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ABSTRACT

Secondary macronutrients are less commonly yiefdting than the primary macronutrients (N, P, and, et are

required by crops in relatively large amounts. 8ulfS), calcium (Ca), and magnesium (Mg) are cosrgd secondary
macronutrients because they are less commonly jYiigiting than the primary macronutrients (N, P, i), yet are

required by crops in relatively large amounts. 8Suif the fourth major nutrient and it is essentiai plant growth .1t is

essential for the formation of certain amino acipggteins, and oils; is a structural component aftpplasm. Calcium, a
structural component of plant cell walls, is mobuadant in plant leaves. It is involved in cell gtb, both at the plant
terminal and at the root tips, and apparently entesuptake of nitrate-N. Mg plays a critical rotenearly all parts of

plant metabolism and protein synthesis, and is ssemtial constituent of chlorophyll. Mg is lessuiegd by Plants than
Ca. Plant growth will take place normally untilig restricted by the supply of an essential nutriégndeficiency of any
essential nutrient cannot be corrected by the aoldibf other crop inputs. Excess of one plant feteiment may cause
deficiency of another. Excess of N causes K stamvah certain crops. Short supply of any nutriéeads to adverse
cellular metabolism, growth and development of aBuch plants bear abnormal symptoms termedsasivileficiency
symptoms. Toxic conditions such as excessive @dityamay prevent plant roots from growing or papls nutrients are
simply in low supply. Nutrients are essential foe imetabolism of crop plants hence growth and yésldvell as can be

considered as an important component in plant-disaateractions.
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INTRODUCTION

Soil is one of the factors of plant growth. Temratplants have the following demands on soil: evatir, nutrients, and
protection from toxins. Plants need adequate aitery and nutrients in their root zone for optimgimowth and yield (Foth
HD,1990).Crop production and productivity can bepioved by the combination of genotype, optimum esnental
condition and appropriate management practiceshwbém be generalized by the formula: Yield = G (dgpe) x E
(environment) x M (management). The genotype rdfetealthy seeds of high yielding verities; enmirent refers to the
soil's physical and chemical properties and climatthe particular location; and management retietthe farmers' ability

and skill in managing crops and the farming syst¢ihenew G.Selassie, 2015).

Soil fertility is a complex quality of soils thas iclosest to plant nutrient management. It is t@pmonent of

overall soil productivity that deals with its awable nutrient status, and its ability to providdriaumts out of its own
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reserves and through external applications for gnaluction. It combines several soil propertiel@gical, chemical
and physical), all of which affect directly or inectly nutrient dynamics and availability. Soiltiéty is a manageable soil
property and its management is of utmost importdoce®ptimizing crop nutrition on both a short-teand a long-term

basis to achieve sustainable crop production (Kamhid Osman, 2013).

Nutrient is one of the main factors of plant grovaihd productivity. Plants have some other demamdsodl
(such as water, oxygen, and warmth) as well. Ifsthie has the capacity to meet all these demangdaots satisfactorily,
it is a productive soil. A fertile soil is, thereéy not always productive. Soll fertility is diffamt from soil productivity. Soll
productivity is the ability of a soil to producedited yield of crops under optimum management. fdility is one of the

elements of soil productivity (Khan Towhid Osmaf@13).

Seventeen chemical elements such as C, H, O, 8l,R,Ca , Mg, Fe, Mn, Cu, Mo, B, Zn, Cl, and Nvhaso far
been recognized as essential. Plants cannot cantplet life cycles and accomplish normal physiaabfunctions in the
absence of these nutrients. Growth and yield gi€ere reduced by their deficiencies. sodium (Nigos (Si), vanadium
(V), iodine (1), and cobalt (Co), reckoned to benéficial for growth of certain plants and microorgams. These
inadequacies are met by the application of feeikzZ(Khan Towhid Osman,2013).

From the 17 essential elements carbon (C), hydrdgémnd oxygen (O) are the non-mineral nutrierdsause
they are derived from the air and water (Jones &€ Jadacobsen 2001). The remaining 14 mineral migrimclude six
macronutrients: nitrogen (N), phosphorus (P), mitas (K), calcium (Ca), magnesium (Mg), and Sulpfsi;, and eight
micronutrients: boron (B), chlorine (Cl), coppejCiron (Fe), manganese (Mn), molybdenum (Mo)keidNi) and zinc
(zn) (Brady NC and RR Weil, 2008). Other nutriethitat do not fall within the list of 17 essentia¢elents but are needed
in specific cases are referred to as beneficiahefdgs (Jones C and J Jacobsen (2001) Each of thients is needed in
different amounts and carries specific functionghiea plant. Depending on the amount that is aviglédr plant uptake,
these nutrients influence crop yields and qualtyme crop quality attributes influenced by the ieats include; sugar
and protein content, seed size, kernel size, folibr, flavour, vitamin levels and grain hardneBtuthenthal J, 2008).
Nutrients obtained from crops and crop products, égample nitrogen, sulphur, and phosphorus, aretitaents of
various types of proteins and protein enzymes, lwldre important for building plant tissues and \eatihg various

metabolic processes respectively (Soetan KO, Olai@eand OE Oewole, 2010).

Sulfur (S), calcium (Ca), and magnesium (Mg) arasttered secondary macronutrients because thelesse
commonly yield limiting than the primary macronetris (N, P, and K), yet are required by crops Iatiresly large
amounts. Although most soils in Montana and Wyomiogtain adequate secondary nutrients for crop ymtiwh, S

deficiencies are on thése both in the region and throughout the world (Rasen and Kresge, 1986).
OBJECTIVES

e The main objective of this paper is to review tbke of secondary macronutrients on crop production.
METHODOLOGY

e This review paper was taken from different literagj books, websites and scientific journals whihrelated to

the roles of secondary macro nutrients.

Impact Factor (JCC): 6.2242 NAAS Rating 2.08



The Impact of Secondary Macro Nutrientson Crop Production 31

RESULT AND DESSCUSION
Description of Secondary Macro Nutrients in Crop Poduction

Nutrients of Plant are either chemical elementgemerally compounds which are essential for grodéivelopment, and
better yield while also playing counter roles inezral activities and metabolism of plants (Vitdud®82; Alam 1999;
Subbarao et al. 2003; He and Yang 2007). Studlatetketo nutrient’s essentialities for plants wstated from sixteenth
and seventeenth centuries by renowned chemists Mamont, Boyle, Glauber, and Mayow (Street and Opik
1970).Secondary macronutrients are less commoelg Yimiting than the primary macronutrients (N,dhd K), yet are
required by crops in relatively large amounts. Aligh most soils in Montana and Wyoming contain adégjsecondary
nutrients for crop production, S deficiencies aretlee rise both in the region and throughout theldvfRasmussen and
Kresge, 1986).

The 19th century saw an emergence of agricultunahistry and witnessed the use of artificial featit for
improving the crop quality and yield. Furthermongth the progress of water and sand culture teaelesgappreciation of
elements which are essential for plants was alsmogiered, and the essentialities of nitrogen (Ndsphors (P), sulfur (S),
potassium (K), calcium (Ca), magnesium (Mg), armhi(Fe) for the plants were identified (Street appik 1970).
Through the systematic development of element&lare$), it has been shown that some plants comipleitelife cycle in
the presence of various elements; however, in #leence, plants were incapable. Therefore, Epi@ir2) has classified

elemental requirement in two ways, i.e., esseatid nonessential elements.
Role of Sulfur on Coproduction

Sulfur is the fourth major nutrient and it is egsdrfor plant growth .It is essential for the faation of certain amino acids,
proteins, and oils; is a structural component otgplasm; and is necessary for activation of cend@iamins and enzymes
(Havlin, et al ,2005).1t also used in the synthe$iamino acids required to manufacture proteingduired for production of
chlorophyll and utilization of phosphorus and otessential nutrients. Sulfur ranks equal to nitrofge optimizing crop yield
and quality. It increases the size and weight afrgcrops and enhances the efficiency of nitrogerpfotein manufacture.
Crops that have a high nitrogen requirement must baequate sulfur to optimize nitrogen utilizatiSualfur increases yield
and protein quality of forage and grain crops alait production and quality of fiber Sulphur (S)an important constituent
of a number of amino acids, the building blockguiteins, and vitamins that are vital to both @aantd animals. In plants, S
is required for photosynthesis, and is also closalgociated with nitrogen in many plant proces$asre is no soil test
available to accurately predict S deficiency inssorhe S content and the N to S (N:S) ratio imgaare useful guides to
assessing the likelihood of a response to S festdi The S content should be greater than 0.28tyimatter, and the N:S
ratio should be less than 15:1 (Stephen Alexaridsr 2016). Crops (M. Ray Tucker, 1999)

Role of Calcium on Coproduction

The main important role Ca is for cell elongatiom anaintaining membrane of Ca in soil solution barten times larger
than K and plants require much less Ca, so defi@srare rare. Mass flow supplies adequate Caatut pbots, except in
low Ca soils, where diffusion becomes an imporfantess. Ca is usually the dominant base cati@xd¢hange reactions,
accounting for more than 70% of base saturatioseBmturation represents the percentage of thedCEtpied by base
cations (Ca, Mg, K, and Na) and generally increag#és pH. Exchangeable Ca exists in equilibriumhattte soil solution,

replenishing soluble Ca losses by plant uptakeacHing(Nathan Korh et.al2002)
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Calcium, a structural component of plant cell wallsmost abundant in plant leaves. It is involugdell growth,
both at the plant terminal and at the root tips] apparently enhances uptake of nitrate-N. Caldmmot translocated
within the plant, so an adequate supply throughloeitseason is important for sustained terminalrant growth. Cotton

roots will not grow into a soil area unless it lagequate Ca (Hodges,S.C.(n.d).

Calcium is an essential nutrient that has variedttions within plants. and is absorbed by plantthasCa” ion.
Inside the plant it performs several functions: Mains strength of cell wallsand reduces lodginggiRates uptake of
other elements, Regulates cell sap pH and newgabzids produced by plants and Essential forigct¥ Rhizobium.
Calcium is the predominant positively charged iGa{) on soil particles because it is held more tightign magnesium
(Mg™) and potassium (K. Also, the soil parent material usually contaimsich more calcium than magnesium or

potassium (Havlinet al,2005).

Calcium (Ca) is one of the Second macronutrienerggsd for all plants. The ability of a soil to fuip this
element is intimately tied to soil acidity becagsdcium is the main nonacid cation that reducemadum saturation and
is a major constituent of most liming materialsdise raise soil pH. The calcium status of soils &dasajor influence on
the species composition and productivity of terialsecosystems. For animals, the calcium contétit@plants they eat is
important because calcium is a major componentasieb and teeth and plays important roles in marygiplogical
processes. Before the application of calcium tiamséd the region into the thriving center of So@itherica's agricultural
economy, the acid soils of the Brazilian Cerradgiae were so infertile that the area was consideredasteland. The
soils were so low in calcium that ranchers tryiaggtaze herds on the Cerrado vegetation would dattée from broken
bones due to calcium deficiency. It has even bemyested that the relatively higher calcium statusoils in Africa
compared to those in South America may accountheroccurrence of such large herbivores as elephaabras, and

giraffes in semiarid savannas in Africa but noSwuth America (Brady and Weil, 2017).

Calcium has a role on cell walls and is involvedpmoduction of new growing points and root tipspiovides
elasticity and expansion of cell walls, which kegpswing points from becoming rigid and brittle.istimmobile within
plants and remains in the older tissue throughbetdgrowing season. It acts as a base for neutrgliarganic acids
generated during the growing process and aids ribobgdrate translocation and nitrogen absorptiodeéd, calcium
might be considered the bricks in plant assemblihout which cell manufacture and development wauwd occur (M.
Ray Tucker, 1999).

Role of Magnesium on Coproduction

Magnesium is a positively charged cation (N)gand as such is held on the surface of clay agdroc matter particles.
Magnesium is immobile in soils since it is held $gil exchange sites. acid soils often contain inadat low levels of
magnesium, especially sands. Neutral soils or thdtea high pH usually contain in excess of 10084 of exchangeable

magnesium (Havlinet al,2005).

Mg plays a critical role in nearly all parts of ptanetabolism and protein synthesis, and is améateonstituent
of chlorophyll. Mg is less required by Plants tt@a, but deficiencies are more common because lgssxidts in the soil
solution. Mineral forms of Mg are relatively resist to weathering and represent a large fractiaotaf soil Mg. Mineral
forms of Mg include biotite, horneblende, olive®lomite, and most 2:1 clay mineral. Soluble Mg edso precipitate
out of solution as MgC®or MgSQy, frequently along with CaC®in the sub-surfacéNathan Korb et.al.,2002).Md*ion
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is the available form of Magnesium to absorb bynfdaMagnesium and nitrogen are the only soil eats that a=re a part

of chlorophyll and is also involved in phosphorustaiolism and several plant enzyme systems (Haatlial,,2005).

About 15-20% of the plant Mg is contained in chigingll, without which the plant could not capturesegy from
the sun for growth and development. Magnesium ajgeears to activate a number of enzymes and playle & protein
synthesis and phosphorus reactions. Oil seed trayps much higher seed Mg than cereal seed, witlahigS apparently
influencing oil formation within the seed (Hodg&sC.(Nd).

Plants generally take up Mg in amounts (0.15-0.96%ry matter) similar to or somewhat smaller thiey do
Ca. About one-fifth of the magnesium in plant tesssi found as the central component of the chloythpholecule and so
is intimately involved with photosynthesis in plantiagnesium also plays critical roles in the sgaif of oils and
proteins and in the activation of enzymes involireénergy metabolism. The Mgion forms a bridge connecting ATP
molecules (which provide energy for cellular reawt) to the enzymes that catalyze numerous physaalbprocesses

involving phosphorylation (Brady and Weil, 2017).

Magnesium used as constituent of the chlorophylemde, which is the driving force of photosyntlsedti is also
essential for the metabolism of carbohydrates (®)gt is an enzyme activator in the synthesiaufleic acids (DNA and
RNA). It regulates uptake of the other essentiafrngints, serves as a carrier of phosphate compaolrasghout the plant,
facilitates the translocation of carbohydrates éssigand starches), and enhances the productionilofand fats.
Magnesium deficiency is most prevalent on sandgtabglain soils where the native magnesium corigeltw (M. Ray
Tucker, 1999).

SECONDARY MACRO NUTRIENTS IN SOIL AND PLANT

The concentration of the essential elements intplenexpressed on a dry-matter basis as eith@epeor grams per

kilogram (g/kg) for the major elements, and eitbarts per million (ppm) or milligrams per kilogrgimg/kg).

Table 1: Principles of Plant Analysis (Robert D. Munson, 1998)

Major Element % g/kg | Cmol (p)/kg | Cmol/kg
Phosphorus (P) 0.32 3.2 - 10
Potassium (K) 1.95 19.1 50 50
Calcium (Ca) 2.00] 20.0 25 50
Magnesium (Mg) 0.48 4.8 10 20
Sulfur (S) 0.32| 3.2 - 10

Minimum Soil Caution Requirement

Table 2: Table Handbook for Integrated Soil Fertilty Management (2012)

Nutrients Amount in Cmol ¢ kg™
Exchangeable Calcium <5
Exchangeable Magnesium <0.2
Exchangeable Potasium <0.2

Availability and Uptake Forms of Secondary Macro Nurient for Plants

Plant growth will take place normally until it igstricted by the supply of an essential nutrientdeficiency of any
essential nutrient cannot be corrected by the imddf other crop inputs. This forms the basis @fhig’s “Law of the
Minimum?”, which says that the level of crop prodoatis limited by the nutrient in shortest suppl§rop yield is

determined by the supply of individual nutrientitiee to their required levels for optimal yielBrady and Weil,2017).
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The main source of plant-available Mg in most si@lthe pool of exchangeable Mg on the clay— huomumsplex
.As plants and leaching remove this Mg, the easithangeable pool is replenished by Mg weathed minerals (such
as dolomite, biotite, hornblende, and serpentitre)}some soils, replenishment also takes place faopool of slowly
available Mg in the structure of certain 2:1 clayariable amounts of Mg are made available by tteakdown of plant
residues and soil organic matter. In unpollutecests, research suggests that atmospheric deposiither than rock

weathering, may supply much of the magnesium ugddels (Brady and Weil, 2017).
Plant Uptake Mechanism of Secondary Macro Nutrient
Root Interception

Root interception is the uptake of nutrients bynplaots as they grow through the soil and incidiypttome into contact
with nutrients. Nutrient uptake by root interceptis directly related to the volume of the rootteys, which in most cases
is less than 1% of the total soil volume. Consetlyeroot interception makes a small contributiortdtal nutrient uptake
(Nathan Korb, et al 2002).

Mass Flow

In mass flow, dissolved nutrients move with watewards root surfaces where they are absorbed. Klassis a
significant mechanism for the uptake of some natsgsuch as nitrogen. Nutrient uptake by mass ftoveduced in dry

conditions and at lower temperatures because th@fdranspirational water uptake is reduced (Hatikorb, et al 2002)
Diffusion

Diffusion is the process by which nutrients spréadn areas of high concentration to areas of lowcemtration. When
roots absorb nutrients from soil solution the caoricion of nutrients surrounding the root dropsaAsesult, nutrients in
areas of higher concentration in soil solution migrtoward the root. Diffusion is an important megin crop uptake of P
and K (Nathan Korb, et al, 2002).

Cycle of Secondary Macro Nutrient
Sulfur Cycling

Sulfur undergoes numerous transformations in thie iswolving biological, chemical, and atmosphepoocesses. The
major forms of S only a small fraction of the to&ain the soil is readily available to crops. Thajon processes governing
S availability in the soil are plant uptake, midation, immobilization, Exchange, volatilizatioptecipitation, oxidation,
reduction, mineral weathering, and leaching .Saipprties such as water content, pH, temperataceaaration influence
these processes and consequently affect the anodudtavailable to satisfy crop requirements. Managet of S is
improved by an understanding of how these nutiigntes in the soil and under what conditions deficies are likely to
occur (Nathan Korb, et al 2002).

Sulfur occurs primarily in the sulfate (SO4-2) formthe soil. Elemental sulfur (S) may be used asuarce of
this nutrient, but it must first undergo a biolagioxidation process that is dependent upon thebEtgillus bacteria to
produce sulfate. This process is produces largauata®f acid, and occasionally elemental sulfursed to decrease soil
pH. Fertilizer materials containing sulfate do aoidify the soil, although pH may decline slightty a short period (salt
effect) (Hodges,S.C.(n.d).
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Sulfur cycles in the soil environment, much likerogen. Soil organic matter is an excellent sowtsulfur.
Plants take up sulfur as the sulfate (SO4) ion (idaet al, 2005.

Fao/r ocxmas

Figurell, Sulfuy Cyvole

Figure: 1
Calcium and Magnesium Cycling

Ca and Mgpccur in the soil as soluble ‘divalent’ (‘dou-charged’) cations (Caand Md?), on cation exchange sites, &
in mineral forms. The major processes in the Catiyigle are plant uptake, exchange, precipitatioratiering, anc
leaching. Ca/Mg dynamidsa the soil are quite similar to K. plants absdib soluble ionic form from soil solution, whi
is then replenished by exchangeable and minerdfi@al'he most notable difference between these enttdycles is th
absence of Ca/Mg clay fixatigiNathan Korb, et al 2002

Calcium and magnesium behave very much the santieeirsoil due to similar chemical properties. Both
divalent cations, and their ionic size is about saene. The mobility of both calcium and magnesismelatively low,
especiallycompared to anions or even other cations such dismoor potassium. Therefore, loss of these twiona
through leaching is relatively low, especially wregiplied in the form of lime. Where soils are digfit in Ca and lime i
not an alternative beaae of pH or insolubility, a more soluble sourcebsas gypsum (calcium sulfate) should be
(Hodges,S.C.(n.d).

Plant
uptake

Desorption lSnrptlnn

Figure? Calcium and Magnesium Cyvele

Figure 2
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Interaction of Secondary Macro Nutrients Other SoilCharacters

Excess of one plant food element may cause defigieh another. Excess of N causes K starvatioreiiatn crops like
potato, imbalance among each element, Excess alukes deficiency of Mn in tomato, Principles anddss of P causes
deficiency of Zn in most of the crops (SS Rana,130dteractions among plant nutrients can have idensble influence
on plant growth. The interplay of plant nutriergsbiest studied in factorial experiments that tashenutrient at three or
more rates. There can be both positive and negatitezactions in soil fertility studies. In additip there can be

circumstances where there is no interaction, vhighaction of factors being only additive (SS R&td,1).

Changes in soil pH will result in numerous intei@t$ where one ion or nutrient interferes with ompetes with
the uptake and utilization of other nutrients bamé. Positive interactions are in accordance Wwigbig's law of the
minimum. If two factors are limiting, or nearly saddition of one will have little effect on growtiwhereas provision of
both together will have a much greater influencesévere deficiencies of two or more nutrients felilizer responses
will result in strong positive interactions. Yieildcreases from an application of one nutrient @duce the concentration
of a second nutrient, but the higher yields resuljreater uptake of the second nutrient. This dl@ion effect, which
should be distinguished from an antagonistic effectaddition to interactions between two or motgrients, there are
numerous opportunities for other kinds of intemaesi: for example, nutrients and disease, nutrientscultural practice,
nutrients and crop species, nutrients and hybrigtasiety, nutrients and seeding date, nutrients @adt population or

spacing, and nutrients and environmental condit{@%Rana ,2011).
Factors of Nutrient Depletion and Loss of Secondarivacro Nutrients in Thesoll

Leaching is the physical removal of plant availaBleCa ,Mg and other cations by water moving thihotlge profile,
whereas volatilization represents a biological leeraical transformation and subsequent releaseiibShe atmosphere.

The areas with the highest risk for sulfate leagh@ine associated with high precipitation, irrigatamhditions, coarse

textured,shallow soils, and soils with low AEC. Irrigatioaliowing SOJ,'2 fertilizer application can move S(? through

a profile and eventually out of reach of plant efdtathan Korbet al,2002).

Sulfate leaching represents an economic loss, Becance the SO4-2 has left the soil system, itbidonger
available for crop uptake. In semiarid climatedfada often collects in the subsoil, as describadier, because there is
insufficient water to flush the anion below the ting zone of plants. Leaching losses are geneladly in high pH soils
because sulfate will precipitate with Ca or Mgshbuld be noted that in some soils, water movingargd through the soil
profile via capillary action late in the growingas®n can carry S towards the plant roots and theudace. In such
instances, excess Ca and Mg sulfate salts can atatenio harmful levels in the surface and limémgl growth. Careful
water management, especially in irrigated cropgiygiems can prevent many of the problems associatedeaching of
S or the over- accumulation of S sg&athan Korbet al,2002).

Volatilization of sulfur compounds represents atigely small loss in most agricultural soils. Gelly, the
amount of S volatilized from the soil is less tHafA5% of total S in the soil, and from live platite release is between
0.03% and 6% of total S in the plant (Havlin et d1999). Most volatilization in the soil occurs thg biological
decomposition of organic residues. Biological \vitilwtion can occur under both aerobic and anaerobnditions, but is
less significant in well-drained, well-aerated sdiTisdale et al., 1986). Probably the most sigaiit volatile loss of S

occurs when agricultural areas are subject to fikithough sulfate concentrations may increase duecttemical
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mineralization (burning) of organic S, burning dysass has resulted in losses of 75% of total Sempetative(Nathan
Korb, et al,2002).

Coarse-textured soils in humid regions exhibit gneatest potential for Mg deficiency. These soitsnmally
contain small amounts of total and exchangeablé"Mgpils are probably deficient when they contassléhan 25 to 50
ppm exchangeable M(SS Rana. 2011). Mg occurs predominantly as exggatiie and solution M§ The absorption of
Mg by plants depends on the amount of solutiorf M§oil pH, the %Mg saturation on the CEC, the qiamtf other
exchangeable ions and the type of clay. Reducedupgke in many strongly acid soils is caused byhHayels of
exchangeable Al Al saturation of 65 to 70% is often associatechigh H'. Al saturation of 65 to 70% is often associated
with Mg deficiency (SS Rana. 2011).

Deficiency Symptom of Secondary Macro Nutrients Omplants

Short supply of any nutrient leads to adverse tzllmetabolism, growth and development of plantehSplants bear
abnormal symptoms termed as visual deficiency sympt The deficiency can be corrected or prevenyeslipplying that
nutrient. Visual nutrient deficiency symptoms candaused by many other plant stress factors; trere€aution should
be exercised when diagnosing deficiency symptonte fllowing terms are commonly used to describeelke of

nutrients in plants:
Deficient

When the concentration of an essential elemertvisdnough to limit yield severely and distinct defnt symptoms are
visible. Extreme deficiency can result in plant tie&Vith moderate or slight deficiency symptoms waggble, but yields
will still be reduced (Havlingt al, 2005).

Critical Range

The nutrient concentration in the plant below, viah& yield response to added nutrient occurs @fitevels or ranges
vary among plants and nutrients, but occurs somewhe the transition between nutrient deficiencyd aufficiency
(Havlin, et al, 2005).

Sufficient

The nutrient concentration range in which addedienit will not increase yield but can increase ieulr concentration.
The term luxury consumption is often used to déscmutrient absorption by the plant that does néuénce yield
(Havlin, et al, 2005).

Excessive or Toxic

When the concentration of essential or other eleénsehigh enough to reduce plant growth and yi€lkcessive nutrient

concentration can cause an imbalance in other gslseatrients, which also can reduce yield (Hawinal, 2005).
General Nutrient Deficiency Symptom of Plants

Sometimes the soil chemistry is such that theisailot able to supply sufficient nutrients to tHarp. Toxic conditions
such as excessive soil acidity may prevent plaotsrérom growing or perhaps nutrients are simpljoiw supply. When
these conditions are severe enough, plants wiibéxtutrient deficiency symptoms. The symptomsresged by the plant

are often used t somewhat subjectively diagnosa platrient problems. Some common symptoms showpldnts are:
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Choruses Yellowing, either uniform or interregrafl plant tissue due to a reduction of the chlordiptoymation

processes

Necrosis the death or dying of plant tissue It llguzegins on the tips and edges of older leavesadso may be

caused by drought, herbicides, disease, foliariegapn of fertilizer or animals marking territorilaoundaries.
Rosetting A cluster of leaves crowded and arisingnfa crown, resulting from a lack of new termigedwth.

Anthocyanin (pigment) accumulation This resultsthie appearance of reddish, purple or brownish atmm.

The pigment anthocyanin forms due to sugar accuioala

Stunting or reduced growth, with either normal arkdgreen coloring or yellowing The symptom locatan the
plant depends on how well the nutrient moves frddeioplant tissues to younger developing partsribioits that can be
moved readily by the plant (mobile nutrients) tougger developing tissue are nitrogen, phosphoragspium and

magnesium. Deficiency symptoms for these nutriargsusually first expressed in the older leavegytHBavoy,Nd).
Sulfur
Deficiency Symptoms

S deficiency is a paleness of the younger foliagavéver, often all of the foliage has a pale greslorc Leaf yellowing is
also caused by nitrogen deficiency, but in nitrodeficiency, older leaves are yellowed first. In samases, the leaf veins
may be lighter in color than the surrounding tisssi@lfur deficiency symptoms in canola include pseed development.
Sulfur deficiency delays maturity and produces neapods on green stems, with poor seed developménnwhe pod
(Khan Towhid Osman, 2013).

Sulfur deficiency is characterized by stunted ghgwielayed maturity, and general yellowing of ptantellowed
plants are also characteristic of nitrogen deficyetHowever, unlike nitrogen deficiency which begin the older leaves
and progresses up the plant, sulfur deficiency sgmp begin in the young, upper leaves first. Sulleficiencies are often

misdiagnosed as nitrogen problems, leaving groteeveonder why their nitrogen applications are ieefive. In

Many crops, an acute sulfur deficiency causes tiieeeplant to turn yellow. In crops like corn asihall grains,
however, yellow stripes that run parallel to thaflblade are common. Sulfur deficiency is most diergly observed on

very sandy soils with allow organic matter contéuting seasons of excessive rainfall (M. Ray Tuckeg9).
Excess Sulfur

Sulfur toxicity rarely occurs. Excess sulfate-S 4¥©an reduce the uptake of some anions such aeniNO3) and

molybdate (MoQ4) (Khan Towhid Osman, 2013alcium DeficiencySymptoms

Figure 3 shows Calcium is not a common limiting rimt. However, there are several defects that lwan
associated with low levels of Ca, including poootrdevelopment, leaf necrosis and curling. In erely acidic soils,
calcium deficiency may occur in some agronomic crdje new leaves become often chlorotic in cornnyauits and
vegetables demonstrate dramatic symptoms suchaak hkart in celery and broccoli, tip-burn in leguand cabbage,
white heart or hollow heart in cucurbits, blossomd eot in tomatoes. Tree fruit with low calcium Wéixhibit increased
storage problems such as bitter pit in apples, spdt in apples and pears, and cracking in chefiiiban Towhid Osman,
2013).
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Low Ca content in soil often causes acidity prolddrefore actual Ca nutrient deficiency becomessuei. Both

the role of Ca as a base cation and its frequenitroence withcarbonates (CQZ) and bicarbonates (HCObuffer soil at
high pH levels. Where acidity is a problem, limiggils with CaC@, CaO, or Ca(OH) is a common practicéNathan

Korb, et al,2002).

Calcium (Ca) deficiency symptoms appear in the sitem regions (new growth) of leaves, stems, budd, a
roots. Younger leaves are affected first and ateallys deformed. In extreme cases, the growing digs The leaves of
some plants hook downward and exhibit marginal egsr Roots on calcium-deficient plants are shod stubby. In
tomatoes and peppers, a black leathery appearanvetogs on the blossom end of the fruit (a disooddéled blossom- end
rot). In such cases, the fruit ceases to developeamntually falls off. In peanuts, low calcium sas "pops," a condition
that prevents nuts from developing. Plants musioltalcium from the soil. Soil reserves are rejgleed and maintained
with frequent applications of lime. Calcium cancatse supplied by applying fertilizers such as eattinitrate (19.4 %
Ca), calcium sulfate (22.5% Ca), and normal supesphate (20.4 % Ca). Calcium deficiency is gengill indication of
the need for lime. Soils that are properly limedl piovide adequate calcium for several years. dfops like peanuts that
require a high calcium concentration near the saoifface at pegging, a banded or broadcast applicatf gypsum
(CaS04, 22.5 % Ca) will supply adequate calcium rformal crop production. For certain specialty s;op foliar
application of calcium nitrate is effective in cecting a deficiency (Khan Towhid Osman, 2013)*'Gaiusually the most
abundant of the non acid cations in soils, for npahts deficiencies of calcium are quite rare,eptdn very acid soils.
When calcium deficiency does occur, it is usuabgariated with growing points (meristems) such @dsp unfolding
leaves, fruits, and root tips. Foliar symptoms atimm deficiency are not commonly seen. Howeuagytmay occur in
extremely acid soils where plants are likely tooadsiffer from aluminum toxicity and other problenunder calcium
deficiency, the root system is often shorter andsde than normal. Under such conditions, calciueficéént roots
become severely stunted and gelatinous. Theseeffaats can cause sensitive forest trees to lcmeches and eventually
die. In very acid soils, Ca deficiency is often @mpanied by Al or Mn toxicity, and the related et on plants are
difficult to tell apart (Brady and Weil, 2017).

Certain plants show Ca deficiency, even when tliepsbis adequately maintained by liming. Such dieincies
are often related to the transport of Ca within pient. Blossom-end rot is an exceptionally distezang example.
Imagine a gardener about to pick a delicious- appgaipe tomato—only to find that the bottom (ldosn-end) of the
fruit is a soft, black, rotten mass. This disoré=mpecially common in melons and tomatoes, is chlbgénadequate Ca for
the cell walls of the expanding fruit. It is usyadissociated with unevenness in the water supplyititerrupts the flow of
Ca (Brady and Weil, 2017).
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Figure? Sulfur Deficiency symptom
Figure: 3

Figure4. Calcium defikiency symptom
Figure: 4

Excess Calcium

Calcium has little toxic effects on plants. Mosttloé problems caused by excess soil Ca are thit oeésecondary effec
of high soil pH. Excess Ca may cause reduced umth&ther nutrients such as P,Mg, B, Cu, Fe, and Zn (Khan Towh
Osman, 2013).

Magnesium Deficiency Symptoms

Interveinal chlorosis of the older leaves is thesslc symptom of Mg diciency in plants. In the beginning, a pale gr
color appears, becoming more pronounced in ther deaves. In some plants, the leaves will curl upvaard may alsi
turn redbrown to purple in color. Chlorotic spots betweeaflveins, necrosis (dead spots), and red discaaraf stems
occur during prolonged periods offidency. Magnesium deficiency ty be confused with zinc or chlorineficiencies,
viruses, or natural aging since all have similamgioms (Khan Towhid Osman, 201 Magnesium deficiency is ma
prevalent on sandiextured soils, which are subject to leaching, ipakdrly during seasol of excess rainfall. The
predominant symptom is interveinal chlorosis (dgr&en veins with yellow areas between the veins) Rely Tucker
1999).
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When deficient, Mg is transferred in the plant frofder to new tissue. As a result, deficiency sy ocur first
in older leaves. Tissue between the veins becoigbs dreen to whitish in color. In corn and othereals this leads -
striping between veins that may be intermittenhertthan continuous. With severe deficiencies, lpugoloration ma
follow. Cotton leaves turn purplish between the gresins (Havlin, et al ,200¢ The bottom leaves are always affected f
As the deficiency becomes more acute, the sympimogress up the plant. Chlorotic leaves generaity ted and the
develop spded necrotic areas. Crops that commonly exhibit maaiym deficiency include tobacco, corn, small rgg;
forages, and vegetable crops. On grain crops likallsgrains and corn, magnesi- deficient leaves have light green
yellow stripes that run patal with the blade. In severe cases, the entirétlgas yellow. Magnesium deficiency is t
common cause of “grass tetang’ruminant animals. On tobacco, deficiency symmdiragin on the tips of the lower lear

and progress across the entire leahdute situations, the entire plant becomes chiz(Nathan Korbet al, 2002).

The deficiency of Mg is much more common than taCa, at least when the soil pH is at an approp
level. The most common symptom of Mg deficiencyinterveinalchlorosis on the older leaves, which appears
mottled green and yellow coloring in dicots andrgpsg in monocots. Because Mg (unlike Ca) is liBattanslocatec
in most plants from the older to the younger, -growing leaves, the oldest leave® dhe first to be affected by lo
Mg supplies. Common on very sandy soils with lowiara exchange capacity (CEC), these symptoms amesmes
termed sand drown as they appear somewhat likee tbagsed by oxygen starvation in a waterlogged(8vddy «d
Weil, 2017).

Deficiency symptoms generally appear after toppitngn the plant is growing most rapidly. The sympzaane
commonly referred to as “sand drown” since theyuocoost frequently on very sandy soils during pasiof excessiv
rainfall. Magresium deficiency occurs if soil pH is low or if grtalcitic lime has been applied. Depending onstiage o
growth and crop, magnesium deficiency can be ctedety soil application of lime or fertilizer. Hower, once ¢
deficiency symptom has appearedthing can be done to correct the affected keafpplication of a soluble magnesit
fertilizer may prevent upper leaves from developsygnptoms. Foliar applications of magnesium areatfie in
emergency situations where immediate responsegisred to salvage a crop. Usually, magnesium is appbiethe soil
through use of commercial fertilizers or dolomifime. Dolomitic lime sold in N.C. must contain ammum of 6% Mg.

However, some quarries guarantee as much as 99%/MBdy Tucker,1999

Figures5, bcﬁci:ncy symptom Magnesnun

Figure: 5
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Excess Magnesium

Magnesium toxicity is not generally seen. Cropswgroon heavy montmorillonite clay soils that havestepoorly
fertilized with potassium may exhibit excesses afymesium in their tissue. Higher tissue levels afnesium are usually

found in the older leaves. High Mg levels may ingllcdeficiency (Khan Towhid Osman, 2013).
FERTILIZER SOURCE MANAGEMENT OF SECONDARY MACRO NUT RIENTS IN THE SOIL

Soil Specific Nutrient Management As not all s@ite created equal it is appropriate that nutripplieations need to be
tailored to the particular soil type in order tohiwe the correct nutrient balance required for ghewing crop. To
implement soil fertility advice for individual soiypes at farm level Knowledge of the soils presemequired (Stephen
Alexander etal, 2016).

Three Global Trends are Responsible for Increasin@eficiencies

e The shift in modern fertilizers to more concentdateigher-analysis forms containing little to ngeShistorical by

product of the manufacturing process);
*  The reduction of sulfur dioxide emissions from bngicoal and oil, which decreases atmospheric Siads;

» The steady increase in crop S uptake and remowatalhigh-yielding varieties and more productivenagement
Effective management of secondary nutrients requéne understanding of the processes that deterthaie
availability to crops and the methods to managés seith inadequate secondary nutrient levels. Bseds is a
greater concern for most producers in Montana agorifihg than Ca and Mg, it will be discussed firatlan
greater detail in this module (Nathan Korb, etd)20

e The main sources of sulfate in the soil are sutfomtaining minerals and organic matter. Gypsum @d4&S
-2H 2 O) is a very common secondary mineral soofcgulfur in soils developed from sedimentary paren
materials. It is also abundant in soils of the aidl semiarid regions. Pyrite (FeS 2 ) is anothgyartant
sulfur-containing mineral associated with shale @odl and in hydromorphic soils of the coastal oegi
receiving ample sulfate with sea salts and pleritpartially decomposed organic matter for reductadn
sulfate. These are acid sulfate or potentially asitfate soils. In waterlogged soils, sulfate idueed to
elemental sulfur (S), H 2S , or FeS 2. Upon draénaf the soil, these compounds are again oxidiped t
sulfuric acids and sulfate salts. Sulfur compountss, participate in redox reactions in soil (Kheowhid
Osman, 2013).

* most sulfur, 60-90%, in soils comes from organidterawhich upon mineralization releases availahlate
slowly. Sulfur is, therefore, concentrated in tbpdoil or plow layer. Sulfate mineralization is ichpn warm and
well-drained soils. Sulfate can be leached, butréite of leaching is slower than nitrate. Someagelis held by
clay colloids (Khan Towhid Osman, 2013).

Fertilizer Source of Sulfur

Liquid and dry sulfur-containing fertilizer matelsaare plentiful. In fact, more sulfur- containifigrtilizer materials are

available to the industry than any other majoremmomidary plant nutrient.
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Ammonium Sulfate (21-0-0-24S) is one of the oldsstirces of ammoniacal nitrogen, manufactured ag-a b
product of the coking of coal from the steel industAmmonium sulfate is also manufactured as a agpct from
metallurgical and chemical operations. Nearly amerth of world production comes from caprolactamrmuofacture, a raw
material for the production of synthetic fibers.réé to four pounds of by-product ammonium sulfag=farmed for each
pound of caprolactam produced. Ammonium sulfateacts for 4 million tons of plant nutrient sulfuroidwide. This
product can be blended with most other dry fedilizor can be made into a liquid. Ammonium sulfate good source of
both nitrogen and sulfur, has low hygroscopicityd @& chemically stable. Its use may be undesirablacidic soils, due
to the acid-forming potential (Havliet al,2005).

Ammonium Thiosulfate. (12-0-0-26 &) a clear liquid material with no appreciable vapessure containing 12
percent nitrogen and 26 percent sulfur. Ammoniurosthifate is the most popular sulfur-containingdarct used in the
fluid fertilizer industry. When ammonium thiosuléais applied to the soil, it decomposes to fornoidél elemental sulfur
and ammonium sulfate. Ammonium thiosulfate shoutd e used in starter fertilizers placed in direeed contact,

because of toxicity to seed (Havlin, et al ,2005).

Potassium Magnesium Sulfate (0-0-22S-11Mg) is sivnest referred to as K-Mag, is marketed as a dryerizt
that is 22 percent K20, 22 percent sulfur, and drtgnt Mg. It is used in mixed fertilizers or soimets applied alone to

supply sulfur and magnesium on soils deficienhigst two elements (Havlin, et al ,2005).

Elemental Sulfur (typically 90 to 95% S) is marlkktey several manufacturers. These products ardly€
percent or higher sulfur content with a small antoofhbinding material and/or bentonite clay to faate blending,
application and soil reaction. Concern exists alawailability of elemental sulfur during the yedrapplication. Before it
becomes available for plant uptake, elemental sufiust first be oxidized by soil microorganismsstdfate-S and this can

be a slow process when surface applied (Havlial ¢2005).

Gypsum (analysis varies) is calcium sulfate antbimmonly available in a hydrated form containingélj@ercent
sulfur. This material is generally applied in a fioym and is available in a granulated form that ba blended with other

materials (Havlin, et al ,2005).

Potassium Sulfate (0-0-50-17S) is usually applied dry granular form, is often referred to asatelfof potash.
It contains 50 to 52 percent K20 and 17 to 18 persalfur. Potassium sulfate is used as a K anigirssburce in potato
and tobacco production since these crops are sengitlarge applications of chloride. Potassiurtfage is not commonly

available in the marketplace (Havlin, et al, 2005).
Fertilizer Source of Magnesium

Dolomitic lime is an economical source of Mg forichsoils. Potassium-magnesium sulfate (K- Mag, 1% is an

excellent source of magnesium that also supplifsrsand potassium. It is also the most commorilieet source used in
Kansas and the Great Plains. Other magnesium odargéiertilizers include magnesium sulfate (epsait, 40% Mg) and
magnesium oxysulfate (variable analysis).Sulfatenfo of magnesium are more soluble than dolomiticeliand are

preferred on soils where an immediate crop respisnaepected (Havlin, et al , 2005).
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Fertilizer Source of Calcium

Limestone used to correct soul acidity is the pmeidant source of applied calcium. The amount oticah added in
limestone plus the relatively large amounts of exgjeable calcium in the soil far exceeds the 50{b8@& of calcium
commonly removed by crops (Havliet, al, 2003.

Table 4: Generally Average Percentage of Chemical Content dflajor Sources of Calciunr
Magnesium, and Sulfur

Calcium

Material Calcium Magnesium Sulfur Other
Calcitic lime 31.7 3.4 0.1 0
Dolomitic lime 21.5 114 0.3 0
Gypsum 22.5 0.4 16.8 0
Basic slag 29.0 3.4 0.3 No longer a P

source
Magnesium

Material Calcium Magnesium Sulfur Other
Magnesium sulfate 2.2 10.5 14.0 0
Sulfate of potash 0 11.2 227 22 K20
magnesium
Magnesium oxide 0 55 0 0

Sulfur

Material Calcium Magnesium Sulfur Other
Ammonium sulfate 0.3 0 23.7 21 nitrogen
Potassium sulfate 0 1.2 17.6 50 K20
Gypsum 22.5 0.4 16.8 0
Magnesium sulfate 2.2 10.5 14.0 0
Zinc sulfate 0 0 17.8 36.4 zinc
Prilled sulfur 0 0 33-99 0

CONCLUSIONS

Secondary macronutrients play a very important imiglant growth and development, and thus infleeatevery stage of
plant life. Plant growth and development largelypel®d on the combination and concentration of minetdrients
available in the soil. Plants often face significahallenges in obtaining an adequate supply cfeéhwrutrients to meet the
demands of basic cellular processes due to thidtive immobility. A deficiency of any one of themay result in
decreased plant productivity and/or fertility. Syoms of nutrient deficiency may include stuntedvgig death of plant
tissue, or yellowing of the leaves caused by aaediproduction of chlorophyll, a pigment needed ghotosynthesis.
Nutrient deficiency can have a significant impantagriculture, resulting in reduced crop yield educed plant quality.
Nutrient deficiency can also lead to reduced oVdxiaiversity since plants serve as the produtteas support most food
webs. However, excess and/or deficit of secondaacronutrients may adversely affect the overall d¢howand
performance of plants. Therefore, the cellularustaif an element must be tightly regulated. Minerdtients are usually
obtained from the soil through plant roots, but ynéactors can affect the efficiency of nutrient aisition. First, the

chemistry and composition of certain soils can makarder for plants to absorb nutrients.
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