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Studies were conducted in solution and soil eulture to examine the

effect of hiqh concentrations of Mg and Ca in the medium on the growth

and nutrition of barley. Uptake of K by excised roots was decreased

slightly by increasj.ng concentration ofl Mg. Efflux of K from intact

barley plants was increased when either Ca or Mg was increased above B

mM. Yield of barley in hydroponic cul-ture decreased when Ca or Mg was

increased above B mM" YieLd of barley in soil studies al-so decreased

with increasing leveLs of eiLher ca or Mg. concentration of ca and Mg

in the soil soLution of unamended soils was generally Ìower than B mM

but applieation of NH4N03 increased soil soÌution concentration of Ca

and Mg to potentially toxic Levels. Concentration ofl the nutrients in
the tissue generally reflected concentration ofl the nut¡ients in the

qrowth medium and there was no indication that Ca or Mg restricted

uptake of K. concentration of 7n and Mn in the soil- and tissue

decreased with increasing Ca and Mg content of the soil" Reduced yield

of barley on soils high in Mg and,/or Ca may therefore be due either to

direct Ca or Mg toxicity or reduced availability of Mn and/or Zn

associated with soifs high in Mq and/or Ca.

Addition of, CaS04 and/or KCI to soiLs hiqh in Mg generally did not

increase barley yield. 0n the Assiniboine complex soil, however,

application of, broadcast KCl increased grain yield. Application of

6000 kg ha-1 of ca as cas04 or cacì.2 increased ca:Mg ¡atio in the soil

solution, but concentrations of, Ca and Mg were increased to l-eveLs
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potentially deleterious to

application of Ca as CaS04

soils high in Mq.

crop yield. Therefore, it is

or CaCIZ would be of economj-c

unlikely that

advantage on
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'¡"0 Introduction

Soils in arid regions usually have a cation exchange system domin-

ated by Ca and Mq. Ca saturation of montmorillonitic soi-Ls should

comprise about 6D to Bo9ó of the exchange, in order to ensure

flocculation of soil particLes for formation of stable aggregates with

clay mineraLs. Mg normally constitutes about 4 to 2O96 of the exchanqe

capacity of soils, with chernozems generally containing about 149i l"lg.

However ¡ the level of Mg may be much higher in soi-l-s formed in

depressional sites where Leached nutrients accumulate, in liqhtly

Leached soiJ.s, and in soils formed from Mg-rich parent materials such

as doLomite (Mengel and Kirkby 1979).

Most Manitoba soiLs were developed on glaciaÌ material-s. Many of

the soils in the eastern portion of the province formed flrom til-ls and

alluvial deposits derived from icefLows which passed over dolomitic

outcrops (Klassen 1974). These soi.Ls tend to have high Leve-l-s of exch-

anqeable Mg. In some cases, as much as 50?ó of the exchanqe may be

occupied by Mg (Smitfi and Ehrlich 1967) "

Mg has been observed Lo interact with the other nutrient cations

both in the soil system and the nutrition of the plant (Mengel and

Kirkby 1979). Therefore, both the abso-Lute l-evel of Mg in the soil

system and its abundance relative to other plant nutrients such as Ca,

Ke Mn and Zn will be important in infLuencing crop productivity.

Although numerous studies have been conducted on interactions of

Mq with other cations, the emphasis has generally been placed on

the investigation of Mg def,iciency rather than Mq excess. The ef,fect
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of high leveLs of Mg and low Ca:l4g ratios in soiLs on crop production

has not been fully examined"

Hiqh concentrations of Mg could have direct chemical effects on

plant growth. It has been suggested that Mq could interfere with the

uptake of other cations, most notably K, resulting in an induced

nutrient deficÍency. Mg coul-d interfere with Ca utilization by the

plant, possibly replacing ca on membrane binding sites, leading to

impaired membrane integrity. Mq eould a.Lso possibly interfere with

uptake and utilization of micronutrient cations such as Mn and Zn.

Alternately, high concentrations ofl Mg could infLuence crop growth

indirectly, High Level-s of Mg tend t.o be associated with heavy clay

soiLs and often with soil structural problems which couLd reduce crop

yield. The pH ofl soils high in Mg tends to be high, which couLd l-ead

to problems in micronutrient availability.

The objectives of this research project we¡e thereflore tos

(1) Determine the effect of varying concentrations ofl Mg and Ca on the

uptake of K by excised roots and to determine ifl Mg interfered

with the transport of K across the plasma memb¡ane into the root

celLs 
"

(2) Determine the effeet of high concentrations of Ca and Mg on ¡oot

membrane integrity as indicated by leakage of electrolytes and K

from intact barley plants.

(3) Determine the chemica-L efflects of high concentrations of, Mg and Ca

on the growth and K, Ca, Mg, Mn and Zn content of barley grown in

hydroponic cul-ture.
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Ø) Determine yield and K, ca, Mg, Mn and Zn content of barley grown

in soils varying in Ca and Mg content and ratio of Ca:Mg.

(5) Determine the eflfects of additions of ca o¡ K on yierd, K, ca,

Mq, Mn and Zn eontent of barleyr grown on a variety of soils.
(6) Det,ermine (a) tne reLationships between NH4 acetate-extractable K,

Ca and Mg and soif sol-ution concentrations and activities of these

ions (b) uptake of these ions by barley plants as related to

content of these cations in the soil and (c) the soil solution

concentrations of Ca and Mg in relation to critical concentrations

as determined by hydroponic culture.

-3-



2"O Revi.ew of the Literature

2""1 Ca, Mg, K, Mn and Zn in the Soil System

cations in the soil system are generally invoÌved in a dynamic

equilibrium between nonexchanqeable, exchangeable and soLution forms,

The nonexchangeable cations normarJ.y incLude cations in primary

mineraLs and most of those in the secondary minerals and nonexchange-

able cations are generally only sparingly available for plant growth.

In contrast, exchangeable cations are held on the cation exchange

system and move readily into soLution flor plant uptake in response to a

dec¡ease in concentration in the soil so-Lution. Cations in the soil
solution are the immediate source of nutrient uptake by plants. The

concentration of the cation in the soil solution (intensity factor) and

the ability of a soiL to replenish the soiL solution when nutrients are

removed by plants (buffer capaeity) determine the plant availability of

a particular cation in the soiÌ"

Ca in the soil occurs in primary mineraÌs such as feldspars and

amphiboles, in carbonates and sulfatesr âs exchangeable ca and as

soluble Ca saÌts. Soils in Manitoba of,ten contain high levels of

carbonates as calcite or dolomite. Normal.ly, in arid soils, ca is the

dominant cation on the cation exchange system, comprising about 60 to

80yi of the exchange of montmo¡i-Llonitic soils. Ca saturation of the

exchange promotes flocculation of soi-L co-L-Loids, improving soil
structure (Mengel and Kirkby 1979). Ca is strongly adsorbed on the

cation exchange system due Lo its divalent charge and relatively small

hydrated radius (Talibudeen 1981).
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Concentration of Ca in the soil solution of calcareous soiÌs is

primarily a function of the solubility of the carbonate salt and the

partial pressure or concentration of CO2 in the soil system. Increases

in C02 result in increasing concentration of Ca in the soil soLution"

For exampJ.e, increasing the c}z of the system from o.o33 Kpa, the

pressure of CO2 in air, to 1O.1 KPa, the pressure of CO2 in flooded

soilr increased the Ca concentration in the soLution from 1.26 nlí to

1.92 nM, in a calcareous clay suspension (Russetl 1973) .

Ca concentration in the soil so-Lution of nonca¡bonated soils is a

flunction of the amount of ca on the exchange complex, since the soil

solution concentration is in equilibrium with cations on the exchange.

Soluble salts and moderateLy soluble salts such as CaS04 also affect

soil soLution eoncentration of Ca. In addition, the concentration of Ca

in the soil sofution is a function of the anion concentration (Hansen

1972). For example, as mine¡a-Lization of N or nitrification occurs,

the anion concentration of the soil so-Lution increases" This results

in an increase in the cation concentration of the soiÌ soLution since

electroneutrality is maintained. Addition of safts such as KCI also

increases Ca concentration or concentration of other cations in the

soil soLutÍon sinee the cation associated with the salt added displaces

some of the cations on the exchange complex. Concent¡ation of Ca in

nonsaline, neutral soils normally is in the order of 3 to 10 mM

(Russell 1979) "

Mg occurs in a number of primary mineraLs such as biotite and

serpentine and in secondary cJ.ay minerals such as vermiculite, illite

and montmorillonite. soils in Manitoba may contain Mg as Mgco3,

-5-



dolomite and solub-Le Mq salts such as Mgs04. Nonexchangeable Mg

inc-Ludes that in the primary mineraLs and most of that in the secondary

mineraÌs" [xchangeable Mg usually composes 5 to 2t9í ofl the eation

exchange capacity, (Mengel and Kirkby 1979) atthough in some soils,

derived from dolomitic deposits, the proportion of Mg on the exchange

may be over 50,oó (Smitn and Ehrlich 1967). Magnesium tends to be less

strongly adsorbed Lo the cation exchange than ca due to the larger

hydrated radius of Mg (Talibudeen 1981).

Coneentration of Mg in the soil so-Lution generally ranges between

2 and 5 mM, although concentrations as high as 150 mM have been

reported. As with Ca, concentration in the so]ution will increase with

inc¡easing concentration of N0¡- and other anions in the solution

(MengeJ. and Kirkby 1979)"

Most K is bound in primary mj.nerals such as feldspars or in

secondary clay minerals such as illite. Therefore, clay soils tend to

be very high in total K. The major sources ofl K for plant uptake are

exchangeable and soil soÌution K. Fixation of K can occur in

interlayer sites of 221 clay minerals such as illite and vermicul-ite

(Nommik and vahtras 1982). Fixed K is only sparingly avairable for

plant growth.

K adsorbed on the cation exchange is held r.ess tightly than Mq

(Tatibudeen 1981). K typically constitutes approximately i9ó of the

exchangeabLe cations. Coneentration of K in the soil soLution tends to

be substantially l-ower than the concentration of eilher ca or Mg. In

unfertilized soi1s, the concentration of K in the soi-L solution is
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normally in the range of 0"1 to 1.0 mM (Russell 197i)" The

concentration of K in the solution is important in determining the

availability for pJ.ant growth, as it controLs the K difflusion rate

towards the plant root. The buffering capacity of the soil for K is

also important, as it determines the abiJ.ity of the nonexchangeable and

exchangeable K to replenish the soLution concentration of K af,ter plant

removal (Mengel and Kirkby 1979)"

Mn is generally present in the soil in much lower amounts than

ca, Mq or K. The most important forms of Mn in the soiL are Mn2+ and

the Mn oxides which contain trivaLent or tetrava-Ient Mn. MnZ+ is

adsorbed on the cation exchange and is present in the soil so-lution at

very .Low concentrations. MnZ+ in the soil soLution and the easily-

reducible Mn are called I'active Mn" and are the forms available for

plant growth. Since the form of Mn present in the soil system is

control-Led by reduction-oxidation processes, factors which infl-uence

redox reaetions will influence Mn supply to the plant. Therefore, soil

PHr organic matter content, microbial activity and soil- moisture

content will influence Mn availability. Mn avai-Lability decreases with

increasing soil pH (Mo¡tvedt et al 1g7Z) and may increase to toxic

Levels if soils are waterlogged (Olomu and Racz 1974). Concentration

of, total divalent Mn in acid and neutral soils is in the range of 0.001

Lo 0.1 mM. In cafcareous soils the concentration is somewhat Lower

(Russell 1973) "
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Zn in the lithosphere occu¡s primarily as sphalerite and can

substitute to some extent for Mg in sificate minerals. Weathering of



of Zn minerals gives Zn++ in soLution. Common Zn compounds such as the

hydroxides, carbonates and phosphates are relatively soluble, and are

not present in soils except as reaction products of highJ.y so-LubLe zinc

ferti-Lizer (Kalbasi et al. 1978). Native forms of soil zinc, which

controL the concentrations of zn in soi-L solution, are Zn+ ions

adsorbed on clay minerals, hydrous oxides of Fe and A1 and organic

matter. (Hodgson 1963i Nai¡ and Cottenie 1971i Kalbasi and Racz

1978). The leveL of zn in the solution is low, in the range of, 10 to

100 ug g-1 of zn. solubility of zn decreases as pH increases,

particularly in the presence of CaC03. Also, intensity ofl Zn

adsorpLion increases as pH increases and, so availability of zn tends

to decrease with increasing pH (Mortvedt et al " 1972) "

2"2 Roles of Ca, Mg, K, Mn and Zn in Ptar¡t lUutri.tion

Ca, Mg and K are macronutrient cations in plant nutrition while Mn

and Zn are micronutrient cations. Each of these cations performs

specifie funetions in the physiology of the plant.

Mg is utilized by plants in smaller quantities than K or Ca,

composing in the order of 0.1 to 0.5,'ó of the dry weight ofl plants. Mq

tends to move upward in the plant in the transpiration stream but it is

aLso phì.oem mobile. Mg plays a critieal role in the strueture of the

ehlorophyll moLecuLe. However, only 15 to zo9ó of total plant Mg is

used in this manner. Most ofl the total Mg in the tissue is diffusible

and assoeiated with inorganic anions and with organic anions such as

ma-Late and citrate (Mengel and Kirkby 1979). Mq is aLso assoeiated
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with nondiffusible anions such as oxaLate and pectate (Mengel and

Kirkby 1976).

Mg is a cofactor in almost all enzymes activating phosphorylation

and serves to form a bridge between the pyrophosphate structure of ATP

or ADP and the enzyme molecul-e. Since energy transfer reactions are

fundamental steps in most aspects of anaboLism and catabo-Lism, Mg is of

importance throughout the physiology of the plant. As well, light

induced uptake of Mg from the inner spaces of the thylakoids to the

stroma appears to be important in increasing the affinity of RuBp

carboxylase for C1Z so that COZ fixation can proceed at a maximum

¡ate (Mengel and Kirkby 1979). Mq also appears to be invofved in the

stabilization of ribosomaf particles into the formation required for

protein synthesis (Bidwell 1979).

Unlike Mg, Ca plays only a minor catalytic function, being

invoÌved as an activator of a few enzymes" Its primary importance -Lies

in its structural functions and in the detoxification of other

substances. ca is often present in plants in high amounts. plants

seem Lo be able to grow well at much lower concentrations than are

normally found, as long as the concentrations ofl other divalent ions

are also at Low concentrations. Therefore, it is suggested that the

high leveLs of Ca normally flound in plants are necessary to detoxify

other divalent metal cations (Bidwell 1979) " In particular,

calcicoles, plants which a¡e adapted to soil-s hiqh in ca, suffer from

heavy metal toxicity, especially from Al, Fe and Mn, if grown on

acid soils -l-ow in ca . In contrast, calci fuges, plants which are
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adapted to soi-Ls Low in ca, develop Lime-indueed ch-Lorosis due to

deficiency of Fe if grown on soiLs high in ca (Hanson 1984). ca also

appears important in the detoxif,ication of oxalic acid, by the

formation of Ca-oxalate crystals (Bidwell 1979),

Ca is required flor ce-Ll elongation and ceÌL division and appears

to play an essential role in biologicaf membranes. Removal of Ca from

membranes by EDTA treatment increases permeability to a great extent,

leading to diffusion of organic and inorganic components in and out of

the celi. (van steveninck 1965), Therefore, ca influences uptake and

efflux of other ions (Marschner 19Bj) "

Uptake of Ca is primarily a passive process. Ca movement Ínto the

root appears to be restricted to the root tips, to areas where the

casparian strip has not formed. Therefore, ca apparently moves

essentially via the apoplast" The downward movement of ca is very

limited due to Low coneentrations present in the phloem sapr so

transLocation within the plant is primarily restricted to the

transpiration stream, Intensity of transpiration is the major

controlJ.ing facLor in Ca movement. However, Ca transLocation appears

to be mediated to some extent by hormones as well (Mengel and Kirkby

1979)" The number of availabLe binding sites for ca al-so appears

important in determining the movement of ca. ca moves towards

avaiLab-Le binding sites within the plant tissue. Therefore increasing

the cation exehange capacity (CEC) ofl the tissue increases the movement

of ca to the tissue by increasing the sink capacity for ca storage"

Dicots have a much greater ctc and a greater demand for ca than

- 10



monocots (Marschner 19Bj).

fxternal Ca, such as that in the soil solution, is important in

membrane structure and function, reducing passive ion fluxes and making

the membranes more hydrophobic (Hanson 1984). Ca deficiency leads to

increased membrane permeability and as the def,iciency becomes more

severe, there is a general. disintegration of membrane structure. Due

to the limited remobifization of Ca after initial deposition within

tissuer Ca deficiency symptoms wiL-L occur initially in younger tissue.

Meristematic tissues are severeJ.y afflected, because a shortage of ca

prevents the formation of new cell walls, preventing ceLl division.

Ch-l-orosis of margins of younger ì-eaves and the production of stunted,

disco-Lored -l-eaves are among the symptoms of Ca deficiency (Bidwell

1e7e) 
"

K is taken up actively by the plant and is extremely mobile within

the plant. It is transported toward me¡istematic areas and redistrib-

uted from older to younger tissue if a deficiency oceurs (Mengel and

Kirkby 1979)" K is generally present in pLant tissue at the highest

concentration of all cations" K is unevenly dist¡ibuted between the

vacuole and the cytoplasm and, so the average concentration measured in

bulk tissue is not necessarily a reflection of the concentration of, K

in eaeh of these compartments. Because the vacuole occupies a large

proportion of the ce-l1 volume, the K concentration in the cel-L is

generally simila¡ to that in the vacuoLe (Leigh and Wyn Jones 1984).

concentration ofl K in the cytoplasm is no¡mal]y in the range of 100 to

20o mM. concentration of K in the vacuo-Le is more variable, but the



lower limit of concentration ofl K may be 10 to 20 mM. toncentration ofl

K in the cytoplasm appears to be regulaLed independently of external

concentration of K, while concent¡ation of K in the vacuole appears to

be more dependent on K supply (Glass and Siddiqi 1984) "

within the cytoplasm, K plays a major ¡oLe in enzyme activation.

More than 60 different enzymes are activaLed by K. K appears to

infLuence enzyme aetivity by altering protein conflormation. Enzymes

activaLed by l( include synthetases, oxidoreductases, dehydrogenases,

t¡ansferases and kinases (Mengel and Kirkby 1979). K is important in

protein synthesis. Uptake and assi-milation of NOl inlo amino acids is

unaffected by low concentrations of K, but the incorporation of N into

protein is reduced. In vitro protein synthesis requires 100 to 150 mM

K and a high K:Na ratio. Therefore, the cytoplasmic requirement for

high concentration of K and a high K:Na ratio may ref-l-ect the necessity

of these conditions for protein synthesis" High concentrations of K

may also be required within the cytoplasm flor maximum photosynthesis,

for foì.ding of proteins into thei¡ active fo¡ms and flor controL of

membrane potential and cytopLasmic pH (Leiqh and Wyn Jones 1984) "

concentration of K within the vacuole is not regurated as

preeisely as within the cytop.Lasm. No biochemical functions have been

found for K in the vacuoLe and it is believed to play a biophysícal

roLe" K within the vacuole is present as simple salts such as KN0l,

KCI and K malate. These salts are important in controlling the osmotic

potential of the vacuole and so maintaining turgor presssure (Leigh and

wyn Jones 1984). Plants that are wer-L supplied with K require ]ess
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water than plants which have a restricted K supply, apparently due to a

reduction in transpiration rate due to the -Lower osmotic potentiaJ. of

the mesophyll cells and regulated opening and cLosing ofl the stomata by

the guard ee]ls. K plays a key role in guard cerl function, through

its influence on the osmotic potential of the ceLls (Mengel and Kirkby

1979). K mediated changes in turgor are directty related to such

phytochrome contro-l-Led movements as straightening of the hypocotyl arch

in mung beans and Leaf movement of mimosa (Marschner 1983) "

K salts are the most common substances used by the plant to

influence osmotic potential in the vacuole, however other soLutes such

as Na salts, suga¡s and amino acids can substitute for K in this

function" Plants with restricted K supply often increase concentration

of Na, Mg and ca, whieh presumably substitute for K in the vacuo-Le to

maintain turgor pressure. The lower limit for K concentration in the

vacuol-e appears to be 10 to 2o nM K, even in barley roots grown without

K (Leiqh and Wyn Jones 1984).

Assimi-late transl-ocation is enhanced by K, an effect that is

likely related to l( influence on photophosphorylation. K a.Lso enhances

COZ assimiLation directly, and Leads to an increase in ATP production

(Mengel and Kirkby 1979). In the phloem sap¡ K composes 80,'ó of the

total cations. Ben-Zioni et al " (lglg) suggested that the hiqh

concentration of K in the phloem is reLated to l( invoLvement in ma-Late

cycling in nitrate metabolism.

K defliciency symptoms tend to begin in the older .leaves with

mottled chlorosis and necrosis of leaf tips and margins. A decrease in
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turgor may occur as wel-l- as a decrease in resistance to drought, frost,

salinity and fungal attack (Mengel and Kirkby 1979). K defliciency may

induce bushy growth and a reduction in stem growth (Bidwell 1g7g) "

Lodging may increase due to decreased ligniflication of vascul-ar bundLes

(Menqel and Kirkby 1979)"

Mn is a micronutrient cation, considered deficient at tissue

Levels below 20 ug g-1 (Mortvedt et al 1972). Uptake of Mn is

considered to be an active process. MobiLity of Mn in the plant is 1ow

but Mn is preferentially translocated to meristematic tissue (Mengel

and Kirkby 1979) 
"

Mn can bridge ATP enzyme complexes in phosphokinases and

phosphotransflerases and can aÌso activate decarboxy-Lases and dehydro-

genases in the TCA cycle. Mq can substitute for Mn in these reactions,

but Mn is specifically required for the oxidation of indoleacetic acid

(IAA) by IAA oxidases (Mengel and Kirkby 1979). Mn is afso required

for function of the eLectron transport system in the water splitting

reactions of photosynthesis. Mn may also have a structural role in

chloroplasts, which lose their structural integrity if Mn is extremely

deflieient (BidwelL 1979) 
"

Deficiency symptoms ofl Mn in cereals occur first in younger

leaves, as grey spots and stripes at the leafl base. Turgor of plants

is reduced and the upper portions of the prant leaf may break over

(Menqel and Kirkby 1979). Grey speck of oats is caused by Mn

defliciency.

zn is required by plants in very smal-L quantities, with tissue

coneentrations of 25 to 150 ug g-1 considered adequate for plant growth
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(Mortvedt et al 1972). uptake of zn by the plant is be]ieved to be an

active process (Mengel and Ki¡kby 1979). Mobilily ofl Zn within plants

is Low (Mengel and Kirkby 1979)o but deficiency symptoms generally

appear initially in oLder tissue (BiOwell 1979) 
"

zn functions in the activation ofl numerous enzymes, serving to

bind and orient the enzyme and substrate to facilitate reaction.

Carbonic anhydrase and a numbe¡ of dehydrogenases, proteinases and

peptidases are activated by 7n. Deficiency of Zn results in a decrease

in RNA levels and ribosome content of ce1ls, leading to a reduction in

proLein synthesis and an i.ncrease in nonprotein N (Mengel and Kirkby

1979). Zn is aLso invoLved in the synthesis of indoleacetic acid, an

important growth hormone" 7n deficiency can therefore lead to short,

stunted plants with impaired apical dominance (Bidwell 1979). Zn

deficiency symptoms in ce¡eals inc-Lude chlorotic bands on either side

of the midrib of the leaf, stunting and yield reduction.
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?"3 Cation fnteractions in lon Uptake

uptake of Mg is believed to be essentially a passive process,

although there may be some active component (Menget and Kirkby 1979)"

uptake of ca is also primarily passive, however uptake of K is almost

certainly an active process (Menge] and Ki¡kby 1979).

The precise meehanism of uptake of K is still under investigation.

Although mechanisms have been proposed such as diffusion exchange

eoupled with Donnan phenomena (HiatL 1968) and passive diffusion due to

an e-Lectrochemica-l_ gradient (Uigi.nbotham 1973) , until recently the most



widely accepted theory of K accumuLation was the car¡ier theory, as

proposed by Epstein (Epstein and Hagen 1952; Epstein 1953). Brieflly,

the biological membrane was beLieved to contain specific carrier

molecuLes which were able to transport ions across the membrane. The

carrier mo.LecuLes were believed to possess binding sites specific for

particular ion speeies, which enabled seLective ion transport across

the membrane (Mengel and Kirkby 19j9).

A general scheme for carrier mediated ion transport proposed that

the active carrier, a phosphorylated compound¡ wêts diflfusible in the

membrane. At the outer membrane boundary, it formed a car¡ier-ion

complex with the specific ion for which it had affinity. The

diffusible complex moved across the membrane to the internal

boundary where a phosphatase enzyme split oflfl a phosphate group f¡om

the carrier complex, reducing the affinity of the carrier for the

transported ion. The ion was rel-eased into the cytopLasm. A carrier

ATP kinase at the inner membrane phosphorylated the carrier with the

breakdown of ATP, restoring the aflflinity of the carrier for the ion.

The carrier moved back through the membrane to the outer membrane

boundary by diffusion to repeat the ion transport process. Transfer of

the ion through the membrane was accomplished with the breakdown of one

ATP molecule (Mengel and Kirkby 1979) 
"

The idea of an ion dependent ATPase actinq as a camier was

supported by the close correlation between ATP and plasma.Lemma influxes

ofl K (Petraglia and Poole f9B0). However, recently the idea of, the

carrier being an ion dependenL ATPase has been replaced by the concept
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of an electrogenic pump which acts to create an electrochemical

gradient whieh facilitates the movement of K across Lhe membrane

(Clarkson 1985; Leonard 1985; Mengel 1gB5). ATp produced in the

mitochondria is broken down by a plasma membrane associated ATPase,

leading to the active extrusion of H+ from the celL. The extrusion of

H+ results in the creation of a flree energy gradient across the plasma

membrane in accordance with the Nernst equation (Sze 19Bj) "

where

R = moLar gas constant

T = temperature in degrees Kelvin

w = IRT/zFl rn

l^l : membrane potential

z = vaLence of ion

F : Faraday constant

IH]o, IH]i = externa.l- and interna]- concentration, respectively.
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The free energy gradient flor H could be coupred to K influx. The

movement of K th¡ough the membrane could be facilitated by a K carrier,

although the carrier wouLd not directly utilize ATP, but rather utilize
the energy of the electrogenic Aradient created by the electrogenic

Pump (Leonard 1985; Mengel 1985). The carrier proteins could be pores

specific for the passage of the particular ion, which provide a gated

aqueous channel through the hydrophobic lipid bilayer.

The tonop-l-ast membrane of the cell also appears to contain ATPase

which functions in the active transport ofl H into the vacuoLe. The

ItH tozrH ti]



energy conserved in the H gradient may be used to accumul-ate inorganic

and organic solutes in the vacuole" Preliminary research indicates

that the tonoplast ATPase may be structurally and mechanistiealJ.y

different from that of the plasma membrane (Leonard 1984).

Whether uptake of K occurs by the action of a K coupled ATPase or

through a gated channeL through the plasma membrane in response to an

electrochemica-l- gradient, the observed maintenance of cytoplasmic K

concentration within namow limits indicates that some florm of

transport regulation is in eflfect to contro] the rate of uptake of K.

Early discussions of transport regulation compared ion uptake to enzyme

mediated catalysis of a substrate, since both invoÌve the temporary

occupation of a limited number of active sites by substrates, with

potential for saturation at hiqh substrate concentrations. Ion

transport should logically foLlow Michaelis-Menten kineticsr âs

described for enzymes, where:

- 18

V=Vmax tS l/( Krn+ts I )

Vmax=MaximaL rate of transport

IS]=Concentration of substrate in the medium

Km=MichaeÌis constanl, equal to substrate concentration at 1/2

Vmax "

ïhe Michaelis-Menten relationship can be transformed to the

Lineweaver-Burke equation by takinq the reciprocaL of both sides of the

equation, resulting in a linear relationship. The y-intercept of the

Lineweaver-Burke equation is equal to 1 /Vnax while the x-intercept is



equa-L to -1/Kn (Lehninger 1975)"

Recent investigations of ion uptake have utilized the Michaelis-

Menten and Lineweaver-Burke equations to examj-ne cha¡acteristics of the

carrier system" Investigations have been conducted both with excised

roots (0verstreet et al" 1952; Zsoldos and Erdei 1gB1) and with intact

plants (C-Laassen and Barber 1974; Claassen and Barber 1977; Rosen and

carlson 1984). Initial studies indicated dual kinetics, implying the

existence of two separate uptake systems at Ìow and high substrate

concentrations (Epstein and LeggeLt 1954). 0ther ¡esearchers concl-uded

that kinetics vvere more complex, with multiple slopes to the uptake

curves (Glass 1976; Pettersson and Jensen 1979; Nissen 1980). The

characteristics ofl the uptake curves are used to attempt to determine

the number of, carrier systems in operation and their methods of

regulation.

K influx appears to be regulated by the cytoplasmic concentration

of Kr possibly by an aLlosteric feedback mechanism. A decrease in the

cytoplasmie concentration of K wouLd feed back to K transport

mechanisms on the plasmaLemma and tonoplast, adjusting their activity
to restore the concentration of K in the cytoplasm to an optimal

Ìevel. The regulation of influx may be due to the binding of

cytoplasmic K to an a.Lloste¡ic binding site, diserete from the external

site (Glass and Siddiqi 1984). Calculations by Glass (1976) led to the

proposal of a tetrameric allosteric system located on the j.nne¡ surflace

of the plasmalemma. Conflormational changes in the transport system

would be induced by binding of cytoplasmie K) altering the kinetic
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properties of transport"

If external supply of K is restricted, mobilization of K from the

vacuoLe may occur to mainLain cytoplasmie K at adequate eoncentra-

tions" Charge baLance and osmotic functions of K in the vacuoLe may be

met by a replacement of K by alternate solutes such as organic solutes,

Ca, Mq or Na. An overa-L-L decrease in tissue concentration of K would

occurr coupled to an increase in the concentration of, the substituting

cations. Further restriction in K supply could lead to a decrease in

cytoplasmic K concentration and a decrease in plant growth (Glass and

Siddiqi 1984) 
"

Although the kinetics of K absorption appear to be compJ.ex, they

support the concept that uptake of K is faciLitated by a gated channeL

or a protej-naceous carrier that possesses a limited number of K binding

sites. At high concentration of K, the sites are filled, corresponding

to saturation in the rate ofl absorption.

Ïhe concept of a transport system displaying saturation kinetics

provides a reasonabLe framework for the discussj.on of ionic antagonisms

and interactions.

Two major effects of the other cations on the uptake of K have

been observed¡
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1 " Inte¡ference of uptake by ions such as Na.

2. [nhancement of uptake by ions such as Ca"

Jacobson et a-l. (1961) found evi_dence of interference of uptake

of K by Na at 5.0 mM K. They also observed that Ca tended to decrease

absorpLion of Na and increase absorption of K, even if the ca was



present in low amounts" From a mixed soLution of Na and K, the sum of

the absorbed cations was essentially equal, with Ca merely shifting the

ratio. They suggested that Na and K compete for a common car¡j-er,

Epstein (1961) also observed competition between Na and uptake of K,

with Ca reducing the inhibitory effect of Na. Rb also competed with K

for uptake and this competition was not infLuenced by ca. Mq was

ineffective in reducing Na interference. Epstein concLuded that Ca was

essentiaL for the seLectivity of uptake of K over Na. He proposed that

two species of carrier transport K and Rb. One of these has a low

affinity for K and Rb and is inhibited by Na. ca could reduce the

inhibition of K-Rb transport at this site. The other site has a hiqher

aflfinity for K and is essentially unaffected by Na in the presence of

Ca" The operation of these two systems wouLd produce the dual kinetics

observed.

The high affinit.y system (System I) would be of primary importance

in the uptake of K from the soil system, where concentration of K tends

to be Low. However, K must al-so move within the prant, from the

cortical cells to the transpiration stream and from the transpiration

stream to the cel-Ls in the stems and Leaves (Leonard 1984) " Since the

concentration of K in the transpiration stream is high, the Lorv

affinity-high capacity system II transport system may function

efflectively in the movement ofl ions flrom the transpiration stream to

the target cells.

ELzam and Hodges (1967) observed that uptake of K from a 0.1 mM

solution by excised corn rooLs was decreased by the addition of Ca, and
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to a greater extent by the addition ofl Mg, at concentrations between

0.005 and 2.0 mM. rn contrast, uptake of K by excised barley roots was

not influenced by Ca" The effect of Mg on K uptake by excised barley

¡oots was not examined.

Kawasaki and Hori QgeA) found that the rate of uptake of Rb

decreased in the presence of divalent cations at the lower concentra-

Lion range of the monovaLent cations and increased at higher concentra-

tion in the presence of Ca. Their observations are in contrast with

the results of Epstein (1961), although both studies showed Na uptake

was inhibited in the presence of Ca at all concentrations. Kawasaki

and Hori conc-luded that the stimulating effect of Ca on uptake of Rb

might be -Located in the metaboLie process ofl ion uptake. Kawasaki and

Hori (1973) observed an increase in uptake of Rb in the presence of Ca

at 25 C but no change at 2 C, indicating a metabolic process was

responsible. Kawasaki et al. (1973a) demonstrated that metabolic

inhibitors such as cyanide and DNP decreased uptake of Rb and

eliminated the effect of ca, reinforcing the importance of energy

supply on Rb uptake. In the same serj.es of experiments, Kawasaki et

al' (1973b) studied the effects of Mg and found that its effects we¡e

similar to those of Ca" Welte and !,lerner (lgAS) na¿ previously

reported that Mg tended to competitivety interfere with uptake of K.

A number ofl field sLudies have examined the effect of high

concentration of Mg in the soil on concentrations of K and other

cations in the tissue. Aulakh and pasricha (lglA) found an

antagonistie effect of Mg on concentration of K in the tissue and
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uptake by the plant" They attributed this to competition for the same

binding site or reactive centre. They also found reduced yield of

rapeseed due to this effect.

Liebhardt (1979) found no effect of Mg, applied in liming treat-
ments, on K concentration of eorn tissue. High Mg additions decreased

Mn, cu and Zn concentration of tissue. Liebhardt suggested that high

Mq created a nutritional imbal-ance and a deficiency of Mn, resulting in

deereased yield.

Martini and Mutters (1985) found that dolomitic _Limestone had no

effect on concentration of K in the shoot in soybeans, but application

of the ¡ecommended rate of lime, 1000 kg ha-1, produced the highest

total uptake of K. Liming had no influence on concentration of Zn or

Fe or total shoot content of these caLions. Total shoot content of Cu

was higher in limed than unlimed plants.

Kumar et al. (lgY ) stated that increasing levels of Mg applied

as MgC12 to soiLs in pot studies decreased concentration of Zn ín the

shoot in wheat and the magnitude of the decrease depended on Mg and Zn

Levels. High Levels of Mg antagonistically affected K absorption.

Increasing levels ofl Mg increased the concentration ofl Cu and Fe in the

plants 
"

Narwal et aÌ" (1985), workinq with cowpea in sand culture, found

that Mg had a synergistic effect on root concentrations of K up to zo

ug g-1 Mg and an antagonistic effect on concentration of K in all plant

parts at 40 ug g-1 Mg.

carter et al. (1979a) eommented that in order to prevent row
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uptake of K due to N competition, one had to supply an adequate

proportion of Ca in the solution. They suggested that K deficiency on

solonetzic soils cou-Ld be a ¡esult of low Ca:Mg ratios.

Physical properties of ions will influence their interactions with

oLher ions and with carrier sites. Charge and hyrated radii are the

most important of these properties. Mutual inhibition is more pronoun-

ced between ions of similar hydrated radii. Unival-ent ions having

similar hydrated radii, such as K, NH4, Rb, and Cs appear to interact

with the same absorption site and interfere with the absorption of the

others (Hiatt and Leqgett 1974). Plant roots were seÌeetive, however

in absorption of K over Na if Ca was present.

Ca tends to enhance absorption of ions with small hydrated radii
such as Rb and K and decrease the absorption of ions with large

hydrated radii such as Li and Na. Ca appears to play an essential role

in biological memb¡anes and its removaL resuLts in increased membrane

permeability (Menget and Kirkby 1979), a factor that may be important

is its effect on ion selectivity. The differing efflects of Mq on

uptake of K may relate to a competition of Mg and Ca, leading

indirectly to a breakdown in selectivity of the transport system for K.
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2.4 Effect of Fligh ffiagnesium Leve1s on Cnop YieLds

Most of the research reported in the Literature discussed the

eff,ects of Mq deficiencies on crop yield and quality. Magnesium

fertilization has often been reported to increase crop yield on soils

containing low concentrations of Mg (5almon 1963; Welte and Werner



1963i Bolton and Penny 1968). The influence of high soil Mg Ìevels on

crop yield and quality has been examined by only a few researehers.

Generally, high Mg Levels and low ca:Mg ratios have not been

found to greatly inflluence crop yield. Halstead et al. (1958),

examined the growth of alfalfa on soifs treated with either Mg or Ca

carbonate" They found that variations in the ratio of ca:Mg on the

exchange flrom o"4 to 13"4 caused by carbonate applications did not

generally in f-l-uence the yield of al fal fla " However, on a sandy loam

soi-ì-, when the amount of carbonate applied was slightly in excess of

that required to neutraLize the soil, yields of alfalfa grown with K or

P singly were considerably lower with Mg carbonate than with ca

carbonate.

Yoshida (lgeq) found no correlaticin between Mg content of roots

or shoots and the yield of oats. However, the emphasis of this study

was examination of Mg deficiency. The Lowest solution Ca:Mg ratio used

was 2:1 while the Lowest solution K:Mg ratio used was 1:1.

Fox and piekielek (lggq) found no yield response of corn to ratios

of ca:Mg on the exchange between 1"8 and 36"9. No response to addi-

additions of ca, Mg or l( occurred on the soils highest in Mg. However,

the lowest ratio of ca:Mg on the exchange was 1.8, which was not

excessively low" They stated that it was unlikely that corn would show

a neqative yield response to exchangeable Ca:Mg ratios of 1"O or

highe r 
"

0hno and Grunes (lgAS) grew wheat in solution cultures containing

Mq concentrations of 0.1 to 4.5 mM and concentrations of K of 0.1 to
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6.0 mM. They found no effect of Mg on yield of shoots or roots.

In contrast to the studies cited above, other studies have shown

an effect of Mg and Ca:Mg ratio on yield and on nutrient content ofl

varj-ous crops.

Vlamis (lg+g) examined the production of lettuce and barley on

serpentine soiÌs high in Mg and showed that yield was increased on

these soils when Ca was added" VLamis aLso found that plants grown on

Mg-saturated cation-exchange Amberlite produced smaller plants than

Amberlite saturated with Ca, K or Sr. Vlamis (1949) sugqested that the

primary cause of poor yield on the serpentine soi-Ls was the Low

saturation of Ca on the cation exchange. If the Ca saturation ofl the

exchange was decreased by increasing K saturation, symptoms and yield

depression were simi-l-ar to those obtained when Mg levels were high.

When normally fertile soifs were l-eached with CaCI2 or MgCl2 to a-Lter

the percentage saturation of ca or Mg, the yield ofl both Lettuee and

barley declined when the degree of Ca-saturation felL below 2O9.,"

tlgabaly (lgSS) utilized sand culture to examine the effects of

Na, Ca and Mg on the growth of barley seedlings" Cations were added

as ca+Mg, ca+Na and Na+Mg with the two cations summing to 10 meq of

adsorbed cations per 300 g ofl sand plus resin (o.33J mM of univalent

cation per kg of soil and resin). Systems with Na and Mg had poorer

growth than systems with Na and Ca" Roots were infLuenced to the

greatest extent. Roots grown with 100gó Mq were thick, short, brown,

had few branches and we¡e simi-Lar to those grown in a pure Na system"

Leaves of plants grown in pure Mg showed burning to a greater extent
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than did those in a pure ca system. rn systems with Mg and ca, any

combination of the two ions showed better growth than that in a

homoionic system. Maximum shoot growth occur¡ed at a ca;Mg ratio of

723. ChLorosis increased as Mg saturation increased. The level of K

in plants did not change greatly with ca:Mg ratio in the merjium.

Elgabaly (1955 ) conci.uded that Mg and Na had greater deLetereous

effects on barley growth than did Ca when provided to the plants in the

absence of other ions. When Ca and Mg were applied together¡ plant

growth was stimulated over a fairly wide range of cation ratios.

Key et al. (1962) grew soybeans and corn in soiLs that. had been

-Leached with ca or Mg soLutions to give varying ca:Mg ratios. They

found that the amount of Mq appeared to be more important to plant

growth than the ca:Mg ratio. The yield decreased if the ca:Mg ratio

fell below 1:'1. They attributed the decrease in yield to a Ca

deficiency. Martin and Page (lgeS) found a similar response with

citrus plants. Provided that the exchangeable Mg did not exceed ca,

the growth of the plant was not inflluenced. seedling growth was

decreased when Mg exceeded 509ó of the exchange. Leaf Mg J-evels above

t"996 were associated with decreased yield. Absorption of K was not

affected by Mg exeept at the highest rates. They suggested that the

plant Ca and Mg values were closely related to the soil exchangeable Ca

and Mg percentages"

Unpublished data coflected by Spratt (Brandon Research Station

files) from a 5-year Manitoba survey of corn nutrient relations showed

that Mq Levels in both the ear leafl and the soils were inversely
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refated to silage yield, Mq and

correlated even though Mq and

comeLated.

Benko and Fecenko (lglg) found that where the sum of K + Mg was

kept at 10 meq per litre (10 mlrl univalent ion), decreasj.ng the ratio of

K:Mg led to symptoms of K deficiency in barley. Yield was highest

where the meq ratio of K:Mg was 1:7 (l:1.5 in terms of mM) and

decreased as the ratio decreased.

Fageria (lgll) flound Lhat maximum yield ofl groundnuts in a hydro-

ponic system was obtained at about 40 uM Mg, when concentrations of Ca

and K were '125 and 204 uM, respectively. Yield decreased when concen-

tration of Mq increased above 75 uM. fncreasj-ng concentration of Mg

decreased the uptake of K and ca, The author suggested that ifl hiqh

Levels ofl Mg were present in the soil, one woul-d have to apply higher

rates of K and Ca to satisfy plant requirements. Working with rice in
dilute soLutions, Fageria (lgll) flound that yield deereased above a Mg

concentration of 33 uM, while yield increased up to a concentration of

Ca of 25O uì4" Fageria (1983) also reported that j.nc¡easing the concen-

tration of Mg in the medium decreased K and ca absorption by rice.

Liebhardt (lglg) found that when the pH of a poorly buffered acid

soil- was j-ncreased from 5.6 Lo 6.4 by application of dolomite, yield of

coln was Lower than when the pH was adjusted with either calcite or a

mixture of calcite and doLomite" YieLd of corn was negatively reLated

to soil Mg" The high soil Mg was also associated with a decrease in

plant Mn, suggesting that high soil Mq may cause a deficiency of Mn

K

K

in the ear Leaves were negatively

in the soiLs were positively

-28



resulting Ín reduced yield.

Carter et al. (1g7ga) workinq with both sa.Line and non-sa-Line

soils, found that Levels of Ca which were adequate under non-saline

conditions became limiting when saLinity increased, due to the qreater

amount of Ca required Lo safeguard the sel-ective permeability of the

plasmalemma against the toxic effect of othe¡ ions in the soLution"

They also indicated that other ions in the solution could reduce uptake

of Ca and cause salinity-induced Ca deficiency. They found that the

growth of barley at the seedling stage was reduced at a ca:Mg ratio

between 0"77 and 0"40 and a ca:totar cations ratio of 0.17 Lo a.11. In

solutions of these flormulations, Ca deficiency symptoms were apparent.

As the plants grew out of the seedring stage, a greater resistance to

Low ca:Mg ratios was apparent and the final dry weights were reduced

only when the Ca:Mg ratio was .Less than 0.77 to 0.40, Growth of plants

in soil was similar to growth in the soLution cu-l-ture"soils with a low

Ca:Mg ratio showed Ca deficiency symptoms" Adding gypsum increased

barley yield" From this study, the researehers concLuded that the

concentration of Ca per se in the soil was not as important as the

ratio of Ca:Mg or the ratio ofl Ca:tota1 cations.

Carter et al" (1979b) found that in soiLs which contained appreci-

ab-Le amount.s of safts, precipitation of salts at Low moisture contents

tended to reduce the ratio of free ionic Ca to Mg" This effect was due

to the higher solubility of Mq as compared to ca salts. The

decrease in the ca:Mg ratio was be most pronounced in saline soils. A

dec¡ease in the Ca:Mq ratio occurred as the moisture content decreased
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from saturated paste extract to -1500 KPa. Therefore, saline or near

saline soiÌs which have Ca:Mg ratio near unity in the saturated paste

extract may develop an adverse ca:l4g ¡atio especially under an arid

moisture regime.

Schulte et aL" (lgY) stated that the optimum range in percent

saturation of the exchange sites depended on the cation exchange

capacity of, the soil. The amount of cation present was considered more

important than the percent cEC saturation. As an example, the authors

point out that a soi-L with a CEC of 0,03 mol kg-1 wouLd contain only 59

ng kg-1 of K at the 5,'á saturation, white a soil with a CEC of 0.60 mol

kg-'l woul-d contain 1175 mg kq-1 of K at 59ó saturat.ion. Therefore, the

authors state that higher cEc soils would not require as hiqh a

saturation ofl ca or K to ensure an adequate supply to the plant as a

soil with a lower CEC" Very hiqh levels of Mq in the soil would

suppress the uptake of ca and K by plants, The def,iciency of ca or K

could be corrected by addition ofl these nutrients rather than by

chanqing the supply of Mg"
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2"5 Effects of High CaLcium Levels on Crop Yietds

Limited information is availabfe on the effect of high leveLs of

Ca on crop yields. Studies examining high Ca -l.evels have generally

dealt with I'overJ-imingrt eflfects, rather than ef fects of ca per se .

York et al. (1954) examined the inflLuence of lime applications as high

as 22420 kg ha-1 on yield and tissue nutrient content of alfalfae corn,

Sudan grass and sericea gtown on initially acid soils" Maximum yield



of sericea occurred where no lime was applied and yield decreased

significantly with each increment of lime added. Maximum yield of

corn, Sudangrass and alfalfa were obtained at 2z4t kq ha-1 of lime.

Yield of eo¡n and Sudangrass decreased with higher lime appLications"

Yield of alfalfa remained essentially eonstant with additions of lime

as high as 22420 kq ha-1. The de-Leterious effects of overliminq on

yield of crops other than alfalfla were not due to a deficiency of

potassium or magnesium. The authors suqgested that the injury could

have been due to a deficiency of Fe, Mn or both.

Racz and Halusehak (1974) examined the influence of phosphorus

fertilization on Cu, 7n, Fe and Mn utilization by wheat on cal-careous

and noncalcareous soils. They determined that yield of wheat on the

calcareous soils was lower than on the noncalcareous soi-l-s. P-Lants

grown on the caLcareous and noncalcareous soil-s had comparable

concentrations of Fe, Mn and cu, However, concentration of zn in

plants grown on the cal-careous soiLs tended to be Lower than in the

plants grown on the noncalcareous soiLs.

Liebhardt (1979) found that corn and barLey yields were depressed

by lime applications of 8960 kg ha-1. Tissue analysis showed Mn and Zn

Levels were in the deficiency range" Liebhardt suggested that over-

liming decreased yields by inducing a defliciency of Mn or Zn. At hiqh

rates of limer both exchangeable Ca and Mg were negatively related to

yieldr but ca was -l-ess negative in its effect on yield compared to Mg"
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2"6 Summary

The -Literature indicates that Mg is invoLved in complex interac-

tions with other macro- and micro-nutrient cations in the soil system.

ïhere is some information indicating that hiqh ÌeveLs of Mg could

interfere with the uptake of K, ca and certain micronutrients.

However, there is little or no information on the effects of additions

of K on plant growth and yield on soiÌs hiqh in Mg. It is also not

clear whether Mg interferes with uptake ofl other cations at concentra-

tions found in the soil solution, whethe¡ interference occurs in soit

systems or whether such interference Leads to a constraint on yield.

Info¡mation on whether or not the ratio ofl cations in soi.L solution or

the concentration per se is important in determining uptake of

nutrients and plant growth is also lackinq.
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j.0 General MateriaLs and Methods

The experimental methods used for the individual studies reported

Ín this manuscript a¡e described prior to the resufts and discussions

in the appropriate subsections. The analytical methods utilized in the

experimentation and in characterizing the soils are outLined beÌow.

J.1 Plant Tissue Analysis

(a) Nitric-perchloric acid digest ofl plant tissue

A 1-g sample of plant material was weighed directly into a 75 nL

graduated test tube, 7 mL of 7Dyí HN03 was added to the tube, the tube

shaken and the sample left to digest overnight. Tubes were shaken and

3 nL ofl 7o?í' HCro4 were added and samples shaken. Boiling chips were

added to the test tubes and the tubes placed on a cold digestion

block. The block was heated to 100 c and samples digested for t h"

The temperature was increased to 220 Lo 23O C and samples digested for

1.5 to 2 h" Tubes were removed from the digestor and cool-ed for 5

min. A 5-mL aliguot ofl 1 M HCI was then added to prevent K precipita-

tion as KCJ.04 crystals. samples were cooled, diluted to near the

graduation mark with distilled deionized water, cooled again and

brought to volume. Tubes were then stoppered and shaken to mix the

soluLion" Solutions were al"-Lowed to settle until cl-ear, A 20-mL sample

of solution was transferred to plastie scintillation vials for

analysis 
"

(b) Atomic absorption spectrophotometer analysis for K, Na, ca,

Mg, Zn and Mn (SteckeÌ amd Flannery 1966).

Nutrient content of, plant tissue digests was determined usinq a
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Varian AA-5 atomic absorption spectrophotometer. Parameter guidelines

for the nutrients analyzed are given in Table 1.1.

Table J.1: Parameter guide-ì-ines for Atomic Absorption Unit AA-5

ELement

V

Na

Ca

Mg

7n

Cu

Fe

Mn

sl it
lt,idth

-um--

300

200

100

100

100

100

50

50

-34

Wavelength

----nM----

7 664

5890

4227

2852

2138

3247

2483

2795

Lithium was used in the diluent for both standards and samples of K and

Na to act as an ionization buffer and to suppress ionization of K and

Na. Lanthanum was used in the diluent in both standards and samples ofl

Ca and Mq Lo preferentially combine with interfering anions, thereby

re-Leasing Ca and Mg.

Lamp

Current

--mA---

0"5

2"5

5.0

1.5

6.O

3"O

5.0

5.0

3.2 SI}XL ANALYSES

soi-l- samples were ai¡ dried and ground to pass a 2 mm sieve, unless



otherwise stated"

(a) pH and conductivity using 1:2 soil:water ratio

A 25-g sample of soil was placed into an erlenmeyer flask and 50

mL deionized water added. samples we¡e shaken for 0,5 h. pH was

measured immediateJ.y with a Fisher Accumet 805 MP pH meter" Conductiv-

ity of the sol-ution was measured using a Yellowsprings Instruments

Model f1 Conductivity Bridge.

(b) NH+ acetate-extractable (exchangeable) K, Ca

A 2.5-g sample of soil was placed into a 125 nL

25 nL of 'l N ammonium acetate sol-ution buffered to pH

sample shaken on a reciprocating shaker for 0.5 h" A

filtered through Whatman No. 42 fi_Lter paper

scintillation vial. Samples were analyzed for K, Ca

absorption speetrophotometry as previously outlined.
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A 10-g sample of soiL was placed into a 125 mL erLenmeyer frask,

20 mL of extracting solution (0. OOS M DTPA (Oietnytenetriamine

pentacetic acid), 0.1 M TEA (triethanolamine) and 0.01 M CaC12 addedu

and the flask capped and shaken on a reciprocating shaker for 2 h. The

solution was filtered through ltrhatman No. 42 filter paper into a 20 mL

plastic seintillation vial. Samples were stored aL 3 C and analyzed as

soon as possible by atomic absorption spectrophotometry.

(c) DTPR Extractable Zn and Mn

and Mg

erlenmeyer flask,

7.0 added and the

20-mL portion was

into a plastic

and Mg by atomic



Soil samples were air dried and sieved to pass an B mm sieve.

Soil was then added to a 5-cm diameter plexiglass tube with the bottom

covered by 4 thicknesses of cheesecloth. soil was packed by tapping

the tube lightly on the bench surface. 150 mL of distilLed water was

added to the soil surface and the top ofl the tube was sea-Led with para-

film" Afte¡ 48 hr a 25-g sample of soil was removed from immediately

above the wetting surface and dried at 1O5 C for 24 h, Moisture

(d) Field Capacity

content was then caLeulated by mass:

9ó water = 100 * [ *""" of moist soi.].
I

I -------- -'l
I

I r""" of dry soil

(t'4cKeague 1981)

(e) Extraction of Soil Solution Ca, l4g, K, Na and S by

centri fugation

A 35-g sample of air dry soil was placed into a 46 mL polypro-

pylene centrifluge tube. The soil was wetted to field capacity by the

addition of distilled water. Tubes were covered by plastic fiÌm and

incubated at room temperature for 7 d to allow equilibrium between

phases 
"

After incubation, tubes were adjusted to a common weight by

removaL of soif flrom the heavier tubes to ensure that the centrifuge

remained balanced. Tubes were centrifuged at '15,000 RpM (10r000 G) for

40 min. The supernatant was quickly decanted to ¡educe back-leakage.

Samples were relurned to the centrifuge, centrifuged for an additional
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Samples were returned to the centrifluge, centrifuged for an additional

20 min and the supernatant ¡emoved and combined with the first
extract ion 

"

Samples were stored for a minimum of 24 h to allow the sediment to

settle" Aliquots flor analysis were carefully pipetted flrom the viaLs

to avoid contamination with sediment. SampJ-es were analyzed for ca,

Mg, K and Na by atomic absorption spectrophotometry. s04-s was

measured by colorímetry on a Technicon AA-II. The S0¿l- was reacted

with Bacl2 to form Bas04. Excess Ba was assessed by complexing it with

methylthymol blue. The uncomplexed methylthymoJ. blue, measured aL 46O

Dfl¡ was equal to the S04-S present in the sample (Technicon Industrial

Systems 1972) 
"

(f) Calculation of ionic activities

Ionic activities of the various ions in the soil solution were

caLcuLated as outlined by Adams (1971). This method employs correc-

tion for 'rion pairtr formation between various cations and anions and

resul-ts in caLcuLation of the aetivity of the free ion in solution.

Activity coefficients were ca-Lcul-ated using the Debye-Huckel equation

after caLcul-ation of the ionic strength of the solution. Ionic

strength was caLculated flrom the measured concentrations of ca, Mg, K,

Na and S04. HC03 was assumed to be present at concentrations required

to maintain electroneutral"ity of sol-utions. The ionic activities were

caLcu-l-ated by a series of suecessive approxirnations, first assuming no

association (ion pairing) of ions in solution and then correcting for

association of j.ons until a constant value for the ion activity was

obtained.
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4.0 Ca and Mg Effects on Uptake and Eff1ux of K and Leakage of SoLutes

by Barley PLants

Net uptake of K by a plant invo-Lves the ba-l-ance between K moved

into the root across the plasma membrane, presumably by an active

uptake system of some type, and the passive efflux of K from the root.

Ca is known to influence membrane permeability and the action of the

active uptake system, presumably due to its effect on maintenanee of

membrane integrity (Epstein 1961; van stevaninck 1965; Kawasaki and

Hori '1973; Marschne¡ 19BJ). High concentrations ofl Mq have been

observed to reduce the accumuLation of K by plants (Welte and Werner

1963i El-zam and Hodges 1967; Kawasaki and Hori 1968). Mq couLd

infLuence K accumulation by the plant by direetly competing for K at an

uptake site or by competinq for ca on memb¡ane binding sites and

redueing membrane integrity. Alternately, Mq could substitute for K in

the vacuole of the plant, reducing the cel-L requirement for K for

osmotic functions.

In naturaL soil systems, Mg and ca occur together in so-Lution.

However, studies on the effect of Mg on nutrient flux have generally

examined the effect ofl Mg in the absence of Ca. The folJ.owing studies

were therefore designed to eval-uate the effects of various

concentraLions of Ca and Mg in so-Lution on the uptake of K and the

efflux of soLutes from barley plants. Short te¡m uptake studies t+rere

designed to determine if hiqh concentrations of Mg in the presence of

Ca would lead to any reduction in the transport of K across the

plasmalemma" Leakage studies l^lere designed to determine ifl high
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concentrations of Mg in the presence of Ca could influence membrane

permeability.

4,1 The Effeet of varying concentrations and Ratios of ca ard Mg on K

UpÈake by Barley Seedlings

4"1.1 Introdt¡ction

uptake of K is regarded as an active process (MengeJ- and Kirkby

1979) and is believed to occur by the action of, a carrier system

(Epstein and Hagen 1952; Epstein 1953) or gated pore linked to an

eLectrochemicaL gradient generated by ATPase (Leonard 1985). The

inflLuence of ca and Mg on the uptake ofl K has been investigated by a

number of researchers. Epstein (1961 ) and Jacobson et al " (1961) flound

that Ca enhanced uptake of K whereas Elzam and Hodges (lgü) reported

thaL Ca interfe¡ed with uptake of, K" Pomeroy and Andrews (1985) also

found that high concentrations of Ca (10 mM) interfered with uptake of

Rb by isoLated winter wheat ceLÌs for the first 6 h of uptake.

Kawasaki and Hori (lgSA) showed that Ca decreased the rate of uptake of

Rb at low Rb concentrations and increased the rate at high Rb

concentrations. El-zam and Hodges (lgg ) found that Mg decreased uptake

of K to a greater extent than did ca. Kawasaki and Hori (1968)

reported that Mg was similar to ca in its infl-uence on uptake of K"

These studies examined the effect of Mg and Ca on uptake of K in

isolation. But, Mg and ca are both present in the soil system. Rosen

and Carlson (1984) examined the effeet of varying ratios of Mg:Ca on
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the uptake of K by plum rootstaLks at moderate concentrations buL flound

no effect.

Welte and Wernet (1963) suggested that Mg may competitively inter-

fere with K uptake. In a competitive system, the effect would tend to

increase with inc¡easing concentration ofl the divalent ion. High con-

centrations of Mg would conceivably restrict crop yield by interfering

wÍth uptake and utilization of K.

Excised roots are frequently used to study the uptake of nutrients

by pJ.ants (Glass and Dunlop 1979; Kawasaki et aL. 1984; Lynch and

Lauchli 1984). However, excision generally Leads to an initial

reduction in net uptaker âs compared to that observed in intact

plants. l4lith time, roots recover from the effects of excision and

uptake returns to normal rates (Glass 1978). Although the ¡ate of

uptake is influenced substantially by excision, the relative eflfects of

specific ions on the short term uptake of nutrients by plants should

not diffler between excised and intact roots. Therefore, use of excised

roots should provide an adequate qualitative measurement of the effect

of Mg and Ca on the transport of K across the plasmalemma, over a short

period of time.

The objective of the following study was therefore to examine the

infLuence of varying concentrations and ratios of ca and Mg on the

short term uptake of K by excised barLey roots"
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4"1"2 MaÈerials and Methods

Two separate experiments were conduct.ed. In each experiment,



barley seeds (Hordeum vuLgare cv. Bonanza) were soaked in ae¡ated

distilled water for 24 hours" Germinating seedlings were then

transfer¡ed to aerated solutions of 0.5 mM CaS04 and grown in the dark

at 2'l C for B d to produee roots low in K" Roots were excised from the

B d old pJ.ants, rinsed once in 0.5 mM cacl2 and held in 0.5 mM cacl2

until used, within t h"

Excised roots were mixed gently and o"75 g fresh weight of root

was bLotted on paper toweLs. The sample was transfemed to a 20 cm x

20 cm single layer of eheesecloth and the edges gathered together using

white cotton thread to fo¡m a "teabag". The teabag was placed in 4 L

of 0.5 mM cacl2 for temporary storage until arr teabags flor that

repJ,icate were prepared. Roots fo¡ each replieate were prepared

immediately prior to use in the cation uptake study. uptake of K by

excised roots was evaLuated using 500 mL of solution. In the flirst

experimenL 16 treatment sol-utions were used, eonsisting of a ful-l_

flactoriaÌ combination of K at 0.08 or 8.0 mM, Ca at 0.08 or 0.16 mM and

Mg at 0.08, 0"16, o"32 or 0.64 mM. solutions were Labelled with 6.6 x

105 Bq B6Rb per mM K. In the second experiment, 16 treatment sofutions

were used, consistinq of a full factorial combination of ca and Mq at

0.08, o"161 0'32 or 0"64 mM" All solutions a-Lso contained K and Na at

0.08 mM" So-Lutions in the second experiment were labelled wi|h 7.4 x

105 Bq B6Rb per mM K. A control treatmenl of pure distilled water was

included for comparison. In both experiments solutions were adjusted

to a pH of 5"5 and a temperature of 21 c. solutions were aerated

during the absorption period" Treatments were replicated f times in a
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randomized complete block design.

The uptake period was initiated by removing a teabag from the

holding solution, rinsing it in two successj.ve 'l L aliquots of 0.5 mM

CaCI2, spinning it in the air to remove excess liquid, and immersing it

in the aerated uptake solution. To facilitate handLing, the uptake

procedure was initiated with successive samples at 2 min intervaLs.

After the completion of the 15 min uptake period, the roots were

removed from the solution and placed in 250 mL of un-LabelÌed solution

of the same composition as the uptake solution fot 2 min. The roots

were then placed for 10 min in a second 25O mL aliquot of unlabelled

solution held in an icebath" The teabags t,te¡e then removed and roots

separated from the cheesecloth" The roots were dried at 70 C, weighed,

and then digested in a 7O9(' nitric acid 3OYi perchloric acid mixture.

After digestion, the samples were diluted to 25 nL with distilled water

and 15 mL aliquots counted using the Cerenkov technique (Gelsema et

al. 1975; Lauchli 1969)" A quench curve was constructed using food

coloring mixed to give a brown color and the counts cor¡ected for

quenching usinq the sample channels ratio technique (Lang 1976) "

Statistical analyses were conducted using regression analysis

(Steel and Tor¡ie 1980). Only parameters with p 0.05 were included

in the regression equations.
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4"1"3 ResuJ-ts

Uptake ofl K from so-Lutions of 0"08 mM concentration of K decreased

with increasing concentration of Mg (fiq" 4"1 "1) " Concentration of Ca
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had no signíflicant effect on uptake of K. However, there was a consis-

tent tendency for uptake to be slightty higher at a Ca concentration of

0.16 mM than at a ca concentration of 0.08 mM (rig. 4"1.1)" uptake of

K was best described by the following regression equation:

Y = 2.87 - 1.76 Mg

where Y = uptake of K in u mol gm-1 hr-1, Mg in mM (p=0.00f0, rZ =

o.42).

In contrast, at the 8.0 mM K Ìevel, Mq had no effect on uptake of

K at either high o¡ low concentration of ca (data not presented),

ResuLts from experiment 2 showed simiÌar trends to those observed

in experiment 1 although the magnitude of uptake was sliqhtly higher in

experiment 1 than experiment 2 (Fig 4"1"2). Differences in magnitude

of uptake between the two experiments may reLate to slight differences

in constancy ofl temperature and degree of aeration during root cuLture

in the two experiments. Uptake of K decreased as concentration of Mg

increased but uptake of K increased significantly as concentration ofl

Ca increased. The reduction in uptake of K at high concentration of Mg

tvas most marked at the lower concentrations of Ca, As the

eoncentration of Ca increasede the deLeterious effect of concentration

ofl Mg on uptake of K decreased. At 0"32 and 0.64 nl4 Ca, concentration

of Mg had no efflect on uptake of K. uptake of K in experiment 2 was

was best described by the following regressi-on equation:
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Y = 1.86 + 1,10 Ca - 1.95 Mg + 0.84 CaxMg - 1"41 Ca2 + 1.72 Mqz

where Y = uptake of K in u mo_L gm-1 hr-1, Mq and Ca in mM

(p=0.0001 , R2=0.59).



4.1"4 Diseussion

Neither Ca nor Mg signiflicantly affected uptake of K by excised

roots when concentration of K was maintained at 8.0 mM. In contrast,

uptake of K in 0.08 mM concentration decreased with increasing concen-

tration of Mg and increased with increasing concentration of Ca Lo 0"32

mM. The difference in response at the high and low concentration range

apparently reflects the action of two different methods of uptake. A

passive infllux at the high concentration of K range was unaffected by

the relatively low concentrations of l"lg and Ca used, while an active

uptake system at the Low eoncentration of K range was affected by Ca

and Mg" The concentration of K in soil solutions in unflertilized soi-Ls

is closer to the low rather than the hiqh concentration range used.

These results ag¡ee with those of Kawasaki and Hori (lgeg) who found

that the rate of uptake ofl Rb from solutions of 1"0 mM Rb increased in

the presence of ca and Mg, but the effeet of ca was greater than that

of Mg in promoting increased uptake. They found that the effect of Ca

was greater if Na was present in the absorption solution" Bange and

Schaminee-Dellaert (ßeA) found that in a mix of Rb and Na, Rb absorp-

tion was stimulated by the presence of Ca, but not by that of Mq.

EarLier work by Epstein (1961) na¿ demonstrated competition between

uptake of Na and K, with Ca reducing the inhibitory effect of Na" He

found Mg to be ineffective in reducing the interference. Epstein

conc-Luded that Ca was essential for the seLectivity of uptake of K over

Na" 0verstreet et al. (1959) also observed that uptake of K inc¡eased

with concentration of Ca at concentrations of K greater than 0.1 mM.
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The increase in net uptake of K with Ca may relate to the eflfect

of Ca on ce-Ll membrane integrity. Ca is known to be essentiaL for

membrane integrity (steveninck 1965; Mengel and Kirkby 1979). Function

of a selective ion uptake system would require the existence of a

diflferentially permeable membrane, to exclude undesirable ions while

allowing for the controÌ-Led passage and retention of required

nutrients" Ca promotion of membrane integrity coul-d increase net

uptake of K by decreasing K efflux, as suggested by Mengel and Kirkby

(1979). Replacement of Ca by Mg couLd l-ead to a dec¡ease in membrane

integrity resulting in higher effllux and Lower net influx.

4.1.5 Conclusion

Ca and Mg at concentrations between 0,08 and O"64 mM had no

influence on uptake of K by excised barley roots when concentration of

K in soLution was 8"0 mM. In contrast, at low concentrations of K in

the solution (0.08 mM), uptake of K by excised barley roots increased

with increasing concentration of Ca from 0.08 to 0.32 nM and decreased

with increasing concentration of Mg from 0.08 to O"64 mM. Since

concentrations of K in the soil so-Lution of unfertilized soils are

cLoser to the lower rather than the higher concentration range used, it

is possibre that a rest,rietion on uptake of K by Mg could exist in high

Mg soils. However, in the presence of an adequate concentration ofl Ca,

the effect would likely be small.
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4"2 The Effect of varying concentrations and Ratios of ca a¡-d ME

on Solute Leakage frorn Barley Roots

4"2"1 Introduetion

ca and Mg are closely interrelated in plant physiology and may

compete with one another for anion equivalents and binding sites in the

plant tissue. One of the important functions of ca in plant physiology

is in the maintenance of rnembrane integrity (Bisson 1gB4; Mengel and

Kirkby 1979; Steveninck 1965; Welch and Epstein 1969)" The maintenance

of properly functioninq semipermeable membranes within the cell is

critical to life. Interference with proper membrane function could

interfere with ion absorption and plant growth.

The plasmalemma is generally believed to be the seat of the ion

absorption mechanism and standard procedure for experiments to examine

the uptake of ions is the incÌusion of a .Low concentration of, Ca in

treatment solutions to ensure proper membrane function. Damage to

membranes and transport mechanisms occurs within a short time period

when Ca is not present in the soLution (Lauchli and Epstein 197O) "

Mengel and Kirkby (1979) suggested that the commonly observed

Viets effect (Viets 1944), in which Ca and other divalent ions in the

externar medium were observed to increase the uptake of K and Br, was

due to decreased membrane leakage promoted by ca. The decreased

permeability would enhance retention of absorbed monovalent ions.

Numerous studies have examined the effects of Ca on the uptake of
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K (Bange and Schaminee-Dellaert 1968; Elzam and Hodges 1967; 0verstreet

et al " 1952). Pomeroy and Andrews (1985) examined the effect of Ca on

the uptake and efflux of Rb by isolated winter wheat ceLLs, and found

that high concentrations of Ca decreased initial uptake of Rb but did

not inflLuence Rb effllux. But there is little information avaiLabLe on

the effect of concentration of Mg and Ca on the leakage of solutes from

intact plant roots, particularly at high cation concentrations.

The objective ofl these studies was to examine the influence of

external Ca and Mg on the efflux of electrolytes from the roots of

intact barley plants" Changes in electricaL conductance of the

solution were used to eva-Luate leakage of all electrolytes from the

root into distilled water, while B6Rb was used to simulate the movement

ofl K out of the ¡oot into soLutions containing varying concentrations

of Ca and Mg. Rb was substituted for K since a suitable isotope of K

was not available.

-48

4"?"2 Methods and Materials

Electrolyte leakage from intact barley roots was eval-uated after

roots were treated with various concentrations of Ca and Mg.

Barley seeds (ev, Bonanza) were washed in distilled water, then

soaked in aerated distilLed water for 24 h" seeds were then

transflerred to fllats of vermieu-Lite for 6 d, until_ seedlings were in

the early Z-Ieaf stage" Seedlings were then transferred in groups of 3

to aerated full strength Hoaglands California //1 solution (Hoagland and

1. Electrolyte Leakage Studies



Arnon 1950). rwenty-four groups of J seedlings were grown in 10 L of

solution, adjusted to pH 6.5 and changed every 4 d and on the d before

use of the seedlings. seedlings were grown for 10 d in a growth

chamber with relative humidity of approximate].y 6096 and a 16 h liqht

and B h dark cycle with light period temperature of 2i c and dark

period temperature of 16 C.

Groups of seedlings were randomly se-l-ected and rinsed in

distilled, deionized water" Seedling groups were then transflerred to

beakers containing 500 mL of the ae¡ated experimental sol-utions, which

sis+od of a]l combinaLions of 2,4 and B mM ca and Mq plus a

ist.illed water check" Ca and Mg were added as nitrate salts. All
treatment sol-utions were adjusted to pH 6"0"

seedrings were maintained in the treatment so]utions for t h,

after which they were rinsed for 1 min in 4 L of distiLled deionized

water held at room temperature, then transferred to a fresh aliquot of

4 L of distilled wate¡ and rinsed for 1 min" Seedling qroups were then

transferred to 25 nL of vigorously aerated distilled deionized water.

Conductivity of the water was measured after 1r 3, 5, and 7 h of

incubation.

Aflter the compJ.etion of the 7 h leakage period, the seedling

groups were lightly blotted and divided into root and shoot portions.

Fresh weight and oven dry weights were measu¡ed and feakage of solutes

per g fresh weight of root calcul-ated.

Statistical analyses were conducted using linear regression. 0n1y

parameters with p*O.05 were included in the regression equation. The

-49



equation with the highest R2 value was selected.

2" K leakage study

Barley kerneLs (cv Johnston) were soaked for 24 h in aerated

distilLed water, then transplanted to flats of vermiculite. The flats

were kept moist and held in the dark at 20 C until seedling emergence.

The seedlings were grown in a growth chamber with relative humidity of

approximately 609ó and a 16 h tiqht and B h dark cyele with a light
period temperature of 22 C and a dark period temperature of 15 C until

they reached the 1 leaf stage, Bundles of r seedlings were then

transferred in groups of 24 to 10 L of half strength Hoagland's

solution, adjusted to pH 6.0" After 5 d, the solution was replaced

with fresh, half strength solution, however the concentration of K was

reduced to 0.5 mM K (low K solution). The remainder of the KN03 was

replaced with NH4N03 to maintain the feveL of nitrogen. The plants

were grown in the low K solution for 4 days" The day prior to the

leakage study, the nutrient solution was replaced with half strength

low K solution which was label-Led with 1.48 x 106 Bq or B6R¡ per mM of

K"

AfLer 24 h in the labelled soLution, assessment of K leakage lvas

initiated. Triplets of plants were removed from the nutrient culture

solution and the roots rinsed for 1 min in distilled water and then flor

30 seconds in each of two aliquots of 0.5 mM CaCIZ sol-ution. The

beakers were then filled with 150 mL of vigorously aerated treatment

soLution" The formulation of the treatment solutions are given in

Table 4.2.1. Ca and Mg were added as nitrate salts.



Table 4.2"1: Composition of leakaqe treatment soLutions

TREATMENT

1

2

3

4

5

6

Ca Mq

14

12

B

Samples of 1 mL of the so-Lutions were taken at 5, 20, 35, 50, 65,

95, 125, 155, 215' 245, 3o5, and 365 minutes. To maintain a constant

soÌution volume, 'l mL ofl distilLed water was returned to the solution

for each 1 mL removed. Radioactivity in the solution was assessed by

Cerenkov counting and measu¡ements adjusted flor dilution by addition of

distilled water.

Following the leakage procedure, the plants were removed, lightly
blotted, separated into the root and shoot portions and flresh weights

of each portion obtained" Statistical ana-ì-ysis was conducted usinq

l-inear reqression.

Ca: I'lg
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It should be noted that Ín the first study conductance was used to

measure leakage or effl-ux from roots. Calcium is normally added to all
solutions for the maintenance of root membrane integrity (Lauchli and

Epstein 19lO), However, since this experiment was conducted to deter-

mine the effect of ca and Mg on sol-ute leakage, addition of ca to the

efflux soLution was not desirab-Le because the high background conduc-

tance of the solution would result in decreased sensitivity. The

second experiment was designed to directJ.y measure eff-Lux of K (B6nU)

from roots into soÌutions varying in Ca and Mg concentration. Changes

in B6Rb content of solutions we¡e used to measure leakage; efflux from

roots directly into the treatment solutions was being measured, and

with the exception of the distilled water treatment, each soLution

eontained a minimum of 2 mM Ca.

4"2"3 Results
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Leakage of soLutes from intact barley seedring roots was

influenced by Ca and Mg, when measured by (a) changes in conductivity

of distilled water (electrolyte leakage technique) or (b) movement of

86Rb out of the labelled roots (B6RU leakage technique). Conductance

as a function of time for the various concentrations of Mg and Ca in

the pretreatment so-lutions are shown in Figures 4.2,1 to 4"2.3 "

Regression equations for leakage as assessed using the electrolyte

leakage technique, were f,ormul-ated separately for Mg parameters and ca

paraneters. 0n1y parameters with p 4o.os were included in the

equations. The resulting equations trlere:
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Y = 4"93 - O"39 l4q + 0.05 l4g7 * 0.64 time

(pÉ0.0001 g2 = 0"58) where Y - conductivity ofl t.he distilled
water in ms ¡¡-1 per g root fresh weight per h, time in h, Mg in mM.

Y = 4.81 - 0.29 Ca + 0.04 CaZ + 0.64 time

(p30"0001 R2 = O.56) where y = Conductivity of the distilled water

in mS r-1 per g root fresh weight per h, time in h, Mg in mM.

The vaLue of conductivity extrapolated to time 0 for the

individual treatments was in the order of 2.5 mS m-,l, which presumably

reflects the basal conductivity ofl the distilled water plus the quickly

reLeased ca and Mg which was not removed by the initial rinsing

pr ocess.

ïhe equations using ca and Mg were very simiLar in form and the

coefficients had approximately the same magnitude, indicating that ca

and Mg had similar effects on el-ectrolyte leakage.

concentration of K (B6Rb) accumurated in the soLutions as a

function of time of leakage for the various combinations of Mg and Ca

are shown in Figure 4.2.4. Regression equations were formuLated for

leakage as indicated by l( (Rb) concentration in the soLutions.

separate equations were flormul-ated for Mg and ca parameters, and only

parameters with p 0"05 were included in the regression equations. The

resultinq equations wereB

Y = 0.175 - 0.045 Mg + 0"OO29 l'1g2 + 0.016 time

(pá 0.0001 q2 = O.46) where y = K accumulation in soLution inrug

per g root weight, time in min, Mg in ml4:

Y = 0.186 - 0"O41 Ca + 0.0024 CaZ + 0.016 time
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(p¿ 0.0001 PZ = O.47) where Y = K accumuLation in solution inl.lg

per g root weight, time in min, Ca in mM.

As noted for the equations derived flrom the electrolyte leakage

studies, the form and magnitude of the coefficients of the regression

equations using Mg and Ca separately to describe B6RO leakage were

similar, indicating that Ca and Mg were similar in their effects on Rb

leakage. Leakage was slightly less when Ca t+as the dominant cation

than when Mg predominated.

when leakage was assessed by changes in conductivity, reakage was

initially higher after pretreatment with Ca and Mg than after pretreat-

ment with distilled water, particularly at the highest cation concen-

tration (Fig 4.2"1 to 4" 2"3) " After the initial measutements however,

leakage was higher from the distilled water treatment. When leakage

was averaged between the initial measurement and the flinal measurement

(lable 4"2"2) ¡otn ¡ate of leakage and total leakage was higher in the

distilled water treatment than in any other solution. Similarily, when

leakage was assessed by movement or B6Rb to the solution, leakage was

higher in the distilled water than in so-Lutions containing Ca and Mg

through most of the experiment (Fig 4"2.4)" The decline in the latter

part of the experiment may have been due in part to depletion of the Rb

in the root. Recovery of the plants from shock due to transfer to the

treatment sol-utions would also fead to renewed influx of Rb which would

reduce the Rb in the externaL solution. Ca and Mg had similar effects

on leakager with mean overa-ll leakage decreasing with initial
increments of either Ca or Mg and increasing with high concentrations
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of Ca or Mg. l,Vhen leakage was assessed by changes

4.2"1 to 4.1"3)t leakage increased when either Ca

to B mM"

Iable 4.2.2 Leakage rate and total leakage ofl solutes between initial

3 hour) and final(7 hours) measurements.

Ca Mg

----mM-----

0

2

2

2

4

4

4

B

o

B

in

or

0

2

4

B

2

4

B

2

4

B
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6,31

6"86

7.35

ïotal Leakage

ms m-1 g-1

4"79

3 "46

3"50

4" 16

3"29

4.00

3"50

3 "79
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Leakage also increased as the sum of ca + Mg increased, possibly due to

cations absorbed during the treatment period and not completely removed

in the rinsing process.

When the ratio of Ca:Mg was changed while the sum of Ca + Mq

remained constant, leakage of K inc¡eased when eithe¡ Ca or Mg was

increased above B mM (Fig 4.2"3). ca and Mg had very similar effeets

on leakage, although leakage tended to be higher with the higher Mq

concentrations than with the higher concentrations ofl ca. This may

reflect the greater mobility of Mg into the root as compared to ca.

The length of time that the roots were immersed had a signiflicant

effect on rate of leakage, with leakage rate decreasing with time. In

the B6Ru leakage study, roots showed a net leakage of K until 245

minutes aflter treatment was initiated (Fig 4.2.4) " Net leakage ceased

after 245 ninutes in the sorutions containing a 7:1 ratio of ca:Mg or

l"lg:ca, while in the soLutions containing a ca:Mg or Mg:ca closer to

unity, net uptake of Rb began.

The pattern of efflux diflfered when reakage vvas measured by

solution conductance and K leakage. Solution conductance continued to

increase, at a decreasing rate, throughout the study period, while K

coneentration reached a peak and then began to decrease" This could

reflect the diflference in the type of diffusing ions being measured or

the fact that the roots were surrounded by distilled water in the

conductance studies and by Da-Mg soLutions in the K leakage study.

Since K leakage into the distilled water treatment peaked and then

declined, it appears likely that the difference between the two stuclies
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lies in the difference between the types of ions being measured.

Presumably, the efflux of K slowed and uptake began due to depLetion of

K reserves within the plant. tffllux of total ions as measured by

changes in conductance may have continued for a longer period ofl time

due to the existence of a larger reserve availab-le for effr.ux.

4.2"4 Discussion

Solute leakage frorn intact barley plant roots was higher from

roots immersed in distilled water than those immersed in solutions

containing either ca or Mg" In the conductivity study, leakage was

initially higher from the roots pretreated with ca and Mg, presumably

due to efflux of Ca and Mg taken up during the treatment which was not

¡emoved from the free space by the desorption treatments. These

results are similar to those of Handley et al, (1g65) who found that

leakage of Na flrom excised corn roots was initialJ-y higher when roots

were placed in solutions containing O"0025 M CaC12 or SrC12 as compared

to pure water. However, in the study of Handley et al., leakage from

the sol-utions containing cations decreased with time while rate of

leakage from roots placed in pure water remained constant until rate of

leakage was greater from roots placed in pure water.

ln the current study, leakaqe was curvilinearly related to

concentration with leakage rate decreasing to the greatest extent at

concentrations of either Ca o¡ Mg less than B mM. At concentrations of

B ml"l or greater of either Mg or ca, leakage began to increase. Pomeroy

and Andrews (1985) found that Rb efflux from iso-Lated winter wheat
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cells did not differ significantly in the presence of 10 mM Ca as

compared to 0 mM Ca. In the current study, leakage at 12 mM Ca was

-Lower than at 0 mM ca (oistilled water), but was higher than at lower

concentrations ofl Ca. Mg did not appear to interfere with ca

maintenance of membrane integrity. When both Ca and Mg were present in

the solution, the response of leakage to Mg was simiLar to the response

to Ca, although in the B6Rb leakage study leakage tended to be somewhat

higher when Mq was the more prevalent cation. Steveninek (lgeS) found

that Mg was much l-ess effective than Ca in reducing leakage of solutes

from disks of beet ¡oot storage tissue. Kawasaki et al" (t97ib) also

observed that Ca repressed the exchange-desorption of monova-Lent

cations, especially Rb, indicating that ca reduced efflux of Rb from

plant roots. Ca led to an overalL increase in the nonexchangeable

uptake of Rb by excised barley roots. Mg was not as effective as Ca in

decreasing exchangeabLe and in increasing nonexchangeable Rb in the

root. I f the decrease in exchangeable and increase in nonexchangeable

uptake of Rb is taken to indicate an increase in the efficiency of

membrane operation then Mq was less effective than Ca in infJ-uencing

membrane flunction. Bisson (1984), however found that Mg was generally

as effective as Ca in restoring membrane function. Differences between

the results obtained in this study and by Kawasaki et al (1973b) and

Steveninck (1965) may be due in part to the low ion concentration used

in the studies by these autho¡s. Kawasaki et al" (197jb) used 0.5 mM

ca or Mg while steveninck (1965) used 0.16 mM ca or Mq. Further, the

studies of Stevenink (llsS¡, Kawasaki et al" (1973b) and Bisson (1984)
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examined ca or Mq in monoionic solutions. In the current study, all

treatment solutions except for the distilled water treatment contained

at least 2 nl{ ta in the high concentration sol-utions. Therefore,

leakage was not examined in the total absence of Ca. Mengel and Kirkby

Qglg) indicated that the concentration of Ca required for normaL

membrane permeability is in the order of o.1 mM. Bisson (1984) also

found that o"5 mM ca was as efflective as 5 mM ca in influencing

membrane properties. The basal concentration of ca present in the

solutions may have been sufflicient for requirements specific to ca.

Steveninck (1965) suggested that the ability of other divalent

cations to substitute for ca indicated that apart from probable

specialized physiological effects, all divalent cations have an

unspecified effect on the colloid chemical behavior of the protoplast"

He indicated that ca might bridge the negative charges of, the plasma

surface and cell wall. Bisson (lgïq) suggested that Ca promotes the

closing of channels in the plasma memb¡ane used for K transport. The

channels wouLd al-so be cl-osed if the membrane potential was

sufficiently negative, so that the requirement for Ca is not absolute.

The efflect of ca was mimicked quite well by Mg, thus the effect may be

due to a general screening of charge rather than a specific interaction

with the channel. This may explain the effectiveness of Mg in the

cu¡¡ent study in reducing leakage"

The increase in Rb leakage at high concentrations of either Ca or

Mgr independent of tot.l- cation concentration may possibly ref-Lect

movement of the divalent cations int.o the root at high concentrationsu
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due to the high chemical gradient, resulting in a concurrent outward

movement of K (Rb) to baLance the charge gradient.

4"2"5 Conclusions

The rate of leakage of solutes from intact roots as measured by

either changes in solution conductivity or Rb leakage, was greater when

the external solution was pure distilled water than a solution contain-

ing Ca and Mq. Leakage decreased with increasing concentration of Ca

and Mg to B mM but increased with increasing concentration ofl either Ca

or Mg above B mM. Since concentrations of, Ca in the soil soLution of

unamended systems normally range from J to 10 mM whil-e concentrations

ofl Mg normally range fron 2 to 5 mM (Russell 1973) it is unlÍkeJ.y that

excess eoncentration of Mg or Ca would interfere with membrane

integrity in unamended soil-s. However, leakage may be a probrem in

fertilized soil-s, where Ca and Mg concentrations woul-d be higher than

those in unamended soil-s. Ca and Mq both were effective in reducing

J-eakage flrom intact roots. However, leakage of K as indicated by B6q5

leakage tended to be higher when the ratio of Ca:Mg deviated frcnn unity

and when Mq was the dominant cation.
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5.0 The Effeet of High Concentrations of Ca and Mg on the yield

ard Nutrient Content of Johnston ard Bonanza Barley

The previous studies, rryhich examined the influence of Ca and Mg in

solution on the uptake of K and the eflfLux of solutes by barley plants

indicated that high concentrations of Mg and Ca couLd interfere to some

extent with the short term aceumulation of K. The effects were not

large and it was not evident whether Mg and Ca would have an important

effect on ion accumulation at the concentrations normally present in

unamended soiLs" As well, uptake and efflux studies were conduct.ed in

soLutions much simpler than those in which plants are normally grown.

The uptake and efflux studies therefore provided only a view of the

short term behavior of nutrient fl-ux of barley seedJ.inqs in a simple

environment "

Hydroponic cuLture has frequently been utilized to examine the

effect of varying nutrient concenLrations on plant growth" Although

hydroponic culture does not reproduce the type ofl environment found in

soil, it has the advantage of allowing flor the evaLuation of the

chemical effects of varying nutrient concentrations in the absence of

variations in soil structure, texture, pH or concentration of other

nutrients.

In solution cuLture, Ohno and Grunes (tgg:) found yield ofl wheat

was unaffected by concentrations of Mq of O.1 to 4.5 mM and

concentration of K of O"1 to 6"0 mM. However, Fageria (197j) found

that yield of groundnuts in a hydroponic system decreased when

concentration of Mg increased above 0"75 mM when Ca and concentration
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of K were maintained at 0.125 and 0"2o4 mM, respectively. Fageria

(lgü) reported that increasing the concentration of Mg in the medium

decreased K and Ca absorption by ¡ice.

In solution culture, Carter et al (1979a) found that the growth of

barley at the seedling stage was reduced at Mg:ca ratios of 1 "j to

2.5. Ca deficiency symptoms of barley occurred when grown in nutrient

soLutions and soiLs with Mg:Ca ratios of greater than 1.f.

Although soLution culture can provide va.LuabLe information on the

chemical effects of nutrient concentrations or plant growth, it does

not necessarily follow that the same efflects witl be seen in soil

cuLture. The soil is a complex system, with a multitude of reactions

occurring which influence plant growth and nutrient reLations.

Ïherefore, the effects of Ca and Mg must be examined in soil as welL as

so-Lution cu-Lture to determine possible eflfects on crop production"

Ca or Mg a¡e generally applied to soils as calcitic or dolomitic

Limestone. A number of studies have examined the effect of "over-

liming' on crop yields and nutrient relations. york et al. (1954)

found that yield of corn and sudangrass decrined with hiqh lime

application" The reduced yields r,lere not due to a deficiency of K or

Mq. The authors suggested a deficieney of Mn or Fe may have occurred,

High leveLs of ca and Mq are normally associated with hiqh soil pH

-Levels. Avai.Lability of Mn and Zn tends to decline with increasing pH

(Mengel and Kirkby 1979). Therefore, it is possibte that high soi-L

Leve-Ls of Ca and Mg may interfere with the availability of Mn and/or Zn

for plant growth. Racz and Ha-Luschak (lgl4) found that the yield
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of wheat on calcareous soils was lower than on noncalcareous soiLs"

Concentration of Zn was lower in the pJ-ants grown on calcareous than on

noncaLcareous soils. Leibhardt (1979) found that corn and barì.ey

yieJ.ds were depressed by lime applications of 8.96 Mg ha-1 as calcite

or ca-Lcite plus dolomite" At high application rates, both ca and Mg

were negatively related to yield, but Ca was Less deLeterious in its
effect on yield than Mq" Tissue analysis showed Mn and Zn leveLs in

the deficiency range. The high soÍl Mg was associated with a decrease

in plant Mn.

None of the above studies examined the individual and combined

effects of hiqh levels ofl ca and Mg on crop yield and nutrient rela-

tions. The primary objective of the following studies were to

determine the effect of high Levels of ca and Mq on the yield and

tissue Mg, ca, Kt Zn and Mn reLationships ofl barley, which is generally

considered a ca-l-cicoLe plant, adapted to hiqh Ca levels in the soil.

Ïn order to attain this goal, barley growth and nutrient relations were

examined in three types of systems:
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5"1 The Effect of High concentrations of ca and Mq in Hydroponic

Solutions on the Yield ar¡d Mg, Ca, K, Zn and Mn Content of

Johnston and Bonanza Barley

5.1.1 fntrdt¡ction

The evaluation of cation interactions in a soir. system is

complicated by factors other than the simpJ-e chemicaÌ eflfects of the

ions in question. Soil physical characteristics, pHr and concentration

of other ions may vary or covary with the ions under study. Determina-

tion of the effects ofl Mg, ca, and K on plant growth requires that

other faetors remain constant but at a Level required for optimal

growth of plants. Thereflore, initial eva-Luation of the effect of Ca,

Mg and K on barley growth was conducted in a series ofl nutrient

solution studies. In this manner, efflects of the cations in question

on soil structure and their possible covariance with soil texture, pH

and content of oLher ions were eliminated. Therefore, variations in

plant growth and nutrient relations were due to the chemicaL effects of

the concentration and ratios of the ions under study.
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5.'1"2 Methods ard Materi.als

Barley (Hordeum vulgare) seeds were soaked in aerated, distilled

water for 24 h and then transflerred to flats of vermiculite. Flats

we¡e maintained in da¡kness at 22 C until Lhe seedlings emerged.

Seedlings were then transf,erred to a growth chamber maintained at 16

and B h light and dark periods, respectively, and liqht and dark



period temperatures of 22 and 16 C, respectively. The seedlings were

grown to the two-l-eaf stage and then transplanted in groups of 24 into

black painted plastic containers containing 10 L of aerated treatment

soLution. All soLutions were modifications of a full strength

Hoaglandrs california ll1 soLution (Hoagland and Arnon 1950). All
modifications to solutions were made using nitrate sal-ts and the leveL

of nitrogen adjusted to a constant level using NH4N03. The pH was

adjusted to 6"5.

In each study, stepwise regression using maximum R2 improvement

(SAS Institute 1982) was used to find the best flit regression equation

for yield and nutrient content, using p¿0.05 as the criterion for

maintaining a pa¡ameter in the equation.

'1. K-Mg study

A preliminary study was conducted to determine response of barley

to Mg and K in the hydroponic soÌution. The barley cultivar used was

Johnston. Treatment formulations consisted of fuLl f,actorial combina-

tions of K at 0"75, 1.5o, 6.00 and 12.oo mM and Mg at 0.50, 1.00, z.oo,

4.00 and 8.00 mM. Ca was present in each soLution at 5 mM. Solutions

were changed every 3 d. Seedlings were removed and individually

weighed weekly and harvests were taken after 4 wk of growth. Harvested

plants were divided into root and shoot portions and each portion was

analyzed individually for Mg, K and Ca.

2. Ca-Mg study

A second set of experiments were conducted to determine the influ-
ence of varying eoncentrations of Mg and ca and ca:1,4g ratios on the
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yield and nutrient content of barley. The cultivar of barJ.ey used was

Bonanza. Treatments were replicated twice and the experiment was

conducted twiee, Solutions were formulated to give Mg:ca ratios of

4:1, 2t1, 1;1, 122 and'lz4 (Iable 5"1"1),

Table 5.'1.'l: Solution flormulations in Ca-Mg studies

Ireatment

1

2

3

4

5

6

7

B

9

2"0

2.0

2.O

2"0

8.0

8.0

8.0

8.0

8.0

-67

0.5

1.0

2"O

4"0

2.O

4.0

8.0

16.O

32"O

Mq: Ca

Each solution contained 1.0 mM Na" Nitrogen was added as NH4N03

to adjust the N in solutions 1 to 7 to 49 nl/.u the concentration equal

to that in the solution for treatment B" N was adjusted to the concen-

tration of t¡eatment B rather than treatment 9 because the concentra-

tion of N flor treatment 9 was considered excessively high.

4:1

2:1

'l :1

'l z2

421

221

1,1

1e2

124



soLutions were changed every 3 d during the experiment. ptants

were harvested after 28 d in the treatment soÌutions. Fresh weights

and oven dry weights were obtained for roots and shoots, Root and

shoot samples were then analyzed individually for Ca, Mg, K, and Zn.

3. Ca-Mg cultivar study

Slightly different yield responses to Mq concentrations were

observed in the initiaL sLudy using Johnston barley and the second

study using Bonanza barley. Therefore, the effect of concentrations of

Mg and ca and ca:l4g ratios on the yield and nutrient content of

Johnston and Bonanza barley were examined. A full f,actorial- design was

used with 12 solutions consisting of all combinations of Ca at 2, 4 and

16 nM and Mg at 2, 4, B and 16 nl4" Each treatment was repeated twice

and each pan contained 24 plants, 12 ofl Bonanza and 12 of Johnston

lrarley. Treatment so-].utions were changed after 7 d and then every 3 d

during the experimental period. Harvests were taken after 28 d. Fresh

and oven dry weight ofl rooL and shoot were measured. Chemical analyses

flor Ca, Mg, K, Zn and Mn were conducted on roots and shoots.
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5"1"3 Results

1. K-Mg Study

Shoot dry weight increased 2 to I fold when concentration of K in

the soLution was increased flrom o.75 to 1 "50 mM and increased only

sJ.ightly at concentrations above 1.5 mM K (Table 5.1"2). shoot dry

weight was generally greatest at 1.0 to 2"0 mM Mg in the solution and

tended bo decrease when concentration of Mg increased to 4.0 mM or B
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mM. The depression in shoot dry weight with increased Mg tended to be

greatest at the 12 nM coneentration of K. Root dry weight followed a

similar pattern to that of shoot dry weight, with dry weight increasing

with increasing K and decreasing with increasing Mg, although no

signiflicant K x Mq interaction occurred (Tanle 5,1"2 and regression

equations bel-ow). Lowest yields of both root and shoot occurred at the

lowest concentration of K, where a visual K deficiency was observed.

ïhe regression equation for shoot dry weight in grams per plant, as a

function of concentration (mM) ofl K and Mg in soLution was as fo-L-Lows:

Y = 1"4528 + 1"61268 tog K - 0.6812 K + 0.0287 X2 - O"0065 KxMg

(R2 = 0.36, pgi 0"0001).

The regression equation for root dry weight in grams per plant, as a

functíon of concentration (mM) of K and Mg in so-Lution was as follows:

Y = 0.'1754 + O.O351 log K - O"OZ45 1og Mg (R2 = 0"2t, pÉ 0.0001).

Concentration of all nutrients in the root and shoot tended to

decrease with increasing dry matter production (Tables 5"'l "Z and

5,1"3). This was primarily a resu-Lt of biological diÌution.

Concentration of Ca in the shoot decreased with increasing K and

Mg in the solution while the concentration of Ca in the root decreased

only with increasing eoncentration of Mg in the soLution (Tables 5.1.2

and 5.1.3). Doncentration of Mg in the root and shoot increased with

increasing Mg in the solution" The increase in concentration of Mg in

the shoot with inc¡easing concentration of Mg in the sol-ution was less

pronounced at higher than at Lower concentrations of K. Concentration

of K in the root and shoot generally increased with increasing
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ïable 5.1.3 Regression equations showing

nutrient concentration of Lhe tissue or

and the concentration of Mg and K in the

dry weight (d.w.) in g).

Nutrient

ca in shoot(96)= 1.472 - 0"055 Mg - 0.082 log K _ 0.805 root

Ca in root (ií,)= 1.801 - 0.104 log Mg - 0"436 shooL d.w.

Mg in shoot(tó)= 0.O74 + O.'t7Z Mg - 0.008 Mg2 - 0.004 MgxK

Mg in root (9á)= 0"213 + 0.050 Mg - 0"051 shoot d.w.

K in shoot (9ó)= 3.'tZB - 0.115 K + 1"496 log K - 0"529 shoot

K in root (9í)= 0.886 + 0"419 K + 0.257 log Mq - 0 "122 KZ +

1.745 root d"w"

Ca:Mg in shoot= 5.16 + O.471 ì4g - 3.62 Iog Mq - 0.J4f shoot

Ca:Mg in root = 10.66 - 3.50 tog Mg - 10.9 root d. w.

Ca uptake(mg) = 3.912 - 0"555 Mq + 8.02 shoot d.w.

+1 'l 
" 
43 root d. ur .

Mg uptake(mg) =-0.0181 + 0.0052 Mg + 0"O126 tog Mg -
0.0001 K2 + 4"10 shoot d"w.

K uptake(mg) =-O.O592 + 10.47 log K + 29"18 shoot d.w.

+0.47iO root d.w"

Ca:Mg uptake = 5"58 + A"442 l4g - 3.58 log Mq - 0.479 shoot

relationships between

nut¡ient uptake by the plant

soLution (Mg an¿ K in mM and

Regression equation

-71

p2

d"w " 0,33

o.25

0. 84

0 "56

d.w. 0 " 75

0.78

d"w" 0. BB

0. lB

o.74

0.91

d.w. 0. 89



concentration of K in the solution. The concentration of K in the root

also increased with increasing concentration of Mg in the solution,

presumabry due to the reduced yierd at high concentrations of Mg.

The ratio of Ca:Mg in the root and shoot decreased with inereasing

Mg concentration and was not influenced by concentration of K in the

nutrient solution (Tables 5.1"2 and 5.1.j). Ca:Mg ratio in the tissue

increased as dry matter yield decreased, due to the high concentration

ofl Ca in the tissue when yield was restricted at low K concentrations

in the soLution.

Total uptake of all nutrients increased with increasing dry matter

yield (Tabtes 5"1.2 and 5.1.3). Uptake of Ca decreased with increasing

concentration of Mq in the solution. Uptake ofl ltlq increased wÍth

increasing concentration of Mq and decreased with increasing

concentration of K in the soLution. Increasing the concentration of K

in the soLution increased the uptake of K. The ratio of uptake of ca

to uptake of Mg folÌowed the same pattern as the concentration rati.o,

decreasing with increasinq Mg in the solution and with dry matter

production.
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2" Ca-Mg study

Results for the two experiments conducted were similar, thus the

data from the two experimental runs were combined and analyzed

together. The oven dry weight of root, and shoot are shown in Fiq.

5"1"1.
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ïable 5 "1 "4": Regression

concentrations (mM) ofl Ca

Yield Parameter

equations for yield (g)

and Mg in so.Lution

Root dry weight

Regression Equation

Shoot dry weight

as afflected by

2,89 - 0"54 Ca + O"OO93 CaZ

+ 4"00 log Ca

Total dry weight

-74-

12.43 - 2"14

+ 7.09 J.og

15.32 - 2"68

+ B.B3 log

Ca

Ca

Root, shoot and total dry weights we¡e highest at Ca concentrations

of, 4 to B mM. Lowest yields were obtained with concentraLions of 0.05

mM Ca and 32 mM Ca" Yie1d was not inf-l-uenced by concentration of Mg in

the sofution (Table 5"1"4)"

+ O.O34 Ca2

p2

Ca

Ca

+ O"O44 Ca2

o.41

o"79

0.68



Table 5.1.52 Regression equations

affected by concentration (mM) of

s).

Nutrient
Parameter

Ca in root(9á)

Ca in shoot(,'í)

Mg in root(9ó)

Mg in shoot(,"í)

K in root(9á)

K in shoot(9á)

Zn in root
(us s-t ¡

Zn in shoot
(uq s-t ¡

Ca:Mg root

Ca:Mq shoot

for tissue nutrient concentrations

Ca and Mg in soÌution (dry weight

0.194 + O.OO735 CaZ - o.0000822 ca3

O"198 +0.0987 Ca -0.00586 CaxMg

0.171 - 0.000011 Caj + 0.00112 CaxMg

O"OB43 - O"075J log Ca + 0.195 log Mg
+ O"0495 Ca/l'lg

NS

NS

95"3 + 0"189 CaZ

Regression Equation

-75

= 189 - 5"9O shoot dry weight

AS

in

The concentrations of the various nutrients in the tissue, with the

exception of K, were influenced by concentration of Mg and/or Ca in the

nutrient soÌution (Table 5"1.5). However, since yield also varied

among treatments, some of the eflfect of Ca and/or Mg on tissue nutrient

concentration lvas due to dilution or concentration by promotion or

depression of dry matter yield, respectively.

concentration of ca in the shoot increased with increasing

0"672 + O.O0446 CaZ + 0.BlB Ca/l4g

1.O73 + 0.161 Ca + 1"826 Ca/l4g

R2

0.97

0.95

0.82

0. B0

o "45

o.12

o"93

0 "63
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concentration of Ca in the nutrient sol-ution, particularly at the Low

concentration of Mg (fig" 5"1.2, Fig. 5.1"3 and Table 5"1,5)"

Concentration of Mg in the shoot and root decreased with increas-

ing concentration ofl Ca at the low leveL of Mg in the nut¡ient soLution

(ri.g. 5"1.4, Fig. 5.1.5 and Table 5.1"i) whereas concentration of Mg in

the root and shoot increased when concentration of Mg in the nutrient

solution was increased frcrn 2 to B mM. Concentration ofl Mg in the ¡oot

increased when Ca concentration in the nutrient soLution increased to

16 or 32 nlvl. Reduction in dry matter yield at the high concentration

of Ca may have led Lo the high concentration of Mg in the tissue, since

the Mg taken up by the plant would have been distributed through a

smalLer quantity of dry matter"

Solution levels of Ca and Mg did not significantly affect concen-

tration of K in the root and shoot (Table 5"1"5)"

Concentration of Zn in the root (Table 5"1"5, Fig.5.1.6) increas-

ed when concentration of Ca in the nutrient solution increased to 16 or

32 nM, while concentration of Zn in the shoot was significantJ.y affect-

ed onJ.y by shoot dry weight (lable 5"1"5, Fig.5"1"7).

The ratio of Ca:Mg in the root and shoot increased with increasing

ratio of ca:Mg and concentration ofl ca in the solution (Taule 5.1"5,

Fig. 5" 1. B and Fiq " 5. 1.9) .

Total uptake of the different nutrients (shoot dry weight x

concentration in the shoot) + (root dry weight x concentration in the

root)) was influenced by the dry matter yield (lable 5"1"6)" Uptake ofl

Ca (la¡le 5"1.6 and Fig. 5.1.10) increased as concentration of Ca in
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the solution increased, as we_l_I as with increases

Table 5"1.62 Reqression equations

pot) as affected by concentrati-on

Nutrient

Ca uptake =

Mg uptake =

for

(mM)

total uptake

of Ca and Mg

K uptake =

Zn uptake =

Ca:Mg uptake=

-0.02784 + 0"00458 Ca + 0"00597 shoot d.w"

-0"01316 + 0.00520 Mq - 0"D121O log Ca

+ 0"00115 shoot d.w.

O.03244 + O.O333O shoot d.w"

Regression Equation

in dry matter yield"
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of

in

nutrients (g pe¡

sol- ution

NS

0.588 + 0.000028 Cal + 1.0i3 Ca/Mg

Uptake of M9 primarily

5"1.11) but aLso inereased

increased and decreased as

increased. Total uptake of

(Tabte 5"1"6, Fig. 5"1"12).

infl-uenced by treatment,

increasing Ca and Ca:Mg ratio

Fis. 5.1"13).

R2

reflected yield (Table 5"'1.6 and Fig.

as concentration of Mg in the solution

the concentration of Ca in the solution

K was infLuenced only by dry matter yield

Total uptake of Zn was not siqnificantly

Ratio of Ca:Mg uptake increased with

in the nutrient solution (Table 5"1 "6 and

o.72

o"92

o.71

0.96
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Shoot and root dry weight of both Johnston and Bonanza barley

increased with initial increments of Ca in the nutrient solution and

decreased at concentrations above B mM (Fig. 5"1"'14 to 5. 1.'17 and Table

5"1.7) " Root and shoot dry weights decreased with increasing

concentration of Mg in the nutrient solution, particularly above B mM.

Johnston barley had higher dry matter yield of root and shoot than

Bonanza, but yield of Johnston decreased more in response to high

leveLs of Ca and Mg than did yield of Bonanza.

3" Ca-Mg cuLtivar study

TabLe 5"'1"7: Regression equations for dry matter yÍel¿ (q) of root and

shoot as affected by cultivar and concentration (mM) of ca and Mq in

solution (cul refers to cultivar where Johnston was given a value of

1.0 and Bonanza a vaLue of 0.0).

-81

Dry Matter Yield

(grams per pot)

Root dry weight = 1 "371 +

+ O.714

Shoot dry weighL= 3"304 + 13.994 euL +

0.086 Ca2 - 0.205 cul

Regression equation

1.727 cuÌ - 0.0623 fqg

log Ca - 0.0581 cuL x

- O.OO757 CaZ

Ca

R2

1"535 Ca -0.2O2 l4g -

x Ca - 0.482 cul x Mg

o"87
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Concentration of Ca in the root and shoot (Table 5"1.8, Fig.

5"1.18 and 5.1"19) increased with increasing Ca concentration in the

nutrient solution, particularly at low concentrations of Mg. since no

cultivar x nutrient interaction existed, data for Johnston and Bonanza

were graphed together.

fncreasing the Mg concentration of the nutrient solution j-ncreased

concentration of Mg in both root and shoot (Tabte 5.1.8, Fiq. 5.1.20

and Fig " 5"'1.21) " The increase in concentration of Mg in the root with

increasing concentration of Mq in the nutrient so.Lution was less

pronounced at the higher ÌeveLs of Mg and Ca in the nutrient solution.

Concentration of Mg in the root decreased with inc¡easing concentration

of Ca in the solution and with increasing Ca:Mg ratio in the so.Lution.

concentration of Mg in the shoot decreased as shoot dry weight

increased and increased as Ca:Mg ratio in the nutrient solution

increased.

Increasing the concentration of Mg and Ca in solution increased

concentration of K in the root (lable 5. 1 . B and Fig " 5"1 .ZZ) ,

Concentration of K in the root increased more slowly in response to

increasing concentrations of Mg in the so.Lution at high than at low

solution Leve]s of Ca. Concentration of K in the shoot of Johnston and

Bonanza barley (lable 5.1.8, Fig. 5",t"zj and 5"1.24) increased with

increasing Ca in the solution and with increasing concentration of Mg

for Johnston only"

Concentration of Zn and Mn in the shoots ofl Johnston and Bonanza

barley (taUte 5.1.8, Figs. 5.1 "24 to 5.1 "27 ) increased with
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Ïable 5"1.82 Reqression equations for concentration of nutrients Ín

tissue as a flunction of concentration (mM) of Ca and Mg in the

nutrient solution" (cul refers to cul-tivar where Johnston was given a

value of 1.0 and Bonanza a vaLue of 0"0).

Nutrient

Ca in root(,'ó)

Ca in shoot (,'á)

Mg in root(?ó)

Mg in shoot(9ó)

0"0124 + O.O973 Ca - 0.00601 CaxMg

0"153 + 0.0855 Ca - 0.OO1B2 CaxMg

0"174 + 0.0640 Mg - 0.000326 CaZ

- 0.0618 Ca:Mg - 0.OO'l'14 CaxMg

0.224 - 0.00781 shoot d"w" + 0"O252 Mg

+ 0"383 Ca:Mg

2.601 + 0.135 Mg + 0"747 log Ca - 0"006

4.235 - 0.00179 CaZ + O.335 log Ca

+ 0.011 eul x Mg

67"'11 + 0.0464 CaZ + 0"156 l4g2

-2.830 shoot d"w" - 1.440 cuL x Ca

53"316 + 4.126 lvig + O"23O CaxMg

-1"764 shoot d.w" - 2.948 cul x Mg

1"782 + 0.0197 Ca2 - 0.00803 MgZ

2"657 + 0.493 Ca + 0" 4O7 l4g - 3.108 loq

- 0.0274 Ca x Mg

ress].0n

K in root(,'ó)

K in shoot(,'é)
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ation

Zn in shoot

(uq q-1 ¡

Mn in shoot

(uq s-t ¡

Ca:Mg in root

Ca:Mg shoot

0.51

0. B6

o,92

0.92

CaxMg O.43

0"34

o.72

0.70

Mg O.96

o"7B
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increasing concentration of Mg in solution. Concentration of Zn in the

shoot aLso increased with increasing Ca in the soLution; the increase

being less for Johnston than Bonanza. The increase in concentration of

Mn in the shoot in response to increasing solution concentration of Mg

was more pronounced at the higher than at the Lower ca levels (Table

5.'1.8, Figs. 5.1"27 and 5"1"28) and more pronounced flor Bonanza than

for Johnston.

Ca:Mg ratio in the root (Table 5.1.8 and Fig. 5"1"29) and shoot

(fig 5.'1.3O) increased with increasing concentration of Ca and

decreased with increasing concentration of Mg in the nutrient

solution" ca:Mg ratio in the shoot increased more slowly with

increasing Ca at high than at low concentration of Mg in the nutrient

soLut ion 
"

Total uptake of Ca (laOle 5.1 "9, Figs. 5"1.31 and 5.1 "jZ)
increased with increasing concentration of Ca in the nutrient solution,

but the increase in uptake in response to increasing concentration ofl

ca in the soLution was less pronounced at higher than at l_owe¡

concentrations of Mq.
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-89
ïable 5"'1,9t Regression equations for total uptake of nutrients as

affected by cultivar of barley and coneentration (mM) of ca and Mq"

(cul refers to cu-l-tivar where Johnston was given a value of 1. û and

Bonanza a val-ue of 0.0).

Nutrient

Ca

(s

upt ake

pot-1 )

- -0.0288 +

0.00431

-o "oo203

Mq

(s

upt ake

pot-1 )

Regression Equation

O"OO4431 log

shoot d. w" +

cuL x Ca

= -0.O146 + 0.180 log Mg - 0.0000640

0"00256 shoot d. w. - 0.000871 cul

+0.00190 cul x Ca

K uptake

(s pot-1 )

Ca - 0" 000201

0" 00581 cu-L x

Mn uptake

(mg pot-1 ¡

= -0.0453 - 0.00041O CaZ + O"0657 log Ca + 0"O525

shoot d.w" + O"0O357 cul x Ca

Cax

Mq

Zn uptake = O.3J5

(mg pot-1 )

= -0.218 + 0.002 MgZ * 0.100 1og Ca

44.433 root d.w. - 0.047 shoot d.w"

Mg+

p2

Cax

XMg

Ca:Mg uptake - 0.225 +

0.87

Mg+

+ 0"018 log Ca + 0.014 cul x Mg

o.94

0.299 Ca + 0.66O Ca:Mg - 0.009 Ca x I'lg

0"98

0" 55

o.41

o "97
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Total uptake of Mq (Table 5.1.9, Fiqs. 5.1.jj and 5"1"34)

increased with increasing concentration of Mg, but the increase was

less pronounced at higher than lower level_s ofl Ca.

uptake ofl K (Table 5.1"9, Fig. 5"1"i5 and 5.1"36) decreased with

increasing concentration of Ca in the solution; the decrease was less

in Johnston than in Bonanza"

fncreasing concentration of Ca in the nutrient so.Lution increased

uptake of 7n (TaULe 5"'1.9, Fig" 5.1.J7 and 5. 1.38). Uptake of Zn by

Johnston barley increased with increasing concentration of Mg in

soLution" Uptake ofl Mn (lable 5"1"9 and Fig. j"1"39) decreased with

increasing concentration of ca and increased with increasing

concentration of Mg in the nutrient solution.

Ratio of uptake of Ca to Mg (laUle 5.1.9 and Fig, 5"1"4t)

inc¡eased with increasing Ca and Ca:Mg ratio in the nutrient solution"

5"1"4 Diseussion

1" Yield

Yield in the preliminary K-Mg study increased with increasing

concentrations of K and decreased with increasing concentrations of Mg

in the nutrient solution. In the study using two cuÌtivars, yield

increased with increasing concentration of Mg in the nutrient sol-utÍon

to B mM and decreased at higher Mq levers. Yield al-so tended Lo

increase with increasing concentration of Ca in the nutrient solution

to B mI4 and decrease when concentration increased above this leveL"

The optimal solution concentration of both Ca and Mg in these studies
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was between 4 and B mM, regardless of the ratio ofl Ca to Mg. Similar

¡esults wete obtained by Jeffries and Willis ('1964), who grew four

species of plants adapted Lo different pH ranges in sand cul_ture

varying in concentration of ca" They found that plants that were

adapt.ed to soils of moderate pH grew well over a range of concentra-

tions of ca but were inhÍbited by very hiqh or very l-ow ca LeveLs.

Growth of Origanum vulgare, a calcicole, was also inhibited by ca

concentrations above 12.5 nM.

Studies conducted previously indicated that yield reductions were

not likely due to interference with membrane integrity or uptake of

olher nutrients such as K. The very large yield reductions therefore

appear to be due to direet eflfects of ca and/or Mg on plant growth.

Reduced plant growth would result if concentration of Ca in the

cytoplasm increased. Excess concentrations of Ca in the cytoplasm may

cause precipitation of phosphates, inhibit the action of enzymes such

as alkaline lipase and inhibit biochemical wall loosening, which would

restrict cell expansion (Marmé 19Bj). High Ca concentrations couLd

aLso inhibit photosynthesis and interfere with K fLuxes within the

plant (Rorison and Robinson 1984). Alternately, if the plant is

successful in maintaining concentration of Ca in the cytoplasm at low

J.evels, a high electrochemical gradient would resuLt between the

cytoplasm and the vacuole and/or soil system" The maintenance of, this

gradient wou]d require a large input of energy (Hanson 1gB4) "

Varietal differences oceurred between Bonanza and Johnston in

response to high concentrations of, ca or Mg, lVith Bonanza, highest
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yields were obtained with 4 to B mM ofl ca in the ca-Mg study and B mM

Ca in the cultivar trial" In both cases, yield was reduced at Ìow and

high levels of Ca. With Johnston, highest yields were aLso obtained

with B mM Ca, but the depression at higher or Ìower concentration of Ca

was greater than in Bonanza, particul-arly at hiqh Mg Leve]s. The

existence of varietal difference in tolerance to high concentrations of

ca and Mg indicates that it may be possible to select cuLtivars

suitable for produetion on soils high in Ca or Mg"

2" Nutrient ¡e-l-ations

(a) calcium

In the initiaL K-Mq experiment, concentration of Ca in the shoot

decreased with increasing levels of Mg and K whereas concentration of

Ca in the root deereased only with increasing concentration of Mg in

the nutrient soLution. A decrease in concentration of ca with

increasing K was observed by Fageria (1983) in rice. The uptake of Ca

decreased with increasing Mg" The decrease in uptake of ca at high

concentration of Mg in the solution was due both to decreased yield and

to the effect of high concentration of Mg per se. In both the ca-Mg

and Ca-Mg cultivar t¡ials, Mg tended to decrease concentration of Ca in

the root and shoot tissue. Mg concentration in the nutrient solution

had a slight e flfect on uptake of ca in the cultivar trial . Mg yvas

observed to decrease concentration of Ca in the tissue and uptake of Ca

in rice by Fageria ('l9BJ)t in alfalfla by Halstead et al, (1958), and

in citrus plants by Martin and Page (1965) " 0hno and Grunes (1985)
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also found that concentration of Ca in shoots of wheat was decreased by

increasing Mg but not K concentration in the solution.

concentration of ca in the roots and shoots and uptake of ca

increased with increasing concentration of Ca in all studies. The

greatest increase in uptake occur¡ed with the first inerements of Ca.

The greater ¡esponse to the initíal increments of Ca reflects the

simultaneous increase j-n yield and concentration of Ca.

The deerease in concentration of, ca in olant tissue with

increasing concentration of K and Mg in the nutrient solution was not.

likely due to competition for an active uptake site for ca, since

uptake of Ca is generally believed to be primarily a passive process

(Mengel and Kirkby 1979). A plant must maintain charge neutrality in

the tissue, within fairly strict l-imits. Thus, an increase in the

concentration of one cation in the tissue must be effectively balanced

by a decrease in the concentration of another cation or by an increase

in the concentration of anions. The sum of the charges of (ca + Mg + K

+ Na) generally remains within reasonably narrow limits when the form

of N utilized by the plant is not altered" Thus, when the nutrient

so-l-ution was dominated by high concentrations of Mg and/or K, rd-¡ich

were ¡eadily absorbed by the plant, uptake of Ca apparently decreased,

since a greater proportion ofl the anion equivalents of the plant were

being neutra-Lized by Mg and K" The concentration of the cations in the

cytopJ.asm is regulated fairly closely. The major portion of the cel_l-

is occupied by the vaeuole so changes in cation content of the tissue

will primarily reflect changes in the composition of the contents of
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the vacuole"

In the initial K-Mg experiment, concentration ofl Mg in the root

and shoot and uptake of Mg increased with increasing concentration of

Mg in so-Lution. Concentration of Mg in the shoot. and total uptake of Mg

tended to decrease with increasing solution K -l-evels. Fageria (1g83)

also reporLed a decrease in uptake and concentration of Mg in rice at

very hiqh levels of K. 0hno and Grunes (1985) reported a decrease in

shoot concentration ofl Mg in wheat forage but no effect on root

concentration or total uptake of Mg with increasing concentration of K

in the soLution. The decrease in coneentration and uptake of Mg with

increasing concentration of K in the nutrient sol-ution may be due to

either a direct competition of K fo¡ an active uptake site for Mg, or

to a competition for neutralization ofl anion equivalents within the

tissue. Uptake of Mg by the plant is believed to be primarily a

passive process (Mengel and Kirby 1979), thus competition for

neutra-Lization of anion equivalents within the tissue is the probable

avenue for depression of uptake of Mg by K. Concentration of Mg in the

tissue and total uptake of Mg by the plant increased with increasing

solution concentration of Mg in all hydroponic studies. Uptake of Mg

by the plant qeneralJ.y decreased with increasing concentration of Ca in

the nutrient soLution. Fageria (1gïj ) found that uptake and

concentration of Mg in rice decreased at high rates of Ca in the

soÌution. Halstead et al (lgSA) found a simiLar result in alflalfa

(b) Magnesium
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gror¡vn in soil with addilions of lime. The decrease in concentration of

Mg with increasing ca was likely due to competition for anion

equival-ents. As the eoncentration of Ca in the nutrient soLution

increased, Ca was able to neutraLize a greater proportion of negative

charge, thus concentration of Mq decreased.

The reduction in uptake of Mg by the addition of ca suggests that

excess uptake of Mg by the plant couLd be aLleviated by application of

high concentrations of Ca. However, dry matter yieJ.d decreased when

when concentrations of ca t,vere very high. This phenomenon, i.e.: the

decrease in yield at high concentrations of either Ca or Mg, virtually
precludes the addition of large amounts of Ca to a-Lleviate Mg toxieity.

(c) Potassium

rn the initial K-Mg study, concentration of K and total uptake

increased with increasing solution K. Doncentration of K in the shoot

was unaffected by solution Mg, while concentration of K in the root

increased with increasing solution Mg, The increase was apparently due

to the depression in dry matter yield by Mq. These results are in
contrast to those of Aulakh and pasricha (lglg) who flound an antagon_

istic effect of Mg on concentration of K and uptake of K by rapeseed.

Liebha¡dt (1979), however, found no effect of Mg on concentration of K

in corn" Halstead et aI"(1958) found that concentration of K in alfalfa
generally declined when Ca or Mq carbonates were added to soil 

"

Fageria (1983) flound that in solution cuLture, high Ìevels of Ca or Mg

decreased the concentration and rate of uptake of K in rice.
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Concentration of K was not significantly influenced by either Ca

or Mq in the Ca-Mg study. In the Ca-Mg cultivar trial, concentration

of K in the root increased as concentration of ca and Mg in the

solution increased, the rate of increase in concentration of K of the

tissue decreasing at higher coneentrations of ca and Mg in the

soLution. The overaL-L uptake of K followed the yield curves very

closely, however, indicating that the bulk of Lhe effect of ca and Mg

on the concentration and uptake ofl K was due to their effects on

overaLÌ dry matter yield" Effects ofl ca and Mg per se on uptake of K

appeared to be minor" Thus, the yieJ.d reductions noted at high

concentrations ofl ca and Mg were not due to lack of uptake of K.

At present, certaj-n soil testing laboratories suggest that

addiLions of K fertilizer on soils high in Ca or Mg may increase yield

of eerear grains, even when soil leveLs ofl K are high. The lack ofl

direct inhibition of uptake of K by Ca and Mg observed in these studies

indicate that addition of K fertilizer on soils high in Mg and ca may

be in ineffective in increasing crop yield, unl_ess K content of the

soil is low.
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concentratíon of zn in the initial ca-Mg study was primarily a

function of dry matter yield and biological dilution. In eontrast,

concentration of Zn in planLs obtained from the Ca-Mg cuLtivar study

was increased by increasing Mg and ca Levels in the sol-ution.

rncreasing Mg Levels in the nutrient solution increased the

(d) 7ínc



concentration ofl Zn in the tissue of Johnston less than in Bonanza.

Uptake of Zn increased with increasing concentration ofl Ca in the

solution in the Ca-Mg cuLtivar trial. Uptake also increased with

increasj-ng concentration of Mg in the solution in Johnston but not in
Bonanza, although in both cuLtivars, the highest uptake occur¡ed wit.h

16 nl4 Mg in the treatment solution. Liebhardt (1979) found that high

rates of Mq added as dolomite decreased concentration of Zn in the

tissue. Kumar et al. (lgY) found that concentration of Zn in wheat

decreased with increasing concentration of Mg in sand cuÌture studies,

Ologunde and Sorenson (lgAZ) showed an increase in Zn concentration in

sorghum with increasj-ng concentration of Mg in hydroponic nutrient

solutions" They we¡e unabLe to explain why this occurred. Reeves et

al. (ßgS) found concentration of Zn in Prunus leaf tissue increased at

high concentration of Ca in hydroponie cuLt.ure. Wa.L-Lace (1984) found

that concentration of 7n in corn was often higher in limed than unlimed

soiLs, and suggested that liming decreased uptake of Mn, whieh allowed

the uptake of higher leveLs of Zn. Martini and Mutters (1g1j) found no

effect of dolomitic limestone on Zn uptake or concentration.
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Doncentration of Mn in the tissue in the ca-Mg cultivar study

increased with increasing concentration of Mg in the solution,

particularly at high concentratj.on of ca in the solution" The

concentration of Mn in the tissue was essentially constant at 2 and 4

mM Mg for all concenLrations of Ca in the sol-ution. Concentration of

(e) Manganese



Mn in the tissue increased less in Johnston than Bonanza at hiqh Mg

concentrations. Concentrations ofl Mn in the tissue were extremely high

at '16 mM Mg and at B mM Mq plus 16 mM ca. uptake of Mn was arso

extremely high at 16 mM Mg and B mM Mg plus 16 mM Ca. Uptake increased

with increasing Mg and decreased with increasing Ca.

Kumar et al " (1981 ) working with wheat in sand culture, found that

increasinq Mg concentration in the medium to 3D ug g-1 increased

concentration of Mn in the tissue and total uptake of Mn, Increasing

Mg concentration above 30 ug g-1 decreased both concentration and

uptake of Mn. Liebhardt (1979) found that high levels of Mg added as

dolsnite decreased uptake of Mn. york et al. (lgsq) found that

concentration of Mn in the tissue decreased with increased applications

ofl Ca as lime. Martin and Page (lgAS) found a tendency for

concentration of Mn in the leaf of oranges to increase as the percent

Mg on the cation exchange of soil_s increased. Reeves et aI. (1985)

found no effeet of inc¡easing Ca concentration in the soLution on

concentration of Mn in Prunus grown in hydroponic solutions.

Uptake ofl Mn and Zn were highly correLated (r = 0.80)" At 1ow

concentrations of Mg and Ca in solution, uptake of these el-ements was

determined primarily by yield and concentration in the tissue was

essentially unaffected by dry matter yield. However, at the very high

concentrations of Mg or where the combined concentration of Mq and Ca

were high, the plants apparentLy lost their ability to limit the uptake

of 7n and Mn and the concentration in the tissue and uptake of the two

nutrients increased greatly. The studies conducted previously
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examining solute leakage indicated that membrane integrity decreased to

some extent at high or unba.Lanced concentrations of ca and Mg in

solution. Possibly, the extremely hiqh concentrations of ca and Mg

used in these solution cufture studies reduced the selectivity of the

membrane in limiting the uptake of Zn and Mn. A breakdown in memb¡ane

function may have led to the increase in tissue concentration observed.

Ït is also possible that the increased uptake of the micronutrient

cations in the hydroponic studies could be related to the NH4+ - N0¡-

ba-l-ance in the solutions" All Mg and Ca additions were made as nitrate

salts. The solutions t,re¡e brought to the N concentration of the

highest Mg and ca soLutions with additions of NH4N03. Therefore, the

solutions with the highest concentrations of Ca and Mg would have the

highest ratio of N03-: NH4+. rncreasing proportions of N03- in plant

nutrition tends to inerease the uptake of cations by the plant (Mengel

and Kirkby, 1979). Rorison and Robinson (lg}+) stated that in so-Lution

culturesr NH4+ tends to decrease Mn uptake while N0¡- enhances it"
Therefore, there may have been an overaLl trend towards higher uptake

of cations at the higher concentration of ca and Mg, due to the higher

N0¡ -l-evel-s present in those treatments. upt ake of zn and Mn was

positively correlated with the ratio of N03-:NH4+ in the hydroponic

solution" The final effect on concentration and uptake of the

particular eation wou-Ld depend on the combined effects of the nitrogen

source and eompetitive effects of Ca and Mg on uptake and dry matter

yield. Although it is possible that the N03:NH4 could be playing some

part in the increase in the concentration of Mn and Zn in the tissue at
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hiqh concentration of Mg and ca, it is untikely that it would lead to

the large increases observed. As well, one would expect uptake of K to

inc¡ease. A change in membrane selectivity appears to be the more

probably cause.

Studies condueted by other researchers and discussed previously

were conducted using soil-s as a medium with addÍtions of lime and

generalJ.y showed a decrease in the uptake and concentration of Mn, and

Zn with increasing concentrations of Mq or ca" soil pH, as affected by

amount of lime added wou.Ld have a large effect on plant availability of

Mn and Zn. lncreasj-ng the amount of lime or doLomite added to the soil

wou-Ld inerease soil pH. The availability of the micronutrients tends

to decrease with increasing soil pH, thus the resuLts ofl these experi-

ments wouLd not be strictly comparable to a hydroponic system where pH

was iniLially adjusted to a leveL of 6"5. The increase in the uptake

of Mn and Zn with increasing levels of Mg and ca observed in a hydro-

ponic system was unexpected, although such efflects have been observed

previously by 0logunde and Sorenson (lgAZ) with Zn in corn and by Kumar

et al " (1981 ) with Mn and Cu in radish.

(f) Ca:Mg ratio

rn the initial K-Mg study, ca:Mg ratio in the t,issue deereased as

Mg concentration in the nutrient soLution increased. In the ca-Mg

study, the tissue Ca:Mg ratio generally followed the solution Ca:Mg

ratio. In the ca-Mg cuLtivar trial, ca:Mg ratio in the tissue tended

to increase with increasing concentration of Ca and decrease with

increasing concentration of Mq in the nut¡ient solution. In all cases

where ca and Mq were variab-l-es, ca:Mq ratio in the soÌution was the
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best single predictor of Ca:Mg ratio in the tissue indicating a simple

competition between Ca and Mq for uptake and concentration in the

tissue. It appears possible, thereflore, that excessive -Level-s of Mg

could induce a Ca deficiency in soils which would otherwise have

adequate Ca for plant growbh"

5.1"5 Conclusions

Yield of barley was shown to be inhibited by hiqh concentrations

of ca and/or Mg in solution" Hiqh concentrations of Mq were more

detrimental to yield than high concentrations of Ca. The deleterious

effleets of high Mq concentrations cannot be overcome by adding high

concentratÍons of Ca since high Ca aLso suppresses growth" It was

interesting Lo note that hiqh concentrations of ca o¡ Mq did not

inhibit or onJ.y slightty inhibited uptake of K by the plant. Thus

effeets of high concentrations of Ca and Mg on yield were pri.marily a

direct eflfect and not due to ion antagonism.

uptake of zn and Mn increased 2 to 4 fold at high revers of Mg or

ca. The increase couLd be rer-ated in part to the N03:NH4 ratio in the

solutions which increased as the coneentration of Mg + Ca increased,

However, it is possible that the high concentrations of Mg and ca led

to

of

an

Zn

increase in membrane permeability, leading to an increased influx

and Mn "

In summary, the major finding of this study was that very large

decreases in dry matter yield occurred through direct chemicaì- effects

of high concentrations of ca and Mg in barley, a calcicole plant.



5.2 The rnfluenee of Extrætable ard solut,ion levels of ca, Þ@ ard K

ard DTPA Extrætable Mn and Zn ø¡ the Growth and lVutrient. Content

of Barley Grown on Nonsaline Chernozemj.a Soils"

5"2"1 Xntrodr.etion

Information collected from the previous hydroponic studies showed

that high concentrations of Ca and/ot Mq in the nutrient soLution

decreased the yield of barley and altered the ca, Mg, K, zn and Mn

content of the tissue. While the hydroponic studies gave an indication

of the potential effects of high concentrations of ca and Mg

concentrations on yield, effects in a soi-l system may differ. In a

soil, nutrient availability is infLuenced by soir physical

charaeteristics such as structure, texture and cation exchange

capacity. Presence of other ions may infLuence nutrient availabiliLy.

Also, soil pH can have important effects on plant growth and nutrient

uptake. Differences in tortuosity and rate of fLow of cations to the

plant root aLso differ among soils. Observation that an effect exists

in nutrient cuLture does not necessarily indicate that a simiLar effect

will occu¡ in a soil system.

Routine soiL analysis flor extractable cation content in the

Canadian Prairies generally involves NH4 displacement of the cat.ions at

pH 7"0, by use of ammonium acetate (McKeague 1981)" The NH4 displace_

ment method provides a measu¡e ofl the exchangeable cati-ons, as well as

cations solubilized f¡om solid phases sueh as gypsum and/or carbonate

salts. The method however does not provide a direct measure of the
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cations in the soil solution. Sínce the soil so-Lution is the medium

bathing the plant roots and is the phase from which the roots extract

the nutrients required for growth, it is conceivable that a soil
solution extract would provide a more accurate assessment of amount of

a particular cation avaifable for ptant growth than a measure of

exchangeable cations.

Howard and Adams (1965) used root growth as a parameter to study

Ca deficiency in soils and in cuLtural solutions and found that Ca

deficiency was related to the Ca:total cations ratio in the solution.

Bennett and Adams (1970) found that soil solution cations expressed as

ionic activities provided a better measure of plant availability of

cations than ionic concentration.

A major problem in using soil solutions for examining nutrient

availability lies in the extraction of a representative sample ofl the

soil soLution. Adams ('tgl+) liste¿ five cLasses of techniques used for

extraction of soiL soLutions and the limitations associated with them.

Adams et al. (lg90) examined column displacement and centrifuge

techniques flor extracting soil solutions from soils wetted to field
capacity. They found that the methods tested yielded comparable values

for concentration of the major cations" The centrifuge technique was

found to be easy to use, with the added advantage of being a nonde-

structive technique which leflt the sample available for subsequent

analyses 
"

Addition of flertilizer materials to the soil will alter the

composition of the soil soLution. For example, information on the
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effect ofl additions of N flertilizer on the concentration of cations in

the soil sofution is necessary to determine the ionic environment that

wi.LL occur during plant growth.

Information on the correlations between extractable cations,

sol-ution concentration, soLution activity and the availability of the

cations for plant uptake for nonsaline soils containing high amounts of

Ca and Mg was not found in the Ìiterature. As well, information on Lhe

effects of high concentrations of ca and Mq in soils on plant growth

and nutrient uptake is limited.

The major objectives of this study were the¡efore to:

0) Determine the eoncentration and activity of Ca, Mg and K

soil solution ofl test soiLs and how solution concentration

infLuenced by amendments such as N fertilizers.
(2) Determine the effect of concentrations and ratios of Ca,

and K in nonsaline soiLs on the yield and Ca, Mg, K and Zn and

content of barley.
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(3) Determine the relationships between NH+ acetate-extractab-Le

Ca, Mg and K, sofution concentrations or activities of these ions

and availability of these nutrients to barley plants grown in

nonsaLine soiLs.

5"2"2 Materials and Methods

Ten nonsa-Line chernozemic soiÌs, varying in concentrat.ion of NHa

acetate extractabLe Mg in the Ap horizon from low to very high, were

?) Soil selection and analysis

in

is

Mg

Mn



seLected for study. The NH+ acetate-extractable and soi-L solution

concentration and activities of Ca, Mg and K as welL as soil solution

concentration of s04-s, pH, conductance and DTpA extractable Zn, cu, Mn

and Fe were determined in unfertilized soil samples (Tables 5.2.1 and

5.2.2). Procedures for nutrient analysis and caLeuLation of ionic

activities were desc¡ibed in section 1"2.

Two representative soils, a silty clay of the Assiniboine complex

and a Red River clay (lt7), were used to examine the efflect of added N

fertilizer on the concentration of cations in the soil- soLution. A 100

g sample of air dry soil was treated with reagent grade NH4NOIr

dissolved in sufficient distilled water to increase the soil water

content to field capacity. N was appJ.ied at concentrations of 0, 5o,

1OO' 150 and 2O0 ¡.tq q'1 of N and 3 replicates of each rate in each soil

were sampled" Soils were j.ncubated for 1 wk in glass beake¡s sealed

with parafilm. After incubation, soil-s were thoroughly mixed, 45 g

subsamples were centrifuged and the solutions were anaLyzed for Ca, Mq

and K, as described in section 1"2.

(2) Barley growth studies

Two studies using barley as a test erop were conducted, with B

soiLs being used in Lhe first st udy and 7 soi-l-s being used in the

second study" Three replications of each soil- type were used. plants

were grown in a growth chamber maintained at 16 and B hr light and dark

periods, respectively and light and dark period temperatures of zZ and

16 C, respectively.

Prior to potting, the soils were €rrnended with 20O Nq g-1 N applied

- 108



Ïs
bl

e 
5'

2'
1 

N
H

4 
ac

et
at

o-
ex

tr
ac

ts
bl

e 
ca

, 
M

g 
en

d 
K

 c
on

ce
nt

ra
tio

n 
an

d 
ac

tiv
lti

es
 o

f 
ca

, 
l,l

g,
 a

nd
 K

 in
 e

oi
l s

ol
ut

io
ns

 o
i t

es
t 

so
i-l

s

S
oi

l

N
ew

da
le

F
ye

la

M
or

rls

A
ss

in
lb

oi
ne

co
m

pl
ex

R
ed

 R
iv

er

R
ed

 R
lv

er

R
ed

 R
iv

er

B
al

m
or

el

N
ew

da
le

A
ee

i n
lb

oi
ne

co
m

pl
ex

1. 2. J. 4. 5. 6. 7. 8. a 10
.

11
.

12
.

1t
.

14
.

15

ïe
xt

ur
e

cl
ay

 lo
am

cl
ay

cl
 a

y

el
lty

 
cJ

.a
y

cl
ay

cl
ay

cl
ay

cl
ay

cl
ay

 lo
am

sl
lty

 
cl

ay

E
xt

ra
ct

 a
bl

e
-C

a

10
50

48
00

54
90

18
50

60
60

13
70

91
40

47
00

,0
50

t8
50

47
00

54
90

48
00

4J
B

O

46
tO

M
g

I 
--

-u
g-

l

46
0

26
00

25
10

15
70

21
10

22
40

1 
85

0

18
70

ttß
O

15
70

18
70

25
10

26
00 56

0

75
0

12
60 51
0

4J
O

61
0

2t
0

45
0

49
0

2J
O

12
60 61
0

2t
0

4t
0

51
0

J7
0

48
0

S
ol

l-S
ol

ut
io

n 
co

nc
en

tr
et

io
n

C
aM

gK

B
al

m
or

al
 

cl
ay

M
or

rle
 

cl
ay

F
ya

la
 

cl
ay

P
lp

es
to

ne
 e

ilt
y 

cl
ey

Ju
st

ic
e 

cl
ay

1.
82

t.J
2

5.
7'

t.9
9

4.
27

1.
O

7

1.
44

4.
59

J.
B

1

3.
99

4.
59

5.
7J

t.t
2

4.
n

2.
56

-n
{'l

1 
.6

0

5.
20

6.
17

2.
96

6.
57

2.
00

t.1
0

B
.t9

1.
60

2.
97

8.
t9

6.
16

5.
20

2.
15

1 
.0

5

5.
t2

0.
41

o.
J4

o.
69

0.
14

o.
21

o.
34

o.
tt

5.
t2

o.
69

0.
tt

o.
r4

0.
41

0.
48

o.
J4

S
oi

l-S
ol

ut
io

n 
ac

tiv
ity

C
aM

gK

2.
15

1.
77

2.
66

2.
26

2.
14

0.
68

1.
99

2.
25

2.
15

2.
26

2.
25

2.
66

2.
51

1.
66

-m
H

0.
94

2.
92

I 
.0

5

1 
.7

5

J,
49

1.
to

1 
.8

6

4.
t6

o.
94

1.
75

4.
t6

J.
O

5

2.
92

1 
.to

0.
69

4.
56

0.
 t5

o.
28

0.
59

0.
't1

0.
t8

o.
29

o.
27

4.
56

0.
59

o.
27

o.
28

o.
t5

o.
42

0 
.1

0

I ts \0 I



T
ab

Le
 5

.2
.2

 
S

o1
1 

eo
lu

tio
n 

S
r 

D
T

P
A

 e
xt

re
ct

sb
-le

 
Z

n,
 M

n,
 C

u 
an

d 
F

e,
 p

ll,
 c

on
du

ct
an

ce
, 

ca
rb

on
et

e 
an

d 
or

ga
nl

c 
co

nt
en

t 
of

 t
es

t
eo

i 
le

D
T

P
A

 E
xt

ra
ct

ab
Ìe

S
oI

l

1.
 N

ew
da

ls

2.
 F

ye
la

J.
 H

or
rle

T
ex

tu
re

cl
ay

 lo
am

cl
ay

cl
ay

4.
 A

se
ln

lb
ol

ne
 e

ilt
y 

cl
ey

co
m

pl
ex

5.
 R

ed
 R

lv
e¡

6.
 R

ed
 R

lv
or

7.
 R

ed
 R

iv
or

B
. 

B
a.

lm
or

el

s nù
l

7n

0.
52

0.
64

2.
21

o.
28

1.
08

o.
52

o.
25

o.
62

o.
52

o.
28

0.
62

a1
a

o.
64

cl
 a

y

cl
ay

c.
le

y

cl
 a

y

6.
5

3.
1

2.
O

2.
5

2.
7 t.t 2.
4

1.
t

6.
5

2.
5

1.
t

2.
O

,.1 1.
8

1.
6

M
n 

C
u 

F
e

--
--

ug
 g

-1
--

-

9.
 N

ew
da

le
 

cl
ay

 l
oa

n

10
. 
A

es
ln

ib
ol

ne
 s

flt
y 

cl
ay

co
m

pl
ex

24
.O

19
.O t.6

17
 .

O

9.
9

14
 .

0

7.
1

2.
9

24
.O

17
 .0 2.
9

t.6 19
.0

22
.O

17
 .

O

,l1
. 

R
ed

 R
iv

er

,l2
. 

H
or

rls

1 
).

 F
ya

la

14
. 

P
ip

eo
to

ne

15
. 

Ju
st

lc
e

o.
55

1.
80

2.
10

2.
O

O

2.
40

1.
80

1 
.1

0

0 
.8

9

0 
.5

5

2.
O

O

0.
89

2.
10

1.
80

0.
81

1.
20

cl
ay

cl
sy

cl
E

y

É
l

7.
19

7.
98

7 
.8

6

7.
76

8.
05

7 
.O

7

7 
.4

6

8.
12

7.
19

7 
.7

6

8.
12

7 
.8

6

7 
.9

8

8.
12

7 
.8

J

65
.O

2t
.o

r6
.0

12
.O

14
.0

54
.O

20
.0

7.
4

65
.O

1?
.O 7.
4

16
.O

2J
.O

21
 .

O

16
.O

C
on

du
ct

lv
i 

ty
s 

m
-1

o.
02

55

0.
01

40

0.
06

70

0.
02

00

0.
.o

t7
0

o.
02

05

o.
02

55

0.
05

20

o.
02

55

0.
02

00

D
.0

52
0

0.
06

70

0.
01

40

0.
01

65

0.
01

49

sl
lty

 
el

ay
 

0.
11

cl
ay

co
¡

1.
16

1 
.6

6

2.
69

o.
?5

1 
.9

2

0.
00

0.
91

2.
O

1

1 
.1

6

o.
25

1.
9J

2.
69

1 
.6

6

2.
7 

6

o.
?4

o.
25

0r
ga

ni
c

co
nt

 e
nt

B
. 

10

9.
5?

10
 .5

0

4.
94

11
 .6

0

7 
.5

0

I 
.2

8

7 
.O

t

8.
10

4.
94

7.
O

'

10
 .5

0

a 
qt

3.
69

5.
06

I ts ts I



as NH4NOI 7 5o pq g-1 P as NH4H2Pot¡ and 50;ug g-1 s added as (NH+)zS0+.

The flertilizers were thoroughly mixed with the soil. Two kq of soiL

u/ere plaeed in 2-L waxed cardboa¡d containers (;o cm high by 10 cm

square) " KerneLs of barÌey of uniform size, seeds which passed through

a 3"5 mm screen but not through a 3"1 mm screen, were sel-ected. six

kerneLs ofl barley were planted in each pot at a uniform depth of 2"5

cm. The soiLs t,lere wetLed to fietd capacity moisture content, using

distilled water. Pots were weighed every day and adjusted to field
capacity when the weight deviated by more than 10 percent from the

fieLd capacity weight. An additional 200 ug g-1 of N was added after

two weeks of growth, as NH4N03 broadeast on the surface immediately

prior to watering.

Plants h/ere harvested by eutting the plant stem 1.5 cm above the

soil" In the first study, the harvest was taken when the plants

attained 5O9¿ head, In the second study, the harvest was taken after

the plants were fully headed. Fresh and dry weiqhts were measured and

the Kt Ca, Mg, 7n and Mn concentrations of the tissues determined as

described in section 3"'l "

Correfation coefficients were calcuLated to examine the ¡eLation-

ships among yield, nutrient concentration and nutrient uptake and the

levels of the various soil nutrients on the exchange and in the soil

solution" Regression equations were calculated for the relationships

between additions of N and concentration ofl ca, Mg and K in solution

and the ratio of Ca:Mg.

Data obtained for the two experiments were combined for analysis,
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however due to the difference in the time of final harvest in the two

studies, merging the harvest data at times led to a loss of signifi-
cance ofl the correl-ation coefficients" Thereflore, the data for the two

studies were anaLyzed separately as well as when combined. lnstances

in which the correLations for the individual experiments deviated

greatly from those of the combined data were noted and discussed.

5.2"3 ResuLts

The activity of Ca, Mg and K increased with increasing concentra-

tion of the corresponding cation in the solution of the unfertilized

soiLs (Table 5.2.3, Figs. 5.2.1 to 5"2"3) " The relationship between

activity and concentration was closer for K than for the divalent ions,

since monovalent ions undergo less ion pairing than divalent ions.

Activity and concentration of Mg and K increased with increasing

NHA acetate-extractabLe Mg and K, respectiveJ.y (Ta¡le 5"2"30 Figs.

5"2.'l and 5.2.3). In contrast, activity of Ca increased only stightly

over the range of NH4 acetate-extractable Ca, while concentration of Ca

increased to a greater extent with increasing NH+ acetate-extractabfe

Ca. Two separate groups of data points (indicating hiqh and low

solution concentration of Ca at a particular level- of extractable

Ca) were obtained when concentration of Ca in the solution was plotted

as a function of NH+ acetate_extractabLe Ca (f ig . 5,2.?_). Severa-L

possible causes for the dichotomy were investigatedu such as CaC03

content, pH, conductivity and s04 content of Lhe soils. None of the

1. Soil relations
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variabLes examined explained the phenomenon.

DTPA extractable Mn and Zn decreased with j-ncreasing concentration

and activity of Mg in the soil so-Lution and with NH4 acetate-extract-

able Ca and Mg in the unfertilized soiLs (lable 5.2.3). DTpA extract-

able Mn and Zn increased with increasing concentration and activity ofl

K in soil solution and with increasinq NH4 acetate-extractable K. DTPA

extractable Mn and Zn were posi-tively eor¡el-ated with one another.

Addition of N as NH+NO¡ to the Red River and Assiniboine complex

soi-Ls increased the eoncentration of Ca, Mg and K in the soiL soLution

(Table 5"2.4, Fiqs" 5.2.4 to 5.2.6).

Table 5"2.4 Reqression

in the soLution and the

applied in Red River and

-115-

Red River

Ca

Mg

l/t\

Ca: Mq

equations for Ca, Mq

Ca:Mg concentration

Assiniboine complex

3 "46

3.64

0. lB

O. BB

0.045 N

0"018 N

0" 0022 N

o"o19 N

+

+

Assiniboine

Ca

Ms

K

and K

ratio

soils.

= 1.5O

= 1.68

= O.56

coneentrations (mM)

as a function of N

Ca:Mg = 0"91 +

0.056 N

0.050 N

0" 0044 N

o.o14 N

+

+

(ú

(12

(fl
(12

o.e7 )

0.eB)

o.e7)

0.58)

(ú

(12

(12

(12

0"ee)

0"ee)
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The increase in concentration of ca, Mg and K with amount of N

added was essentially linear. Ca concentration increased to a slightly
greater extent than Mq which increased to a greater extent than K in

each soil. For eaeh cation, the rate of increase with increasing

additions of N was higher in the Assiniboine than the Red River soil.
The sum of the concentration of cations (expressed in equivalents L-1)

in the Assiniboine soil increased 1 .00 equivalent for each 1 "00

equivalent increase in N0l- plus NH4+ added (r2 = 0"9996), while in the

Red River soil, the increase was 0.78 equivalent for each 1 .00

equivalent increase in N0¡- plus NH4+ (fl = 0.989). This indicated

either that NH4+ displaced cations from the soil exchange complex or

that NH4+ was rapidly converted to N0¡- and contributed to the anion

content of the solution" In the Red River soil, some N was probably

fixed, since the correspondence was Less than 1 equivalent of cation

per equivalent of N added. The ratio of concentration of ca:Mg

increased with increasinq N to 1tO pq g-1 of N and increased only

slightly with further increases in N (Fiq. 5.2.7)"

117

Yield of barley decreased as NHa acetate-extractabl-e Ca, and

concentration and activity of Mg in the soil soLution increased (table

5.2.5 and 5"2.6) " Yield increased as all three measures of soil K

increased, as DIPA extractable Mn and Zn increased and as the rat.io ofl

activity of Ca to activity of Mq (Ca:Mg ratio) increased.

The cor¡elation coefflicients for NH4 acetate-extractable and soil

2. Dry matter yield
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solution concentration and activity of each nutrient with dry matter

yield were compared to determine which method of measurement was most

closeLy related to dry matter yield" Dry matter yield was most cJ-osely

reLated to the NH+ acetate-extractabl-e content for Ca and K and the

activity or concentration of Mg in soi_L solution.

The concentrations of Ca and Mg found in the soi-l- sol-ution of

unfertilized soils in this study we¡e in all cases l-ower than the

concentrations found to reduce yield in the hydroponic Ca-Mg studies.

But, the addition of N fertilizer tended to increase concentration of

all cations in the soil soLution significantly. Addition of a total of

400 ug g-1 of N to the soil, as occurred in this experiment, would be

sufficient to increase the concentration of Ca and Mq in the soil

solution to Levels which produced yield depressions in the hydroponie

c ult ure.

3. Nutrient reLations

(a) calcium

Concentration of Ca in plant shoots was not signiflicantly reLated

to any measutement ofl Ca in the soil (Tanle 5.2"6). The concentration

of ca was apparently hiqh enough in aLl soils that uptake was not

restricted by a Ca limitation. As we]l, activity of Ca Ín the soil

solution was reLatively uniform in al-L soils.0the¡ factors, such as

the supply of other cations inflÌuenced concentration of Ca in the

plant. Concentration of Ca in the tissue was apparently influenced to

the greatest extent by exchangeable Mg, which decreased Ca

concentration in the tissue to a limited extent, The¡e was a tendency
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for plant concentration of Ca to be positively eorrelated with Ca;Mg

ratio in the soil solution (p=0.0568). Concentration of Ca in the

tissue was Lower than that in tissue of barley groyln in hydroponic

solutions where excess Mg and ca depressed bar-Ley yie]d. Uptake of ca

decreased with increasing Levels of Mg on the exchange and in the soil

soLution, and increased with increasing Ca:Mg ratio in the soil
solution (Table 5.2.6).

(b) Magnesium

Concentration of Mg in the tissue j-ncreased with inereasing

concentration and activity of Mg in the soiL sol-ution and with

increasing NH+ acetate-extractable Mg (Table 5"2"6) " Mq in the tissue

was slightly more cÌosel-y rerated to activity of Mg in the soil

soÌution than to concentration of Mg or NH+ acetate-extraetabLe Mg.

Concentration of Mg in the tissue increased with increasÍng levels of

NH+ acetate-extractabl-e Ca but decreased with increasing soil K.

The increase in tissue concentratj.on of Mg with increasinq NH+

acetate-extractable Ca and the deerease with soil K, Mn and zn

reflected the simi-Lar reJ-ationships amonq these cations in the soil

soLution (Table 5.2.2) " This indicated that the concentration of Mg in

the tissue r,las not inf-Luenced greatly by ca, or K content in the soil

per se" Concentration of Mg in the tissue decreased with increasing

Ca:Mg ratio, whieh ¡efl-ects the decrease in the ratio with increasing

Mg in the solution. This indicates that concentration of Mg in the

tissue reflected the concentration of Mg and Ca:Mg ratio in the soil
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soLution. Concentration of Mq in the tissue was lower t,han that in

tissue of barley grown in hydroponic solutions where excess Mq and Ca

depressed barley yield"

Uptake of Mg increased with all measures ofl soil Mg and was most

closely related to NH4 acetate_extractable Mg (Table 5.2.6). Uptake of

Mg also increased with increasing NH4 acetate-extractable Ca but

decreased with increasing levels of alL measures of soiÌ K. The

negative relationship was partially due to the negative relationship

between the Mg and K content of the soils" It appeared that there was

aLso a direct competitive effect of K on uptake of Mg possibly due to

substitution of l( for Mg in the vacuole ofl the plant ceL-Ls. Uptake of

Mq decreased with increasing Ca:Mg ratio. 0verall, the best

relationship of uptake of Mg was the decrease with increasing ca;Mg

ratio and the increase with increasing NH4 acetat.e extractabLe Mq"

This indicates that uptake of Mg was a function of the concentration of

Mq in the soil and was influenced only slightly by competition or

enhancement of uptake by Ca or K.
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Concentration of K in the tissue was not reLated to any measure of

Kr Mg, Ca, Zn or Mn in the soil when the two experiments were combined

(Table 5"2"6). However, when the data was analyzed separately for the

two experiments, concentration of K in the tissue increased with

increasing NH4 acetate-extractable l( in experiment 1 (p = 0.08) and

increased wíth increasing levels of all measures of soil K in

(c) Potassium



experiment 2 (p = O.Og), Combining the data negated the relationships

within the separate experiments. Concentration of K in the tissue was

not inf-Luenced by soil contents of the other cations when the dat,a was

combined or for experiment 1. However, in experiment 2, concentration

of K in the tissue decreased with increasing levels of NH+

acetate-extractabLe Ca and Mg (r= -0.49 and r- -O.44, respectively).

The reason for the difference between the two experiments is uncLear.

Uptake of K increased with increasing Levels of all measures of K

and with inereasing DTPA extractable Mn and zn (laule 5.2.6), uptake

of K decreased with increasing l-eve-Ls of NH4 acetate extractable Ca and

with increasing aetivity and concentration of Mg in the solution (Taule

5"2"6) " The negative correLation refLected the negative relation

between K and Ca and Mg in the soil (Table j"2.3). This indicates that

uptake of K was primarily determined by the content of K in the soil

and was not infÌuenced greatly by competitive effects of ca and Mg.

Depressive efflects of Mg on yield and on concentration of K in the

tissue would accentuate the depression in upt.ake of K with content of

Mg in the soi-Ì,

't23

Concentration of Mn in the tissue increased with increasing

NH¿ acetate-extraetab-l-e K and with increasinq DTPA extractabLe Mn and

Zn (lanle 5.2.6)" Concentration of Mn in the tissue decreased with

increasinq NH4 acetate-extractabLe Mg and with increasing concentration

and activity of Mg in the soLution" Ratio of Mn to Mg in the tissue

(d) Manganese



Table 5.2"7 Correlation coeff,icients (r) for
in the soil and tissue, and with

Experiment 1

Tissue dry weight

Mn:Mg in soil

Zn:Mg in soil

Experiment 2

Tissue dry weight

Mn:Mg in soil

Zn:Mg in soil

Ti s sue
dry weight

¡. 94xxxi

0. 84+**

ratios of l'4n and Zn to Mg

dry matter yieJd

Mn:Mg
in tissue

* P¿0"o5

-L24-

NS

NS

0.65+*

0o B7*Jf+

0o 82***

*+ P< 0"01

Zntl"lg
in tissue

NS

0" 74***

NS

0. 75+JÉ*

0o 95***

o.9Jx*x

rÊrÉ* P< 0.0001

NS

0. B0***

0. B0*ìÉ*



increased with increasing ratio of Mn to Mg in the soi-l- within an

experiment, although the relationship was not as evident when the

studies were pooled (Table 5.2"7).

As noted for concentration of Mn in tissues, uptake of Mn

j-ncreased with increasing levels of soil K and with increasing DTPA

extractabLe Mn and Zn" uptake of Mn decreased with increasing NH4

acetate-extractable Ca and Mg and with increasing soil soLution

activity and concentration of Mg (TaUle 5"2"6) "

concentration of zn in the tissue ine¡eased as NHa acetate-

extractable K, concentration and activity of K in the soit solution and

DTPA extraetabLe Mn and Zn increased (la¡le 5 "2"6) " Concentration of

Zn in the tissue dec¡eased as NH4 acetate-extractable Mg and Ca and as

concentration and activity of Mq and Ca in the soil solution

increased. Ratio of Znzl4g in the tissue increased as the ratio of

Zn:Mg in the soil increased (Table j.2"7),

Uptake of Zn increased with increasing levels of all measures of

soil K and with increasinq DTPA extractabLe Mn and Zn (Table i.2,6),

Uptake of Zn decreased with increasing NH4 acetate-extractable Ca and

Mg and with activity and concentration of Mq in the soil so-Lution"

(e) zinc
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The ratio of Ca:Mg in the tissue decreased with increasing NH4

acetate-extractable Ca and with increases in alt measurements of soil

( ¡) Ca:l4g ratio



Mg (Table 5 "2"6) " Ratio of Ca:l'4g in the tissue increased with

increasing ca:Mg ratio in the soil soLution. The ca:Mg ratio in the

tissue closery reflected the ca:Mg ratio in the soir. sorution.

5"?.4 Discussior¡

Concentrations of Ca and Mg in the soif solutions of unfertilized

soiÌs were lower than concentratj.ons of Ca and Mg which reduced the dry

matter yield in the hydroponic studies. But, addition of N fertilizer
increased the concentration of the cations in so-Lution. With the

addition of 200 ug g-1 of N, concentrations of Ca and Mg were each in

the range of 12 mM which were found to reduce dry matter yield in

hydroponic culture. concentration of ca and Mg in Lhe soil near a

fertilizer granule would be even higher than in a bulk solution"

concentrations of 10 mM ca and 8.5 mM Mg have been reporLed with

additions of KH2PO4 fertilizer (Raez and Soper 1967) " These extremely

hiqh eoncentrations may have implications with respect to root growth

and ¡oot membrane integrity in fertilizer bands.

Addition of NH4N03 increased the concentrati.on of ca and Mg

in soil solution by two processes: (1) addition of NH4NOI increased the

ionie strength of the solution which favored the dissolution of salts

such as CaC03 and CaS04 (salt effect) and (2) addition of NH+NO¡

increased the anion concentration of the soil sol-ution and shifted the

equilibrium among solid, exchangeable and solution phases toward

increased concentration in solution.

ca increased in solution to a greater extent than Mg o¡ K when
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NH+|'¡O¡ was added. This may have been due to dissolution of Ca salts

such as CaS04. The increase in Lhe Ca:Mg ratio would tend to have

beneflicial effects on plant growbh. At equivalent concentrations, Mg

was found to increase leakage to a greater extent than Ca (section 4.2)

and high concentrations of Mg decreased yield slightly more than soil

concentrat.ions of Ca (section 5"1).

Dry matter yield decreased with increasing Ca and Mg and increased

with increasing K, zn and Mn in the soil. The complex correlations

between the soiL flactors make determination of a cause and effect

relationship for yield depression difficult. The decrease in dry

matter yield observed with increases in Mg and Ca in the soil coul-d be

due to a direct toxÍcity of Mg and ca, as was observed in the hydro-

ponic studies, or couLd be due to deficiency of Mn or zn associated

with hiqh Mq and Ca Levels in the soil"

Absorption of Mn and 7n has been observed to decline in the

presence of high concentrations of Mg and Ca. AvailabiLity ofl Mn and

Zn also decline as pH increases (Mengel and Kirkby 1979). Soluble Mn

decreases with increasing pH. fncreasing pH also favors the formation

of Mn-soil organic matter complexes which decrease Mn availability.

High pH soiLs with high organic mat.ter reserves are prone to Mn

deficiency. High pH vaLues are normally associated wíth high -l-evels of

Mg and Ca in the soil. Therefore, in systems hiqh in Mq and Ca,

availability of Mn and Zn is like-ly to be low.

ca and Mq have hiqh affinities for che]ates such as EDÏA and

citrate. Ditrate binding is beLieved important in the transport of Mn
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and possibly Zn within the plant. Hiqh concentrations of Mg and Ca in

the xylem fluid may interfere with the formation of citrate complexes

of Mn and zn, interfering with their transport within the prant

(Mortvedt et al " 1977). Levels of -Less than 25 A)g g-1 of Zn and 20 ug

q-1 of Mn in plant tissue are considered deficient (Russell 1g7j). In

the current study, t,issue -l-evels of Zn and Mn at o¡ below these LeveLs

occurred (Table 5"2.5). As wel1, dry matter yield was positivety

correl-ated with concentration of Zn in the tissue, indicating that 7n

deficiency nay have been placing a limitation on dry matter yield.

concentration of Mg and K in the tissue and the uptake of, these

nutrients by the plant generally reflected the concentration or

activity of the respective ion in the soil solution or its content on

the exchange. There was little evidence ofl interference in uptake of

any of these ions by the other ions in the system, although there may

have been a tendency for K to increase at the expense of Mg in the

vacuole at high LeveLs of K. In contrast, concentration of ca in the

tissue and uptake of Ca by the plant was strongly reduced by increasing

-Levels of NH4 acetate-extractabLe Mg in the soil and was not re-Lated to

any measure of Ca in the soil" This indicates that the uptake of ca by

the plant was inflluenced to a greater extent by interference ofl Mg in

the soil than by the content of Ca in the soil" Concent¡ation of K in

the tissue and total uptake of, K were generally more closely related to

extractable K than to concentration or activiLy of K in the solution"

ïhe converse was true for Mg" Therefore, when conducting detailed

studies of plant nutrition with K and Mg, it may be advisable to
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examine both exchangeable and solution leve-Ls of these ions.

5"2"5 Conelusions

High concentrations of Ca and Mg in soi-Ls had deleterious effects

on growth ofl barley plants, with yield decreasi.ng with Íncreasing

concentrations of Ca and Mg in the soil, Coneentrations of Mg and Ca in

unfertilized soils were below those which depressed yield in hydroponic

studies. However, addition of NH4N03 increased Ca and Mg concentra-

tions to potenitally harmful Levels" Mn and Zn content in soils and

plant tissue were Low in soi-l-s hiqh in Mg and Ca, and yield increased

with increasing concentrations of Mn and Zn in the soil and tissue,

Reduction in dry matter yield on soiLs high in Mg and Ca was due either

to Mg and/or ca toxicity or to Low availability of Mn and/or zn

associated with high Mq and Ca"

Tissue concentration and uptake of Mg, K, Mn and Zn were closery

related to the Leve-Ls of these nutrients in the soil, indicating that

there was Ìittle effect ofl interflerence on the uptake of these ions.

In contrast, concentration and uptake of Ca was more influenced by

interference from Mg than by the level of Ca in the soil. Concentra-

tion and uptake of K in the tissue were more closely related to NH+

acetate extractable K than to solution measures of K. The close

¡elation of K content of the plant to NH+ acetate-extractable K

suggests that both intensity and capacity factors were important in

pranL uptake of nutrients. concentration or activity in the soil

soLution were not always closeJ.y related to amounts on the exchange or
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amounts displaced by NH4 acetate. Concentration and activity of K were

closely related to NH+ aeetate displaceabLe K content of the soil,
whereas with ca and Mg this relationship was not particularly close.

The study aLso indieated that concentration of, Mg in the tissue

was more cLosel-y related to soLution than extractabLe measures of Mg.

Ratios of Mn:Mg and Zn:Mg in the soil may be more valuable than DTPA

extractable Mn and Zn aLone in predicting Mn and zn avai].ability in
soiLs high in Mg.

5"1 The Effect of Additions

Mg u K, l,k1 ard Zn content

Chernozemic soils"

5"3.1 fntrdrætion

The previous hydroponic and soil cuÌture studies showed that the

Mg, Ca, K, Mn and Zn content of the growth medium afflected the yield

and nutrient content of barley. Reductions in dry matter yieJ-d were

observed on soifs high in Mg and ca. The reductions in d¡y matter

yield were thought to be due either to di¡ect toxie effects ofl Ca or Mg

or to -Low availability of Mn and/or Zn associated with high leveLs of

Mg ot Ca. Although short-term uptake studies indicated that high

Ìevels ofl Mg and Ca couLd interfere to a limited extent with K uptake

and accumulation, long-term growth studies in hydroponic and soi_l-

systems showed no major interference of Mg on K accumulation by barley

plants. The concentration of the va¡ious nutrients in the plant tissue

cJ.osely re'lected concentration of the nutrients in the growth medium,

13t

of ea504 ard KCI on the Yield ard Ca,

of Johnston Barley grown on Nonsal-ine



131

Ïherefore, one should be able to aLter the yieì.d and nutrient content

of barley plants by altering the concentration of eations in the soil

syst,em. Certain soil testing laboratories recommend the addition of

Kcl to soils containinq hiqh Levels of Mq. However, experimental

resuLts supporting this recommendation are lacking. A growth chamber

soil study was therefore conducted to examine the effect of banded and

broadcast treatments of CaS04 and KCI on the production of barley on a

number of soils varying in content of Mg, Ca and K. These treatments

were used in an attempt to lower the Mq content of barley and/or to

increase K content and thus increase yield"

5"3.2 Metfr¡ods and Material-s

Seven soiLs were selected covering a wide range of Mg content and

Ca:Mg ratios (Table 5"3"1) 
"

Five treatments were applied to each soil.

1 " CaS04 banded at 60 kg ha-1 of Ca

2. CaS04 broadcast at 6000 kg ha-1 of Ca

3. KCI banded at 60 kg ha-1 of K2O

4. KCI broadcast at 400 kg ha-1 of K2O

5" Check"

All soils were treated with 2OO ¡tg g-1 of N applied as NH4N03 and

5O¡tg g-1 of P as ammonium phosphate thoroughly blendeci with the soil.

S' as (NH4)25O4, was banded into the soil in treatments 3r 4, and 5 to

compensate fo¡ the S added with the CaS04 band in treatment 1 " No

attempt was made to compensate f,or the S added as CaS04 in treatment Z,

Treatments were:
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due to potential toxicity from other availabÌe carriers applied at this

high level. To compensate for the banded N added in the (NU4)2S04, an

equivalent amount of N was banded into the soil in treatments 1 and 2

as NH4NOI. 1800 g of soil was placed into each pot and wetLed to field
capacity with distilled water. The fertilizer bands were placed in a

Line across the centre of the pot" The bands were covered with zoo q

ofl soil . Three seeds of barley ( cv " Johnston) , selected for

uniformity of seed size, were placed '1.5 cm on each side of the

fertilizer band, for a total of 6 seeds per pot. The seeds were then

gently covered with an additionaL 200 g of soil, and the soils were

wetted to field capacity with distiLled water.

Pots were covered with dark plastic and maintained at 20 C until
seedlinq emergence. The pots were then placed in a growth chamber

maintained at 22 c d/16 c night temperature with a'16 h d and B h night

period. Relative humidity was approximaLely 6O9í," Pots were adjusted

to field capacity with distilled water every I to 4 d, to maintain

weight within ltyi of the original. plants were thinned to 4 per pot
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after they reached the 2-7eaf stage.

A ha¡vest was condueted after

Fresh and dry weights were measured

the tissue was conducted,

Statistical analyses were conducted using the SAS Anova procedure

and mean separation tested using Tukey's procedure. Correlation

coefficients were caLculated across all treatments where applicable

using the SAS Corr procedure. Reqression equations were calcul-ated

30 d of growth, at full heading"

and a complete nut¡ient analysis of



where applicable using

improvement technique (SnS

5.2,J Results ard Diæussion

1. Dry matter yield

Yield was not significantly affected by application of KCI or

CaS04 except on the Assiniboine complex soil. In the Assiniboine

complex soil, which contained a high -l-evel of K and moderate levels of

Ca and Mg, application of broadcast KCÌ increased yield (Table 5"3.2).

stepwise regression,

InstÍtute Inc 1982b).

Yield of dry matter, averaged over treatment was highest in the

Assiniboine complex soil and Ìowest in the BaLmoral soi-L (Table

5.3"3). Yield, averaged over treatment increased with increasinq NH+

acetate-extractable K and concentration of 7n in the plant tissue and

decreased with increasing concentration of Mq in the soil solution,

coneentration of Ca in the plant tissue and concentration of Mg in the

plant tissue (Tables 5"j"4 and 5"3.5). The increase in yield with

increasing concentration of zn in the tissue indicated that a Zn

deficiency was probably restricting yield on some of the soil-s.

The general lack of response of, dry matter yield to additions of,

K, in spite of the positive reLationship between soil K and dry matter

yield indicated that the restriction on yieJ.d was not a K deficiency

per se, but a restriction due to a soil factor correl-ated with content

of K in the soil, such as Mg or Ca toxicity or a micronutrient

deficiency. Concentrations of Mq and Ca in the unfertilized soil

by the

13¿t

maximum g2
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considerably lower than the concentrations in hydroponic solutions

associated with depression in pJ.ant growth. However, additions of

fertilizer wouLd increase the concentrations of Mq and Ca to levels

which could reduce dry matter yield. Thereflore, reductions in dry

rnatter yield could have been caused by a direct effect of high LeveLs

ofl Mg or Ca, or by a deficieney of Zn associated with low leve]s of Mn

and Zn" Additions of Ca or K did not ameÌiorate either of these

problems.

2. Nutrient ReLations

Concentration or uptake of Ca, Mg and K were virtually unafflected

by the application of KCI or CaS04. Concentration of Mn in the tissue

increased above that of controL plants when 6000 kg ha-1 of Ca or 400

kq ha-1 of K was added (lable 5"3"6). Zn concentration in pJ.ants grown

with 6000 kg ha-1 of Ca was higher than in plants grown on the control

soil. zn and Mn uptake, however, were unaffected by treatment in any

soil. The increase in concentration in the tissue was associated with

a decrease in dry matter yield, indicating that the effect of tissue

concentration was a refLection of minor yield depressions caused by

treatment,

SoÍl affected yield and chemical composition of barley.

Relationships found were simifar to that observed in the previous

experiment. Mg and K content ofl tissues reflected the concentration ofl

these cations in the soiL whereas concentration of Ca in the tissue was

not closely related to Ca concentration in the soi-L but was decreased

by increasing Mg content of the soil 
"
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Concentration of Mn and Zn in the tissue decreased as Mg content

of the soil increased but increased with inc¡eases in DTPA extractabLe

content of Mn and Zn, respectiveJ.y,

5.3"4 Conelusions

With the exception of the Assiniboine complex soil, which showed

an increase in dry matter yield with application of broadcast KCl,

application ofl CaS04 or KCI either as banded or as broadcast treat-

mentsr had no beneficial effect on barley growth or nutrient uptake"

The general lack of response ofl yield to the addition of KCI and CaS04

in soils high in Mg indicates that appj.ication of these nutrients to
such soils would not be economic.

Minor differences in concentration of Mn and Zn in the tissue

occurred due to treatment, but were apparently due to nonsignificant

changes in dry matter yield. Uptake of Mn and Zn were not infl-uenced

by any treatment. The inverse relationship between dry matter yÍeld

and concentration ofl Mn and Zn in the tissue and laek of any effect of

treatment on the uptake of Mn and Zn indicate that the availability of

these nutrients may have been a limiting faetor in plant yield.
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5'4 The Effect of Banded and Broadeast Appl-i.eations of KCI and Ca504

Alone and in combination on the Yietd and ca, þb ar¡d K content of

Barley Grown Under Field Conditions

5"4"1 Intrdr,¡ction

The hydroponic and pot studies conducted previously demonstrated

that reduced dry matter yields of barley were associated with high

concentrations of ca and Mg in the growth medium. Although the

solution concentrations of Ca and Mg in unamended soils were l-ower than

those flound to reduee yield in hydroponie culture, addition of N

fertilizer increased Ca and Mg concentration to potentially deleterious

LeveLs. Additions of KCI increased dry matter yield in a soil of the

Assiniboine complex, but generally, additions of KCI or cas04 did not

infLuence dry matter yield in pot studies.

Field conditions tend to differ significantly from conditions in

pot trials. Root volume in pot studies is restricted, watering regime

is fixed and the soil temperature and air temperature are both set at

fixed values. Therefore, although resuLts obtained in pot studies may

provide inflormation about the soil-p1ant system, they may not

accurateLy reflect Lhe response that will occur in the field.

Therefore, a field study was established on the Assiniboine soiL, in

order Lo further investigate the effects of, soil amendments on barley

growth in high Mg systems.
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5"4"2 Materials and Methods

A field site was established in 1984 Lo eva.Luate the effect of

various Ca and K treatments aLone and in combination on the yield of

barJ.ey (cv. Bonanza). The soil type at the Alexander site (SE

34-10-22) was a calcareous black chernozemic silty clay of the

Assiniboine complex. Treatments were as listed in Table 5"4"'t

Iable 5.4"1: Treatments for field study

Treatment

kg ha-1 ofl Ca or K

1 Check

- lLtJ

2 60 CaS04 banded

3 60 KCI banded

4 6D CaS04 banded

+ 60 KCI banded

5 6000 CaS04 broadcast

6 6000 CaS04 broadcast +

400 KCI broadcast

7 6000 CaS04 broadcast

+ 60 KCI banded

B 6000 CaCl2 broadcast

+ 60 KCI banded

9 4O0 KCI broadcast

1984 1985

kg ha-1 of Ca or K

Check

60 CaS04 banded

60 KCI banded

60 Ca504 banded

+ 60 KC-L banded

0

0

60 KCI banded
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Broadcast treatments were uniformly spread by hand and rototilled
into the soil to a depth of 1t cm prior to seeding operations. AlI
plots were treated with 91 kg ha-1 ofl N as NH4NSI as a broadcast treat-

ment. Phosphorus at 40 kg ha-1 of P as NH4H2P04 was sidebanded 5 cm to

the side and 5 cm below the seed. CaS04 and KCI bands were placed 5 cm

deep parallel to and to the side of the seedrows" When both CaS04 and

KCI were applied in a treatment, they were bl-ended and banded

together. (tttH4¡2504 was banded in treatments that did not incLude a

cas04 band, to compensate for the s apptied with the ca in the band.

No attempt was made to compensate for S applied in the b¡oadcast CaS04

treatment.

Barley (cv. Bonanza in 1984 and Johnston in 1985) was seeded at a

depth of J cm at 120 kg ha-1 with a triple-disc plot seeder. Row

spaeing was J0 cm in 1984 and 20 cm in 1985. seeding oceurred on May

26 in 1984 and on May 3 in 1985. In 1985e poor emergence necessitated

reseeding. Glyphosate was applied to ki-Ll the bartey t.haL had emerged

and reseeding was completed on May 22"

In '1984, Hoe-grass II (diclofop methyl plus bromoxynil) was used

for controL of grassy and broacjLeaf weeds, In 1985, Avenge plus

Buctril M (difenzoquat, bromoxynil plus MCPA ester) was used for weed

control 
"

Soil samp.Les were taken in t¡eatments 1, 5, 6,7 and B at depths

of 0 to 15 and 15 to f0 cm on June 22, Jury 11, August 1 and August 15,

1984" In 1985, soil samples were taken at the 0-15,15-3o and 10-60

depths on May 1 e prior to fertilizer appì.ication and on Juty f and

September 12" PLant samples for yield and chemical composition and



soil sampLes were taken on July 11 and August 15,1984 and July 3 and

September 12, 1985"

Plant samples were analyzed for Mg, Ca, K, Mn and Zn whiLe soil

samples we¡e anaÌyzed for pH, conductivity, NH4 acetate-extractable Mg,

Ca and K and flor soi-L solution concentrations of Mg, Ca, and K.

Statistical analysis was conducted using analysis of va¡iance and

separation of treatment means tested using Tukeyts test.

5"4"3 Results

(a) Grain yield

Final grain yield was significantly inflluenced by treatment in

both years (Table 5"4"2). Grain yield in 1984 with 400 kg ha-1 of K as

KCI broadcast and with 60 kg of Ca as CaS04 ha-1 applied as a banded

application was significantly greater than that obtained on the control-

(Table 5"4"2) " Grain yields in 1985 with 6000 k9 ha-1 of Ca as CaS04

broadcast pJ.us 6t kg ha-1 of K as KCI banded and with applieation ofl

4DO kg ha-1 of K as KCI broadcast were significantly greater than on

the eontrol plot. The .Lowest yield was obtained with application of

6000 kg ha-1 of Ca as CaCIZ. Plant growth lvas virtualJ.y completely

suppressed and no grain yield was obtained when cacl2 was applied at

6000 kq Ca ha-1. The yield depression was presumably due primarily to

increased soil salinity caused by the readily soluble CaC12.

Grain yield increased with additions of 400 kg ha-1 of K applied

alone but not when applied with 6000 kg ha-1 of ca. The -Lack of

response to KCI may have been due to the large increase in the

- 145



T
ab

-L
e 

5 
"4

 "
2 

G
ra

in

T
R

E
A

T
M

E
N

T

1 
" 

C
he

ck

2"
 

60
 k

q 
ta

 h
a-

1 
C

aS
04

 b
an

de
d

3"
 

60
 k

q 
K

 h
a-

1 
K

C
t 

ba
nd

ed

4"
 

60
 k

q 
C

a 
ha

-1
.C

aS
04

 b
an

de
d

+
 6

0 
kg

 K
 h

a-
 I 

K
C

I 
ba

nd
ed

5.
 

60
00

 k
g 

C
a 

ha
-1

 C
aS

04
 b

ro
ad

ca
st

6,
 

60
00

 k
g 

C
a 

ha
-1

 C
aS

04
 b

ro
ad

ca
st

+
 4

00
 k

g 
K

 h
a-

 | 
K

C
I 

br
oa

dc
as

t

7 
" 

60
00

 k
q 

C
a 

ha
-1

 C
aS

04
 b

ro
ad

ca
st

+
 6

0 
kg

 K
 h

a-
 | 

K
C

I 
ba

nd
ed

B
" 

60
00

 k
q 

C
a 

ha
-1

 C
aC

J-
2 

br
oa

dc
as

t
+

 6
0 

kg
 K

 h
a-

r 
K

C
I 

ba
nd

ed

9"
 

40
0 

kq
 K

 h
a-

1 
K

C
L 

br
oa

dc
as

t

yi
el

d 
at

 f
in

al
 h

ar
ve

st
, 

'1
98

4 
an

d 
19

85

19
84

3 
"3

4 
cd

4"
64

 a
b

3.
64

 
cd

3 
"3

7 
cd

3"
28

 
d

4"
O

2 
ab

cd

4.
08

 a
bc

0,
 0

0

M
ea

n 
s

G
R

A
IN

 Y
IE

LD
 (

I"
Ig

 I
-,

a-
1 

¡

19
85

 
M

ea
n

N
um

be
rs

 w
ith

in
 a

 c
oL

um
n

si
gn

ifi
ca

nc
e.

ar
e 

er
ro

r

2"
94

 b
c

2"
86

 b
c

2.
49

 
c

2"
48

 
c

3"
1O

 b
c

2"
87

 b
c

3.
82

 a

0.
 0

1

fo
llo

w
ed

 b
y 

th
e 

sa
m

e 
le

tt.
er

 d
o 

no
t 

di
ffe

r 
at

 t
he

 5
9ó

 le
ve

l o
f

3"
17

 
d

3.
75

 a
bc

3"
O

7 
d

2"
92

 
d

3.
19

 
d

3"
44

 b
cd

3.
95

 a
b

0.
 0

1

4,
10

 a
4"

78
 a

 
3"

42
 a

1"
1 

x 
10

-1
 

7.
8 

x 
'to

-Z
1.

0 
x 

10
-1

I ts À O
ì

I



concentration of Ca and Mg in the soil solutÍon when CaS04 was added,

Increasing the concentration of Ca and Mg in the soil solution would

increase the competition of the divalent eations with K for uptake into

the root, whieh cou-Ld decrease the benefica.L effect of K on dry matter

production 
"

(b) Tissue nutrient content

(i) calcium

Concentration of Ca in the tissue at the inLerim harvest was not

infLuenced by treatment in 1984 (Table 5"4"3). In 1984, pJ.ant growth

was completely suppressed by the addition of CaCI2 and insufficient
plant material was available for analysis. In 1985, concentration ofl

Ca in the tissue of plants at the interim harvest was increased by the

addition of CaCl2. Concentration ofl Ca in the vegetative tissue at

final harvest in 1984 was higher in plants treated with high levels of

CaS04 applied alone than in plants grown on the control plot (Table

5"4"4)" The concentration of Ca in the tissue was Lower in plants

treated with banded CaS04 than in plants gtown on the contro-L plot.

Concentration of Ca in the vegetative tissue at the final harvest in

1985 was lower in plants grown with the addition of broadcast KCI than

in plants grown on the contro.L plot"

- 147

(li ¡ ¡4"nnesium

Concentration of Mg

infLuenced by treatment

in

in

the tissue at interim harvest was not

either year (table 5 "4"3). However,
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concentration of Mq in the tissue at the flinal harvest in 1984 was

higher in plants grown with the addition of high leveLs of CaS04 than

in any other plants with the exception of untreated plants and the

plants treated with banded KCI (table 5"4"4) "

Addition of broadeast KCl, and broadcast CaCI2 reduced concentra-

tion of Mg in the tissue at the final harvest below that of plants

grown on the control_ plots in 1985.

Coneentration of K of the tissue at the interim harvest vvas not

infLuenced by any treatment in 1gB4 (tanle 5.4"j), but was -Lower in

plants grot^ln with the addition of high CaCÌZ than in plants grown with

the addition of 6000 kg ha-1 of ca as cas04 + 400 kq ha-1 of R

broadcast, 6000 kg ha-1 of Ca as CaS04 broadcast + 60 kg ha-1 of K

banded or 400 kg ha-l of K broadcast in 1985. concentration of K in

the tissue at the final harvest in 1984 was not inf-l-uenced by treatment

(tabLe 5,4"4). concentration of K in plants grown on plots treated

with CaCl2 was higher than in any other plants at final harvest in

1985' due to the restricted dry matter production of this treatment.

(iii) Potassium

(iv) Mn and Zn

concentration of Mn and zn in tissue were not significantry

infLuenced by treatment (data not incLuded),



5"4"4 Discussion

Addition of 400 kg ha-1 of K as KCI consistently increased final

grain yield in spite ofl the hiqh concentration of NH4 acetate-extract-

able K found in the soil. Although this soil was reLatively high in

Mg, it was lower in Mg than severa-L of the soils used in the growth

chamber studies and tested higher in K than most soi-Ls used in the

growth chamber studies. The consistent year to year response to KCI in

the fietd study and response to KCI in the previous growth chamber

study supports the fact that this was a real response and not simply an

experimental artifact" since cl was aLso added, it is possible that

the yield response was due to the addition of CL. Eflfects of Cl on

plant growth and yield, however, were not investigated.

Application of CaS04 at 6000 kg Ca ha-1 plus KCI at 60 kg K ha-1

banded nea¡ the seed increased yield above that obtained on the contro-l

plot in 1985" CaS04 banded at 60 kg Ca ha-1 near the seed increased

the ratio of Ca and Mg in the pJ-ant and increased yield in 1984" These

results suggest that appJ.ication of CaS04 may have some beneficial

effects on soiLs high in Mq" This is in contrast to the

observations noted in the previous pot experiment in which seven soiLs

were amended with Cas04. The pot studies showed no effect of

application of CaS04 on either yield or Ca and Mg content of barley,

- 151

5.4.5 Conclusions

Apprication of KCl at 400 kg ha-1 of K led to an increase in grain

yield of barley in a field study on a soil testing high in extractabLe



K" The response to applied K on a soiL testing high in NH4 acetate-

extractable K may indicate that factors other than the l-eveL of NH¿r

acetate-extractable K may infLuence availability of K to the plant.

Effects of applied Ca as CaS04 on yieJ-d were inconsistent amonq

treatments and years.

- 152



5.5 The Effeet of Additions of

ard K ard Èhe Concentration

5.5"1 fntroduction

Fertilizer studies in the growth chamber indicated that additions

of KCI and DaS04 had little effect on barley yie1d, with the exception

of a beneficial effect of KCI additions on one soil type" A flield

study establ-ished on that particular soil type supported the beneficial

eff,ect of KCI additions on yield on that soil. In order to understand

the efflects of additions of KCI and CaS04 on the growth of barley, an

understanding of the eflfect of these compounds on the concentration of

nutrients in the soil sol-ution is required. Therefore, soil analyses

were conducted at the ALexander site. The primary objective of this

study was to determine the effect of additions of CaS04 and KCI on

NH¿l acetate-extractable Ca, Mg and K and their coneentration in the

soil solution under field conditions during the growing season. A

secondary objective was to reLate soil solutions concentration of Ca,

Mg and K to those required for optimal growth.

Ca50 and KCI on ExtrætáLe Ca, Mgu

of These Ions in Solution

- 153 -

5"5"2 Materials and

GeneraL methods

section 5"4.2. Soil

treatments.

(1) Check

(r) 6ooo kg ha-1 of

Methods

and materials for this study were outlined in

samples were obtained f¡om only the following soil

Ca as CaS04 broadcast



(s) 6000 kg ha-1 of ca as cas04 broadcast + 400 k9 ha-1 ofl K as KCl

broadcast

(7 ) 6000 kg ha-1 of ca as cas04 broadcast + 60 kg ha-1 of K as KCI

banded

(B) 6000 kg ha-1 ofl ca as cacl2 broadcast + 60 kg ha-1 of K as KCI

banded

(9 ) 400 kg ha-1 of K as KCI broadcast

SoiI sampLes were collected on (1)June 22, (Z)JuIy 11, (3)August t

and (4)Auqust 15 in 1984 and on (5)Ì{ay 1, (e )luty I and (7)September 12

in 1985" Two -locations in each plot were sampled and samples from

each plot were buLked by depth" Soil sampJ-es were co-L-Lected flrom the 0

to 15 and 15 to f0-cm depths on each sampling date and aLso from the l0

to 60-cm depth on May 1, 1985 and September 12, 1985"

The NH4 acetate-extractabLe Ca, Mg and K and the concentration of

these nutrients in the soil solution were determined as described in

section J.2"

-154-

5"5"3 Rest¡lts

(1 ) cateium

NH4 acetate-extractable Ca in the 0 to 15 cm depth increased when

Ca was added, particularly when added as CaCI2 (fiq" 5"5"1). lrhen Ca

was applied as CaC72, extractable Ca initially increased rapidly,

reached a maximum on August 15, 1984, and then decreased during the

winter period. fn eontrast, when Ca was added as CaS04, NH4

acetate-extractable Ca initiaì.ly increased more slowty and to a lesser
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extent, and reached a maximum on July 3, 1gBS" Addition ofl KCI with

the CaS04, either as a broadcast treatment or as a band, had no effect

on extractable ca in the 0 to 15-cm depth. Extractable Ca in soiLs

treated with high concentrations of Ca was signif,icantJ-y greater than

for untreated soits for the duration (2 years) of the study.

concentration of ca in the soil solution in the 0 to 15-cm depth

at the init.ial samplinq was higher in all treatments (including the

control) than the B mM concentration above which yieì.d decreased in the

hydroponic studies (nig. 5.5.2). The high concentration in the

untreated soiL was probably due to the addition of fertilizer N at the

time of seeding" Concentration of Ca in the CaCl2 treatment was more

than five times higher than in any other treatment at the first
sampling date. The concentration of ca in the sol-ution was

substantially higher than the B mM concentration above which yield

decreased in the hydroponic studies. Solution concentration of Ca

remained higher in the CaCl2 treatment than in the other treatments for

the duration of the study period, although by september 12, 1985 the

difference between the CaCl2 treated soiL and a-Ll other treatments was

much smaLler. Concentration of Ca in the soil solution of soiLs

treated with broadcast CaS04 was higher than in untreated soils and

this difference persisted throughout the study period. During the

first year, the concentration of Ca in the soiÌ solution was slightly
higher r,vhen cas04 plus Kcl broadcast was added than when cas04 was

applied aLone or with a band application of KCl. The difference can

likely be attributed to the efflect ofl the readily soLuble KCI on ionic
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strength of the solution. rncreasing the ionic strenqth of the

solution wou.Ld tend to increase the mo.Lar solubility of the CaS04r

increasing the eoncentration of Ca in the solution.

NH+ acetate-extractable Ca content of the 15 to l0-cm depth was

higher in soiLs treated with broadcast CaS04 or CaCl2 than in the check

at the initial sampling date (Fig. 5"5"3). NH4 acetate-extractable Ca

content of soils treated with Ca increased between the fall of 1984 and

spring of 1985, apparently due to leaching flrom the surface soil by

fall rai-ns and/or spring snowmeLt. Extractable Ca increased further

between May 1 and July f and then decreased by september 'tz"

NH4 acetate-extractable Ca in the 15 to fO-cm depth was higher in soils

treated with CaCl2 than with CaS04 apparently due to the greater

leaching of the more soluble cacr2 as compared to the cas04.

Difflerences in extractabLe Ca content between treated and nontreated

soils were not as large for the 15 to f0-cm depth as those observed flor

the 0 to 15-cm depth samples.

CaCI2 increased concentratj-on of Ca in the sol-ution in the 15 Lo

f0 cm depth throughout the study period as compared to any other treat-
ment (fig 5.5.4). Concentration of Ca in the soLution ofl soils treated

with CaS04 was also higher than in nontreated soils throughout the

study period, Concentration of Ca in the soil- so]ution decreased

substantially from the f,inal sampling date oF 1984 to the initial
sampJ.ing date in 1985 in all treatments where ca had been applied,

indicating that readi-ì.y soluble Ca leached beyond this depth between

fal1 and spring samplingg This is the period wfren precipitation

- 'l5B -



T
ab

le
 5

.5
.1

M
ay

 1
5

T
re

at
m

en
t

C
on

ce
nt

ra
tio

n 
of

 
C

a,
 M

g,

1.
C

he
ck

60
00

 C
aS

04
 b

ro
ad

ca
st

60
00

 C
aS

04
 b

ro
ad

ca
st

60
00

 C
aS

04
 b

ro
ad

ca
st

60
00

 C
aC

l2
 b

ro
ad

ca
st

40
0 

K
C

I 
br

oa
dc

as
È

6. 7- B
.

an
d 

K
 i

n 
so

il 
so

lu
tio

n 
at

q

14
ea

n 
sq

ua
re

 e
rr

or

S
ep

te
m

be
r 

12

1.
 

C
he

ck

+
 4

O
O

 K
C

I 
br

oa
dc

as
tC

a 
co

nc
en

tr
at

io
n 

M
g 

co
nc

en
tr

at
io

n

t.

60

60
00

 C
aS

04
 I

¡r
oa

dc
as

t

60
00

 C
aS

04
 b

ro
ad

ca
st

60
00

 C
aS

04
 b

ro
ad

ca
st

60
00

 C
aC

.L
2 

br
oa

dc
as

t

40
0 

K
C

I 
br

oa
dc

as
t

l'l
ea

n 
sq

ua
re

 e
r 

ro
r

6.

K
C

I 
ba

nd
ed

K
C

I 
ba

nd
ed

60

0.
69

 8
1

1.
47

 8

1.
t4

 B

1.
t5

 B

9.
',t

4 
A

1.
00

 B

t.7
J

th
e 

l0
 

to
 

60
 c

m
 d

ep
th

, 
M

ay
 1

8. g

N
um

be
rs

 w
ith

in
 

a 
co

lu
m

n 
F

ol
lo

w
ed

 b
y 

th
e 

sa
m

e 
Le

tte
r 

do
 n

ot
 

di
fF

er
 

at
 

th
e 

5%
 s

ig
ni

fic
an

ce
 

Ie
ve

I.

40
0 

K
C

I 
br

oa
dc

as
t

60
 K

C
L 

ba
nd

ed

60
 K

C
I 

ba
nd

ed

m
M

an
d 

S
ep

te
m

be
r 

1 
2,

 
1 
98

5.

1.
88

 B

2.
49

 B

2.
00

 B

1.
25

 B

t.1
7

5.
00

6.
O

9

16
.7

1

5.
tJ

44
 .8

J

2 
.3

1

A
B

K
 c

on
ce

nt
ra

tio
n

14
.1

6 
A

1.
40

 B

2 
.4

7

A
B

A
B

o.
ot

6

0.
o4

2

0.
 0

14

o.
D

47

o 
.1

46

0.
o5

4

A
B

1.
58

 B

5.
91

 B

5.
80

 B

6.
'J

 
B

24
.8

8 
A

6.
15

 B

37
.J

1

0.
 0

00
47

D
 .1

3J
 A

0.
10

9 
A

o.
t6

2

o 
.2

24

0.
l0

l 
A

B

0.
't6

0 
A

0.
 0

0 
52

A
B

I ts (¡ \o I



exceeds evapotranspiration 
"

NH+ acetate-extractable Ca in the 30 to 60-cm depth was measured

only in t,he second year. Extraetable Ca at this depth was not affected

by applications of CaS04 or CaC12. Concentration of Ca in the solution

increased when caclz was added (rab-te 5"5.1). Addition of cas04 also

inc¡eased concentration r:f ca in the soLution, and the increase was

statistically significant if the CaCl2 treatment was excluded from the

analysis. Sol-ution concentration increased between l4ay 1 and September

12, indicating a consistent movement of ca into this depth f¡om upper

soil horizons.

NH+ acetate-extractable Mg in the 0 to 15-cm depth was not

infLuenced by CaS04 additions, but tended to be slightly lower in the

soils treated with CaCI2 than in the non-treated soil throughout the

study (fig. 5.5.5). The high concentration of ta provided by the CaCl2

treatment replaced Mg on the exchange, allowing the Mg to -l_each from

the surface layer.

Concentration of Mg in the soil soLution in the soiL treated with

CaCl2 was substantialJ.y higher than in soi.Ls from other t¡eatments

throughout the sampling period, although the differential decreased

with iime (l'i.q. 5"5.6) " Concentration of Mg in the solution was higher

in soiLs treated with broadcast CaS04 than in treatments whe¡e no Ca

was appJ.ied. The initial concentration of Mg in Lhe soil soLulion of

the cacl2 treated soil was 75 nM as compared to approximaLely 25 mM in

(2) Magnesium

-160-
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soi-Ls treated with CaS04 and 6 mM in the unamended soiL. AmendÍng the

soils with Ca led to Ca replacing Mg on the exchange, and increases in

the concentration of both Ca and Mq in soil sol-ution, Decreases in

activity of ions in the soil solution due to the increased concentra-

tion of Ca, S04 and Cl wou.Ld also increase concentration of l4g in the

solution" Since drymatter yield ofl barley deereased when concentration

ofl Mg in the hydroponic solution exceeded B mM and additions of Ca as

CaS04 or CaCt2 produced concentrations of Mg in the soil solution that

were much higher than optimal level-s, applications of Ca as cacl2 and

CaS04 to soils hiqh in Mq couLd have negative effects on yield of

crops.

NH4 acetate-extractable Mg in the 15 to l0 cm depth was not signi-

ficanLly inf-Lueneed by treatment (fiq S.5.7), although some fluctuation

occurred throughout the sampling period, Concentration ofl Mg in the

soil soLution was extremeLy high in soils treated with cacr2 and

moderateLy hiqh in soils treated with CaS04 (Fig 5.5.8). In the 15 to

lO-cm depth, as in the 0 to 15-cm depth, concentration of Mg in the

solution tended to inc¡ease concurrently with increases in concentra-

tion of Ca in the soLution.

NH+ acetate-extractable Mg in the 30 to 60-cm depth was not

influenced by treatment (¿ata not presented). However, concentration

of Mg in the soil solution when CaCIZ was added was higher than in any

other soil (Table 5.s.1)" concentration ofl Mg in the soil sol_ution
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also tended to be higher with CaS04 than without added Ca, although the

differences were not significant. The concentration of Mg in the soil
solution of the l0 to 60 cm depth of soiL also increased substantially

between spring and faLl indicating that downward movement of Mg

continued Lhroughout the study period.

NH4 acetate-extractable K in the 0 to 15-cm depth was about 2 fold

greater than that of the untreated soil when 400 kg ha-1 ofl K as KCI

was added (Fiq 5.5"9) " The magnitude of the difference between the two

treatments was greater than the amount of K applied. This may have

been a resuLt of problems with incorporation of KCI and subsequent

sampling and/or an overestimate for the bulk density of the soil yvl-len

conducting the caLcuLations. The differentiaL was sustained throughout

the first season but decreased over the wÍnter period. Extractable K

was still substantially higher at the final sampling date, (September

12r 1985) r¡here broadcast K had been applied than in other treatments.

Extractable K was not influenced by additions of Ca, either as CaS04

or CaC12 
"

Concentration ofl K in the soil solution was more than 2 to I fold

higher in soils treated with CaCl2 or with broadcast KCI plus broadeast

CaS04 than in the unt¡eated soil throughout the first season (fig
5.5"10)" Concentrat.ion of K in the solutíon decreased substantially

between fall and spring in soils treated with CaCl2 or broadcast KCl

plus broadcast cas04, but was still approximatery twice as great as

(l) Potassium
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that in the controL at the finat sampling date. Concentration of K in

the soil solution was slightly higher in soils treated with CaS04 than

in the check aflter the flirst sampling date and the slight diflflerential

persisted throughout the study period. Concentration of K in the soil
solution was stightly higher from May 1 to september 12, 1985 when

broadcast KCI was applied wÍth CaS04 than when KCl was applied a.Lone"

The increase in concentration of K in the soil solution assoeiated with

the addition of Ca reflects the replacement of K by Ca on the exchange

and a shift in the equilibrium concentration of K due to a decrease in

the activity coefflicient of K with increased so-Lution ionic strength.

NH+ acetate-extractable K in the 15 to l0-cm depth of soils treated

with broadcast K plus CaS04 j.ncreased substantially between July 1 1 and

August 1t 1984 and reaehed a maxj-mum at August 15r 1984. This large

increase in NH4 acetate-extractable K was concomitant with the increase

in NH+ acetate-extractable K in the 0 to 15 cm depth. Therefore, it
appears unlikely that it was due to leaching of, K from the surface

soil ' Between the fall sampling and the spring sampling, NH4

aeetate-extractabLe K decreased sharply in the treatments where l( had

been broadcast and did not diffler from the eheck throughout the second

season. Since the disappearance of K from the 15 to fO-cm depth could

not be explained strictly by leachÍng to Lower depths, fixation of K in

the clay lattices may have occurred. Extractable K in the 15 to l0-cm

depth was not influenced by additions of ca as cas04 or cac12"

Addition ofl CaCl2 substantiaLJ-y increased the concentration of K

in the soiL solution in the 15 to J0-cm depth at the flirst sampling
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date (Fig. 5"5"12)" The increase in concentration persisted throughout

the first season and to a Lesser extent into the second season.

Concentration of K in the soil solution was increased by addition of

broadcast K plus CaS04 and by the addition of broadcast CaS04 to an

essentia-Lly equar extent from June 22 to August 1, 1984" 0n August 15,

1985t the concentration of l( in the solution of soiL treated with CaCl2

was substantially higher than that of other soi-Ls" The increase

oceurred concurrently with an increase in concentration of K in the

solution in the surface depths of soiLs treated with CaCl2 or broadcast

K plus CaS04. Therefore, the increase was not simply due to downward

leaching ofl K" The increase may have been due to sampring error.

NH4 acetate-extractable K in the l0 to 60-cm depth was not influ-
enced by addÍtions of Ca or K (data not presented). However, concen-

tration of K in the soil solution for soils sampled on May 1, 1985 was

higher when CaCI2 was added than for other treatments (Table 5"5"1).

Increases in K concentration of the soil solution were aÌso noted on

september 12, 1985 for soi-ì.s treated with cacr2 and KCI pluscasO4

broadcast.
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The ratio of extractable Ca:l4g in

increased when either CaCI2 or CaS04

ratio changed with time and followed

acetate-extractable Ca.

(4) Ca:Mg ratio

ïhe ratio of concentration

the 0 to 1 5-cm depth of soil was

were added (fi.q 5.5.13). The

trends noled for changes in NH4

of Ca:Mg in the soil sol-ution also
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increased when CaCl2 or CaS04 were added; the increase in ratio being

much larger with CaCI2 than with CaS04 (riq. 5"5.14) " The increase in

Ca:Mg in the soLution was small-er than expected due to the concomitant

increase j"n concentration of both Ca and Mg in the soi.L sol-ution when

CaCI2 or CaS04 was added.

The ratio of extractab-l-e Ca:Mg in the 15 to fO-cm depth was

infLuenced very little by treatment until Jury 3, 1985 when the ratio

increased in the soiLs amended with CaCl2 or with CaS04 plus broadcast

KCt (ri.q" 5"5"15). This again largeJ.y reflects the increase in NH+

aeetate-extractable Ca.

Ratio of Ca:Mg in the so-Lution was increased to some extent by

August 15r 1984 by the addition of CaC12, but was affected only

slightly at any other date (Fig. 5"5"16),

The ratio of Ca:Mg on the exchange and in the soil solution in the

l0 to 60-cm depth was not infLuenced by any treatment (data not shown).
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5.5,4 Diæussion

Essentiaì.ly all the Ca in CaCl2 added was extractabLe frsn the 0

to 15 nm depth on the first sampJ.ing date" There was an increase in

NH+ acetate-extraetabLe Ca over time during the first summer in the

CaCI2 treated soif and an increase in extractable Ca in the lower soiL

depths" The total increase in NH4 acetaLe-extractable Ca over that of

the untreated soil was greater than the amount of Ca added. This could

possibJ.y have been due to errors in sampling and/or an increase in Ca

coneentration in the so-l-ution as a result of dissol-ution of CaCO¡ or



other Ca safts due to the hiqh ionic strength of the soLution" NH+

aeetate-extractab-Le Ca in the surface layer of the CaCl2 treated soil
decreased over the winter and decreased further during the 1985

season. The decrease in the surface layer was coupled to an increase

in the lowe¡ soil layers, indicating downward movement of ca.

NH4 acetate-extractable Ca was initially much -l-ower in the surface

layer of the cas04 treated soil than in the cacr2 treat.ed soil,

although higher than in the untreated soil. CaS04 is not as solubLe as

CaCl2 in the soil or in the NH4 acetate extractant. Therefore, J-ess Ca

was extracted by the NH4 acetate from the CaS04 than the CaCI2 treated

soil. NH+ acetate-extractable Ca in the CaS04 treated soil and the

untreated soil decreased between July and August of '1984" As

extractabLe Ca decreased, extractable Mq increased an equivalent

amount. Throughout the study period, decreases in extractab-Le Ca

tended to be coupled with increases in extractabLe Mg in the cas04

t¡eated and untreated soils. It appeared that Ca was substituting for

Mg in some form which was not readily extractable. This substitution

tended to occur during the July to August period, when the soi.Ls tended

to be dry. Drying of soiLs leads to precipitation of the ions in

solution. since the solubility ofl ca salts is less than that of Mq

sal-ts, decreases in soil water may have led to preferent.ial

precipitation of soil soLution Ca as Ca carbonate or other slightly

solubLe salts"

-172-

The simultaneous, but opposing changes in ext¡actabfe Ca and

that occurred with time in these soifs led to changes in the ratio

Mq

of



extractable ca:Mg which followed the changes in Ca content, but were

more pronouneed" Extractable Ca increased in the surface layers of the

CaS04 treated soils over the winter period and increased further

between May and July. This was apparently due to sl-ow dissolution of

the cas04 over time. By July 3, 1985, the difference between the

extractable Ca in the surface of the CaS04 t¡eated soils and the

untreated soils was equal to the total Ca applied. However, there was

aLso an j.ncrease in Ca in the Lower depths of the CaS04 treated soils"

Thus it appears that (as found for the CaCI2 treatment) tne increase in

extractab-l-e Ca was greater than the amount of Ca added. This was

probably due to dissolution of slightly solubLe forms of Ca due to the

increased ionic strength of the solution and/or errors in sampling.

Concentration of Ca and Mg in the soil- solution of soil-s treated

with CaCl2 or CaS04 were very high, particularly in the 0 to 15-cm

depth of soil. Concent.ration of Ca was as high as about 180 mM while

concentration of Mg was as high as about 75 nl4. The high concentration

of Ca in the soil solution was a result of adding large amounts of Ca

as CaS04 or CaClZ" Ca would tend to remain in oolution due to the

large concentration ofl anions in the soil so-l-ution and the effect of

increased ionic strength of the soil soLution" The increase in ionic

strength would shift the equilibrium between exchangeable ca (solid

phase) and Ca in soil soLution towards increasing concentration of Ca

in the soiÌ sol-ution as a ¡esult of the decreasing activity coefficient

of Ca with increasinq ionic -+rcngth.

The high concentration of Mg in the soil solution resulted from
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the dispJ.acement of Mg from the exchange complex by the added ca and

the increase in ionic strength of the soLution.

As woufd be expected, addition of the soluble salt cacl2 ted to a

large increase in the concentration of Ca, Mg and K in the soil

so-Lution, in Lhe 0 to 15 and to a Lesser extent in the 15 to 30

depths. Concentrations of Ca and Mg were far higher than those which

had inhibited plant growth in hydroponic culture. The concentration ofl

these ions in soLution remained high throughout the first growing

season" Concentration of a-LL cations in the soLution dec¡eased between

fall and spring sampling. An increase in concentration of Ca, Mg and K

was evident in the 30 to 60 cm depth in the spring sampling and the

concentration in this depth increased frcrn the spring to the final faLl

sampling, indicatinq downward leaching of the so]uble cations,

resulting in accumul-ation in the deeper soil J.ayers.

Ca, Mq and K concentration in the soil sol-ution al-so increased

with aonlication ofl CaS04. Ca and Mg concentrations were higher than

those which had decreased yield in the hydroponie studies, but were

initiall" only approximately 1 /4 of the concentration in the caclz

treated soil. Movement of cations followed the same pattern as that

observed in the CaC72 treated soil, but the degree of leaching was less

due to the -Lower concentration of the cations in solution and possibly

to Lhe l-ower mobility of S04- as compared to Cl-.

The ratio ofl Ca:Mg in the so-Lution increased with additions of

CaCl2 or CaS04, the increase being greater with CaCI2 than with CaS04"

The increase was not as great as would be expected from the amount of

Ca applied, since concentration of Mq in soluLion increased as
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concentration of Ca in solution increased. With the exception of the

CaC12 treatment, which showed a large increase in Ca:Mg ratio in both

the 0 to 15 and 15 Lo 3o depth on August 15, 1984, ca:Mg ratio in the

solution was relatively constant throughout the two growing seasons

within a treatment.

5.5.5 Conclusions

Application of 6000 kq ha-1 of ca as either cacr2 or cas04

substantially increased NH4 acetate-extractabLe Ca and Ca in the soil

sol-ution in all soil depths. Large additions of Ca as either CaCl2 or

CaS04 increased the soil soLution concentration of Ca and Mg to level-s

greater than those observed to reduce dry matter yieJ.d of barley in

hydroponic culture. The increased leveLs of ca and Mg persisted

throughout the study period. ca applied as cacl2 increased ca and Mg

concentration in the soi-l- soLution more rapidly than Ca applied as

cas04, due to the greater solubility of cac12 as compared to cas04.

rncreases were observed Lo the 30 to 60 cm depth by the second year

indicatinq downward movement of ca and Mg in the soil proflile.

Addition of CaCl2 promoted more downward movement of Ca and Mg than díd

addition of CaS04.

Application of, CaCI2 or CaS04 to a soiL high in Mq resulted in a

Ca:l4g ratio more favorabLe for plant growth. However, concent¡atÍons

of Ca and Mg in soil solutions increased to leveLs del-eterious or toxic

to plant growth. Leachinq of the excess Ca and Mg would have to occur

before beneficial effects of these treatments on plant growth wou-Ld be
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noted. since leaching of ions in these soils is very slow, the

deLeterious effects of the initially high concentration of Ca or Mg in

soil may negate any economic advantage to this practice.

6"0 Summary ar¡d Concl-r¡sions

Many soils in arid regions contain high levels of Mg and ca, which

may be detrimental to plant growth. This study was designed to

investigate the rel-ation between l-evels of ca and Mg in the growth

medium and barLey yield and nutrient reLations. Specific objectives of

the project were (a) to determine the eflfect of varying concentrations

ofl ca and Mg on the uptake and efflux ofl K by barley roots, (b) to

determine the chemical effects of high levels of Ca and Mg on growth

and nutrient content of barley grown in hydroponic cu.Lture, (c) to

determine the yield and nutrient eontent of barley grown on soils

varying in Ca and Mg content, (d) to determine the relationship between

NH+ acetate-extractable Ca, Mq and K and soi-l- soLution concentration

and activity of these ions, (e) to determine uptake of Ca, Mg and K as

related to content of these ions in the soil, (f) relate soil soÌution

concent.ration of Ca and Mg to critical concentrations as determined in

hydroponic cuLture and (g) to determine the effects of additions of Ca

or K on yield and nutrient content of barley in a variety of soils.

Uptake of R by excised barley roots decreased slightly with

increasing concentration ofl Mg content at Low concentrations of Ca, but

not at high concentrations of Ca. Ef,flux of K from intact barley roots

decreased when leve1s of Ca and Mq of up to B mM we¡e present in
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soluLion, but increased when concentration ofl either Ca or Mg increased

beyond B mM" Efflux was slightly greater with Mg than with Ca"

Yield of barley decreased when concentration of either Ca or Mg

increased above B mM in hydroponic cultu¡e. Concentration of Ca and Mg

in the tissue increased with increases in concentration of the

respective ion in sol-ution" In contrast to the result of the excised

root studies, there was no evidence that either Ca or Mg interfered

with the uptake of K by the plant during long term growth in hydroponic

cuLture. Uptake of Zn and Mn by barley plants increased substantial-ì.y

at high concentrations of l,lg and Ca. This couLd possibly have been a

result of impaired membrane function.

Concentrations of Ca and Mg in the soil solution of unamended test

soils we¡e lowe¡ than those which decreased yield in the hydroponic

study. Addition of NH4N03 increased concentration of Ca and Mq to

potentially toxic levels. NH+ acetate-extractable K was closely

re-Lated to concentration and activity of K in the soil solution" In

contrast, NH4 acetate-extractabLe Ca and Mg were not always closely

¡elated to concentration and activity of the respective ion in the soil

solution.

BarJ-ey yield decreased with increasing levels ofl Ca or Mg in the

soif. concentrations of Mg and K in the tissue were primarily

determined by the LeveÌs of these nutrients in the soil. There was no

evidence that high levels of Mg interflered with uptake of K by plants

grown in a soiL system, however, hiqh l-eveLs of Mq did restrict the

uptake of ca. concentrations of zn and Mn in the soil and in planL
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tissue decreased with increasing levels of Mg and ca in the soil.

Concentrations of Zn and Mn in the tissue were at or be-l-ow critical
LeveLs in low yielding plants. Low yield ofl barley in soiLs high in Mg

and/or Ca cou-Ld therefore be due either to direct toxicity of Ca or Mg

or to deficiencies of Zn and Mn associated with high leveÌs of Ca and

Mg in the soil. It is unlikely that yield depression occurred due to

interference of Ca or Mg with uptake of K.

Applications of CaS04 or KCI to soiLs had no beneficial effect on

plant growth with the exception of the Assiniboine complex soiL where

application of broadeast KCI increased grain yield. Application of

CaS04 or CaCI2 to the Assiniboine compJ.ex soil resulted in a Ca:Mg

ratio more favorable for plant growth. But, concentration of Ca and Mg

in soil so-Lutions increased to levels deLeterious to plant growth.

Leachinq of the excess Ca and Mg would have to occur beflore beneficial

effects of these treatments on plant grovrth woul-d be noted. since

leaching ofl these ions in these soils is very slow, the deleterious

eflfects of t.he initially high concentrations of ca or Mg in the soil

would negate any economic advantage to this practice.

In summary, high concentrations of Ca and Mg in soiLs led to

decreases in yield of barley. Decreases were not due to interference

with uptake of K, but ¡ather to either direct toxicity of Ca and/ot wg,

or to deficiencies of Mn and/or Zn associated with soil-s high in Ca and

Mq. Amendment of soils high in Mg with cas04 or KCI did not generally

lead to inereased yield in the short term. Application of Mn or zn nay

increase erop yield on soils high in Mg and/or ca. use of Mn and zn

fertilization on soiLs high in Mg and/or ca wa¡rants further study"
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