● LN interaction. 

Item Effect 

 Tx Time LN Tx ● Time Tx ● LN 

Fat NS P < 0.0001 P = 0.0003 NS NS 

Protein NS P < 0.0001 NS NS NS 

Urea NS P < 0.0001 NS NS NS 

Lactose NS P < 0.0001 P = 0.03 NS NS 

SCS NS P = 0.004 P = 0.02 P < 0.0001 NS 

week of 

lactation 

Fat (%) Protein (%) Urea (mg/L) Lactose (%) SCS (c/mL) 

AP LP AP LP AP LP AP LP AP LP 

1 5.5 ± 0.2 5.3 ± 0.2 3.9 ± 0.1 3.9 ± 0.1 145 ± 18 134 ± 19 4.5 ± 0.0 4.5 ± 0.1 1.85 ± 0.12 2.03 ± 0.13 

2 4.6 ± 0.2 4.5 ± 0.2 3.4 ± 0.1 3.4 ± 0.1 110 ± 16 109 ± 15 4.7 ± 0.0 4.7 ± 0.0 1.47 ± 0.11 1.92 ± 0.11 

3 4.1 ± 0.2 4.4 ± 0.2 3.2 ± 0.1 3.1 ± 0.1 103 ± 14 113 ± 15 4.8 ± 0.0 4.8 ± 0.0 1.64 ± 0.10 1.84 ± 0.11 

4 4.1 ± 0.2 4.2 ± 0.2 3.0 ± 0.1 3.0 ± 0.1 95 ± 15 103 ± 16 4.8 ± 0.0 4.8 ± 0.0 1.64 ± 0.10 1.74 ± 0.11 

5 3.5 ± 0.2 4.0 ± 0.2 3.0 ± 0.1 3.0 ± 0.1 89 ± 15 86 ± 16 4.8 ± 0.0 4.9 ± 0.0 1.59 ± 0.10 1.75 ± 0.11 

6 3.8 ± 0.2 3.8 ± 0.2 3.0 ± 0.1 3.0 ± 0.1 98 ± 16 110 ± 15 4.9 ± 0.0 4.8 ± 0.0 1.46 ± 0.11 1.68 ± 0.10 

7 3.5 ± 0.2 3.7 ± 0.2 3.0 ± 0.1 3.0 ± 0.1 106 ± 14 107 ± 15 4.9 ± 0.0 4.9 ± 0.0 1.60 ± 0.10 1.64 ± 0.10 

8 3.5 ± 0.2 3.4 ± 0.2 3.0 ± 0.1 3.0 ± 0.1 98 ± 15 110 ± 16 4.8 ± 0.0 4.9 ± 0.0 1.46 ± 0.11 1.63 ± 0.11 

9 3.7 ± 0.2 3.6 ± 0.2 3.0 ± 0.1 3.0 ± 0.1 110 ± 14 124 ± 15 4.9 ± 0.0 4.9 ± 0.0 1.39 ± 0.10 1.60 ± 0.10 

10 3.6 ± 0.2 3.6 ± 0.2 3.0 ± 0.1 3.0 ± 0.1 96 ± 15 109 ± 14 4.9 ± 0.0 4.9 ± 0.0 1.60 ± 0.10 1.63 ± 0.10 

11 3.5 ± 0.2 3.5 ± 0.2 3.1 ± 0.1 3.0 ± 0.1 102 ± 14 113 ± 15 4.9 ± 0.0 4.9 ± 0.0 1.57 ± 0.10 1.61 ± 0.10 

12 3.8 ± 0.2 3.7 ± 0.2 3.1 ± 0.1 3.1 ± 0.1 106 ± 16 106 ± 15 4.8 ± 0.0 4.9 ± 0.0 1.66 ± 0.11 1.68 ± 0.10 

13 3.7 ± 0.2 3.7 ± 0.2 3.1 ± 0.1 3.1 ± 0.1 104 ± 14 113 ± 15 4.8 ± 0.0 4.9 ± 0.0 1.80 ± 0.10 1.73 ± 0.10 

14 3.6 ± 0.2 3.6 ± 0.2 3.2 ± 0.1 3.1 ± 0.1 111 ± 16 107 ± 15 4.9 ± 0.0 4.9 ± 0.0 1.72 ± 0.11 1.59 ± 0.10 

15 3.7 ± 0.2 3.7 ± 0.2 3.2 ± 0.1 3.2 ± 0.1 91 ± 14 116 ± 15 4.9 ± 0.0 4.9 ± 0.0 1.75 ± 0.10 1.68 ± 0.10 

16 3.4 ± 0.2 3.7 ± 0.2 3.2 ± 0.1 3.2 ± 0.1 95 ± 16 105 ± 15 4.8 ± 0.0 4.9 ± 0.0 1.73 ± 0.11 1.60 ± 0.11 

17 3.6 ± 0.2 3.6 ± 0.2 3.2 ± 0.1 3.2 ± 0.1 104 ± 14 113 ± 15 4.8 ± 0.0 4.8 ± 0.0 1.79 ± 0.10 1.71 ± 0.10 

18 3.7 ± 0.2 3.7 ± 0.2 3.3 ± 0.1 3.2 ± 0.1 123 ± 15 116 ± 15 4.8 ± 0.0 4.9 ± 0.0 1.69 ± 0.10 1.70 ± 0.10 

8
0
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19 3.7 ± 0.2 3.9 ± 0.2 3.2 ± 0.1 3.2 ± 0.1 109 ± 15 109 ± 16 4.8 ± 0.0 4.8 ± 0.0 1.71 ± 0.10 1.69 ± 0.11 

20 3.6 ± 0.2 3.8 ± 0.2 3.3 ± 0.1 3.3 ± 0.1 107 ± 15 120 ± 15 4.8 ± 0.0 4.9 ± 0.0 1.64 ± 0.10 1.70 ± 0.10 

21 3.7 ± 0.2 3.9 ± 0.2 3.3 ± 0.1 3.3 ± 0.1 105 ± 15 119 ± 15 4.8 ± 0.0 4.9 ± 0.0 1.65 ± 0.10 1.85 ± 0.10 

22 3.7 ± 0.2 3.8 ± 0.2 3.3 ± 0.1 3.3 ± 0.1 135 ± 15 116 ± 16 4.8 ± 0.0 4.8 ± 0.0 1.79 ± 0.10 1.70 ± 0.11 

23 3.8 ± 0.2 4.1 ± 0.2 3.3 ± 0.1 3.3 ± 0.1 114 ± 14 140 ± 15 4.8 ± 0.0 4.8 ± 0.0 1.68 ± 0.10 1.82 ± 0.11 

24 3.7 ± 0.2 4.0 ± 0.2 3.3 ± 0.1 3.2 ± 0.1 99 ± 15 127 ± 16 4.8 ± 0.0 4.8 ± 0.0 1.73 ± 0.10 1.89 ± 0.11 

25 3.8 ± 0.2 3.8 ± 0.2 3.3 ± 0.1 3.3 ± 0.1 137 ± 15 130 ± 16 4.8 ± 0.0 4.8 ± 0.0 1.76 ± 0.10 1.88 ± 0.11 

26 3.5 ± 0.2 3.9 ± 0.2 3.4 ± 0.1 3.3 ± 0.1 116 ± 15 123 ± 15 4.8 ± 0.0 4.8 ± 0.0 1.75 ± 0.10 1.81 ± 0.10 

27 3.9 ± 0.2 4.2 ± 0.2 3.4 ± 0.1 3.3 ± 0.1 110 ± 14 128 ± 15 4.8 ± 0.0 4.7 ± 0.0 1.76 ± 0.10 1.86 ± 0.11 

28 3.9 ± 0.2 3.9 ± 0.2 3.4 ± 0.1 3.4 ± 0.1 109 ± 15 142 ± 15 4.8 ± 0.0 4.7 ± 0.0 1.73 ± 0.11 1.86 ± 0.11 

29 3.8 ± 0.2 3.9 ± 0.2 3.4 ± 0.1 3.4 ± 0.1 120 ± 15 130 ± 15 4.8 ± 0.0 4.8 ± 0.0 1.76 ± 0.10 1.89 ± 0.10 

30 4.0 ± 0.2 4.3 ± 0.2 3.4 ± 0.1 3.4 ± 0.1 125 ± 15 157 ± 15 4.8 ± 0.0 4.7 ± 0.0 1.78 ± 0.10 1.95 ± 0.11 

31 3.9 ± 0.2 4.1 ± 0.2 3.5 ± 0.1 3.5 ± 0.1 141 ± 15 142 ± 16 4.8 ± 0.0 4.8 ± 0.0 1.77 ± 0.10 1.88 ± 0.11 

32 4.0 ± 0.2 4.2 ± 0.2 3.5 ± 0.1 3.5 ± 0.1 135 ± 15 152 ± 16 4.8 ± 0.0 4.8 ± 0.0 1.76 ± 0.10 1.93 ± 0.11 

33 3.9 ± 0.2 4.0 ± 0.2 3.5 ± 0.1 3.5 ± 0.1 142 ± 15 166 ± 15 4.8 ± 0.0 4.8 ± 0.0 1.85 ± 0.11 1.90 ± 0.11 

34 3.9 ± 0.2 4.1 ± 0.2 3.6 ± 0.1 3.6 ± 0.1 143 ± 14 144 ± 16 4.8 ± 0.0 4.8 ± 0.0 1.74 ± 0.10 1.95 ± 0.11 

35 4.0 ± 0.2 4.3 ± 0.2 3.7 ± 0.1 3.6 ± 0.1 150 ± 15 172 ± 15 4.8 ± 0.0 4.7 ± 0.0 1.84 ± 0.10 1.94 ± 0.11 

36 4.0 ± 0.2 4.9 ± 0.2 3.7 ± 0.1 3.7 ± 0.1 154 ± 15 187 ± 17 4.8 ± 0.0 4.7 ± 0.0 1.98 ± 0.10 2.10 ± 0.11 

37 4.0 ± 0.2 4.4 ± 0.2 3.7 ± 0.1 3.7 ± 0.1 166 ± 15 179 ± 15 4.7 ± 0.0 4.7 ± 0.0 1.84 ± 0.11 1.98 ± 0.11 

38 4.3 ± 0.2 4.5 ± 0.2 3.7 ± 0.1 3.7 ± 0.1 169 ± 14 200 ± 16 4.7 ± 0.0 4.7 ± 0.0 1.91 ± 0.10 1.99 ± 0.11 

39 4.3 ± 0.2 4.4 ± 0.2 3.7 ± 0.1 3.7 ± 0.1 163 ± 16 187 ± 15 4.7 ± 0.0 4.7 ± 0.0 1.83 ± 0.11 2.05 ± 0.11 

40 4.2 ± 0.2 4.5 ± 0.2 3.7 ± 0.1 3.7 ± 0.1 173 ± 15 181 ± 15 4.7 ± 0.0 4.7 ± 0.0 1.86 ± 0.10 2.07 ± 0.11 

41 4.4 ± 0.2 4.6 ± 0.2 3.8 ± 0.1 3.8 ± 0.1 190 ± 15 188 ± 16 4.7 ± 0.0 4.6 ± 0.0 1.88 ± 0.10 2.07 ± 0.11 

42 4.5 ± 0.2 4.6 ± 0.2 3.9 ± 0.1 3.8 ± 0.1 183 ± 14 187 ± 15 4.7 ± 0.0 4.7 ± 0.0 1.88 ± 0.10 2.07 ± 0.11 

43 4.4 ± 0.2 4.6 ± 0.2 3.8 ± 0.1 3.8 ± 0.1 200 ± 16 180 ± 16 4.7 ± 0.0 4.7 ± 0.0 1.94 ± 0.11 2.06 ± 0.11 

44 4.5 ± 0.2 4.7 ± 0.2 3.8 ± 0.1 3.9 ± 0.1 189 ± 15 205 ± 16 4.6 ± 0.0 4.7 ± 0.0 1.93 ± 0.10 2.08 ± 0.11 

45 4.5 ± 0.2 4.8 ± 0.2 3.9 ± 0.1 3.9 ± 0.1 216 ± 18 197 ± 16 4.6 ± 0.0 4.6 ± 0.0 1.91 ± 0.12 2.14 ± 0.11 

 

    NS: No significant effect.
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Table 3. Results of the repeated measures ANOVA for the plasma concentration of total bilirubin ([TBil]) and the activity of the γ-glutamyl 

transferase (GGT) and glutamate dehydrogenase (GLDH) for cows on adequate (AP) and restricted (LP) dietary P supply during the dry period. 

Results are presented as median and [interquartile range], studied effects were treatment (Tx), time, lactation number (LN), Tx ● Time and Tx ● LN 

interaction. 

Item Effect 

 Tx Time LN Tx ● Time Tx ● LN 

[TBil] NS P < 0.0001 NS NS NS 

GGT NS P < 0.0001 NS NS NS 

GLDH NS P = 0.005 P = 0.0006 NS P = 0.007 

week relative  

to calving 

[TBil] (µmol/L) GGT (IU/L) GLDH (IU/L) 

AP LP AP LP AP LP 

BL 3.7 [3.5-4.1] 3.5 [3.2-3.9] 26 [22-29] 25 [21-35] 10.0 [8.7-14.1] 12.2 [9.5-17.5] 

-4 3.6 [3.5-4.1] 3.9 [3.5-4.1] 24 [20-26] 25 [24-31] 9.1 [8.4-14.5] 10.3 [8.8-11.3] 

-3 3.4 [3.2-3.9] 3.5 [3.2-3.9] 23 [20-27] 23 [18-29] 9.1 [8.1-9.9] 9.7 [6.8-12.4] 

-2 3.5 [3.2-3.9] 3.7 [2.8-3.9] 23 [21-25] 20 [18-26] 7.7 [7.1-8.9] 7.9 [6.0-10.8] 

-1 3.5 [5.2-3.7] 3.7 [2.8-4.3] 24 [20-27] 21 [19-29] 6.3 [5.9-9.5] 8.2 [5.8-10.4] 

1 6.7 [5.4-10.2] 6.2 [5.4-8.5] 25 [21-26] 26 [20-26] 9.0 [7.0-15.1] 9.9 [7.2-11.9] 

2 7.0 [5.6-8.1] 5.7 [4.1-6.7] 26 [22-28] 23 [20-28] 18.2 [11.6-36.4] 13.8 [11.3-17.3] 

3 5.6 [4.6-7.8] 5.1 [4.1-6.1] 27 [21-33] 25 [19-27] 21.0 [8.4-46.7] 15.7 [11.8-18.8] 

4 4.4 [3.9-5.9] 5.2 [4.6-6.7] 29 [23-36] 26 [20-31] 12.4 [8.8-34.5] 15.9 [14.1-22.1] 

5 5.4 [4.1-5.7] 4.9 [3.3-5.0] 32 [25-39] 28 [26-31] 14.0 [11.7-19.9] 14.2 [11.6-29.4] 

6 4.4 [3.9-5.9] 4.2 [3.2-5.4] 30 [23-35] 29 [24-36] 14.5 [8.2-25.5] 13.5 [10.1-19.1] 

10 3.9 [3.3-4.8] 3.9 [3.5-4.4] 28 [26-31] 30 [23-39] 12.6 [9.8-22-2] 19.8 [13.0-24.4] 

14 3.7 [3.0-4.8] 3.5 [3.2-4.3] 31 [24-36] 32 [30-46] 16.3 [10.4-23.3] 25.9 [18.6-34.4] 

18 4.1 [3.2-4.4] 3.4 [3.2-4.3] 36 [30-43] 35 [31-43] 18.6 [12.3-26.6] 26.6 [21.5-29.5] 

22 3.7 [3.0-5.0]  3.7 [3.3-4.1] 34 [28-38] 41 [31-54] 17.8 [9.7-27.5] 27.2 [24.2-30.6] 

26 3.7 [3.3-3.9] 3.4 [3.2-4.3] 36 [28-47] 42 [31-59] 17.8 [11.3-41.0] 32.8 [26.3-41.4] 

30 3.5 [3.2-4.1] 3.4 [3.3-3.7] 40 [31-47] 43 [31-54] 18.7 [15.7-39.6] 27.6 [23.0-31.4] 

34 3.9 [3.2-4.3] 3.9 [3.7-3.9] 37 [28-44] 44 [33-55] 20.3 [12.4-34.7] 27.2 [21.6-31.0] 

38 3.5 [3.2-4.1] 3.2 [3.0-4.1] 35 [30-39] 39 [30-49] 22.6 [13.3-32.3] 23.2 [21.0-40.6] 

42 3.3 [3.3-4.1] 3.7 [3.3-3.9] 33 [30-40] 42 [33-48] 21.2 [11.9-26.2] 29.6 [19.8-42.3] 

 

NS: No significant effect. 

8
2
 



 

83 

 

Table 4. Reproductive performance parameters of cows on adequate (AP) and restricted (LP) dietary P supply during the dry period. Results of days 

to first service, days open and services per pregnancy are presented as mean ± SD. Differences between treatments are not significant. 

Item AP LP 

Days to first service 104 ± 34 101 ± 41 

Days open  162 ± 63 156 ± 67 

Conception rate at first service (%) 21 21 

Pregnancy rate (%) 93 86 

Services per pregnancy 2.6 ± 1.6 2.5 ± 1.4 

Pregnancy loss 0 1 

 

 

       
 

 

 

 

 

 

 

 

 

8
3
 



 

84 

 

5 General discussion 

5.1 Results 

The main focus of this project was placed on the evaluation of the impact of dietary P-

deprivation during late stage of pregnancy on the Ca homeostasis in periparturient dairy cows. 

Besides the objective to reduce the risk of periparturient hypocalcemia by feeding a P-

deficient diet ante-partum, we aimed at identifying the mechanism behind a potentially 

improved Ca status in P-depleted animals.  Although restricted dietary P supply was limited to 

the last weeks of gestation, the second part of the study was conducted to determine if health 

and performance of P-depleted cows was compromised during the following lactation since 

several studies found negative effects of dietary P-depletion on productivity and health of 

dairy cows such as reduced feed intake and milk yield as well as syndromes like 

postparturient hemoglobinuria (Macwilliams et al., 1982, Valk and Sebek, 1999, Puggaard et 

al., 2014).  

A state of negative P balance could be induced by feeding the experimental diet 

containing 0.16 % P in dry matter in combination with a restrictive feeding regime, thus 

limiting the daily P intake to 20 g/cow in animals of the experimental group. This level of P 

supply was found to trigger counter regulation when applied for at least 2 weeks (Cohrs et al., 

2021). Actually, another study failed to provoke hypophosphatemia in dairy cows when 

receiving a diet with a P content of 0.21 % in dry matter and ad libitum access to feed 

resulting in a much higher daily P intake compared to the current study (Peterson et al., 2005). 

Cows on restricted dietary P supply showed higher blood concentration of ionized Ca during 

the first 4 days after parturition than cows on adequate P supply. Consequently, P-deficient 

cows were less affected by subclinical as well as clinical hypocalcemia, indicating the 

achievement of the main objective. As reported previously for breeder cows, dairy cows and 

sheep (Anderson et al., 2017, Cohrs et al., 2018, Köhler et al., 2020), the improvement of the 

Ca homeostasis seemed to be attributable to enhanced bone mobilization with higher plasma 

concentrations of CTX post-partum in cows on restricted dietary P supply than in cows on 

adequate dietary P supply. Furthermore, P-depleted cows showed already increased plasma 

concentration of AlP, suggested as crude parameter for bone turn-over (Fürll, 2012), in the 

week before calving compared to cows fed P adequately. In contrast to studies determining 

that bone mobilization triggered by P-deprivation was  independent of PTH (Anderson et al., 

2017, Cohrs et al., 2018), precise mechanisms behind increased osteoclastic activity in P-

depleted cows could not be identified because of the large degree of intra- and inter-individual 
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variation of PTH. However, differences in the plasma concentrations of 1,25-(OH)2D between 

groups were not observed consistent with results described by Cohrs et al. (2018). 

It has been reported that cows on restricted dietary P supply during the dry period and 

extending into early lactation showed reduced feed intake, milk yield and body condition 

compared to control animals (Puggaard et al., 2014, Grünberg et al., 2019b), such a 

connection could not be confirmed in the current study. Remarkably, hypophosphatemia in P-

deprived animals immediately resolved when switching to the ration for lactating cows 

containing adequate P. In comparison, cows adequately supplied with P ante-partum 

experienced a marked decline in the plasma P concentration within the first week post-

partum. Differences in dry matter intake and development of body weight could not be 

established between cows fed P restrictively and those fed P adequately. The same applied to 

milk ingredients. The impact of feeding a diet with low P content on milk yield could not be 

finally clarified. However, the treatment x lactation number interaction effect was probably 

caused by administration of Ca salts to elder cows or individual differences between animals 

rather than by restricted dietary P intake per se. Study animals were monitored over the entire 

lactation followed dietary P-deprivation and the affected cows performed as well as those on 

adequate P supply. Only numerical differences in the incidence of recorded health events 

were determined between cows on restrictive and adequate P supply, although the small 

number of animals included in the study as well as low overall incidence of disorders should 

be taken into account. While prolonged dietary P-deprivation did not cause clinical apparent 

signs of muscle weakness (Grünberg et al., 2019a), postparturient hemoglobinuria was 

reported to occur in 3 cows on restrictive dietary P supply (Grünberg et al., 2019b). None of 

our experimental cows showed signs reported to be associated with dietary P-depletion such 

as recumbency or postparturient hemoglobinuria (Macwilliams et al., 1982, Menard and 

Thompson, 2007). Neither the degree of negative energy balance nor the degree of hepatic 

lipid accumulation differed between treatments post-partum. In human medicine, 

hypophosphatemia is related to liver dysfunction (Knochel, 1977) but similar to that in 

previous research (Grünberg et al., 2019b), the plasma concentration of P was not correlated 

with the liver P content, and declines of electrolyte contents were not specific for P. 

Furthermore, reproductive performance was also not hampered in P-depleted cows in our 

study. Summarizing, there are no indications that dietary P-deprivation limited to the dry 

period affects productivity or health of study animals.  
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5.2 Relevance of the study 

Over the last years, several studies have been performed with the objective of 

investigating if dietary P-deprivation in dry cows is effective in reducing the risk of 

periparturient hypocalcemia (Peterson et al., 2005, Puggaard et al., 2014, Cohrs et al., 2018). 

Already Kichura et al. (1982) and Barton et al. (1987) reported an increase of the plasma Ca 

concentration around calving by feeding diets containing low P during the dry period, a 

finding that is consistent with results of the present study. In a previous study (Cohrs et al., 

2018), cows on restricted dietary P supply in the last weeks of gestation showed higher 

plasma concentration of total Ca after calving than cows adequately supplied with P. The 

incidence rate of hypocalcemia was lower in P-depleted compared to control cows. Increased 

plasma concentration of Ca was based on enhanced bone mobilization in state of negative P 

balance. Since animals were kept under experimental conditions the current study was 

conducted under field conditions aiming at reproducing results in a field setting. Compared to 

the previous study, cows fed P-deficient had a less pronounced hypophosphatemia during the 

experimental feeding period but also significantly higher blood concentrations of Ca
2+

 than 

cows fed P adequately for the first 4 days post-partum. Despite dietary P-deprivation limited 

to the last weeks before expected calving with less pronounced hypophosphatemia in 

experimental cows, counter regulation in form of enhanced bone resorption was stimulated 

with the result of reduced incidence of hypocalcemia in P-depleted cows. A finding that is in 

agreement with those described by Anderson et al. (2017) and Köhler et al. (2020) 

determining enhanced bone mobilization in beef breeder cows and sheep fed P-deficient, 

respectively. The mechanism behind increased Ca levels in states of negative P balance is still 

unknown in detail. FGF23, as possible influencing factor, was not assayed in the current study 

as assays for plasma FGF23 validated for cattle are currently not available. According to 

Perwad et al. (2005), dietary P-deprivation may have decreased the plasma concentration of 

FGF23 in P-deprived cows before parturition resulting in a positive impact on the Ca 

homeostasis. A recent study conducted in sheep provided first evidence, that FGF23 may 

indeed play a similar role in ruminants as in monogastric species (Köhler et al., 2020). 

However, there is disagreement whether hypophosphatemia is associated with recumbency in 

dairy cows. While P-depletion is supposed to be a risk factor for hypocalcemic cows 

becoming an alert downer cow (Menard and Thompson, 2007), clinical signs of disturbed 

muscle function were absent in animals experiencing prolonged dietary P-deprivation 

(Grünberg et al., 2019a) and also in the current study, none of the cows on restricted dietary P 

supply became recumbent. Hypophosphatemia caused by restrictive dietary P supply is often 
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equated with whole body P-depletion but the results presented here suggest that this 

association is not present due to missing evidence of liver, muscle or erythrocytes 

dysfunctions. Counter-regulatory mechanism might keep the intracellular P content of various 

tissues constant over a long period of dietary P-depletion and as long P-deprivation does not 

exceed a certain degree of severity as reported in studies by Grünberg et al. (2015a, 2015b). 

These results underscore the limited diagnostic value of plasma concentration of P to assess 

the P status of the body. Farmers are furthermore concerned that dietary P-deprivation may 

lead to impaired productivity with the consequence of feeding diets to dairy cows exceeding 

the nutrient requirement for P. Results of the present study do not give any indication to 

recommend such a feeding regime, which in addition pollutes the environment due to land 

application of manure containing lots of P.    

5.3 Experimental procedure 

In order to allow the cows to get used to the experimental conditions such as feed-

weigh troughs, experimental diet and limited feed consumption, the study period started with 

a two-week acclimation. Thus, the initial situation was also the same for cows of both 

treatments as indicated by baseline samples obtained before the transition to the experimental 

feeding period. One limitation of the study is the implementation of restricted access to feed 

required to achieve the aim of inducing a negative P balance in experimental cows. To ensure 

an even distribution of feed intake throughout the day, 4 feeding periods were applied and 

feed-weigh troughs programmed to limit the total ingested amount of feed per period. 

However, possible effects of the restrictive feeding during the dry period on parameters 

related to water balance and liver function could not be excluded. In addition, switching from 

restrictive to ad libitum feeding might be a problem as seen in one of the cows becoming 

rumen acidosis after engorging a large amount of feed directly after calving. The solution 

might have been a slow adjustment to the ad libitum access to feed post-partum, considering 

that only one animal was adversely affected.  

Regular blood samples were obtained at standardized time to avoid diurnal variation of 

measured parameters (Coggins and Field, 1976, Forar et al., 1982). Around parturition blood 

sampling was intensified because concentrations of Ca and P change greatly in the hours 

around calving (Megahed et al., 2018). The development of Ca should be established as 

accurately as possible, just like that of PTH, vitamin D metabolites and CrossLaps. Despite 

the short time interval between these samples, no inflammatory alterations or hematoma of 

the vein were observed in study animals. The most invasive intervention performed in our 
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study was obtaining liver biopsies in compliance with methodology adapted for use in cattle 

(Grünberg et al., 2019b). Only a small proportion of cows showed signs of wound infection at 

the liver sampling site or were found to have increased rectal temperature on the days 

following liver biopsy. It can be summarized that sampling did not affect health of cows 

included in the study. 

5.4 Conclusion 

Dietary P-deprivation during the last weeks before expected calving was effective in 

reducing the incidence and severity of subclinical and clinical hypocalcemia in periparturient 

dairy cows due to increased bone mobilization. Adverse impacts of feeding a P-deficient diet 

to dry cows on health, performance and fertility were not observed throughout the entire 

lactation followed P-depletion.  

5.5 Future perspectives  

The study was based on a small number of animals, thus significance level could not 

be reached for some variables. In addition, for parameters such as PTH a large degree of 

variation was determined. Larger-scale investigation is needed to accurately evaluate 

mechanism behind increased Ca levels in P-depleted cows and to determine to what extent 

bone mobilization is stimulated independently of PTH. In future studies involving a greater 

number of animals, a more precise statement can also be made about the relation between 

hypophosphatemia and health events.  

A P-deficient diet had to be combined with a restrictive feeding protocol to induce a 

negative P balance in experimental animals. In the long term, the aim of inducing 

hypophosphatemic plasma concentration should be achieved without restricted access to feed. 

Supplementation of phosphate binders to dry cow diets might be an approach but this still 

needs to be studied.  
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Sophia Wächter, “Restricted dietary phosphorus supply during the dry period in dairy cows 

for the prevention of periparturient hypocalcemia, and effects on health and productivity in 

the following lactation”  

6 Summary 

The importance of hypocalcemia can be explained by the fact that a large proportion 

of multiparous cows are found to be hypocalcemic around the period of calving and that the 

risk of hypocalcemia increases drastically with lactation number. For dairy farming, high 

costs are associated with cows affected by hypocalemia due to veterinary intervention, 

concomitant diseases and impaired productivity. Research focuses on the prevention of 

hypocalcemia investigating several methods for reducing a disturbance of the calcium 

homeostasis in transition cows. The role of P in the etiology of hypocalcemia is under 

continuous debate. A recent study showed that dietary P-deprivation positively affects the Ca 

homeostasis in early lactation and decreases the incidence of periparturient hypocalcemia. 

However in this previous study that was carried out under experimental conditions P-

deprivation that extended 4 weeks into lactation showed negative impacts on health and 

productivity. In the present study, P-deprivation was to be carried out under field conditions 

and limited to the dry period. Effects on the Ca homeostasis and health as well as productivity 

were to be evaluated.  

Animals included to this study were 30 adult Holstein cows in the late stage of 

pregnancy entering their 2
nd

, 3
rd

 and 4
th

 lactation. Cows were blocked by lactation number and 

305-day milk yield of the first lactation and were then randomly assigned to either a low P 

(LP) or an adequate P (AP) group. Enrollment into the study occurred 6 weeks before 

expected calving. An identical P-depleted base ration was fed to both groups but 

supplemented with P as ammonium dihydrogenphosphate in the AP group to reach adequate P 

levels. The supplemented ration was also fed to the LP group during the acclimation period. 

Differences in feeding only occurred during the treatment phase in the last 4 weeks before 

expected calving. Animals of the LP group were fed the unsupplemented ration. This ration 

contained 0.16 % P in dry matter basis. The AP group remained on the ration supplemented 

with P thus with adequate content, namely 0.35 % P in dry matter basis. In order not to exceed 

a maximum P intake of 20 g / cow and day the daily feed intake was limited to 11.5 kg dry 

matter intake in both groups. This was necessary to induce a state of negative P balance in 

experimental cows. After calving, both groups switched to a ration formulated for lactating 

cows and were fed ad libitum.  
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The main objective of the first study was to evaluate effects of dietary P-deprivation in 

late stage of pregnancy on the Ca homeostasis in transition cows. For this purpose, blood 

samples were obtained at the end of the acclimation, after 2 weeks of feeding the 

experimental diets and from four days before to seven days after parturition with intensive 

sampling on the day of calving. These samples were analyzed for the plasma concentration of 

CrossLaps as marker for bone resorption, PTH and 1,25-(OH)2D. A venous blood gas analysis 

of samples taken around the period of calving was conducted and evaluated for the blood 

concentration of Ca
2+

. Results prove that a feeding protocol restricting the dietary P supply 

during the dry period can be effective in reducing the risk of hypocalcemia in dairy cows. 

Findings of the previous study were reproduced under field conditions. The improvement of 

the Ca homeostasis of cows in the periparturient period due to feeding a diet with low P 

content ante-partum was confirmed in this study. The positive effect of restricted dietary P 

supply on the Ca homeostasis reflected in significant higher blood concentration of Ca
2+

 in P-

deprived cows in the first 4 days after calving. Animals fed a P-deficient diet during the dry 

period had a lower incidence of both subclinical and clinical hypocalcemia compared to those 

fed a diet with adequate P content. Furthermore, 5 animals on adequate P supply were 

classified as being chronically hypocalcemic while none of the P-depleted cows affected by 

hypocalcemia fell into this category. Based on these results, not only the incidence but also 

the severity of hypocalcemia was reduced by dietary phosphorus depletion limited to the last 

weeks of gestation. The mechanism of increased blood Ca concentration in P-depleted 

animals appears to be enhanced mobilization of bone tissue. To what extent the increased 

bone turnover was stimulated independently of PTH and vitamin D metabolites cannot be 

conclusively clarified due to the small number of animals included in the present studies and 

the large degree of variation for some variables.  

The objective of the second study was to investigate long-term effects of dietary P-

deprivation in late pregnant dairy cows on health and performance of these animals in the 

following lactation. For this purpose, blood samples were obtained twice a week during the 

dry period and the first six weeks post-partum and in monthly intervals thereafter until the 

305
th

 day of lactation. The plasma concentration of inorganic P and total Ca, parameters 

associated with negative energy balance and related to liver function as well as activity of the 

alkaline phosphatase were determined among others. Liver biopsies were taken at the end of 

acclimation, one week before expected calving as well as on day 3, 14 and 42 post-partum 

and assessed for content dry matter, triacylglycerol, cholesterol and electrolytes. Feed intake 

was recorded until the sixth week of lactation, weekly milk yield and -ingredients over the 
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course of the entire study. Body weight was determined at specific times. Health events and 

reproductive performance indices were evaluated throughout the study period. As stated 

above, a negative P balance could be induced in cows of the LP group by combining a 

restrictive feeding regime and a ration with a content of P below the recommendations for dry 

cows. Plasma values below the reference range for normal P concentration of cattle were 

measured in these cows during the last 3 weeks of gestation. In contrast, animals of the AP 

group receiving a ration with adequate P content showed P plasma values within the reference 

range for the same period.  With parturition and subsequent switch to a diet with adequate P 

content for lactating cows, plasma concentration of P increased continuously in animals 

previously fed P-deficient. After the first week of lactation animals of both groups showed P 

values above the lower reference range. Except for the immediate post-partum period, 

hypophosphatemia was not diagnosed in the experimental animals over the course of the 

following lactation. After the decrease of feed intake typically seen in dairy cows with the 

approaching calving which continued into the first days of lactation and was observed in 

animals of both groups, feed intake increased steadily in cows of both groups, thus a negative 

impact of dietary P-deprivation ante-partum on feed consumption could not be determined. 

The same applied to the development of body weight that did not differ between treatments at 

any time during the study period. Overall, milk yield of experimental and control animals was 

almost identical during the lactation following dietary P-depletion. Cows of both groups 

produced similar amounts of milk, which is confirmed by the total 305-day milk yield of the 

two treatments. However, a treatment x lactation number interaction effect was identified for 

the milk yield. 2
nd

 lactation animals produced more milk when assigned to the LP group 

compared to the AP group. The opposite was observed in cows of the 4
th

 lactation with higher 

milk yield in control animals than in P-depleted animals. Because 2 4
th

 lactation cows fed 

adequate P contents during the dry period were diagnosed with clinical hypocalcemia, the 

assumption was made that Ca administration leads to an improvement of milk production, an 

observation, which has also been made in other studies (Oetzel and Miller, 2012, Martinez et 

al., 2016). Based on the small number of animals included in the present studies this possible 

connection could not be statistically verified. Milk ingredients did also not indicate a negative 

impact of phosphorus restricted feeding on animal performance. In addition, both colostrum 

yield and quality were not negatively influenced by P-deprivation ante-partum. P-depleted 

cows were not more frequently affected by disease than those adequately supplied with P 

considering the small number of animals included in this study. None of the experimental 

animals were diagnosed with disturbances associated with hypophosphatemia such as 
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recumbency and hemoglobinuria. The numerically increased occurrence of clinical ketosis in 

animals of the LP group did not reflected in differences of parameters related to liver 

function. In animals of both groups an increase of non-esterified fatty acids and beta-

hydroxybutyric acid seen in high-yielding dairy cows as sign for negative energy balance 

around the period of calving were evident. Similarly, the activities of the liver specific 

enzymes GGT and GLDH in blood did not differ between experimental and control animals. 

Results of liver biopsies also showed that lipid accumulation was not more pronounced in 

liver tissue of animals fed P-deficient compared to animals assigned to the ration with 

adequate P content during the dry period. Dietary P-deprivation did not result in reduced liver 

P content, which would probably be accompanied by impaired liver function. Due to 

increased lipid content and the associated rise of liver dry matter post-partum, the content of 

the measured electrolytes P, Mg and K decreased. This decline was therefore not specific for 

P but resulted from the need to maintain the osmotic and electrochemical equilibrium in case 

of altered liver dry matter content. Based on reproductive performance parameters there was 

no evidence of compromised fertility caused by dietary P-depletion during the last weeks of 

gestation. Indicators such as days open and pregnancy rate differed only numerical between 

animals of both groups.  

In conclusion, restrictive dietary P supply during the dry period had a positive effect 

on the Ca homeostasis and is effective in reducing the incidence and severity of hypocalcemia 

during the postparturient period. No negative impacts on performance and fertility of P-

depleted animals were observed. Concerning health parameters only numerical differences 

were seen between cows on adequate and restrictive P supply, which require further research 

with an increased sample size to be validated and statistically significant.  
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Sophia Wächter, “Restriktive Phosphatversorgung trockenstehender Milchkühe zur 

Prävention von puerperaler Hypocalcämie, und Auswirkungen auf die Gesundheit und 

Leistung in der folgenden Laktation”  

7 Erweiterte Zusammenfassung  

In den letzten Jahrzehnten hat das Ausbringen von Gülle auf landwirtschaftliche 

Nutzflächen immer mehr an Beachtung gewonnen, da durch den normalerweisen hohen 

Gehalt an P eine nicht unbeachtliche Menge dieses Elements in die Umwelt gelangt und dort 

zu massiven Schäden, wie beispielweise Eutrophierung von Gewässern, führt. Aus diesem 

Grund wurde die neue Düngemittelverordnung Anfang 2020 in Deutschland verabschiedet, 

die sowohl die Menge als auch den Zeitraum des Ausfahrens von Gülle reglementiert. Eine P-

arme Fütterung von Milchkühen reduziert nicht nur die Ausscheidung von P über den Kot und 

somit den P-Gehalt der Gülle, sondern wirkt sich auch positiv auf die Gesundheit der Tiere 

aus, wie Studien belegen, die eine geringere Inzidenz von Hypocalcämie in P-arm gefütterten 

trockenstehenden Kühen nachweisen konnten.  

Die Bedeutung von Hypocalcämie kann dadurch erklärt werden, dass so gut wie jede 

multipare Kuh um die Abkalbung herum hypocalcämisch ist und das Risiko für 

Hypocalcämie drastisch mit der Laktationsnummer ansteigt. Für Milchviehbetriebe sind von 

Hypocalcämie betroffene Kühe aufgrund der Folgeerkrankungen, der notwendigen 

tierärztlichen Behandlung und beeinträchtigten Leistung in der folgenden Laktation mit hohen 

Kosten verbunden. Die Forschung fokussiert sich vor allem auf die Prävention der 

Hypocalcämie und untersucht verschiedene Methoden, um das Risiko von Entgleisungen der 

Calciumhomöostase in Transitkühen zu reduzieren. Die Bedeutung von P in dem 

Themenkomplex „Hypocalcämie“ ist kontrovers diskutiert und deshalb Gegenstand der 

Forschung. Eine aktuelle  Studie zeigte, dass fütterungsbedingter P-Entzug einen positiven 

Effekt auf die Calciumhomöostase hat und in der Lage ist, die Inzidenz von klinischer 

Hypocalcämie zu senken. Allerdings wurde die Studie unter experimentellen Bedingungen 

durchgeführt und das Fortführen der P-armen Fütterung über die Kalbung hinaus bis in die 

Frühlaktation brachte negative Effekte für Gesundheit, Wohlbefinden und Produktivität der 

Kühe mit sich. In der hier vorgestellten Studie fand die P-Depletion unter Praxisbedingungen 

statt und endete mit der Kalbung. Effekte auf die Calciumhomöostase sowie auf Gesundheit 

und Produktivität sollten bewertet werden. Dabei wurde hypothetisiert, dass eine P-depletierte 

Fütterung in der Trockenstehphase einen positiven Einfluss auf die Calciumhomöostase mit 

sich bringt, aber durch Beendigung der P-Depletion zur Abkalbung die vorherig gesehenen 
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negativen Effekte auf Produktivität und Gesundheit minimiert werden oder gar nicht 

auftreten. 

Tiere, die in die Studie aufgenommen wurden, waren 30 adulte Holstein Kühe im 

Endstadium der Trächtigkeit, die in ihre 2., 3. und 4. Laktation gekommen sind. Die Tiere 

wurden in einem Liegeboxenlaufstall gehalten, der mit Verwiegetrögen ausgestattet war, um 

eine individuelle Futterzuweisung zu gewährleisten. Für die Abkalbung wurden die Tiere in 

eine mit Stroh ausgestreute Abkalbebox gebracht, in der sie noch für etwa 24 Stunden post-

partum, aber auf jeden Fall bis zur Sicherstellung eines guten Allgemeinzustandes blieben. 

Kühe wurden nach Laktationsnummer und 305-Tage Milchleistung der ersten Laktation 

gepaart und dann zufällig entweder einer Niedrig- (LP) oder Adäquat-Phosphat-Gruppe (AP) 

zugewiesen. Die Aufnahme in die Studie erfolgte sechs Wochen vor erwarteter Kalbung. 

Allen Tieren wurde durchgehend eine TMR gefüttert. Während der zwei-wöchigen 

Akklimatisation wurden der Grundration, die aus Maissilage, Pressschnitzelsilage, Heu, Stroh 

und Wasser bestand, Pellets mit Ammoniumdihydrogenphosphat zugefügt, um einen 

adäquaten P-Gehalt für trockenstehende Kühe zu erreichen. Diese supplementierte Ration 

wurde an Kühe beider Gruppen verfüttert. Fütterungsunterschiede bestanden nur während der 

letzten vier Wochen vor der erwarteten Abkalbung. LP Tieren wurde die Ration gefüttert, die 

Pellets ohne den Zusatz von Ammoniumdihydrogenphosphat enthielt. Diese Ration 

beinhaltete 0,16 % P in Trockenmasse. Die AP Gruppe erhielt weiterhin die Ration, die mit P 

ergänzt wurde und somit einen adäquaten P-Gehalt von 0,35 % in Trockenmasse aufwies. 

Damit die maximale P-Aufnahme 20 g / Kuh und Tag nicht überschreitet, wurde die 

Futteraufnahme auf 11,5 kg Trockenmasse limitiert. Das war notwendig, um eine negative P-

Balance in Versuchstieren zu induzieren und eine Gegenregulation auszulösen, wie es in einer 

Pilotstudie in Vorbereitung für das Projekt gezeigt wurde. Nach der Abkalbung wechselten 

Kühe beider Gruppen zu einer Ration, die mit 0,46 % P in Trockenmasse einen adäquaten P-

Gehalt für laktierende Kühe hatte. Die Laktatationsration wurde ad libitum angeboten.  

Das Hauptziel der Studie war es, Effekte eines fütterungsbedingten P-Mangels im 

Endstadium der Trächtigkeit auf die Calciumhomöostase in Transitkühen zu evaluieren. Für 

diesen Zweck wurden Blutproben mittels Vacutainer-Entnahmesystem und Li-Heparin-

Röhrchen am Ende der Akklimatisation, zwei Wochen nach Beginn der experimentellen 

Fütterung und von vier Tagen vor bis sieben Tagen nach der Kalbung mit intensiver 

Beprobung am Tag der Kalbung durch Punktion der Jugularvene gewonnen. Diese Proben 

wurden auf die Plasmakonzentration von anorganischem P, Gesamtcalcium, CrossLaps als 
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Marker für Knochenmobilisation, PTH und 1,25-(OH)2D analysiert. Eine venöse 

Blutgasanalyse von Proben, die um die Zeit des Kalbens herum genommen wurden, wurde 

durchgeführt und auf die Blutkonzentration von Ca
2+

 ausgewertet. Ergebnisse werden als 

LSM ± SEM bzw. median and interquartile range bei nicht-normalverteilten Parametern 

angegeben. Das Signifikanzlevel wurde auf P < 0,05 festgelegt. Gruppen-, Zeit- und 

Laktationsnummern-Effekte wurden mit Hilfe einer Varianzanalyse mit Messwiederholung 

bestimmt, Assoziationen zwischen qualitativen Variablen mittels Chi-Quadrat-Test. P-

depletierte Tiere zeigten im Gegensatz zu Tieren, die adäquat mit P versorgt wurden, eine 

moderate Hypophosphatämie in den letzten Tagen vor der Kalbung, die sich deutlich von der 

AP Gruppe unterschied und in einem Gruppeneffekt von P = 0,0003 resultierte. Der positive 

Effekt der Hypophosphatämie auf die Calciumhomöostase spiegelte sich in signifikant 

höheren Blutkonzentrationen von Ca
2+

 in der LP Gruppe im Vergleich zu der AP Gruppe in 

den ersten 4 Tagen nach der Abkalbung wieder (P = 0,001). Und auch die Werte des 

Gesamtcalciums waren zu einzelnen Probenzeitpunkten post-partum signifikant höher in LP 

als in AP Kühen (P = 0,004). Basierend auf dem von uns definierten Grenzwert von 1,10 

mmol/l für die normale Blutkonzentrationen von Ca
2+

, wiesen Tiere, die während der 

Trockenstehperiode P-arm gefüttert wurden, verglichen mit Tieren, die adäquat mit P versorgt 

wurden, eine niedrigere Inzidenz sowohl subklinischer (AP n = 10, LP n = 8) als auch 

klinischer (AP n = 3, LP n = 1) Hypocalcämie auf, wobei keine der Studientiere zum 

Festliegen kam. Weiterhin wurden bei einigen Kontrolltieren (n = 5), anders als bei 

hypocalcämischen Tieren der Versuchsgruppe,  über mehrere Tage Werte von Ca
2+

 unterhalb 

des Referenzbereiches bestimmt und diese Tiere somit als chronisch hypocalcämisch 

eingestuft. Auf Grund dieser Ergebnisse ist festzuhalten, dass nicht nur das Vorkommen 

sondern auch die Schwere von Hypocalcämie durch einen fütterungsbedingten P-Entzug, der 

auf die letzten Wochen der Trächtigkeit beschränkt ist, reduziert werden kann. Der 

Mechanismus, der den höheren Ca-Werten in P-depletierten Tieren zugrunde liegt, ist 

wahrscheinlich eine verstärkte Mobilisation von Knochen, die auch schon in Studien an 

Milchkühen, Fleischrindern und Schafen nachgewiesen werden konnte (P = 0,04). Wir 

konnten keinen Unterschied in der Plasmakonzentration von PTH und 1,25-(OH)2D zwischen 

den beiden Gruppen feststellen (jeweils P > 0,05). Inwieweit der erhöhte Knochenumsatz aber 

tatsächlich unabhängig von PTH und Vitamin D-Metaboliten in P-arm gefütterten Tieren 

angeregt wurde, kann wegen der geringen Tierzahl der vorgestellten Studien und dem zum 

Teil hohen Grad an Variation bei untersuchten Parametern nicht abschließend geklärt werden. 

Die Ergebnisse belegen, dass durch eine diätetische Depletion von P während der 
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Trockenstehzeit das Risiko von Hypocalcämie bei Milchkühen gesenkt werden kann. 

Resultate aus der vorherigen Studie, die unter Forschungsbedingungen stattfand, wurden im 

Feld reproduziert. Die Verbesserung der Calciumhomöostase von Kühen im peripartalen 

Zeitraum aufgrund der Fütterung einer P-armen Ration ante-partum wurde auch mit dieser 

Studie bestätigt. 

Das weitere Ziel war, Langzeit-Effekte eines fütterungsbedingten P-Entzuges in spät 

trächtigen Kühen auf Gesundheit und Leistung dieser Tiere in der folgenden Laktation zu 

untersuchen. Für diesen Zweck wurden Blutproben während der Trockenstehphase und den 

ersten sechs Wochen post-partum zweimal die Woche und danach in monatlichen Intervallen 

bis zum 305. Tag der Laktation gewonnen. Die Plasmakonzentration von anorganischem P 

und Gesamtcalcium, freien Fettsäuren und β-Hydroxybutyrat sowie die Aktivität der γ-

Glutamyltransferase (GGT), Glutamatdehydrogenase (GLDH) und alkalischen Phosphatase 

wurden neben Natrium (Na), Kalium (K) und Kreatinin bestimmt. Leberbiospien wurden am 

Ende der Akklimatisation, eine Woche vor erwarteter Abkalbung sowie an Tag 3, 14 und 42 

post-partum genommen und auf den Gehalt an Trockenmasse, Triacylglycerol und 

Cholesterin sowie den Elektrolytgehalt von P, Magnesium (Mg) und Kalium (K) untersucht. 

Um ketotische Kühe zu identifizieren, wurde während der ersten 6 Wochen der Laktation die 

Harnkonzentration des Ketonkörpers Acetoactetat mittels Ketonstick dreimal wöchentlich 

überprüft. Die Futteraufnahme wurde bis einschließlich der 6. Wochen der Laktation 

automatisch an den Verwiegetrögen erfasst, wöchentliche Milchleistung und 

Milchinhaltsstoffe (Eiweiß-, Fett-, Laktose- und Harnstoffgehalt sowie somatische Zellzahl) 

während der gesamten Laktation im Rahmen der MLP. Das Körpergewicht wurde an 

speziellen Zeitpunkten bestimmt. Eine ausführliche klinische Allgemeinuntersuchung wurde 

wöchentlich bei allen Tieren durchgeführt, wobei erkrankte und auffällige Tiere bei Bedarf 

häufiger untersucht wurden. Besonders um die Abkalbung herum wurden Kühe intensiv 

überwacht, um erste Anzeichen typischer puerperaler Erkrankungen wie Hypocalcämie, 

Nachgeburtsverhalten und Labmagenverlagerungen schnell diagnostizieren zu können.  Diese 

gesundheitsrelevanten Ereignisse sowie Fruchtbarkeitsparameter (Rastzeit, Güstzeit, 

Konzeptionsrate der 1. Besamung, Trächtigkeitsrate, Besamungen pro Trächtigkeit und 

Trächtigkeitsverluste) wurden für die gesamte Studie evaluiert. Ergebnisse werden ebenso wie 

im ersten Teil der Studie als LSM ± SEM bzw. median and interquartile range bei nicht-

normalverteilten Parametern angegeben. Das Signifikanzlevel wurde wieder auf P < 0,05 

festgelegt. Gruppen-, Zeit- und Laktationsnummern-Effekte wurden ebenfalls mit Hilfe einer 

Varianzanalyse mit Messwiederholung bestimmt. Um mögliche Assoziationen zwischen 
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Plasma- und Leberparametern herauszufinden, wurden Pearson- oder Spearman-

Korrelationsanalysen sowie stufenweise Regressionsanalysen durchgeführt. Eine negative P-

Balance konnte durch die Kombination von einem restriktiven Fütterungsprotokoll und der 

Fütterung einer Ration mit einem P-Gehalt, der unterhalb der Empfehlungen für die 

Versorgung von trockenstehenden Kühen liegt, in Tieren der Versuchsgruppe induziert 

werden. Bei diesen Tieren wurden in Woche 4 sowie in den letzten 2,5 Wochen vor der 

Abkalbung im Durchschnitt Plasmawerte nachgewiesen, die unter dem Referenzwert einer 

normalen P Konzentration für Rinder (1,4 mmol/l) liegen. Im Gegensatz dazu zeigten Tiere 

der AP Gruppe, im gleichen Zeitraum Plasmawerte von P im Referenzbereich. Beide Gruppen 

unterschieden sich signifikant voneinander (P = 0,001). Mit erfolgter Kalbung und der damit 

einhergehenden Umstellung auf eine Ration mit adäquatem P-Gehalt für laktierende Kühe, 

stieg die Plasmakonzentration von P in Tieren der LP Gruppe kontinuierlich an. Nach der 

ersten Woche der Laktation zeigten Tieren beider Behandlungsgruppen P-Werte oberhalb des 

unteren Referenzbereiches und kein signifikanter Unterschied zwischen den Gruppen war 

mehr nachweisbar. Die Hypophosphatämie, die durch die Fütterung einer Ration mit 

niedrigem P-Gehalt in trockenstehenden Kühen ausgelöst wurde, konnte im Verlauf der 

nachfolgenden Laktation, abgesehen von der unmittelbaren post-partum Periode, in 

betroffenen Tieren nicht weiter festgestellt werden. Die Verbesserung der 

Calciumhomöostase in Form von höheren Plasmakonzentrationen des Gesamtcalciums in P-

depletierten Tieren in der Woche vor und nach der Abkalbung sowie höheren 

Plasmakonzentrationen der Alkalischen Phosphatase, als grober Indikator für Knochenumbau, 

bereits ante-partum verglichen mit adäquat P versorgten Tieren, konnte auch zu den 

Probenzeitpunkten in diesem Teil der Studie gezeigt werden (P = 0,01 bzw. P < 0,0001). 

Nach dem unter physiologischen Bedingungen zu sehenden Abfall der Futteraufnahme zur 

Kalbung hin, der bis in die ersten Tage der Laktation andauerte und bei Tieren beider 

Gruppen beobachtet wurde, stieg die Futteraufnahme sowohl in zuvor P-depletierten als auch 

in adäquat mit P versorgten Kühen stetig an, sodass kein negativer Effekt des 

fütterungsbedingten P-Entzugs in trockenstehenden Tieren auf die Futteraufnahme festgestellt 

werden konnte (P > 0,05). Dasselbe gilt für die Entwicklung des Körpergewichts, das sich zu 

keinem Zeitpunkt der Studie zwischen den Behandlungsgruppen unterschied (P > 0,05). 

Insgesamt war die Milchleistung der Versuchs- und Kontrolltiere in der der P-Depletion 

folgenden Laktation nahezu identisch. Tiere beider Gruppen produzierten ähnlich viel Milch, 

was auch an der gesamten 305-Tage-Leistung der zwei Behandlungen zu sehen ist (AP 

12.229 ± 1.758 kg, LP 12.112 ± 1.298 kg, P > 0,05). Dennoch wurde ein Effekt der 
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Laktationsnummer auf die Milchleistung ermittelt. Kühe der 2. Laktation zeigten eine höhere 

Milchleistung, verglichen mit der Kontrollgruppe, wenn sie der Versuchsgruppe zugeordnet 

waren (AP 36,4 ± 1,0 kg/d, LP 39,9 ± 1,0 kg/d, P = 0,02). Das Gegenteil wurde bei Kühen der 

4. Laktation festgestellt, bei denen die Kontrolltiere mehr Milch gaben als phosphorarm 

gefütterte Tieren (AP 46,1 ± 1,5 kg/d, LP 39,1 ± 1,5 kg/d, P = 0,003). Da 2 viertlaktierende 

Kühe, die die Ration mit adäquatem P-Gehalt während der Trockenstehperiode bekamen, von 

klinischer Hypocalcämie betroffen waren, besteht die Vermutung, dass die Gabe von Ca eine 

Verbesserung der Milchleistung mit sich bringt, wie es auch schon in der Literatur 

beschrieben ist. Aufgrund der geringen Zahl an Tieren, die in diese Studien aufgenommen 

wurde, konnte dieser mögliche Zusammenhang nicht belegt werden. Auch die 

Milchinhaltsstoffe Eiweiß, Fett, Laktose und Harnstoff sowie die somatische Zellzahl gaben 

keinen Hinweis auf eine negative Auswirkung der vorangegangenen P-armen Fütterung auf 

die Leistung der Tiere (P > 0,05). Desweiteren wurden sowohl die Menge als auch die 

Qualität des Kolostrums durch den P-Entzug ante-partum nicht negativ beeinflusst (AP 8,4 ± 

1,4 kg und 25,4 ± 1,4 %, LP 6,8 ± 1,4 kg und 27,8 ± 1,3 %). Ergebnisse von Studien, in denen 

ein langfristiger fütterungsbedingter P-Entzug während der Trockenstehphase und 

Frühlaktation eine Reduktion der Futteraufnahme, Milchleistung und Körperkondition mit 

sich brachte, zeigte sich mit dem in dieser Studie implementierten Fütterungsprotokoll nicht. 

P-depletierte Kühe waren nicht häufiger von Erkrankungen betroffen als solche, die adäquat 

mit P versorgten wurden. Während die Inzidenz von klinischer Ketose in LP-Tieren höher 

war als in AP-Tieren (AP n = 1, LP n = 5), wurde eine klinische Mastitis häufiger in der AP 

als in der LP Gruppe diagnostiziert (AP n = 6, LP n = 1). Mit Hypophosphatämie assoziierte 

Störungen, wie Festliegen oder postpartale Hämoglobinurie, wurden bei keiner der 

Versuchstiere diagnostiziert. Insgesamt war die Inzidenz der erfassten Erkrankungen bis auf 

den Komplex der Klauengesundheit niedrig in Tieren beider Gruppen. Es konnten nur 

numerische Unterschiede in der Erkrankungsinzidenz zwischen AP- und LP-Tieren 

festgestellt werden. Der Goldstandard-Test für Ketose ist die Plasmakonzentration von β-

Hydroxybutyrat, die mit einem Grenzwert von 1,2 mmol/l in dieser Studie definiert wurde. 

Bei Anwendung dieses Schwellenwertes entwickelten 7 Kühe eine subklinische (AP n = 4, LP 

n = 3) und 6 Kühe eine klinische Ketose (AP n = 1, LP n = 5). Die Anzahl der mittels 

Harnstick ermittelten subklinisch erkrankten Tiere war deutlich höher als die tatsächliche 

Inzidenz subklinischer Ketose basierend auf dem Goldstandard.  Das höhere Vorkommen von 

klinischer Ketose in Tieren der Versuchsgruppe spiegelte sich allerdings nicht in 

Unterschieden bei Parametern der Leberfunktion wieder. In Tieren beider Gruppen konnten 
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Anstiege von freien Fettsäuren und β-Hydroxybutyrat, die typisch für die negative 

Energiebilanz sind, in der sich Hochleistungsmilchkühe um den Zeitraum der Abkalbung 

befinden, festgestellt werden. Ebenso unterschieden sich die Aktivitäten der leberspezifischen 

Enzyme GGT und GLDH in Versuchstieren verglichen mit Kontrolltieren nicht (jeweils P > 

0,05). Ergebnisse der Leberbioptate zeigten des Weiteren, dass keine höhere 

Fettakkumulation im Lebergewebe der P-arm gefütterten Tiere, als in Tieren, denen die 

Ration mit adäquatem P-Gehalt zugeteilt wurde, zu finden war (P > 0,05 für Triacylglycerol 

und Cholesterin). Der fütterungsbedingte P-Entzug führte weiterhin nicht zu einem 

reduzierten P-Gehalt in der Leber, der vermutlich mit einer Funktionsstörung des Organs 

einhergehen würde. Durch den steigenden Lipidgehalt und des damit verbundenen Anstiegs 

der Trockenmasse der Leber post-partum, sank der Gehalt an den gemessenen Elektrolyten P, 

Mg und K. Dieser Abfall beschränkte sich also nicht auf P allein, sondern resultierte daraus, 

dass das osmotische und elektrochemische Gleichgewicht aufgrund des veränderten 

Trockenmassegehaltes der Leber wieder hergestellt werden musste. Insgesamt blieb die P-

Depletion ohne Effekt auf die Funktion der Leber sowie den P-Gehalt dieses Organs. Weitere 

Parameter, die im Plasma bestimmt wurden, zeigten ebenfalls keinen Unterschied zwischen 

den Tieren beider Gruppen (jeweils P > 0,05). Sowohl Na als auch Kreatinin stiegen in Tieren 

beider Gruppen zur Abkalbung hin an, was durch eine verminderte Wasseraufnahme 

resultierend aus der restriktiven Fütterung erklärt werden könnte. Im Gegensatz dazu sank das 

Gesamteiweiß im Plasma in diesem Zeitraum ab. Dieser Abfall wurde verursacht durch den 

Beginn der Kolostrogenese, der zu einem Verlust von Immunglobulinen über das Euter 

führte. Anhand der Reproduktionsparameter ergaben sich keine Hinweise auf eine 

Beeinträchtigung der Fruchtbarkeit durch die diätetische P-Depletion während der letzten 

Wochen der Trächtigkeit. Kennzahlen, wie Rastzeit, Güstzeit, Konzeptionsrate der 1. 

Besamung, Trächtigkeitsrate, Besamungen pro Trächtigkeit und  Trächtigkeitsverluste 

unterschieden sich lediglich numerisch zwischen den Tieren beider Gruppen. Während Tiere 

der LP-Gruppe im Schnitt eine kürzere Rast- (AP 104 ± 34, LP 101 ± 41) und Güstzeit (AP 

162 ± 63, LP 156 ± 67) sowie eine geringe Anzahl von Besamungen pro Trächtigkeit (AP 2,6 

± 1,6, LP 2,5 ± 1,4) aufwiesen, wurde bei Tieren der AP-Gruppe eine minimal höhere 

Trächtigkeitsrate (AP 93 %, LP 87 %) festgestellt.  

Abschließend lässt sich zusammenfassen, dass restriktive P-Versorgung während der 

Trockenstehphase einen positiven Effekt auf die Calciumhomöostase hat und die Inzidenz 

sowie die Schwere von Hypocalcämie dadurch gesenkt werden kann. Es konnten keine 

signifikant negativen Auswirkungen auf Leistung und Fertilität der betroffenen Tiere 
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beobachtet werden. Bei den Gesundheitsparametern wurden nur numerische Unterschiede 

zwischen Kühen mit adäquater und restriktiver P-Versorgung festgestellt, die weitere 

Untersuchungen mit einem größeren Stichprobenumfang erfordern, um validiert zu werden. 

Das gleiche gilt für Parameter wie PTH. Aufgrund der geringen Tierzahl und der hohen 

Variation konnte keine genaue Aussage über den Grad der Beteiligung  an der Verbesserung 

der Calciumhomöostase in P-depletierten Tiere getroffen werden.  
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