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Abstract 

Macro-minerals are indispensable nutrients required in relatively large quantities for maintaining the 

health, productivity, and reproductive efficiency of dairy animals. The principal macro-minerals—

calcium (Ca), phosphorus (P), magnesium (Mg), sodium (Na), potassium (K), chloride (Cl), and sulfur 

(S)—play fundamental roles in skeletal development, muscle contraction, nerve transmission, enzyme 

activation, acid–base balance, osmotic regulation, rumen microbial activity, and milk synthesis. 

Deficiency or imbalance of these minerals can lead to metabolic disorders, reduced milk yield, impaired 

fertility, weakened immunity, and economic losses. This review summarizes the physiological functions, 

dietary requirements, feed sources, deficiency disorders, and interactions of macro-minerals in dairy 

animals. It also discusses recent advances in mineral supplementation, including precision nutrition, 

dietary cation–anion difference (DCAD) management, and area-specific mineral mixtures. Proper 

macro-mineral nutrition is essential for improving animal health, reproductive efficiency, milk 

production, and the sustainability of dairy farming. 
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1. Introduction 

Minerals play a vital role in maintaining the health, productivity, and reproductive efficiency of dairy 

animals. Although they constitute only about 4–5% of the body weight, minerals perform a wide range 

of structural, physiological, catalytic, and regulatory functions essential for normal growth, 

development, metabolism, and maintenance of body homeostasis. Adequate mineral nutrition is 

necessary to support tissue growth, milk synthesis, reproduction, immune competence, and the 

replacement of minerals lost through milk secretion, excretion, and other physiological processes. 

Based on the quantity required by animals, minerals are classified into macro-minerals and trace (micro) 

minerals. Macro-minerals, required in relatively large amounts and generally expressed as a percentage 

of the diet, include calcium (Ca), phosphorus (P), magnesium (Mg), sodium (Na), potassium (K), 

chloride (Cl), and sulfur (S). These seven minerals account for approximately 60–80% of the body's 

inorganic matter and are involved in numerous biological functions, including skeletal development, 

muscle contraction, nerve impulse transmission, enzyme activation, osmotic regulation, acid–base 

balance, and rumen microbial metabolism. In contrast, trace minerals such as iron, copper, zinc, 

manganese, cobalt, iodine, selenium, and chromium are required in much smaller quantities but are 

equally essential for maintaining metabolic functions and overall health. 
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Dairy animals obtain most of their mineral requirements from forages, fodders, concentrate feeds, and 

mineral supplements. However, the mineral composition of feed resources is highly variable and 

depends on several factors, including plant species, soil characteristics, climatic conditions, stage of 

plant maturity, and agronomic practices such as fertilizer application. Consequently, mineral deficiencies 

or imbalances are common in many livestock production systems, particularly in tropical and subtropical 

regions where soils and forages are often deficient in one or more essential minerals. 

Long-term consumption of diets deficient, excessive, or imbalanced in macro-minerals adversely affects 

physiological and metabolic functions, leading to biochemical alterations, reduced immunity, impaired 

growth, poor reproductive performance, decreased milk production, and metabolic disorders such as 

milk fever, grass tetany, osteomalacia, and electrolyte imbalances. In India, deficiencies of calcium, 

phosphorus, sodium, and several trace minerals have been widely reported, contributing to poor fertility, 

delayed maturity, reduced productivity, and increased susceptibility to diseases. Subclinical mineral 

deficiencies are particularly important because they often remain undetected while causing significant 

economic losses through reduced production efficiency and reproductive performance. 

With increasing emphasis on precision nutrition and sustainable dairy farming, balanced macro-mineral 

supplementation has become an integral component of dairy herd management. Advances such as area-

specific mineral mixtures, dietary cation–anion difference (DCAD) management, and precision feeding 

strategies have improved mineral utilization and animal performance while minimizing nutrient losses to 

the environment. 

This review summarizes the physiological functions, dietary requirements, sources, bioavailability, 

deficiency disorders, mineral interactions, and supplementation strategies of the major macro-minerals 

in dairy animals. It also highlights recent advances and future perspectives in macro-mineral nutrition 

aimed at improving animal health, productivity, reproductive efficiency, and the sustainability of dairy 

production systems. 

2. Classification of Minerals in Dairy Animal Nutrition 

Minerals are inorganic elements that are indispensable for maintaining normal physiological, 

biochemical, and metabolic functions in dairy animals. Unlike carbohydrates, proteins, and lipids, 

minerals do not provide energy but serve as structural components of body tissues, cofactors for 

enzymes, regulators of osmotic pressure and acid–base balance, and essential constituents of hormones 

and vitamins. The mineral requirements of dairy animals vary according to species, breed, age, body 

weight, physiological status, and production level. Based on the quantity required by the animal, 

minerals are broadly classified into macro-minerals and trace (micro) minerals. 

2.1 Macro-minerals 

Macro-minerals are required in relatively large quantities, generally exceeding 100 mg/kg body weight 

per day or more than 0.01% of the dry matter in the diet. They account for nearly 60–80% of the total 

inorganic matter present in the animal body and are essential for maintaining structural integrity, 

metabolic processes, and production performance. 

The seven essential macro-minerals required by dairy animals include: 
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 Calcium (Ca): Essential for bone and teeth formation, muscle contraction, nerve impulse 

transmission, blood clotting, enzyme activation, and milk synthesis. Approximately 98–99% of body 

calcium is stored in bones and teeth. 

 Phosphorus (P): The second most abundant mineral in the body, phosphorus is required for skeletal 

development, energy metabolism (ATP), nucleic acid synthesis, cell membrane structure, rumen 

microbial growth, and reproductive performance. 

 Magnesium (Mg): Magnesium functions as a cofactor for more than 300 enzyme systems involved 

in carbohydrate, protein, and lipid metabolism. It is also essential for neuromuscular function and 

bone metabolism. 

 Sodium (Na): Sodium is the major extracellular cation responsible for maintaining osmotic pressure, 

water balance, nerve transmission, nutrient absorption, and acid–base equilibrium. 

 Potassium (K): Potassium is the principal intracellular cation and plays a vital role in maintaining 

cellular osmotic balance, muscle function, enzyme activation, acid–base regulation, and normal 

cardiac activity. 

 Chloride (Cl): Chloride is the principal extracellular anion and is required for maintaining 

electrolyte balance, osmotic pressure, acid–base homeostasis, and the formation of hydrochloric acid 

in the stomach. 

 Sulfur (S): Sulfur is an integral component of sulfur-containing amino acids (methionine and 

cysteine), vitamins such as thiamine and biotin, and is essential for rumen microbial protein 

synthesis and keratin formation in hair and hooves. 

Adequate dietary supply of macro-minerals is particularly important during periods of rapid growth, 

pregnancy, and lactation, when mineral demands are considerably increased. 

2.2 Trace (Micro) Minerals 

Trace or micro-minerals are required in much smaller quantities, generally less than 100 mg/kg body 

weight per day or less than 100 mg/kg (ppm) of dietary dry matter. Despite their low requirement, these 

minerals are indispensable because they function as components of enzymes, hormones, antioxidant 

systems, and immune mechanisms. 

The essential trace minerals required by dairy animals include: 

 Iron (Fe) 

 Copper (Cu) 

 Zinc (Zn) 

 Manganese (Mn) 

 Cobalt (Co) 

 Iodine (I) 

 Selenium (Se) 

 Chromium (Cr) 

 Molybdenum (Mo) 

Some elements such as nickel (Ni), vanadium (V), and boron (B) are considered potentially essential, 

although their precise biological roles in dairy animals are still under investigation. Other elements, 

including lead (Pb), mercury (Hg), cadmium (Cd), and aluminum (Al), have no known nutritional 

function and may become toxic when present in excessive amounts. 
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Trace minerals participate in numerous biological processes, including oxygen transport, antioxidant 

defense, immune function, thyroid hormone synthesis, collagen formation, reproductive performance, 

and cellular metabolism. Even marginal deficiencies can adversely affect productivity without producing 

obvious clinical signs. 

2.3 Importance of Mineral Balance 

Optimal health and productivity in dairy animals depend not only on adequate mineral intake but also on 

maintaining an appropriate balance among minerals. The absorption, metabolism, and utilization of one 

mineral are often influenced by the concentration of others in the diet. Therefore, both deficiencies and 

excesses can impair animal performance. 

Several mineral interactions are of particular nutritional importance: 

 The calcium-to-phosphorus (Ca) ratio should generally be maintained between 1.5:1 and 2:1 to 

ensure proper skeletal development and efficient mineral utilization. 

 Excess dietary potassium can reduce magnesium absorption, increasing the risk of hypomagnesemia 

(grass tetany). 

 High dietary sulfur or molybdenum may reduce copper availability, leading to secondary copper 

deficiency. 

 The balance among sodium, potassium, and chloride influences the Dietary Cation–Anion 

Difference (DCAD), an important nutritional strategy for preventing milk fever in transition dairy 

cows. 

 Excessive supplementation of one mineral may interfere with the absorption and metabolism of other 

essential minerals, reducing their bioavailability. 

Mineral imbalance can result in reduced feed intake, impaired rumen fermentation, poor growth, and 

decreased milk yield, reproductive failure, weakened immune function, metabolic disorders, and 

increased susceptibility to infectious diseases. Conversely, balanced mineral nutrition improves feed 

efficiency, metabolic health, reproductive performance, milk production, and longevity of dairy animals. 

Therefore, mineral nutrition programs should be based on the physiological status of animals, nutrient 

requirements, forage mineral composition, soil characteristics, and region-specific deficiencies. The use 

of balanced mineral mixtures, routine feed analysis, and precision supplementation strategies can 

substantially improve animal health and production efficiency while minimizing unnecessary mineral 

excretion into the environment. 

3. Physiological Functions of Macro-Minerals 

Macro-minerals are very important nutrients that regulate numerous physiological, biochemical, and 

metabolic processes in dairy animals. They are required in relatively large quantities to maintain 

structural integrity, support enzyme systems, regulate osmotic and acid–base balance, facilitate 

neuromuscular function, and sustain optimal growth, reproduction, immunity, and milk production. 

During periods of rapid growth, pregnancy, and early lactation, the demand for macro-minerals increases 

substantially owing to fetal development and the secretion of large quantities of minerals in milk. An 

inadequate supply or imbalance of these nutrients can impair metabolic functions, reduce productivity, 

and predispose animals to various nutritional and metabolic disorders. 

http://www.aijfr.com/
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3.1 Calcium (Ca) 

Calcium is the most abundant mineral in the body, accounting for approximately 1.5–2.0% of body 

weight, with nearly 99% stored in bones and teeth as hydroxyapatite crystals. The remaining calcium is 

present in extracellular fluids and soft tissues, where it performs several critical physiological functions. 

Calcium provides structural strength to the skeleton and serves as a reservoir to maintain blood calcium 

homeostasis. It is essential for skeletal growth, bone remodeling, and mineralization throughout life. 

Beyond its structural role, calcium regulates muscle contraction by facilitating interactions between actin 

and myosin, enabling both skeletal and cardiac muscle function. It is also indispensable for nerve 

impulse transmission, neurotransmitter release, blood coagulation, membrane permeability, hormone 

secretion, and intracellular signaling. 

In dairy animals, calcium plays a central role in colostrum and milk synthesis because milk contains 

substantial quantities of calcium. During the transition period, particularly around parturition, the sudden 

increase in calcium demand for lactation can exceed the animal's capacity to mobilize calcium from 

bone and absorb it from the intestine, resulting in hypocalcemia or milk fever. Therefore, efficient 

calcium metabolism is essential for maintaining health and productivity in high-yielding dairy cows. 

Calcium metabolism is closely regulated by parathyroid hormone, calcitonin, and the active form of 

vitamin D (1,25-dihydroxycholecalciferol), which together maintain calcium homeostasis by controlling 

intestinal absorption, bone resorption, and renal excretion. 

3.2 Phosphorus (P) 

Phosphorus is the second most abundant mineral in the animal body, with approximately 80–85% 

present in bones and teeth. The remaining phosphorus is distributed in soft tissues and body fluids, 

where it performs numerous metabolic functions. 

Phosphorus is a major component of adenosine triphosphate (ATP), making it indispensable for cellular 

energy transfer. It also forms part of nucleic acids (DNA and RNA), phospholipids of cell membranes, 

and various phosphorylated intermediates involved in carbohydrate, protein, and lipid metabolism. 

In ruminants, phosphorus is particularly important for rumen microbial growth and fermentation, thereby 

enhancing fiber digestion and feed utilization. Adequate phosphorus nutrition supports skeletal 

development, reproductive efficiency, appetite, growth, and milk production. Deficiency reduces feed 

intake, delays puberty, lowers conception rates, and decreases milk yield. 

The dietary calcium-to-phosphorus ratio is equally important because excessive calcium can reduce 

phosphorus availability, while excess phosphorus may impair calcium metabolism. Maintaining an 

appropriate ratio is therefore essential for normal bone development and mineral utilization. 

3.3 Magnesium (Mg) 

Magnesium is an essential intracellular cation that serves as a cofactor for more than 300 enzymatic 

reactions involved in carbohydrate, lipid, protein, and nucleic acid metabolism. Approximately 60–70% 

of body magnesium is stored in the skeleton, while the remainder occurs in muscles and soft tissues. 
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Magnesium is indispensable for ATP-dependent biochemical reactions, protein synthesis, enzyme 

activation, and maintenance of neuromuscular function. It regulates nerve impulse transmission, muscle 

relaxation, and cardiac rhythm. Furthermore, magnesium contributes to bone formation by influencing 

calcium metabolism and skeletal mineralization. 

Unlike calcium, body magnesium reserves are not readily mobilized during periods of deficiency. 

Consequently, dairy cattle grazing lush pastures with high potassium and low magnesium concentrations 

are particularly susceptible to hypomagnesemia (grass tetany), characterized by muscular tremors, 

hyperexcitability, convulsions, and sudden death. 

Adequate dietary magnesium is therefore essential to maintain metabolic stability, optimize milk 

production, and prevent neuromuscular disorders. 

3.4 Sodium (Na) 

Sodium is the principal extracellular cation responsible for maintaining osmotic pressure, extracellular 

fluid volume, and acid–base equilibrium. It plays a fundamental role in regulating water metabolism and 

nutrient transport across biological membranes. 

Sodium is essential for nerve impulse transmission and muscle contraction through its involvement in 

membrane depolarization and the sodium–potassium pump (Na⁺/K⁺-ATPase). It also facilitates the 

intestinal absorption of glucose and amino acids and contributes to saliva production in ruminants, 

thereby supporting rumen buffering and digestive efficiency. 

Dairy animals lose considerable amounts of sodium through milk, urine, sweat, and saliva. 

Consequently, sodium supplementation is essential, particularly in lactating animals and those exposed 

to hot environmental conditions. Sodium deficiency results in reduced feed intake, poor growth, 

decreased milk production, pica, dehydration, and impaired reproductive performance. 

3.5 Potassium (K) 

Potassium is the major intracellular cation and is widely distributed in muscles, soft tissues, and 

intracellular fluids. It is required for maintaining intracellular osmotic pressure, cellular integrity, acid–

base balance, and membrane potential. 

Potassium activates numerous enzymes involved in carbohydrate metabolism and protein synthesis. It 

also supports normal neuromuscular activity, cardiac function, and muscle contraction. Adequate 

potassium nutrition helps maintain feed intake during periods of heat stress by improving water 

metabolism and electrolyte balance. 

Most fresh forages contain sufficient potassium; however, excessive dietary potassium may interfere 

with magnesium and calcium absorption, increasing the risk of hypomagnesemia and milk fever during 

the transition period. Therefore, careful regulation of dietary potassium is particularly important in 

prepartum dairy cows. 
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3.6 Chloride (Cl) 

Chloride is the principal extracellular anion and functions in close association with sodium and 

potassium to maintain osmotic pressure, electrolyte balance, and acid–base homeostasis. It is an essential 

constituent of hydrochloric acid secreted by the abomasum, facilitating protein digestion and activation 

of digestive enzymes. 

Chloride participates in carbon dioxide transport within erythrocytes through the chloride shift 

mechanism and contributes to maintaining cellular electrical neutrality. Adequate chloride intake is also 

necessary for proper hydration and metabolic regulation. 

During lactation, chloride is secreted in milk, increasing dietary requirements. Chloride deficiency may 

lead to reduced appetite, poor digestion, metabolic alkalosis, decreased growth, and lower milk 

production. 

3.7 Sulfur (S) 

Sulfur is an essential constituent of the sulfur-containing amino acids methionine and cysteine, which 

are fundamental for protein synthesis and tissue development. It is also present in vitamins such as 

thiamine and biotin, as well as numerous coenzymes involved in cellular metabolism. 

In ruminants, sulfur assumes particular importance because rumen microorganisms utilize sulfur to 

synthesize sulfur-containing amino acids and microbial protein from non-protein nitrogen sources. 

Adequate sulfur nutrition therefore enhances rumen fermentation, fiber digestion, microbial growth, and 

feed efficiency. 

Sulfur also contributes to keratin synthesis, promoting healthy hair, skin, and hoof development. 

Deficiency may impair microbial protein synthesis, reduce feed digestibility, decrease growth rate, and 

lower milk production. Conversely, excessive sulfur intake can interfere with copper absorption and may 

predispose animals to disorders such as polioencephalomalacia. Overall, sulfur plays an essential role in 

maintaining rumen function, protein metabolism, and structural tissue integrity in dairy animals. 

4. Dietary Requirements and Sources of Macro-Minerals 

Adequate dietary supply of macro-minerals is essential for maintaining health, productivity, 

reproduction, and metabolic homeostasis in dairy animals. The requirements for calcium (Ca), 

phosphorus (P), magnesium (Mg), sodium (Na), potassium (K), chloride (Cl), and sulfur (S) vary 

according to species, breed, age, body weight, physiological status, level of milk production, and 

environmental conditions. Nutrient requirements established by international organizations such as the 

National Academies of Sciences, Engineering, and Medicine (NASEM, formerly NRC) provide 

guidelines for formulating balanced rations that meet the mineral needs of dairy animals. However, 

regional differences in soil characteristics, forage mineral composition, climatic conditions, and 

management practices necessitate location-specific mineral supplementation strategies. 

Meeting the mineral requirements of dairy animals depends on the availability of high-quality forages, 

concentrate feeds, mineral supplements, and effective feeding management. Because both deficiencies 

and excesses of macro-minerals adversely affect animal performance, dietary mineral concentrations 

http://www.aijfr.com/


 

Advanced International Journal for Research (AIJFR) 

E-ISSN: 3048-7641   ●   Website: www.aijfr.com   ●   Email: editor@aijfr.com 

 

AIJFR26046694 Volume 7, Issue 4 (July-August 2026) 8 

 

should be carefully balanced to maximize bioavailability while minimizing antagonistic interactions 

among minerals. 

4.1 Nutrient Requirements During Different Physiological Stages 

The macro-mineral requirements of dairy animals are dynamic and change throughout the production 

cycle. Growing calves require adequate calcium and phosphorus to support rapid skeletal development 

and lean tissue growth. Magnesium, sodium, potassium, chloride, and sulfur are equally important for 

maintaining cellular metabolism, enzyme activity, muscle function, and rumen development. Inadequate 

mineral nutrition during early life can impair growth, delay sexual maturity, and reduce future 

productive performance. 

Pregnancy substantially increases mineral requirements, particularly during the final trimester when 

rapid fetal growth and skeletal mineralization occur. Calcium and phosphorus are deposited extensively 

in the fetal skeleton, while magnesium participates in enzyme systems and neuromuscular function. 

Sodium and potassium regulate maternal fluid balance and nutrient transport, whereas sulfur supports 

protein synthesis essential for fetal tissue development. Insufficient mineral intake during gestation may 

result in weak calves, retained placenta, dystocia, impaired immunity, and reduced reproductive 

efficiency. 

Lactation represents the period of greatest mineral demand because substantial quantities of calcium, 

phosphorus, sodium, potassium, chloride, and magnesium are secreted in milk. High-producing dairy 

cows are especially vulnerable to mineral imbalances during early lactation when nutrient demands often 

exceed dietary intake. Calcium homeostasis is challenged immediately after calving due to the sudden 

onset of milk production, predisposing animals to hypocalcemia (milk fever). Appropriate dietary 

management, including controlled calcium feeding during the dry period and dietary cation–anion 

difference (DCAD) strategies before calving, enhances calcium mobilization and reduces the incidence 

of metabolic disorders. 

The dry period provides an opportunity to replenish body mineral reserves and prepare animals for the 

next lactation. Proper mineral nutrition during this stage supports immune competence, mammary gland 

development, fetal growth, and successful transition into lactation. Nutritional management during the 

transition period has become a key component of modern dairy production systems to reduce metabolic 

diseases and improve subsequent productivity. 

Environmental conditions also influence mineral requirements. Heat stress increases losses of sodium, 

potassium, and chloride through sweat and urine, necessitating greater dietary electrolyte 

supplementation to maintain hydration, acid–base balance, and feed intake. Similarly, intensive 

production systems and high genetic merit animals often require more precise mineral nutrition than 

traditionally managed herds. 

4.2 Natural Feed Sources 

Forages and concentrate feeds constitute the primary sources of macro-minerals for dairy animals. 

However, the mineral composition of feed ingredients varies considerably depending on plant species, 

soil fertility, climatic conditions, fertilizer application, irrigation practices, harvesting methods, and stage 

of maturity. 
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Leguminous forages such as alfalfa and clover are generally rich sources of calcium, magnesium, and 

potassium, whereas cereal grains contain relatively higher concentrations of phosphorus but 

comparatively low levels of calcium. Green fodders usually supply adequate potassium because this 

mineral is highly mobile within plant tissues. Sodium concentrations in most forages, however, are 

relatively low, making common salt supplementation necessary in most feeding systems. 

Oilseed cakes contribute phosphorus and sulfur, while cereal by-products provide moderate quantities of 

phosphorus and potassium. Sulfur is naturally present in protein-rich feedstuffs because it forms part of 

sulfur-containing amino acids such as methionine and cysteine. Water can also contribute appreciable 

quantities of sodium, sulfur, chloride, calcium, and magnesium, particularly in regions where 

groundwater contains high mineral concentrations. 

The mineral content and bioavailability of feeds are influenced not only by total mineral concentration 

but also by interactions with dietary constituents. For example, phytate-bound phosphorus in cereal 

grains has limited availability in non-ruminants but is largely utilized by rumen microorganisms in 

cattle. Similarly, excessive dietary potassium may reduce magnesium absorption, while high sulfur or 

molybdenum concentrations can impair copper utilization. Therefore, feed analysis remains an important 

tool for assessing mineral adequacy and designing balanced feeding programs. 

4.3 Commercial Mineral Supplements 

Commercial mineral supplementation is widely adopted to compensate for deficiencies in natural feed 

resources and ensure balanced mineral nutrition throughout the production cycle. Mineral supplements 

are formulated to provide macro- and trace minerals in proportions appropriate for different classes of 

dairy animals, including growing calves, pregnant heifers, dry cows, and lactating cows. 

Macro-mineral supplements commonly contain calcium carbonate (limestone), dicalcium phosphate, 

monosodium phosphate, magnesium oxide, sodium chloride, potassium salts, and sulfur-containing 

compounds. These ingredients are selected based on their mineral concentration, bioavailability, 

palatability, cost, and compatibility with other dietary components. 

Mineral supplements may be offered as loose mineral mixtures, mineral blocks, lick blocks, fortified 

concentrate mixtures, total mixed rations (TMR), or incorporated into complete feed formulations. Area-

specific mineral mixtures have gained increasing importance because they are formulated according to 

regional deficiencies identified through soil, forage, and animal tissue analyses. Such targeted 

supplementation improves mineral utilization while reducing unnecessary supplementation and 

environmental mineral excretion. 

Recent advances in dairy nutrition emphasize precision mineral feeding, whereby mineral supply is 

adjusted according to physiological stage, production level, and individual animal requirements. 

Technologies such as computerized ration formulation, near-infrared spectroscopy (NIRS) for feed 

analysis, and precision livestock farming enable more accurate mineral supplementation, thereby 

improving production efficiency and minimizing nutrient wastage. 

Despite the availability of commercial supplements, excessive mineral supplementation should be 

avoided because oversupply can increase feed costs, reduce the bioavailability of other minerals through 

antagonistic interactions, and contribute to environmental contamination via manure. Therefore, mineral 

supplementation programs should be based on scientific recommendations, routine feed analysis, forage 

mineral evaluation, and periodic monitoring of animal health and production responses. 
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Balanced macro-mineral nutrition through appropriate dietary formulation and strategic supplementation 

remains one of the most effective approaches for improving milk production, reproductive performance, 

immune competence, metabolic health, and overall sustainability of dairy production systems. 

5. Role of Macro-Minerals in Dairy Animal Health 

Macro-minerals play a central role in maintaining the physiological integrity, metabolic efficiency, and 

productive performance of dairy animals. Beyond their structural functions, they regulate enzymatic 

systems, cellular metabolism, hormonal activity, immune responses, and homeostatic mechanisms 

essential for survival and productivity. The health status of dairy animals is therefore closely linked to 

the adequacy and balance of macro-mineral nutrition, particularly during high-demand physiological 

stages such as growth, late gestation, early lactation, and periods of environmental stress. 

5.1 Skeletal Growth and Bone Development 

Calcium and phosphorus are the primary structural components of the skeletal system, forming 

hydroxyapatite crystals that provide rigidity and strength to bones and teeth. Approximately 99% of 

body calcium and 80–85% of phosphorus are stored in the skeleton, serving as a dynamic reservoir for 

maintaining mineral homeostasis. Magnesium contributes to bone quality by influencing calcium and 

phosphorus metabolism and is incorporated into bone matrix in smaller proportions. 

During growth, adequate supply of these minerals is essential for proper skeletal formation, bone 

mineralization, and prevention of developmental disorders such as rickets and osteomalacia. Imbalances 

in calcium-to-phosphorus ratio can impair skeletal integrity and predispose animals to fractures, 

lameness, and poor structural conformation, ultimately affecting longevity and productivity. 

5.2 Milk Production and Milk Composition 

Milk synthesis requires substantial amounts of calcium, phosphorus, sodium, potassium, chloride, and 

magnesium. Calcium is a major constituent of milk casein micelles and is essential for milk secretion 

and stability. Phosphorus is involved in energy metabolism required for lactogenesis, while potassium 

and sodium regulate osmotic pressure and milk volume. 

The mineral composition of milk is directly influenced by dietary intake and metabolic status. 

Inadequate mineral supply can reduce milk yield, alter milk composition, and compromise processing 

quality. High-producing dairy cows are particularly susceptible to mineral depletion during early 

lactation due to the large transfer of minerals into milk. 

5.3 Reproductive Performance 

Macro-minerals significantly influence reproductive physiology through their roles in hormone 

synthesis, energy metabolism, and uterine function. Calcium is essential for uterine contractions during 

parturition and involution, while phosphorus is critical for energy transfer and ovarian activity. 

Magnesium supports hormonal signaling and neuromuscular coordination, and sodium and potassium 

regulate cellular function in reproductive tissues. 
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Mineral deficiencies can lead to delayed puberty, silent estrus, poor conception rates, embryonic 

mortality, retained placenta, and reduced fertility. Balanced mineral nutrition is therefore fundamental 

for optimizing reproductive efficiency in dairy herds. 

5.4 Immune Function and Disease Resistance 

Adequate macro-mineral status enhances immune competence by supporting leukocyte function, 

antibody production, and inflammatory responses. Calcium acts as an intracellular messenger in immune 

cells, while phosphorus and magnesium contribute to energy metabolism required for immune 

activation. Sodium and chloride maintain extracellular fluid balance, which is essential for efficient 

immune cell circulation. 

Mineral deficiencies weaken immune defenses, increasing susceptibility to infectious diseases such as 

mastitis, metritis, and respiratory infections. Proper mineral supplementation improves disease 

resistance, reduces morbidity, and enhances overall herd health. 

5.5 Enzyme Activation and Metabolism 

Many metabolic pathways depend on macro-minerals as enzyme cofactors or activators. Magnesium is a 

universal cofactor for ATP-dependent reactions, influencing carbohydrate, lipid, and protein 

metabolism. Phosphorus is integral to phosphorylation reactions and energy transfer processes. Calcium 

regulates numerous intracellular enzymes and signaling pathways. 

Sodium and potassium participate indirectly in metabolic regulation through maintenance of membrane 

potentials and transport mechanisms. Sulfur is essential for the synthesis of sulfur-containing amino 

acids and coenzymes involved in metabolic reactions. Collectively, these minerals ensure efficient 

nutrient utilization and metabolic stability. 

5.6 Rumen Microbial Activity and Feed Utilization 

In ruminants, macro-minerals play a vital role in supporting rumen microbial ecology and fermentation 

efficiency. Phosphorus is essential for microbial growth and nucleic acid synthesis, while sulfur is 

required for microbial protein synthesis from non-protein nitrogen sources. Sodium and potassium 

influence osmotic balance in the rumen environment, thereby affecting microbial activity. 

Deficiencies in these minerals can reduce fiber digestion, volatile fatty acid production, and microbial 

protein synthesis, leading to poor feed conversion efficiency and reduced productivity. Adequate mineral 

nutrition enhances rumen function and optimizes feed utilization. 

5.7 Acid–Base and Electrolyte Balance 

Sodium, potassium, and chloride are key electrolytes responsible for maintaining acid–base equilibrium 

and osmotic balance in body fluids. The dietary cation–anion difference (DCAD), determined primarily 

by the balance of these ions, plays a critical role in metabolic regulation, particularly in transition dairy 

cows. 
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An optimal DCAD improves calcium metabolism, reduces the incidence of metabolic disorders such as 

milk fever, and enhances feed intake and production performance. Disturbances in electrolyte balance 

can lead to metabolic alkalosis or acidosis, affecting overall physiological stability. 

5.8 Muscle and Nervous System Function 

Calcium, magnesium, sodium, and potassium are essential for normal neuromuscular function. Calcium 

regulates muscle contraction and neurotransmitter release, while magnesium promotes muscle relaxation 

and prevents hyperexcitability. Sodium and potassium maintain membrane potentials required for nerve 

impulse transmission and muscle contraction. 

Imbalances in these minerals can result in neuromuscular disorders such as hypocalcemic paresis (milk 

fever), grass tetany, muscle tremors, weakness, and in severe cases, sudden death. Proper mineral 

balance ensures coordinated muscular activity and normal nervous system function, which are essential 

for feeding behavior, locomotion, and overall animal welfare. 

6. Macro-Mineral Deficiency Disorders 

Deficiencies of macro-minerals in dairy animals result in a wide range of metabolic, physiological, and 

productive disorders. These conditions often develop gradually under field situations due to prolonged 

consumption of mineral-deficient forages, imbalanced rations, or antagonistic mineral interactions. 

Subclinical deficiencies are particularly important because they reduce productivity and reproductive 

efficiency without obvious clinical signs, leading to significant economic losses in dairy production 

systems. 

6.1 Calcium Deficiency (Milk Fever) 

Calcium deficiency, commonly known as milk fever or parturient paresis, is a metabolic disorder most 

frequently observed in high-producing dairy cows around calving. It is characterized by a sudden decline 

in blood calcium levels due to the abrupt onset of lactation and insufficient mobilization and absorption 

of calcium from dietary and skeletal sources. 

Clinically, affected animals exhibit muscle weakness, loss of appetite, cold extremities, reduced rumen 

motility, and recumbency. If untreated, it may progress to coma and death. Milk fever is primarily 

associated with the failure of calcium homeostasis mechanisms involving parathyroid hormone and 

vitamin D metabolism. Preventive strategies include controlled dietary calcium intake during the dry 

period, dietary cation–anion difference (DCAD) manipulation, and adequate magnesium 

supplementation to enhance calcium absorption. 

6.2 Phosphorus Deficiency 

Phosphorus deficiency is one of the most widespread mineral deficiencies in dairy cattle, particularly in 

tropical and subtropical regions. It is characterized by reduced feed intake, poor growth, reduced 

fertility, delayed puberty, and low milk production. 

Clinically, animals may exhibit pica (abnormal appetite), bone demineralization, lameness, and 

decreased reproductive performance. Chronic deficiency leads to osteomalacia in adults and rickets in 

growing animals. Phosphorus deficiency also impairs rumen microbial activity, reducing fiber digestion 
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and overall feed efficiency. Adequate supplementation through mineral mixtures and balanced 

concentrate feeding is essential for prevention. 

6.3 Magnesium Deficiency (Grass Tetany) 

Magnesium deficiency, also known as hypomagnesemia or grass tetany, is a serious metabolic disorder 

characterized by low blood magnesium levels. It commonly occurs in lactating cows grazing lush, 

rapidly growing pastures high in potassium and low in magnesium. 

Clinical signs include nervousness, muscle tremors, hyperexcitability, staggering, convulsions, and 

sudden death if untreated. Magnesium plays a crucial role in neuromuscular function and enzyme 

activation; however, body reserves are limited and cannot be mobilized efficiently during deficiency 

states. Prevention includes magnesium supplementation through mineral mixtures, magnesium oxide 

feeding, and management of pasture fertilization practices. 

6.4 Sodium and Chloride Deficiency 

Sodium and chloride deficiencies commonly occur due to inadequate salt intake, especially in animals 

fed low-salt diets or those experiencing excessive losses through sweat, urine, or milk. These 

electrolytes are essential for maintaining osmotic balance, acid–base homeostasis, and nerve function. 

Deficient animals exhibit reduced feed intake, weight loss, poor growth, decreased milk production, 

dehydration, and abnormal licking behavior (pica). Chronic deficiency adversely affects productivity 

and overall health. Provision of common salt (NaCl) through free-choice feeding or mineral mixtures is 

the most effective preventive strategy. 

6.5 Potassium Deficiency 

Potassium deficiency is relatively less common under normal feeding conditions because most forages 

contain adequate potassium. However, deficiency may occur in animals fed highly processed feeds, 

during prolonged starvation, or under conditions of excessive urinary loss. 

Clinical signs include muscle weakness, reduced feed intake, lethargy, decreased milk production, and 

impaired growth. Potassium is essential for maintaining intracellular osmotic pressure, neuromuscular 

function, and acid–base balance. Adequate forage feeding and electrolyte supplementation during heat 

stress conditions help prevent deficiency. 

6.6 Sulfur Deficiency 

Sulfur deficiency primarily affects rumen microbial activity and protein metabolism in dairy animals. It 

occurs in diets low in sulfur-containing amino acids or non-protein nitrogen utilization systems. 

Affected animals exhibit reduced feed intake, poor fiber digestion, decreased microbial protein 

synthesis, rough hair coat, and reduced growth and milk production. Since sulfur is a key component of 

methionine, cysteine, and several vitamins, its deficiency impairs multiple metabolic processes. 

Supplementation through sulfate salts, oilseed meals, and balanced protein sources is essential for 

maintaining rumen efficiency and productive performance. 
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7. Mineral Supplementation Strategies 

Effective mineral supplementation is essential for maintaining optimal health, productivity, and 

reproductive efficiency in dairy animals. Because natural feed resources often fail to provide a balanced 

supply of macro-minerals, strategic supplementation approaches are required to correct deficiencies, 

prevent metabolic disorders, and enhance nutrient utilization. Modern mineral nutrition strategies 

emphasize not only adequate intake but also bioavailability, balance among minerals, and stage-specific 

requirements. 

7.1 Free-Choice Mineral Feeding 

Free-choice mineral feeding involves offering mineral mixtures or salt-based supplements separately, 

allowing animals to consume them voluntarily according to their physiological needs. This method is 

widely used due to its simplicity and low management requirement. 

Common forms include loose mineral mixtures and mineral lick blocks containing calcium, phosphorus, 

magnesium, sodium, and trace elements. This system is particularly useful in extensive grazing systems 

where precise ration formulation is difficult. 

However, free-choice supplementation has limitations, including variable intake among animals, 

selective consumption, and potential under- or over-supplementation. Environmental factors such as heat 

stress, palatability, and feed availability may further influence mineral intake. Therefore, while 

convenient, this method is often insufficient as a sole supplementation strategy in high-producing dairy 

systems. 

7.2 Total Mixed Ration (TMR) 

The Total Mixed Ration (TMR) system involves blending forages, concentrates, and mineral 

supplements into a uniform diet, ensuring consistent nutrient intake with every bite. This system is 

widely adopted in intensive dairy production systems due to its ability to precisely meet nutritional 

requirements. 

Minerals are incorporated directly into the ration based on calculated dietary requirements, improving 

uniform intake and reducing selective feeding. TMR allows better control of macro-mineral balance, 

particularly calcium, phosphorus, magnesium, and electrolytes, which are critical during lactation and 

transition periods. 

The advantages of TMR include improved feed efficiency, enhanced rumen stability, reduced metabolic 

disorders, and higher milk production. However, accurate formulation and regular feed analysis are 

essential to avoid mineral imbalances or excess supplementation. 

7.3 Area-Specific Mineral Mixtures 

Area-specific mineral mixtures are formulated based on regional soil, plant, water, and animal 

deficiency profiles. Since mineral composition of feeds varies significantly with geography, climate, and 

agronomic practices, generalized supplementation often fails to meet specific nutritional needs. 
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These customized mineral mixtures are designed after analyzing local feed resources and identifying 

prevalent deficiencies such as calcium, phosphorus, copper, cobalt, selenium, or zinc. In many tropical 

and subtropical regions, including parts of India, such targeted supplementation has proven highly 

effective in improving reproductive performance, milk yield, and disease resistance. 

The use of area-specific mineral mixtures ensures cost-effective supplementation, minimizes 

unnecessary mineral excretion, and enhances overall herd productivity. This approach is particularly 

important in smallholder dairy systems where feed quality is highly variable. 

7.4 Precision Mineral Nutrition 

Precision mineral nutrition represents an advanced approach that tailors mineral supply according to 

individual animal requirements, physiological stage, production level, and environmental conditions. It 

integrates feed analysis, animal monitoring, and nutritional modeling to optimize mineral intake and 

utilization. 

Modern technologies such as near-infrared spectroscopy (NIRS), computerized ration formulation, and 

precision livestock farming tools enable accurate assessment and delivery of mineral requirements. This 

approach also considers mineral interactions, bioavailability, and dietary cation–anion difference 

(DCAD) to prevent metabolic disorders such as milk fever and grass tetany. 

Precision supplementation improves feed efficiency, reduces environmental mineral excretion, and 

enhances sustainability in dairy production systems. It is particularly valuable in high-yielding dairy 

herds where small imbalances in mineral nutrition can significantly affect health and productivity. 

Overall, precision mineral nutrition represents the future of dairy feeding strategies, shifting from 

generalized supplementation toward individualized, data-driven nutritional management. 

8. Recent Advances in Macro-Mineral Nutrition 

Advances in animal nutrition and dairy science have significantly improved the understanding and 

utilization of macro-minerals in dairy animals. Traditional supplementation strategies are now being 

supplemented and, in some cases, replaced by more precise, efficient, and technology-driven 

approaches. These advancements aim to improve mineral bioavailability, optimize animal performance, 

reduce environmental losses, and support sustainable dairy production systems. 

8.1 Precision Feeding 

Precision feeding refers to the formulation and delivery of diets that closely match the specific nutrient 

requirements of individual animals or groups based on production stage, physiological status, and 

environmental conditions. In macro-mineral nutrition, precision feeding ensures optimal supply of 

calcium, phosphorus, magnesium, sodium, potassium, chloride, and sulfur without excess or deficiency. 

This approach utilizes advanced ration formulation models, feed analysis data, and real-time monitoring 

of animal performance. Precision feeding improves feed efficiency, reduces metabolic disorders such as 

milk fever and grass tetany, and minimizes mineral wastage in manure. It is particularly beneficial in 

high-producing dairy herds where small nutritional imbalances can have significant physiological and 

economic consequences. 
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8.2 Nano-Mineral Technology 

Nano-mineral technology involves the use of minerals engineered at the nanoscale to enhance 

absorption, bioavailability, and metabolic efficiency. Nano-sized mineral particles have a larger surface 

area, improved solubility, and better interaction with biological membranes compared to conventional 

mineral forms. 

In dairy animals, nano-minerals of calcium, phosphorus, zinc, and selenium have shown improved 

uptake and utilization at lower dietary inclusion levels. This reduces the risk of antagonistic interactions 

and environmental excretion. Although research on nano-macro-minerals is still emerging, early 

findings suggest potential benefits in improving growth, immunity, reproductive performance, and milk 

yield. 

However, concerns regarding safety, long-term effects, regulatory approval, and cost-effectiveness must 

be addressed before widespread adoption in commercial dairy systems. 

8.3 Organic vs. Inorganic Mineral Sources 

Mineral supplements are commonly available in inorganic forms (such as sulfates, oxides, chlorides, and 

carbonates) and organic forms (such as chelated or protein-bound minerals). Organic minerals are 

generally more bioavailable and less prone to interactions with dietary antagonists compared to 

inorganic sources. 

For macro-minerals, inorganic sources like calcium carbonate, dicalcium phosphate, magnesium oxide, 

and sodium chloride are widely used due to their affordability and effectiveness. However, organic 

mineral complexes may enhance absorption efficiency and reduce fecal excretion in certain production 

systems. 

Comparative studies suggest that organic mineral sources may improve metabolic stability, reproductive 

performance, and immune response, although results vary depending on diet composition and animal 

condition. Selection of mineral source should therefore be based on cost, availability, and production 

objectives. 

8.4 Precision Livestock Farming and Mineral Monitoring 

Precision livestock farming (PLF) integrates sensors, automation, data analytics, and artificial 

intelligence to monitor animal health and nutrition in real time. In the context of mineral nutrition, PLF 

enables early detection of imbalances through monitoring of feed intake, milk composition, body 

condition, rumen activity, and behavioral changes. 

Advanced technologies such as wearable sensors, automated milking systems, and milk mineral 

profiling allow indirect assessment of mineral status in dairy cows. These tools help identify subclinical 

deficiencies before clinical symptoms appear, enabling timely dietary adjustments. 

The integration of PLF with precision nutrition systems enhances decision-making, improves herd health 

management, and reduces economic losses due to metabolic disorders. Although still evolving, this 

approach represents a major step toward data-driven, sustainable dairy farming with optimized mineral 

nutrition. 
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9. Future Perspectives 

Macro-mineral nutrition in dairy animals has advanced significantly over the past few decades; however, 

several challenges and knowledge gaps still remain. Future research and application in this field will 

increasingly focus on improving mineral efficiency, animal health, productivity, and environmental 

sustainability through more precise and innovative nutritional strategies. 

One of the major future directions is the advancement of precision mineral nutrition, where mineral 

requirements are tailored to individual animals based on production level, physiological stage, genetic 

potential, and environmental stress. Integration of real-time monitoring systems, feed analysis 

technologies, and predictive nutrition models will allow more accurate formulation of mineral-balanced 

diets, reducing both deficiencies and excess supplementation. 

Another promising area is the development and wider application of novel mineral sources, including 

nano-minerals and advanced organic mineral complexes. These technologies have the potential to 

enhance bioavailability, reduce antagonistic interactions, and improve metabolic efficiency at lower 

inclusion levels. However, further long-term studies are required to establish their safety, optimal 

dosage, cost-effectiveness, and regulatory standards for routine use in dairy systems. 

The role of precision livestock farming (PLF) will continue to expand, enabling continuous monitoring 

of animal health indicators such as milk composition, behavior, rumen function, and metabolic status. 

Integration of artificial intelligence and machine learning with nutritional databases will improve early 

detection of subclinical mineral deficiencies and support timely dietary adjustments. 

Future research will also emphasize sustainable mineral nutrition, focusing on reducing mineral 

excretion into the environment while maintaining optimal animal performance. Over-supplementation of 

minerals such as phosphorus and sulfur contributes to environmental pollution; therefore, strategies that 

improve absorption efficiency and recycling of nutrients within livestock systems will be increasingly 

important. 

In addition, greater attention will be given to region-specific and climate-resilient mineral nutrition 

strategies, particularly in tropical and subtropical regions where mineral deficiencies are widespread 

due to soil and forage limitations. Area-specific mineral mixtures, combined with improved forage 

management and soil–plant–animal linkage studies, will play a critical role in addressing these 

deficiencies. 

Finally, future studies should focus on a better understanding of mineral interactions at the molecular 

and microbiome levels, particularly within the rumen ecosystem. Advances in rumen microbiology and 

omics technologies (metagenomics, metabolomics, and proteomics) are expected to provide new insights 

into how macro-minerals influence microbial populations, fermentation patterns, and nutrient utilization 

efficiency. 

Overall, the future of macro-mineral nutrition lies in integrating precision feeding, advanced 

technologies, and sustainable management practices to enhance dairy animal health, productivity, and 

environmental stewardship. 
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10. Conclusion 

Macro-minerals play a fundamental and indispensable role in maintaining the health, productivity, and 

reproductive efficiency of dairy animals. Calcium, phosphorus, magnesium, sodium, potassium, 

chloride, and sulfur are involved in a wide range of physiological and metabolic processes, including 

skeletal development, muscle and nerve function, enzyme activation, rumen fermentation, acid–base 

regulation, and milk synthesis. Adequate and balanced supply of these minerals is therefore essential for 

sustaining normal body functions and achieving optimal production performance. 

Deficiencies or imbalances of macro-minerals remain common in dairy production systems, particularly 

in tropical and subtropical regions, and are associated with significant economic losses due to reduced 

milk yield, poor reproductive performance, metabolic disorders, and increased disease susceptibility. 

These challenges are often aggravated by variations in soil, forage quality, feeding practices, and 

environmental conditions. 

Advances in mineral nutrition, including precision feeding, area-specific mineral mixtures, and emerging 

technologies such as nano-minerals and precision livestock farming, have improved the ability to 

manage mineral requirements more effectively. These approaches allow better matching of dietary 

supply with animal needs while minimizing wastage and environmental impact. 

In conclusion, sustainable dairy production depends strongly on an integrated and balanced macro-

mineral nutrition strategy. A better understanding of mineral functions, interactions, and requirements, 

combined with modern feeding and monitoring technologies, will be essential for improving animal 

health, enhancing productivity, and ensuring long-term profitability and environmental sustainability in 

dairy farming systems. 
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SUMMARIZATION OF MACRO MINERALS IN DAIRY RATION 

Mineral Functions 
Deficiency Symptoms 

and Associated Problems 

Food Sources for 

Dairy Cattle 

Calcium (Ca) Bone and teeth 

formation, blood 

clotting, muscle 

contraction, 12% in 

whole milk 

Rickets, slow growth and 

poor bone development, 

easily fractured bones, 

reduced milk yield 

Alfalfa and other 

legumes, ground 

limestone, dicalcium 

phosphate, steamed 

bone meal 

Phosphorus (P) Bone and teeth 

formation, involved 

in energy 

metabolism, part of 

DNA and RNA, .09 

percent in milk 

Fragile bones, poor 

growth, low blood 

phosphorus, depraved 

appetite, poor reproductive 

performance 

Phosphates, steamed 

bone meal, cereal 

grains, grain by-

products, oil seed 

meal 

Sodium (Na) Acid-base balance, 

muscle contraction, 

nerve transmission 

Craving for salt, reduced 

appetite, incoordination 

weakness, shivering 

Common salt and 

butter products 
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Magnesium 

(Mg) 

Enzyme activator, 

found in skeletal 

tissue and bone 

Irritability, tetany-

increased excitability 

Magnesium oxide, 

forages and mineral 

supplements 

Potassium (K) Maintenance of 

electrolyte balance, 

enzyme activator, 

muscle/nerve 

function 

Decrease in feed intake, 

loss of hair glossiness, 

lower blood potassium 

legume forages, 

potassium chloride, 

potassium sulfate 

Sulfur (S) Rumen microbial 

protein synthesis, 

found in cartilage, 

tendons and acids 

Slow growth, reduced milk 

production, reduced feed 

efficiency 

Elemental sulfur, 

sodium and potassium 

sulfates, legume 

forages 
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