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Studies wae conducted to examine the effects of some commonly-used fertilizers on 

cadmium extractability, mncentraîion of Cd in the soi1 solution, and concentration of Cd in 

plants grown on nitmgen-fertilized mils. Soil extractions were pafomed on a clay loam 

soi1 using d S i t  concentrations of fertilizer solutions, and the extracts were analyzed for 

Cd. Only solutions of ammonium sulfate solubilized a signincant amount of Cd, with the 

increase in extracteci Cd being cmrelated to pH. The same clay loam soil was incubated at 

field capacity with various fertilizers and extracteci with water and 

diethylenetnaminepentaacetic acid @VA)  &er 1-28 days to see if time had any effect on 

Cd solubilization. Time did not signincantly affect cadmium extractability. Ammonium 

d a t e  and urea were the only f-er salts to inmase the amount of extractable Cd, and 

the increase in cadmium solubility was not related to pH. In a third study, wheat plants were 

grown in pots containhg a the sandy loam soi1 with different rates of urea fertilizer. At 

diffèrent stages of plant growth, plant material was analyzed and the soü solution was 

removed using water displacement. Cadmium concentration in the soi1 solution and in the 

plant tissue increased sinificantly with nitrogen rate. Many of the plant nutrients showed 

sirnilar increases in the soil solution and in the plant with increasing nitrogen rate. These 

increases were related to increasing ionic strength of the soil solution and a general reduction 



in soi1 pH. Plant growth and transpiration a h  increased with increasing nitrogen rate, 

ailowing plants to take up increased amounts of Cd by m a s  flow. The inmase in Cd 

phytoavailability with increasing nitmgen rate may be caused by the wmbined effkct of 

increasing ionic stcength, decreasing PR. and increasing plant growth. 
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CarImium (Cd) is a heavy metal that bas garnemi considerable interest in ment years 

because of its association with various human health problexns (AUoway 1990; Jackson and 

AUoway 1992). Cd may be present in the soil-plant environment h m  both naturai and 

anthropogenic sources. Soils may contain high concentrations of naturaily-occurring Cd, 

while phosphate fertilizers and m a g e  sludges are anthropogaiic sources of Cd. Cd enters 

plants, either by direct absorption tbugh leaves (especially near smelting plants) or by 

uptake fiom soils, thereby aliowing Cd into the food chah (Joh et al. 1972). 

Kuboi et al. (1986) showed that many plants are not damagecl by the uptakc o f  high 

levels of Cd ami, thetefore, healthy crops p w n  in Cd-poiluted mils may contriiute 

substantial arnounts of Cd to the food cbain. Cd remains in the body for a long period of 

tirne, having an e h a t e d  bal£-Me between t 5 and 1 100 years (AUoway 1990). Thus, the 

long-term consimiption of foods high in Cd could lead to chtank toxicity (Jackson and 

AUoway 1992). 

Cd is a persistent problem in mils because uptake by plants can continue long &et 

the direct addition bas ceased (Symeonides and McRae 1977). Therefore, it is vital to be 

able to prcdict potential Cd uptake by plants h m  mils. The avaüability of soil Cd for plant 

uptake is determined by various plant and soi1 factors, as weli as environmentai conditions 

and agronomie management practices. 



Soi1 factors afkting Cd availabiiity include: soil Cd content, pH, metal sorption 

capacity of the soil, cation exchange capaMty, redox potential, organic matter content, 

presence of other metaIsy and feailizaton. P h t  f~tors  affecthg the uptake of Cd include: 

species and cultivar, plant tissue sampled, age of the plant, metai interactions withh the 

plant, and soi1 rhuosphere effects. Agronomie management practices such as the addition 

of famiyard manureSy m a g e  sludges, N, P and K fertilizersy and other nutrients play a role 

in Cd mobility and availabiüty. 

Most of the Cd accumulated in grains and seeds is a result of plant uptake fiom the 

suil, where Cd levels vary with patent material and an+Lbropogenic input. Cd mobility and 

bioavailability in the soi1 is influenced by chernical transformatio~~, which in tum, are 

affecteci by soil formation processes and management practices. 

High yields in crop production wuire balanced availability of the plant 

macronutrients N, P, K, S, Ca, and Mg, and the mimnutrients Cu, Mo, Mn, Fe, B. Cl, and 

Zn. Fdiizers are used to enhancc availability of these plant nutrients for continuous or 

repeated crop production. However, it has been suggested by many researchers that P- 

fertilizer applications year after year may lead to a buildup of intoierable levels of Cd in the 

soil (Williams and David 1976; Mulla et al. 1980; Mortvedt 1987). 

Application of N and K fertilizers, which may not contain Cd, have also been shown to 

increase concentration of Cd in crops. 

In Western Canada, dunmi wheat may at times have levels of Cd above acceptable 

levels (0.1 ppm) proposeci by the Codex Alimentarius Commission of the World Health 

Organhtion (FAO/WHO 1995). This is of economic concem to producers, as it may impact 

on the rnarketability of the grain. Therefore, there is a need to shidy Cd uptake by dururn 



wheat as part of the overall strategy to d u c e  Cd uptake by mps. This study evduates the 

effect of nitrogen fertilization on Cd bioavailability Studies were also conducted to 

elucidate soil-fertilizer reactions and plant interactions which may be nsponsible for 

inmased bioavailability of Cd in N fermized soils. 



2.1 Cadmium In The Environment 

Cd occurs nalinally in soii, water, and air. Concentrations in agricuitural soils are 

usually l e s  than one ug gl. The element may occur at higher concentrations, especiaiiy 

with Zn ores or other Cd-bearing deposits (Adriano 1986). Contaminateci soils can contain 

as much as severai hundred ug g-' Cd. 

Sigaifiant amounts of Cd are being mieased to the environment because of its many 

industrial uses. Consequentiy, th= is evidence of Cd accumulation in soils near smelters 

(John et ai. 1972), where mage  sludge has been appiied to land (Chaney 1973), and where 

P fertilizer has been utilized (Wüiiams and David 1976). Cd b r n  these sources could 

conceivably mach into the food ch- and wnsequentiy, such sources are of paramount 

importance when identifjing contributors of Cd. 



2.2. Cadmiam In Soils 

2.2.1 Distribution 

In uncultivatecl, u n f i i e d  soils, the amount of Cd present in the soii is closely 

correlated with that of the soil parent material. Although the wil parent material detenaines 

the source aud amount of Cd in uucontaminated mils. atmospberic deposition, mining and 

smelting mdustries, famiyard manues, and sewage sludges can al1 S e c t  Cd concentrations 

in soils. 

Cd is fairly immobile in the mil profile, but it is more highly concentrated in the 

d i e  soü, which AUoway (1990) attributed to atmospheric deposition, f e e r  use, and 

cycling through plants. Andersson (1976) stated that the Cd concentrations parallel that of 

humus distniution, indicahg that the humus content adds to the absorptive qualities of the 

surface mil. 

In m a g e  sludge-amended mils, must of the Cd genedly remains in the top 20 cm. 

Chang et ai. (1984) v d e d  that &er six years of continuecl afltlual sewage sludge 

application, 90% of the appüed Cd remained in the O to 15 cm soi1 depth. Mulla et al. 

(1980), in a study of Cd accumulation h m  heavy long-tan (36 years) applications of P 

fertilizer, found that about 71% of the accumulateci Cd, but only 45% of the residual P, 

remained in the suff ie  soil (O to 15 cm), which led to the conclusion that Cd was less 

mobile than P in the soil profile. 

Holmpn et al. (1993) studied 3,045 d a c e  soil samples from 307 different soil 

series, and concluded that metal levels generally increased with higher levels of clay 



concentrations7 which is consistent with research showing that most of the heavy metals in 

soil are associatecl with the clay &actions, probably adsorbeci on the Fe and Mn hydrous 

oxide d a c e  coatings on clay particles, or the organic matter fiaction. 

2.2.2 Cadmium Species and Complrcs 

AUoway (1990) reporteci that the toxic effect of a metal is determineci more by its 

form than by its concentration, and that the predominant fkee ion ,Cd2+, was more likely than 

other species to be adsorbeci on soi1 surfaces. Wagner (1993) commenteci that it is generaily 

expected that the fne ion is transportai across mot membranes and those of other tissues. 

Therefore, Mirent forms of Cd will have different mobiiity and reactivity in soil, and wiU 

M e r  in their availability for plant uptake and in their toxicity to organisms. 

The forms of Cd in soil are extremely variable. In any soil, there will be different 

metal cations reacting with numerous inorganic and orgauic ligands to form various 

complexes and phases, al1 of which will afféct the concentration and speciation of Cd. 

The results of sulfate salinity studies by Bingham et al. (1986) showed that pH and 

chernical speciation were important when trying to determine Cd availability. In k i e d  

soils, Cd2+, CdCr, and CdSO, made up the total Cd concentration o f  soi1 solutions, but in 

limed soils, these chemical species made up o d y  83-90% of total Cd, 6 t h  Cd carbonate 

complexes making up the remaining 10-1 7%. 

The Cl anion could reduce Cd adsotption by the fonnation of negatively-charged or 

neutral species like MC&", MCI, and MCb- (Petnizzelli et al. 1985). Smolders et al. (1995) 

demonstrateci that the increase in phytoavailability of Cd, with increased concentrations of 



NaCi, was due to chlorr>camplexation ofCd which led to greatef total Cd concentrations in 

the soil solution, and not due to ionic strength or ion exchange effeets on Cd2+ activities in 

solution. They suggested that an increase of Cd uptake in the presence of Cl was due, not 

o d y  to the dinusion of Cd2+ through soil to the mot, but muid aise be the d t  of an 

increased concentration of CdCln, species in solution, which are aiso absorbeci by mots. 

Chloride ions, occurrjng in aiî soils and waters, may be regardeci as a selective ligand for Cd 

because they do not cornplex sbrongiy with other cations like Al3+, Ca2+, M e ,  Naf, and K', 

ail  of which are iq concentrations of s e v d  orders of magnitude higher than Cd in waters 

and soils (Hahne and Kroontje 1973). This was in agreement with Garcia-Miragaya and 

Page (1976) who concluded that both hydrolysis and chloride complexation of heavy metal 

ions aSect the solubility of the metal ion salts, and may promote the mobility of heavy 

metals. 

Some aspects of the chemicai behaMour of Cd in soils can be acplained by the hard- 

soft Lewis acid-base (HSAB) principle. Cd is a sof€ Lewis acid and, therefore, wiU react and 

complex more easily with soft Lewis bases, such as chlonde and hydroxyl gmups (Puis and 

Bohn 1988). 

2.2.3 Sorptioa of Cadmium in Soüs 

The vanability in the Cd retention capacity of soils may have as much of an effect 

on Cd transport in soi1 as the variability in the dl's physical properties (Boekhold anci Van 

der Zee 1992). The degree b which Cd sorbs to soil reguiates the amount of Cd that wili be 

available in the soil water for plant uptake (Palm 1994). Accordhg to Puls and Bohn 



(1988). sorption is the predorninant process govemhg metai ion movement in soils. It 

indudes adsorption, precipitation and absorptioa Cavalian, and McBnde (1 978) stated that 

adsorption, precipitation, and complexaîion aU wntroiied metal concentrations and activities 

in soil solution. T ' e u  £hdings not oniy demonstrated that acid mils have less ability to 

retain heavy metals than neutral soils, but also indicated an ion exchange mechanism of 

adsorption in the d a c e  soils, and an occumnce of precipitation in calcareous subsoils. 

Carbonate minerais pieswt in arid zone soils immobilized Cd by pmviding an adsorbing or 

nucleating d 8 c e  and by bufféring pH. 

The availability and mobiliîy of Cd in soils amendeci with fertilizers and sludges may 

be intluenced by the amount of adsorption on soi1 particles; such adsorption of Cd by 

hydrous oxides and sous is influenceci by pH and the ionic composition of the soil. 

Christensen (l984a; 1984b) reported that soil pH, Caconcentration, and competitian by other 

elements (especially Zn) Sected the K, vaiue (distniution coefficient) of soils with low Cd 

concentrations, i.e. these factors affected the ratio between the amotmt of Cd adsorbed by soi1 

and that ranaining in solution. Boekhoid and Van der Zee (1992) concludeci that pH and 

organic matter content were the most important soii characteristics regdating Cd sorption 

in the soil. 

Christensen (l984a) found that soit sorption of Cd occurs rapidly, with more than 

95% of the sorption completed within 10 minutes, and that equilibrium (a constant 

distribution of Cd between soil and solute) is reached in one hour. There were no long-terni 

(up to 67 weeks) chmges in soi1 sorption capacity with continued exposure to Cd. Both 

loamy sand and sandy loam soils had very high nffinity for Cd at pH = 6.0. Soi1 sorption 

capacities increased appmximately three fold for each unit increase in pH (between pH levels 



4 to 7), which reaffinned the critical role that pH plays in determining the disinibution of Cd 

between soi1 and solute. hcreasing the CaCl, concentration d d  soi1 sorption capacity 

for Cd in the samly loam soi& due to a combiilation of increased ionic strength and chloride 

wmplex formaton, as well as wmpetition by Ca for mil sorption sites. BitteIl and Miller 

(1974) found little preferentid adsorption of Cd ova Ca, but Milberg et al. (1978) reported 

that Cd was selectively adsorbecl over Ca by all three mils tested, 

Sorption of Cd in a loamy sand was M y  reversiile, while there was a s m d  and 

weak heversl'bility in a sandy loam soil (Christeasen 1984b). The equilibrium distrr'bution 

of Cd berneen soi1 and solute was independent of whether the Cd was initially present in the 

soil or the solute. This may be due to soiption sites having higher fhe energy than average 

sites, but not high enough to have been caused by specific sorptiom 

Dudley et ai. (1 991) concluded that cation exchange, not solid phase formation, was 

the principal sink for Cd, i.e. controlled Cd retention. They found that Cd transport was most 

clearly controlled by the exchange reactions, der the pH value had been decreased to the 

acid range. 

McBride et al. (1981), in studies with mm, pposed that although clay and organic 

matter played siguinant d e s  in niarding Cd2+ uptake by plants, the best soi1 indicators of 

Cd2+ availability were the Cd retention capacity (CdRC) and exchangeable base (mainly 

Ca2+) content, They found that because the CdRC is strongly cornlateci to the exchangeable 

base content of the soils, soils with high exchangeable base contents tended to restnct 

absorption of Cd2+ by the plant. Therefore, surfâce soils were better at limiting Cd2+ uptake 

than subsoils because the Cd2+ was bound by the soil organic matter in the d a c e  layers. 

The adsorption of Ca may Iead to increased positive charges at the soil adsorbing 



surfaces, which in tum, wodd d u c e  heavy metal adsorption (Petniaeili et ai. 1985). The 

authors also stated thaî high sait concentrations may increane Cd availability to plants 

because the soïl bas less adsorption capabilities due to these high salt concentrations. 

2.2.4 Soü Factors Affecting The Behaviour and Phytoavaiiibiiity of Cadmium 

The soil solution piays a critical mie in controlling ion availability to plants and 

heavy metal ion solubiiity and, hence, phytoavailability wili vary because of the many 

factors that affect their concentrations in the s d  salution (Lorenz et al- 1994). He and Shgh 

(1993b) showed that the principal factors infiuencing the extractability of Cd in soils (Le. 

total Cd, pH, srchangeable K and Ca, Mn-oxides, available P. and fine sand content) varieci 

with different soils, plant species grown, the length of cultivation, and the extractants used. 

SoiI factors such as pH, CEC, ndox potential, organic matfer contenf other metals, 

and fertilization ali  impact on Cd availability and mobility (Adriano 1986). Variations in 

any of these fwtors may influence Cd solubility which dinctly affects phytoavailability. The 

total amount of Cd present in the soi1 is one of the major fztors &ecting the Cd content of 

plants. Cd concentration in plants increased linearly with total Cd concentration in the soil 

in a number of studies (AUoway 1990; He and Sin@ 1993b). Soil type also inauences Cd 

availability. Eriksson (1990) concluded tbat, for soiis of the same total Cd content, Cd was 

more soluble and more available to plants in sandy soii than in clay soil, while Mahler et al. 

(1978) found that Cd uptake by plants was usually higher in acidic than in alkaline or 

caicareous soils. 

Much research has centred on the importance of soil pH as a factor influencing the 



solubility of Cd and its rate of uptake by plants (Chang et ai. 1987; Andersson and 

Christensen 1988; El-Kherbawy et ai. 1988). Soil pH, witbia a range. has been shown to be 

negatively comlated with some plant Cd concentrations; Jackson and AUoway (1992) 

niggested that the manipulation of soi1 pH offas the best method of managùig Cd 

phyîoavailability. Andersson aud NiIsson (1974) found that Cd uptake by fodder rape was 

inversely related to soi1 pH. Jackson and AUoway (1992) reported that applying lime 

reduced Cd availability to cabbage and lemice. while Moway (1990) reported that plants 

gn,m on acid mils had higher concentrations of Cd than plants p w n  on neutrai or alkaline 

soils. 

According to Alloway (1990), soi1 pH was the most important soil property 

controhg the avaiiability of Cd in soil because it affected the adsorption and speciation of 

metais in the soii. Inmaskg pH aided in the sorption of Cu, Zn, and Cd by soils (Cavdaro 

and McBride 1978). and reduced plant uptake of Zn and Cd (John et ai. 1972; Andersson and 

Nilsson 1974). Plant tissue concentrations of Cd g e n d y  decreased with increased soil pH 

when other soii p@es  remained unchanged. This inverse relationship is weIl established 

(Williams and David 1976; Mahler et ai. 1980; Eriksson 1990). 

Naidu et al (1994) stated that increasing pH led to an incrase in the d a c e  negative 

charge of soils, but the changes in d a c e  charge varied widely among soils. Cd sorption 

increased with increasing pH, regdess of soi1 type, but the effect of increased ionic 

strength of the soil solution on Cd sorption varied with pH, indicating that Cd was recaiaed 

by both non-specific and specific bonding. He and Singh (1993a) showed that soil pH 

affected the extractabiky of Cd in soils, although they noted a lack of consistency with 

various extractants W N O , ,  NH40Ac, HCI, and CaClJ. The decrease in extractability was 



attnbuted to the increase in Cd adsorption or the decrease in solubility of Cd-mineds such 

as CdCO, and Cd3(P0& with increasing mil pH WcBride et al. 1981; Kuo et al. 1985; King 

1988a; Christensen 1989; Kuo 1990). 

Page et aL (1981) noted that Cd uptake was inversely nlated to soi1 pH, and 

suggested that liming (which inmases soi1 pH) was one of the best ways of min;miang 

uptake of Cd by plants grown on acid soiis. Jackson and AUoway (1992) reporteci that 

liming acid soils to pH 6.5 - 7 usually decreased the phytoavailabi1ity of soi1 Cd. MacLean 

(1976) detected a deaease in Cd concentration in lettuce whcn Lime was added to acid soils 

with no addition of Cd. However, with the addition of Cd, the effects of pH on Cd uptake 

were inconsistent, Other authors, such as Pepper et ai. (1983) did not find reduced Cd 

content in maize a f k  Limllig sludge-amended soils. 

The effkcts of CEC on the phytoavailability of Cd are variable. Mahler et al. (1978) 

did not find a consistent relationship between soi1 CEC and the Cd content of either lettuce 

or Swiss chard leaves. Haghiri (1974) decreased Cd concentration in oat shoots by 

increasing the CEC of the soi1 with the addition of organic mattet. Adding organic matter, 

with no increase in CEC, did not affect Cd concentration in the oat shoots mr the soi1 

exchangeable Cd  nierefore, ,the author mncluded that the mtahing pwer of organic matter 

for Cd is predominantly through its CEC effects (Haghiri 1974). 

Garcia-Miragaya and Page (1978), in studiies on Cd sorption of four d s ,  stated that 

the structurai and chemicai nature of the adsorption cornplex of soils was of more importance 

than CEC, per se, in Cd adsorption. John (1976) also reporteci that Cd bonding increased as 

organic matfer and CEC increased, while PetruzzeUi et al (1978) were of the opinion that the 

amount of organic matter binding could depend upon the type of organic matter. Alloway 



(1990) repoRed that the effect of CEC on Cd phytoavailability was still not M y  understood 

because cation exchange was only one of several adsorption mechanisms affecting the 

solubility of Cd in soils. 

ûrganic matter is effective as an adsorbent of Cd (Andersson and Nilsson 1974). 

John et ai. (1972) reporteci that the soil's most important property was its ability to adsorb 

Cd, thus, an increase in organic matter would certainly inmase the mil's adsorption capacity. 

It is considered effective in reducing solubility and plant uptake of Cd because of its high 

CEC and cornplexhg abiliîy (Eriksson 1990). Adriano (1986) suggested that organic matter 

was important for Cd sorption because it adsorbeci great amounts of inorganic cations. There 

is a correlation between organic matter content and CEC, and the maximum amount of Cd 

in mils, suggesting that Cd2+ ions are retained by ion exchange and complexation (Levi- 

MinP et al. 1976; Singh 1979). 

ûrganic complexing of Cd in soil may be of speciai interest because certain metals 

may combine with specific chelating groups in humus and become fixeci. For example, 

Stevenson (1976) found that organic Cd complexes were less stable than Cu and Pb 

complexes. Haghiri (1974) stated that organic matter was able to retain sail Cd because of 

its CEC, rather than its chelating ability, therefore makhg the Cd less available to plants. 

Cd generally occm with other heavy metais, especiaiiy in land appiication of sewage 

sludges. Since most of these heavy metals are divalent cations, they compete with Cd for 

soii sorption sites (Christensen 1989). However, most of the reported studies on cornpetition 

of Cd with other heavy met& involve very high Cd concentrations7 which make it difficuit 

to relate to agricuitural soils. 

Zinc is known to be an important factor afXecting the adsorption of Cd, and Zn 



content is usudy high in soils with a high Cd content (Erikssoa 1990). Zinc had an 

antagonistic effect on Cd uptake by plants in soüs with low Cd concentrations, and either a 

synergistic or a ni1 efféct on sob with high Cd contents (Eghiri 1974; Page et al. 198 1; 

Choudhary a aL 1994). Christensen (1987) reporteci that Zn is a major competitor with Cd 

for exchange sites, especially at Zn concentrations of 100 ug F1. 

According to Adriano (1986). lead in the soi1 can enhance Cd uptake because it is 

adsorbeci more easily than Cd. 

2.2.5 Phytoavailabiiity of Cadmium 

Plant uptake of a metal is very dependent on the concentration of the metal in the soi1 

Liquid phase (Boekhold and Van der Zee 1992). This is the phase h m  which plant mots 

receive water and nutrients, therefore, the concentration of a metal such as Cd in the soil 

solution is a better measun of potaitial hazards than its total content in the soil. 

Sposito (1984) stated that the phytoavailability of a chexnical elernent such as Cd in 

the soi1 solution may be the result of cornpetition among plant mots, soluble complexing 

compomds, and the solid phases in soi1 for the fke ionic fom of Cd According to Adriano 

(1 986) and Alloway (1 !BO), Cd mobility and phytoavailahility in the sail wil l  be determined 

by its speciation, adsorption or coprecipitation onto hydrous metai ondes, wmplexation with 

organic components and precipitation reactions. 

Jackson and Aüoway (1992) stated that the potentiaiiy phytoavailable amount of soi1 

Cd wili be determineci by the soil's sorptive properties. According to Eriksson (1990), plant 

uptake of Cd is very much related to the dubility of Cd, which is regulated by soil sorption 



processes. Many experiments (Cavailam and McBride 1978; Singh 1979; King 1988a; 

Garcia-Miragaya 1980) have indicated that most soils can easily sorb Cd, both in an 

exchangeable and in a non-exchangeabLe form 

It is important to tecognize and understand the soi1 chernical processes that wüI afkct 

these variations because of the potential impact of soi1 contamination on human health. It 

does not sufnce to rely on the acute Cd toxicity symptoms of leafchlorosis, wilting and 

stunted growtb, to signal that something is amîss, for Cd can accumulate in plants without 

v i d  àgns of its presence (Chaney and Giordano 1977). 

2.3 Cadmium In Plants 

2.3.1 Amounts and Distribution 

Under natural conditions, al1 plants take up smail quantities of Cd fiom the soil. 

However, whm Cd is readily available, the amount taken up by the mots and distributexi 

tbroughout the plant wiii Vary greaîiy (Page et al. 1972; Tumer 1973; Bingham et al. 1975). 

Wagaer (1993) suggested that a generai d e  for Cd accumulation in plant tissues is leaves 

nbrous mots > seeds = storage orgam, with potato tubers accumuiating high amounts of 

C d  Wagna (1993) a h  reportecl on the tendency of tobacco to accumulate more Cd in the 

leaves than in the mots. Cd concentration appeared to be lower in seed, tuber, and fruit 

tissues and higher in roots and leafy tissues, according to Bingham et al. (1975). As well, 

Flo rjin et al. (1992) showed that young lettuce leaves accumulated mider amounts of Cd 

than oIder leaves. 



Brown et al. (1988) reported.that inmases in soil solution concentrations of Cd, 

either due to sludge amendment or to changes in soi1 redox patentid, led to increased Cd in 

vegetative parts of oats and rye grass, but not in the grain. They suggested that soi1 type, 

plant species and eavirormental conditions aü played a role in plant metal uptake. 

Rao and M a t h  (1994) developed a mathematicai m o t 4 1  water flow and Cd 

movement rnodel to predict the uptake of Cd by plants. However, the effèct of soil 

parameters (pH, organic matter, CEC, etc.) and cornpetition of other heavy metals on Cd 

distriiution between soi1 and solute were not considereâ. To accurately simulate crop 

p w t h  and uptake, parameters other than those considered by Ra0 and Mathur would have 

to be part of the model. 

23.2 Plant Facton Anecting The Uptake of Cadmium From Soii 

Plant speeies and varieties (cultivars) vary greatly in  the^ ability to absorb, 

accumulate, and tolerate Cd, with lettuce accumulahg more Cd than any othet crop 

(Adnano 1986). Li et al. (1993) reported that grain Cd leveis were affected by both soi1 

characteristics and plant genotype. The 3 1 d m  wheat l ins  and 200 sunflowet genotypes 

studied exhibited wide variations in kemel Cd concentration. For nondseed sunflowers, 

both plant genotype and soils appeared to afkct Cd concentrations, where heavy-textureci 

soils contained more Cd and caused bigher kemel Cd. According ta the authors, Iowa soil 

pH and high amounts of soi1 chioride could lead to an increase in kernel Cd concentration. 

In addition to physiological différences among plant species, the length of the growth 

phase, as well as the depth of rooting, can influence plant uptake of Cd. Plant varieties with 



a mail root d i e  area may take up less metal than plants with a large mot surface area. 

Mullins et ai. (1986) applied mage sludges to four soi1 types, and found sipnincant uptake 

of Cd and Zn by corn mots. Using a nutrient uptake model, they concluded that m a s  flow 

was the main supply route of Cd, and that mot growth constants, average root radius, and 

water influx rate had the greatest e t  of aiI plant factors on metal uptake. Wagner's (1993) 

studies indicated that the higher fine root mass of N. wtica could have accounted for the 

high root Cd binding capacity of this species. 

The rbizosphere may play a major d e  in enhancing uptake or decreasing uptake of 

Cd fiom the soil. The soilioot interface (the rhizosphere) cm change considerably when 

plants try to adapt to adverse soi1 chernical conditions. Accordmg to Marschner (l992), the 

changes depend on plant species, the nutritional status of plants, and the soil conditions. 

Mass flow and dinusion of nutrïents h m  the soi1 rnay play a d e  in nutrient concentration, 

where an excess of nutcients (more than taken up by plants) could lead to accumulations in 

the rhizosphere. On the 0 t h  hand, depletion of nutrients in the soi1 (e.g. P and K) could 

lead to a release of K h m  the non-exchangeable k t i o n  and even induce enhanced 

'weathering' of clay minerals (Marscher 1992). 

Rhiu,sphere pH is ofta quite différent Ihn thaî of the bulk soil. The imbalance in 

cation-anion uptake results in differences in H+ excretion and pH changes in the rhizosphere. 

Because NO3 is more mobüe in the soil, and is delivered very quickly to the mots via m a s  

flow and diffiision, its uptake is oAen greater han thaî of NH+,, leadhg to an increase in pH 

in the rhizosphere, even in strongly acid soils. Marschner (19%) suggested that mot-induced 

changes in rhizosphere pH wili affect the solubility and acquisition of the mineral nutrient 

P, and the micronutrients Zn, Fe and Mn. A similar effect may occur with Cd. 



Eriksson (1989) concluded that because of the wide variance in plant respoiws to 

changes in soil pH, physiological dinetences between plant species might play as large a role 

as the adsorption characteristics of the soil in trying to detemiine the influence of pH on Cd 

uptake. Some plants reduce soil pH near th& mot systems, and so increase the 

phytoavailabfity of dinerent soi1 componnits. Furthemore, soluble mot exudates can 

increase metai solubility in the rhizosphere, depending upon plant species and cultivars 

(Mench aud Martin 1991). Root exudates of Nicotana spp. increased Cd solubility, by the 

formation of wmplexed cations with organic acids and, to a lesser degrise, with amino acids 

(Mench and Martin 1991). Uren and Reisenauer (1988) staîed that mot exudates could 

indirectly affect nutrient solubility and uptake because of th& influence on microbial 

activity, on the physical properties of the rhizosphere, and on root growth patterns. Direct 

effects would be enhanced because of acidification, chelaiion, precipitation, and oxidation- 

reduction processes. 

Fertilizers can increase the phytoavailability of Cd as a contamhant in the fertilizers 

and by the effects of fertilizers on pH, ionic strength, complexation, and plant growth. 

Additions of N, P, and KCl fertilizers can increase Cd accumulation in crops, even when 

only trace amoimts of Cd are pranit in the fertilizers, although varying opinions have been 

given regarding the significance of these additions. 

increasing the fertilizer rate can also increase plant growth and transpiration which would 

result in greater uptake of Cd from the soil solution (deVillame1 et al. 1993; Lorenz et al. 



1994; Selles 1995; Grant et al. 1996b). 

2.4.1 Fertilizer Saits 

hcreases in concentrations of Cd in fertllized soils and plants are not due solely to 

the traces of Cd in fertilizer. Cd content of crops can be increased by as much as 50 %, due 

to soil chemical réactions d t i n g  fbm the fertilizer saits (Andersson 1976). Eriksson 

(1990) stated that fertilizers increased the availability of Cd in soils by increasing the salt 

content and cfianging the pH of the SOL Andersson (1976) concurred, stating that salt led to 

an increase in the solubility of Cd, and therefore, to an increase in plant uptake of Cd. 

According to Lorenz et al (1994). fertilizers could be an influence on the availability of Cd 

in soils, due to acidification or increased ionic strength of the soil solution. Ln experirnents 

on winter wheat, with four différent commercial fertilizers (nitrate of  lime, NPK 16-5-12, 

NPK 20-5-9 and PK 8-15) tested at three different rates, Andersson (1976) found that 

increased rates of fertilizaton led to higher concenttations of Cd in wheat grain, even with 

nitrate of lime (which is very low in Cd). The pater amounts of Cd removed by the wheat 

than was supplieci by the fertilizer must have been due to soi1 reactiom, probably ion 

exchange, where acidity would decfease the pH, releasing some of the easily-soluble Cd of 

the soil. Thenfore, even almost C d - k  fcailizers could bring about increases in the Cd 

content of plants. The effects of mil chemical reactiom mdting h m  the fhlizer salts 

could play a prominent role in the short-term. ûnce the fertilizer salts were dissolved and 

distributed in the soil plough layer, then the concentration of fke salts and pH would 

detennine the Cd concentration of the soil solution. 



Studies by Petmefi  et al (1985) and Temminghoff et ai. (1995) showed that 

i n m e d  ionic strength (by additions ofcalcium chloride saits) decreased Cd adsorption by 

soil, as a result of Ca-ions competing for the high en- soiI adsorption sites, which 

adsorbeci Cd in trace amounts on a very selective basis- The den*ise in Cd adsorption with 

increased ionk strength was attriibuted to cornpetition between Cd and cations in the 

electrolyte (Gatcia-Mùagaya and Page 1976; Boekhold and Van der Zee 1992). Sparks 

(1984) stated that although it is universally recognked that ionic activities in soi1 solution 

are important influences on nutrient uptake and plant growth, cach soi1 has unique 

characteristics tbat define this relaîionship. Therefore, data and conclusions cannot aiways 

be extrapolated h m  one soi1 to awther, based solely on ion activities. 

2.4.2 Nitrogen Fertiïizers 

Nitrogen fertilizers have been shown to increase Cd accumulation in plants, even 

though the fertilizer does not usually contain sigaiscant levels of Cd (Williams and David 

1976; Eriksson 1990, Brown et ai. 1994; b t  et ai. 1996a). Mimgen fertilizers containhg 

N in the fonn of ammonium (ammonium d a t e ,  ammonium nitrate, urea) are known to have 

acidifjhg effects on soil. Eriksson (1990) stated that the diffkrence in N-fertilizer effects 

on Cd solubility and Cd plaut uptalre depended on pH. The higher the NH,+ content of the 

fertilizer, the lower the pH, and the higher the solubility and plant uptake of Cd. Cd 

contents were lowest after nitrate of lime application and highest aAer application of 

ammonium sulfhte. I n h g  the application rates of the fértilizers led to an increase in Cd 

availability, an effect which tended to be stronger in sand than in clay soils, due to a lower 



CEC and lower soi1 water content (Wrsson 1990; Grant et al. 1996a). 

Nitmgen feïtilizers afEêcted the chemïcai behaviour of minefal elements in the soil, 

as well as plant uptake, with signincant differences among various N fertilizers applied at 

the same rates (WiUaert and Valoo 1982). In their studies, the acidiflkig fertifizers 

(N&)zS04, NEI$rlo3, and urea a i l  increased exchangeabk d wat~sdubie Mn, Zn md Cd 

in the mil, Uusûating the dominant effects of pH on the solubiliîy of these elements. The 

non-adifjing fettilizers did not show these inmases. Concentrations of Mn, Fe, Cd and 

Ni in spinach leaves i n d  signincantly when @H,,)ZS04 was applied, due to decreased 

soil pH which increased the wata soluble contents of the minerais, and hence, uptake by the 

plants. Nitmgen fertjlizers also increased the contents of Ca, Mg, K, and total N and NO,, 

but decreased the plant uptake of P, CI, and S04, which may have been effects of not ody 

the higher concentrations in the soi1 soIution, but also the antagonistic effects between NO,- 

and other anions at the moment of mot absorption. 

The fonn of nitmgen applied to plants had a major efféct on the othcr nutrients taken 

up by plants and on the catiodanion uptake (FIorijn et ai. 1992). The uptake of K, Ca, and 

Mg was lower in NE&-fed plants than in NO,-fed plants, due to the balancing of the uptake 

of cations and anioas by the plant. The form of N taken up by the plant may also influence 

Cd uptake by the effects on rhizospbeïe p& In mil, the pbytoavailability of Cd is pH- 

dependent. Raising the pH of the soit e.g. by Liming, has been shown by many researchers 

to decrease the Cd concentration in the soil solution and, therefore, its uptake by plants. If, 

however, the form of nitmgen affiécts the rbizosphere pH via the exmision of OH- or H+ ions, 

it might play a major role in the phytoavailability of Cd and its uptake by plants (Florijn et 

al. 1 992). Both NO,- and are taken up by the plant roots (Riley and Barber 197 1). 



Rhimsphere pH decreases with plant absorption of m+ due to H+ extrusion and increases 

with the absorption of NO; by OH- extrusion Florijn et al. (1992) showed that NH, led to 

higher Cd conceniration in lemice shoots and mots compared to NO,, even at constant pH, 

but that after uptake, the form of N did not affect Cd distribution within the plant. 

Approxhately 70?! of the Cd was found in the shoots. Young leaves had d e r  amounts 

of Cd than old leaves, regardless of source. Thomson et al. (1993) also concluded that the 

fom of nitrogen fertilizer (NH4-N or NO3-N) could S e c t  plant growth by influencing the 

availabüity of other trace elements. In experiments on beans, they reported signincantly 

higher yields of shoot and root dry matter for plants supplied with KHPO1 (rock phosphate - 

Hyperphos) and fertilized with NI&-N compareci with NO3-N. The authors specuiated that 

the increased growth was due to more nutrient avdability because of the acidifïcation of the 

bu& soil. As we& shoot concentrations of P (but not K), and mimnutrients such as Fe, Mn, 

Zn and Cu were aiso higher with NH4-N and nitrification inhibitor N-Serve, which the 

authors stated could only be due to acidification of the rhizosphere. Therefore, Thomson et 

al. (1993). concluded that ammonium fertilizers reduced the pH of the bulk soil aAer 

nitrification, and ais0 reduced the rhizosphere pH durhg preferential NH4-uptake. 

Rhizosphere acidincation appeared to be more effetive in increasing the uptake of P and 

mimnutnents into bean plants than acidification of the bu& soil by nitrification of NH,-N. 

Lorenz et al. (1994) suggested that the addition of fertilizer cations, such as K and 

m, would significantly alter the ionic strength of the soi1 solution and, therefore, the uptake 

of heavy metals by plants. In their studies, they added more N and K feitiluer than wbat 

the plants required. This excess fertilizer decreased soi1 pH and increased K, Ca, and Mg, 

and aiso Cd and Zn ions in soil solution, probably due to ion exchange and the disssolution 



of carbonates. The fertillzer cations K and Ml, probably were responsiible for the desorption 

of major eiements, heavy metals and ET ions tbat wae adsorbed on to exchangeable sites or 

soii colloids. They suggested that nittifkation and uptake by plants of the added bE& caused 

the demase in soii pH and the desorption of major and heavy metai ions, and that 

dissolution of carbooates aiso o c c u d  at the lowered soil pH. A decrease in the amount of 

excess fertilizer cations, due to plant uptake of ions, led to a decrease in the concentrations 

of ions in solution, and an increase in soii pH. Lorenz et ai. (1994) also reported that 

concentrations of K, Ca, and Mg in plant parts were quite constant over time and did w t  

appear to be related to their concentrations Ui the sail solution. In contrast, increased Cd and 

Zn concentrations in the soi1 solution led to increased concentrations in plants. 1t appeared 

that plant uptake of N, K and Mg were closely cornlated with transpiration. Therefore, 

adding fertilizer accordhg to the rate of transpiration would be SuffiCient to meet the needs 

of the plants, and would, perhaps, resuit in a mil solution dtered  by fertilizer ions (Lorenz 

et al. 1994). 

2.4.3 Phosphotus FerLilizers 

The effects of P f a o n  on Cd uptake has varied. Mortvedt et al. (198 1; 1987) 

reported that applications of P fertilizers (triple superphosphates) at recommended rates for 

more than 50 years in nine long-term soi1 fertility studies did not increase the Cd content of 

wheat, corn, and soybeans, aIthough thae were increases in soii Cd levels by as much as 100 

%. He concluded that the plant avdability of Cd in P f e e r s  was d e r  low, even at high 

rates of P fertilization. However, inmases in Cd uptake by crops, due to the addition of Cd- 



bearing phosphorous fertilizers have been reported by others (Singh 1991). 

Phosphanis fertiiizer may also inauence Cd avdability by its effects on soil pH, 

ionic streagth, and plant pwth.  An increase! in soi1 pH inerwtses the adsorption of Cd by 

soils, and thus reduces its extractability (Andersson and NiIsson 1974; Christensen 1984a; 

Kuo et ai. 1985; King 1988a); thaefore, hnhg has been suggested as a way of d e ~ e a ~ i n g  

plant availability and uptake (Jackson and AUoway 1992). 

He and Singh (1994) suggested that increasing pH increased both the deprotonation 

of hydroxyl and carboxyl groups, and the negative charge density on soil coiloi&. Thus, an 

increase in soil pH leads to more adsorption and less exfiactability of  Cd in soils. Levi- 

Minzi and PetnuzeN (1984) showed that MAP (monoammoniurn phosphate) and 

diammonium phosphate (DM) drasticaily affected the solubility of Cd in two soils by 

aitering soil pH. According to Xiong (1995), phosphate fertilizexs could not decrease soil 

Cd availability without a simultaneous increase in pH. Phosphate has a very high aflinty 

for soi1 adsorption sites, and the adsorption of phosphate usually increases soil negative 

charge (Parfitt 1978). Kuo and McNeai (1984) a h  observecl that phosphate sorbed on 

oxides increased Cd adsorption, which they aüriibuted to phosphate demashg the zero point 

of charge on the d a c e .  

Potassium FertWers 

Application of KCl may increase plant uptake of Cd by increasing Cd-chloride 

cornplex formation, thetefore decreasing Cd adsorption (Grant et al. 1996a). Sources of K 

could also iduence Cd availability. In theu study of Russet Burbank potatoes grown with 



banded fertilizer conas0ing of diiunmonium phosphate (DAP), and either potassium sulfate 

&S03 or potassium chloride (KCi), S p m w  et ai (1994) found lower Cd concentrations, 

at four of their six sites, when potatoes were p w n  with K-,. They attniuted this to 

sulfate ions increashg soi1 adsorption of soil ador  fertifizm Cd to a greater degree than 

chloride ions, thereby deneaPmg Cd availability. There wcre no appreciable clifferences in 

Cd uptake between K sources at two of theV experimentai sites, which the authors stated 

could be due to leaching, or to chlonde in irrigation water, or to the addition of more NPK 

fertilizer than was required by the crop. O'Connor et a1 (1984) also reportecl that Cd in poppy 

seed grown with KC1 had more Cd than those grown with K,SO,. Studies by Bingham et 

al. (1983; 1984) showed thaî Cl treatments gceatly increased Cd in the soi1 solution and leaf 

Cd content. Bingham et al. (1986) indicated that the Sot- Ligand was less able to complex 

Cd than the Cl- ligand, so chloride treatrnents would form more Cd complexes than sulfate 

treatments. 

The iiterature reviewed and cited shows that the phytoavdability of Cd is influenced 

by many plant and sail properties and by management The effect of fertilization, 

particularly that of nitmgen fettilization, on Cd phytoavailability is not Mly understood. 

Much more idonnation is needed before management practices can be adopted which would 

mitigate the effects of N fettilization on Cd uptake by crops. 



3. EFFECT OF ADDED FERTILIZERON EXTRACTABILITY OF 

CADMIUM IN SOIL 

The effeçts of ionic strerigth of the soil solution, as affected by various fertilizer saits, 

on Cd extractability in a Newdale clay loam soi1 were studied. Samples of soi1 were 

extracted with various concentrations (ionic strengtbs) of ma, calcium nitrate, potassium 

chloride, potassium sulfate, and ammonium sulfate. The extracts werc analyzed for Cd. In 

a second study, mil samples were treaîed with urea, ammonium nitrate, potassium chloride, 

potassium sulfate, and ammonium d h t e  at 10 000 ug N or K g1 and incubated for 1,3,7, 

14 and 28 days at 20" C. Samples were extracted successively with water, 0.0 lM calcium 

chloride, 0.1M calcium chlonde, and DTPA, and the extracts were analyzed for Cd. 

Concentrations of Cd in the extracts were quite low, barely above deteetable levels. The 

extracting solutions of ammonium sulfate and tua had the hi- Cd concentrations and 

also the highest pH values. Extracthg solutions of calcium nitrate had the lowest Cd 

coacentrations and the lowest pH values. The stren- of the eXtr;rctiag solution did not 

significantly increase Cd concentration, with the exception of the ammonium sulfate 

solutioos. ûnly ammonium sulfate increased extractable Cd for mils that were incubated. 



Cd, when ingestecl in large quantities by himiaris and animais, may cause health 

problems (AUoway 1990, Jackson and Moway 1992). Cmps grown in =ils with hi& levels 

of avaiiable Cd can accumulate substantiai quantities of Cd a d  transfér this Cd to edible 

portions of the plant Quboi et ai. 1986). In the soü, the mobility and phytoavailability of 

Cd are dected by chemical processes which caa, in him. be infiuenced by management 

practices. 

Applicatkms of fertilizers, necessary for high yields and sut&~Wty of arable 

agriculture, have been show to increase Cd uptake (Brown et al. 1994; Grant et al. 1996a). 

Fertilizers may influence the availability of Cd by increasing the salt content and changhg 

the pH of the soi1 (Williams and David 1976; Eriksson 1990). Solubility and plant uptake 

of Cd increases with imeasing fertjlîzer rate (Andersson 1976; Brown et al. 1994; Grant et 

al. 1996a). Accordhg to Lorenz et al. (1994). fertilizers could increase the availability of Cd 

to plants, due to acidification or inmasecl ionic strength of the soi1 solution. Peîmzelii et 

al. (1985) showcd that incrrased ionic strength of the soi1 solution dec~ea~ed Cd adsorption. 

This was likely caused by cornpetition between Cd and cations in the electrolyte (Garcia- 

Miragaya and Page 1976; Boekhold and Van der Zee 1992). Potassium feailizers mch as 

KCl may also hcrease the solubility of Cd. Gmt et al. (1996a) reported that Cd uptake by 

barley increased when KCI was applied Sparrow et al. (1994) fomd higher Cd 

concentrations in potatoes p w u  with KCi than those grown with K2S04. The SOd2- ligand 

is less able to complex Cd than the Cl- ligand (Bingham et al. 1986). Cd solubility is 

increased by cornplexation with chlonde (Garcia-Miragaya and Page 1976). The increase 



in Cd concentration with increasing fertilizer rate may be a combination of pH, ionic 

strength, and complexation effects. 

The relative effeets of différent fertilizer sources, ionic strength, pH, and 

complexation on Cd solubility are di not biown, therefore the purpose ofthis study was 

to investigaie the effects of fettilizer source and ionic streogth on mil pH and Cd solubility. 

3.3 Materiais and Methods 

3.3.1 soil 

The soil selected for study was an Orthic Black soi l  (Newdale clay loam), a fertile 

Manitoba soi1 occupying a significant area of the cultivated soils of the upland till plain of 

Western Manitoba. This soi1 has a pH of about 7.1, a conductivity of approximately 0.8 dS 

m-' (Canada-Manitoba Soil Suirvey 1984), and a DTPA-extractable Cd content of 

appmximateiy 100 ng g*[ (Bailey et al. 1995). 

33.2 EBeft of Fertiüzer Solutions on Cd Extmctabüity 

Solutions of five fertilizer salts of reagent grade, varying in ionic strêngth, were 

prepared (Table 3.1). Concentrations ranging h m  vay low to sahiration were used in order 

to simulate concentrations of fertilizer salts in soil during and after dissolution of fertiiizer 

granules. 



TABLE 3.1. Concentrations of extracthg solutions. 

Duplicate five grams samples of air-dned soi1 were placed in botties with 50 ml of 

solution, and the samples shaken for 12 h. The pH of the slulzy was measured using a Fisher 

Scientific 825 MP pH meter with a Ross "Sure Fiow" electrode. The extracts were fltered 

through Whatman #42 filter paper, and pudieci and concentrated for analysis using a 

dithizone chelation-extraction procedure similar to that used by Kamata et al. (1989). One 

ml of ammonium acetate buffk was added to a 2 ml sample and the pH adjusted to 4.5 using 

6M hydrochioric acid. One ml of 0.05% dithizone was added and the samples sh;rken for 15 

m. The aqueous laya was discarded and 1 ml of O.06M nitric =id was added. The samples 

were shakem for 10 m and the aqueous layer retained for analysis. AU pipettes and containers 

used were glass, and caps were composed of Tefion. 

Cd concentration in the extracts was m e a s d  using graphite fiunace atomic 

absorption spectrophotometry. The concentration of Cd in the f d e r  solutions was 

rneasured before extraction and these background values were subtracted h m  the values 

obtained for the soi1 extracts. Statistical anaîysis was p&onned usiag the SAS General 

Linear Models procedure (SAS Institute 1990). 



3 3.3 E f f i  of Ferüher Salts and The of Iiicibation on Cd Extractaôüity 

Five reagent grade fertilizer salts wen used: ma, ammonium nitrate, potassium 

chloride, potassium sulfate, and ammonium sulfkte. Tai grams of ahhieci soiî were placed 

in 50 ml centrifùge tubes. The fertilizer salt was mixed with the soi1 in each tube at a rate 

o f  10 000 ug g-' N or K. Treatments were duplicated and soüs with no fertilizer salt were 

ais0 prepared. The soils in the tubes were wetted to field capacity and incubated at 20°C for 

1, 3, 7, 14, or 28 d. Mer incubation, each sample was successively exfracteci for a 2 h 

duration with 40 mi deionized water, 40 ml 0.01M calcium chloride, 40 ml 0.1M calcium 

chloride, and 40 ml diethylmetnaminepentaacetic acid (Lindsay and Norveil 1978; Carter 

1993; Bailey et al. 1995). The pH of each attnict was m e d  The samples were purïfïeû, 

Cd concentrations were detezmjned, and sbtistical analysis was perfomed, as previously 

describeci. 

3.4.1 Effect of Fertllizer Solutions on Cd Extmctabiüty 

Cd concentrations in the extractants were very low, and only slightiy above 

detectable levels (Fig. 3.1). In many instances, subtraction of the concentration of Cd in the 

fertiiizer solution (no soil) h m  the values obtained after extraction d t e d  in negative 

values. Despite the above limitation, the &ta shows ihat the urea, potassium sulfate, 

potassium chloride, and calcium Ditrate solutions had very linle or no effect on Cd 
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Figure 3.1. Arnounts of Cd extracted by various fertilizer solutions (a), and 
pH values of soil/extractant slunies (b); error = 2.17 (a), 0.27 (b). 



exûactability in this study. Ammonium nilfate at low concentrations had no effect on Cd 

solubility. However, at high concentrations of ammonium sulfate, Cd solubility was 

significantly i n d  It should be noted that the calcium nitrate solutions had the lowest 

pH and yet did not appear to solubiliv Cd (Fig. 3.1). In contrast, the ammonium sulfate 

solutions had intemediate pH values and extracfed high conceritrations of Cd The increase 

in Cd solubility with inCrrasmg ammonium d a t e  concentration was not related to pH. The 

potassium salts had littie or no effkct on pH or Cd exfracfability. Urea increased soil pH and 

tended to exûact more Cd than the potassium saits, despite the high pHH AU figures were 

plotted using averages of rrplications. Statistical analysis d t s  are given in Table 3-2. 

Replications are not true e>cperimentai 'teps", since the experimental conditions were applied 

simultaneously and identically to the two samples, therefore the error term refiects 

mea~uement error. 

TABLE 31. Probability values fimm analysis of variance of the effect of fertilizer salt and 
concentration on the pH and amount of Cd extractecl by various fettilizer solutions. 

Source df Cd 

f-er 

concentration 

efzOr 

a as indicates not Ognincant at p O. 1 O. 



3.4.2 Effect of Fertiiizer Salts and Time of Incubation on Cd Elttractabiiity 

Cd concentrations m the water, 0.01M and 0.1M CaCl, extracts of soils treated with 

fermizer salts and incubatecl for various periods of time were also very low (one ng Cd g-' 

or less) except for the water extracts h m  the soi1 treated with inea Waîer comsistently 

extracted 2-3 ng Cd g*' h m  the urea-treated soils, despite a pH of appmximately 9. Only 

atnmonium sulfate, which had an intemiediate pH, signincantly incLeaSed DTPA-extractable 

Cd in this study (Fig3.î). Potassium chlonde was the only other sait that solubilized more 

Cd than the control. Incubation time had no sipniacant effèct OE extractable Cd. There was 

no relationship between pH and extractable Cd There were no effects of fertiljzer or t h e  

on pH, except that the urea treaments were about 1.5 pH uni& higher than the other 

treatments (Fig. 3.2). The DTPA extraction was buffefed to a pH of 7.30, so the valug given 

were measirred during the water extractio~~ DTPAatmctabIe Cd concentration for the cirra 

treatments decreased drasticaily in the first week, posaàly due to the initial pH increase, but 

increased steadily with time of incubation. Ammonium nitrate and potassium sulfate 

fertiiizen did not influence DTPA-extractable Cd concentration. AU figures were plotted 

ushg averages of replications Statistical analysis d t s  are given in Table 3.3. 

Replications are not true elrperimental 'teps", since the expcrhentai conditions were appiied 

simuitaneously and identicdy to the twa samples, therefore the enor temi reflects 

measurement error. 



urea r KCl 
NH,NO, W'J,SO, 

A QSO4 control 
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Figure 3.2. DTPA-extractable Cd (a) and pH @), as affected by fetilizer salt 
and t h e  of incubation; error = 9.76 (a), 0.05 @). 



TABLE 3.3. Probability values h m  analysis of variance of the effect of fertilizer and time 
on soil pH and DTPA-extmctable Cd. 

a ns indicates not sigmficant at p 5 0.10. 

3 3  Discussion 

Fertilizeer d t s  are known to solubilize soi1 constinients and hence, metais such as Cd 

by affiecting pH (Eriksson 1990; Jackson and AUoway 1992; He and Singh 1993a), ionic 

strength (Garcia-maya and Page 1976; Boekhold and Van der Zee 1992; Temminghoff 

et al. 1995). and complex formation (Hahne and Kroontje 1973; Petnizzelii et al. 1985). 

There is g e n d y  an inverse relationship between pH and available Cd in the soi1 (Eriksson 

1990; Jackson and Alloway 1992; He and Singh 1993a). This relationship, however, was 

not evident for either study reporteci herein. In the exfraction expaiment, only ammonium 

d a t e  consistently increased solubility of Cd. Then was no reiationship between pH of the 

extractant, soc and fémiizer sait mumrreS and Cd in soil solution. Urta, potassium chloride, 

and ammonium sulfate increased DTPA-extractable Cd in the incubation experiment. Soils 

treated with urea had very bigh pH values, and soils treated with the other salts had pH 

values between 7.0 and 7.5. The inverse relationship between pH and Cd solubility was 

established in bulk soils, not in fertiiizm micro-regions. The ionic environment adjacent to 



fèrtilÏzer granules is very diffkent k m  that of the bulk soi& and the effects of pH may have 

been masked by 0 t h  factors. 

Complexation is also an important f a o r  to consider. Chloride ions may be 

considered as a selective ligand for Cd because they do not cornplex strotlgiy with most other 

cations (Hahne and Kroontje 1973). These Cd-chloride complexes are negatively charged 

or neutrai species thaî are less likely to be adsorbed and arc more avaiîable (Petruzzelli et al. 

1985). According to Bingham et al. (1986). Cd also complexes with sulfate, mainly as 

CdSO,. These complexes may also increase solubiüty of Cd, although not to the extent of 

cornpldon mith Cl- (Saladhi et al. 1993). Theoreticdly, both chloride and sulfate should 

have increased Cd in solution. In the fïrst study? Cd solubility was not increased by chloride, 

but was increaseù by hi& concentrations of d a t e  as ammonium d a t e .  In the second 

study, amounts of DTPA-exüactable Cd wae increased by application of potassium chloride 

and ammonium sulfate. Thus, it appears that complex formation was, at least, partidy 

responsible for increases in Cd sdubility. 

A tbird k t o r  important in solubilîzation is the "sait effwt" or ionk strength effect. 

Sdts could increase the solubility of Cd in soi1 solution due to exchange mictions and an 

increase in solubility of solid phases which are matrices for C d  AU salts except urea should 

have had an immediate efféct on solubility, and initial ionic strength effects should have been 

in the order of urea < potassium sulfate c atnmonium sulfate < potassium chloride < calcium 

nitrate = ammonium nitrate. Urea would become more important over t h e  as hydrolysis 

occurs. The sulfate fertilizers are ranked lower than expected because excess d a t e  likely 

precipitated as calcium sulfate. In the fht experiment, caicium nitrate did not solubilize Cd 

despite a high ionic strength and low pH. Only ammonium sulfate solubilized Cd. In the 



second experiment, urea, potassim. chloride, and ammonium sulfate increased DTPA- 

exûactable Cd. Thus, a definitive relatioaship between ionic strength and Cd solubiüty was 

no t evident. 

Factors such as ionic strength and complexation appear to have influenceci Cd 

solubility in îhis study. Since pH did not exhiiit its typid inverse relationship with soluble 

Cd, and most other relevant variables were ekninittcx! in this study, it is likely that ionic 

strength, pH, and cornpldon interacteai to infiumce Cd solubility. It is impossible to 

separate pH, ionic streagth, and complexation effects based on thse shidies alone. However, 

ionic sîrength and complexaiion effits qpeared to be as important or more important than 

the pH effect. FuNia nsearch is r e q d  to separate1y evaluate the relative importance of 

ionic strength, pH, and complexation for the specific f d e r s  of concem. 



4. EFFECT OF NITROGEN APPLICATION ON CONCENTRATION OF 

CADMIUM AND NUTRCENT IONS IN SOIL SOLUTION 

4.1 Abstract 

A p w t h  chamber experllaent, involvhg displacement of the soi1 solution, was 

perfiod to study the composition of the soii solution over tune, as afllècted by application 

of N fertilizer. Sceptre dunm, wheat was p w n ,  using a fine sandy loam soil, in separate 

pots with treatments of O, 50,100,200,400, and 800 ug N g1 as urea. The soil solution was 

removed by water displacement and analyzed for Cd and o t k  nutrient ions at time of 

seeding, 10,20,30, and 40 &YS after seeding, and at time of crop maturity. Soil was also 

anaiyzed at each sampling tirne. Conductivity measurements were taken as estirnators of 

ionic strength. Both solution Cd concentration and DTPA-extractable soii Cd increased with 

increasing nitmgen rate. The increases in Cd concentration with N fertilization were p t e s t  

imrnediately after f a o n  and appeared to be related to an increase in soil and solution 

conductivity and a decrease in soil pH. Changes in Cd and K concentrations with N rate 

were greater thm changes in the concentrations of the otha elements studied The soi1 

solution concentration of aiI nutrients, with the exception of phosphate, increased with N 

rate. The effects of N fertilization on the amounts of extractable nutrients in the soil were 

more variable. 



AI soils contain Cd, therefote uptake by agridturai mps is the main source of Cd 

entry to the human food chah The mobility and phytoavaüabiiity of Cd in the soil are 

reguîated by chernical processes which are, in tum, ionuenced by management practices such 

as fdhation. 

Plant nutrients are added to the mil in the form of fertilizers to increase crop yields 

and quality. However, other soi1 hctions and pmcesses may be Secteci by fertilizer 

application, Cd concen~ons in mils and plants are infiuenced by soil chernicd reactions 

d t i n g  k m  the addition of fertilizer salts (Andemon 1976). Fertilizers can influence the 

availability of Cd in mils, due to acidifïcation or increased ionic strength of the soil solution 

Gorem et al. 1994). Nitmgen fertilizers affect the chernical behaviour of mineral elements 

in the soil, with signincant ciifferences occUmng between various N-fertilizers at the same 

rate (Willaezt and Verloo 1992). Some of these differerices were discussed in Chapter 3. 

The d i f f i c e  in N-f&er effects on Cd solubility and plant uptake may depend, at lest 

partiaily, on pH (Eriksson 1990). Nitrogen fertilizers containing N in the fonn of ammonium 

can acidify the soi1 (Tisdale et al. 1993). Urea has been shown to increase exchangeable and 

water-soluble Cd in the s d ,  illustrahg the effect of acidification on the wlubility of Cd 

(Willaert and Verloo 1992; Brown et al. 1994). The ammonium ion c m  also lead to 

desorption of heavy metals h m  exchange sites or soi1 coiloids (Lorenz et al. 1994). Once 

the fertilizer saits are dissolved and distri'buted in the soi1 plough layer, the concentration of 

fkee salts and pH influence the Cd concentration of the soil solution (Andersson 1976). 

Increasing the application rates of the fertilizer aiso hcreases Cd availability, an effect that 



is stmnger in sandy soils than in clay soils (Eriksson 1990; Grant et al. 1996a). An uicrease 

in the rate of N addition increases the ionic strength of the soii solution, causing more 

cornpetition between Cd aad cations m the electrolyte (Garcia-Mkagaya and Page 1976; 

Boekhold and Van der Zee 1992). 

The eff i t  of nitmgen application on solution Cd concentration is important because 

plant uptake of a metal is very dependent on the conceniration o f  the metal in the soi1 liquid 

phase (J3oekhold and Van der Zee 1992). The objective o f  this study was to investigate the 

effects o f  added nitrogen on the soil solution concentration of Cd and other nutrient ions. 

4.3 Materiais and Methods 

The soi1 selected for study was a Rego Black soil (Souris fine sandy loam), a medium 

textured soi1 occupying a signincant area of the cultivated soils of Western Manitoba 

Unamendeci soi1 samples were ansrlyzed for pH, conductivity, Cd, and nutrient content (Table 

4.1). Field capacity was determimi as outlined by Veihmeyer and Hendrickson (1949) and 

Cassel and N i e h  (1986). Dried soi1 was placed into each of  1 1 1 1.5 kg pots. Grandes of 

fertiIizer gracie urea were mùred into each pot at rates of O, 50, 100,200,400, and 800 ug N 

g-l. There were 18 pots of each rate* To ensure good plant pwth, 20 ug P g-', 50 ug K g-', 

and 20 ug S g-' were also added to each pot as reagent grade MAP and K2S04. Soils wem 

watered to field capacity using deionized water, and deionized water was added every second 

day for a perid of two weeks to maintain the soii at field capacity. 



TABLE 4.1. Soil characteristics of Souris fine sandy loarn (0-15 cm). 

Parameter Value Parameter Value 

PA 7.7 Mg 295 ug g1 

conductivity 180 US cm-[ Zn 0.5 ug g-' 

N 9 W g' Cu 0.5 ug gl 

P 16 ug g-' Fe 12 ug g-' 

K 190 ug g1 M n  22 ug g-t 

Ca 2 4 0  ug g' Cd 100 ng g-1 - 

Mer incubation of the pots for 14 d, ten seeds of Sceptre durum wheaî were seeded 

in a cross pattern in all but three replicates of each treatment. Soils were maintained at field 

capacity moisture content by the addition of deionized water, every second day. then daily 

when the plants began to grow. Samples of the soi1 solution for each treatment were taken 

as outlined by Lorenz et aL (1994). Plants were hamested by cutting at the soil surface and 

deionued water was added ta bring soils to fieid capacity. The soils were then covered and 

allowed to equilibrate for 24 h. The pots were uncovered and deionized water was added to 

the soil surface of each, at a rate of 5 ml every 5 m, to gradually push the soi1 solution out 

through the drainage holes in the bottom of the pot, thmugh h e k ,  and into collection tubes 

(Fig. 4.1). The nrst 5 ml of Ieachate were discarded and the next 50 ml were coiiected. This  

displacement procedure was performed on 3 pots for each treatment at seeding, 10,20,30, 

and 40 d &et seeâing, and at crop matunty. The pH of the coUectd leachates was measureà 

using an Onon SA 520 pH meter with a Ross "Sure New" electmde, and eleceical 
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Figure 4.1. Three-tiered soi1 solution displacement apparatus. 

conductivity was measured d g  a YS1 Mode1 31 conductivity bridge with a Beckrnan 

conductivity ceU (K=1.00). The samples were auaiyzed for Cd, nitrate, phosphate, 

potassium, calcium, magnesium, zinc, copper, ha, and manganese. Analyses were 

conductexi using a Technicon II Autoaualyzer (NO3, soi1 P), an ARL 3410 ICP with 

Minitorch (solution P, K, Ca, Mg, Zn, Cu, Fe, and Mn), and a Varian Spectr AA-400 

GFAAS with deuterium background (Cd). For the Cd analytis, a standard c w e  was made 

up using standards of 0.3 ng Cd g-' to 2.2 ng Cd g-'. 

Soi1 samples were taken k m  each pot, dried, gtound, and analyzed for Cd, zinc, 

copper, Von, and manganese with DTPA extraction (Lindsay and Norvell 1978; Bailey et al. 



1995), nitrate and phosphate with sodium bicarbonate extraction (Carter 1993), and 

potassium, calcium, and magnesiun with ammonium acetste extraction (Carter 1993). Soi1 

pH and conductivity were measined on a soilldeionued water ratio of 1:2. Statistical 

andysis was pedionned using the SAS GLM procedure (SAS Institute 1990). 

Solution pH did not change appreciably with N rate or tirne, except for the samples 

incubateci for 10 days, wheie a dcawsc in pH occurred at nitmgen rates of 50-200 ug g-' 

(Fig. 4.2a). Elechical conductance of solutions increased consïderably with N rate for aii  

sampling times (Fig 4.2b). Cd concentration of the solutions increased with nitmgen rate 

for samples obtained at seeditig and 10 d af€er seeduig (Fig. 43a). However concentration 

of Cd in soi1 solution was increased only moderately for samples taken 20 and 30 d d e r  

seeding and was increased only slightly or not at ail for samples taken 40 d a f k  seedhg and 

at plant matunty (Fig. 4.4). The i n m e  in solution Cd concentrations with increasing N 

rates was related to the higher electrical wnductivïties for initiai harvests, but conductivities 

remained bigh as Cd concentrations decreased in the later stages of the experiment. There 

was no evident reiationship between pH and Cd concentration in the solution samples. 

Phosphate concentrations in the solutions decrrased sIightly with incteasulg nitmgen 

rate and also dec~ea~ed with time (Fig. 4.3b). Potassium in the solutions increased 

considerably with nitmgen rate (Fig. 4.3~). but this increase became less pronounced over 

tirne. Manganese in the soi1 solution increased with N rate and decreased over t h e  (Fig. 

4.3d). Calcium and magnesiun in solution were nearly identical in their behaviour and both 
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Figure 4.2. Soi1 solution pH (a) and conductivity (b) values measured at 

intervals after seeding; standard error = 0.07 (a), 278.88 (b). 



Nitrogen added (ug Nitrogen added (ug g-') 

at seeding A 20 days 40days 
10 days r 30 days maturity 

Figure 4.3. The effect of added urea on soi1 solution concentrations 
of Cd (a), P (b), K (c), and Mn (d); standard error = 0.03 (a), 0.27 (b), 
9.06 (c), O. 13 (d). 
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Figure 4.4. The relationship between solution conductivity and solution 
Cd concentration over tirne. 



increased with N rate (Figs. 4.5a and 4.5~). Iron and zinc in solution incfeased slightly with 

nitrogen rate (Figs. 4.5b and 4.5d). Concentration of w p p a  in solution was too low to 

accurately measwe. Data obtained for nitrate were m e I y  variable and, therefore, not 

shown. There was no apparent relationship between concentrations of Cd and Zn in soi1 

solution. 

Soil pH decreased and soi1 conductivïîy increased with ingeasuig nitmgen rate (Figs. 

4.6a and 4.6b). Decreases in soil pH and incfea~es in electncal conductance were usuaily 

more pronounced for samples taken at 10 and 20 d d e r  seeding than for samples taken 

earlier or later. DTPA-extractable soi1 Cd behaved like solution Cd, increasing with 

uicreasing nitmgen rate (Fig. 4.7a). These increases becarne less pronounced over time. 

Extractable soi1 Cd was lineariy rdated to mil conductivity and, inversely, to soil pH (Figs. 

4.8b and 4.8a). DTPA-extractable Cd was usually highest at the 10 and 20 d sampling times 

which correspondeci to the periods of tune at which the largest decreases in soil pH and the 

largest increases in soi1 conductivity occurred 

As expected, soi1 nitrate increased with nitrogen rate and decxeasd slightly over t h e  

(Fig. 4 3 ) .  Soil potassium did not change appreciably with N rate but decreased over time 

(Fig. 4.7d). Extractable manganae behaved simiiarIy to DTPA-extractable Cd and increased 

with N rate, with the greatest increase occurgig afker 10-20 d (Fig. 4.7~). Soil calcium and 

magnesiun changed very little with nitmgen rate but increased over time (Figs. 4.9a and 

4.9~). Soil zinc was not related to nitrogen rate but did inaease slightly aAer the first 

displacement (Fig. 4.9b). Copper was not related to N rate but increased d e r  the first 

displacement, and gradually decreased for the duration of the expriment (Fig. 4.9e). 

Extractable iron increased slightly with N rate and t h e  (Fig. 4 . 9 ~ ) .  There was no 
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Figure 4.5. The effect of added iirea on soil solution concentrations 
of Ca (a), Fe @), M g  (c), and Zn (d); standard enor = 94.55 (a), 2.21 (b), 
17.42 (c), 2.44 (d). 
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Figure 4.6. Soi1 pH (a) and conductivity (b) values measured at intervals 
after seeding; standard error = 0.04 (a), 20.1 2 (b). 
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Figure 4.7. The effect of added urea on extractable soi1 Cd (a), NO, (b), 
M n  (c), and K (d); standard error = 1.91 (a), 4.18 (b), 1.12 (c), 4.03 (d). 
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Figure 4.8. The reiationships between DTPA-extractable Cd and soi1 
pH (a) and conductivity (b). 
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Figure 4.9. The effect of added urea on extractable soi1 Ca (a), Zn (b), 
M g  (c), Fe (d), and Cu (e); standard exror = 13.73 (a), 0.09 (b), 2.34 (c), 
0.61 (d), 0.03 (e). 
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relationship between extractable soi1 Cd and extractable soil Za AU reIationships were 

determined using second order regtession udess 0th- wise indicated. Ali non-regression 

figures werp plotted ushg the average for the tbree replicates. Statistid analysis results are 

given in Tables 4.2 and 4.3. 

TABLE 4.2. Probability values h m  d y s i s  of variance and standard emrs of effect of 
nitrogai rate and tirne on pH, conductivity, and concentration of Cd and nutrient ions in 
the soi1 solution. 

Source df PH cond Cd P K 

rep 2 nP IIS ns ns IIS 

N rate 1 0.000 1 0.0001 O.OOO1 0,0001 0.000 1 

tirne 1 0.000 1 0.0001 ns 0.0001 11s 

rate * t 1 0.0005 ns 0.OOOl 0.0028 0.000 1 

st- err. - 0.0709 278.88 0.0325 0.2687 9.0608 

rep 2 11s Ils 0s I1S lis 

N rate 1 0.000 1 0.000 1 ns 0.0001 lls 

tirne 1 0.000 1 0.049 1 ns 0.OOOl 0.0935 

rate * t 1 0.0 193 0.0141 11s 0.0158 0.0001 

st* err. - 17.422 0.1260 2.2097 94.553 2.4404 

a ns indicates not significant at p 5 0. 10. 



TABLE 4.3. Robability values h m  analysis of variance and standard mrs of effkct o f  
fertilizer rate and time on soi1 pH, conductivity, and extractable arnounts of Cd and 
nutrient ions, 

Source df PH cond Cd No3 P Zn 
- - 

=P 2 ns' l l ~  0,0874 IIS 0.0424 11s 

N rate 1 0.0001 0,0001 0.0001 0,0001 0.0656 11s 

time 1 0.ooOi 0.0001 0.0001 0.0001 0.0001 0.0001 

rate * t 1 0.0255 0,0062 as 0.070 1 LIS ns 

st- m. - 0.0419 20,117 1.9142 4.1841 0.9102 0.0870 

Source df Cu Fe Mn Ca Mg K 

rep 2 Ils ns ns Ils ns ns 

N rate 1 0,0480 ns 0.0001 ns IIS 0.001 1 

time 1 0.000 f ns 0.0122 0,0001 0,0008 0.0001 

rate * t 1 11s 0.0588 0,0001 11s ns 0.0418 

st. err. - 0.0252 0,6075 1.1 187 13,732 2.338 1 4.0275 

Increasing ionic strength caa cause cornpetition between Cd and other cations for 

exchange sites, resulting in desorption of Cd (Garcia-Miragaya and Page 1976; Boekhold 

and Van der Zee 1992; Temminghoff et ai. 1995). In this case, the ammonium ions h m  

urea, when in higher concentrations, may be competing with the Cd ions for soil adsorption 

sites, resulting in more Cd in the soil solution (Lorenz et al. 1994). This competition 

between cations may also expiain the iricrease of some of the other nutrient ions in solution 
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with increasing nimgen rate. These other ions, aU monovalent or divalent cations, couid be 

replaceci in the same manner as Cd, increasing their concentration in the soil solution. 

Phosphate is the only nuirient that did not increase with N rate, and it is an anion. The 

decrease of the nuttient ions in solution over time can be attriibuted to a combination of plant 

uptake, readsorption, and precipitatio~~ Removai of ions h m  solution would inmase over 

time and with N rate because of increased plant growth; thus, it wouid be expected that the 

dope of the line solution ion concentration / N level would decrease over the.  Hydroponic 

studies by W.T. Buckley (personai communication) have indicated a very rapid absorption 

of Cd from solution. It is possible that, once the mots spread to di areas of the pot, the 

plants could take up Cd h m  the soi1 solution much faster than the solution could repienish 

itself, and a measurement of the soil solution could provide misleading low Cd values. 

In addition to increasing Cd in the soi1 solution, hi& nitrogen rates led to an increase 

in DTPA-extractable soi1 Cd. There was an effect of N rate on extractable nitrate and 

manganese. Acidifyuig fettilizers increase exchangeable and water-soluble Mn, Zn, and Cd 

(Willaert and Verloo 1992). There was no strong effect on extractable zinc in this study, 

perhps due to low indigenous soil zinc. SimiIarly, there were no observable nitmgen effects 

on exfractable potassium, wpper, Von, calcium, or magnesiun in the soil, but extractable soil 

Cd, nitrate, potassium, mmganese, and copper decreased over tirne. This was probably due 

to an equiliium sh& with ions moving h m  exchange sites to the soil solution to replace 

those removed by plant uptake (Tisdale et ai. 1993). Marschna (1992) also reported that 

depletion of nutnents in the rhizosphere c m  Lead to a relcase of minerais h m  the non- 

exchangeable Eraction and weathering of clay minerais. Plant uptake of calcium and 

magnesium is low in relation to the available Ca and Mg in the soil (Tisdale et ai. 1993). 



The concentrations ofthese nutrients in solution d e d  hi& and this may have resuited 

in readsorption and a subseqwnt increase in exchangeable soil Ca and Mg over tirne. 

An inverse reIationship between p H  and available Cd has been fkquently reported 

(Edcsson 1990; Jackson and AUoway 1992; He and Smgh 1993a). In this study, soi1 p H  and 

extractable soil Cd and Mn were related. However, the amo~t  of Cd in soi1 solution was 

not related to solution pH. Compiexation was Wrely not a signiscaut f k b r  in increaSitlg Cd 

concentrations. If any Cd-camplexing anions were present, each pot shouid have contained 

the same amount of these anions. Shce complexation was not a factor, the Iack of 

obsmable relationships between Cd in the soi1 solution and solution pH may be due to the 

strong influence of ionic strength, which masked the effects of pH. 

4.6 Conciusions 

Ionic strength of the soi1 solution varied greatly with N level applied, and appeared 

to be most closely correlated to changes in soi1 and solution ion concentrations obsened. 

The ammonium ions, h m  the hydrolysis of urea fertiüzer, cornpetal with Cd and other 

cations for exchange sites. An increase in the rate of fertilizer merely increased this 

cornpetition and more d o n s  became phytoavailable. Manganese and potassium ions were 

affected in the same mamer. Many of the ions measured, both in solution and in the soil 

itself, demaseci with tirne. A combination of pH and ionic strength effects remlted in an 

increase in availability of Cd and some nutrient ions, with increaPed nitmgen application. 



5. EFFECT OF NITROCEN APPLICATION ON TRANSPIRATION AND 

ACCUMULATION OF CADMIUM AND NUTRIENT IONS IN DURUM. WHEAT 

A gmwth chamber study was performed to study Cd uptake as a bction of rate of 

nitrogen fertilizer and transpiration rate. Sceptre d u ~ n  wheat was grown in pots with 

treatments of0,50,100,200,400, and 800 ug gi N in the form of ma Water use by plants 

was recorded for each pot. Above-grouud plant material was harvested h m  each pot 10, 

20,30, and 40 days &a SeediDg, and at crop d t y  and analyzed for Cd and other nubient 

ions. Plant Cd concentrations hcreased with Uicreasing N rate. Cd uptake increased with 

increasing N rate to 800 ug g', but dry matter yield and trampiration only increased with N 

rate to 200 ug g-l. Cd was the elemeat most affiected by inaeasing the nitrogen rate. There 

were minor changes in other elements with N-rate and tirne. 



5.2 introduction 

Al1 mils contain various arnormts of Cd ad, unda iiatural conditions, ali plants take 

up smaii quantities of Cd h m  the soiL Uptake by agiculturai cmps, howwer, is of greater 

concern because it allows Cd into the hiniÿm food chain. Long-tenn cousumption of plants 

high in Cd can lead to chronic ioxicity (Jackson and AUoway 1992). Plant uptake of Cd is 

closely related to the solubïlity of Cd or concentration of Cd in the soi1 solution, which is 

regulated by soil sorption pmcesses (Edcsson 1990). These chemical processes cm be 

influaceci by management practices such as fertilization. 

Many plant nuttients are added to the soii in the form of feailizaJ to produce higher 

crop yields and quality; however, other soi1 hctions and pmcesses may be affecteci by 

fertilizer application. Cd concentrations in soüs and plants are Muenceci by soil chemicai 

ceactions resuiting h m  fatilizer saits (Andersson 1976). The availability o f  ions to plants 

will Vary because of the many factors that affect th& concentration in the soi1 solution 

(Lorenz et ai. 1994). Plant uptake of a contaminant is very dependent on the concentration 

of the contaminant in the soil liquid phase (Boekhold and Van der Zee 1992). Nitrogen 

fertilizers affect the chemical behaviow of minerai elements in the soi1 (Wiaert and Verloo 

1992), and increase the Cd content of plants (Wiiams and David 1976; Brown et al. 1994; 

Grant et al. 1996a). The effmts of  fertüizer on Cd solubility and plant uptake may p d a l i y  

depend on pH (Eriksson 1990). Thete is a weil established inverse relatiomhip between pH 

and plant uptake of Cd (Williams and David 1976; Mahler et al. 1980; Eriksson 1990). 

Iiicreased ionic strength of the soii solution, as a result of fertilization, can also Uinuence the 

availability of Cd to plants (Loreaz et al. 1994). The increasing salt content Ieads to an 



increase in the solubility of Cà, and therefore, to an increase in plant uptake of Cd 

(Andersson 1976). Fertilizers providmg the anmionium ion, such as m a ,  can desorb heavy 

metals and otha nutrient ions h m  the exchange sites (Lorenz et al. 1994). Many of these 

ions are then available to plants h m  the soil solution. An increase in f- rate will a h  

increase Cd availability, by increasing the competition between the fertilizer cations and Cd 

in the elecîmlyte (Garcia-Miragaya and Page 1976; Boekhold and Van d a  Zee 1992). Once 

the f m  salts are dissolved and distriiuted in the scd  plough layer, the resultant changes 

in concentration of f k  salts and pH will iduence the concentration of Cd and other ions 

in the soil solution available for plant uptake (Andersson 1976). 

The concentration of trace elements in plant tissue is a fiinction of solute transport 

processes during plant growth (de Viliaaoel et al. 1993). Mass flow is a major mechanism 

by which plants take up trace elements h m  the soil solution (Mullins et al. 1986; de 

ViUarroel et al. 1993). IncreaSiLlg the nitmgen rate would enhance plant p w t h ,  increasing 

trampiration and biomass accumulation. Plants grown with higher N rates would have a 

more extensive mot system and a greater mass flow rate, which would result in greater 

uptake of Cd and other elements h m  the soii solution (de Viarroel et al. 1993; Lorenz et 

ai. 1994; Grant et al. 1996b). 

While studies have individually evaluated the effects of fertilizer salts on the 

concentrations of Cd in the soil and in plants, little information is available to elucidate the 

effects of fertilizer N on Cd availability from the soi1 solution through to plant uptake. 

Chapter 4 deaIt with the soi1 and soi1 solution concentrations of Cd as affiected by uitrogen 

application. The objective of this study was to investigate the effects of added nitmgen on 

plant growth, transpiration, and plant concentrations of Cd and other nutrient ions. 



5.3 Materiais and Methods 

The soi1 used was a Rego Black soi1 (Souris fine sandy loarn), a fine textured soil 

occupying a significant area of the cultivateci mils of Western Manitoba Unamended soil 

sarnples wae anaiyzed for pK conductivity, Cd and nutrimt content (Table 5.1). Iastniments 

used for analysis were a Technicon II Autoanaiyzer (NO,), an ARL. 3410 ICP with Minitorch 

(pg,, K, Ca, Mg, Zn, Cu, Fe, and Mn), and a Varian Spectr AA-400 GFAAS with deuterium 

background (Cd), an Onon SA 520 pH meter with a Ross "Sure Flow" electrode, and a YS1 

Mode1 3 1 conductivity bridge with a Bechan conductivity ceil (K=1.00). 

TABLE 5.1. Soi1 ciiaracteristics of  Souris h e  sandy loam (0-1 5 cm). 

PH 7.7 M g  295 ug g-l 

conductivity 180 US cm-' Zn 0.5 ug g1 

N 9 ug g-l Cu 0.5 ug g1 

P 16 ug g1 Fe 12 ug g1 

K 190 ug g-' Mn 22 ug g-l 

Ca 2400 ug g-' Cd 100 ng g*' 

Field capacity was determined as outlined by Veihmeyer and Hendrickson (1 949) and 

Cassel and Nielsen (1986). Med soi1 was placed into each of 11 1-1.5 kg pots and feztlizer 

grade urea (containïng no detectable Cd) was mixed into each pot at rates of  O, 50,100,200, 

400, and 800 ug gl. A total of 1 8 pots were prepared for each rate. To ensure good plant 



growth, 20 ug gx P, 50 ug g' K, and 20 ug g' S as reagent grade MAP and K2S04 were also 

added to each pot. The pots were placed in a growth chamber, where they were allowed to 

equili'brate for a two week period During this two week period, the pots were brought to 

field capacity with deionized wata evay second day. With the exception of the f h t  18, ai l  

pots were sown with ten seeds of Sceptre dunun wheat in a cross pattern. AU seeded pots 

were brought to field capacity* by the addition of deionized water, every second day, then 

daily when the plant began to grow. The pots were thinned to four plants each af'ter the 20 

d displacement. Water use was recorded for each pot Transpiration was estimateci by 

subtracting avb-i= waporation measiuwl in three unplanteci pots h m  the water use for each 

pot- 

The soi1 solution displacement procedure, as outlined by Lorenz et al. (1994). was 

perfomed on 18 pots at seeding* 10,20,30, and 40 d der seeding, and at maturity. Each 

tirne, all above-gound plant material was barvested, dned, weighed, ground, and anaiyzed 

for Cd, nitrogen, phosphonts, and potassium with a sulhinc acid / hydrogen peroxide 

digestion (Westermaa 1990), and calcium, magnesium, zinc, copper, iron, and manganese 

with a nitric acid I perchIonc acid digestion (Westennan 1990). For the samples taken at 

rnaturity, the grain and the sûaw were analyzed separately. Statistical analysis was 

performed using the SAS GLM procedure (SAS Institute 1990). Results of soil and soil 

solution analyses were discussed in Chapter 4. 



Plant weight and transpiration were not affwted by N rate between seeding and 30 

days after seeding (Fig. 5.1). The addition of urea increaped dry plant weight and 

tmmqLation up to about 200 ug N g-1 at 40 d a f k  seeding and at mahinty. At higher rates 

of urea, dry plant weight and grain yield increased oniy slightly up to 800 ug N g-' for the 

samples taken at rnaturity. Transpiration decreased slightly at rates above 200 ug N g1 at alI 

sampling times. 

Cd accumulation increased wîth hcreasing N rate, gspeciaily &a the 40 d sampling 

(Figs. 5 . 2 ~  and 5.2d). with Cd accumulation only partially relateci to plant growth and 

transpiration (Fig. 5.3). Concentration of Cd in the above-ground plant tissue and in the 

grain increased signincantly with increasing N rate to 800 ug g1 for the samples taken at 40 

&YS and maturity, and to 400 ug g' for the samples taken at the other sampling times. Plant 

Cd concentration in the mature plant straw increased by 150% between 200 and 800 ug N 

g-', while Cd concentration in the grain increased by 50% (Figs. 52a and 5.2b). 

Nitrogen accumulation incruised with increashg N rate, with the greatest increase 

occUmng in the samples taken at maturity (Fig. 5.4b). Nitrogen concentration increased 

siïghtiy with N rate, but the lowest concentrations were measured at maturity (Fig. 5.4a). 

The highest N concentrations were m e a d  at the 30 d sampling tirne. Nitmgen 

concentration in the grain hcreased with N rate (Fig. 5.4a). Phosphate was unaffectecl by 

nitrogen rate but accumulation increased and concentration demami with time (Figs. 5.4d 

and 5.4~). 

Potassium accumulation increased with increasing nitmgen rate for the samples taken 
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Figure S. 1. The effect of added urea on dry plant weight (a) and cumulative 
transpiration per pot (b) at intervals after seeding; standard error = 0.34 
(a), 0.8 1 (W. 
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Figure 5.2. The effect of added urea on Cd concentration (a and b) and 
accudation (c and d) of plant shoots (maturity and grain concentrations 
are independent; maturity accumulation includes grain accumulation); 
standard error = 0.02 (a), 0.02 (b). 
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Figure 5.3. The relationships between shoot Cd accumulation and both 
plant gmwth (a) and transpiration (b) at crop matinity. 
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Figure 5.4. The effect of added urea on shoot concentration and accumulation 
of N (a and b) and P (c and d); rnatwity and grain concentrations are 
independent; maturity accumulation includes grain accumulation; 
standard error = O. 16 (a), 0.23 (a grain), O. 17 (c), 0.23 (c grain). 
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Figure 5.5. The effect of added urea on shoot concentration and accumulation 
of K (a and b) and Mn (c and d); maturity and grain concentrations are 
independent; maturity accumulation includes grain accumulation); 
standard error = 1.23 (a), 0.35 (a grain), 6.00 (c), 3.66 (c grain). 



at maturïty, but no< at the otha times (Fig. SSb). Concentration of K in the grain and plant 

tissue was unaffected by N rate but dareased over time (Fig 5.5a). Manganese accumulation 

and concentration hcreased signiscantly with increasing nitmgen rate, especiaiiy for the 

samples taken at maturity (Figs. 5.5d and 5.54. Concentration of Mn in the grain was not 

affected by N rate. 

Calcium accumulation hcrPasPd significantly with mcmashg N rate for the samples 

taken at maninty and increased slightly for the samples taken at other times (Fig. S.&). 

Calcium concentration generafIy incraseci with N raie, but Ca concentration in the grain was 

not affected @tg* 5.6a). The accumulation and concentraîion of magnesiun increased with 

increasing aimgen rate at maturity ody (Figs. 5.6d and Mc). Concentration of Mg in the 

grain was not affited* 

Plant accumulation of Zn and Cu uicreased with increashg N rate and with tune 

(Figs. 5.7b and 5.7d). Shoot concentrations o f  Zn and Cu increased slightly with N and 

decreased over time (Figs. 5.7a and 5.7~). 

Concentrations of Cd a d  Zn in the plant shoots were rtlated, although this 

relationship changed over time (Fig. 5.8). 

AU reldonships were determuid using second order regression. AU non-regression 

figures are plotteci using averages of replicates. Statisticai analysis feSuIts are given in 

Tables 5.2 and 5.3. Accumulation values were calculated from concentrations and plant 

weight, therefore, no statisticd data is given. 
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Figure 5.6. The effect of added urea on shoot concentration and accumulation 
of Ca (a and b) and M g  (c and d); maturity and grain concentrations are 
independent; maturity accumulation includes grain accumulation; 
standard error = 0.54 (a), 0.03 (a grain), 0.09 (c), 0.05 (c grain). 
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Figure 5.7. The effect of added urea on shoot concentration and accumulation 
of Zn (a and b) and Cu (c and d); matirrity and grain concentrations are 
independent; maturity accumulation uicludes grain accumulation; 
standard error = 1.04 (a), 2.62 (a grain), 0.29 (c), 0.25 (c grain). 
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Figure 5.8. The relationship between shoot Cd concentration and shoot Zn 
concentration over tirne. 



TABLE 5 2 .  Probabiliîy values h m  anaiysis of variance and standard errors of effect of 
nimgen rate and time on transpiration, plant growth, and above-ground plant 
concentration of Cd and nutrients, 

Source df dsw water Cd N P Zn 

rep 2 m= ns ns Ils I1S ns 

N rate 1 0.0001 0.0005 0s 0.0001 0.0407 0.0001 

time 1 0.0001 Oœ0001 0,0068 0.0001 0.0001 0.0001 

rate * t 1 0.0001 0.OOOl 0.0001 0.0027 0.0004 0.0391 

st. en. u 0.3424 0.8150 0.0237 O, f 614 0.1664 1.0350 

Source df Mn Fe Cu Ca M g  K 

rep 2 ns lls ns Ils ns Ils 

N rate 1 0.0090 0.0657 0,0001 fis 11s 0.0 136 

thne 1 11s LIS 0,0005 0.0001 0.0735 0.0001 

rate * t 1 0.000 1 ru 0,0553 0,0001 0.0001 0.0465 

st. err. - 6.0023 43.126 0.2902 0.5371 0.0924 1.2329 



TABLE 5.3. Probability values h m  analysis of variance and standard errocs of effect of 
nitmgen rate and thne on grain yield and concentration of Cd and nutrient ions in the 
grain- 

Source df gainwt. Cd N P Zn Mn 
- -  - 

rep 2 ns' Ils ns Ils ns IIS 

N rate 1 0,0001 0.ûûûl 0.0008 0,0079 0.0056 0.0001 

st. en. - 0.6308 O. 1 848 0.2271 0.2267 2.6 166 3 ,6626 

Source df Fe Cu Ca Mg K 

rep 2 ris Ils ns ns ns 

N rate I 0.0414 11s 0.00r)I 0.0069 0.0106 

!&en. - 3.1074 0.2522 0.0282 0.0534 0.3 534 

Nitrogen, phosphorus, h c ,  and copper concentrations in the grain were higher than 

in the straw. Addition of nitrogen did not significantly affect the distn'bution of Cd between 

the straw and the grain (Table 5.4). The ratio between grain phosphorus concentration and 

straw phospbom concentration did increase with increasing nitrogen rate. The other 

nutrients were generaiiy d e c t e d ,  although there were slight decreases in the Brain/straw 

ratios for Zn, Ca, Mg, Ma, and Cd between 100 and 800 ug N g'. 



TABLE 5.4. The e m t  of una f a o n  on plant distriiution of Cd and other numents. 

Ratio of concentration of Cd or nutrient in prain/straw 

5.5 Discussion 

Added nitrogcn in the fonn of urea fertilizer increased Cd accumulation and 

concentration in both above-ground plant tissue and grain* The accumulation of a l l  of the 

plant nutrients measund also increased with inmashg N rate, but their concentrations in the 

plant did wt necessarily increase. For the plant concentration of a nutrient or metd to 

increase, the addition of f e e r  must increase the concentration of the ion in the soi1 

solution, so that the uptake of that nutrient or metai is more than is required to increase the 

growth of the plant. The increase in uptake must be proportionate1y greater than the increase 

in yield Cd, nitmgen, manganese, calcium, magne si^^^^, zinc, and copper concentraiions 

were increased by incnasing N rate, with Cc& Ma, Ca, and Mg showing the greatest increases 

in the mature plants. M y  N and Cd concentration incfeased in the grain with increasing 

ni trogen. 



in the mature plants. M y  N and Cd concentration i n d  in the grain with increasing 

nitmgen. 

For Cd and many of the nutrients rneamreà, most of the uptake (or transport h m  

roots) occurred between the 40 d sampling time and plant maturity. The greatest nitmgen 

effects at this stage of plant growth were fhm 200 to 800 ug N gl, although dry plant growth 

and transpiration leveiied off williin that nitmgen range. While mass flow may be the main 

supply route of Cd (Muliins et al. 1986; de V i U m l  et ai. 1993), irauspiration does not 

correlate with Cd accumulation well enough in this study to suggest that no other factors are 

UivolveO; Plants p w n  with higher nitrogen rates p r o d ~ ~ o ~ i e  extensive mot systems and - 

greater biomass accumulation, ZeSulting in greater uptake of Cd and nutrients h m  the soi1 

solution (Lorenz et al. 1994; Grant et al. 1996b). However, this study showed that plant 

concentrations of Cd and other elements s t .  increased at very high N rates that may also 

have hindered plant growth. This would suggest that mil factors also played an important 

role in the increase of p h t  Cd accumulation with increasing N rate, as suggested in Chapter 

4. Ionic streagth was increased and soii pH was decreased with the addition of m a  

fertilizer, and the d t  may have been increased Cd solubilization and higher Cd 

concentrations in the soi1 solution. 

The amount of Cd moving to the plant tbrough the transpirational stream duhg any 

time intervai can be expressed by the foilowing equation: 

Cd accumulation = water flow x concentration in solution 

Total accumulation of Cd by mass flow is the sum of ail time intervals. Not only did the 



addition of nitmgen incfease plant vigor and cause plants to take up more water and Cd in 

the transpirationai stream, the concentration of Cd in the soi1 water had already been 

increased by the effects of nitmgen on soi1 pH and the ionic strength of the soi1 solution (i.e. 

the addition of urea mcreased both water flow and concentration in solution). The d t  is 

a cumulative increase in plant uptakc of Cd and plant nuttients with incteasing nitrogen rate. 

Nitrogen fertilizer as urea increased concentration of Cd in dcbirum wheat grain and 

st.mw- Some of the nutrient ions were affecteci in the same mariner. Some of tbese increases 

can be atûiiuted to greater plant growth and vigor associateci with N fertilization However, 

the concentration of Cd and other ions increased f ider  in plants gtown with very hi& rates 

of urea, where plant growth did not increase hther with increasing rates of nitrogen. It 

appears quite likely that soi1 factors such as pH and ionic strength are interacting with plant 

factors such as biomass growth and transpiration to increase the concentration of Cd in the 

soi1 solution and in the plant 



6. GENERGL DISCUSSION 

The hdings in dl tbree studies codkmed that nitrogen fettilizers can increase the 

solubility of Cd and inmase its availability to plants. This had been shown by previous 

researcb (Williams and David 1976; Brown et al. 1994; Grant et al. 1996). Eriksson (1990) 

stated that the efféct of nitmgen fertilizer on Cd solubility and plant uptake dependeci on pH. 

An inverse relationship srists between pH and Cd solubility (Jackson and AUoway 1992; He 

and Singh 1993a). That relationship was only ewident in one of the three studies. It was 

likeiy masked by other effects. A similar instance of d n i t y  effects domiaating over pH 

effects was reporteci by McLaughlin et al. (1994). An increase in ionic strength can 

solubilize Cd due to wmpetition betweetl Cd and 0 t h  cations for adsorption sites (Garcia- 

Miragaya and Page 1976; Boekhold and Van der Zee 1992; Lorenz et al. 1994). There 

appeared to be an increase in Cd solubility with i n d g  ionic strength in these studies. 

The increase in Cd solubility with increasing fertiliza tate was pmbably a result of the 

interaction of lowered soii pH, increased ionic strength of the soil solution, and complexation 

(usuaUy with chlonde and sulfate fertilizers). 

This research has shown that utea fettilizer inc~eases Cd concentration in the soil 

solution and Cd concentration in the plant. The increase of Cd in the soil solution can be 

explained by the previously mentioned pH / ionic strength interaction but the increase in 

plant Cd is more complicated. Plants grown with higher rates of nitrogen have a more 



extensive mot system and transpire more, ailowing a greater uptake of Cd and other elements 

h m  the soi1 solution (de Villarroel et al. 1993; Lorenz et al. 1994; Grant et ai. 1995). For 

this research, plant growth increased with inneasiag nitmgen up to about 200 ug N g-', then 

Ieveiied o E  Plant Cd concmtraîion hcreaseâ with mcreasing N rate up to 800 ug N g' and 

may have continued to innease had even higher rates been testeci. While plant growth and 

Cd concentration appeared to be related, the previously mentioned soi1 factors must have 

been involved in the large increase in plant Cd concentration between 200 and 800 ug N g-'. 

For plant Cd concentration to increase at hi@ N rates when mass flow had levelled off or 

decreased, the concentration of Cd in the soi1 solution had to have increased. 



In these studies, nitmgen fatiüzatian increased the exfractability of Cd and nutrient 

cations fiom the soil, the concentration of Cd and nutrient d o n s  in the soi1 solution, and 

the concentration of Cd and nutrient cations in the plant. An increase in nitrogea rate caused 

increased concentrations of Cd and many positiveiy charged plant nutnents in both the soi1 

solution and in the plant tissue. 

These increases d t e d  h m  the interaction of several plant and soi1 factors. The 

addition of nitrogen fertilizer in the fom of (1) l o w d  soil pH, (2) increased the ionic 

strength of the soi1 solution, and (3) increased transpiration and plant growth, a l i  of which 

can increase the phytoavailability of Cd and 0 t h  cations. 

There is a need for much more research in this area to f.urther elucidate the factors 

which cause the fertilizer effects on the behaviour of Cd Thae may be other factors 

involved. Sirnilar work can be done with different f*, Mixent mils, and diffkrent 

conditions. As long as Cd mains a health and economic issue, Cd nsearch of this nature 

will be important. 



8. CONTRIBUTION TO KNOWLEDGE 

This work has confirmed thaî nitmgen fertilization can have a signincant effect on 

the phytoavailability of Cd and serves as a starting point for future research. Thmugh a 

series of experiments, this research has suggested pnnesses, both in the soi1 and in the plant. 

that may be respom'ble far the increase in Cd phytoavailability with increasing nitmgen rate. 

Further research is now underway to assess the relative importance of thae pnicesses, wwhich 

may help to determine practices which can be used to demase the amount of Cd available 

to the human food chah 
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10. APPENDICES 

1. Daily Growth Cnamber Parameters for Displacement Study. 

Time Temperature R H d d i t y  (%) Fiuonscent (%) Incandescent (%) 



IL Sodium Bicarbonate-Extractable SoÎI Phosphate as Mected by Nitmgen Application. 

N-rate Phosphate extracted (ug g? througho~t growing seasan 

(ug gi) Soeding 10 days 20 days 30 days 40 days Maturity 

III. Straw and Grain Concentrations of Iron as Af'fécted by Nitrogen Rate. 

- - 

N-rate Iron concentration (ug g-') throughout pwing season 

(ug gl) 20 &ys 30 days 40 days Maturity Grain 




